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HYDROCARBON CATALYSIS OVER PLATINUM SINGLE CRYSTAL SURFACES: 
THE ROLE OF ADSORBED CARBON DEPOSITS AND OTHER CHEMICAL ADDITIVES 

Stephen Mark Davis 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
and Department of Chemistry 

University of California 
Berkeley, CA 94720 

ABSTRACT 

The role of strongly adsorbed hydrocarbon deposits in reforming 

catalysis over platinum single crystal surfaces at atmospheric pressure 

and temperatures between 300 and 700 K has been established and a model 

developed for the working structure and composition of the active 

catalyst surface. For this purpose a sensitive counting system for 

carbon-14 radiotracer studies was developed and utilized to investigate 

the kinetics of hydrocarbon rehydrogenation and intermolecular hydrogen 

transfer reactions. Quantitative hydrogen thermal desorption methods 

were developed to determine the composition of adsorbed hydrocarbon 

species and the energetics of elementary, sequential C-H bond breaking 

processes. Carbon-monoxide adsorption-thermal desorption studies were 

used to titrate uncovered platinum surface sites before and after 

reaction rate studies. The dynamics of the metal-hydrocarbon inter-

action, including minimum surface residence times for dissociatively 

chemisorbed intermediates (10-2 - 10-1 sec) were revealed from 

simultaneous studies of the reaction kinetics for hydrocarbon-deuterium 

exchange and skeletal rearrangement. Restart reaction studies were 

used to investigate the catalytic activity and selectivity of carbon 

covered platinum. These studies together with deactivation kinetics 
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derived from reaction rate studies over initially clean platinum 

surfaces have clearly demonstrated that the primary role of the dis-

ordered, polymeric carbonaceous deposit is very simply that of a 

non-selective poison. 

The structure sensitivity of n-butane, isobutane, neopentane, and 

n-hexane skeletal rearrangement catalyzed at atmospheric pressure and 

530-700 K was investigated on a series of platinum single crystal 

surfaces with variable terrace, step, and kink structure. Only 

aromatization and bond-shift isomerization displayed structure sensi­

tive reaction kinetics. Hig~ aromatization specificity was achieved 

on surfaces containing high concentrations of contiguous (111) micro­

facets. Butane isomerization activity and selectivity were maximized 

on platinum surfaces with high concentrations of (100) microfacets. 

Hydrogenolysis product distributions varied markedly with surface 

structure. Alkane hydrogenolysis, isomerization, and c5-cyclization 

reactions all displayed inverse deuterium isotope effects (R0/RH = 

1.3-3) that arise from a combination of kinetic and thermodynamic 

isotope effects. The influence of sulfur, strongly bound oxygen, and 

-calcium oxide surface impurities on the hydrocarbon reaction kinetics 

has also been explored. Whenever possible, detailed comparisons have 

been made between the catalytic behavior of the single crystal surfaces 

and practical platinum catalysts. 

/! 
/ ·r 
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CHAPTER 1. INTRODUCTION AND OVERVIEW 

The chemisorption and surface reactions of hydrocarbons on metal 

surfaces have been investigated intensively from the viewpoint of 

heterogeneous catalysis (1-3)~ Skeletal rearrangement reactions that 

encompass dehydrogenation, isomerization, cyclization; and aromatiza­

tion of paraffinic hydrocarbons in the c5-c10 gasoline range are 

of paramount importance in the catalytic reforming of about 4 billion 

barrels of petroleum feedstocks annually (4,5). The most important 

types of metal catalyzed hydrocarbon reactions are summarized in 

Scheme 1 along with pertinent thermochemical information for each 

reaction type (6). Several reaction pathways usually operate sim­

ultaneously to produce a wi~e distribution of reaction products. 

The enthalpies of these reactions vary predictably with the 

~ifferences. between average C = C (147 kcal/mole), C-C (83 kcal/mole), 

c~H (99 kcal/mole), and H-H (104 kcal/mole) bond energies. Hydro­

genolysis and hydrogenation reactions that involve rupture of carbon­

carbon bonds and formation of two carbon-hydrogen bonds are invariably 

exothermic. By contrast, dissociative dehydrogenation and. aromatiza­

tion reactions are highly endothermic and, as such, become thermo­

dynamically feasible only under conditions of high temperatures or 

low hydrogen pressure. Aromatic compounds and branched isomers are 

desireable products of the catalytic reforming process which includes 

the ~eactions B-F and leads to blended fuels with superior octane 

(antiknock) characteristics. 

The most important skeletal reforming reactions such as 

dehydrogenation and aromatiz.ation are catalyzed select-ively by only a 
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Scheme 1. Important Types of Metal-Catalyzed Hydrocarbon Reactions 

A. Double-bond isomerization of olefins, 

IV!+ /\V AH300 = -2.6 kcal/mole 

B. Hydrogenation of olefins and other unsaturated hydrocarbons, 

AH300 = -28.2 kcal/mol~ 

C. Dehydrogenation of cyclohexanes to aromatic hydrocarbons, 

AH600 = 52.4 kcal/mole 

D. Dehydroisomerization of alkylcyclopentanes to aromatic hydrocarbons, 

0+@ + 3H2 AH600 = 48.3 kcal/mole 

E. Isomerization of alkanes, 

NV AH600 = -1.9 kcal/mole 



:: -~:- _ .... ·.:. ,:.·. ·~-·- ... ·--'-·---~--:.: ____ _ ·-- _. ···•·· .. · ..• :. : ... ~"' -___ .._ __ ._ ----- '-··-~'. -~· ··-~ -.. :.. ........ ~ ·---·-'" --· ~---'. 
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F. Oehydrocyclization of alkanes to cycloalkanes and aromatic 

hydrocarbons, 

AH600 = 14.4 kcal/mole 

AH600 = 62.9 kcal/mole 

G. Hydrogenolysis and rihg opening, 

AH600 = -11.6 kcal/mole 

AH600 = -10.8 kcal/mole 

* * * 

small group of transition metals and alloys, most notably platinum and 

bimeta 11 ic alloys including Pt-Au, Pt-Re, Ir-Au, and Pd-Au (1, 7). 

Catalysts based on these noble metals display a· unique combination of 

high catalytic activity with minimal tendency for the undesireable c-c 

bond breaking (hydrogenolysis) reactions that always accompany 

skeletal rearrangement (1). The selective skeletal rearrangement of 

c4-c6 alkanes on platinum catalysts forms the main subject of this 

thesis. 

Commercial reforming processes are always carried out at high 

temperatures (670-820 K) and pressures (H2/HC = 5-10, Ptot = 10-50 atm) 

in order to obtain maximum reaction rates and high equilibrium con­

ve.rsions. To achieve .efficient utilization of the rare and expensive 
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metal component, commercial catalysts are utilized in a highly dispersed 

form in which small metal crystallites that average about 20-50~ in 

diameter are supported on high surface area oxides (2:200 m2tg) such as 

alumina, silica-alumina, and zeolites. Both components, the support and 

the dispersed metal, play important catalytic roles that are character­

ized by a synergistic relationship known as bifunctional catalysis (4,5). 

In this case, olefins and other unsaturated molecules that are produced 

by the metal component readily undergo secondary isomerization and 

cycltzation (but not aromatization) reactions on the acid-sites of the 

support (5). The metal alone catalyzes the same skeletal rearrangement 

reactions but at a much reduced rate as compared to dehydrogenation. 

Consequently, the activity and selectivity of bifunctional catalysts are 

usually far superior to that for the sum of the individual components 

considered separately. 

One of the most important goals of modern catalysis science is to 

achieve the predictive ability to tailor-make new reforming catalysts 

which will display improved catalytic performance that is represented by 

any useful combination of superior activity, selectivity, and longer 

catalyst lifetime. For this purpose, it is essential to gain a detailed 

knowledge of how and why both components of good reforming catalysts 

work. Once the essential ingredients of high specifity are established, 

it may become feasible to 1ncorporate this knowledge into the development 

of efficient, inexpensive substitutes for platinum, iridium, and related 

precious metals that are always employed as reforming catalysts. 

Alternatively, the discovery of improved support materials or more 
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efficient impregnation methods that deposit metal clusters with specific 

surface structure could substantially reduce the amount of Group VIII 

metal required in the conventional catalysts. 

Fo~_these reasons, the catalytic behavior 6f platinum has been 

studied extensively along two diverse directions in an effort to eluci­

date the working atomic structure and composition of the active catalyst 

surface. The first approach involves the study of hydrocarbon-reactions 

catalyzed on high surface area practical catalysts as a function of 

c~talyst pretreatment and average metal particle size. These catalysts 

include polycrystalline powders, evaporated films, and silica supported 

platinum. A comprehensive review of these studies including a unique 

and complete compilation of reaction kinetics published prior to 1980 

was recently reported by this author (1). Traditionally, it has been 

difficult to draw detailed conclusions from these studies because the 

surface structure is always heterogeneous and the surface composition is 

rarely if ever well-defined. Despite recent advances in nuclear magnetic 

resonance (8), Mossbauer spectroscopy (8,9), EXANES (10), and EXAFS 

(10,11), it is still very difficult to accurately characterize practical 

catalysts on an atomic scale. Perhaps the most important concepts to 

emerge from these studies are the ideas of primary (12) and secondary 

(13) structure sensitivity. Primary structure sensitivity reflects a 

marked dependence of the reaction rates, mechanisms, or selectivities on 

the atomic arrangement and average coordination number of the exposed 

metal atoms. These structural properties vary most markedly as the 

average metal crystallite size is varied between about 10 and 60A (14). 
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Secondary structure sensitivity, by contrast, reflects particle size 

dependent changes in catalytic behavior that originate exclusively from 

the presence of additives or impurities on the catalyst surface. Viewed 

in this context, alkane hydrogenolysis, isomerization, and aromatization 

reactions all appear to be structure sensitive reactions (1). Other 

reactions including olefin hydrogenation and ring opening generally 

appear to be structure insensitive {1). The structure insensitive 

reactions may proceed through a series of structure sensitive reaction 

steps that are not rate-limiting under the conditions of the experiment. 

An especially important attribute of practical catalyst studies is the 

fact that catalyst improvements can easily be translated into new 

petroleum technology. 

A second major approach to the study of hydrocarbon catalysis was 

initiated in this laboratory about a decade ago after surface science 

provided techniques to characterize the influence of surface structure 

and composition on the reaction kinetics. This approach involves the 

study of hydrocarbon reactions catalyzed on small area (-1 cm2) model 

catalysts including single crystal surfaces and polycrystalline foils. 

These catalyst systems can be easily characterized directly before and 

after reaction rate studies using low energy electron diffraction, Auger 

electron spectroscopy, and a wide variety of complementary surface 

analysis methods. In order to closely simulate the small metal particles 

of dispersed metal catalysts, ordered surface irregularities (steps and 

kinks) with fewer nearest neighbors can be introduced and their 
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concentrations systematically varied. This approach forms the basis for 

the research described throughout the remainder of this thesis. 

Previous model catalytic studies at low (10-7 Torr) and high 

(1 atm) reactant pressures by Blakely (15), Herz (16), Smith (17), and 

Gillespie (18) revealed the special importance of surface structure and 

chemical additives in controlling the activity and selectivity of 

platinum in several important types of catalyzed hydrocarbon reactions. 

The presence of steps and kinks was essential for high catalytic activity 

in cyclohexane dehydrogenation and n-heptane aromatization (16,18). the 

specific combination of strongly bound oxygen with surface kink sites 

produced even greater changes in catalytic behavior (17,18); i.e., much 

enhanced hydrogenolysis rates at atmospheric pressure and enhanced 

dehydrogenation rates at low pressures. Perhaps the most general feature 

of these reaction rate studies was the unavoidable build-up of about one 

monolayer of strongly bound carbonaceous deposit on the catalyst sur­

faces. This carbon deposit represents an important example of a chemical 

additive which is deposited directly by the reaction mixture. In most 

cases the formation of this deposit was considered as a curiosity that 

aroused little if any active research interest. Gillespie (18) reported 

that these strongly bound, partially dehydrogenated surface species 

resulted in catalyst deactivation with only small changes in reaction 

selectivity. However, the composition of the carbonaceous deposit was 

not carefully defined, and its reactivity was not investigated. In 

earlier low pressure studies (15), Blakely reported drastic changes in 

catalytic behavior that could be correlated with whether or not the 
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carbonaceous deposit was ordered or disordered. Stepped platinum 

surfaces with ordered carbon overlayers displayed unique high activity 

for n-heptane aromatization (template effect), whereas platinum surfaces 

covered with disordered carbon were inactive. In view of this remarkable 

discovery, further catalytic studies on carbon covered platinum surfaces 

are clearly warranted. 

The formation of surface carbon deposits on high area practical 

platinum catalysts has also been demonstrated (19). Commercial catalysts 

that operate selectively for thousands of hours before requiring re­

generation appear to become covered by this carbonaceous deposit almost 

instantly as the reactions commence. The formation of this deposit, its 

rehydrogenation tendencies, and its interactions with other adsorbates 

is thus an essential feature of the catalytic chemistry. Expensive 

regeneration is required only after these surface species are transformed 

into irreversibly adsorbed "coke" deposits which plug the porous support 

and render the catalyst inactive. With the exception of largely un­

supported speculation (20) with respect to the ability of the carbon­

aceous deposit to undergo hydrogen transfer with reacting surface 

species, no conclusive evidence exists to accurately describe the nature 

of the participation of these mysterious carbon deposits in hydrocarbon 

catalysis. 

The theis research presented here was specifically designed to 

provide a detailed understanding of the role of strongly bound carbon­

aceous deposits in reforming catalysis by platinum. The two most 

important questions that may be asked are (1) how does the deposit par­

ti,cipate i·n the catalyti-c cycle:; Le •. , does catalysis take place on top 
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of or in exchange with the deposit, or does the deposit simply block 

sites and render the catalyst inactive; and (2) if the carbon deposit 

does participate, is it possible to control the structure and composition 

of the metal~organic layer to provide high selectivities for specific 

reactions such as aromatization. In order to address these questions, 

detailed kinetic information was required for several competing chemical 

processes. Specifically, the relative rates of direct hydrogenation and 

hydrogen transfer reactions bet~een strongly bound surface species must 

be separated and established. A sensitive counting system for carbon-14 

radiotracer studies was developed and utilized for this purpose. 

Complementary studies of hydrocarbon-deuterium exchange reactions were 

carried out as a function of temperature, pressure, and surface structure 

to determine. the kinetics of elementary hydrogen addition and elimina­

tion reaction steps. Thermal desorption methods were used to elucidate 

the energetics of C-H bond bond breaking. The kinetics of alkane 

skeletal rearrangement reactions were investigated simultaneously with 

deuterium exchange. It was discovered that deuterium exchange always 

occurs more rapidly than hydrocarbon conversion and that deuterium ex­

change takes place on uncovered platinum surface sites. The deuterium 

exchange kinetics provided minimum surface residence times for dissocia­

tively adsorbed intermediates that were on the order of 10-2-lo-1 sec. 

Hydrogen and CO thermal desorption methods were developed to determine 

the (H/C) composition of the carbon deposits and the concentrations of 

uncover.ed plati.num surface sites that are present before ,and after 

reaction rate studies. The uncovered site concentrations were 
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correlated with the catalytic activity and selectivity of carbon 

covered platinum and also with deactivation kinetics that were derived 

from reaction rate studies over initially clean platinum surfaces. 

These studies have produced a model for the working structure and 

composition of the active catalyst surface that is presented in 

Chapter 4. Stated simply, the general role of the carbonaceous deposit 

is that of a non-selective poison which blocks platinum surface sites 

from incident reactant molecules. 

In addition to the role of the adsorbed carbon deposit, the 

structure sensitivity of alkane skeletal rearrangement reactions was 

investigated at atmospheric pressure and 530-700 K on a series of 

platinum surfaces with variable terrace, step, and kink structure. Of 

the many reactions investigated, only n-hexane aromatization and butane 

isomerization reactions displayed appreciable structure sensitivity. 

Aromatization selectivity was maximized on platinum surfaces with high 

concentrations of contiguous (111) microfacets; isomerization was 

favored on surfaces with high concentrations of (100) microfacets. 

Steps and kinks generally had only a small effect on reaction rates 

and selectivities. The natural (thermodynamic) influence of tempera­

ture and hydrogen pressure had a far more decisive effect on reaction 

selectivity. These studies are reported in Chapter 3 along with 

deuterium isotope effects ·for the skeletal rearrangement reactions. 

The role of other chemical additives (calcium oxide, sulfur, strongly 
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bound surface oxygen) in effecting the catalytic behavior of platinum 

is considered briefly in Chapter 5. Whenever possible, detailed com­

parisons have been made between the catalytic behavior of the single 

crystal surfaces and practical platinum catalysts. 
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CHAPTER 2: EXPERIMENTAL METHODS 

2 .1. A'pparatus 

The research described in this thesis was carried out using two 

very similar low pressure-high pressure systems (1,2) that were 

designed for combined surface analysis and catalysis studies using 

small area (-1 cm2) single crystal samples. A schematic diagram of 

the primary apparatus is shown in Fig. 2.1. Using this system, the 

single crystal samples were cleaned in ultra high vacuum (UHV) and 

characterized by low energy electron diffraction and Auger electron 

spectroscopy. An internal isolation cell could be closed around the 

samples and pressurized to several atmospheres to function as a high 

pressure microcatalytic reactor. Reaction rate studies were carried 

out by resistively heating the sample in a reactant gas mixture that 

was supplied to the isolation cell by an external gas recirculation 

system. Reaction products were analyzed in situ using a mass spec­

trometer and a gas chromatograph equipped with a flame ionizer 

detector. Following each reaction study, the isolation cell was 

evacuated ·and lowered in minutes which enabled the surface structure 

and composition to be recharacterized in UHV by low energy electron 

diffraction, Auger electron spectroscopy, and thermal desorption 

spectroscopy. In this manner the kinetics ~f hydrocarbon reactions 

catalyzed over single crystal surfaces at high and low pressures were 

correlated with the chemisorption properties of the reactants and the 

structure and composition of the active catalyst surface. 
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The main vacuum system consisted of a stainless steel belljar 

(-SOL} that was pumped by a high speed oil diffusion pump (Varian 

VHS-6} and a water cooled titanium sublimation pump. A liquid nitrogen 

cold trap (Varian 362-6} separated the diffusion pump from the main 

chamber. Base pressures in the 1o-10 Torr range were achieved after 

24 hr baking at 425 K. During periods of continual experimentation 

the base pressure rose to 1-3 x 10-9 Torr (mostly H2o, CO, H2}. 

These pressures were adequate to routinely prepare clean well annealed 

surfaces. Auxillary ports were equipped with 

(1} an ion sputter gun (PHI 4-161} for crystal cleaning; 

(2) a quadrupole mass spectrometer (UTI lOOC} for residual gas 

analysis, thermal desorption studies, and analysis of 

deuterium exchange products; 

(3} a nude ion gauge (Varian 971-5008} for pressure measurement; 

(4} a glancing incidence CRT-electron gun for Auger excitation; 

(5} a four grid electron optics-energy analyzer (Varian 981-0127} 

for LEED and AES; 

(6} two variable leak valves (Varian 951-5106} for introducing 

gases at low pressures; and 

(7} a surface barrier detector (Section 2.3} for 14c-radiotracer 

analysis. 

The single crystal samples were mounted on a ratable manipulator 

according to the sample mounting detail shown in Fig. 2.1. As dis­

cussed by Gillespie (2}, this is the only acceptable mounting scheme 

which permits the samples to be heated to the high temperatures that 
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are required for cleaning and annealing {>1300 K) without introducing 

serious problems due to background catalytic activity. The 20 mil 

platinum mounting wires were kept very short ~4-5 mm) so that the 

exposed wire area represented only -5-10 percent of the total platinum 

surface area. The wires were spot welded such that they were always 

cooler than the sample except at the small points of contact which 

represented only 1-3 percent of the total platinum surface area. 

The gold and copper rods acted as an effective heat sink for the 

platinum wires. The samples were repeatedly mounted and remounted 

until the heating was uniform and the contact points appeared to be no 

hotter than the sample itself. 

A chromel-alumel thermocouple (5 mil wires) spot welded tightly 

to an edge or one of the faces of the crystal was used for temperature 

measurement. Since conductive heat losses from the thermocouple leads 

or poor thermal or electrical contact between the tc-junction and the 

crystal would cause the crystal temperature to be underestimated, it 

was of paramount importance to establish the accuracy of the tempera­

ture measurements. Two tests were used for this purpose. The first 

test was a simple visual check described in detail by Gillespie (2). 

When the thermocouple was properly attached to the crystal, the thres-

hold temperature for observing optical emission in a dark laboratory 

was 785 = 10 K. Studies of isobutane dehydrogenation reactions 

catalyzed on the platinum single crystals provided a more reliable 

method for determining the absolute temperature of the samples under 

reaction conditions. As discussed in Section 3.2, the dehydrogenation 
• 
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reaction yielded equilibrium concentrations of isobutene under all 

reaction conditions. In Fig. 2.2 the equilibrium isobutene to iso­

butane yields determined in reaction rate experiments are compared as 

a function of 1/T with the theoretical yields that were calculated from 

published thermodynamic data (3). The theoretical yields correspond 

to an ethalpy of reaction of 29.1 kcal/mole whereas the experimental 

points correspond to ~H = 28.7 kcal/mole. In general, the agreement 

between temperature scales was unexpectedly excellent. Near 573 K 

there was a systematic tendency for the experimental isobutene yields 

to exceed the theoretical yield by 5-18 percent. This difference 

corresponds to an error in the temperature measurement of 2-5 K. Such 

an error would be expected if (1) conductive heat losses take place at 

the crystal-thermocouple junction, or (2) the temperature of the 

crystal-support contacts was slightly higher than that for the sample 

itself. In any event, this method provided an important check to 

insure that the crystal temperature was closely standardized from one 

sample to the next. 

A schematic diagram for the reactor and external gas handling 

system is shown in Fig. 2.3. A m~tal bellows pump provided continuous 

gas circulation, and a Wallace-Tiernan gauge was used for measuring 

the pressure of gaseous reactants. During reaction studies v11 , 

v13 , and v15 were always closed. The gas line from v15 to the main 

vacuum manifold was made from 3/4 in. tubing so that the isolation cell 

could be evacuated as rapidly as possible following all reaction 

studies. Evacuation was carried out using a mechanical pump and two 
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liquid nitrogen cooled sorption pumps. The bypass valve v12 was used 

to increase the conductance of the recirculation loop which was other-

wise controlled by the small 1/16 in. internal tubing of the gas 

chromatograph sampling valve. The total volume of the reactor was 

varied from 236 to 744 cm3 depending upon the type of ~eaction 

studied. 

The gas chromatograph used in this work (HP-5830A) .was equipped 

with a microprocessor that determined all peak areas. The sensitivity 

of the instrument was calibrated regularly using a primary standard 

gas mixture (Matheson) that contained 100 ppm (mole basis) methane in 

nitrogen. The sensitivity changed by less than 3 percent over the 

period of one year. All hydrocarbon products were calibrated relative 

to methane using published sensitivity factors (4). All reaction 

products were separated using 1/8 in. packed columns which contained 

either 0.19 p~rcent picric acid on 80/100 carbopack or 10 percent 

squalene or 60/80 chromosorb W. 

Because the gas sampling valve was not designed for vacuum 

applications, there was always a very small leak into the reactor of 

approximately 10-8 L/sec. Mass spectral analysis of this leak by 

Gillespie (2) indicated that it was about 95 percent nitrogen and 

5 percent oxygen. Thus, the major portion of, the leak appeared to 

result from the diffusion of nitrogen carrier gas within the valve 

rather than an external air leak. The maximum oxygen leak rate into 

the reactor is estimated to be lo-9 L/sec~ 
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FIGURE CAPTIONS 

Fig. 2.1. Schematic diagram ~f the low pressure-high apparatus for 

combined surface analysis and catalysis studies. 

Fig. 2~2. Temperature dependence of the equilibrium ratio of isobutene 

to isobutane showing the excellent agreement between experi­

mental data and thermodynamic predictions (3). This 

comparison provides a simple method to determine the absolute 

sample temperature under:reaction conditions (H2/HC = 10, 

Ptot = 220 Torr). 

Fig. 2.3. Schematic diagram of the microbatch reactor and external gas 

handling system. The dashed lines represent the actual gas 

recirculation loop. 
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2.2. Surface Analysis Methods 

Low energy electron diffraction (LEED), Auger electron 

spectroscopy (AES), and thermal desorption spectroscopy (TDS) were the 

primary surface analysis techniques used in this research to charac-

terize the structure and composition of the platinum single crystal 

surfaces. Since the theory and applications of these techniques in 

surface science have been reviewed extensively elsewhere (viz., LEED 

(5,6), AES (7,8), and TDS(9,10)) only a brief discussion of each method 

is included here. 

2.2.1. Low Energy Electron Diffraction 

Low energy electron diffraction has emerged as perhaps the most 

powerful experimental technique available to investigate the atomic 

structure of the gas-solid interface. Electrons with energies in the 

LEED range of -15-400 eV display deBroglie wavelengths of -4 to 0.5A 

which makes them ideally suited for diffraction from ordered ensembles 

of atoms or molecules. The great surface sensitivity of LEED origi­

nates from the large scattering cross sections for low energy electrons 

in condensed phases. ·All such phases display a similar dependence nf 

the electron inelastic mean free path or kinetic energy. This depen-

dence is represented by a "universal curve" like that shown in 

Fig. 2.4. Because electrons in the LEED energy range almost always 

have mean free paths shorter than about lOA, diffraction represented 

by purely elastic backscattering can originate only with the topmost 

1-4 atomic layers. 
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An idealized schematic diagram for the LEED experiment is shown 

in Fig. 2.5. Diffraction results from elastic backscattering of a 

monoenergetic primary electron beam which is produced by a cold cathode 

electron gun. Elastically scattered beams are filtered from the in­

elastically scattered electrons by a retarding potential that is 

applied to the second grid of the LEED optics.· The elastically 

scattered beams continue their original trajectories and are post 

accelerated into a phosphorescent screen for viewing the diffraction 

pattern. The diffraction beams appear only at certain well-defined 

angles that are determined by the momentum conservation relation, 

and the energy conservation condition, 

k, 2mE ,2 112 
1 = h2- kll 

-+ -+ 
where ku, k1 and k

1
l, kl are the incident and scattered components of 

(1) 

(2) 

electron momentum parallel and perpendicular to the surface, E is the 
-+ kinetic energy of the outgoing electron, and g11 is a surface reciprocal 

lattice vector. The intensities and sharpness of the diffractiort beams 

are primarily determined by the degree of long range microscopic 

ordering within the surface layers. In general, the diffraction beams 

can have si~gnif'icant intensities only if the 20-ordering length is 
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comparable to the coherence width of the incident electron beam 

(ca. 100~) (11,12). 

In principle, LEED is capable of revealing all the information 

about surface structure that X-ray crystallography provides for bulk 

solid structure (i.e., bond lengths and bond angles). The symmetry 

and positions of LEED beams considered alone defines the size, shape, 

and rotational orientation of the 20-surface unit mesh (6). The dis­

placement of atoms normal to the surface phase and location of atoms 

within the unit mesh can be derived from the intensities of the 

diffracted beams as a function of energy (I-V profile) (5,6). In 

practice, interference between the backscattered waves (multiple 

scattering) must be considered for a precise 3-D structure determina­

tion. Extensive dynamical calculations that are required for this 

purpose can be reliably carried out only for the simpler systems where 

the unit mesh contains fewer than about ten atoms (13). In this 

thesis, only the obvious symmetries and positions of the diffraction 

beams that define the 2-D surface structure will be considered. These 

structures are presented using the Wood and matrix notation schemes 

( 6). 

2.2.2. Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) was used throughout this 

research to monitor the elemental composition of platinum single 

crystal surfaces directly before and after all chemisorption and 

catalysis studies. The great usefulness of AES as a routine surface 

analySis technique results from the facts that (1) every element has a 
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unique Auger spectrum that can be used as a fingerprint to identify 

the presence of adsorbates on solid surfaces (14); (2) AES is highly 

surface sensitive for the same reasons as described for LEED; and 

(3) good quality spectra can be obtained very rapidly (2-5 min) using 

relatively simple electron optics. Figure 2.6 shows typical Auger 

spectra for (a) a clean platinum surface and (b) a new platinum surface 

that was initially contaminated with several surface impurities (S, 

Ca, 0). The spectra were obtained with the 4-grid LEED optics oper­

a~ing as a retarding field electron energy analyzer (RFA). In this 

case the first and third grids were grounded, a retarding DC ramp 

voltage was applied to the second grid, and a 300 V post accelerating 

positive bias was applied to the screen. The spectra were recorded in 

the first derivative mode in order to enhance the Auger signal in­

tensity relative to the slowly varying secondary electron background. 

Differentiation of the spectra was carried out electronically by 

superimposing a small AC modulation voltage (2-7 V peak to peak) on 

the DC ramp voltage. The second harmonic of the modulation voltage 

was detected as a function of the ramp voltage using a phase-sensitive 

lock-in amplifier (PAR HR-8). The second harmonic corresponds closely 

to the first derivative Auger spectrum (15). 

Auger transitions are autoionization processes that arise from 

electrostatic interaction between two electrons in an atom that is 

initially ionized in an inner shell. These excited ionic states can 

be created by photoionization, ion impact, or electron scattering (16). 

In this research 2.5 keV electrons from a cathode ray tube electron 
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gun were used as the primary excitation source. In this case, the most 

accurate ionization cross sections, a, are reportedly those based on 

Gryzinski's classical calculations for inelastic electron scattering 

(17). 

where Ei is the binding energy of core level electrons in subshell 

i, E
0 

is the energy of the primary electron beam, and 11 = E
0
/Ei. 

According to these calculations a is maximized when 11 = 3-5. 

Once created the excited ionic states rapidly ( T- 1o-15 sec) 

undergo deexcitation by X-ray fluorescence, Auger electron emission, 

or a sequence of both these processes that are compared schematically 

in Fig. 2.7. In the Auger process an outer shell electron relaxes to 

the inner shell vacancy transferring energy to a second outer shell 

electron that is consequently ejected. The golden rule expression for 

the Auger transition probability per unit time is (16) 

= 2:· 
final 
states 

where D and E are the direct and exchange matrix elements of the 

electrostatic interaction Hamiltonian (V. t = L e211r.- r.l ), 
1 n . . . 1 J 

. 1rJ 
t>(Ef) is the density of final two-hole plus one fr-ee electron final 

states, and the difference D-E is taken to preserve the antisymmetry 

(4) 
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of the initial and final states. The ejected Auger electron has an 

energy 

E .. k =E.- E.- Ek(z-d)- 6 lJ 1 J e 

where Ej and Ek are the energies of the appropriate outer shell 

electrons, z is the atomic number of the atom, d is the effective 

charge (0.5-0.8) due to the initial ionization, and 6e_is the work 

function of the sample referred to the vacuum level of the spectrom-

( 5) 

eter. In comparison, when deexcitation occurs by X-ray fluorescence, 

an outer shell electron relaxes to an inner shell vacancy with the 

emission of a photon. Auger emission is generally favored over X-ray 

fluorescence with low Z elements or when initial ionization occurs in 

the L, M, N, ••• subshells (16). 

The surface sensitivity of AES is determined by the energies of 

the scattered Auger and/or incident primary electrons. Maximum 

penetration depths of approximately 8-20~ normal to the surface are 

expected when 2.5 keV primary electrons are incident at a glancing 

angle of about 70° to the surface normal (Fig. 2.4). While Auger 

electrons can be created anywhere between the solid-vacuum interface 

and this maximum penetration depth, whether or not they have sufficient 

energy to escape the solid and be detected is largely determined by 

the energy of the Auger electrons. For energies between 50 and 150 eV 

it is apparent from Fig. 2.4 that most of the intensity arises from 

the topmost 2 or 3 atomic layers independent of the primary beam 
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energy. With increasing energy a significant fraction of the intensity 

originates from deeper within the solid thereby providing more infor-

mation about the composition of the near surface region. With the 

exception of oxygen (510 eV), all Auger transitions of interest to this 

research have energies below 300 eV where the surface sensitivity is 

very high. 

Several useful models have been developed to predict the 

distribution of Auger peak intensities for adsorbate covered surfaces 

depending upon the nature of the adsqrbate film growth mechanism, viz. 

layer-by--layer (18), monolayer followed by 30 crystallites (19), or 30 

crystallites (19). In the simplest case of layer-by-layer growth with 

homogeneous attenuation, the adsorbate and substrate peak intensities 

are expressed by 

(6) 

and 

(7) 

respectively, where I~ is the adsorbate intensity in the limit of 

infinite film thickness, I~ is the peak intensity for the clean 

substrate, Z is the overlayer thickness, and 1a and 1s are'the in­

elastic mean free paths of the adsorbate and substrate Auger electrons, 

respectively. 
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2.2e3. Thermal Desorption Spectroscopy 

Thermal desorption spectroscopy (TOS) was used extensively in this 

research to investigate the energetics of hydrocarbon chemisorption 

and to characterize the composition of adsorbed carbonaceous species 

as a function of their preparation conditions. When desorption of 

intact molecules takes place TOS can reveal (1) the multiplicity of 

adsorbate binding states and the relative concentrations of adsorbed 

species in each state; (2) the kinetic orders of the desorption pro­

cess; and (3) the activation energies and pre-exponential factors for 

the desorption rate constants (10). On the other hand, when decom­

position of the adsorbed species prevails, TOS can reveal (1) the 

temperature range and activation energy for the decomposition reaction; 

(2) the decomposition products, and (3) the composition of the 

decomposing species. 

In all TOS experiments described here the single crystal samples 

were heated at linear (or nearly linear) rates (10-98 K/sec), and the 

desorption or decomposition of the adsorbed species was detected as a 

change in pressure with time using the UTI 100C quadrupole mass 

spectrometer. In about one half of the experiments the mass spectrom­

eter ionizer was located in direct line of sight to the sample at a 

distance of about 10 em. In the remaining experiments the ionizer was 

about 15° off normal at a -distance of -20 em. 

Kinetic analysis of TOS results invariably begins with the 

Wigner-Polanyi model to describe the desorption of species in a 

patticular binding state. The rate of desorption is given by 
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{8) 

where 9 is the surface coverage, n is the order of desorption, vn is 

the desorption pre-exponential factor, and Ed is the desorption 

activation energy. Provided that adsorption is not activated Ed 

equals the enthalpy of adsorption. In this research the pumping speed 

(300-103 liter/sec) was always much greater than the desorption rate, 

and the samples were carefully mounted to provide uniform and linear 

heating rates (unless noted otherwise). Assuming that under these 

conditions Ed is independent of time and temperature, Redhead has 

shown that (20) 

(1st order) 

and 

where s is the sample heating rate, e
0 

is the initial coverage, and 

(9) 

(10) 

TP is the temperature of the maximum desorption rate (i.e., the 

temperature of the desorption peak maximum). According to this model, 

TP should be independent of e
0 

for first order desorption, and TP 

should decrease with increasing_ e
0 

for second order desorption. Thus 

it is often possible to determine the molecularity of a desorption 

re~ction by simply monitoring TP as a function of e
0

• Order plots 
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of ln Rd as a function of ln g
0 

can be constructed easily to 

determine the kinetic order of more complicated desorption processes; 

viz., zero, third, or fractional order reactions. Self-consistent 

determination of Ed and v from Eqs. (9) and (10) requires that g
0 

and s be varied independently. Experimentally this is difficult to 

achieve, and therefore, Ed is most often estimated by assuming that 

13 -1 -2 2 -1 b ( 1) v1 = 10 sec and v2 = 10 em sec • It has een noted 2 that 

this assumption is often unreliable because v can differ by up to 

3-orders of magnitude from the assumed values that are based on simple 

statistical considerations. These differences in v can translate into 

a considerable error in the determination of Ed. For this reason 

two nearly equivalent methods have been devised by Edwards (22) and 

Chan et al. (12) that permit calculation of Ed from TP and the 

desorption peak full width at half maximum, Aw, without a priori 

assumption of the pre-exponential factor. The original derivation of 

Edwards (22) produces the equations 

and 
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for first and second order desorption, respectively. Whenever 

possible, desorption activation energies reported in this work have 

been calculated using both methods outlined above; i.e., the Redhead 

formulas (Eqs .• (9} and (10}} and Edward's expansions (Eqs. (11} and 

(12}). Provided that the heating rates were less than about 25 K/sec 

good agreement (~10 percent) was obtained between these values. When 

higher heating rates were employed the desorption peaks were broadened 

appreciably resulting in unrealistically low values of Ed calculated 

by the Edwards method. Under these conditions {B ~ 25 k/sec) the 

Redhead formulas were used exclusively with the usual assumption that 

v1 = 1013 sec-1• 

Activation energies for the sequential dehydrogenation and 

skeletal rearrangement of chemisorbed hydrocarbons were estimated in 

an analogous manner by assuming that all such processes were uni­

molecular decomposition reactions. In this case, the rate of the 

decomposition reaction 

is given by 

(13} 
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where vd and Ea are the pre-exponential factor and activation 

energy for decomposition, respectively. Since hydrogen recombination 

and desorption are very fast at the temperatures (>425 K) where hydro­

carbon rearrangement takes place (23), hydrogen thermal desorption 

spectra representing the sequential dehydrogenation of chemisorbed 

hydrocarbons can be used as a direct fingerprint of the decomposition 

rates. Kinetic analysis of the rearrangement process using Eq. (9) 

then becomes identical to that for first order molecular desorption. 

Baetzold (24), Benson (25), and others (26) have tabulated pre-

exponential factors for unimolecular surface and gas phase reactions 

that are always in the range 1012 - 1015 sec-1• An average value 

of v = 1013 sec-1 was used in this work. While this assumption is 

not readily justified, it has been used here so that trends in the · 

decomposition behavior of different hydrocarbons could be investigated. 

2.2.4. Composition of Carbonaceous Species from 
AES and Hydrogen TDS 

A simple experimental procedure was devised to determine the 

absolute {H/C) stoichiometry of hydrocarbon species irreversibly 

chemisorbed on platinum single crystal surfaces. Several applications 

of this method are discussed in Sections 4.3, 4.4 and 4.5. For the 

determination of (H/C) ratios, hydrogen thermal desorption spectra 

representing the sequential dehydrogenation and decomposition of 

chemisorbed hydrocarbon molecules were recorded using linear heating 

rates in the ·range ·6·9 to 98 Kts·e·c. Total ·are·as under the H2 
desorption peaks were determined by weighing the spectra on an 
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analytical balance. For a given heating rate and crystal sample the 

measured area was assumed to be directly proportional to the total 

amount of hydrogen originally contained within the adsorbed layer. 

Comparison of this desorption peak area, A, with the c273!Pt237 
AES peak to peak height ratio, I, provided a relative measure of the 

initial (H/C) composition, i.e., (H/C) = a(A/I). The proportionality 

constant a was determined before and/or after each series of experi­

ments by chemisorbing benzene or clean platinum at 300-315 K and 

executing the same hydrogen thermal desorption experiment. A standard 

ratio (H/C) = 1.0 was assumed under these conditions yielding a = 

(I/A) 8 • This assumption is easily justified because it is well. 
z 

documented that benzene chemisorbs on platinum in a molecular form 

provided that the temperature is less than 340:...370 K (27,28). Since 

heating rates, desorption peak areas, and AES peak height ratios were 

all reproducible to about =5 percent, the uncertainty of the (H/C) 

determinations is estimated to be no more than =20 percent. 
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FIGURE CAPTIONS 

Fig. 2.4. Universal curve for condensed phases showing the dependence 

of the inelastic electron mean free path (attenuation length) 

on kinetic energy. Small mean free paths in the LEED energy 

range result in high sensitivity to the outermost surface 

layers. 

Fig. 2.5. Schematic representation of the LEED experiment showing the 

backscattering of an incident electron beam into a series of 

well defined diffraction beams. 

Fig. 2.6. A~ger electron spectra for (a) a clean platinum single 

crystal surface, and {b) a platinum surface that was 

initially contaminated with several surface impurities. 
/ 

Fig. 2.7. Energy level diagrams comparing the Auger emission and X-ray 

fluorescence mechanisms for deexcitation of an excited ionic 

state. 
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2.3. A Radiotracer Technique for Chemisorption and Catalysis 
Studies Using Single Crystal Surfaces in UHV 

A radiotracer countirtg system was developed for adsorption and 

catalysis studies in ultrahigh vacuum using small area, single crystal 

surfaces. The counting system utilizes a rugged, compact, and rotat-

able surface barrier detector with a sensitivity sufficient to detect 

about 1 x 1012 molecules containing carbon-14. The counting system 

and its operating characteristics are described in this section. 

Applications of this technique to studies of 14c-benzene and 14c-

ethylene chemisorption, hydrogenation, and hydrogen transfer reactions 

are presented in Chapter 4. 

2.3.1. The Counting System 

A block diagram showing the experimental arrangement and counting 

electronics for radiotracer studies is shown together with ' cross 

section of a surface barrier detector in Fig. 2.8. The surface barrier 

detector (Ortec TA-23-25-300) is a large area diode consisting of a 

partially depleted slice of ultrapure n-type silicon mounted in an in-

sulating ring, the front and back surfaces of which are metallized. 

The entrance contact-surface barrier (gold window, 40 ~g cm-2) and 

depth of the depletion region (300 ~m) are chosen to optimize the 

detector efficiency for low energy beta radiation (14c-E = 158 keV, max 
range in Si ~ 150 ~m). The front surface of the insulating ring is 

grounded to the metal case and to the shield side of a standard 

Microdot connector. The back surface of the ring contacts the center 

electrode of the connector which functions as ~-signal output and bias 

voltage connecti,on. :Free charge ca·rriers created durin'9 operation by 
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ionizing radiation are separated by an electric field that is produced 

by an externally applied reverse bias (50 V). Integration of the 

current induced on the detector contacts yields an output pulse that 

is proportional to the energy of the ionizing radiation (29). Output 

pulses are amplified and shaped by a charge sensitive preamplifier 

(Ortec 142) and linear amplifier (Ortec 575). For point-by-point 

measurements, N(E) beta spectra are collected and stored in a pulse 

height analyzer (Tracer TN 1705). Energy scale is calibrated using 

the signal from a tail pulse generator (BNC RP2) applied to the pre­

amplifier test input~ Integration of the timed spectra yields a count 

rate that is proportional to the radioactivity present in the source. 

Alternatively, a ratemeter or multichannel scaler can be used for con­

tinuous measurements using an appropriately wide window (-35-158 keV). 

A more detailed diagram of the detector mounting assembly is shown 

in Fig. 2.9. The entire assembly, including the detector, an electri­

cal connection, and provisions for water or nitrogen cooling, are 

easily accommodated on a single 6 in. (152 mm) conflat flange. The 

detector (case diameter -20 mm) is recessed into a copper jacket fixed 

to an L-shaped rotatable feedthru offset about 40 mm from the center 

of the 152 mm flange. The rotation mechanism allows the detector to 

be reproducibly aligned 5-10 mm directly in front of the crystal for 

counting adsorbed species or quickly rotated 90-180° for background 

corrections, high pressure reaction rate studies, or rapid interchange 

between other surface analysis methods. The output/bias connection 

from the detector-to an external feedthru is made using a flexible 93 
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shielded cable. When bias is applied, the detector must be maintained 

at temperatures between -30 and 30°Cc In practice, the background 

noise level can be minimized by operating the detector at about 15°C 

or less. Slight cooling of the detector is easily accomplished using 

two strips of flexible copper braid that are connected from the back­

side of the copper jacket to an adjacent copper block that is cooled 

by circulating water or nitrogen. 

Solid state detectors always display an appreciable level of low 

energy noise resulting from leak~ge current and random fluctuations in 

charge carrier density. This noise ordinarily amounts to 8-10 keV and 

must be discriminated against in order for quantitative analysis to be 

carried out. In practice, because of peak broadening in the pre-

' amplifier and amplifier, the lower discriminator level must be set at 

2-3 times the detector noise level in order to eliminate all noise. 

This is illustrated in Fig. 2.10, where N(E) beta spectra are compared 

at two lower discriminator energies for a 1 cm2 sheet of 14c-
polymethylmethacrylate suspended in the vacuum chamber at the same 

position as the platinum single crystal. The left h~nd spectrum 

obtained with the discriminator set to about 10 keV displays a sharp 

low energy peak due to detector noise superimposed on a slowly de­

creasing background which represents the actual 14C-beta emission. 

The right hand spectrum obtained with the discriminator set to about 

35 keV displays the 14C-beta spectrum with no contribution by detector 

noise. To determine the optimum operating conditions for the surface 

barrier detector in UHV, the count rates for background., and the 
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14C-polymethylmethacrylate sheet were monitored as a function of the 

lower discriminator energy. The results are shown in Fig. 2.11 where 

the 14c-count rate (cpm) has been squared, divided by the background 

count rate (Bkg), and plotted as a function of the lower discriminator 

energy. For a source with low specific radioactivity, the maximum in 

cpm2tBkg ( 32 keV) defines the operating conditions with maximum signal 

to noise. To provide an additional measure of noise rejection, all 

measurements described hereafter were carried out with the lower dis­

criminator set to 35 keV. To determine how much of the 14c-beta 

emission would be rejected by 35 keV, we used a liquid scintillation 

counter to plot an unquenched 14C-beta spectrum and calculated from 

this that about 40 percent of the activity would be rejected. 

2.3.2. Calibration of the Detection Efficiency 

As indicated in Fig. 2.9, the active area of the surface barrier 

detector is comparable to the crystal face surface area for a typical 

single crystal sample. The counting geometry defined as the solid angle 

subtended by the detector at a point source located 10 mm from this 

active surface is 0.34 ~. Fortunately, the detector efficiency can be 

calibrated in a manner which corrects for the discriminator level, the 

counting geometry with a single crystal source, and the surface area of 

the crystal surface. In the efficiency measurements the single crystal 

samples were coated with several microliters of a solution (1.1 ~g/~l; 

specific activity 4.56 dpm/~1; dpm =absolute disentegrations per minute) 

containing 14c-polymethylmethacrylate dissolved in ethyl acetate. 

Evaporation of the solvent yielded thin films (ca. 1.1-6.7 ~m) of 
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14c-polymethylmethacrylate coated onto the single crystal surfaces. 

The film thickness was estimated from the amount deposited assuming a 

film density of 0.86 g/cm3• The count rate for the polymer films was 

monitored as a function of the amount deposited to obtain a calibration 

curve like that shown in Fig. 2.12; where the observed efficiency 

(cpm/dpm) is plotted as a function of the estimated film thickness. For 

this (111) platinum crystal (area 0.22 ~ 0.2 cm2) and the limited 

range of film thickness investigated the counting efficiency was 

2.9 ~ 0.3 percent. 

2.3.3. Sensitivity and Capability of the Radiotracer Technique 

The absolute sensitivity of this radiotracer technique and the 

uncertainty of the counting statistics are derfved from the total counts 

for adsorbed species and background. The total counts depend on several 

factors including the crystal surface area, the detector efficiency, the 

counting time, and the specific radioactivity of the adsorbed species. 

While many hydrocarbons and other molecules that contain carbon-14 are 

commercially available with specific activities ranging up to about 64 

me mmole-1 (carrier free), a nominal value of 10 me mmole-1 -is more 

common. Assuming this level of radioactivity, a crystal surface area of 

25 mm2, a background of 3 cpm, and a detection efficiency of 3 percent, 

a series of simple calculations reveals that surface concentrations of 

1 x 1013 , 5 x 1013 , and 1 x 1014 molec cm-2 can be determined in a 

20 min count with standard deviations of 23, 10 and 4 percent, 

respectively. Alternatively, 1 X 1014 molec cm-1 can be detected 

in only 4 min with a standard deviation of 10 percent. These 
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statistics can be improved by using longer counting times, a higher 

specific radioactivity, or a larger area detector. It is, therefore, 

clear that the radiotracer technique is a very sensitive method for 

general surface analysis studies. Surface coverages at 1 percent of 

the monolayer can be determined non-destructively with a high level of 

accuracy. 

In UHV applications, surface barrier detectors offer several 

notable advantages over thin window Geiger counters described 

previously by Klier et al. {30,31). For low energy betas, surface 

barrier detectors are generally superior to gas counters because the 

window thickness is smaller, the detector is more compact, and the 

problems of window rupture or gas stability with time due to decom­

position or diffusion through the window are absent {29). Because it 

is compact and rotatable, the solid state device can also be used 

easily in conjunction with other surface analysis methods. The primary 

disadvantage of the surface barrier detector is its lower efficiency 

(arising from the counting geometry and the need to eliminate noise 

pulses) which may necessitate longer counting times. 

While the present discussfon has been restricted to 
14c-radiotracers, it is important to note that any other elements 

possess radioisotopes that are suitable for surface studies using the 

same counting system. Table 2.1 lists several of these isotopes along 

with their half-lives and the maximum energy for their beta emission. 

Several notable applications for this radiotracer technique include 
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(1) determination of equilibrium adsorption isotherms in terms 

of absolute surface concentrations, 

(2) studies of surface and bulk diffusion kinetics, 

(3) studies of isothermal desorption kinetics, 

(4) determination of absolute Auger calibrations for surface 

carbon coverage (Section 2.6), 

(5) transient response studies of hydrocarbon hydrogenation and 

hydrogen transfer reactions, 

(6) studies of the fate of sulfur in hydrodesulfurization 

catalysis, and 

(7) studies of the fate of surface carbon in Fischer-Tropsch 

synthesis. 
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Table 2.1. Partial listing of radioisotopes suitable for surface 
studies using a surface barrier detector. 

Isotope E (keV) Half-life (yr) 
max 

14c 158 5720 

22Na 544 2.6 

26Al 1160 7.4 X 105 

32s; 210 710 
355 167 0.24 

36Cl 714 3.0 X 105 

137cs 510 30 
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FIGURE CAPTIONS 

Fig. 2.8. Block diagram showing the experimental arrangement and 

counting electronics for radiotracer studies using a surface 

barrier detector in an ultrahigh vacuum chamber. An 

expanded cross-section of the surface barrier detector is 

also shown (29). 

Fig. 2.9. Schematic diagram of the detector mounting assembly showing 
) 

the detector offset along with the output/bias connection 

and provisions for cooljng the detector with circulating 

water or nitrogen. 

Fig. 2.10. Carbon-14 beta spectra measured with a surface barrier 

detector at two lower discriminator energies (ca. 10 and 

35 keV}. 

Fig. 2.11. Plot of cpm2/Bkg as a function of the lower discriminator 

energy obtained for the surface barrier detector using a 
14c-polymethylmethacrylate source.-

Fig. 2.12~ Efficiency calibration (cpm/dpm) for the surface barrier 

detector obtained by depositing thin films of 14c­

polymethylmethacrylate onto a platinum single crystal 

surface. Self-adsorption by the polymer is negligible for 

the range of film thickness investigated. 
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2.4. Materials 

2.4.1. Reagents 

Hydrogen and hydrocarbon reagents used in this research were of 

the hi~hest obtainable researc~ purity. A listing of reagents is 

supplied in Table 2.2 with sources, purities, and major detectable 

impurities. Liquid hydrocarbons were stored in pyrex vacuum flasks 

fitted with 0-ring sealed teflon stopcocks. The liquids were outgassed 

by repeated freeze-pumping cycles at 77 K prior to inftial use. 

Thereafter, this degassing procedure was repeated regularly at 1 to 2 

week intervals. Hydrogen, deuterium, and gaseous hydrocarbons~were 

used as supplied. 

Carbon-14 labelled ethylene (Amersham; specific activity 

128.5 mc/mmol) and benzene (New England Nuclear; specific activity 

16 mc/mmol) were supplied in breakseal tubes adapted with vacuum 

stopcocks and were outgassed by repeated freeze pumping cycles prior 

to use. Radiochemical purities for these hydrocarbons were stated to 

be in excess of 99 percent. 

Surface contamination by reactant impurities such as sulfur, 

chlorine, and oxygen is always an important consideration in reaction 

rate studies using small area single crystal catalysts. With a 

reactant pressure of 1 Torr and impurities present at concentrations 

of 1 ppm, in principle, it might take only 1 sec to deposit one com­

plete monolayer of surface contamination. Auger electron spectroscopy 

was used throughout this work to monitor the elemental composition of 

the platinum surfaces following all reaction r.ate studies. Fortunately, 



Table 2.2. Listing of reagents with sources, purities, and major detectable 
impurities. 

Purity (a) Gas Phase (a) Surface (b) 
Reagent Source (wt%) Impurities Contaminants 

02 LBL ?:99.9 co None 

H2 LBL-Matheson ?:99.99 None 

02 LBL-Matheson ~99.5 
?:99.95 

02 HO,H2 None 

02,HO,H2 

co LBL-Matheson ~99.5 None 
<.n 

Ethylene Matheson ?:99.9 None "' -

Isobutane Matheson ?:99.995 C2H6, None 
iso-C4Ha 



Table 2.2. Continued. 

Purity (a) Gas Phase (a) Surface (b) 
Reagent Source (wt %) Impurities Contaminants 

n-Butane Matheson 2:99.92 C3H8, None 
iso-C4H1o 
n-c4H8 

Neopentane Matheson >· -99.92 n-C4H1o, Sulfur 
n-C4H8 1-5% monolayer 

n-Hexane Phillips > -99.95 methylcyclopentane None 
3-methylpentane 
benzene 

(.}1 

"""-! 

Cyclohexane Matheson ;::;99.8 None 

Cyclohexene Phi 11 ips ~99.85 Cyclohexane Sulfur 
Matheson ;::;99.6 benzene 2-4% monolayer 

methylcyclopentane 

Benzene Matheson 2:99.8 

n-Heptane Phillips ~99.93 Isohexanes None 
Benzene 

(a) Determined gas chromatographically. 

(b) Determined by AES following high pressure reaction rate studies. 
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surface contamination never appeared to be a serious problem. Sulfur 

contamination was detected only after neopentane and cyclohexene 

reactions~ and then the maximum sulfur coverage never exceeded 

-7-9 x 1013 S/cm2 based on the calibration presented in Section 2.6. 

The sulfur concentration at a given temperature was usually reproduc­

ible {±25 percent)~ and most often it was in the range 2-4 x 1013 S/cm2. 

This sulfur appeared to be deposited rapidly within -5 min as the 

reactions commenced. Low levels of surface and/or subsurface oxygen 

were observed irregularly following about 20 percent of the experiments 

(o510tPt237 ~ 0.1-0.iS). This oxygen produced no detectable changes 

in reaction rates~ selectivities or poisoning behavior. The most 

important surface species deposited by the reaction mixtures were the 

unavoidable carbonaceous deposits that form the main subject of this 

thesis. The behavior of the carbon deposit as a function of tempera-

ture~ pressure~ and reactant hydrocarbon clearly indicated that it was 

a genuine feature of the reaction chemistry. 

2.4.2. Single Crystal Samples: Preparation~Characterization~ 
Structure, and Cleaning Procedures 

A variety of flat, stepped~ and kinked platinum single crystal 

samples have been utilized in this research. Table 2.3 provides a 

listing of the crystallographic orientations expressed in Miller index 

form and in terms of microfacet indeces (32). Average terrace widths 

(A) and kink densities {kinks/cm2) are included where appropriate. 

The clean stepped surfaces appeared to be stable in atomic arrangements 

characterized by monatomic height steps (Section 2.4.3). Figures 2.13 



Table 2.3. Miller indeces, microfacet indeces,average terrace widths, and average kink 
concentrations for platinum single crystal surfaces. 

Miller Index Microfacet Index 

Pt(lOO) Pt(100) 

Pt(111) Pt(111) 

Pt(322) Pt(s) - [24(111) + 11(100)] 

Pt(s)- [~ (111) + 11(100) + 1 1 {11T~ . Pt(321) 
3 

Pt(654) Pt(s)- [i (111) + 11{100) + 11{11rD 
. 9 

Pt(13,1,1) Pt(s) - [126(100) + 11(111)] 

Pt(10,8,7) Pt(s)- [~ (111) + 22(100) + 1 1 (11I~ . 15 

Pt(12,9,8) Pt(s) - [~ 7 (111) + 33(100) + ~· (11!)] 
17 1 

Kink 
Average Terrace Concentration 

Width (A) · (Kinks/cm2) 

11.2 

5.5 3.7 X 1014 

13.9 1.5 X 1014 

18.0 

15.1 1.0 X 1014 

12.9 7. 7 X 1013 

U1 
1.0 
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and 2.14 show idealized atomic surface structures for the samples 

based on this conclusion. The flat (111) and (100) surfaces contain 

hexagonal and square close packed arrays of platinum atoms with 
I 

coordination numbers 9 and 8, respectively. The other surfaces con-

sist of extended arrays of (100) or (111) terraces which average 2-6 

atoms in width that are periodically displaced by atomic steps and 

kinks. These coordinatively unsaturated surface irregularities have 

coordination numbers 7 and 6, respectively. The clean (100} and 

(13,1,1) platinum surfaces display surface reconstructions in which 

the topmost layer of platinum atoms is hexagonally packed and rotated 

slightly with respect to the underlying substrate (0.7° for Pt(100) 

(33)). Dynamical LEED intensity calculations for Pt(100) (33) indicate 

that the hexagonal layer is buckled and contracted 0.1-0.3A perpendic-

ular to the surface corresponding to a 6.3 percent average reduction 

in the d-spacing of the topmost layer. However, upon exposure to 

hydrocarbons {34) or other gases {35), the surface reconstructions 

dissappear and (1 x 1) diffraction patterns that correspond to the 

unreconstructed surfaces are obtained. Hydrocarbon catalysis appears 

to occur on these unreconstructed surfaces. For this reason, the 

(1 x 1) structures have been illustrated in Fig. 2.13, and will be 

referred to in all later discussions. 

The single crystal samples used in this research either existed 

upon on my arrival or were prepared by Wini Heppler of the LBL support 

staff. Spark erosion was used to slice thin oriented discs {0.3-0.9 mm 

thick} from 0.4'8 or 0.63 em diameter platinum single crystal rods that 

were obtained from Materials Research Corporation (MRC). Laue back 
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x~ray diffraction was used to insure that both crystal faces were 

within 1° of the specified orientation. Figure 2.15 shows Laue 

diffraction patterns for several of the samples. The crystals were 

polished to a mirror finish using standard metallographic procedures 

with the final step utilizing an aqueous slurry of 0.05 pm alumina 

powder on an ultrasonic vibrator. After etching for 15-30 sec in con-
J 

centrated aqua regia, the samples were rinsed in water and acetone and 

then mounted in the vacuum chamber. Following the cleaning procedure 

described below, LEED diffraction patterns were photographed for each 

sample to make sure that the expected crystallographic orientation was 

preserved. Figures 2.14 and 2.16 show clean surface LEED patterns for 

the various samples. Average terrace widths, step orientations, and 

st~p heights were derived from the splitting and orientation of the 

diffraction beam doublets as described in the next section. 

The platinum rods were reported by MRC to be at least 99.996 

percent pure with carbon, oxygen, calcium, iron, silicon, and palladium 

as major impurities at maximum concentrations of 8, 9, 2, 5, 17, and 

23 ppm, respectively. Auger spectra recorded for new samples invar­

iably revealed surface contamination by sulfur (154 eV), carbon 

(273 eV), calcium (294 eV), and oxygen (510 eV); occasionally silicon 

{80 eV), phosphorous (119 eV), and chlorine (118 eV) were also 

detected. These impurities were removed to AES detection limits by 

repeated cycles of argon ion sputtering (0.5-1.5 keV) at 1100-1300 K, 

annealing at 1100-1480 K, and pretreatment with 1-10 x 10-7 Torr of 

oxygen at 1100-1300 K. The high temp~rature oxygen treatments induced 
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surface segregation of calcium and silicon as non-volatile oxides which 

facilitated their permanent removal by argon ion sputtering. As many 

as ten 1-3 hr sputter-anneal cycles were usually required to obtain a 

reproducibly clean surface. Following this initial cleaning pro-

cedure, Ca and/or Si impurities would sometimes reappear after a series 

of experiments or upon exposure of the sample to the atmosphere. For 

this reason it was necessary to repeat the sputter-anneal-oxygen 

treatment cycles at regular intervals not exceeding about 1 week. A 

ca294 tPt237 AES peak-to-peak height ratio <0.02 was arbitrarily 

chosen as the maximum level of calcium contamination that could be 

tolerated before reaction rate studies were carried out. This peak 

height ratio corresponds to a near surface region calcium concentration 

below 5 x 1012 Ca/cm2 (14). Surface carbon and sulfur impurities 

could be easily removed by short (<1 min) oxygen treatments at 1050-

1300 K without recourse to argon ion sputtering. However, ion sput­

tering followed by annealing to >1300 K was usually preferred in order 

to preclude any accumulation of strongly bound subsurface oxygen (2). 

During long periods of continual experimentation, a gradually in­

creasing level of residual hydrocarbons in the vacuum chamber made it 

impossible to clean the samples by sputtering alone. Under these con­

ditions, short pretreatments with oxygen at 1100-1300 K followed by 

flashing to >1300 K were used to completely clean the samples. 

Provided that the samples were clean and well annealed, reproducible 

results were obtained in reaction rate studies independent of the 

method of surface preparation. 
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All reaction rates reported in this thesis have been calculated 

on the basis of the total (edge + 2 faces) geometric sutface areas of 

the single crystal samples. Table 2.4 summarizes the edge, face, and 

total areas for the various samples. The (100), (111), (322), 

(13,1,1), ~nd (10,8,7} samples used for most of the reaction rate 

studies were deliberately cut very thin (-0.3-0.55 mm) so that the edge 

contribution would be minimized. Nevertheless, the polycrystalline 

edges still contribute a significant fraction of the total platinum 

surface area (ca. 10-18 percent): As pointed out by Gillespie (2), 

the presence of this unoriented area tends to make differences in 

reaction rates measured for surfaces with different atomic structure 

appear smaller than they would be if the ~ntire surface was of the 

specified orientation. 

2.4.3. Structure and Stability of Stepped Single Crystal 
Surfaces: Important General Considerations 

While single crystal surfaces invariably display polishing 

abrasions and other macroscopic irregularities when viewed by optical 

or electron microscopy (36), LEED studies clearly indicate that the 

annealed surfaces are very regular on the atomic scale, and that most 

of the atoms occupy large ordered domains with uniform structure. The 

terrace width, step density, and kink concentration can be varied 

independently by changing the angles of cut and crystallographic 

orientation. Figure 2.14 showed surface structures and LEED patterns 

for a series of platinum surfaces in which the kink concentration was 



64 

Tab 1 e 2 .4. Surface areas of single crystal catalysts. 

Total Face Total Ed~e Total Total Pt Sitesa 
Crystal Area (cm2) Area (em ) Areaa (cm2) X 10-15 

(100) 0.57 0.08 0.65 0.86 

(111)1 0.48 0.14 0.62 0.93 

(111)2 0.64 0.18 0.82 1.2 

(321) 0.86 0.24 1.10 1.65 

(322) 0.45 0.11 0.56 -0.84" 

(654) 0.84 0.20 1.04 1.56 

(13,1,1) 0.65 0.08 0.81b 1.09 

(10,8,7) 0.66 0.12 0.78 1.18 

(12,9,8) 0.53 0.22 0.75 1.13 

(a) =10 percent. 

(b) Contains abnormally large contribution due to support wires 
( -o. 08 cm2 ) . 
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varied from 8 x 1013 to 4 x 1014 kinks/cm2 (4-20 percent kinks). 

If one assumes that step and kink atoms correlate in their chemical 

reactivity with the edge and corner atoms of small, dispersed metal. 

crystallites, it can be shown (37) that the number distributions of 

surface atoms with different coordination numbers for these kinked 

crystal surfaces closely resembles that for octahedral fcc clusters 

containing about 20-2000 atoms (a- 10-40A). Presently this assumption 

can be justified only for platinum and then only qualitatively because 

sufficient data for other metals are not yet available. It is never­

theless an interesting comparison because it emphasizes two unique and 

important features of stepped single crystal surfaces. These model 

catalysts can be prepared to expose virtually any type of surface site. 

The average concentration of these sites can be easily varied in a 

systematic and well controlled manner. 

A large number of high Miller index copper (38), cobalt (39), 

nickel {40), rhodium (41), tungsten {42), rhenium (43), iridium {44), 

and platinum (45) surfaces have now been investigated by LEED. The 

diffraction patterns (cf. Figs. 2.14 and 2.16) display diffraction beam 

doublets that appear at well defined primary beam energies. The 

doublet pattern is produced by the constructive interference of beams 

diffracted from the terrace and macroscopic planes. To illustrate this 

phenomenon, Fig. 2.17 shows a schematic superposition of the reciprocal 

lattices expected for the terrace and macroscopic planes of a kinked 

{10,8,7) surface. Diffraction beams for the (111) terraces and 

(10,8,7) macroscopic plane are denotep by x's and o's, respectively. 
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The orientation of the doublets in reciprocal space defines the 

structure of the step in real space since the direction of the doublet 

splitting is the direction in the surface plane normal to the step 

edge. The doublet splitting 1~*1, is inversely proportional to the 

terrace width as this distance in the reciprocal lattice is fixed by 

the distance between step edges in real space. Average terrace widths 

in units of d, the nearest neighbor interatomic spacing, can be 

determined simply as a ratio j~*l/l~*l of magnitudes of the reciprocal 

lattice vectors. Only those diffraction spots which are included 

within the circles are observed in the LEED pattern for the kinked 

(10,8,7) surface (cf. Fig. 2.14). The remaining diffraction beams for 

the (10,8,7) plane are not detected as a result of destructive inter-

ference (surface umklapp process) with the modes of the (111) diffrac-

tion. Within a kinematic approximation considering only scattering 

from the top layer atoms, Henzler has shown {46) that the scattered 

intensity at angle ~ can be written in the form 

I(~) = a 
sin2[} ka(N + 1) sin~J 

sin2[1 ka sin~J 
00 

x ~ 6[i k(Na + g) sin~ + i kd(l + cos~) - i~J 
i=-oo 

where a is an instrumental constant, k = 2~/A, A is the wavelength of 

the primary electrons, N + 1 is the average number of atomic rows with 

spacing a in one terrace, d is the step height, and g is the horizontal 

displacement of step edge atoms with respect to the u~derlying terrace 
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atoms. The first term of Eq. (13) arises from the finite number of 

atoms in a single terrace and corresponds to the intensity distri-

bution for a grating with N + 1 slits. Maxima at angles ~ such that 

} ka sin~ = nn are the "normal" spots expected for diffraction 

from a flat surface. The second term in Eq. (13) is a sum of delta 

functions in the limit of an infinite number of steps. This term 

depends only upon the step width (Na + g) and step height d. The 

separation between two adjacent delta functions corresponds to the 

doublet splitting that is closely approximated in the vicinity of the 

(0,0) beam (~ ~ O) by (46) 

4~(0,0) ~ 1/(Na + g) (14) 

Thus, the average terrace width (Na + g) can also be determined simply 

from the splitting of the (0,0) doublet. The terrace width determined 

either in this manner or from a reciprocal lattice construction like 

that shown in Fig. 2.17 is a statistical average of the terrace width 

distribution (47). 

Upon varying the primary beam energy, the delta functions of 

Eq. (13) continuously pass through the Bragg reflections of the terrace 

planes and co~erage toward the specular reflection of the high index 

plane so that at certain energies no splitting is detected. This 

occurs for the (0,0) beam when (46) 

150 2 v00 (singlet) = 
4
d2 s (15) 
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where v00 are the primary beam energies in volts for observing a 

singlet (0,0) beam of maximum intensity, d is the step height in 

angstroms, and S is an integer. Equation 15 was used to confirm that 

the (321) and (654) platinum crystals used in this research were stable 

in structures characterized by monatomic height steps. 

Wagner and co-workers have reported interesting work function 

measurements for a series of stepped gold, tungsten, and platinum 

single crystal surfaces (48). The work functions decrease linearly 

with increasing step density, and different step orientations give rise 

to slightly different work function reductions. These changes result 

from a charge in the surface dipole part of the work function due to 

the presence of steps. The surface dipole part of the work function 

arises from a change in the electrostatic potential in the surface 

region that can be interpreted in terms of dipole moments that are 

associated with each surface atom. The linear decrease in work func­

tion with increasing step density may be accounted for by attributing 

an additional dipole moment of 0.3 to 0.6 Oebeye to each atom along 

~he step edge. The attractive interaction of these dipoles with 

polarizable adsorbates may be partially responsible for the exceptional 

bond breaking abilities of step and kink atoms. 

Calculations for platinum and other metals with large densities 

of states at the Fermi level indicate that large variations in charge 

density should exist at surface irregularities. The amplitude of 

s-electron charge density fluctuations (Friedal oscillations) was 

predicted to be enhanced at steps and kinks on platinum surfaces 
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(49}. Consistent with this prediction, a recent platinum-NMR study 

revealed that these fluctuations are particularly striking for very 

small supported platinum clusters (d- 10-40~) (50). The d-band 

electronic structures of the flat (111) and stepped (557) platinum 

surfaces have been compared within the tight binding appro~imation 

(51). A sharp surface bound state was predicted in the local density 

of states at the protruding edge of the stepped surface. The LDOS 

along the middle of the terraces was similar to that for Pt(lll), while 

at the bottom of the ste~ the LDOS appeared bulk-like. More recent 

ab initio calculations by Smith et al. (52). For the (100) surfaces 

of several Group VIII metals (viz., Ni, Pd, and Rh) suggest that sur­

face states should be considered as a general feature of the surface 

chemistry of d-band metals. Angle resolved photoemission (ARUPS) 

studies have revealed surface states with sp-like character for normal 

emission from Cu(lll) (53), Cu(211) (normal to the (111) terraces) 

(54), Ir(lll) (55), Ni(lll) (56), and Co(OOOl) (57). For a while it 

appeared that such a6 state was displayed 0.25 eV below Ef in the 

angle integrated photoemission spectrum of the unreconstructed 

Pt(lOO) - (1 x 1) surface (58). However, recent ARUPS studies for 

Ir(lOO) - (5 x 1) and Ir(lOO) - (1 x 1) have lead to the conclusion 

that this peak probably arises from a direct interband transition (59). 

This transition is obscured on the reconstructed surface due to surface 

Umklapp scattering (55). 

· Van Hove and Somorjai (32) have recently proposed a ne1-J microfacet 

rotation which simplifies visualization of high Miller index surfaces 

\ 
'· 
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in terms of the step structure and unit cell contents. This 

decomposition procedure supersedes the older step surface rotation, 

M(s)- [N(htktlt) x M(hsksls)] (60), which was often misleading when 

applied to kinked surfaces. The new notation was used in Table 2.3 

and it is based on the fact that any set of Miller indeces can be 

decomposed uniquely in terms of linearly independent vectors that 

represent low index microfacets. The general formula is 

( hk l) {16) 

where M is the che~ical element, S denotes a stepped or kinked surface, 

the (hikili) with i = 1,2,3 are appropriate low Miller index 

microfacets, the ai's are the decomposed vector co~fficients of (hkl) 

in terms of three sets of microfacet indices, and the ni's are the 

numbers of unit cells of each microfacet contained in the unit cell of 

the surface. · One or two terms may be omitted from this formula if the 

coefficients ai vanish. As a consequence, flat, stepped, and kinked 

surfaces are conveniently represented by one, two, and three terms, 

respectively. The first term describes the number and type of terrace 

microfacets, the ~econd denotes the step microfacets, and the third 

indicates the kink microfacet. With fcc materials it is convenient to 

use (100), (110) and (111) microfacets or (111), (111), and (100) 

microfacets as linearly independent bases. The latter basis set is 

preferable because each microfacet is close-packed. For fcc materials 

it is then easy to show that (32) 



71 

{hkl) = k; l (111) + k ~ l {11i) + {h- k){100) 

and 

where phkl = 2 if h, k, or 1 is even and p = 4 if h, ~' and 1 are 

all odd. As examples, we now decompose stepped {322) and kinked 

(12,9,8) fcc surfaces into microfacet indices. Using Eq. {8), 

fcc(322) = 2(111) + 1(100) 

Thus 

fcc(322) = M{S)- [24(111) + 11(100)] 

(17) 

Only two terms appear indicating that this surface is stepped. The 

unit cell contains 4{111) terrace microfacets and a single {100) step 

microfacet. For (12,9,8) the microfacet notation yields 

fcc(12,9,8) = ~ (111) + 1(111) + 3{100) 



72 

Thus 

fcc(12,9,8) = M(S) - r~ (111) + 33(100) +} (llT)l L 11 1 J 

Comparison with Fig. 2.14 confirms that the unit cell of this kinked 

surface contains 17(11I) terrace microfacets, 3(100) step microfacets, 

and a single (111) kink microfacet. 

The thermal stability of clean and adsorbate covered stepped 

surfaces is an important consideration in hydrocarbon catalysis over 

metals. Surface restructuring may occur at elevated temperatures in 

the presence o~ hydrogen and hydrocarbons or upon surface pretreatment 

in oxygen or other gases. These changes in surface morphology are 

closely related to sintering, redispersion, and poisoning of dispersed 

practical catalysts. Low energy electron diffraction was used to 

investigate the thermal stability of 25 different platinum surfaces 

(45) and several rhodium (41) and iridium (44) stepped crystal faces. 

While these surfaces possess higher surface free energies than low 

index crystal faces, the clean stepped surfaces are usually stable from 

room temperature to near the melting point of the metal in periodic 

arrays that are characterized by monatomic height steps. Exceptions 

for platinum occur along the <100) zone between the [110] and [100] 

low index poles. These surfaces reconstruct at temperatures below 

1100 K yielding structures with multiple height steps or large low 

index facet planes. These chang,es in surface structure are exemplified 

schematically in Fig. 2.18. Blakely {45) has shown that the thermal 
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stability of the stepped platinum surfaces decreases abruptly in the 

presence of impurities such as graphitic carbon and strongly bound 

surface oxygen. In the presence of these additives, restructuring to 

low index facet planes (hill and valley structures) or multiple height 

steps is the rule rather than the exception. Surfaces which are stable 

in vacuum and in the presence of oxygen may restructure in the presence 

of carbon, while other surfaces may restructure only in the presence 

of oxygen. Figure 2.18 summarizes the various regions of stability 

for platinum surfaces that are clean, pretreated in oxygen at 1120 K, 

and covered with a monolayer of graphitic carbon. In the presence of 

oxygen stepped surfaces restructure more easily than kinked surfaces. 

This tendency is reserved on the graphite covered surfaces. Interest­

ingly, the impurity-induced restructuring processes are all apparently 

reversible since the contaminated surfaces return to their original 

structures following the removal of oxygen or carbon. 

There are several stable platinum surfaces which never restructure 

under the conditions of these experiments: the (111), (210), (211), 

(221), (321), and (331) crystal faces. These planes are commonly 

characterized by a very high density of periodic steps or no steps at 

all. Because of their exceptional structural stability, it is expected 

that these surface structures may play important roles in catalysis 

over platinum. 
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FIGURE CAPTIONS 

Fig. 2.13. Idealized atomic surface structures for Pt(100), Pt(111), 

Pt(13,1,1)~ and Pt(322) • 
.. 

Fig. 2.14. Idealized atomic surface structures and LEED patterns for a. 

series of platinum single crystal surfaces with variable 

kink concentrations. 

Fig. 2.15. Laue back X-ray diffraction patterns for a series of 

platinum single crystals: (A) Pt(100); (B) Pt(l3,1,1); 
' 

(C) Pt(111), (D) Pt(l2,9,8}; (E) Pt(654); (F) Pt(321)o 

Fig. 2.16. LEED patterns for the (A) (100), (B) {223), (C) (111), and 

(D) (13,1,1) platinum single crystal surfaces. The 

diffraction pattern for Pt{13,1,1) has been taken from 

Ref. 34. 

Fig. 2.17. Superposition of the reciprocal lattices expected for 

electron diffraction from the (111) terrace plane (X's) and 

(10,8,7} macroscopic plane {O's) of a kinked {10,8,7} 

platinum surface. Rotated doublets which are observed in 

the LEED pattern are indicated by the ellipsoids. The 

average terrace width is closely approximated by I~* I/ I~* I. 
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Fig. 2.18. Schematic representations of surfaces exhibiting a multiple 

height step structure or hill-and-valley configuration con­

sisting of large facet planes (upper half). Stereographic 

triangles indicating regions of stability in monatomic 

height steps, regions where multiple height steps are 

stable, and regions where steps are unstable for clean 

platinum surfaces, platinum surfaces heated in oxygen at 

1100 K, and platinum surfaces covered with a monolayer of 

graphitic carbon, after Blakely (45), (lower half). 
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2.5. Procedures for Reaction Rate Experiments 

2.5.1. Reaction Studies on Clean Surfaces at Atmospheric Pressure 

Prior to each reaction rate experiment, the single crystal samples 

were cleared in UHV as described earlier using a combination of argon 

ion sputtering, oxygen pretreatment, and annealing cycles at 1050-

1400 K. After the surface composition was characterized by AES, the 

samples were briefly flashed to 1250-1400 K to remove any residual 

background gases. As the sample cooled below 425 K the isolation cell 

was quickly closed and pressurized to about 1 atm with H2 or o2 to 

cool the sample and supports below 320 K. After about 1 min the 

hydrogen was removed, hydrocarbon vapor and hydrogen (or o2) were 

introduced to the desired total pressure, circulation was commenced 

for 3-8 min to provide complete mixing of the gases, and then the 

sample was heated to the reaction temperature over a period of about 

1 min. For total reactant pressures below 200 Torr nitrogen was added 

as an inert diluent so that the metal bellows recirculation pump would 

operate effectively without overheating. A gas chromatogram was always 

obtained before the sample was heated to insure that the reactant mix­

ture was pure and well mixed. Zero reaction time was taken as the time 

at which the crystal reached reaction temperature. The reaction 

temperature was continuously regulated to =3K using a precision 

temperature controller with a DVM display referenced to the chromel­

alumel thermocouple. Gas chromatograph samples were subsequently taken 

at periodic intervals of 7-14 min depending on the reaction studied. 

The reactions were usually allowed to proceed for 90-200 min after 
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which the sample was rapidly (-1 min) cooled in the reaction mixture 

to below 320 K, and then the gas mixture was pumped out. The evacua­

tion procedure consisted of rough pumping to 10-1 Torr with a 

mechanical pump followed by an additional 3-20 min pumping to 10-3-

10-4 Torr with a sorption pump ~ooled by liquid nitrogen. Upon 

opening the isolation cell the pressure in the main chamber rose to 

10-8-4 x 10-7 Torr and then decayed rapidly ( 1 min) to 2 x 

10-8 Torr. Subsequently Auger spectra were recorded for both crystal 

faces to provide an estimate ~f the total surface carbon deposited by 

the reaction mixture. The bonding and composition of the carbonaceous 

deposit was then characterized further by one of the following series 

of experiments, (a) CO chemisorption (36 L exposure) and quantitative 

CO thermal desorption were used to determine the concentration of un­

covered platinum surface sites; or (b) quantitative hydrogen thermal 

desorption was carried out as described in Section 2.2.4 to determine 

the hydrogen content of the adsorbed carbonaceous species. 

2.5.2. Reaction Studies at Low Pressures ( 10-5 Torr) 

For the low pressure reaction rate studies described in 

Section 5.3, the original high pressure-low pressure apparatus was 

modified to operate as a continuous flow reactor. To begin a reaction, 

two leak valves were used to introduce hydrogen followed by hydrocarbon 

into the chamber at total ~ressures ranging from 10-4-1o-6 Torr. The 

single crystal samples were brought to the reaction temperature before 

admitting the hydrocarbon. The temperature was monitored continuously 
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with a Pt-Pt/10 percent Rh thermocouple spot welded to the crystal 

edge. Reaction rates were calculated using 

where TN; was the turnover frequency for the formation of product i 

in molecules per surface Pt atom per second; Pi was the corrected 

partial pressure of species, i; Si was the pumping speed; Tg was 

(18) 

300 K; and Ns was the number of surface Pt atoms. Partial pressures 

were measured with the quadrupole mass spectrometer calibr~ted against 

the nude ion gauge for the gases of interest. Conductance limited 

pumping speeds with an isolable liquid nitrogen trapped 2 in. diffusion 

pump were 11 ~ 3 liter/sec for H2, 0.8 ~ 0.2 liter/sec for c6H12 , 

and 0.5 ~ 0.2 liter/sec for c6H10 and c6H6• Reaction rates were 

corrected for background reactivity by running blank reactions with 

the crystals contaminated by unreactive graphitic overlayers. The 

graphitic deposits formed with the crystals were heated in hydrocarbon 

at 900 = 100 K. Other details concerning these low pressure 

experiments have been described in detail by Smith (61). 
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2.6. Auger Calibrations for Sulfur and Carbon Coverage on Platinum 

Absolute Auger calibrations for surface sulfur and carbon coverage 

on platinum were determined so that changes in reaction kinetics due 

to these surface additives could be investigated in a quantitative 

manner. A simple and convenient calibration for carbon coverage on 

Pt(111) was obtained using the 14c-radiotracer technique described 

in Section 2.3. Figure 2.19 shows the c273 tPt237 AES _peak-to-peak 

height ratio plotted as a function of C/Pt, the absolute number of 

carbon atoms per surface platinum determined by radiotracer analysis 

following the chemisorption of 14C-benzene at 500-620 K. The Auger 

spectra were recorded at 7.0 V peak-to-peak (ptp) modulation and at 

constant angle of incidence (-70° to normal). For the range of cover­

age investigated the number of carbon atoms per surface platinum atom 

is given empirically by C/Pt = 0.62 (~15 percent)[c273 /Pt237J. A 

similar calibration carried out for the (100) surface yielded C/Pt = 

0.74 (~25 percent)[c273 tPt237]. The AES calibration for Pt(111) 

has been used throughout this research to estimate carbon coverages on 

stepped platinum surfaces with (111) terraces. The calibration for 

Pt(100) was used to estimate carbon coverages on Pt(13,1,1). 

It is useful to compare this method of calibration for carbon 

coverage on platinum with that described previously by Siberian (18). 

In the Siberian calibration CO was decomposed on Pt(557) at 573 K, and 

the c273 ptp intensity was plotted as a function the Pt237 ptp 

intensity. With increasing coverage a ••break" or discontinuity in the 
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graph was observed at c273 tPt237 = 3.4 that was believed to 

represent the completion of one 11monolayer. 11 According to the radio­

tracer calibration this monolayer would contain 1.9 = 0.4 carbon atoms 

per platinum atom which is much too high for a carbidic monolayer 

{C/Pt = 1.0) and too low for a close packed graphitic overlayer 

{C/Pt = 2.57) •. It is notable that the maximum coverage achieved in 

the Siberian calibration (c273tPt237 = 4.3) is very close to that 

expected for a graphitic overlayer (i.e., c273 tPt237 = 4.1). Both 

methods indicate that at low pressures no three dimensional island 

growth occurs and little or no carbon is dissolved into the near 

surface region. However, results reported in later sections indicates 

that at high pressures and temperatures above about 600 K, 3D-island 

growth definitely takes place and carbon dissolution may as well. 

Under these conditions, the accuracy of both AE5 calibrations may 

become limited. Nevertheless, they have been used in this research to 

provide a convenient estimate of total surface carbon. 

An approximate AE5 calibration for surface sulfur coverage on 

Pt(111) was derived from that for carbon coverage by chemisorbing 

thiophene (C4H45) at low coverage and 573 K. It was determined that 

the 5152 and c273 Auger cross sections were in the ratio 35 = 3:1. 

From the carbon calibration presented above it follows that S/Pt = 

0.020[s152 tPt237 ] = 0.020(=25 percent)[(5152 + Pt158 )/Pt237 - 1.2]. 

The factor 1.2 in the last expression corrects for the overlap of the 

5152 and Pt158 Auger peaks whose sum intensity is measured directly 

from the Auger spectrum. This calibration has been used to estimate 
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sulfur coverage on clean platinum surfaces with the assumption that 

the sulfur cross-section does not vary markedly with chemical state 

(i.e., heterocyclic or atomic sulfur). When sulfur was coadsorbed with 

carbon deposits an effort was made to correct the Pt237 ptp intensity 

for attenuation by surface carbon using an attenuation coefficient of 

50= 5 percent for C/Pt = 2.57. Under these conditions sulfur coverage 

was estimated using S/Pt = 0.020{±40 percent)[(Pt158 : s152 )/(Pt237 + 

0.12 c273 ) - 1.2]. 



FIGURE CAPTIONS 

Fig. 2.19. Absolute Auger calibration for surface carbon coverage on 

platinum obtained by the radiotracer method using 
14C-benzene chemisorbed on Pt(111) at 510-620 K. 
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2.7. Determination of Initial Reaction Rate~ Reproducibility, 
and Blank React1on Stud1es 

The isolation cell and external recirculation system used for the 

high pressure reaction studies can be regarded as a well mixed micro­

batch reactor (2). Reaction rates and product distributions were 

determined from the peak areas of gas chromatograms that were obtained 

at 5-15 min intervals. Initial reaction rates were deduced graphically 

from the initial slopes of the product accumulation curves determined 

as a function of time. For reaction temperatures below about 590 K, 

this procedure was accurate and straightforward as the first two or 

three (or more) sample points almost always fell on a straight line. 

Under these conditions the uncertainty of the initial rate determin­

ations is estimated to be no more than =10-15 percent. At higher 

reaction temperatures (>600 K) deactivation occurred more rapidly, and 

therefore it was more difficult to determine the initial rates. Under 

these conditions, the first one or two gas chromatograms were used for 

the initial rate determination. Since there was always a detectable 

amount of scatter in these gc-data, the uncertainty of these initial 

rate determinations was higher than that for reaction studies at lower 

temperatures. Because of the more rapid deactivation, it is expected 

that the initial rates which are reported at high temperatures may be 

slightly underestimated. ~owever, based on th~ shapes of the product 

curves and the reasonable results that were obtained for the deactiva-

tion kinetics (Chapter 3), it is believed that the initial rates were 

underestimated by no more than 20-40 percent, even at the highest 

reaction temperatures (>650 K) studied. 
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While no attempt was made to reproduce every experiment described 

in this thesis, considerable effort was expended to insure that the 

experiments were reproducible, especially reaction rate studies over 

initially clean platinum surfaces. Table 2.5 summarizes reproducibil­

ities that vary from best to worst case conditions for n-hexane and 

isobutane reactions catalyzed over the different platinum surfaces. 

The experimental reproducibility was usually in the range of 

=10-20 percent, although in a couple of cases it was as poor as 

=40-50 percent. Reaction selectivities were usually more reproducible 

than absolute reaction rates. 

A series of blank reaction studies was carried out to determine 

if significant background catalytic activity originated from the sample 

mounting supports. For the blank reactions, the single crystal samples 

were heated to 750-800 K for 1-5 min in the presence of 5-30 Torr 

hydrocarbon. This pretreatment produced carbonaceous multilayers 

(c273 tPt237 ~ 5) on the single crystals that could be detected by AES •. 

Subsequently, reaction rate studies were carried out in the usual 

manner in the presence of excess hydrogen. Figure 2.20 shows typical 

product accumulation'curves for blank n-hexane reactions catalyzed over 

Pt(100) and Pt(10,8,7). Additional results for several blank reactions 

are summarized in Table 2.6. It can be seen that the background 

catalytic activity never represented more than 10 percent of the 

initial activity measured for clean platinum. Most often it was 

2-3 percent. This activity is thought to originate mostly from the 

crystal edges and crystal supports. The backgr~und catalytic activity 

was.us.ually more_ stable than that for the initially clean surfaces 

('Chapter 3). 



Table 2.5. Initial reaction rates for hydrocarbon reactions catalyzed over platinum single 
crystal surfaces showing the reproducibility of the experiments (a). 

Initial Rate 
(molec/Pt atoms sec) 

Reaction Catalyst T(K) Run No. Hydroqenolysis Isomerization Cyclization 

lsobutane Pt( 10,8, 7) 573 (h) 1 0.016 0.035 
2 0.014 0.060 

n-Hexane Pt(I0,8,7) 573 (h) l 0.0063 0.0063 
7. 0.0067 0.0067 
3 0.0061 0.0050 

n-Hexane Pt(l0,8,7) 6?.3 (h) 1 0.021 0.019 
7. O.O?.fi 0.024 

n-Hexane Pt(10,8,7) 573 (c) 1 0.011 0.0035 
?. 0.013 0.0041 

n-Hexane Pt(10,8,7) 673 (c) I 0.088 0.056 ~ 

2 0.093 0.062 N 

3 0.098 0.081 

n-Hexane Pt(lll) fi02 (c) 1 0.032 0.046 0.046 
2 0.0)1! 0.046 0.046 

n-Hexane Pt(Ill) fi23~3 (c) I 0.048 0.038 0.051 
7. O.OfiO 0.030 0.053 

n-Hexane Pt(lOO) 556 (b) I 0.0034 0.0018 
7. 0.0030 0.0020 

n-Hexane Pt(lOO) 573 (b) I 0.0055 0.0025 
7. O.OOfiO 0.007.2 

n-Hexane Pt (100) 5'l2 (b) 1 0.0083 
7. 0.00<10 

(a) Not a I I the columns used separated all proclucts. 

(b) Hz!HC = 10, Ptot = 27.0 Torr. 

(c) Hz/HC = 30, Ptot = fi?.O Torr. 



Table 2.6. Background catalytic activities measured in blank reactions and comparisons with clean 
platinum. 

Reaction Catalyst T(K) 

n-Hexane Pt(lOO) 573 (a) 

Pt(lll) 573 (a) 

Pt(l3,1,1) 573 (a) 

Pt(l0,8,7) 573 (a) 

Pt(lOO) 673 {b) 

Pt(l0,8,7) 673 {b) 

Pt(lll) 623 {b) 

Neopentane Pt(lO,B, 7) 573 (a) 

lsobutane Pt(lOO) 573 (a) 

Pt(l0,8,7) 573 (a) 

(a) H2/HC = 10, Ptot = 220 Torr. 

{b) H2/HC = 30, Ptot • 620 Torr. 

Blank Reaction Rates 
!molec/Pt atoms sec~ 

Hydrogenolysls Isomerization 

2.5xlo-4 ~ lxlo-4 

3.4xlo-4 ~ lxlo-4 

-2xlo-4 ~ lxlo-4 

5xlo-4 

2.5xlo-3 <2xlo-4 

1.3xlo-3 

2.2xlo-4 <2xlo-4 

1.4xlo-3 1. 7xlo-3 

-4xlo-4 

-3xlo-4 -1.2xlo-3 

{c) Ratio of blank and clean platinum reaction rates. 

Cyclization RB/Rpt 

Hxlo-4 
~0.05 

~ lxl0-4 ~0.04 

~hlo-4 ~0.03 

<2xlo-4 ~0.08 

1.2xl0-3 
~ 0.04-0.07 

-9x10-4 
~0.02 

~0.01 

0.01-0.05 

~0.08 

0.02-0.03 

l.O 
w 
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FIGURE CAPTIO~ 

Fig. 2.20. Product accumulation curves determined as a function of 

reaction time for blank reactions catalyzed at 573-673 K 

over the (100) and (10,8,7) platinum surfaces. 
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2.8. Reaction Studies in Deuterium: Isotope Effects and the 
Evaluat1on of Hydrocarbon-Oeuter1um Exchange Data 

A series of reaction studies was carried out in the presence 

deuterium gas to determine if deuterium isotope effects could be 

detected for hydrocarbon conversion reactions (Section 3.5) and to 

investigate the kinetics of several hydrocarbon-deuterium exchange 

reactions (Section 3.4). For these studies, the external gas recircu­

lation system was interfaced to a small dead volume which allowed 

3-5 cm3 samples of the reaction mixture to be withdrawn at 10-15 min 

intervals and introduced into the main vacuum chamber for mass spectral 

analysis. Each sample withdrawn represented less than 0.7 percent of 

the total reaction mixture. Deuterium exchange rates and product dis­

tributions for isobutane, n-hexane, and n-heptane were calculated from 

mass spectra that were recorded over the parent ion regions. Hydro-

carbon conversion rates in the presence of deuterium were determined 

in the usual manner by gas chromatography. As flame ionization 

detector sensitivities for c6H6 and c6o6 were identical within 

3 percent, no sensitivity corrections were made for reaction products 

with variable deuterium content. Using this system it was possible to 

measure hydrocarbon conversion rates, deuterium exchange rates, and 

deuterium exchange product distributions all simultaneously. 

Isothermal retention times measured on a 0.19 percent picric acid 

on 80/100 carbopack column were used to estimate the average deuterium 

content of the hydrogenolysis, isomerization, and cyclization products 

that were produc.ed i.n the hydrocarbon cor:~.ve.rs ion r·eact ions. ln the 

presence of deuterium, the gas chromatograph signals were always 
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shifted 4-6 percent towards shorter retention times as compared to the 

retention times that were measured in hydrogen. These shifts (due 

mainly to rotational entropy effects (62)) indicate that the reaction 

products were always extensively deuterated, most probably perdeuter­

ated (63). The exchange distributions within the reaction products 

were necessarily narrow because the gas chromatogram peaks for each 

reaction product were always sharp, never broadened detectably, and 

always shifted by the same length of time independent of the reaction 

temperature and deuterium pressure. Figure 2.21 compares gas chrom­

atograms that were recorded during n-hexane reactions.that ~ere 

catalyzed in hydrogen and in deuterium over the (111) platinum surface. 

The deuterium exchange reactions were always investigated at 

low total conversions (2-30 percent maximum in 3 hr). Mass spectra 

used for the exchange analysis were obtained using 70 eV ionization 

energy to minimize differences in sensitivity for parent ions with 

different deuterium content (64). Rates and product distributions 

determined at 573 K using 70 eV were reproduced well (±-15 percent) 

when one experiment was carried out using a much lower ionization 

energy of ~20 eV. Most spectra were averaged over two consecutive 

scans with scan times of 20-30 sec for each spectrum. Parent peak 

heights were corrected for carbon-13 and statistical cracking to alkyl 

cations as described bela~. At the highest reaction temperatures 

studied (?600 K) deuterated hexenes and heptenes made substantial 

contributions to the initial distributions of parent peak heights. 
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These contributions were eliminated using a series of calculations that 

are exemplified below. 

Exchange rates in units of hydrocarbon molecules converted per 

surface platinum atom ~er second (molec site-1sec-1) were 

determined graphically from plots of the total product accumulation 

measured as a function of reaction time~ Since the mass spectrometer~ 

sensitivities for deuterated compounds are lower than those for pure 

hydrocarbons (64), the absolute exchange rates determined in this 

manner are probably underestimated by 10-30 percent. The exchange 

rates were reproducible to ~15 percent and were corrected for back­

ground activity by running blank reactions over crystals that were 

covered with graphitic multilayer deposits (Section 2.7). The blank 

reactions revealed a very low level of background exchange activity 

corresponding to 2-8 percent of the initial activity measured for clean 

platinum. 

Initial exchange product distributions were calculated from data 

that were always collected 12-40 min after the start of each reaction. 

The longer times were required at the higher reaction temperatures in 

order to obtain an accurate correction for olefin production. For each 

calculation, the relative concentrations of different isomers, di 

percent, were determined from corrected parent peak heights where di 

percent was the percentage of the total hexanes (or heptanes) with i 

deuterium atoms. The initial product 'distributions (a = mole percent) 
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2 n 
were then computed where a1 = 10 di I .L d j, and n = 14 or 16 for 

J=l 
n-hexane and n-heptane, respectively~ From these initial distri-

butions, the ·mean content of deuterium atoms per exchanged molecule 
n 

M = ( L ja.)/100 was evaluated. 
j=l J 

Two levels of calculations were carried out tb correct parent peak 

heights, ~i' measured directly from the mass spectra for (1) olefin 

production and (2) carbon-13 and statistical cracking to alkyl cations. 

While the latter corrections were always small, the olefin corrections 

became very important for reaction temperatures above about 550 K. 

Over the temperature range 550-650 K olefins accounted·for 4-34 percent 

of the total uncorrected peak heights initially measured for deuterium 

containing products. 

The total conversion to olefins, y, was measured as a function of 

reaction time using the gas chromatograph. With n-hexane (n-heptane), 

it was assumed that the only olefins produced were C6H2o10, c6Ho11 , 

and c6o12 (C7H2o12 , c7Ho13 , and c7o14 ). This assumption was consistent 

with the retention time shifts in the gas chromatograms noted earlier 

and the isotopic dilution pattern that was displayed at 94-96 amu 

(110-112 amu). Hexane parent peaks heights at 94~96 amu were corrected 

for hexenes using 

(19) 

where the primes indicate corrected peak heights and n was the relative 

mass spectrometer sensitivity for detecting hexenes and n-hexane. A 

weighted average for this parameter, n = 2.45 was calculated for the 
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temperature range 550-650 K by using API sensitivities tabulated in 

Table 2.7 and assuming that hexenes were produced in the equilibrium 

ratios trans-2-hex/cis-2-hex/trans-3-hex/cis-3-hex/1-hex = 

9.3/7.0/4.1/1.6/1.0 (3). The isotopic dilution patterns displayed at 

98-100 amu were than employed to estimate the relative heights of the 

corrected peaks at 94-96 amu using 

(20) 

and 

(21) 

I I 

These corrections yielded reasonable (low) values for ~94 , ~95 , and 
I 

~96 under all reaction conditions. At 593-623 K the values tended 

to become slightly negative as would be expected if small concentra-

tions of olefins with lower deuterium content were produced. Under 
I I I 

these conditions it was assumed that ~94 = ~95 = ~96 = ~min where 

~min was the smallest peak height measured for a deuterium containing 

hexane (usually c6H10o4). Application of this assumption never 

introduced more than a 2-8 percent error in the initial exchange rate 

determination. 
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Table 2.7. Relative mass spectrometer sensitivities for hydrocarbon 
molecular ions calculated from API Tables (a). 

Parent Ion Parent Ion 
C6-Hydrocarbon Sensitivity C7-Hydrocarbon Sensitivity 

n-Hexane 1.0 n-Heptane 1.0 

1-Hexene 1.62 1-Heptene 1.29 

cis-2-Hexene 2.25 cis-2-Heptene 1.83 

trans-2-Hexene 2.68 trans.:..2-Heptene 1.89 

cis-3-Hexene 2.30 cis-3-Heptene 1.69 

trans-3--Hexene 2.64 

(a) 70 eV ionization energy. 
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A series of linear equations was derived for each reactant 

hydrocarbon in order to correct the alkane peak heights for carbon-13 

and statistical cracking to alkyl cations (i-C4H;/i-C4H10 = Oo89 = 
+ + 

a 4; n~C6H13 !n-C6H14 = 0.055 = a 6; n-C7H15tn-C7H16 = 0.026 = 

a 7). For n-hexane, the corrected parent peak heights, ei (for 

n-C6H14 .D.), were given by _, 1 . 

(j=3-12) 

(22) 

where a = 0.0645 was the experimentally determined correction factor 

for 13c, a 6 = 0.055 was the n-c6H~3 /n-C6H14 peak height ratio, and 

a• = 0.00162 was the correction factor for two 13c atoms in unreacted 

n-hexane. A similar series of equations can be easily derived for 

n-heptane (a·= 0.0762, a 7 = 0.026_, .a• =,0.0022) ,a:nd i:sobuta,ne (-B _ 

0.042, a4 = 0~89, a• = 0.001). 
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To illustrate the use of these correction procedures Table 2.8 

summarizes a series of example calculations for n-hexane-02 exchange 

catalyzed at 553 K on the (111) platinum surface. The first row lists 

uncorrected mass spectrometer peak heights, 6i, that were measured 

at 86-100 amu following 29 min reaction time. In the second row the 

94, 95, and 96 amu peaks have been corrected for the production of 

deuterated hexenes using y = 1.22 x 10-3• The third row summarizes 

ei values that were corrected for carbon-13 and statistical cracking 

to alkyl cations using Eq. (22). The fourth row lists di values, 

and the fifth row summarizes the initial exchange p.roduct distribution 

(mole percent). 



\ 
Table 2.8. Example calculation of ann-hexane-deuterium exchange product distribution (D2/HC = 10, 

Ptot = 220 Torr, 553 K, Pt(ll1). 

Mass Number (amu) 86 87 88 89 90 91 9?. 93 94 95 

~ (arb units) 251 17.5 0.71 0.17 0.14 0.15 0.15 0.15 0.17 0.34 

tl'(arb units) 251 17.5 0.71 0.17 0.14 0.15 0.15 0.15 0.11 0.19 

9 (arb units) 251 1.4 0.21 0.12 0.13 0.14 0.14 0.14 0.10 0.17 

d (mole percent) 97.4 0.54 0.081 0.047 0.050 0.054 0.054 0.054 0.039 0.066 

a (mole percent) 21 3.1 1.8 2.0 2.1 2.1 2.1 1.5 2.6 

100 
0
• -- 100-1 ~ (' 86) 9 4 ,., ~ J - Qj = •• 

j=87 

96 97 98 

0.77 0.21 0.39 

0.22 0.21 0.39 

0.20 0.15 0.23 

0.078 0.058 0.089 

3.0 2.2 3.5 

99 

0.99 

0.99 

0.97 

0.38 

15 

100 

2.60 

2.69 

2.54 

0.99 

38 

__, 
0 
~ 
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FIGURE CAPTION 

Fig. 2~21. Gas chromatograms showing the shorter retention times that 

were detected for reaction products that were produced in 

the presence of deuterium gas. 
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2.9. Low Pressure-High Pressure Apparatus as a Reactant Pulse 
Microcatalytic Reactor 

An effort was made to modify the low pressure-high pressure 

apparatus to function as a reactant-pulse microcatalytic reactor. In 

principle that reactant pulse technique would be a very valuable method 

for investigating the reactivities of carbonaceous species chemisorbed 

on metal surfaces (65). In practice the usefulness of this technique 

was severely limited by the fact that the crystal surface area was very 

small as compared with the surface area of the reactor walls. As a 

consequence it was not possible to distinguish product molecules 

originating at the single crystal from those which desorbed from the 

reactor walls. _While no meaningful results could be obtained by this 

method, it is appropriate to summarize the essential features of this 

experiment with the intention that future work may be able to eliminate 

the problems associated with desorption from the reactor walls. 

A schematic diagram for the reactant pulse experiment is shown in 

Fig. 2.22. A metering valve introduces a slow continuous flow of inert 

carrier gas through the reaction cell and directly into the flame ion­

ization detector of the gas chromatograph. A switching valve that is 

located before the reaction cell and connected to the external gas 

manifold can be used to introduce more-or-less rectangular pulses of 

hydrogen and/or hydrocarbon into the carrier gas stream. These pulses 

are directed past the crystal surface and into the gas chromatograph. 

The basic sensitivity of the FID is sufficient to detect about 

4 percent ·of a monolayer of CH4 (i.e., ·-6 x 1013 ) molec) des·orbi·ng 

from a platinum surface with an area of 1 cm2• 
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Kinetic analysis of pulse reactor data is feasible (in the absence 

of well effects) only if the crystal diameter is much shorter than the 

pulse width so that gas phase concentrations depend only on time and 

remain essentially constant over the length of the crystal. The rate 

of reaction for a single component pulse is expressed by 

(23) 

where k is a rate constant, Cr(t) is the reactant concentration, y{t) 

is the pulse shape (Gaussian, triangular, reactangular, etc.), and m 

is the reaction order. Similarly, for a binary pulse mixture the rate 

expression becomes 

R kc:(t)cg(t) k 
Am C(t)m+n (24) = = + A)m+n (1 

where C(t) = (Cao + Cb0 ) y{t) and A = cao/Cpo· Rates are independent 

of pulse shape only for first order reactions. Selectivity is there-

fore a more meaningful observable of pulse reaction studies. The 

fractional selectivity for a particular reaction, Sj, is easily 

derived from a sum over fractional conversions to various products, 

X.; that iss.= X./E x .• For a single component pulse under 
1 J J ; 1 

conditions of differential conversion X; is given by 

X.= k.Cm-1 Joo ym{t) dt/f
00

y(t) dt 
1 1 ro ' 

• 
q 0 

(25) 
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FIGURE CAPTION 

Fig. 2.22. Schematic diagram for the reactant pulse microcatalytic 

reactor. 
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CHAPTER 3. STRUCTURE AND TEMPERATURE DEPENDENCE OF 
HYDROCARBON REACTIONS CATALYZED OVER INITIALLY 

CLEAN PLATINUM CRYSTAL SURFACES 

3.1. Structure and Temperature Dependence of n-Hexane Skeletal 
Rearrangement Reactions Catalyzed on Platinum 

3.1.1. Background 

The catalyzed hydrogenolysis and skeletal rearrangement reactions 

of n-hexane have been investigated over many types of platinum 

catalysts including powders (1,2), evaporated films (3), silica (4) 

and alumina (5-7} supported catalysts, supported alloys such as Pt-Cu 

(8), Pt-Pd (9), Pt-Re {10), Pt-Sn (11), and Pt-Au (12-14), and also 

over other Group VIII metal catalysts such as Ni and Ni-Cu powders 

{15), Ir and Ir-Au films (16), and supported Pd, Pd-Au, Rh, and Rh-Cu 

catalysts {14,17). The great interest inn-hexane has mainly arisen 

from the fact that this is the simplest hydrocarbon molecule which is 

large enough to undergo a full spectrum of hydrocarbon conversion 

reactions including hydrogenolysis, isomerization, dehydrogenation, 

c 5~cyclization, and, most importantly, aromatization. As a result 

of this research a fairly detailed but sometimes conflicting picture 

has emerged with respect to the structure sensitivities and mechanisms 

of n~hexane conversion reactions. Dautzenberg and Platteeuw (6,7), 

and Ponec and co-workers {4) found no significant structure sensitivity 

for n-hexane reactions cat_alyzed at 1-10 atmospheres and 530-760 K over 

silica and alumina ~upported platinum. This conclusion resulted from 

studies of the isomerization and cyclization rates as a function of 

the aver·age platinum particle si-ze which was varied between about 15 

and 80~. Santacessaria (5) and Anderson (3), by contrast, reported 
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significant variations in catalytic activity for ultra thin films and 

Pt/Si02 catalysts for which the average metal particle size was 

varied between 10 and about lOOA (or more). in these studies very 

small lOA platinum particles appeared to be at least four times more 

active than larger particles for n-hexane isomerization (3) and/or 

hydrogenolysis and c5-cyclization {3,4). These differences were 

discussed in terms of different reaction mechanisms which prevail on 

the very small and larger platinum particles, namely, the cyclic 

(18-20) and bond shift (20-22) mechanisms, respectively. 

Creative studies of the reaction mechanism by Gault, Maire, and 

co-workers (18,19,23-26) using 13c-labelled molecules have permitted 

a distinction between these mechanisms ~nd a detailed evaluation of 

their relative importance. In the c5-cyclic mechanism, isomerization 

results from the ring opening of 5-membered cyclic intermediates, i.e., 

NV~(O] ( 1) 

ads 

Very highly dispersed platinum catalysts always displayed a remarkable 

specificity for this reaction pathway which most often accounted for 

85-95 percent of the total skeletal rearrangement (23,26). On the 

other hand, hexane isomerization over platinum catalysts with low and 
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medium dispersion appeared to occur mainly by the bond shift mechanism. 

The exact nature of this process is still unclear, but the bond shift 

pathway is undoubtedly intramolecular (21,23,16), and a,y-adsorbed 

species of the type 

R, ,C, _.,R 
c .... c 's .... 

Bond Shift RCH CHRCH 
2 3 

(2) 

have been widely accepted as reaction intermediates (20,21,26,27). In 

this representation S is a surface site composed of one or more 

platinum atoms. 

Unfortunately, the complex structure and undefined composition of 

very small platinum particles introduces a high level of uncertainty 

into the interpretation of structure sensitivity studies using these 

types of catalyst systems. In order to obtain more definitive in-

formation about the structure sensitivities of alkane skeletal re-

arrangement reactions, model catalytic studies have been carried out 

·in this laboratory using platinum single crystal catalysts with well 

defined surface structure and composition (28-30). These studies have 

revealed the special importance of surface structure and chemical 

additives in controlling the rates and selectivities of many important 

types of catalyzed hydrocarbon reactions. Recent studies by Gillespie 

(28), for example, of n-heptane aromatization and hydrogenolysis 

catalyzed near atmospheric pressure showed that the rates and selec-

tivities of these reactions are ·fnflue·nte·d mark·edly by the ·p-resence of 

surface irregularities (steps and kinks) on the platinum single 
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crystals. Aromatization activities and selectivities were maximized 

on stepped and kinked platinum surfaces with (111) terraces that were 

wide enough (4-5 atoms) to accommodate chemisorbed reactants and pro­

ducts. Hydrogenolysis displayed a much different dependence upon 

surface structure in which the flat (111) and very highly stepped­

kinked (25,10,7) surfaces were most active for this undesireable C-C 

bond breaking reaction. Hydrogenolysis activity increased markedly 

over all the platinum surfaces in the presence of strongly bound sub­

surface oxygen. Studies of hydrogenolysis reactions over practical 

catalysts have lead to the general conclusion (27,31-33} that edge 

and kink defect sites are probably required for high hydrogendlysis 

activity. While surfaces with (100) terraces were not investigated in 

Gillespie•s research (28), the results clearly indicated that surface 

irregularities were not required for high C-C bond breaking activity. 

In view of the marked oxygen effect, it was suggested (33) that metal­

oxide support interactions might be responsible for the hydrogenolysis 

structure sensitivity that is often displayed by supported platinum 

catalysts (3,34,35). 

In order to investigate the generality of these conclusions, the 

present research has extended the structure sensitivity studies to 

include reactions of n-hexane, n-butane, isobutane, and neopentane on 

platinum single crystal surfaces. Because an extensive data base 

already exists for comparison with practical catalysts (1-17), and 

because the reaction chemistry is very important from the viewpoint of 

petroleum reforming, n-hexane conversion was chosen as the primary 
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hydrocarbon reaction system investigated throughout this research. 

This section describes the structure and temperature dependence of 

n-hexane skeletal rearrangement reactions catalyzed on the initially 

clean flat (100) and (111), stepped (13,1,1) and kinked (10,8,7) 

platinum single crystal surfaces. The kinetics and selectivities of 

n-hexane deuterium exchange reactions that do not involve skeletal 

rearrangement are considered separately in Section 3.4. The effect of 

surface additives such as sulfur, calcium oxide, and carbonaceous 

deposits on the n-hexane reaction kinetics are discussed in Chapters 4 

and 5. 

The n-hexane reaction studies have revealed that aromatization is 

highly structure sensitive as previously reported by Gillespie (28) • 

. However, the rates of all other competing reactions displayed little 

dependence on surface structure. Temperature and hydrogen pressure 

played a more decisive role in controlling the rates and selectivities 

of skeletal rearrangement. 

3. 1. 2. Results 

Reaction studies were carried out over the flat (100) and (111), 

stepped (13,1,1), and kinked (10,8,7) platinum surfaces at temperatures 

between 520 and 750 K and at total pressures between 100 and 620 Torr 

(H 2/HC = 4-30). The rates of formation of benzene (Bz), methyl­

cyclopentane (MCP), 2- and 3-methylpentanes (2MP, 3MP), and c1-c5 
alkanes (E < c6), have been monitored under virtually all conditions. 

Structure Sensitivity of Catalyzed n-Hexane Reactions. Product 

accumulation curves determined as a function of reaction time at 573 K 
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(H2/HC = 10) for n-hexane reactions catalyzed on the (100) platinum 

surface are shown in Fig. 3el. Product accumulation curves determined 

at 573 K (H 2/HC = 10) for aromatization catalyzed over all four 

platinum surfaces are compared in Fig. 3.2. Figures 3.3 and 3.4 show 

typical product accumulation curves at several temperatures for 

aromatization, hydrogenolysis, and c5-cyclization catalyzed on the 

(13,1,1) and (111) platinum surfaces (H2/HC = 10-30). The rate of 

reaction at any time is given by the slope of the product accumulation 

curve at that time. Table 3.1 summarizes initial reaction rates and 

selectivities at 573 K for the different reaction pathways together 

with surface carbon coverages that were determined by AES following 

110-170 min reaction time. The order of activities at 573 K for the 

parallel reactions followed the sequences: 

Aromatization: 

Hydrogenolysis: 

c5-cyclization: 

Isomerization: 

(10,8,7) ~ (111) > (13,1,1) ~ (100) 

(111) ~ (13,1,1) ~ (10,8,7) ~ (100) 

(10,8,7) ~ (100) ~ (13,1,1) ~ (111) 

(111) ~ (10,8,7) ~ (100) ~ (13,1,1) 

Only the aromatization reaction displayed significant structure 

sensitivity that was characterized by a factor of 4 difference in 

initial rates between the most active (10,8,7) and least active (100) 

platinum surfaces. All other reactions displayed initial rates that 

differed by less than a factor of two on all four platinum surfaces. 

Temperature Dependence of the Initial Reaction Rates. Arrhenius 

plots for n-hexane hydrogenolysis, isomerization, c5-cyclization, 

and aromatization catalyzed over the four platinum surfaces at a total 



Table 3.1. Initial reaction rates, selectivities, and surface carbon coverages 
determined for n-hexane reactions catalyzed at 573 K over platinum 
single crystal surfaces (a). 

Reaction Rates Selectivities 
(molec/Pt atom sec) x 103 (b) (mole eercent) (c) 

s. s Surface (d) 
Catalyst E <C6 2MP 3MP MCP Bz 1som. eye. 

Pt(100) 5.7 2.4 3.4 9.8 1.4 

Pt(111) 8.7 2.2 6.3 7.8 5.0 

Pt ( 13,1 ,1) 6.8 1.7 2.6 9.5 1.6 

Pt(10,8,7) 6.4 2.3 3.7 11.6 6.0 

Activation Energies (kcal/mole) (e) 

PH 2 = 200 Torr 19-25 --16-22--- 12-20 22-29 

PH 2 = 600 Torr 21-26 ----25------ 18-26 25-33 

(a) H2/HC = 10, Ptot = 220 Torr. 
(b) ( :1:20 percent). 

0.26 

0.29 

0.20 

0.20 

(c) Fractional selectivities; iso = 2MP + 3MP; eye = MCP + Bz. 
(d) Carbon atoms per surface platinum atom at 100-150 min. 

0.49 

0.43 

0.50 

0.58 

(e) Energies represents the spread in values for different surfaces. 

Carbon 

2.3 

2.2 . 

2.5 

2.0 ...... 
N ...... 
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pressure of 220 Torr are shown in Figs. 3.5-3.8. It is clear that the 

order of initial catalytic activities,presented above displayed little 

dependence on reaction temperature. The (10,8,7) and (111) platinum 

surfaces were always more active in aromatization as compared to the 

(13,1,1) and (100) surfaces. All other reactions displayed little 

structure sensitivity at all reaction temperatures. 

Hydrogenolysis and aromatization were the only reactions that 

displayed 11 normal 11 Arrhenius behavior over a wide range of temperature. 

Even for these reactions the apparent activation energies appeared to 

decrease with increasing reaction temperature. The isomerization and 

c5-cyclization reactions displayed rate maxima at temperatures that 

varied from about 570 K for 2MP formation to 600-620 K for 3MP and MCP 

production. Figure 3.9 shows Arrhenius curves plotted together for 

all the parallel reactions catalyzed on the (13,1,1) platinum surface 

at a total pressure of 220 Torr. Similar data obtained with the (111) 

and (10,8,7) platinum surfaces at a total pressure of 620 Torr are 

shown ,in Figs. 3.10 and 3.ll. Over these surfaces the rate maxima 

appeared to shift to higher temperatures with increasing hydrogen 

pressure. 

The unus·ua 1 temperature dependencies observed for the n-hexane 

reactions (coupled with rapid deactivation at high temperatures) pre­

vented a reliable determination of activation energies for temperatures 

higher than about 600 K. Table 3.1 includes apparent activation 

energies at two total pressures that were estimated from the Arrhenius 

plots for reaction temperatures of 560-590 K. Based on the limited 
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data at these lower temperatures, these activation energies are 

believed to be accurate to no more than ~5 kcal/mole. Nevertheless, a 

tendency existed for the apparent activation energies to i-ncrease with 

increasing hydrogen pressure. All the activation energies decreased 

continuously and approached zero at the highest temperatures studied 

(~650 K). 

Dependence of the Initial Reaction Rates on Hydrogen Pressure. 

The dependence of the initial reaction rates on hydrogen pressure was 

investigated only for the (10,8,7) platinum surface. Figure 3.12 shows 

order plots at several temperatures for n-hexane hydrogenolysis and 

aromatization catalyzed over Pt(10,8,7). The order of the hydro-

genolysis reaction with respect to hydrogen pressure increased from 

about 0.4 at 573 K to 0.9 at 640 K. Isomerization and c5-cyclization 

displayed similar behavior (at 573 K). The order of the aromatization 

reaction with respect to hydrogen pressure was slightly negative at 

low temperatures (<590 K) but became positive at higher temperatures 

( >590 K). 

Selectivities and Product Distributions. Because parallel 

reactions always displayed different catalytic behavior as a function 

of temperature and hydrogen pressure, the selectivities for n-hexane 

conversion over the single crystal catalysts varied markedly with 

reaction conditions. Fractfonal selectivities for n-hexane hydro-

genolysis, dehydrocyclization (MCP + Bz), and isomerization (2MP + 3MP) 
I 

catalyzed on Pt(l11) at a total pressure of 620 Torr are shown as a 

function of reaction temperature in the upper half of Fig. 3.13 • 
• 
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Kinetic selectivities for the production of 2MP over 3MP and Bz over 

MCP are shown as a function of temperature in the lower half of 

Fig. 3.13. Figure 3.14 illustrates the same kinetic selectivity 

functions for n-hexane reactions catalyzed over all four platinum 

surfaces at a total pressure of 220 Torr. The 2MP/3MP ratios always 

decreased and the Bz/MCP ratios always increased with increasing reac­

tion temperature. The temperature ranges where these kinetic selec­

tivities changed most rapidly shifted towards higher temperatures with 

increasing hydrogen pressure. 

Initial product distributions for n-hexane reactions catalyzed 

at 573 K {H2/HC = 10} and 673 K (H2/HC = 30} are compared in 

Figs. 3.15 and 3.16. The changes in product distributions with surface 

structure and reaction conditions are consistent with the observations 

detailed above. As compared to the flat (100) and (111) platinum 

surfaces, the initial selectivity for methylcyclopentane formation 

maintained a notably higher value to higher temperatures on the kinked 

Pt(10~8,7} surface. 

Hydrogenolysis Selectivities. Whereas the catalytic activity for 

n-hexane hydrogenolysis displayed little dependence on platinum surface 

structure, the selectivity within hydrogenolysis varied markedly with 

surface structure and, to a lesser extent, with hydrogen pressure. 

Product distributions for n-hexane hydrogenolysis catalyzed over the 

four platinum surfaces are summarized for a variety of reaction con­

ditions in Table 3.2. The (100} and (13,1,1) platinum surfaces dis­

played a clear preference for scission of internal C-C bonds leading 
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Table 3.2. Initial product distributions for n-hexane 
hydrogenolysis catalyzed over platinum single 
crystal surfaces (a). 

Initial Hydrogenolysis 

PH (Torr) Distributions (moles) 
Catalyst T(K) 2 ~1 ~2 c3 c4 c5 

Pt(100) 556 220 13 20 42 18 7 
573 200 16 19 39 19 7 
592 200 18 20 38 16 8 

Pt(111) 573 200 31 11 32 8 18 
593 200 36 10 30 5 19 
638 200 43 16 24 4 13 

Pt(13,1,1) 573 .200 15 22 39 17 7 
595 200 15 23 40 16 6 
623 200 16 22 43 13 6 

Pt(10,8, 7) 573 200 36 13 27 12 12 
599 200 30 10 37 10 13 
623 200 33 12 36 9 10 
658 200 36 14 31 10 9 

Pt(111) 573 600 23 14 35 12 16 
623 600 28 15 33 8 16 
673 600 40 15 24 6 15 
753 600 64 13 14 2 7 

Pt(10,8, 7) 573 80 37 14 28 11 10 
573 600 31 17 24 14 14. 
673 600 38 16 33 7 6 

", 

(a) Product distributions were calculated at 15-30 min reaction 

time, PHC = 20 Torr. 
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primarily to the formation of ethane, propane, and butane. By contrast 

the (111) and (10,8,7) platinum surfaces displayed high selectivities 

for cleavage of the terminal and central C-C bonds. Low levels of 

hydrocracking activity, n-C6H14 ~ CH4 + c2H6, that represented about 

3-8 percent of the total n-hexane consumed by hydrogenolysis at 573 K, 

were detected over all four platinum surfaces. Hydrocracking was 

favored by high reaction temperatures and appeared to occur most easily 

on the (111) and (10,8,7) platinum surfaces. 

The fission parameter, Mf, defined by (15) 

was used to classify the hydrogenolysis selectivities that were 

exhibited by the different platinum surfaces. The concentrations of 

hydrogenolysis products with i carbon atoms are denoted by [Ci]. 

Selective hydrogenolysis of the terminal C-C bond produces Mf = 1, 

whereas purely statistical hydrogenolysis yields Mf = 10. When 

multiple hydrogenolysis (hydrocracking) is important Mf << 1. 

Fission parameters for n-hexane hydrogenolysis catalyzed at a total 

pressure of 220 Torr are shown as a function of reaction temperature 

in Fig. 3.17. The (111) and (10,8,7) platinum surfaces displayed 

(1) 

values of Mf that were between 3 and 7 for all temperatures between 

530 and 660 K. Fission parameters for the (100) and (13,1,1) surfaces 

were always much higher, i.e., 13-21. The fission parameters displayed 

a small dependence on hydrogen pressure~ as·shown for the (111) 
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platinum surface in Fig. 3.18. High hydrogen partial pressures and 

low temperatures favored statistical hydrogenolysis, whereas low 

hydrogen pressures and high temperatures favored terminal C-C bond 

splitting. 

Deactivation Kinetics and Formation of Surface Carbon Deposits. 

Continuous deactivation was detected during all then-hexane reaction 

rates studies. Hydrogenolysis, isomerization, c5-cyclization, and 

aromatization displayed similar deactivation rates under each set of 

reaction conditions (Figs. 3.1-3.4). However, within isomerization~ 

the deactivation behavior 2- and 3-methylpentane formation was clearly 

different. This is shown in Fig. 3.19 for n-hexane isomerization 

catalyzed over Pt(lOO) at 556 and 573· K. The selectivity for 

2-methylpentane production relative to 3-methylpentane formation 

increased with increasing reaction time. This effect was most 

pronounced for the {100) and (13,1,1) platinum surfaces. 

Deactivation rates at any given temperature were similar for all 

four platinum surfaces (Section 4.6). The deactivation rates always 

increased with increasing reaction temperature (Figs. 3.3 and 3.4). 

Deactivation appeared to result entirely from the formation of strongly 

adsorbed, partially dehydrogenated, carbonaceous deposits that covered 

a significant fraction of the platinum surface. The surface coverage 

by this carbonaceous deposit- increased with increasing reaction 

temperature. Figure 3.20 summarizes c273 tPt237 AES peak-to-peak 

height ratios measured following n-hexane reactions that were carried 

out between 525 and 678 K. These peak height ratios can be converted 
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into atomic ratios expressed as carbon atom equivalents per surface 

platinum atom by multiplying by 0.62 for Pt(111) and Pt(10,8,7) and 

0.74 for Pt(100) and Pt(13,1,1), respectively (Section 2.6). Using 

these conversions, it follows that the apparent coverage by irrevers­

ibly adsorbed species was equivalent to 1-6 carbon atoms per surface 

platinum atom. 

Several different kinetic models were investigated to describe 

the deactivation kinetics which assumed that the deactivation was half, 

first, or second order with respect to time. At the lowest tempera­

tures investigated ( 560 K), the deactivation was well described by 

the first order model, Rt = R
0
exp( -at), whereas at higher tempera­

tures the deactivation displayed a fractional order time dependence; 

viz., Rt = R
0
exp{-atn), 0 < n 2_1. The second order model never 

provided satisfactory agreement with experiment. Figure 3.21 compares 

results obtained for n-hexane hydrogenolysis and aromatization 

catalyzed on Pt{10,8,7) at several temperatures using the first- and 

half-order deactivation models. Best fit orders for the deactivation 

process were determined from order plots (not shown) of ln(ln(R(t)/R
0

)) 

as a function of lnt. Deactivation orders determined in this manner 

decreased continuously with increasing reaction temperature from 

1.0 : 0.2 at 520-570 K to 0.5 : 0.2 at 640-660 K. The apparent acti-

vation energy for deactivation was estimated from the initial slopes 

of deactivation plots like those shown in Fig. 3.21. Arrhenius 

plots for the deactivation rate constants yielded activation energies 
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that were always in the range 11-18 kcal/mole independent of the 

deactivation model. 

n-Hexane Dehydrogenation Activity. The dehydrogenation of 

n-hexane yielded or unresolved mixture of 1-, cis- and trans~2-, and 

cis- and trans-3-hexenes under all reaction conditions. For reaction 

temperatures below about 590 K, the dehydrogenation reactions were very 

rapid and approached equilibrium over the first 20-30 min reaction 

time. At higher reaction temperatures the olefins achieved a more-or-· 

less steady state concentration after about 1 hr which was much lower 

than that expected for thermodynamic equilibrium (15-40 percent) (36). 

Hexenes detected in the first gas ch~omatogram of each experiment were 

used to establish a lower limit for the initial dehydrogenation rates. 

These "lower limit" dehydrogenation rates are shown as a function of 

1/T in Fig. 3.22. The dehydrogenation rates estimated in this manner 

were in the range 0.1-1' molec/Pt atom sec. In general, these de­

hydrogenation rates were at least 10 times faster the sum rates of all 

skeletal rearrangement reactions. The dehydrogenation activity 

displayed a maximum at temperatures of 600-640 K. 

3.1.3. Discussion 

· Structure Sensitivities of Initial n-Hexane Reaction Rates. 

Important new information about the structure sensitivities of alkane 

reforming reactions have been der·ived from studies of n-hexane 

reactions catalyzed over platinum single crystal surfaces. Near 

atmospheric pressure and temperatures between 550 and 620 K, the (111) 

and (10,8,7) platinum surfaces were several times more active than the 
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(100) and (13,1,1) surfaces for the dehydrocyclization of n-hexane to 

benzene. Hexagonal (111) microfacets that were present in highest 

concentrations on the (111) and (10;8,7) surfaces displayed a unique 

ability to catalyze the complex skeletal rearrangements required for 

aromatization. The atomic structure of the terraces was the decisive 

source of structure sensitivity for this important reaction pathway. 

Steps and kinks that were present in high concentrations on the 

(13,1,1) and (10,8,7) surfaces increased the rate of dehydrocyclization 

only slightly (10-40 percent) as compared to the flat low index sur­

faces. It is important to remember that unoriented crystal edges that 

represented -8-15 percent of the total platinum surface area tend to 

make the structure sensitivities appear smaller than they would be if 

the entire platinum surface area was of the specified orientation. 

The only previous study that explicitly considered the structure 

sensitivity of n-hexane armoatization was the work of Dautzenberg and 

Platteeuw (6,7). At 10 atm and 760 K no significant structure sensi­

tivity was detected for a series of non-acidic alumina supported 

platinum catalysts with dispersions between 0.2 and 0.65. Since the 

structure and composition of the supported catalysts was not known and 

the reaction conditions were far more severe, direct comparison of 

these results with those determined for the single crystals is not 

feasible. 

The structure sensitivity of n-hexane aromatization might at first 

seem to suggest that Balandin's once popular "sextet-theory" (37,38) 

for cyclohexane dehydrogenation may have some validity. Since no 
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cyclohexane was detected in the present research, all ring closure 

pathways that produce c6-rings must also be accompanied by dehydro­

genation. If dehydrogenation was the slow reaction step then the 

structure sensitivities would certainly be consistent with the sextet­

theory. However, recent studies by Gillespie {28) of cyclohexane 

dehydrogenation catalyzed over platinum single crystal surfaces clearly 

indicate that this is not the case. Under identical reaction condi­

tions cyclohexane dehydrogenation was 10 - 104 times faster than 

n-hexane aromatization. Based on these results and other data pre­

sented below it appears clear that the rate determining step of 

n-hexane aromatization is a reaction step involving skeletal re­

arrangement. This reaction step occurs most easily over surfaces 

with contiguous (111) microfacets~ not necessarily sextet sites. 

In marked contrast to aromatization, the rates of n-hexane 

hydrogenolysis, isomerization, and c5-cyclization displayed little 

dependence on platinum surface structure. The absence of significant 

structure sensitivity for these reactions is consistent with the 

studies of Ponec et al. {4) (Pt/Sio2, H2/HC = 16, Ptot = 1 atm, 

T = 520-570 K) and Oautzenberg and Platteeuw (6,7) (Pt/Al 2o3, H2/HC = 4, 

Ptot = 9.5 atm, 760 K). An important result of our studies is that 

c5-cyclization occurred very easily on all the platinum surfaces, 

even the flat (111) and (100) surfaces with very low concentrations of 

step and kink defect sites. At the lower temperatures {530-570 K), 

methylcyclopentane was the dominant reaction product produced over 

every surface. It has often been suggested that isolated edge and 
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corner atoms are the preferred sites for this c5-cyclization reaction 

(5,26,39). While are results do not support this conclusion, the 

possibility can not be ruled out, especially since the (13,1,1) and 

(10,8,7) platinum surfaces appeared to be about 20-50 percent more 

active than Pt(l11). It appears likely that corner atoms with very 

few (3 or 4) nearest neighbors and/or metal support interactions may 

be responsible for the unique C5-cyclization structure sensitivity 

that is often displayed by supported platinum catalysts with very high 

dispersion (5,23,26). 

In Fig. 3.23, the initial rates of aromatization and 

C5-cyclization at 573 K are compared as the function of surface 

structure. Our results clearly indicate that surface irregularities 

in low concentrations have only a small effect on the rates of n-hexane 

aromatization and c5 -cyclization~ Aromatization was influenced 

strongly by the terrace structure, whereas c5-cyclization was not. 

Terraces with (111) orientation led to a higher aromatization 

specificity. Further studies using more highly stepped and kinked 

surfaces would be worthwhile to further confirm these observations. 

Isomerization of n-hexane to 2- and 3-methylpentanes displayed a 

similar lack of structure sensitivity in which all types of platinum 

sites were more-or-less equally active in effecting the skeletal 

rearrangement process. The flat (111) surface appeared to be slightly 

more active than the other platinum surfaces, especially for the 

production of 3-methylpentane. 
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The structure sensitivities of n-hexane reactions reported here 

compare favorably with results recently obtained by Gillespie for 

n-heptane hydrogenolysis and aromatization catalyzed over flat (111), 

stepped (557), and kinked (25,10,7) and (10,8,7) platinum surfaces 

(28). As compared to the flat (111) surface, n-heptane aromatization 

was faster and hydrogenolysis was slower by about a factor of two 

on the kinked (10,8,7) surface. The same trend was detected for 

n-hexane reactions, although the differences in rates due to surface 

irregularities were less pronounced. 

The general conclusion arises that steps and kinks on platinum 

surfaces are not exceptionally effective for catalyzing low rate 

skeletal rearrangement reactions, at least in the vicinity of atmos­

pheric pressure. This conclusion contrasts markedly with earlier 

results reported by Blakely et al. {30) for n-heptane and cyclohexane 

reactions catalyzed at very low pressures (-10-7 Torr). At low 

pressures steps and kinks appeared to be uniquely active for hydro­

genolysis and aromatization. The different structure sensitivity at 

high and low pressures could result from a change in mechanism with 

increasing pressure (28,33), or it could also result from a change 

in the structure and growth mechanism of the carbonaceous deposit. 

-Since the carbonaceous deposit formed within minutes at high pressures 

(Chapter 4), it is probable that this deposit may block or cover many 

of the surface irregularities that would otherwise possess different 

bond breaking abilities. A more detailed assessment of this possibility 

is considered in the next chapter. 
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Finally, it should be noted the overall n-hexane skeletal 

rearrangement rates determined for single crystal surfaces were always 

much higher than the rates of the same reactions catalyzed over 

practical platinum catalysts. Table 3.3 provides a comparison of 

initial rates for Pt(111) with those reported for other types of 

platinum catalysts, e.g., film, powders, and Pt/Sio2• All the rates 

were determined under similar reaction conditions. With the exception 

of ultra thin platinum films that were prepared in UHV (3), the initial 

rates for Pt(111) were always 1-2 orders of magnitude higher than rates 

reported for practical catalysts. As noted by Gillespie (28) these 

differences undoubtedly arise from a combination of (a) surface con­

tamination on the practical catalysts and {b) inaccuracies in the 

surface area determinations for the practical catalysts. 

n-Hexane Reaction Selectivity. Product distributions for n-hexane 

skeletal rearrangement over the single crystal catalysts displayed 

striking variations as a function of temperature and hydrogen pressure. 

For any given set of reaction conditions the product distributions for 

all surfaces were rather similar (Figs. 3.15 an~ 3.16) except for the 

differences in aromatization selectivity that are expected from the 

structure sensitivity of this reaction detailed above. Isomerization, 

c5-cyclization, and hydrogenolysis were always the main reactions at 

lower temperatures ( 570 K) and higher hydrogen pressures ( 200 Torr). 

Hydrogenolysis and aromatization selectivities increased with in­

creasing temperature. At the highest temperatures studied ( 620 K) 
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Table 3.3. Comparison of initial n-hexane reaction rates on Pt(111) and 
practical platinum catalysts. 

Initial Rate (a) 
catalyst T(K) H2/HC Pt0t(Torr) (molec/Pt atom sec) Ref. 

Pt(111) 573 10 220 0.03 

Pt-powder 573 6 760 3x1o:-3 1 

Pt/SiOJ 573 11.2 180 4x1o-4 9 
(a=3o1\ 

Pt ( 111) 553 10 220 0.02 

Pt-film 546 10 110 0.02-0.03 3 
(a-15-5sA) 

Pt(111) 573 30 620 0.07 

Pt/Si02 573 16 750 3-4x10-3 4 
(a=4o-so1\) 

(a) Total rate of skeletal rearrangement. 
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hydrogenolysis and aromatization represented 65-90 percent of the 

total skeletal rearrangement. 

Product distributions determined at the lower reaction 

temperatures (530-590 K) were generally very similar to those 

reported previously for practical platinum catalysts. This is 

shown in Fig. 3.24 for n-hexane reactions catalyzed over Pt(l11), 

0.22 percent Pt/Sio2 (D = 1.0) (5), and 16 percent Pt/Si02 (D = 

0.1-0.2) (12). A more complete comparison with other types of platinum 

catalysts is provided in Table 3.4. In nearly all cases the single 

crystal surfaces displayed higher selectivities for aromatization and 

c5-cyclization and lower selectivities for isomerization as compared 

to the practical catalysts. From the perspective of petroleum reform­

ing, the initially clean single crystal surfaces displayed superior 

selectivities than supported catalysts. However, these selectivity 

differences were usually small enough that the agreement must be 

considered reasonably good. 

One would hope to be able to decompose the selectivities displayed 

by practical catalysts as a linear combination of selectivities for 

(100) and (111) microfacets. Unfortunately this is not possible be­

cause the cyclization selectivities displayed by single crystal 

surfaces are always too high. 

Kinetic selectivities for 3MP over 2MP and Bz over MCP (Figs. 3.13 

and 3.14) increased markedly with increasing temperature and decreasing 

hydrogen pressure. These changes in selectivity were quite dramatic 

indicating that major changes occurred in the reaction mechanism as a 

function of reaction .conditions .• The 2MP/3MP and Bz/MCP selectivities 



Table 3.4. Comparison of n-hexane reactjon selectivities for single crystal surfaces and practical 
platinum catalysts. 

Fractional Selectivities 
(mole %) 

H2/HC Ptot(Torr) E(C6 
2MP Bz 

Catalyst T(K) 2MP+3MP MCP Bz 3MJf MCP Ref. 

Pt/Al203 573 190 760 58 7.5 2 32.5 1.5 0.27 14 

16% Pt/Si02 567 17 760 48 7 2 43 1.7 0.29 12 

0.22% Pt/Si02 573 -11 760 29 35 36 2.8 5 
(d,.10A) 

9.5% Pt/Si02 573 -11 760 53 7 40 2.6 5 
(d=-55A) 

Pt-black 573 6 760 49 10 1-3 38 ~0.3 1 
__, 
w 
....... 

Pt(111) 573 30 620 42 26 7 25 1.5 0.27 

U Pt/Si02 573 13.5 190 71 2.5 0.5 26 0.2 9 
(d=30A) 

Pt(111) 573 10 220 29 26 17 28 0.4 0.6 

Pt(lOO) 573 10 220 26 43 6 25 0.65 0.14 

1% Pt/Si02 635 13.5 190 56 18 4 22 0.22 9 
(d,.30A) 

Pt(111) 638 10 220 14 13 33 40 ~0.15 2.6 

Pt-black 693 ?20 760 5 4 18 73 5.0 2 

Pt ( 111) 693 30 620 14 11 32 43 $0.2 2.8 
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determined at lower temperatures (<570 K) and higher hydrogen pressures 

(H 2/HC ~30) were quite similar to these noted previously for prac­

tica 1 catalysts (Table 3.4). However, the very low 2MP /3MP ratios 

(~0.2) and very high Bz/MCP ratios (>2-3) determined at higher tem­

peratures and lower hydrogen pressures appear to be unique to single 

crystal .surfaces and perhaps other forms of bulk platinum. In studies 

of n-hexane reactions catalyzed over Pt/Si02 catalysts, Van Schaik 

et al. (12) and Karpinski and Koscielski (9) failed to observe signif-

icant changes in the same kinetic selectivities over the temperature 

ranges 550-585 and 573-635 K, respectively. At high space velocities, 

9.5 atm (H 2/HC = 4), and 710-760 K, 2MP /3MP and Bz/MCP ratios of 

about 2 and 0.1-0.5, respectively, were reported for monofunctional 

Pt/Al 2o3 catalysts (6,7). Paal has reported Bz/MCP ratios as large 

as 5 for n-hexane.reactions catalyzed over Pt-black at 690 K (2). 

Maire and co-workers (40) recently investigated the isomerization 

of 2-methylpentane-2-13c on several platinum single crystal surfaces 

and on a series of alumina supported platinum catalysts. The isotopic 

distribution of 13c in the product hexanes was used to determine the 

proportion of the isomerization reaction which proceeded by the c5-

cyclic mechanism. At 620-720 K, the (111), (911), and (557) single 

crystal catalysts displayed cyclic percentages which were in the range 

14-70 percent, although most often they were 50-70 percent. Since 

these cyclic percentages were the same as those displayed by supported 

catalysts with low and medium dispersion (<0.7), the Strasbourg group 

concluded that the single crystal surfaces are excellent models of 
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practical catalysts with low dispersion. While labelling studies were 

not carried out in the present work, two key observations from our 

research certainly tend to confirm that the cyclic mechanism is very 

important on the single crystal surfaces. Isomerization and c5-

cyclization displayed identical catalytic behavior as a function of 

temperature and hydrogen pressure; both reactions displayed maximum 

rates at 600-630 K, and both reactions displayed similar absolute rates 

over all surfaces under all conditions investigated. More importantly, 

whereas n-hexane isomerization exhibited no significant structure 

sensitivity, isobutane and n-butane isomerization were exceedingly 

structure sensitive over the same platinum surfaces under exactly the 

same reaction conditions used for the n-hexane reaction studies 

(Section 3.2). These light alkanes are restricted to isomerization by 

the bond shift mechanism~ It is difficult to rationalize a process by 

which bond shift isomerization would be structure sensitive for isobu­

tane and n-butane but not n-hexane, unless, of course, the bond shift 

mechanism is of minimal importance for n-hexane. In this context, it 

is important to note that the 13c-labelling method can be used only 

to determine the minimum fraction of reaction which occurs by the 

cyclic mechanism. This fact has not been emphasized previously. Gault 

(41,42) has noted that consecutive rearrangements during a single 

residence on the surface must be invoked to explain the product dis­

tributions observed for reactions of 13c-labelled 2,3-dimethylbutanes 
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and n-heptane, although this possibility appears to have been neglected 

in the case of hexane isomerization. Consecutive rearrangements pro- . 

vide a rational explanation for "internal bond shift" that is always 

observed for c13-hexane isomerization (23-26). Results reported in 

the next section indicate that these consecutive rearrangements take 

place readily on the (100) and {13,1,1) platinum surfaces. The minimum 

surface residence times of dissociatively adsorbed hexane intermediates 

that are on the order of 10-1 sec (Section 3.4) are certainly long 

enough for many rearrangements to take place. Multiple rearrangements 

will generally make the cyclic percentages of 13c-containing products 

appear too low. The important point is that all existing evidence 

indicates that the cyclic mechanism is very significant on the platinum 

single crystal surfaces. 

If it is accepted that n-hexane isomerization is mostly cyclic, 

then the changes in 2MP/3MP selectivity with temperature, hydrogen 

pressure, and reaction time mainly result from changes in the posi-

tional selectivity for ring opening of the c5-cyclic intermediates. 

Isomerization to 3-methylpentane was favored on initially clean 

platinum at high temperatures and low hydrogen pressures. Isomeriza­

tion to 2-methylpentane was favored at longer reaction times after the 

surfaces had become extensively covered.by strongly adsorbed carbon-

aceous species. A similar change in isomerization selectivity with 

reaction time was noted by Carra et al. (1) for n-hexane conversion at 

573 K over platinum black. It appears likely that this change in 

selectivity as carbon is deposited on the surface may arise from a 
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change in the steady state surface concentration of chemisorbed 

hydrogen (Section 4.6). 

It is widely accepted (20,27,33) that n-hexane aromatization can 

occur by a combination of direct 1,6-ring closure and parallel 

1,5-cyclization followed by dehydroisomerization, i.e., 

1,6-ring closure ~@ 

~~~;:~~g [ 01 _j ~~~~rgement 
ads 

As ring enlargement activities are little or no larger than 

isomerization and aromatization rates (33), ring enlargement must 

(3) 

usually occur during a single residence on the surface. Dautzenberg 

and Platteeuw (6,7) reported that benzene and methylcyclopentane are 

both initial products of n-hexane cyclization, whereas only methyl­

cyclopentane is produced initially from 2-methylpentane. In this case 

aromatization appeared to result mostly from direct 1,6-ring closure, 

although 1,5-ring closure (leading to MCP) was also important. Sinfelt 

et al. (43) showed that methylcyclohexane, from direct 1,6-cyclization 

of n-heptane, is most probably an intermediate in the formation of 

toluene over Pt/Al 2o3• The major aromatic products produced during 

dehydrocyclization of ten different octane and nonane isomers over 

Pt/Al 2o3 (1 atm, 750 K) were also those expected for direct 1,6-ring 



closure (44). Aromatization studies of 13c-labelled n-heptane were 

recently reported by Gault and co-workers {41). Besides direct 1,6-

ring closure, these workers identified a complex 3-step mechanism in­

volving 1,5-ring closure, ring opening, and 1,6-ring closure all 

occurring during a single residence on the surface. This reaction 

pathway is consistent with earlier studies (45) of [l-14c] n-heptane 

aromatization over monofunctional Pt/Al 2o3 catalysts. Whereas 

direct 1,6-ring closure should yield 50 percent of the radioactivity 

in the methyl side chain, at 773 K only 40 percent of the toluene 

contained 14c in the methyl group. 

The results obtained in this work add notably to the large body 

of evidence which indicates that direct 1,6-ring closure is the primary 

reaction pathway for n-hexane aromatization on platinum. Aromatization 
\ 

was structure sensitive and favored by high temperatures and low 

hydrogen pressures. By contrast c5-cyclization was structure in­

sensitive and displayed highest selectivity at lower temperatures 

(<570 K) and higher hydrogen pressures (H2/HC > 10). These differ­

ences in catalytic behavior appear to indicate that the reaction 

intermediates leading to aromatization have a lower hydrogen content 

than those leading to methylcyclopentane formation. With this in 

mind, it is likely that the structure sensitivity of n-hexane aromati-

zation may originate in part from the different binding strengths of 

hydrogen on the surfaces with different atomic structure. It is well 

established that hydrogen is chemisorbed more strongly on (100) micro­

facets than (111) microfacets by about 3-5 kcal/mole (46,47). The 
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steady state concentration of surface hydrogen should therefore be 

higher on surfaces with (100) terraces. An increase in the concentra­

tion of surface hydrogen would be accompanied by a decrease in the 

concentration of reaction intermediates with very low hydrogen content 

(all other things being equal). As a result, it is natural to expect 

that the aromatization activity of (100) microfacets should be lower 

than that for (111) microfacets. Differences in aromatization rate 

constants that arise strictly from changes in surface structure 

may also contribute to the unique structure sensitivity of the 

aromatization reaction. 

Hydrogenolysis Product Distributions~ The positional sel~ctivity 

of n-hexane hydrogenolysis displayed a marked dependence on platinum 

surface structure. The (100) and (13,1,1) platinum surfaces with high 

concentrations of (100) microfacets displayed a high specificity for 

scission of the internal c-c bonds with little accompanying terminal 

hydrogenolysis (Mf ~ 15). By contrast, the (111) and (10,8,7) sur­

faces that were mostly composed of hexagonal (111) microfacets dis-
' 

played a clear preference of hydrogenolysis of the central and terminal 

C-C bonds. In this case, the probability for scission of the c2-c3 
bond was quite low. Average C-C bond rupture probabilities calculated 

for Pt(100) and Pt(111) from 4-12 runs at a total pressure of 220 Torr 

were 



Pt(100) 

Pt(111) 

f2=f3 
0.20 

0.09 

144 

f3-C4 

0.44 

0.40 

fs=fG 
0.08 

0.21· 

These probabilities differ from those reported previously for practical 

platinum catalysts where n-hexane hydrogenolysis was most often 

statistical (3,5,9), although in a few cases (12,14) a small preference 

was reported for internal scission (like Pt(100)). While Santacessaria 

(5) and Anderson (3) reported no changes in the distribution of n­

hexane hydrogenolysis products produced over platinum catalysts when 

the average metal particle size was varied between 10 and 60A or more, 

it is interesting to note that Yao et al. (48) observed a large varia­

tion in the distribution of n-pentane hydrogenolysis products produced 

over Rh/Al 2o3 catalysts. Highly dispersed (probably raft-like 

(49)) rhodium particles displayed a high spec-ific-ity for internal 

cleavage (like Pt(100)), whereas larger rhodium particles favored 

terminal C-C bond scission (like Pt(111)). 

The differences in hydrogenolysis selectivity for single crystal 

surfaces with different atomic structure appear to arise directly 

from differences in the structure of the reaction intermediates 

which undergo C-C bond scission. A great volume of literature 

(20,21,27,31,33) suggests that a,y-triadsorbed species are the most 

important class of intermediates for hydrogenolysis reactions of c3 
and larger alkane molecules. Perhaps the most convincing evidence in 

favor of these species was provided by Leclercq and co-workers (50) in 
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studies of sixteen different alkane hydrogenolysis reactions catalyzed 

over Pt/Al 2o3• In this case, the reactivities of C-C bonds with 

different substitution were always well described by the intervention 

of 1,1,3- and 1,3,3-triadsorbed species, except when the 3 carbon was 

quarternary, in which case a,6-adsorbed species also appeared to become 

important. The same workers presented evidence that hydrogenolysis 

was most favorable for C-C bonds a to a metal-carbon multiple bond. 

The latter prediction is consistent with recent extended Huckel cal­

culations (51) which revealed that C-C bonds a to platinum-carbon 

. multiple bonds in alkylidene (Pt = CR2) and alkylidyne (Pt ~ CR, R - CH3) 

surface species are weakened relative to those a to platinum-carbon 

single bonds. These facts form a basis to interpret the hydrogenolysis 

selectivities displayed by the single crystal surfaces. Four unique 

possibilities exist for a,y-triadsorption of n-hexane, namely 1,1,3-, 

1,3,3-, 2,2,4-, and 2,4,4-triadsorbed species. A statistical dis­

tribution of these species would appear to favor internal scission, 

especially at the c2-c3 bond. In order to account for the dis-

tribution of products produced on Pt(lOO), it appears likely that 

1,3,3- and 2,2,4-triadsorbed species may be formed,preferentially on 

the (100) microfacets. For the (111) platinum surface, the 1,1,3- and 

2,4,4-tri~dsorbed species would appear to be more important. The 

reasons why these preferences might exist are not clear. The 

suggestions are made here only as an analogy to previously accepted 

models for which there is no unequivocal proof. A similar agrument 
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was used to explain the distribution of n-pentane hydrogeolysis 

products·produced over Rh/Al 2o3 catalysts (48). 

In addition to these a,y-triadsorbed species, another possibility, 

which is clearly unique to the (111) surface, can be proposed to · 

account for the higher selectivities for terminal cleavage on this 

surface. Dynamical LEED intensity analysis and high resolution ELS 

studies (52-54) have demonstrated that a common, stable surface species 

always results from the chemisorption of ethylene, propylene, and 

butenes on Pt(111) at 300-420 K. This species is the surface 

alkylidyne group, Pt3 = C-R (R = CH3, c2H5, c3H8), which occupies 

the 3-fold hollow sites that are unique to (111) microfacets. Forma­

tion of this surface species is accompanied by weakening of the a-C-C 

bond (51). If the isostructural hexylidyne species formed during n­

hexane conversion on the (111) platinum surface, hydrogenolysis would 

obviously yield methane and pentane with very high selectivity. 

Reaction Kinetics and Reaction Mechanism. The kinetic studies 

reported here for n-hexane reactions catalyzed over platinum single 

crystal surfaces are highly consistent with the 2-step reaction model 

originally proposed by Cimi.no et al. (55) and later applied by Sinfelt 

(31) and Maurel and co-workers (56) to hydrogenolysis reactions 

catalyzed over Group VIII metals, most notably platinum. The two most 

important features of the reaction kinetics were (1) apparent acti­

vation energies that decreased with increasing temperature and 

decreasing hydrogen pressure, and (2) the dependence of the reaction 

rates on hydrogen pressure which varied from slightly positive or 
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negative at lower temperatures ( 570 K) to first order at higher 

temperatures. These changes arise naturally if the reaction pathway 

involves the series of reaction steps (55,56) 

26H(ads) 

4. 

5. 

k 
~ adsorbed fragments 

or isomers 
6. 

slow 
H2 t fast 
products 

where 0 < 6 < 1. In this reaction scheme dissociative chemisorption 

of hydrogen and hydrocarbon are assumed to be reversible and very rapid 

as compared to the rate of skeletal rearrangement. The rate determin­

ing step involves skeletal rearrangement or hydrogenolysis of inter­

mediate n-C6Hx species which have lost 2a hydrogen atoms. This 

rearrangement is presumably accompanied by addition of 0-2 H(ads) or 

H2 (55,56). All subsequent reaction steps are rapid. For any 

specific set of a and 6 values, this reaction sequence leads to a rate 

equation (55,56), 

(2) 
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which indicates that the observed reaction rates involve a product of 

elementary rate coefficients and adsorption equilibrium constants. 

In order to properly assess the validity of this reaction sequence 

several important facts need to be carefully considered: 

(i) Deuterium exchange kinetics discussed in section 3.4 revealed 

that hydrogen and hydrocarbon chemisorption were indeed rapid and very 

reversible as compared to the rate of skeletal rearrangement. At 

573 K, for example, complete deuterium exchange was about 100 times 

faster than skeletal rearrangement. However, this difference in rates 

decr~ased markedly with ihcreasing t~mperature. 

(ii) There is no logical reason to assume that a unique set of k, 

K, ~, a, and ~ values is appropriate for each reaction pathway, viz., 

cyclization, isomerization, and hydrogemolysis. Physically it is more 

reasonable to expect that each pathway will have its own distribution 

of k, K, ~, a and 6 values that may vary with surface structure. In 

this case, the concentrations of reaction intermediates with different 

hydrogen content are largely determined by thermodynamic considera­

tions, and the identity of the most abundant surface intermediate will 

change markedly with reaction conditions. As a consequence, the reac­

tion selectivity should also change drastically with reaction con­

ditions as observed experimentally. Average values of a = 2-4 have 

been reported by Leclercq et al. (56) for a variety of alkane hydro­

genolysis reactions catalyzed at 570-600 K and at atmospheric pressure 

over Pt/Al 2o3 catalysts. 
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(iii) The appearance of hydrogen in the rate determining step 

(rxn £) can arise as an artefact if hydrogen chemisorption or a sub~ 

sequent hydrogen addition step becomes kinetically important. In this 

cas~, skeletal rearrangement could be unimolecular, although the 

intervention of hydrogen in prior to subsequent reaction steps would 

give rise to a positive order dependence on hydrogen pressur~. The 

deuterium exchange kinetics discussed later clearly indicate that at 

high temperatures (>630 K), hydrocarbon chemisorption becomes largely 

irreversible, and hydrogen chemisorption becomes rate-limiting. In 

this case skeletal rearrangement appears to involve a series of 

effectively irreversible reaction steps. Phenomenologically, this 

situation (~PHC >> K~H~ , R ~ k'PH ) is still well described by 
2 2 

Eq. (2), although the implicated reversibility is no longer valid. 

The notion that hydrogen chemisorption becomes rate limiting at high 

temperatures accounts for the fact the apparent activation energies 

for all r~acti ons approached zero at high temperatures ( >620 K). 

(iv) The complete neglect of competition between adsorbed hydrogen 

and adsorbed hydrocarbons implicit in this model can be questioned on 

general grounds as noted by Kemball (57), Boudart (58), Frennet (59), 

and Martin (60). This competition appears to be important during 

ethane hydrogenolysis of nickel catalysts (60) where the order of the 

reaction with respect to hydrogen pressure is very negative (e.g., 

- 2). However, adsorption equilibrium constants reported by Maurel 
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et al. (56) clearly indicate that competition should be insignificant 

for larger hydrocarbon molecules such as n-hexane. 

In view of these facts, it is clear that the two-step kinetic 

model can have value for describing the reaction kinetics~ even though 

the exact form of the elementary step cannot be justified over a wide 

range of reaction conditions. The model appears to be most appropriate­

at lower reaction temperatures and intermediate hydrogen pressures 

where hydrogen adsorption is not rate-limiting. If this interpretation 

is accepted, it is interesting to consider what implications exist for 

the striking changes in reaction selectivity that were detected as a 

function of temperature and hydrogen pressure. Isomerization and 

c5-cyclization were favored at lower temperatures and higher hydrogen 

pressures, whereas aromatization was preponderant at higher tempera­

tures and lower hydrogen pressures. This is expected if the reaction 

intermediates leading to aromatization have a lower .hydrogen content 

{higher a values) than those leading to c5-cyclization. Paal and 

Teteryi (61) have shown that while hexadienes and hexatrienes aromatize 

with very high selectivity, c5-cyclization of the same molecules is 

unfavorable even in the presence of excess hydrogen. In this case, 

aromatization clearly involved intermediates that were more extensively 

dehydrogenated than those required for c5-cyclization. Hydro-

genolysis of n-hexane on the platinum single crystal surfaces was 

favorable under all reaction conditions. This appears to indicate 

that the hydrogenolysis intermediates can tolerate a broader 

distribution of hydrogen content. 
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Deactivation Kinetics and Role of Adsorbed Carbonaceous Deposits. 

The platinum single crystal catalysts deactivated continuously during 

all of the n-hexane reaction studies. The deactivation rate displayed 

little dependence· on platinum surface structure. Deactivation was 

accompanied-by the deposition of about one or more monolayers of dis­

ordered, strongly bound carbonaceous deposit on the platinum surfaces 

that could be detected following the reactions by AES. Figure 3.25 

shows Auger spectra that were recorded following n-hexane reactions on 

the (100) platinum surface at 573 and 673 K. The amount of carbon 

deposited increased with increasing temperature (Fig. 3.20) and de­

creasing hydrogen pressure. Deactivation rates correlated closely with 

the build-up of this deposit; i.e., deactivation rates increased with 

increasing temperature and decreasing hydrogen pressure. The de­

activation kinetics could be described emperically by an exponential 

rate law, R(t) = R(t = 0) exp(-at"), where the order parameter n 

decreased with increasing reaction temperature. In order to place 

these deactivation kinetics in context, three important properties of 

the carbon deposit that are discussed fully in Chapter 4 should now be 

considered: (i) the carbonaceous deposit is a non-graphitic, polymeric 

residue with an average hydrogen content of about one hydrogen atom 

per surface carbon atom, (ii) the carbonaceous deposit nucleates in 

the form of islands that are largely 2-dimensional at low temperatures 

(<570 K) but tend to become 3-dimensional at high temperatures 

( >630 K), and (iii) the genera 1 ro 1 e. of the carbon deposit is that of 

a non-selective poison; hydrocarbon catalysis takes place on a small 

' ··~.\ 
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concentration of uncovered surface platinum sites that display normal 

platinum activity and selectivity. 

With these facts in mind, a simplified but appropriate kinetic 

model for the deactivation process can be developed from the following 

series of reaction steps 

kp 
.----...;...------1~ carbon deposit 

¢ n-C6Hx(ads) + aH2 

I + H2 or H{ads) 

kr 
.. product 

7. 

where it is proposed that deactivation results from the pseudo-first 

order polymerization of adsorbed reactant molecules. According to 

this scheme dissociative hydrocarbon chemisorption is reversible 

(Section 3.4), and hydrocarbon conversion competes with deactivation. 

The net rate of skeletal rearrangement is of the form 

where 9i is the surface coverage by adsorbed hydrocarbon, and 9H 

is the surface coverage by hydrogen which is assumed to be small for 

· 1· ·t (" ( )112) s· th d t· t· t s1mp 1c1 y 1.e., 9H = KHPH • 1nce e eac 1va 1on rae was 
2 

slow compared with the individual adsorption-desorption and surface 

reaction steps, the steady state approximation can be applied to 9i 

which yields 

(3) 
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where ). = k1/k_1, and ec is the surface coverage by the deactivating 

carbon depos.it. The rate of fonnation of this deposit is simply 

which integrates to 

or 

(4) 

(5) 

(6) 

(7) 

The latter expression accounts for the first order deactivation that 

was observed at lower temperatures and predicts that the deactivation 

rates should increase with increasing temperature and decreasing 

hydrogen pressure as observed experimentally. The apparent activation 

energy for this process has 11-18 kcal/mole which is typical for 

polymerization reactions (62). Since dehydrogenation was always the 

fastest hydrocarbon conversion reaction, it is tempting to suggest 

that the nucleation and growth of the carbon deposit results from 

simple polymerization of chemisorbed hexenes. 
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At the lower reaction temperatures (<560 K), the carbon deposit 

assumed a 2-dimensional structure, and the deactivation was simply 

first order. Every molecule incorporated into the deposit was equally 

effective in blocking platinum surface sites that were required for 

skeletal rearrangement reactions. At higher temperatures the carbon 

deposit gradually converted into a 3-dimensional structure, and this 

conversion was accompanied by a continuous decrease in the apparent 

order for the deactivation reaction. It appears that this change in 

order can be correlated with a charge in morphology of the carbon 

deposit. Physically, the fractional order time dependence indicates 

that the molecules which were incorporated into the carbon deposit at 

high temperatures were not as effective in blocking platinum sites as 

at the lower temperatures. This is expected if polymerization proceeds 

at the surface but the deposit continuously rearranges (or decomposes) 

to restore a certain fraction of the platinum sites that were used for 

the polymerization process. In this case, the growth rate of the 

deposit could still be first order in chemisorbed hexane molecules, 

but an additional term would appear in equations in order to represent 

the shape of the deposit. This can be crudely represented by a 

"thickness function," T(T) = g-lTx, whose magnitude defines the 

"average thickness" of the deposit in terms of molecular layers. It 

follows that 

(8) 
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and 

(9) 

Since gT-x decreases with increasing temperature, the latter equation 

provides simple explanation for the experimental deactivation kinetics, 

ei(t) = exp(-atn), where n decreased with increasing te~perature. 

From the concentrations of uncovered platinum sites determined by CO 

adsorption-desorption (Section 4.7) and the temperature dependence of 

the c273!Pt237 AES peak-to-peak height ratio, the magnitudes of g 

and x were estimated to be about 1 x 1011 and 4, respectively. 

Conclusions. The structure and temperature dependence of n-hexane 

skeletal rearrangement was investigated near atmo~pheric pressure over 

a series of platinum single crystal surfaces with well defined surface 

structure and composition. Aromatization of n-hexane to benzene dis­

played unique structure sensitivity in which the rates and selectivi-

ties for this important reforming reaction were maximized on platinum 

surfaces with high concentrations of contiguous (111) microfacets. 

The rates of parallel isomerization, c5-cyclization, and hydro­

genolysis reactions displayed little dependence on platinum surface 

structure. the distribution of hydrogenolysis products was influenced 

markedly by terrace structure. Platinum surfaces with (100) terraces 

favored internal C-C bond scission, whereas surfaces with (111) 

terraces displayed a higher selectivity for terminal hydrogenolysis. 
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Selectivities for n-hexane skeletal rearrangement varied markedly 

with temperature and hydrogen pressure and to a lesser extent with 

surface structure. Changes in· selectivity with reaction conditions 

were related to a change in identity of the most abundant surface 

intermediate that results from a change in the surface concentration 

of chemisorbed hydrogen. Skeletal rearrangement was dominated by 

cyclic mechanisms involving both 1,5- and 1,6-ring closure. Polymeri­

zation of the adsorbed species competed with skeletal rearrangement 

and lead to the growth disordered carbonaceous deposits on the platinum 

surfaces. The primary role of these carbon deposits was that of a 

non-selective poison. 
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FIGURE CAPTIONS 

Fig. 3.1. Product accumulation curves measured as a function of 

reaction time at 573 K for n-hexane conversion over Pt(100). 

Fig. 3.2. Product accumulation curves measured as a function of 

reaction time at 573 K for n-hexane aromatization catalyzed 

over platinum single crystal surfaces. 

Fig. 3.3. Product accumulation curves.determined at several reaction 

temperatures for n-hexane aromatization catalyzed over the 

stepped (13,1,1) platinum surface. 

Fig. 3.4. Product accumulation curves determined at several reaction 

temperatures for n-hexane hydrogenolysis and 

c5-cyclization catalyzed over the flat (111) platinum 

surface. 

Fig. 3.5. Arrhenius plots for n-hexane aromatization catalyzed over 

platinum single crystal surfaces. 

Fig. 3.6. Arrhenius plot for n-hexane cyclization to 

methylcyclopentane catalyzed over platinum single crystal 

surfaces. 

Fig. 3.7. Arrhenius plots for n-hexane hydrogenolysis catalyzed over 

platinum single crystal surfaces. 

Fig. 3.8. Arrhenius plots for n-hexane isomerization to 

2-methylpentane (lower frame) and 3-methylpentane (upper 

frame) catalyzed over platinum single crystal surfaces. 
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Fig. 3.9. Arrhenius plots for n-hexane reactions catalyzed over the 

stepped (13,1;1) platinum surface (H2/HC = 10; Ptot = 

220 Torr). 

Fig. 3.10. Arrhenius plots for n-hexane reactions catalyzed over the 

flat (111) platinum surface (H2/HC = 30; Ptot = 620 

Torr). 

Fig. 3.11. Arrhenius plots for n-hexane reactions catalyzed over the 

kinked (10,8,7) platinum surface (H2/HC = 30, Ptot = 

620 Torr). 

Fig. 3.12. Order plots at 573-641 K for Pt(10,8,7) showing the 

dependence of n-hexane hydrogenolysis and aromatization 

rates on hydrogen pressure (PHC = 20 Torr). 

Fig. 3.13. Temperature dependence of the initial selectivities fo~ 

n-hexane reactions catalyzed over Pt(111) (H2/HC = 30, 

Ptot = 620 Torr): fractional selectivities for 

hydrogenolysis, isomerization (2MP + 3MP), and cyclization 

(MCP + Bz) are shown in the upper frame; kinetic 

selectivities for 2MP/3MP and Bz/MCP are shown in the lower 

frame. 

Fig. 3.14. Temperature dependence of the initial kinetic selectivities 

for Bz/MCP (upper frame) and 2MP/3MP (lower frame) 

determined for n-hexane reactions catalyzed over platinum 

single crystal surfaces (H2/HC = 10, Ptot = 220 Torr). 

'-
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Fig. 3.15. Initial product distributions for n-hexane reactions 

catalyzed at 573 K over platinum single crystal surfaces 

(H 2/HC = 10, Ptot = 220 Torr). 
--

Fig. 3.16. Initial product distributions for n-hexane reactions 

catalyzed at 673 K over platinum single crystal surfaces 

(H2/HC = 30, Ptot = 620 Torr). 

Fig. 3.17. Fission parameters determined as a function of reaction 

temperature for n-hexane hydrogenolysis catalyzed over 

platinum single crystal surfaces (H2/HC = 10, Ptot = 

220 Torr). 

Fig. 3.18. Fission parameters determined as a function of reaction 

temperature for n-hexane hydrogenolysis catalyzed over 

Pt(111) showing the dependence of hydrogenolysis selectivity 

on hydrogen pressure (pHC = 20 Torr). 

Fig. 3.19. Product accumulation curves determined as a function of 

reaction time for n-hexane isomerization catalyzed over 

Pt(lOO) at 556 and 573 K. These curves illustrate the 

different deactivation behavior for the production of 2- and 

3-methylpentanes. 

Fig. 3.20. Temperature dependence of the c273!Pt237 AES peak-to­

peak height ratio measured following n-hexane reaction 

studies on platinum single crystal surfaces. 



160 

Fig. 3.21G Comparison between first order and half-order deactivation 

models for n-hexane hydrogenolysis and aromatization 

catalyzed on the kinked (10,8,7) platinum surface. Reaction 
-

rates measured as a function of reaction time, R(t), have 

been divided_by initial rates, R
0

, and plotted as a func­

tion oft (1st-order) or t 112 (1/2-order). The reaction 

temperatures were 553 K(e), 573 K (o), 623 K(!), and 

655 K(~). 

Fig. 3.22. Arrhenius plot for n-hexane dehydrogenation catalyzed over 

platinum single crystal surfaces (H2/HC = 10, Ptot = 

220 Torr). Th·e initial rates shown are lower 1 imits to the 

absolute rates which could not be accurately determined due 

to thermodynamic constraints. 

Fig. 3.23. Structure dependence of n-hexane c5-cyclization and 

aromatization rates on platinum single crystal surfaces with 

different crystallographic orientation (at 573 K, H2/HC = 

10, Ptot = 220 Torr). 

Fig. 3.24. Comparison of product distributions for n-hexane reactions 

catalyzed over Pt(111) and Pt/Si02 catalysts with different 

dispersion (5,12). 

Fig. 3.25. Auger spectra recorded after n-hexane reaction studies 

catalyzed over Pt(lOO) at 573 and 673 K. 



.........-... 

E n- Hexane • conversion 
0 60 Pt (100),573 K -t-

0 
-t- H2 /HC=IO n_ 

" 45 Ptot=220 Torr 
Q) 

,::J 

2:<C6 (_) 
Q) ...... 

m - 30 ....... 0 
E 
~ 

-t- 2MP+3MP (_) 
15 ::J 

-o 
0 
~ 

o_ 

00 40 80 120 

Time (minutes) 
XBL 818-1094 

Fig. 3.1 



-E 
0 .... 
0 ..... 

30 

~ 20 
(,) 
Q) 

0 
E --u 
:3 

1:) 

0 
\.,. 10 a... 

0 

162 

n-·C 6 H14 •· ® +4H2 

H2/HC = 10 

Ptot = 220 Torr 

0 30 60 90 120 150 
Reaction Time (minutes) 

XBL 817-6138 
Fig. 3.2 



12 NV--® 
- P t ( 13 , I, I )" 

E -
.E H2,/HC = 10 
c 
0: 

8 
Ptot = 220 Torr 

" (.) C1) 

0 
E -

163 

573K 

0 E-----~----~------~----~----~--~ 
0 20 40 60 80 100 

Reaction Time (minutes) 

X8l. 817-6080 

Fig. 3.3 



/\IV .- ~ < c
6 

Pt(IID IVV -~~ o- Pt(lll) 

H2/HC = 30 

Ptot = 620 Torr -EIOO 
0 -0 -CL 

"() 
Q) 

0 
E --g 50 

"'0 

e 
CL 

30 60 90 120 0 30 60 90 120 

Reaction Time (minutes) 

Fig. 3.4 XBL 817-6137 



165 

Temperature (°C) 

6 X I0-2,__ __ ...;;.3-;;;6r-::0;....._ __ --.,;:3;...;:0:r-=0~-----::2::..::5::,r:O:::..,_, 

-u 
Q) 
en 

E 
0 -c -0.. 

.......... 
u 
Q) 

0 
E -
Q) -c 

a:: 
c: 
0 -u 
c 
Q) 

a:: 

-4 
10 

E0 =22 kcal/mole 

IVV-@) 
H2/HC = 10 

Ptot = 220 Torr 

0 Pt (Ill) 
e Pt (10, 8, 7} 

~ Pt (I 00) 
& P t (13, I, I ) 

1.5 1.6 1.7 1.8 1.9 
1000/T (K -I) 

XBL 816-5918 

Fig. 3. 5 



-(.) 
<U 
en 

E 
0 
+-
c -a.. 

' -2 
~ 10 
0 
E -(1) -c 

a:: 
c 
0 

........ 
(.) 

c 
(1) 

a:: -3 

166 

Tern perature (°C} 
360 300 250 

NV • o-
H2/HC = 10 

Ptot = 220 Torr 

o Pt(lll} 
e Pt (10,8, 7) 

~ 6 Pt(IOO)~ 

• Pt (13, I, I) 

• 

10 ~~------~----~----~~----~~ 
1.5 1.6 1.7 1.8 1.9 

1000/T ( K-1} 

XBL 816-5919 

Fig. 3.6 



167 

Temperature (°C) 

ro'~-----3~6_o ________ 3~o_o_. _______ 2~5_o_, 

-(.) 
Q,) 
(/) 

E 
.E 
0 ..... 

a_ 
......... 

(.) 
Q,) -2 
0 10 
E -Q,) -0 

a:: 
c: 
0 
+-
(.) 

0 
Q,) 

a:: 

IVV -+ c1-Cs alkanes 

A Pt (100) 
o Pt(lll) 

I 

H2/HC = 10 

Ptot = 2 20 Torr 

& Pt (13, 1,1) 
• Pt 00,8, 7) 

1.5 1.7 

1000/T (K-I) 

1.9 

XBL817-6094 

Fig. 3.7 



-(.) 
Q) 
en 

E 

168 
Temperature (°C) 

360 300 250 

~ IV\/ .... 'Y' -~ H2/HC = 10 
(.) -a Ptot = 220 Torr 
E -
Q) -0 3 

a::c: 4xiQ ·_ I 
f\N. _. N\ 

0 

--(.) 

0 
Q) 

a: 

-4 

~ Pt (100) 
OPt(lll) 
• Pt (13, 1.1} 
• Pt (10,8, 7) 

2x10 ~~~--~~--~~----~----~~~ 
1.5 1.7 1.9 

1000/T (K- 1) 

XBL 817-6093 

Fig. 3.8 



-() 
Q) 
(I) 

E 
0 .... 
0 
.... 
a.. 
"o-

Q) -0 
E -
Q) .... 
0 
a:: 
c: 
0 .... 
() 

0 
Q) 

169 

Temperature (oC) 

350 300 260 
0.06r---__;~----=-;:;~---=.;:;..:;... 

-3 
10 

n- Hexane Reaction Pt (13,1,1) 

H2/HC=IO 

Ptot = 220 Torr 

a:: 2xiQ4.___ __ _..__ __ ---~.. ___ ""--__ __. 
1.5 1.7 

1000/T (K-1) 
1.9 

XBL817-6098 

Fig. 3.9 



170 

~--~--~------T----r~T-~----r---~ ~ 

-
~ -a... 

' c: 
0 
,._ 
u 
c 
Q,) 

0.:: 
Q,) 

c: 
0 
)( 
Q,) 

:c 
I 

c: 

•o 

~ 
~ 

~ 
00 

11 C\J 
U(.O 

~~~ 
C\1 0 

:T:c:L 

0 • [J <l 

-

,..._ . 

U1 . 

-
-
I­

' 0 
0 
0 

0 .­. 
M . 
Cl ..... 

LJ... 



-0 -1 
~ 10 

E 
0 ... 
c 
..... 
Cl. 
.......... 
en 

.S:? 
:::J 
0 
Q) 

0 
E -
Q) -2 
0 10 a:: 
c 
0 

:+:: 
0 
c 
(1) 

a:: 

171 

Temperature (° C) 

420 360 300 

n-Hexane Conversion 

H
2

/HC=30 

Ptot620 Torr 

Pt (10,8,7) 

o-

-3 2 X 10 1.~,_4 ___ ..,!______;_ _ ____li.6-----'----I..J....B __ __J 

-I 
1000/T (K ) 

Fig. 3.11 

XBL 818-1099 



-' (,) 
Q) 
en 

E 
0 ...... 
0 -a_ 

' (.) 
Q) 

0 
E ......... 
Q) ...... 
0 

a:: 
c 
0 

...... 
(.) 

c 
Q) 

0:: 

-2 
10 

-3 
10 

172 

n- C6HI4...., 2: < C6 

Pt (10, 8, 7) 

641K 

n-CsHr4 .... ® 
PHc= 20Torr 

100 1000 100 1000 
Hydrogen Pressure (Torr) 

XBL 817-6100 

Fig. 3.12 



300 350 400 450 
Reaction Temperature (°C) 

XBLSIG-5914 

Fig. 3.13 



3.0 

2.0 
Bz 

MCP l.O 

174 

n- Hexane. Selectivity 

275 

ti Pt (100} 

o Pt (Ill} 

e Pt (10, 8,7} 

~ P t (13, I, I } 

(oC) 

325 375 

0--~----~----~----~----~~ 
2.0 

2MP 
3MP I.O 

0 

250 

H2/HC = 10 

Ptot= 220 Torr 

300 

Temperature (°C) 

350 

X BL 817-6136 

Fig. 3.14 



40 

-<.0 u 
I 
c. 

~ 
20 

0 

Q) 

0 
E ......... 

0 
~ -> -u 
Q) 

Q) 40 
CJ) 

0 -c 20 H 

0 

r--

i--

1-

1-

n- Hexane Selectivities 573 K 

Pt(lll) 

-

--

Pt(l0,8, 7) 

- -

-

2:<C6 iso-c;, MCP Bz 

Fig. 3.15 

Pt (100) 

-

....... 

I 

Pt {13, 1,1) 

-

-

I 
~ < C6 iso-C6 MCP Bz 

XBL817-6108 

....... 
-.....! 
U1 



176 

n-Hexane Selectivities 

673 K, H2/HC = 30, Ptot= 620 Torr 

40 - Pt (10, 8, 7) -

- 20 <0 - ~ 

u 
I 
c:: 
~ 

0 0 

~ 
0 
E -
~ 40 

Pt(lll} - --:~--u 
<V 

20 Q) - -
(/) 

0 
0 ·--·-c: ..... 

40 
Pt (100) 

- -

20 ...._ -

0 
L <C6 iso-C 6 MCP Bz 

XBL 817-6107 

Fig. 3.16 



177 
Structure Sensitivity of n -Hexane 

Hydrogenolysis Selectivity 
H2 /HC = 10, Ptot = 220 Torr 

24~----~----~--~--~-------------------

20 

.... 16 
~ 

.. 
'­
<U 

Q; 12 
E 

.o 
'-
0 
a.. 
c: 
0 
en 
en 

8 

lL. 4 

-~-- --
""-Statistical Splitting Mf = 10 

__ _L Terminal Splitting Mt =_!___ __ 

0~----~----~------~----~----~~--~ 
250 300 350 400 

Reaction Ternperatu re ( °C} 

XBL 8l7- 6085 

Fig. 3.17 



178 

C\1 

0 
a) .. 

• 0 
0 w 
"¢' I ,...., 

~ 

co 
...J 
m 
X 

~ 
~ 

~ -ou 0 o-
0 l() 
(.0 ~ ~Q) 

~ ~ 
II ~ ::s co 

~' ,...., 
~ - . 

0 ~ 
0 (\") 

0 ~ . 
Q) C) 

C\J 0 Q, 
.,... • Ll... 

C\J E 
II ~ 
0 
:a: og a.. 

0 O·.;: 
~u 

0 
Q) - a:: 

0 -..... a.. 

0 
0 
l{) 

0 00 (.0 ~ C\J 0(\j 

JIN 'Ja~aWOJDd U 0! S S!.:f 



i 
I . 

- 15 n- C6H14 Isomerization Pt(IOO) 556·K 
E Pt(IOO) H2/HC=IO 
0 ~ +- 573 K Ptot = 220 Torr 0 
+-
o_ 

' Q) 10 
:J 
(.) 
Q) ..... ......, - ~ 

0 
E ........__ 

+-
5 (.) 

:J 
""0 
0 
L 

o_ 

30 60 90 120 0 30 60 90 120 

Reaction time (minutes) 
Fig. 3.19 

XBL 818-1103 



8.0 

0 
·.;: 6.0 
0 

a:: 
(f) 

w 
<I 4.0 
.I'-

~ -a.. 
'), 2.0 

t\j 
u 0 

Surface, Carbon After n· Hexane Reaction Studies 

H2/HC = 10-30 

PHC=20 Torr 

A Pt (100) 
o Pt (Ill) 
• . Pt (10,8,7) 
~ Pt(l3,1,1) 

' ~ 
0~ 

0~ 

0 

0 
~ • 

• 

0 ~----~----~----~------~----~----~ 
.250 300 350 400 

Reaction Temperature ( °C) 

Fig. 3.20 XBL 817-6119 

__, 
00 
0 



181 

15t Order 
I 

2 Order 

Ro 

0.04 
AN~@ /VV~@ 

0 150 0 

Time(min) Time112 (min112) 

XBL818-1108 

Fig. 3.21 

-r---- ----



182 

Temperature (°C) 
360 300 250 0 1.0 ---~..;;;.._---...=;....;;~----~...., 

Q) 
(/) 

E _g 
0 -a. 
~ 
~ 
0 
E -
~ 0.1 
0 
a: 
c: 
0 -(..) 

0 
Q,) 

a:: 

0 

H2/'HC = I 0 
Ptot = 220 Torr 

6 Pt (100) 
A P t {13, I, I) 
0 Pt(lll) 
e Pt (10, 8, 7) 

IV\/ ~Hexenes 

0.01~----~----~----~----~~ 
1.5 1.6 I. 7 1.8 1.9 

1000/T ( K -I ) 

XBL817-6140 

Fig. 3.22 



-u 
Q) 
(/) 

E 
0 -0 -a_ 

' u 
Q) -
0 
E -
Q) -0 

a:: 
c:: 
0 -u 
0 
Q) 

a:: 

-I 
10 

102 

183 

n-Hexane Cyclization 
Structure Sen si ti vi ty 

573 K 

H2/HC = 10 

Ptot = 220 Torr 

o-

(10,8,7) (Ill) (100) (13,1,1) 
Crystal Orientation 

X BLSI6- 5916 

Fig. 3.23 



-·o 
()' 
..... 

Comparison between model and 
practical catalysts for n-hexane 
conversion at 300° C and I atm. 

60 r- Pt (Ill) 
H2 /HC=30 

0 2 °/o Pt/Si 02 
H2 /HC =II 

Santacessaria et. al. 
~ 40f-

·-> ..... 
(.) 

Q) 20 f­
(1) 

(f) 

Fig. 3.24 

16 °/o Pt /Si 02 
H2 /HC=I7 

Po nee et. al. 



dNE 
dE. 

( orb.) 
units 

100 200 

185 

573 K 

x2 

s 450 550 
Energy (eV) 

X 8 L 817-6139 

Fig. 3 .• 25 



186 

3.2. Structure and Temperature Dependence of n-Butane; Isobutane, and 
Neopentane Skeletal Rearrangement Catalyzed on Platinum Single 
Crystal Surfaces 

3.2.1. Background 

Bond-shift isomerization of c4-alkanes is perhaps the simplest 

class of metal-catalyzed hydrocarbon skeleta_l rearrangement reactions. 

Among all Group VIII metals, platinum is a uniquely selective catalyst 

for these intrigueing, intramolecular (21) rearrangements (33). The 

extraordinary catalytic behavior of platinum has been attributed to 

several factors including the d-spacing of the metal (62) and the 

"orbital occupancy" of the almost-filled platinum d-bands which allows 

for easy promotion of £ electrons into higher energy electronic states 

(63,64). A more complete understanding of this reaction chemistry at 

a predictive level will require detailed information about the struc-

ture sensitivity of the reaction pathway on an atomic scale that may 

serve as a basis for further theoretical analysis. Unfortunately, all 

previous investigations of metal-catalyzed isomerization reactions have 

been carried out using practical catalysts (i.e., films, powders, and 

supported catalysts) where the surface structure was heterogeneous and 

the surface composition was not known. To circumvent these diffi­

culties surface analysis techniques have been developed in this 

laboratory (Chapter 2) which permit the kinetics of catalyzed reactions 

to be investigated on small area metal single crystal surfaces that 

possess well-defined atomic structure and surface composition. This 

section describes studies of n-butane, isobutane, and neopentane 

skeletal rearrangement reactions catalyzed on a series of initially 
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clean platinum single crystal surfaces with variable terrace, step, 

and kink structures. The studies were carried out near atmospheric 

pressure at temperatures between 540 and 640 K. We have observed that 

the flat (100) and stepped (13,1,1) platinum surfaces that contain high 

concentrations of contiguous (100) microfacets possess an exceptional 

ability to catalyze bond shift rearrangement in simple alkanes. The 

rates of competing hydrogenolysis reactions that involve C-C bond 

rupture displayed less dependence on surface structure, although the 

hydrogenolysis product distributions varied markedly with terrace 

structure. 

3.2.2. Results 

lsobutane Isomerization, Dehydrogenation, and Hydrogenolysis. 

The isomerization, dehydrogenation, and hydrogenolysis of isobutane 

were investigated over the flat (100) and (111), stepped (13,1,1), and 

kinked (10,8,7) platinum surfaces at temperatures between 540 and 

640 K. Standard pressures used for these reactions were 20 Torr 

isobutane and 200 Torr hydrogen. Product accumulation curves deter­

mined as a function of time for isobutane isomerization and hydro­

genolysis catalyzed at 573 K are compared for the four platinum 

surfaces in Fig. 3.26. The rate of reaction at any time is given by 

the slope of the product accumulation curve at that time. Initial 

reaction rates and fractional isomerization selectivities calculated 

from these data are summarized together with carbon coverages 

determined by AES following the reactions in Table 3.5. Hydrogenolysis 

and isomerization both displayed significant structure sensitivity. 



Table 3.5. Initial reaction rates,, selectivities, and carbon coverages determined for isobutane 
reactions catalyzed at 573 Kover Pt(100}, Pt(111), Pt(13,1,1), and Pt(10,8,7) (a). 

Catalyst 

Pt(lOO) 

Pt(111) 

Pt(13,1, 1) 

Pt( 10,8, 7) 

Initial Rates at 573 K 
(molec./Pt atom sec) 

(:1:20 percent) 
Hydrog. Isom. Dehydrog. 

0.0047 0.22 ~ 0.45 

0.0036 0.032 ~ 0.40 

0.0055 0.20 ~ 0.40 

0.014 0.060 ~ 0.90 

(a) H2/HC = 10, Ptot = 220 Torr. 

(b) Sisom. = Risomi(Risom. + Rhydrog.). 

(c) Carbon atoms per surface Pt atom. 

Activation Energy 
(kcallmole) 

Hydrog. Isom. 

35 15 

16 13 

Sisom (b) 
(mole percent) 

98 

90 

97 

81 

C/Pt (c) 
(:1:25 percent) 

1.1 

1.5 

1.2 

1.4 
__, 
00 
00 



Table 3.6. Summary of carbon coverages and deactivation-order parameters (a) for isobutane 
reactions catalyzed over Pt(10,8,7) and Pt(100) (b). 

Pt(10,8, 7) 

nisom. nhydrog. C/Pt (c) nisom. 
T(K) (:t:0.3) (=0.3) (=15 percent) T(K) (=0.3) 

543 1.0 1.0 0.8 561 1.0 

573 1.0 0.8 1.4 573 0.8 

603 0.5 0.5 2.5 590 1.0 

643 0.4 0.4 3.7 611 0.8 

(a) The order parameter n is defined by Rt = R0 exp(-atn). 

(b) H2/HC = 10, Ptot = 220 Torr. 

(c) Carbon atoms per surface platinum atom. 

Pt(lOO) 
nhydrog. 
(=0.3) 

1.0 

0.8 

0.7 

0.7 

C/Pt (c) 
(:t:25 percent) 

1.1 

1.9 

2.1 
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Differences in initial rates between the least and most active crystal 

faces varied from a factor of four for hydrogenolysis to over a factor 

of six for isomerization. The order of activities for isomerization 

followed the sequence Pt(100) ~ Pt(13,1,1) > Pt(10,8,7) > Pt(111), 

while the hydrogenolysis rates decreased in the order Pt(10,8,7) > 

Pt{13,1,1) ~ Pt(100) ~ Pt(111). 

Auger analysis of the surface composition following these reaction 

studies revealed the build-up of a partial monolayer of strongly chem­

isorbed carbonaceous species (1.1-1.5 carbon atoms per surface platinum 

atom). No ordering in this layer could be detected by LEED. The slow 

but continuous deactivation that was observed for the hydrogenolysis 

and isomerization reactions over all four surfaces indicates that at 

least part of the carbon deposit was bound irrev~rsibly as a deac­

tivating residue. The rate of deactivation was similar for both 

reactions and appeared to be essentially independent of surface 

structure. 

Isobutane underwent dehydrogenation as well as isomerization and 

hydrogenolysis under these reaction conditions. The-dehydrogenation 

reaction produced equilibrium concentrations of isobutene within 15-30 

min over all four platinum surfaces. Product accumulation curves for 

the dehydrogenation reaction catalyzed on the {10,8,7) platinum surface 

are shown at several reaction temperatures in Fig. 3.27. Since the 

dehydrogenation reaction was already close to equilibrium when the 
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first gas sample was injected into the gas chromatograph, initial 

dehydrogenation rates could not be determined accurately. As such 

the apparent dehydrogenation rates included in Table 3.5 represent a 

lower limit to the actual dehydrogenation rate. Despite these thermo­

dynamic constraints, it is clear from Table 3.5 that the initial 

dehydrogenation rates were at least 2-6 times higher than the initial 

isomerization rates. 

Arrhenius plots for isobutane isomerization and hydrogenolysis 

catalyzed on the (100)·and (10,8,7) platinum surfaces are compared in 

the lower half of Fig. 3.28. Apparent activation energies estimated 

for reaction temperatutes below about 600 K are summarized in 

Table 3.5. The temperature dependence of the isomerization and hydro­

genolysis rates was markedly different on the two platihum surfaces. 

Isomerization activity on Pt(100) displayed a maximum at about 600 K 

and then decreased continuously with increasing temperature. The 

activation energy for hydrogenolysis was a substantial 35 ~ 5 kcal/mole. 

The (10,8,7) platinum surface displayed lower activation energies 

(12-18 kcal/mole) for both reactions, and no rate maxima were detected 

as a function of temperature. 

The kinetic selectivity for isomerization over hydrogenolysis is 

shown as a function of temperature for the (100) and (10,8,7) platinum 

surfaces in the upper half of Fig. 3.28. The isomerization selectivity 

was maximized at low temperatures and decreased drastically with in­

creasing temperatures above about 580 K. Isomerization selectivity on 

the (100) surface displayed a maximum value of 57 at 561 K that was 
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about 14 times higher than that for Pt(10,8,7). At the highest 

temperatures studied ( 630 K), the rates of isomerization and 

hydrogenolysis tended to become equal on both surfaces. 

Product accumulation curves for isobutane hydrogenolysis and 

isomerization catalyzed on the (10,8,7) platinum surface are compared 

at several temperatures in Fig. 3.29. The rate of deactivation in-

creased with increasing reaction temperature. Increasing deactivation 

rates were accompanied by an increasing surface coverage by strongly 

bound carbonaceous species. Several different kinetic models were 

investigated to describe the deactivation kinetics that assumed that 

the deactivation was half, first, or second order with respect to time. 

Figure 3.30 compares data for isobutane hydrogenolysis catalyzed on 

Pt(10,8,7) at several temperatures using the half~ and first-order 

deactivation schemes. At the lowest temperatures studied (540-560 K), 

the deactivation was well described by the first order model (Rt = 

R
0
exp(-at)), whereas at higher temperatures the deactivation dis­

played a fractional order time dependence; i.e., Rt = R
0
exp(-atn), 

n < 1. Best fit orders for the deactivation reaction where determined 

from order plots (not shown) of ln(lnRt- lnR
0

) versus lnt. These 

values are summarized for isomerization and hydrogenolysis at several 

temperatures in Table 3.6 along with carbon coverages that were 

measured by AES ·following the reactions. It is clear that the order 

of the deactivation reaction decreased with increasing reaction 

temperature. The apparent activation energy for deactivation was 

estimated from the slopes of deactivation plots like those shown in 
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Fig. 3.30. Arrhenius plots for the deactivation rate constants, a, 

assuming first- and half-order deactivation are compared for hydro­

genolysis over Pt(10,8,7) in Fig. 3.31. Carbon coverages determined 

by AES are also shown as a function of 1/T. The apparent activation 

energies for carbon deposition (-12 kcal/mole) and deactivation (10-21 

kcal/mole) were equal within the experimental uncertainty. 

Product distributions for isobutane hydrogenolysis catalyzed over 

the four platinum surfaces are summarized at several temperatures in 

Table 3.7. Fission parameters calculated from these distributions are 

shown as a function of temperature in Fig. 3.32. The (111) and 

(10,8,7) platinum surfaces that are mostly composed of hexagonal (111) 

microfacets displayed fission parameters smaller than one under all 

conditions. The (100) and (13,1,1) platinum surfaces that are mostly 

composed of square (100) microfacets always displayed fission parame­

ters that were in the range 2-6. The (100) and (13,1,1) surfaces 

always produced more ethane and less methane and propane as compared 

to the (111) and (10,8,7) platinum surfaces. The enhanced ethane pro­

duction rate appears to result from selective internal hydrogenolysis 

of an isomerization intermediate. Based on the low conversions of 

these experiments (<0.2 percent), the relative rates iso- and n-butane 

hydrogenolysis, and adsorption equilibrium constants reported by Maurel 

et al. (56) the possibility that secondary reactions of n-butane pro­

duced in isomerization contribute to these distributions can be ruled 

out. 
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Table 3.7o Product distributions for isobutane hydrogenolysis catalyzed over 

platinum single crystal surfaces (a) 

Hydrogenolysis Hydrogenolysis 
Distribution Distribution 

(moles) (moles) 
Surface T(K) c1 c2 c3 Surface T(K) c1 c2 c3 

Pt(100) 561 43 31 16 Pt(111) 573 55 11 34 

573 40 38 22 Pt( 10,8, 7) 543 65 6 29 

590 34 40 26 573 64 10 26 

611 40 36 24 603 71 7 22 

633 28 44 28 603 71 10 24 

Pt(l3,1,1) 573 30 48 22 643 67 10 23 

(a) H2/HC = 10 Ptpt = 220 Torr. 
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n-Butane Isomerization, Dehydrogenation, and Hydrogenolysis. The 

isomerization, dehydrogenation, and hydrogenolysis of n-butane were 

investigated on the (100), (111), and (13,1,1) platinum surfaces at 

573-615 K with H2/HC = 10 and Ptot = 220 Torr. Product accumula-

tion curves determined as a function of time at 573 K are compared in 

Fig. 3.33 for the isomerization and hydrogenolysis reactions catalyzed 

on the initially clean platinum surfaces. Following 70-90 min reaction 

time at 573 K, the samples were heated to 615 K for an additional 

40-60 min so that selectivities could be determined at a higher tem­

perature. Initial turnover frequencies at 573 K, fractional isomeri­

zation selectivities at 573 and 615 K, and surface carbon coverages 

determined following the reactions at 615 K are summarized in 

Table 3.8. Isomerization of n-butane at 573 K displayed substantial 

structure sensitivity that was similar to that observed for isobutane 

isomerization. The (100) and (13,1,1) platinum surfaces exhibited 

isomerization activities that were at least three times higher than 

that for Pt(111); [Pt(13,1,1) ~ Pt(100) > Pt(111)]. The hydrogenolysis 

and dehydrogenation reactions displayed very little structure sensi­

tivity [Pt(13,1,1) ~ Pt(100) ~ Pt(111)]. The initial dehydrogenation 

rates reported in Table 3.8 represent lower limits to the absolute 

dehydrogenation rates which could not be measured directly because of 

thermodynamic constaints. The dehydrogenation reactions produced 

equilibrium concentrations of 1-, cis-2-, and trans-2-butenes within 

about 20 min over all three surfaces. The relative concentrations of 
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Table 3.8. Initial reaction rates, selectivities, and carbon coverages 
measured for n-butane reactions catalyzed over Pt(100), 
Pt(111), and Pt(l3,1,1) (a). 

Initial Rates at 573K 
(molec/Pt atom sec)(=20%) Sisom(mole %) 

Catalyst 

Pt(100) 

Pt(111) 

Pt(13,1,1) 

Hydrog. 

0.0098 

0.0071 

0.0098 

Is om. 

0.037 

0.013 

0.046 

(a) H2tHC = 10, Ptot = 220 Torr. 

Dehydrog. 573K 

?:0.48 79 

?:0.45 65 

?:0.48 82 

615K 

52 

27 

56 

(b) Carbon atoms per surface platinum atom (=25 percent). 

C/Pt (b) 

at 615K 

1.7 

2.0 

2.7 
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l-C4H8, cis-2-C4H8,and trans-2-C4H8 were 1:4.0-4.5:4.0-4.6 and 

1:1.9~2.0:2.3-2.5 at 573 and 615 K, respectively. In spite of these 

thermodynamic effects, the initial dehydrogenation rates appeared to 

be at least ten times faster than hydrogenolysis and isomerization. 

Because the dehydrogenation reaction was influenced by thermodynamic 

effects, it was not considered in the calculation of isomerization 

selectivities. Fractional isomerization selectivities calculated on 

the basis of the hydrogenolysis and isomerization rates varied from 

65 to 82 mole percent at 573 K and decreased markedly to 27-56 mole 

percent at 615 K. 

Product distributions and fission parameters for n-butane 

hydrogenolysis are summarized in Table 3.9. At 573 K, the (111) 

surface exhibited a statistical hydrogenolysis distribution whereas 

the (100) and (13,1,1) platinum surfaces displayed much higher 

selectivities for scission of the internal C-C bond. 

Neopentane Isomerization and Hydrogenolysis. The isomerization 

and hydrogenolysis of neopentane were investigated over the same 

platinum crystal surfaces under identical reaction conditions. Product 

accumulation curves determined as a function of reaction time at 573 K 

are compared for isomerization and hydrogenolysis in Fig. 3.34. 

Initial reaction rates, selectivities, and surface carbon and sulfur 

coverages measured after the reactions are tabulated in Table 3.10. 

In striking contrast to the ~4-alkane reactions, surface structure 

had very little influence on the initial rates and selectivities of 

the neopentane reactions. The fractional selectivity for isomerization 

was alw·ays i·n the ·ra:ng.e o:; :Sl-89 :pe:rcent, a-nd the ·difference lJ;n i·n·itial 
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Table 3.9. Product distributions and fission parameters for n-butane 

hydrogenolysis over platinum single crystal surfaces (a). 

Catalyst T(l() 

Hydrogenolysis Distribution 

c1 
~moles) 

c2 c3 Mf~ 

Pt{100) 573 23 58 19 5.9 
615 25 50 25 5.0 

Pt(111) 573 40 30 30 2.2 
615 38 30 32 2.4 

Pt(13,1,1) 573 33 49 28 3.5 
615 36 45 29 3.3 

(a) H2/HC = 10, Ptot = 220 Torr. 



Table 3.10. Initial reaction rates, fractional isomerization selectivities, n-pentane to isopentane ratios, and 
surface carbon and sulfur coverages determined at 573 K for neopentane reactions catalyzed over 
platinum single crystal surfaces (a). 

Initial Rates (molec/Pt atom sec) 
Catalyst Isomerization Hydrogenolysis 

Pt(100) 0.18 0.024 

Pt(ll1) 0.11 0.015 

Pt(13,1,1) 0.20 0.024 

Pt(l0,8, 7) 0.20 0.026 

(a) H2/HC = 10, Ptot = 220 Torr. 

(b) Carbon atoms per surface Pt atom (~20 percent). 

(c) Sulfur atoms per surface Pt atom (z40 percent). 

(d) At 615 K. 

sisom. (mole percent) 

88 

87 

89 

88 

n-C5/i-C5 

0.16 

0.03 

0.14 

0.02 

C/Pt (b) 

1.0 

1.9 (d) 

1.9 (d) 

1.0 

S/ Pt (c) 

0.06 

0.04 

0.05 

0.06 
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rates between the least active (111) and most active (10,8,7) platinum 

surfaces was less than a factor of two for both isomerization and 

hydrogenolysis. The selectivity in isomerization for n-pentane pro­

duction was the only feature of the neopentane reaction chemistry that 

displayed notable structure sensitivity. While the (111) and (10,8,7) 

platinum surfaces yielded only 2-3 percent n-pentane in isomerization, 

the (100) and (13,1,1) surfaces produced 12-14 percent n-pentane. 

Thus, the (100) and (13,1,1) surfaces displayed a marked preference 

for two consecutive bond shift rearrangements during a single residence 

on the surface. 

Arhenius plots for neopentane hydrogenolysis and isomerization 

catalyzed on the (10,8,7) platinum surface are compared in Fig. 3.35. 

For temperatures below about 600 K, both reaction pathways displayed 

normal Arrhenius behavior with activation energies in the range of 50-

55 kcal/mole. At higher temperatures no further increase in initial 

rates was detected. Product accumulation curves are compared at 

several temperatures in Fig. 3.36 for isomerization and hydrogenolysis 

catalyzed on the (10,8,7) platinum surface. As with the n-hexane and 

c4-alkane reactions, the rate of deactivation increased with in­

creasing reaction temperature. Deactivation was accompanied by the 

deposition of about 1 monolayer of strongly chemisorbed carbonaceous 

species (Table 3.10). 

Fission parameters and initial product distributions for 

neopentane hydrogenolysis are compared at several temperatures for the 

four platinum surfaces in Table 3.11. The (100) and (13,1,1) surfaces 
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Table 3.11. Initial product distributions and fission parameters for 
neopentane hydrogenolysis catalyzed on the (100), (111), 
(13,1,1), and (10,8,7) platinum single crystal 
surfaces (a). 

Hydrogenolxsis Distribution (moles) 
Temp. 

c c c i-C · M 
Catalyst (K) 1 2 3 4 f 

Pt(100) 573 39 13 15 33 2.7 

Pt(111) 573 49 5 4 42 1.3 
615 45 12 15 28 2.2 

Pt(l3,1,1) 573 40 11 13 36 2.5 
615 31 24 23 22 4.5 

Pt(l0,8,7) 543 58 4 11 27 1.0 
573 58 4 6 32 1.0 
604 51 7 16 26 1.6 ,;( 

(a) H2/HC = 10, Ptot = 220 Torr. 

··~ 
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exhibited a higher selectivity for multiple hydrogenolysis and/or 

internal splitting of isomerization intermediates, as these surfaces 

produced more ethane and propane and less methane as compared to the 

(111) and (10,8,7) platinum surfaces. As a result the fission 

parameters ~ere largest for the (100) and (13,1,1) platinum surfaces. 

3.2.3. Discussion. 

Structure Sensitivities of Alkane Skeletal Rearrangement: 

a) Isomerization. Significant differences in bond shift 

isomerization activity were detected for platinum single crystal 

surfaces with different atomic structure~ Figure 3.37 summarizes 

initial rates as a function of crystallographic orientation for n­

butane, isobutane, and neopentane isomerization catalyzed at 573 K. 

Isobutane and n-butane isomerization displayed maximum rates on the 

(100) and (13,1,1) platinum surfaces that were at least 3-5 times 

higher than the rates of the same reactions catalyzed over Pt(111) and 

Pt(10,8,7). High concentrations of (100) microfacets were required 

for high catalytic activity in butane isomerization. By contrast, 

neopentane isomerization activity displayed little dependence on 

platinum surface structure. This difference may be related to the fact 

that sulfur contamination was detected by AES only after the neopentane 

reaction studies. While the sulfur contamination was always small 

(3-6 percent of a monolayer, Section 2.6, Table 3.10), it could likely 

alter the structure sensitivity of this react-ion pathway (Section 5.2). 

Since olefin intermediates could not form during neopentane reactions 

prior to skeletal rearrangement, different degrees of substitution for 
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the reacting hydrocarbons could also contribute to the different 

structure sensitivities for neopentane and butane isomerization. 

Olefin formation occurred readily during isobutane and n-butane 

reaction studies (Tables 3.5 and 3.8). 

Results for n-hexane isomerization catalyzed over the same four 

platinum surfaces are also included in Fig. 3.37. The absence of 

structure sensitivity for this reaction was discussed in the previous 

section in terms of an isomerization mechanism that was dominated by 

c5-cyclic intermediates. These intermediates were not possible 

during light alkane skeletal rearrangement. 

The order of isomerization activities at 573 K for the different 

hydrocarbons followed the sequence neopentane ~ isobutane > n-butane > 

n-hexane. While this order varied slightly with surface structure, it 

tends to indicate that isomerization rates increase with increasing 

degree of substitution and decreasing molecular weight. Further 

studies using additional hydrocarbons would be worthwhile to confirm 

this correlation. 

The structure sensitivities reported here for butane isomerization 

compare favorably with results reported by Anderson and Avery (21) for 

the same reactions catalyzed under similar conditions over oriented 

platinum films with (100) and (111) surface structure (T = 540-580 K, 

H2/HC = 12, Ptot = 48 Torr). These workers observed higher iso­

merization activities on the oriented (100) films, and the differences 

in rates between (111) and (100) films were comparable to those 

described here for single crystal surfaces. Table 3.12 compares 
• 
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catalytic activities and selectivities determined in this research at 

573 K with those reported for oriented films and other types of 

platinum catalysts, e.g., unoriented films, powders, and Pt/Si02• 

the initially clean single crystal surfaces always displayed much 

higher catalytic activities than practical platinum catalysts. 

The absence of significant structure sensitivity for neopentane 

isomerization appears to be in good agreement with results reported by 

Fager and Anderson (35) for neopentane reactions catalyzed at 530-600 K 

over Pt/Si02 catalysts (Table 3.12). While isomerization selectivity 

increased significantly in their studies when the average metal parti­

cle size was varied between 10 and 70A, the isomerization rates changed 

by only a factor of two with no clear correlation with average metal 

particle size. Boudart and co-workers (34) have reported more signif­

icant variations in neopentane isomerization activity for a series of 

platinum catalysts with different supports and widely varying dis­

persion (Table 3.12). However, catalysts which experienced the same 

pretreatment usually displayed similar isomerization rates in good 

agreement with the results reported here. 

Our results clearly indicate that the structure sensitivity of 

alkane isomerization depends markedly upon th~ structure of the reac­

ting hydrocarbon. When structure sensitivity was detected, it 

originated primarily from -the atomic structure of the (100) or (111) 

terraces. Steps and kinks that were present in high concentrations on 

the (13,1,1) and (10,8,7) platinum surfaces increased the isomerization 

rates only slightly as compared to the flat low index surfaces. The 
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structure sensitivity of isobutane isomerization diminished rapidly 

with increasing reaction temperature. 

b) Hydrogenolysis. Hydrogenolysis activities determined at 573 K 

as a function of crystallographic orientation are shown for isobutane, 

n-butane, neopentane, and n-hexane in Fig. 3.38. In all cases but 

isobutane, the hydrogenolysis rates displayed little dependence on 

platinum surface structureQ However, at 573 K, the kinked (10,8,7) 

surface was several times more active than the other platinum surfaces 

for isobutane hydrogenolysis. At lower temperatures, kink sites on 

the (10,8,7) surface appeared to be uniquely effective for this c-c 

bond breaking reaction. However, this difference in rates decreased 

sharply with increasing temperature (FigQ 3.28). Differences in 

hydrogenolysis rates for hydrocarbons with different structure were 

significantly smaller than those measured for the competing 

isomerization reactions. 

The absence of significant structure sensitivity for the rates of 

alkane. hydrogenolysis is somewhat surpris.ing in view of results pre­

viously reported for isobutane (21), n-butane· (21), and neopentane 

(34) reactions catalyzed over oriented films and supported platinum 

catalysts. The pioneering work of Anderson and Avery (21) indicated 

that platinum films with (100) orientation were considerably (2-15 

times) more active than (111) platinum films for isobutane and n-butane 

hydrogenolysis (Table 3.12). Boudart and co-workers (34) noted 

similar, large changes in neopentane hydrogenolysis activity for a 

series of supported catalysts with widely varying dispersion. More 



Table 3.12. Comparison between model and practical catalysts for liqht alkane skeletal rearrangement 
react ions. 

Total Rate (a) 
Catalyst H2/HC Ptot(Torr) T(K) (molec/Pt atom sec) sisom.(mole percent) Ref. 

Jsobutane Reaction: 
Pt(100) 10 220 573 0.23 98 

Pt(lll) 10 220 573 0.036 90 

Pt-film (100) 12 48 573 O.Oll 59 21 
Pt-f ilm ( 111) 12 48 573 1.3xlo-3 83 21 
Pt-film ll.S 38 633 -o.o3 73 65 
Pt-powder 20 210 650 -4xlo-4 73 66 
n~Butane Reaction: 
Pt(lOO) 10 220 573 0.047 79 
Pt(lll) 10 220 573 0.020 65 
Pt-f ilm (100) 12 48 573 0.020 16 21 
Pt-f i 1m ( 1ll) 12 48 593 9xlo-3 40 65 

7xlo-4 N 
Pt-fi 1m ll.S 38 573 22 66 0 

0'1 
Neo~entane Reaction: 
Pt(lOO) 10 220 573 0.20 88 
Pt(lll) 10 220 573 0.13 87 

. Pt/Si02 
(d = lOA) 20 760 573 -o.ol4 36 35 
(d = 40A) 20 760 573 -o.023 47 35 
(d = 70A) 20 760 573 -0.013 60 35 
Pt/A1 203 (0=0.73) 10 760 580 5xlo-3 60 34 
Pt/Si02 (0=0.17) 10 760 580 0.017 23 34 
Pt-powder (0-10-2) 10 760 580 8xlo-4 90 34 

(a) Isomerization plus hydroqenolysis. 
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recently, Fager and Anderson {35) reinvestigated neopentane 

hydrogenolysis catalyzed on a series of Pt/Si02 catalysts with 

average metal particle sizes varied etween 10 and 70'A. In this case, 

the hydrogenolysis rates displayed little dependence on catalyst dis­

persion {Table 3.12)·. The latter observation appears to compare most 

favorably with the results reported here for single crystal surfaces. 

However, all these comparisons should be considered cautiously since 

the surface compositions of the practical catalysts were not known and 

their catalytic activities were always lower than those measured for 

clean platinum. Surface impurities such as carbon and strongly bound 

subsurface oxygen always exert a profound influence on hydrogenolysis 

activity {Chapters 4 and 5). 

Selectivity: The light alkane reaction studies have confirmed 

that platinum is an excellent dehydrogenation catalyst {28). Whenever 

dehydrogenation was possible {isobutane, n-butane, n-hexane) this 

reaction pathway was at least 3-50 times faster than the sum rate of 

all skeletal rearrangement reactions. Under our conditions {H2/HC = 

10, T = 540-630 K), hydrogenation-dehydrogenation equilibrium was 

established within minutes over all four platinum surfaces {Figs. 2.2 

and 3 .27). 

At lower reaction temperatures {~570 K), the initially clean 

platinum single crystal surfaces displayed extraordinary selectivities 

for isomerization versus hydrogenolysis. These selectivities are com­

pared in Table 3.12 with those reported previously for other types of 

platinum catalysts. The single crystal surfaces consistently displayed 
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higher isomerization selectivities than practical catalysts. A 

maximum isomerization selectivity of about 98 percent was observed 

for isobutane isomerization catalyzed over Pt(100) at 560 K. At 573 

Ks the isomerization selectivities decreased in the order isobutane > 

neopentane·> n-butane. Selectivities for n-butane and isobutane 

isomerization decreased markedly with increasing temperature 

(Fig. 3.28), although with neopentane, the selectivity displayed 

little temperature dependence. 

The drastic changes in butane isomerization selectivity with 

increasing temperature can best be explained if (1) a common surface 

intermediate exists for both reaction pathways, but the activation 

energy for hydrogenolysis is higher than that required for isomeriza­

tion (as observed), or (2) hydrogenolysis and isomerization result from 

surface intermediates with different hydrogen content (composition); 

hydrogenolysis intermediates have lower hydrogen content and are 

favored at high temperatures. Both effects probably operate simul­

taneously. The fact that isobutane isomerization catalyzed on the 

(100) platinum surface displayed a maximum rate at about 590 K suggests 

strongly than expanation (2) is appropriate in this case. The same 

reasoning was used in the previous selection to interpret changes in 

n-hexane reaction selectivity as a function of reaction conditions. 

The fractional selectivity for neopentane isomerization was always 

in the range 78-90 percent independent of platinum surface structure 

and the reaction temperature. These selectivities were generally much 

higher than those reported previously for other types of platinum 
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catalysts (Table 3.12). Fager and Anderson (35) noted that 

isomerization selectivity for Pt/Si02 catalysts increases with in­

creasing average metal particle size. A limiting selectivity of about 

90 percent was proposed for platinum surfaces that consist entirely of 

(111) microfacets. Our results certainly tend to confirm this 

suggestion. More importantly, we have clearly shown that high isomer­

ization selectivity is not restricted to (111) surfaces. All initially 

clean platinum surfaces that contain high concentrations of contiguous 

(111) ~ (100) microfacets appear to display very high isomerization 

selectivity. 

The selectivity for n-pentane production during neopentane 

reaction studies displayed a marked dependence on platinum surface 

structure. This unique reaction required two consecutive bond-shift 

rearrangements during a single residence on the platinum surface. It 

occurred readily only on the (100) and (13,1,1) platinum surfaces that 

contained high concentrations of (100) microfacets. In this case con­

secutive rearrangement accounted for about 15 percent of the total 

isomerization activity. Since the structure sensitivity of this reac­

tion closely paralleled that for isobutane isomerization, it appears 

likely that isopentane intermediates are important in the reaction 

pathway leading to multiple rearrangement. Muller and Gault {42) have 

previously reported that consecutive rearrangements take place during 

isomerization reactions of dimethylbutanes catalyzed at 540-570 K over 

platinum films. 
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Hydrogenolysis Product Distributions. Significant differences in 

hydrogenolysis selectivity were detected for platinum single crystal 

surfaces with different atomic structure. Hydrogenolysis of n-butane 

at 573 K was mainly characterized by single C-C bond breaking events 

that were accompanied by 2~5 percent hydrocracking (n-C4 ~ 4C1). 

Approximate C-C bond rupture probabilities were 

Pt(100) Pt(111) Pt(l3,1,1) 

Cl-C2 0.20 0.34 0.26 

C2-C3 0.60 0.33 0.48 

C3-C4 0.20 0.33 0.26 

The (111) platinum surface lead to statistical C-C bond breaking, 

whereas the (100) surface displayed a clear preference for scission of 

the internal c-c bond. The (13,1,1) surface with (111) steps and (100) 

terraces displayed intermediate behavior. Possible explanations for 

the different selectivities were proposed in the previous section in 

connection with studies of n-hexane hydrogenolysis catalyzed over the 

same platinum surfaces. 

A more complicated series of reaction steps involving multiple 

c-c bond breaking events and skeletal rearrangement prior to hydro­

genolysis was apparent during isobutane hydrogenolysis. The product 

distributions for Pt(lll) and Pt(10,8,7) could be described by a series 

of successive demethylation processes where single c-c bond scission 

(i-C4 ~ c3 + c1) represented 65-80 percent of the total hydrogenolysis 

reaction. Similar product distributions were reported previously by 
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Dowie (65}, Guczi (66}, and Anderson (21) and co-workers for isobutane 

reactions catalyzed over platinum films. However, demethylation could 

only account for 45-55% of the hydrogenolysis products produced on the 

(100} and (13,1,1) platinum surfaces. In this case, ethane yields were 

always much too high to be represented by consecutive demethylation. 

Since conversions were always too low to allow for secondary reactions, 

a reasonable explanation for this unique selectivity appears to involve 

rearrangement to a surface intermediate with a structure like n-butane 

prior to hydrogenolysis, i.e., 

)- __.. [;v] 
ads 

(1) 

This process appears to be responsible for the unusually high fission 

parameters that were determined for isobutane hydrogenolysis catalyzed 

or the (100} and (13,1,1) platinum surfaces (Figure 3.29}. 

A similar analysis is applicable to neopentane hydrogenolysis. 

In this case demethylation represented 75-90 percent of the reaction 

over Pt(111) and Pt(10,8,7} but only 65-75 percent of the reaction over 

Pt(100) and Pt(13,1,1). Over the (100) and (13,1,1) platinum surfaces, 

ethane and propane were produced in yields that were again too high to 

be accounted for by consecutive demethylation. The formation of these 

hydrogenolysis products is expected only if skeletal isomerization 

precedes hydrogenolysis, i.e., 

(2) 
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While the·product distributions determined for neopentane 

hydrogenolysis on Pt(lll) and Pt(l0,8,7) compare closely with those 

. reported previously for Pt~films and Pt/Si02(2ls35), the product 

distributions for Pt(lOO) and Pt(l3,1,1). appear to be unique to single 

crystal surfaces with high concentrations of (100) microfacetso 

Nature of the Bond Shift Mechanism. A variety of one- and 

two-site mechanisms have been postulated (20-22, 34, 39, 67-69) for 

. bond shift rearrangement of small alkanes on platinum (or palladium). 

With one notable exception (22), all the proposed single site mechan-

isms involved a,y-adsorbed species that are heterogeneous analogs of 

platinacyclobutanes (70-74). The latter compounds have attracted much 

interest because of their ability to undergo a facile skeletal 

rearrangement (reaction 3), 

( 3) 

which appears to be very closely related to bond shift isomerization 

(71,73,74) (L =pyridine, R =methyl (73), phenyl (74)). Reaction 

pathways that were proposed for heterogeneous isomerization are 

summarized in scheme I with isobutane taken as an example. Each 

pathway has been reviewed critically elsewhere (20,26,27,75). The 

essential requirements of reactions 4, 6, and 7 are the transient 

existence of hydrocarbon intermediates with bridging methylene or 

methyl groups. Non rigorous calculations (20,76,77) suggest that. 

these species are stabilized by multicenter bonds as in (I) 
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/ 

1l / 

(4) Anderson-
Avery (Ref. 21) 

(5) Gault (Refs. 
67,68) 

( 6) McKervey-
Rooney (Ref. 22) 

(7) Rooney (Ref. 20) 

XBL 818-11302 

Scheme I. Possible mechanisms for isobutane isomerization 
catalyzed on platinum. 
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LI) 

and partial charge tr.ansfer from the•adsorbed species to the metal. 

Photoemission studies of energy level shifts (78) and work function 

changes (79,80) that accompany hydrocarbon chemisorption have shown 

that charge transfer does take place, that it is particularly marked 

in the case of platinum, and that it is reasonable in this case to 

think of surface intermediates with partial carbonium ion character. 

The Rooney mechanisms (reactions 6 and 7) that involve bridging methyl 

groups in transient olefin or ~-allyl systems {20,22) appear to be 

closely related to the "concerted" mechanism proposed by Puddephatt 

and coworkers (73) in their studies of the homogeneous rearrangement. 

Reactfon 8 involves formation of a discrete c3-cyclic intermediate 

followed by edge-to-edge isomerization and ring opening (73). 

Reaction 9 requires interconversion to a carbene-olefin surface 

complex followed by rotation of the olefin and reformation of an 

isomeric surface species (39,69). The latter, metathesis-like (81) 
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rearrangement has been dismissed as improbable in both the homogeneous 

and heterogeneous reactions because (1) the homogeneous rearrange­

ment is accompanied by complete retention of stereochemistry (71,73), 

(2) platinum is not known to catalyze metathesis (75,81), and 

(3) isomerization was accompanied by only little hydrogenolysis 

which would be expected in higher yields if complete c-c bond 

scission intervened. 

The key question naturally arises whether the structure 

sensitivities reported here for iso- and n-butane isomerization can be 

related to any of the previously proposed reaction mechanisms. The 

answer appears to be yes. The (100) and (13,1,1) platinum surfaces 

have accessible ~ (and R) orbitals which emerge from the surfaces with 

appropriate angles and symmetries to form half-reaction states such as 

that depicted in (I). However, in the absence of extensive sp-d 

hybridization, the (111) surface and the terraces of the (10,8,7) 

surface do not possess such easily accessible orbitals. This is shown 

in Figure 3.39 which compares the directions of emergence of the t 2g 

and eg orbitals from the (100) and (111) surfaces of an fcc metal 

(82). Only those orbitals which project out of the surface plane are 

indicated. In the bulk each of the 12 lobes of the atomic d-orbitals 

with t~ symmetry overlaps with one lobe from a nearest neighbor 

atom that results in the formation of a collective t 2g band of 

~-electron energy states. The remaining 6 lobes for the d-orbitals 

with eg symmetry are directed towards next-nearest atoms which pro­

duces a more localized band of eg electronic states. Both bands are 
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split by intraatomic exchange (83), and the widths, positions, and 

occupancies of the ~-bands have been considered explicitly elsewhere 

(84-87). The important points here are that (1) the same d-orbital 

symmetries are maintained at the surface, (2) the d-orbitals can be 

accurately r~garded as localized, quasi-atomic like. in character (88), 

and (3) neither d-band is completely filled, i.e., both types of d­

orbitals are suitable for bonding with adsorbates. The (100) platinum 

surface has an eg-orbital projecting normal to the surface and 

t 2g-orbitals that emerge at 45° which are most suitable for the 

formation of intermediates such as (I). By contr~st, the (111) 

platinum surface has no £ (or £) orbitals which project either normal 

to the surface or in the direction of nearest neighbors. In this case, 

strong metal-hydrocarbon interaction appears to require a-bonded sur­

face species where a carbon atom becomes nested in the 3-fold hollow 

sites as observed for the stable ethylidyne surface species (Pt3 C-CH3) 

chemisorbed on Pt(lll) (52,53). Stabilization of bridging species like 

(I) on Pt(lll) appears to require a more complex bonding interaction 

involving a linear combination of t 2g-orbitals centered on two or 

more metal atoms. 

The actual situation for the surface electronic structure under 

reaction conditions is undoubtedly far more complex than that suggested 

by this simplistic model which, at most, can help to guide one's 

thinking. Local crystal field effects at the surface determine the 
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occupations of the individual d-bands which generally differ from those 

for the bulk (64, 89). Recent ab initio calculations for nickel sur­

faces, for example, revealed that the surface d-bands are narrowed and 

more completely filled as compared to the bulk d-bands (64)~ Moreover, 

s-d hybridization appeared to become pronounced in the vicinity of the 

Fermi energy {64). Such hybridization could result in the production 

of new surface orbitals which are uniquely suited for catalysis of 

bond-shift rearrangement. 

Deactivation Kinetics and Formation of Surface Carbon. The light 

alkane reaction rate studies were always accompanied by continuous 

deactivation. The deactivation rates displayed little dependence on 

surface structure and increased with increasing temperature. The 

deactivation kinetics for isobutane reactions catalyzed over Pt(lOO) 

and Pt(l0,8,7) were correlated with the emperical rate expression 

Rt = R0 exp(-atn) where the order parameter n.decreased from one 

at 550-570K to about 0.5 at 610-640K. A possible explanation for these 

deactivation kinetics was discussed in the preceding section in con­

nection with n-hexane reaction studies on the same four platinum sur­

faces. The change in apparent order for the deactivation reaction was 

related to a change in the morphology of the carbonaceous deposit from -

2-dimensional at low temperatures to 3-dimensional at high tempera­

tures. The same conclusion appears to be applicable to the light 

alkane reaction studies. The only significant difference in deactiva­

tion behavior between the light alkane and n-hexane reaction studies 

was in the amount of carbon deposited. At any given temperature, less 
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carbon was deposited during light alkane reaction studies, although 

this difference became small at high temperatureso 
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FIGURE CAPTIONS 

Fig. 3.26 ,Product accumulation curves determined as a function of 

reaction time at 573K for isobutane isomerization (left 

frame) and hydrogenolysis (right frame) catalyzed over 

platinum single crystal surfaces. 

Fig. 3.27 Product accumulation curves determined at several 

temperatures (H2/HC = 10, Ptot = 220 Torr) for 

isobutane dehydrogenation catalyzed over the kinked 

(10,8,7) platinum surface. 

Fig. 3.28 Arrhenius plots (lower frame) and kinetic selectivities 

(upper frame) for isobutane isomerization and hydro­

genolysis, catalyzed over the flat (100} and kinked 

(10,8,7) platinum surfaces. 

Fig. 3.29 Product accumulation curves determined at several reaction 

temperatures for isobutane isomerization (left frame) and 

hydrogenolysis (right frame) catalyzed over Pt(10,8,7). 

Fig. 3.30 Comparison between first-order and half-order deactivation 

models for isobutane hydrogenolysis catalyzed on the kinked 

(10,8,7) platinum surface. The reaction temperatures were 

543K (o), 573K (•), 605K (~) and 643K (o). 

Fig. 3.31 Arrhenius plots for the deactivation rate constants, a, 

determined for isobutane hydrogenolysis reactions catalyzed 

over Pt (10,8,7). A comparison is made between the first 

and half-order deactivation models, and the c273 /Pt237 
AES peak-to-peak height ratio is also shown as a function 

uf 1/L 
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Fig. 3.32 Fission parameters determined as a function of reaction 

temperature for isobutane hydrogenolysis catalyzed over 

platinum single crystal surfaces. 

Fig. 3.33 Product accumulation curves determined as a function of 

time for n-butane isomerization (left frame) and 

hydrogenolysis (right frame) catalyzed at 573K over 

platinum single crystal surfaces. 

Fig. 3.34 Product accumulation curves measured as a function of 

reaction time for neopentane isomerization (left frame) 

and hydrogenolysis (right frame) catalyzed at 573K over 

platinum single crystal surfaces. 

Fig. 3.35 Arrhenius plots for neopentane isomerization and hydro­

genolysis catalyzed over Pt (10,8,7). 

Fig. 3.36 Product accumulation curves measured at several temper­

atures for neopentane reactions catalyzed over Pt (10,8,7). 

Fig. 3.37 Structure sensitivities of alkane isomerization reactions 

catalyzed over platinum single crystal surfaces. 

Fig. 3.38 Structure sensitivies of alkane hydrogenolysis reactions 

catalyzed over platinum single crystal surfaces. 
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Fig. 3.39 Representations of the d-orbitals emerging from the (111) 

and (100) surfaces of an fcc metal (after Bond (82)). 

Darkened regions represent eg orbitals that emerge at 

36° and 90° with respect to the surface plane for Pt(111) 

and Pt(lOO), respectively. Cross-hatched regions 

correspond to t 2g orbitals that emerge at 54° and 45° 

with respect to the surface for Pt(111) and Pt(lOO), 

respectively~ Not shown are in plane t 2g orbitals that 

are directed towards nearest neighbors and in plane eg 

orbitals that are directed toward~ next-nearest neighbors 

(Pt(lOO)). 
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3.3 Correlation of Cyclohexene Reactions on Platinum Crystal Surfaces 
Over A 10-0rder of Magnitude Pressure Range. Variations of 
structure Sensitivity, Rates, and Reaction Probabilities 

3.3.1 Background 

The reactions of cyclohexene at low total pressures 

(1o-8-1o-5 Torr) over platinum crystal surfaces have been investi­

gated extensively (29,30). The hydrogenation and dehydrogenation 

reactions appear to be structure sensitive as indicated by the striking 

variations in catalytic behavior that are displayed by crystal surfaces 

of different atomic structure. At much higher pressures (10-103 Torr) 

over silica supported platinum catalysts, Boudart and co-workers (90) 

have convincingly shown that cyclohexene hydrogenation is structure 

insensitive. The change of the reaction rate dependence on surface 

structure as the pressure is increased indicates that the reaction 

mechanism has changed. In order to explore how the reaction mechanism 

was altered, the catalyzed hydrogenation and dehydrogenation of cyclo­

hexene was investigated over 10-orders of magnitude pressure range, 

from 10-8-102 Torr. Our catalyst was a stepped Pt(223) single 

crystal with a surface area of about 1 cm2• The atomic surface 

structure of this sample consists of terraces of (111) orientation that 

are 5 atoms wide, separated by steps, one atom in height and of (100) 

orientation. The structure and composition of the surface was moni-

tared by low energy electron diffraction (LEED) and Auger electron 

spectroscopy (AES) before and after the reaction studies, in situ, in 

the reacti~n chamber. 

Our results indicate that at low reactant pressures the reaction 

· .occur.s .on .an j,nitially .clean .plattnum surface .and the :ki,neti.c.s are 
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characteristic of the uncovered metal. The catalyst deactivates 

rapidly however, due to the build-up of a monolayer of strongly bond 

carbonaceous species on the metal surface. At high reactant pressures 

(~1o-1 Torr) platinum displays high, steady state catalytic activity 

in the presence of this carbonaceous overlayer which forms within 

seconds and usually persists in quasiequilibrium with gas phase 

hydrogen. It appears that while the hydrogenation and dehydrogenation 

of cyclohexene are structure sensitive on the clean platinum surface 

at low pressures these reactions may become structure insensitive in 

the presence of this carbonaceous deposit at high reactant pressures. 

This explains in part, the pressure dependence of the structure 

sensitivity of these reactions. 

The turnover numbers increase by four to six orders of magnitude 

for the dehydrogenation and hydrogenation reactions, respectively, as 

the reactant pressure is increased f~om 10-8 to 102 Torr. The 

reaction probabilities however, decrease by orders of magnitude with 

increasing pressure. Thus, the platinum surface becomes much less 

efficient to catalyze the surface reactions at high pressures. 

3.3.2 Results and Discussion 

The Build-up of the Carbonaceous Overlayer. Adsorption isotherms 

obtained at high and low pressures for cyclohexene chemisorption on 

the stepped (223) platinum surface are shown at several temperatures 

in Figure 3.40. The surface coverages were determined by AES 
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(c237 !Pt237 = 2.8 represents e = 1), and 1 Langmuir (L) corresponds 

to a gas exposure of lo-6 Torr sec (uncorrected for ion gauge sen­

sitivity). Also shown are benzene and hydrogen thermal desorption 

spectra obtained after the low pressure-exposures. While the surface 

coverage by adsorbed species increased little on going from lo-7 to 

10 Torr, the surface coverage increased sharply with increasing 

temperature. As discussed in chapter 4, similar behavior was displayed 

by all types of hydrocarbons regardless of their structure, viz. 

ethylene, isobutane, neopentane, cyclohexene, n-hexane, n-heptane, and 

benzene. Following cyclohexene chemisorption at 300K, about 

70-80 percent of the adsorbed species could be desorbed 11reversibly11 

at -370K in the molecular form as benzene. However, the bonding became 

much less reversible with increasing adsorption temperature. For 

adsorption temperatures above 400K, the bonding was effectively 

irreversible as the adsorbed layer then decomposed on further heating 

in vacuum with the evolution of hydrogen and only traces of benzene or 

other hydrocarbons. At higher adsorption temperatures the saturation 

coverage continued to increase, but the hydrogen content of the layer 

clearly diminished. After adsorption at temperatures higher than 

650K, the adsorbed species no longer retained detectable amounts of 

hydrogen. 

The temperature dependent cyclohexene bonding characteristics can 

be correlated with the catalytic behavior that was displayed during 

cyclohexene hydrogenation and dehydrogenation at both high and low 

react.ant p.r.essures. .Product accumulation curves measu.r.ed as a 
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function of reaction time for cyclohexene hydrogenation catalyzed over 

the (322) platinum surface are shown in Figure 3.41 for a total pres­

sure of 77 Torr (H2/HC = 10). At 300K, where cyclohexene chemisorbed 

reversibly, the product cyclohexane accumulated linearly as a function 

of time with no sign of deactivation. Continuous self-poisoning was 

observed at slightly higher temperatures corresponding to a gradual 

build-up of dissociatively absorbed species with multiple metal-organic 

bond multiplicity. Removal of these species by rehydrogenation 

appeared to occur slowly compared with the initial hydrogenation rate 

for clean platinum. At 450 K, a nearly complete monolayer of the 

strongly adsorbed species formed within minutes even in the presence 

of 70 Torr of hydrogen. Under these conditions, the rate of cycle­

hexane formation appeared to be partially controlled by the rate of 

intermolecular hydrogen transfer between the adsorbed species that 

covered the platinum surface. The rate of cyclohexane formation on 

the partially deactivated surface (2-4 molec/Pt atom sec at 425 K) 

corresponded closely with the initial rate of cyclohexene dispropor­

tionation in the complete absence of hydrogen, i.e., 

+@) (1) 

At 423 K with PHc = 10 Torr, for example, disproportionation displayed 

an initial turnover frequency of 3 molec/Pt atom sec and an activation 

energy of 17 : 5 kcallmol·e. The 'r-eaction p-roduced ,60 percent benez,ene 

and 40 percent cyclohexane. Product accumulation curves for the dis­

proportionation reaction catalyzed at 43H K a·re s"hown in :Figure 3A:2 .• 
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Cyclohexane disproportionation is an excellent example of a hydrocarbon 

conversion reaction that must take place by intennolecular hydrogen 

transfer. The importance of this reaction pathway is reconsidered for 

other hydrocarbon molecules in Chapter 4. 

In Figure 3.43 the rate of cyclohexane dehydrogenation at low 

reactant pressures (-lo-6 Torr) is compared as a function of time with 

the build-up of the strongly bound carbonaceous surface species. The 

rate of deactivation at low reactant pressures correlated closely with 

the build-up of the carbonaceous deposit. The rapid self-poisoning 

demonstrates that the irreversibly adsorbed species were particularly 

effective in blocking sites that catalyze dehydrogenation. Reaction 

rates reported hereafter for low pressure reactions correspond to the 

maximum values that were obtained before the build-up of the carbon 

deposit. The catalytic activity observed at low pressures is clearly 

representative of the initially clean platinum surface. At high pres­

sures, the initially clean platinum surface rapidly becomes covered by a 

monolayer of reversibly and irreversibly chemisorbed species. The 

catalytic behavior displayed during hydrogenation and dehydrogenation-is 

given characteristic of an extensively precovered platninum surface. 

In Figure 3.44 initial turnover frequencies measured for the 

hydrogenation reaction as a function of temperature over the stepped 

crystal surface are compared with those reported by Segal et al. (90) 

for dispersed platinum. The two sets of data agree well supporting the 

view (90)_that the reaction at high pressures in structure insensitive. 
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The apparent activation energy for hydrogenation was 5.0 = 0.5 kcal/mole 

on the stepped surface at 77 Torr. 

The transition of the active platinum surface from being clean to 

continuously covered by the carbonaceous deposit was accompanied by a 

change from structure sensitive to structure insensitive catalytic 

behavior for the hydrogenation of cyclohexene. A change in mechanism is 

also indicated by the changing apparent activation energy for this 

reaction. It was less than 1 kcal/mole at low pressures while it was 

about 5 kcal/mole at high pressureso Similarly, the apparent activation 

energy for the dehydrogenation of cyclohexene was at least 8 kcal/mole 

at 77 Torr, while it was near zero at low pressures in the same temper­

ature regime. A more pronounced increase in apparent activation energy 

with increasing pressure has also been observed during cyclohexane 

hydrogenolysis and dehydrogenation (28,30). The apparent activation 

energy for metal-catalyzed hydrocarbon reactions always appears to 

increase with increasing reactant pressures (33). 

The Hydrogenation and Dehydrogenation Rate of Cyclohexene Over a 

Ten Order of Magnitude Pressure Range. Turnover frequencies and reaction 

probabilities determined at 425 K for the hydrogenation and dehydro­

genation of cyclohexene in excess hydrogen are summarized in Figure 4.45. 

All the results were obtained using the stepped Pt(223) single crystal 

catalyst. The error bars at low pressures span the range of structure 

sensitivity for 2-6 different platinum crystal faces. Overall, the 

turnover numbers for hydrogenation and dehydrogenation varied by factors 

of 107 and 104, respectively, for a 109-fold increase in the cyclohexene 
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pressure. The fraction of reacting molecules that underwent 

dehydrogenation to benzene decreased from 94-100 percent at low 

pressure to just over 1 percent at a total pressure of 77 Torr. The 

dehydrogenation reaction probability- that is, the fraction of in­

cident cyclohexene ·.·mol ec-u 1 es ·.that were convereted tQ . benzene-declined 

markedly from -0.05 at 10-7 Torr to less than 10-6 at 77 Torr. By 

contrast, the hydrogenation probability varied by only about two orders 

of magnitude (-lo-3 - lo-5) over the entire range of pressure, 

surprisingly exhibited a minimum at a total pressure of 10-2-lo-1 Torr 

and thereafter increased with increasing total pressure. I~ the 

pressure range of increasing reaction probability the hydrogenation 

rate was 1.3 order with respect to total pressure. 
-

The enormous decline in the dehydrogenation probability with 

increasing pressure is mainly associated with the lengthy mean reaction 

time which was required for the dehydrogenation and desorption pro-

cesses to occur. The 2-5 minute induction period observed before 

appreciable benzene desorption in our low pressure experiments (cf. 

Figure 3.43) indicates that the mean reaction time was on the order of 

10 sec at 425°C and certainly no shorter than lo-1 sec. When the 

cyclohexene pressure was. 10-7 Torr, the dehydrogenation probability 

was high (~0.05) because the time required for adsorption, surface 

reaction, and product transport away from the surface was short in 

comparison to the period between collisions of the reactant molecules 

with the surface (ca. 1o-14 sec cm2 at 10-7 Torr). At higher pressures 

the ,dehydrogenation·.efficiency decre.ased rapidly a.s the :intercollision 
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period became much shorter than the mean reaction time. Under these 

conditions most of the surface sites where chemical reactions take 

place were continuously covered by adsorbed species. As a result, most 

of the incident hydrocarbon molecules scattered or desorbed from the 

surface before reactions could take place. 

In order to assure that thermodynamic equilibrium considerations 

do not influence the kinetic data shown in Figure 3.45, the equilibrium 

constants and conversion concentrations of cyclohexene and benzene were 

calculated at low pressures (-1o-7 Torr) and high pressures (77 Torr) 

at two temperature, 300 K and 425 K. These data are listed along with 

turnover frequencies in Table 3.13. It can be seen that at 425 K there 

was no thermodynamic boundary conditions that influenced the rates 

reported tn Figure 3.45 with the possible exception of the low pressure 

hydrogenation reaction. 

There could be another reason, in addition to the presence of the 

carbonaceous deposit, for the change of hydrogenation mechanism and 

reversal in selectivity at higher pressures. Reactive, weakly adsorbed 

hydrgeon (with heats of adsorption in the range of 8-10 kcal/mole) is 

identifiable on platinum only at pressures that exceed -10-1 Torr 

(91-94). At about this pressure the cyclohexene hydrogenation proba­

bility began to increase, and hydrogenation became the prevailing 
\ 

reaction pathway. While weakly adsorbed hydrogen hydrogenates benzene 

readily (92,95), studies by Basset et al. (92) indicate that strongly 

chemisorbed hydrogen (-AHa~ 15 kcal/mole) does not add to benzene 

at all or at least not-at an 'easily accessible rate. More general 
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Table 3.13. Equilibrium constants and turnover frequencies for cyclohexene 
reactions catalyzed at high and low pressure over Pt(223) 

Reaction T(K) TNa 

low P 

Hydrogenation 300 3-8x1o-6 

425 

Dehydrogenation 300 

3-8x1o-6 

2x1o-4 

4x1o-4 425 

TNa 1ogb c:q 
high P low P 

2.8 13.08 99.9 

33 

0.4 

6.95 0.8 

-3e96 99.9 

0.65 99.9 

a ceq 
high p 

99.9 

99.9 

0.2 

99.7 

a) Turnover frequencies (uncertainty= 10 percent) and equilibrium 
conversions referred to initial pressures of 6x1o-8 Torr c6H10 and 
6xlo-7 Torr H2 at low P; 7 Torr c6Hio and 70 Torr H2 at high P 
(1 Torr= 133 N m-2). 

b) Referred to ideal gas state at 1 atm (96). 
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considerations (33) suggest that at pressures of practical application 

this new type of weakly adsorbed hydrogen is responsible for most, 

perhaps all, metal-catalyzed hydrogenation reactions. Reversibly 

chemisorbed hydrogen must also be present under low pressure reaction 

conditions. However, the surface concentration, a, at 10-6 Torr will 
-AH /RT 

be exceedingly small because its residence time, T = T
0
e a = 

10-8 - 10-5 sec, is short compared to the period between H2 collisions 

with the surface (1/F ~ lo-15 sec cm2 at 10-6 Torr), so that a = F is 

less than -1010 cm-2; i.e., less than 10-3 percent of a monolayer. At 

high pressures the steady state concentration of weakly adsorbed 

hydrogen will become appreciabl~ as a result of the increased H2 
flux, and as a consequence, hydrogenation may become kinetically 

facile. 
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· FIGURE CAPTIONS 

·3 o40 ~ Low and high pres sure adsorption isotherms determined using AES 

for cyclohexene chemisorption on the stepped (322) platinum 

surface (upper frame). Benzene (lower left frame) and hydrogen 

(lower right frame) thermal des_orption spectra obtained follo~ing_ 

the low.pressure exposures at the indicated temperatures are also 

shown. 

3.41. Product accumulation versus reaction time for cyclohexene 

hydrogenation over Pt(223) at several temperatures. Rapid 

sampling was facilitiated by the combined use of a mass 

·spectrometer and gas chromatograph._ 

3.42. Product accumulation curves determined as a function of reaction 

time for cyclohexene disproportionation catalyzed at 438 K. 

3.43. A comparison at 150°C of the cyclohexene dehydrogenation rate 

over Pt(223) at low pressures with the simultaneous build-up 

of the irreversibly chemisorbed carbonaceous overlayer. A 

c273 tPt237 ratio of 2.8 corresponds to monolayer coverage. 

3.44. Arrhenius plot for cyclohexene hydrogenation over Pt(223). For 

comparison the results of Segal, Madan, and Boudart (90) are 

included for PHC = 13 Torr and PH = 76 Torr. 
2 

3.45. Correlation of cyclbhexene reaction rates and reaction 
-

probabilities over 10-orders of magnitude pressure range. The 

reactions were performed at 425 K over the stepped Pt(223) 

crystal surface with H2/HC = 10. 
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3.4 Deuterium Exchange Reactions of n-Hexane, n-Heptane, and Isobutane 
Catalyzed Over Platinum Single Crystal Surfaces 

3.4.1 Background 

Isotopic exchange reactions catalyzed over platinum between 

alkanes and deuterium gas have been investigated extensively in order 

to understand the energetics of C-H bond breaking processes which 

accompany dissociative hydrocarbon chemisorption on platinum. Exchange 

product distributions reported for propane {97), n-butane (65), 

pentanes (97), hexanes (97), and heptanes (97) revealed high selec­

tivities for multiple exchange reactions in which several (often all) 

hydrogen atoms are replaced by deuterium during a single residence on 

the surface. Notable exceptions occurred only for molecules such as 

methane (98) and neopentane (99)) which contain only primary hydrogen 

atoms and often display maximum selectivities for exchange of a single 

hydrogen atom. While the multiplicity of deuterium exchange reactions 

can often reveal valuable information about the structure and com­

position of exchange reaction intermediates (75)), with few exceptions 

(65,100), the exchange reactions have been studied at temperatures that 

were lower than those rerquired for catalyzed hydrocarbon conversion 

reactions to occur at measurable rates, and the exchange kinetics were 

not investigated over a wide range of temperature and deuterium 

pressure. 

The primary purpose of this section is to show that reaction rate 

studies carried out in deuterium at higher temperatures can be highly 

·revealing H the kinetics of hydrocarbon conversion reacti-ons are 

studied simultaneously with hydrocarbon--deuterium exchange. This 

:section ;descr'i'bes reacti-on k.li~n'et'ics and product d i·stribut·tons that we·re 

/· 
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measured for n-hexane, n-heptane, and isobutane deuterium exchange 

reactions catalyzed over the flat (111) and kinked (10,8,7) platinum 

single crystal surfaces. The studies were carried out near atmospheric 

pressure at temperatures between 500 and 650 K. Under these conditions 

hydrocarbon conversion to hydrogenolysis~ isomerization, and cycliza­

tion products occurred simultaneously with deuterium exchange. 

Substantial inverse deuterium isotope effects that were detected for 

the hydrocarbon conversion reactions are reported in Section 3.5. 

Several new features of the alkane-02 exchange reactions have 

been identified. Under our reaction conditions deuterium exchange 

appears to be structure-insensitive, and the kinetics appear to be 

controlled by the rate of dissociative deuterium chemisorption on the 

platinum surfaces that are always partially covered by strongly chemi­

sorbed carbonaceous species. The exchange product distributions 

display little dependence on temperature, o2-pressure, and surface 

composition. Under all conditions deuterium exchange occurs more 

rapidly than hydrocarbon conversion reactions. 

3.4.2 Results 

n-Hexane-02 Exchange Kinetics. Isotopic exchange reactions 

between n-hexane and deuterium gas were catalyzed over the flat (111) 

and kinked (10,8,7) crystal faces of platinum at temperatures between 

508 and 658 K with total pressures ranging from 100 to 620 Torr. Total 

product accumulation curves measured as a function of reaction time 

for Pt(10,8,7) with o2tHC = 10, and Ptot = 220 Torr are shown at 

several temperatures in Figure 3.46. There are two important features: 
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(1) the initial exchange rate was nearly constant over a wide range of 

temperature, and (2) self-poisoning caused by strongly chemisorbed 

carbonaceous species became increasingly pronounced with increasing 

temperature. The same catalytic behavior was observed for the flat 

{111) platinum surface. Initial exchange rates measured for both 

surfaces are compared as a function of temperature in Figure 3.47. 

Initial exchange activities were high with turnover frequencies in the 

range of 2-7 hexane molecules converted per surface platinum atom per 

second. Close agreement {=30 percent) was found for the initial rates 

determined over both surfaces. Also shown in Figure 3.47 are 11 Steady 

staten exchange rates measured as a function of temperature after 2-1/2 

to 3 hours of reaction. The exchange rates at the longer reaction 

times decreased markedly with increasing temperature because of the 

build-up of disordered carbon deposits on the platinum surface {as 

determined by AES). This is shown clearly in Figure 3.48 where the 

steady state rates are plotted as a function of (1-eHC), the fraction 

of surface not covered by carbonaceous species. Surface coverages by 

carbonaceous species were estimated from Auger spectra recorded 

immediately after the reactions using a c273!Pt237 peak--to-peak 

height ratio of 4.4 as one monolayer. This peak height ratio cor­

responds to 3.0 (=15 percent) carbon atoms per surface platinum atom 

(section 2.6). Steady state rates for both surfaces displayed a 

1.6 = 0~4 order dependence on the concentration of vacant platinum 

sites determined in this manner. 
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Exchange rates measured for the (10,8,7) platinum surface as a 

function of o2 pressure with the temperature held constant at 573 K 

are shown in Figure 3.49. The initial exchange rate displayed a 

first-order (1.1 ::1:: 0.3) dependence on deuterium pressure. The same 

reaction order for deuterium was obtained when the final rates at the, 

end of the reactions were corrected for surface carbon coverage by 

dividing by the factor (1-eHC)1•6• 

n-Hexane-02 Exchange Selectivity. Initial product distributions 

for n-hexane-02 exchange were dominated by single exchange of one 

hydrogen atom (C6H13o) and complete exchange of all 14 hydrogen 

atoms (c6o14) under all reaction conditions. Multiple exchange 

processes always accounted for 70-85 percent of the total exchange 

reaction. Figure 3.50 shows initial isotopic distributions for 

Pt(l0,8,7) that were determined at several different deuterium pres­

sures with the temperature held constant at 573 K. Exchange product 

distributions determined as a function of reaction temperature for both 

platinum surfaces are summarized in Table 3.14. The kinetic selec-

tivity for complete exchange over single.exchange is shown as a 

function of temperature in the lower half of Figure 3.51. To com­

pensate for isotopic dilution effects, complete exchange has been 

represented by the sum d12 + d13 + d14 • The kinetic selectivity 

for complete exchange displayed a maximum value of about 3 at tempera­

tures between 550 and 590 K. The average number of deuterium atoms 



Table 3.14 !nit ial product distributions for n-hexane-deuterium exchange catalyzed over Pt(111) and Pt(10,8,7) (a). 

Initial Distribution (Mole percent) 

Catalyst T(K) d1 d2 d3 d4 d5 d6 d7 d8 d9 d1o dll d12 dl3 d14 

Pt(lll) 533 27 2.8 2.1 1.6 1.8 1.9 1.8 1.4 1.5 2.8 2.8 3.1 14 33 
553 21 3.1 1.8 2.0 2.1 2.1 2.1 1.5 2.6 3.0 2.2 3.5 15 38 
573 20 4.2 2.7 2.3 2.3 2.5 2.1 0.7 1.0 1.9 3.2 4.4 15 37 
593 17 5.2 3.1 2.9 2.9 3.3 3.2 2.9 2.9 2.9 4.2 4.2 12 34 
638 17 6.2 3.6 3.5 3.6 3.7 3.7 3.5 3.5 3.5 4.1 4.3 ll 29 

Pt(l0,8,7) 508 25 4.5 3.2 1.6 1.5 1.3 1.2 1.3 1.5 2.1 2.5 3.2 14 36 
533 23 3.8 2.7 1.7 1.6 1.6 1.3 1.3 1.6 1.6 2.1 2.6 14 41 
573 24 5.3 1.5 1.4 1.3 1.5 1.5 1.4 1.6 1.6 2.0 2.3 12 43 

N 
593 17 8.1 6.0 2.9 3.1 2.9 3.1 2.9 2.9 2.9 3.2 3.5 10 29 01 

623 23 5.7 2.3 2.2 2.4 2.4 2.2 2.3 2.3 2.3 1.9 1.9 9 35 
......., 

658(b) 23 8.2 3.1 3.0 3.3 3.4 3.1 3.0 3.0 3.0 2.1 2.9 7 32 

5731(b) 14 3.4 3.0 2.5 2.5 2.6 3.0 3.4 3.5 3.5 3.8 4.2 10 39 
623

1 
22 4.8 2.8 2.3 2.2 2.2 2.2 2.4 2.9 2.9 3.2 4.0 8 38 

a) D2/HC = 10, Ptot = 220 Torr 
b) Restart experiment over carbon covered platinum 
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incorporated, M, displayed a similar dependence on reaction temperature 

as shown in the upper half of Figure 3.51. Exchange product distri-

butions deterined in 11restart 11 reactions carried out over platinum 

surfaces already covered with carbonaceous deposits from previous 

reaction sutdies were-·not significantly differ.ent from those measured 

for the initially clean platinum surfaces (Table 3.14). 

Isobutane and n-Heptane-D2 Exchange. Results for the exchange 

of isobutane and n-heptane with deuterium catalyzed over Pt(10,8,7) at 

573-623 K are summarized in Table 3.15. The order of exchange reaction 

rates at 573 K followed the sequence isobutane > n-hexane ~ n-heptane. · 

Exchange product distributions for isobutane and n-heptane are compared 

in Table 3.16. Both reactions were characterized by mostly single or 

complete exchange with small contributions (1-5 percent) by all other 

possible multiple exchange products. 

Composition of the Carbonaceous Deposits Thermal desorption 

studies were carried out following the deuterium exchange reactions in 
~ 

order to investigate the composition of the strongly chemisorbed 

hydrocarbon species which remained bonded on the platinum surfaces. 

Deuterium thermal desorption spectra recorded after n-hexane reaction 

studies over Pt(10.8,7) at 508 and 658 K are shown in Figure 3.52. 

The strongly adsorbed species that were deposited during the reactions 

contained mostly deuterium (>90 percent) with very small amounts of 

residual hydrogen. Sequential dehydrogenation and decomposition of 

the carbonaceous species took place in two or more steps with broad 

desorption peak maxima centered at 460 and 640 K. 
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Table 3.15 Reaction rates, average number of deuterium atoms 
incorporated, and surface carbon coverages measured for 
isobutane and n-heptane deuterium exchange catalyzed over 
Pt( (10,8,7} (a). 

Temperature Exchange Rates (molec/Pt atom sec). Cs/Pt (b) 

(K) Initial at 120 min. M (:!:15%~ 

Isobutane 

573 27 11 8.0 0.7 

n-heptane 

573 3.5 1.3 10.0 2.2 

591 3.0 0.7 9.6 2.8 

623 1.4 0.2 8.9 3.4 

a) D2/HC = 10, Ptot = 220 Torr 

b) Carbon atoms per surface platinum atom. 



Table 3.16 Product distributions for isobutane and n-heptane deuterium exchange catalyzed over Pt(l0,8,7)(a) 

Initial Distribution (Mole ) 

Reactant T(K) dl d2 d3 d4 d5 d6 d7 da d9 dlO dll dl2 dll dl4 dl5 dl6 

i-C4Hl0 573 12 2.2 1.5 3.4 1.2 3.3 0.7 1.0 22 53 

n-C7H16 573 27 3.7 2.6 1.3 1.1 1.0 0.9 1.0 1.0 1.0 1.0 1.0 2.1 3.7 14 35 

623 21 9.6 3.5 2.6 2.7 2.8 2.4 3.0 2.6 2.4 2.4 2.6 2.6 2.6 11 26 

D2/HC ~ 10, Ptot a 220 Torr N 
01 
0 
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Comparison Between Initial Reaction Rates for n-Hexane-02 
Exchange and n-Hexane Conversion Reactinns The total initial rate of 

n-hexane conversion to form hydrogenolysis, dehydrogenation, cycliza­

tion, and isomerization products, Rc is compared as a function of 

temperature with the overall n-hexane-deuterium exchange rate, Rx, 

for Pt(111) in Figure 3.53. The deuterium exchange rates have been 

corrected for the production of deuterated hexenes and thus refer ex­

clusively to the production of deuterated hexanes (Section 2.8). It 

is clear that deuterium exchange occurred very rapidly compared with 

hydrocarbon conversion. For the total n-hexane conversion reaction 

(including dehydrogenation, Rd) the difference in initial rates, 

Rx/Rc, decreased from a factor of 20-30 at 530-550 K to about a 

factor of two at 640 K. Considering only the skeletal rearrangement 

reactions (isomerization, hydrogenolysis, and cyclization, Rsr = 

Rc- Rd), the difference in initial rates, Rx/Rsr' decreased 

from a factor of 400 at 530 K to about a factor of 10~15 at 640 K. 

Because all reaction products contained deuterium (Seeton 2.8), 

the fractional selectivities for hydrocarbon conversion, Sc = 

Rc/(Rc + Rx), and skeletal rearrangement, Sss = Rsr/(Rc + Rx), 

could be used to calculate the absolute probabilities that dissocia­

tively chemisorbed molecules will undergo hydrocarbon conversion and 

skeletal rearrangement, resp-ectively. These absolute reaction proba­

bilities for dissociatively chemisorbed molecules (not to be confused 

with the kinetic reaction probability, y = (2nmkT)112Rc/P) are 

shown as a function of reaction temp~rature in Figure 3.54. The 
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probabilities for skeletal rearrangement and total conversion displayed 

magnitudes in the range 10-3 - 0.5 and both increased markedly with 

increasing reaction temperature. 

3.4.3 Discussion 

Structure Insensitivity of n-Hexane Deuterium Exchange. The flat 

(111) and kinked {10,8,7) platinum single crystal surfaces exhibited 

nearly identical catalytic behavior for isotopic exchange reactions 

between n-hexane and deuterium gas. Atomic steps and kinks which were 

present in high concentrations on the (10,8,7} surface did not produce 

notable changes in deactivation behavior, exchange product distribu­

tions, or exchange catalytic activity. Based on these results, 

n-hexane-02 exchange appears to be a good example of a structure in­

sensitive reaction. Additional studies using (100) and (110) platinum 

single crystal surfaces would be worthwhile to further confirm this 

observation. 

Deuterium Exchange Kinetics_ The kinetics of deuterium 

incorporation into both n-hexane and n-heptane catalyzed at 510-650 K 

displayed an apparent activation energy near zero (ZS kJ/mole). The 

rate of n-hexane-D2 exchange exhibited a first order dependence on 

o2 pressure (at 573 K) (Figure 3.49) and a positive 1.6 order 

dependence on the apparent concentration of uncovered platinum surface 

sites (Fig. 3.48). For Pt(10,8,7), the initial and steady state rates 

could both be expressed by a single rate expression, 

( 1) 
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where A, the apparent pseudo-first order pre-exponential factor, was 

on the order of 1o-20 cm3 Pt atom-1sec-1• These facts all 

support a reaction sequence in which the dissociative chemisorption of 

deuterium molecules at sites containing one or, more likely, two 

uncovered platinum atoms is rate controlling, e.g. 

D2 ~ 2D(ads) (2) 

This interpretation is supported by molecular beam reactive scattering 

studies which revealed that dissociative deuterium chemisorption and 

H2-D2 exchange occur over platinum with an activation energy very 

close to zero (101). Under our reaction conditions, there appears to 

exist only a small concentration of free sites located between adsorbed 

hydrocarbon species where deuterium is chemisorbed at low surface 

coverage. 

Deuterium Exchange Product Distributions. Initial product 

distributions for n-hexane and n-heptane-deuterium exchange displayed 

little dependence on temperature, D2 pressure, surface structure, 
~ 

and surface composition (Tables 3.14, 3~16, Figure 3.50). Simple 

replacement of a single hydrogen atom or complete exchange of all 14 

or 16 hydrogen atoms prevailed under all reaction conditions. The 

selectivity for complete exchange over single exchange increased slowly 

with increasing temperature until a maximum selectivity was obtained 

at 560-600K. _Similar behavior was reported by Lon_g et al. (97) for 

n-hexane-D2 exchange catalyzed at 340-470K over platinum films that 
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were prepared in ultra high vacuum. Under their reaction conditions 

(D2/HC = 9.4, Ptot = 30 Torr) partial exchange reactions occurred 

preferentially in methylene groupso Product distributions dominated 

by complete exchange were also noted by Gault and Kemball for 

n-hexane-02 exchange catalyzed at 330-520 K over palladium and 

rhodium films (102). 

The series of reaction steps shown below can be used to account 

for the observed pattern of n-hexane-02 exchange selectivity. 

n-C
6
H
14

-H __ a __ bs~n-C6 H13 (ads) + D(ads) 

! Habs 

..__ __ ~ n-C6 Hx (ads) 

·:·.1 
0add - Habs 

' n-C6Hx_1D(ads) 

·i~:! 0add - Habs 

n-c6ox(ads) + (14-x) D(ads) ~ n-c6o14 

Dissociation of a single C-H bond produces surface alkyl species that 

yield n-C6H13o upon deuterium addition. Further dissociation and 

rearrangment of the surface species yields strongly bonded inter­

mediates which interconvert into c6ox species by a series of 

elementary deuterium addition and hydrogen abstraction processes. 
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These interconversion processes occur rapidly compared with the final 

deuterium addition step(s) that produce mostly n-c6o14 • While the 

structures of the intermediate species involved in the interconversion 

pathway cannot be inferred directly from the exchange product dis­

tributions, it is notable that recent studies in our laboratory have 

shown that ethylidyne (Pt3 ~ C - CH3) species are the most abundant 

surface intermediates involved in ethylene-deuterium exchange catalyzed 

over Pt(111) at 350-450 K (103). Similar alkylidyne and/or alkylidene 

surface species are expected to be important in the reaction pathway 

leading to multiple exchange in larger hydrocarbon molecules. 

Reaction Times, Reaction Probabilities, and Role of Adsorbed 

Carbon Deposits. The results reported here clearly demonstrate that 

hydrocarbon-deuterium exchange reactions take place very rapidly com­

pared with hydrocarbon ske leta 1 rearrangement.. For n-hexane react ions 

catalyzed over Pt(111) and Pt(10,8,7), the ratio of initial rates 

Rx/Rsr decreased drastically with increasing temperature from about 

400 and 530 K to roughly 10 at 640 K. For isobutane, n-hexane, at 

n-heptane reactions catalyzed over Pt(l0,8,7) at 573 K, the Rx/Rsr 

ratios varied between 290 (i-C4H10) and about 50 (n-C7H16 ). Because 

deuterium exchange occurred rapidly compared with all other competing 

chemical reactions, the overall rates of deuterium exchange can be used 

to determine minimum surface residence times that are required for 

dissociative chemisorption and rehydrogenation to occur. Under our 

reaction conditions, these residence times must be equal to or longer 

than the reaction times, T = (Rx + Rc)-1, that were on the order of 
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10-1 sec. Because this time was very long compared with the period 

between surface collisions of gas phase hydrocarbon molecules 

(-1o-21 sec cm2), it is clear that the reaction probability of 

incident hydrocarbon molecules during a single collision with the 

platinum surface was very low and that most of the molecules simply 

desorbed or scattered from the surface without undergoing any chemical 

reaction. The kinetic reaction probability, calculated directly using 

the relation y = (2nmkT)112(Rx + Rc)/PHC was about 2 x 10-6• 

The strongly chemisorbed carbonaceous species which were deposited 

on the platinum surfaces during the deuterium exchange reactions were 

partially dehydrogenerated with an average deuterium (plus hydrogen) 

content of about one atom per surface carbon atom (Section 4.4'). These 

species inhibited the dissociative chemisorption of deuterium molecules 

by site blockage and thereby decreased the rates of the alkane­

deuterium exchange reactions. Uncovered platinum sites were required 

for the exchange reactions to occur at measurable rates. It therefore 

seems clear that the deuterium exchange reactions predominantly take 

place directly at the metal surface and not by means of hydrogen (or 

deuterium) transfer reactions with the strongly bound species. This 

conclusion is supported by carbon-14 radiotracer studies (Section 4.5) 

which have shown that hydrogen transfer is typically 5-10 times slower 

than direct hydrogenation using gas phase hydrogen. 
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FIGURE CAPTIONS 

Figure 3.46. Total product accumulation curves measured as a function 

of reaction time for n-hexane-D2 exchange catalyzed over 

the kinked (10,8,7) platinum surface. 

Figure 3.47. Temperature dependence of the initial and steady state 

rates of n-hexane-02 exchange catalyzed over (111) and 

(10,8,7) platinum single crystal surfaces. 

Figure 3.48. Correlation of steady state n-hexane-D2 exchange rates 

with the fraction of surface not covered by strongly-

bound carbonaceous species. A c273 tPt237 AES peak­

to-peak height ratio of 4.4 was taken as one monolayer 

corresponding to 3.0 (~15 percent) carbon atoms per 

surface platinum atom (D2/HC = 10, Ptot = 220 Torr). 

Figure 3.49. Dependence of initial and steady state rates on deuterium 

pressure for n-hexane-D2 exchange catalyzed over 

Pt(10,8,7). 

Figure 3.50. Initial product distributions at several deuterium 

pressures for n-hexane-02 exchange catalyzed over 

Pt(10,8,7) at 573 K. 

Figure 3.51. Average number of deuterium atoms incorporated (upper 

frame) and kinetic selectivities for complete exchange 

over single exchange (lower frame) determined for 

n-hexane-D2 exchange reactions catalyzed at 500-650 K. 



268 

Figure 3.52. Deuterium thermal desorption spectra recorded after 

n-hexane-02 exchange reactions that were carried out 

over Pt{l0,8,7) at 508 and 658 K. A linear heating rate 

of 74 = 5 K sec-1 was used$ 

Figure 3.53~ Comparison between initial reaction rates for 

n-hexane-D2 exchange {Rx), n-hexane conversion {Rc), 

and n-hexane skeletal rearrangement {Rsr) reactions 

catalyzed over Pt(lll)o 

Figure 3.54. Absolute reaction probabilities for n-hexane conversion 

and n-hexane skeletal rearrangement reactions catalyzed 

over Pt(lll) in the presence of deuterium gas. 
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3.5 Deuterium Isotope Effects for Hydrocarbon Reactions Catalyzed Over 

Platinum Single Crystal Surfaces 

3.5.1. Background 

Important information about the elementary steps of catalyzed 

surface reactions involving hydrogen containing molecules can often be 

derived from studies of deuterium isotope effects. As discussed by 

Ozaki {104)," two major types of deuterium isotope effects can be dis­

tinguished, namely kinetic and thermodynamic isotope effects. A 

kinetic isotope on the rate of reaction arises when rate constants 

differ for reactions carried out in hydrogen and deuterium or with 

deuterated reactants. Because deuterium makes larger contributions to 

translational and rotational partition functions than hydrogen, and 

because X-D bonds (x = C,N,O, etc.) possess lower zero point energies 

than X-H bonds, rate constants for deuterium addition and X-D scission 

are generally smaller than rate constants for H addition and X-H 

scission, respectively (kH > k0). Alcohol dehydration (105) and 

olefin hydrogenation (106) are example reactions which display normal 

kinetic isotope effects with magnitudes in the range RH/Ro = 1.5 - 4.5. 

Thermodynamic isotope effects, by contrast originate from a change 

in the equilibrium surface concentration of a reaction intermediate. 

Because of the lower zero point energies for X-D bonds, reaction 

intermediates that contain deuterium are expected to display larger 

adsorption equilibrium constants and higher equilibrium surface con­

centrations than reaction intermediates which contain only hydrogen 

(Kxo > KXH' eXD > exH). Detailed interpretation of these effects can 
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be difficult because the thermodynamic isotope effect usually appears 

in combination with a kinetic isotope effect, i.e., RH/R0 = kHeXH/koexo 

(107). However, inverse deuterium isotope effects with magnitudes 

R0/RH = 1.4-3.5 have been clearly established for several types of 

reactions including CO-hydrogenation (deuteration) over silica 

supported ruthernium (108) and ammonia (ND3)-synthesis over un­

promoted iron (109). For these reactions, the thermodynamic isotope 

effects appear to be larger than the kinetit isotope effects, and 

therefore, the reaction rates increase when the reactions are carried 

out in deuterium. 

In the previous section, it was shown that n-hexane, n-heptane, 

and isobutane deuterium exchange reactions catalyzed near atmospheric 

pressure ever platinum single crystal surfaces take place very rapidly 

as compared with the initial rates of n-hexane conversion reactions to 

form hydrogenolysis, isomerization, dehydrogenation, and dehydro­

cyclization products. Provided that the reaction intermediates leading 

to hydrocarbon conversion in the presence of deuterium are partially 

deuterated, thermodynamic isotope effects should exist for the skeletal 

rearrangement reactions. Inverse deuterium isotope effects were in 

fact detected for a wide variety of reactions, and these isotope 

effects form the subject of this section. 

It was discovered that the rates of alkane hydrogenolysis, 

isomerization, and cyclization reactions catalyzed in excess deuterium 
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at 500-650 K are about 1.4-3.0 times higher than the rates of the same 

reactions catalyzed in hydrogen under identical experimental condi­

tions. The magnitude of these isotope effects depend little on 

platinum surface structure and appear to decrease slightly with in­

creasing temperature. A change in selectivity results when parallel 

reactions display deuterium isotope effects with different magnitudes. 

3.5.2 Results 

Scope of the Isotope Effect. Initial reaction rates in deuterium 

and inverse deuterium isotope effects (R0/RH) measured for a 

variety of hydrocarbon reactions catalyzed at 573 K over the flat(111), 

stepped (13,1,1) and kinked (10,8,7) platinum surfaces are summarized 

in Table 3.17. Magnitudes of the deuterium isotope effects were 

determined graphically by comparing the initial slopes of product 

accumulation curves determined as a function of reaction time in the 

presence of hydrogen and in deuterium. Example product accumulation 

curves for n-hexane isomerization to 2-methylpentane and cyclization 

to methylcyclopentane over Pt(111) are shown in Figure 3.55. Hydro­

genolysis reactions of isobutane, neopentane, n-hexane, cyclohexane, 

and n-heptane all displayed inverse isotope effects with magnitudes in 

the range R0/RH = 1.3-1.8. For isomerization reactions the isotope 

effects were in the range R0/RH = 1.2-3.3. Isomerization of n-

hexane to 2-methylpentane displayed the largest isotope effect R0/RH = 

3.0-3.3; n-hexane isomerization to 3-methylpentane displayed a smaller 

effect (R0/RH = 1.2-1.5) Isomerization and hydrogenolysis of 

neopentane and isobutane displayed isotope effects with equal mag­

nitude-s on .all -surfaces investigate(!.. ,cy.clohexane dehydrogenation 



Table 3.17. Initial reaction rates in deuterium and deuterium isotope effects measured for hydrocarbon 
reactions catalyzed at 573 K over the flat (111), stepped (13,1,1), and Kinked (10,8,7) 
platinum single crystal surfaces (a). 

Initial Turnover Frequency Inverse Isotope Effect 
Reactant Reaction (molec/Pt atom sec) {"15%) {Rol.'!H) ("30%) 

Pt(111) Pt(l0,8, 7) Pt(l3,1,1) Pt(lll) Pt(10,8, 7) Pt(l3,1,1) 

lsobutane Hydrogenolysis 0~0064 0.019 1.8 1.4 
Isomerization 0.053 0.075 1.7 1.3 

Neopentane Hydroyenolysis 0.0047b 0.048 1.7b 2.0 
Isomerization 0.020b 0.40 1.5b 2.0 N 

o.oo5c 2.oc 
CP 

Cyclohexane Hydrogenolysis __. 

Dehydrogenation 9.6c . 1.2c 

n-Hexane Hydroyenolysis 0.016 0.0089 0.013 1.8 1.4 1.9 
Isomerization 0.014 0.0090 1.7 2.1 
Cyclization 0.014 0.018 1.7 1.9 
Aromatization 0.0047 0.0042 0.9 0.8 

n-Heptane Hydrogenolysis 0.02ld 1.6d 

Aromatization 0.0074d o.8d 

a) Reaction Conditions, D2/HC·= 10, Ptot = 220 Torr, 573 K 
b) at 543 K 

c) D2/HC = 6.7, Ptot = 115 Torr 
d) D2/HC = 32, Ptot = 495 Torr 
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over Pt(111) exhibited a small inverse isotope effect (Ro/RH =_1.2). 

Aromatization of n-hexane and n-heptane on the (111) and (10,8,7) 

platinum surfaces displayed unique behavior characterized by small 

kinetic isotope effects (R0/RH ~ 1). 

Temper~ture O~pendence of the Deuterium Isotope Effects. The 

temperature dependence of the deuterium isotope effects was investi­

gated carefully for n-hexane-reactions catalyzed over the flat(111) 

and kinked(10,8,7) platinum surfaces. Arrhenius plots for these 

reactions catalyzed in hydrogen and in deuterium are compared in 

Figures 3.56, 3.57, 3.58, and 3.59. The error bars represent estimated 

uncertainties that are based on the reproducibility (about =15 percent) 

of the initial rate measurements. Hydrogenolysis and aromatization 

were the only reactions which displayed 11 normal 11 Arrhenius behavior 

over a wide range of temperature (ca. 520-650 K). Even for these 

reactions the apparent activation energies that were in the range 

16-36 kcal/mole appeared to decrease with increasing reaction tempera­

ture. The other reactions (isomerization and c5-cyclization) dis­

played rate maxima at 570-630 K that were discussed previously in 

Section 3.1. Inverse isotope effects observed for hydrogenolysis 

appeared to decrease in magnitude with increasing temperature. No 

significant isotope effect was detected for the aromatization reaction 

over either platinum surface. Figure 3.60 shows product accumulation 

curves for n-hexane aromatization catalyzed in deuterium at several 

temperatures on the (10,8,7) platinum surface. Reactions carried out 

in deuterium displayed deactivation behavior that was similar to that 
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for reactions carried out in hydrogen. The rate of deactivation 

increased with increasing reaction temperature. 

Pressure Dependence of the Deuterium Isotope Effects. Initial 

reaction rates for n-:-hexane hydrogenolysis and aromatization catalyzed 

at 573K on the (10,8,7) platinum surface are shown as a function of 

hydrogen (or D2) pressure in Figure.3.6L The inverse isotope effect 

for hydrogenolysis displayed a nearly constant magnitude for all total 

pressures between 100 and 620 Torr (i.e., RD/RH = 1.4-1.8). By 

contrast, the kinetic isotope effect for aromatization that was neg­

ligible at 100-220 Torr increased markedly with increasing H2-D2 
pressures reaching a value RD/RH N 3 for total pressures of 620 Torr. 

Isotope effects measured by Gillespie at several total pressures 

for cyclohexane dehydrogenation, ring opening, and hydrogenolysis 

catalyzed at 573 K on the (111) platinum surface are summarized in 

Table 3.18. These reactions displayed inverse isotope effects that 

decreased in magnitude with increasing pressure. 

3.5.3 Discussion 

Altered Selectivity for Reactions Catalyzed in Deuterium. Inverse 

isotope effects with magnitudes in the range RD/RH = 1.3-3.3) were 

detected for a variety of hydrogenolysis, isomerization, and Cs­

cyclization reactions that were catalyzed over platinum single crystal 

surfaces in the presence of excess deuterium gas. Aromatization 

reactions displayed unique behavior characterized by a normal kinetic 

isotope effect R0JRH < 1 •. The magnitudes of all the isotope effects 

displayed little dependence on platinum·surface structure. To the best 



Table 3.18. Pressure dependence of the deuterium isotope effects measured for 
cyclohexane dehydrogenation, ring opening, and hydrogenolysis (a). 

Inverse Isotope Effects (RoiRH) (~25%) 
H2-D2 Pressure 

(Torr) Dehydrogenation Ring Opening Hydrogenolysis 

100 1.25 2.8 2.0 
300 1.15 1.6 0.9 
480 1.05 1.7 0.7 

a) Pt(111) at 573 K, PHC = 15 Torr 
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of our knowledge, deuterium isotope effects for metal catalyzed 

skeletal rearragnement reactions have not been considered previously. 

Isotope effects measured for the hydrogenolysis and isomerization 

of isobutane and neopentane displayed equal magnitudes under all 

reaction conditions investigated. For these reactions, the selectivity 

was unaltered by the presence of deuterium. However, with n-hexane 

and n-heptane as reactants, parallel reactions usually displayed 

isotope effects with different magnitudes. In the presence of 

deuterium, the rate of formation of saturated hydrocarbon products was 

enhanced relative to the rate of formation of aromatics. As a result, 

the selectivities for these reactions were altered appreciably. This 

is shown clearly for n-hexane reactions catalyzed on 'the (10,8,7) 

platinum surface in Figure 3.62, where the kinetic selectivity for 

aromatization over hydrogenolysis in H2 and o2 is compared as a 

function of reaction temperature and hydrogen (02) pressure. The 

aromatization selectivity in deuterium was reduced over a wide range 

of reaction conditions. A similar effect was recently reported by 

Kellner and Bell (108) for Fischer-Tropsch reactions catalyzed over 

silica and alumina supported ruthenium. In this case the kinetic 

selectivity for c3- and c4-olefin synthesis over c3- and c4-

alkane production was lowered when the reaction rate studies were 

carried out in deuterium. Whereas the rates of formation of alkane 

products displayed inverse isotope effects with magnitudes in the 

range R0/RH = 1.0-1.6, the isotope effects for olefin production were 

always very small, R0/RH - 1.0-1.2 



286 

Origin of the Inverse Isotope Effects. An idealized interpreation 

-of the measured isotope effects can be developed by recalling that 

inverse isotope effects usually originate from a change in the equil-

ibrium surface concentrations of one or more reaction intermediates. 

Differences· in the vibrational frequencies of deuterated and hydro~ 

genated species lead to the generalization (104) that equilibrium 

constants for addition of deuterium to an adsorbed species are larger 

than equilibrium constants for hydrogen addition {K0 > KH). This 

conclusion appears to be correct at low temperatures where the largest 

portion of·the isotope effect arises from zero point energy differ­

ences. However, this generalization is not strictly valid at high 

temperatures, since changes in the equilibrium constant due to isotopic 

substitution are also influenced by changes in the molecular masses 

that contribute to translational and rotational partition functions. 

As illustrated below, the mass effect considered alone leads to the 

prediction KH ~ K0• 

Results presented in previous sections indicated that the kinetics 

of alkane skeletal rearrangement reactions catalyzed near atmospheric 

pressure over platinum single crystal surfaces can be reasonably 

described by the reaction sequence 

KH 
· 2H {ads) {1) 

>.H 
~ CnHx{ads) + aH2 {2) 
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isomer or 
CnHx+26(ads) fragments 

~ products 
fast 

(3) 

( 4) 

where 0 < 6 < 1. In this scheme dissociative chemisorption of hydrogen 

and hydrocarbon are both assumed to be reversible and very rapid as 

compared to the rate of skeletal rearrangement. Adequate justification 

for this assumption was provided at lower reaction temperatures by the 

deuterium exchange kinetics discussed in the preceeding section. The 

rate determining step is believed to involve skeletal rearrangement 

(or hydrogenolysis) of an intermediate species which has lost 2a 

hydrogen atoms. Detailed kinetic studies by Maurel and coworkers have 

revealed that 6 = 1 and a = 2-4 for a wide variety of hydrogenolysis 

reactions catalyzed at atomspheric pressure over Pt/Al 2o3 catalysts 

(56}. All subsequent reaction steps are assumed to be rapid. Follow­

ing reasoning used previously by Cimino et al. (55), Sinfelt (31}, and 

Maurel (56). this reaction sequence leads to the rate expression 

( 1) 

where kH, KH, and AH are the rate constant and equilibrium constants 

defined by reactions 1-3, and Pc and PH are the partial pressures of 
2 

hydrocarbon and hydrogen, respectively. The form of this rate ex-

pression indicates that -apparent reaction rates involve a complex 
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products of elementary rate coefficients and adsorptjon e~uili_brium 

constantso The measured inverse isotope effects therefore appear to 

result from a combination of kinetic and thermodynamic isotope effects. 

A similar conclusion was reached by Kellner and Bell in studies of 

Fischer-Tropsch reactions catalyzed over supported ruthenium catalysts 

{108). 

Using equation 1 the inverse isotope effect should have a 

magnitude given by 

{2) 

where kD, KD, and AD are the rate constant and adsorption equilibrium 

constants defined by the reactions 

KD 
D2 2D{ads) 

AD 
~ 
~· C D {ads) + aD2 + oH2 n x p 

isomer or 
(CnDx + 2o(ads) fragments 

{5) 

(6) 

(7) 

Reaction 6 assumes that complete exchange occurs in the intermediate 

CnDx species before skeletal rearrangement. This assumption is 

reasonably justified by the facts that (1) at lower temperatures 

.(53Q-570 K) .COJTiplete deuterium ,ex.change was typically 100 t·ime·s faster 
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than skeletal rearrangement, and {2) all reaction products appeared to 

be extensively deuterated {probably perdeuterated, Section 2.8). While 

it is highly unlikely that complete exchange prevails for every reac­

ting molecule, application of this useful assumption permits a separa-

tion of the kinetic and thermodynamic isotope effects and a qualitative 

evaluation of their relative importance. 

The factor K0/KH appearing in Eq. {2) can be evaluated 

directly using statistical considerations together with Pt-H {Pt-0) 

stretching frequencies recently reported by Ibach {110,111) and Primet 

et al. {112). These stretching frequencies are summarized in 

Table 3.19 for the two limiting cases of weak 11 reversible 11 and strong 

11 irreversible 11 hydrogen chemisorption. These two types of chemisorbed 

hydrogen are distinguishable by their reactivities {91-94) and heats 

of adsorption {46,47,93,95). Reversibly adsorbed hydrogen displays a 

single stretching frequency of 2200 cm-1 {112) and can be reasonably 

modeled as a mobile 2-dimensional gas. In this case, it is easily 

derived that 

~~ = (:::) 

1/2 
exp [2{vH - v0 ) h/2kT] 

2 2 
{3) 

where MH and M0 are the molecular masses of H2 and o2 and the vi's 
2 2 

are the vibrational frequencies defined in Table 3.19. This function 

predicts that K0/KH should increase slowly with increasing tem­

p~rature from 0.54 to 0.64 for temperatures between 273 and 673 K. 

Str.ongly chemisor:bed hydr-ogen, .o·n the othe'r h·amj, dis:p1:ays two 



Table 3.19. Stretching frequencies for molecular and chemisorbed hydrogen and 
deuterium. 

Species 

("irreversible") 

Pt-0 

("irreversible11
) 

Pt-H 

("reversible11
) 

Pt-0 

( 
11 reversil e") 

Mode 

"A = VH 
1 2 

"A = "o 
1 H 2 

"A = "A 
H 

"E = "E 
0 

"A = "A 
0 

"E = "E 

"A = "M-H 

Frequency 
(cm-1) 

4160 

2990 

550 

1230 

400 

900 

2120 

1585 

Ref. 

115 

115 

110,111 

110,111 

112 

112 

N 
1.0 
0 
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stretching frequencies (vA = 550 cm-1, vE = 1230 cm-1), one of which 

is doubly degenerate (110,111). In this case the hydrogen and 

deuterium adatoms are mostly immobile with 3 degrees of vibrational 

freedom. Accordingly, K0/KH can be estimated using 

( 

H 2 
1-exp(-hv~/kT) ) 

1-exp(-hvA/leT) 

H 4 

(
1-exp( -hv~/k T) \ 

. 1-exp(-hvE/kT) 7 ( 4) 

This function varies from 0.70 to 273 K to 0.58 at 673 K and displays 

a minimum of 0.55 at 473 K. It is therefore clear that Ko/KH = 0.6 

for both types of surface hydrogen under all reaction conditions 

appropriate to the work described here. It is interesting to note that 

for the strongly chemisorbed species, the exponential argument of 

Eq. (4) predicts that the heat of adsorption of o2 on platinum should 

be about 0.7 kcal/mole higher than that for hydrogen. Little or not 

difference should exist in the case of the weaker reversible adsorp-

tion. The former prediction is in accord with the results of Gundry 

(113) and Wedler et al. (114) which indicate that deuterium is 

more strongly chemisorbed on nickel as compared to hydrogen by 

0.6-1 kcal/mole. 

The ratio of hydrocarbon adsorption equilibrium constants 

~ 0 /~H defined by reactions 2 and 6 can be expressed by 
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(5) 

where the Qis are total partition functions for the reacting species. 

If it is assumed that the intermediate hydrocarbon species are immobile 

it follows that 

(

M )5/2(a-a) 

--:
0
H. 2 MH

2 
expl[(v0 -vH )(a-a)h-2(E~D -E~H )]/2kTl 

. 0
2 

2 2 X X 

where vibrational partition functions for the intermediate CnHx(CnDx) 
0 0 species have been neglected and Eco -ECH represents the 

X X 
difference in zero point energies between deuterated and hydrogenated 

intermediates. According to Ozaki (104), this zero point energy 

difference corresponds to approximately 1.8 kcal/mole perC-H (C-D) 

(6) 

bond. Table 3.20 summarizes Ao/AH ratios calculated for several 

alkanes at 273 and 573 K using Eq. (6) with a varied between 1 and 4. 

At 273 K the calculations lead to the expected result that Ao/AH >> 1, 

whereas 573 K, the conclusion arises that AD /AH ~ 1 independent of a 

and the reactant hydrocarbon. At the higher temperatures it appears 

that the zero point energy differences are always largely compensated 

by changes in moleculer mass~ When vibrational partition functions 

for CnHx and CnDx are included, the Ao/AH ratios will become larger, 

but no more than a factor of 2-4 at most. These partion fucntions 

cancel in the ratio Aoko/AHkH which leads to the relation 

(o = 1) 



Table 3.20 Temperature dependence of the hydrocarbon adsorption equilibrium­
constant ratios AQ/AH calculated using Eq. 3.6. 

ECH -Eco 
X X 

Hydrocarbon a (a-a) (kca l/mo l e) 

i-C4H10 3 2 7.2 
neo-C5H12 3 3 10.8 

n-C6H14 1 6 21.6 
II 2 5 UJ.O 
II . 3 4 14.4 
II 4 3 10.8 

a) ECH - Eco = 1.8 x (kcal/mole), ref. 104. 
X X 

Ao/AH(lower limit) 
298 K 573 K 

35 0.88 
240 0.89 

5.5x104 0.79 
9.2x103 0.83 
1.5x103 0.86 

240 0.89 

N 
1.0 
w 
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exp[ -(E ~ - E~) /kT] (7) 

where Q~H_and Q~0 are transition state partition functions and 

(E~-E~) is th~ true difference in activation energy for reactions 

catalyzed in hydrogen and deuterium. From earlier considerations, it 

can be easily shown that at 573 K the left side of Eq~ (7) has a mag­

nitude in the range of 0.4-2 for all reasonable values of K, A, and 

ae The right side can be expanded in terms of partition functions and 

evaluated indirectly assuming that the zero point energies for 

deuterated and hydrogenated transition state complexes lie between 

these for CnHx(CnDx) and CnHx+2 (Cn0x+2). Using these upper and lower 

limits, Eq. (7) was evaluated at 573 K for several values of a. To 

account for the observed isotope effects it was found that 

n(1-exp(hv~o=/kT)) 
i CHz 1-exp(hvi /kT) 

exp [-( E~-E~) /kT] (8) 

must have a magnitude of order 0.1-1.0 where the v~o= and v~H= are 

normal modes for the transition state complexes. This relation can be 

satisifed only if (E~-E~) lies in the range 2 = 3 kcal/mole. This 

prediction is consistent with the experimental observation that the 

activation energy for n-hexane hydrogenolysis appeared to be slightly 

lowered in the presence of deuterium. 
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It has been assumed throughout this analysis that no competition 

exists between deuterium (H2} and hydrocarbon for platinum surface 

sites. While this assumption appears to be reasonable for n-hexane 

(56}, it may not be appropriate for lighter alkanes such as isobutane 

(58,59,60}. According to the-"landing site" models for hydrocarbon 

deuterium exchange (59) and ethane or propane hjdrogenolysis (60,116), 

reaction rates are controlled by the rate of irreversible hydrocarbon 

chemisorption on surface sites that contain at least Z-adjacent metal 

atoms that are free from chemisorbed hydrogen. Rate expressions of 

the form 

(9) 

are predicted by these competitive models where "(1-eH)Z is the 

probability of having an ensemble of z-adjacent uncovered atoms. In 

this case, the deuterium isotope effects should have magnitudes given 

by 

(10) 

From previous considerations of KH and Ko we expect that e0 < eH. 

Since Z typically assumes values of 10-15 (50,60,115), it is clear that 

kinetic models which allow for competitive adsorption of the reactants 

also lead to the conclusion that inverse isotope effects should exist 

for hydrocarbon reactions catalyzed in the presence of deuterium gas. 
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Based on the assumptions i-nvolved-, -it-is clear that.the foregoing _____ _ 

analyses provide little or no new information about the nature of the 

reaction mechanism. -However, it is notable that the analysis certainly 

tends to confirm that the measured isotope effects are reasonable and 

that they are consistent with well established kinetic models for 

skeletal rearrangement (31,56,58,59). The important point is that the 

inverse isotope effects arise from a combination of kinetic and 

thermodynamic isotope effects. Both effects appear to be important 

under the conditions of the experiments. 
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FIGURE CAPTIONS 

3.55. Comparison between product accumulation curves determined in 

hydrogen and deuterium for n-hexane isomerization and c5-

cyclization catalyzed over Pt(lll) at 573 K. 

3.56. Arrhenius plots for n-hexane hydrogenolysis catalyzed in hydrogen 

and deuterium over Pt(l0,8,7). 

3.57. Arrhenius plots for n-hexane aromatization catalyzed in hydrogen 

and deuterium over Pt(l0,8,7). 

3.58. Arrhenius plots for n-hexane hydrogenolysis and isomerization 

catalyzed over Pt(lll). 

3.59. Arrhenius plots for n-hexane aromatization, c5-cyclization, 

and isomerization catalyzed over Pt(lll). 

3.60. Product accumulation curves determined as a function of reaction 

time for n-hexane aromatization catalyzed in deuterium over 

Pt( 10,8, 7). 

3.61. Comparison between n-hexane hydrogenolysis and aromatization 

rates as a function of hydrogen (deuterium) pressure. 

3.62. Initial kinetic selectivities for aromatization over hydro­

genolysis determined for n-hexane reactions catalyzed in 

·deuterium and hydrogen over Pt(l0,8,7). The selectivities are 

shown as a function of reaction temperature (upper frame) and 

hydrogen (02) pressure (lower frame). 
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CHAPTER 4. THE ROLt OF ADSORBED CARBON DEPOSITS IN 
HYDROCARBON CATALYSIS ON PLATINUM: STUDIES OF THE 

COMPOSITION AND REACTIVITY OF CHEMISORBED HYDROCARBONS 
AS A FUNCTION OF TEMPERATURE, PRESSURE, AND SURFACE STRUCTURE 

4.L Thermal Desorption Studies of Molecular Hydrocarbon 
Chemisorption on Platinum 

4 .1.1.- Back ground 

The energetics of hydrocarbon chemisorption on surfaces with 

different atomic structure is a very important consideration in hydro.-

carbon catalysis on metals. The surface residence times of adsorbed 

reactants, intermediates, and products are controlled by metal-organic 

bond energies that are closely r~lated .to heats of molecular and/or 

dissociative chemisorption. It has long been recognized that periodic 

trends in catalytic behavior for different metals may often be corre­

lated with periodic variations in chemisorption bond energies (1). 

According to the Sabatier principle (2), maximum catalytic activity 

is expected when the bond energy is neither too strong nor too weak. 

Unfortunately, very little research has been carried out to in­

vestigate the energetics of molecular hydrocarbon chemisorption on 

well defined metal surfaces. Madey and Yates {3) used thermal de-

sorption spectroscopy to determine,desorption activation energies for 

ethane (-5 kcal/mole), cyclopropane (-8 kcal/mole), cyclohexane 

(-14 kcal/mole), and cyclooctane (-16 kcal/mole) chemisorbed at low 

temperatures on Ru(001). As long as molecular adsorption is non­

activated these desorption activation energies can be equated with the 

enthalpies of molecular adsorption. The adsorption energies deter-

mined in this manner are only 3-8 kcal/mole in excess of molecular 

sublimation energies indicating that the ;gas--s-oJ.'id interaction 

potential i.s weak, at least in the case of molecular alkane adsorption. 
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In this section the adsorption energetics of simple alkanes, 

olefins, and benzene on platinum are briefly discussed in connection 

with thermal desorption studies. The low temperature alkane and olefin 

adsorption studies were mostly carried out by M. Salmeron using a 

special sample manipulator described elsewhere (4). As the first of 

several sections devoted to the temperature dependent bonding char­

acteristics of hydrocarbons chemisorbed on platinum, the major goal 

here is to show that if the temperature is low enough (e.g., 

<150-250 K) alkanes and olefins always appear to chemisorb in a 

molecular form. Thermal desorption studies have provided energies of 

molecular adsorption which vary with molecular weight and degree of 

substitution and that are typically in the range of 10-20 kcal/mole. 

4.1.2. Results and Discussion 

Alkane Adsorption-Desorption. Thermal desorption spectra for 

n-butane and n-pentane chemisorbed at -110 K on the (111) platinum 

surface are shown in Fig. 4.1. When chemisorbed at low coverages 

these molecules displayed single desorption peaks centered at 166 and 

197 : 3 K for n-C4H10 and n-C5H12 , respectively. Low tempera-

ture adsorption appeared to be completely reversible as desorption took 

place with no detectable decomposition. Chemisorption of n-hexane on 

Pt(111) at -150 K produced a single desorption peak centered at 

225: 10 K (5). In this case, molecular adsorption was not completely 

reversible as a part of the adsorbed species underwent dissociative 

chemisorption and decomposition upon heating to -600 K. 
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The dependence of the alkane desorption peak temperatures and peak 

shapes on surface coverage were indicative of a simple first order 

desorption process. Table 4.1 summarizes the peak temperatures to­

gether with desorption activation energies calculated by the Edwards 

and Redhead methods discussed in Section 2.2. The adsorption energies 

(6Hads =-Ed) determined in this manner were small (10-14 kcal/mole} 

and consistent with a weak gas-solid interaction dominated by metal­

hydrogen bonding. A clear tendency exists for these adsorption 

energies to increase with increasing molecular weight. These adsorp­

tion energies can be used to estimate mean surface residence times of 

adsorbed reactants and products which are involved in alkane con­

version reactions catalyzed on platinum at higher temperatures. Mean 

residence times calculated for a reaction temperature of 573 K using 

T = T
0
exp(Ed/RT) with To = lo-13 sec and Redhead Ed values are included 

in Table 4.1. The surface residence times of the molecular alkane 

species (1o-10 - 10-8 sec) under reaction conditions are clearly 

very short as compared to the minimum surface residence times for 

dissociatively adsorbed intermediates (-1o-2 - 10-1 sec) that 

were discussed in connection with deuterium exchange reactions in 

Section 3.4. 

Olefin Adsorption-Desorption. A similar series of low temperature 

adsorption-desorption experiments was carried out for ethylene, 

propylene, cis-2-butene, and trans-2-butene chemisorbed at -120 K on 

the (111) platinum surface (4). Representative thermal desorption 

spectra for propylene and trans-2-butene are compared in Fig. 4.2. 
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Table 4.1. Desorption activation energies and mean surface residence 
times for alkanes chemisorbed on Pt(111). 

Desorption Activation 
Energies (kcal/mole) T (a) 

Desorption Peak 
Hydrocarbon Temperature (K) Redhead 

n-Butane 166 9.8 

n-Pentane 197 11.7 

n-Hexane 225 13.4 

a) Mean residence time at 573 K. 

Edwards 

10 :1: 2 

11 = 2 

(sec) 

5 x 1o-10 

3 X 10-9 

1 X 10-B 
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Temperatures of the desorption peak maxima, desorption activation 

energies, and mean surface residence times at 573 K are summarized for 

the four unsaturated hydrocarbons in Table 4.2. In contrast to 

alkanes, olefin chemisorption was largely irreversible. Only a small 

fraction of ·the adsorbed species desorbed in the molecular form; most 

underwent sequential dehydrogenation and decomposition upon heating to. 

600 K. Whereas alkane desorption temperatures increased regularly with 

increasing molecular weight, the temperatures required for molecular 

olefin desorption decreased slightly with increasing molecular weight. 

It appears that with increasing substitution the metal-olefin ,.-bonding. 

interaction was weakened slightly by steric interactions with the 

methyl substituents. Similar behavior has been reported for metal­

olefin coordination compounds {6). In all cases, the metal-olefin 

,.-bonding interaction appeared to be stronger than the metal-hydrogen 

bonding displayed by chemisorbed alkanes. 

Benzene Adsorption, Desorption, and Hydrogen Transfer. Thermal 

desorption spectra obtained for benzene chemisorbed at room temperature 

on the stepped (322) and kinked (654) platinum surfaces are shown in 

Fig. 4.3. Following saturation exposures of 5-15L, the initially clean 

(111), {322), and (654) platinum surfaces all displayed single desorp-

tion peaks centered at 370 ~ 15 K that correspond to a desorption 

activation energy of 22 ~ 5 ~cal/mole. Benzene chemisorption was 

largely irreversible on all three surfaces, as only a small fraction 

(:5 percent, by 14c-analysis) of the adsorbed species could be 

desorbed in the molecular form. 
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Table 4.2. Desorption activation energies and mean surface residence 
times for simple olefins chemisorbed on Pt(111). 

Desorption Peak 
Hydrocarbon Temperature (K) 

C2H4 285 

C3H6 276 
~ 

cis-2-C4H8 261 

trans-2-c4 H8 261 

a) Mean residence time at 573 K. 

Desorption Activation 
Energies (kcal/mole) 

Redhead Edwards 

17.1 14 = 4 

16.5 15 = 3 

15.5 13 = 3 

15.5 14 = 3 

3 X 

-r (a) 
(sec) 

10-7 

2 X 10-7 

7 X 10-8 

7 X 10-8 
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A second desorption peak at 480 = 20 K was detected when benzene 

was reexposed to the platinum surfaces that were precovered with 

partially dehydrogenated species which formed during the initial 

thermal desorption experiment. The intensity of this second desorption 

peak increased in consecutive experiments provided that the sample was 

not heated beyond 550 K. By contrast, the second desorption peak 

vanished when the samples were heated to high temperatures to desorb 

all residual hydrogen. For this reason, the second desorption peak 

appears to be associated with hydrogen transfer reactions between the 

different adsorbed species which exist on the platinum surface during 

the consecutive adsorption-desorption experiments, i.e., 

A 
c6H6{ads) + *C6Hx(ads) ~*C6Hx{ads) + c6H6(gas) 

Labelling experiments alternating 14c6H6 and c6H6 chemisorption would 

be valuable to confirm this phenomenon. 

{1) 
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FIGURE CAPTIONS 

Fig. 4.1. Thermal desorption spectra for n-butane (left frame) and 

n-pentane (right frame) chemisorbed on Pt(111) at about 

110 K (3), (~ = 12 K/sec). 

Fig. 4.2. Thermal desorption spectra for trans-2-butene (left frame) 

and propylene (right frame) chemisorbed on Pt(111) at about 

110 K (3), (~ = 12 K/sec). 

Fig. 4.3. Thermal desorption spectra for benzene chemisorbed at about 

300 K on Pt(654) and Pt(322). Clean platinum surfaces are 

represented by the lowe~ desorption curves. The remaining 

curves were obtained following consecutive adsorption 

experiments on the surfaces that were precovered with 

strongly bound carbonaceous species. The exposure sequence 

was 15,15,15, and 15L for Pt(654) and 0.8,5,8,10, and 15L 

for Pt(322). 
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4.2. Thermal Desorption Studies of Hydrogen Chemisorption on Pl~tinum 

4.2.1. Background 

The energetics of hydrogen chemisorption on platinum is especially 

important from the viewpoint of hydrocarbon catalysis. Reforming pro­

cesses are nearly always carried out in the presence of excess hydrogen 

at pressures of 6-:20 atm in order to suppress catalyst deactivation 

due to coke deposition. Because the partially dehydrogenated reaction 

intermediates exist in quasiequilibrium with surface and gas phase 

hydrogen, the hydrogen pressure can be conveniently varied to control 

the selectivity of skeletal rearrangement (Section 3.1). 

Studies of hydrogen chemisorption on platinum single crystal 

surfaces using techniques such as cyclic voltametry (7), dynamic work 

function measurements (8), molecular beam reactive scattering (9·), 

thermal desorption {8,10-13) and vibrational spectroscopy {14,15) have 

revealed the special importance of local atomic surface structure in 

controlling the adsorption energetics. Strongly chemisorbed states of 

surface hydrogen with heats of adsorption in the range of about 

10-25 kcal/mole have been identified on the (111) (8-13) and (100) 

(10,13) platinum surfaces and also on a variety of stepped platinum 

crystal faces (11-13). These "strongly"_adsorbed states correspond to 

hydrogen adatoms that occupy the 3- and 4-fold ho1low sites which 

represent the absolute minimum of the gas-solid interaction potential 

{7,14,15). Four-fold sites provide a stronger interaction than 3-fold 

sites (7), and the interaction is altered further by the presence of 

surface irregularities on the platinum su.rfaces (11-13). Hydrogen 
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chemisorption on platinum at low temperatures (~150 K) (13) or high 

hydrogen pressures (16,17) results in the appearance of new adsorbate 

binding states with reduced binding energy (-7-10 kcal/mole). The 

latter states have been collectively referred to as "weakly" or 

"reversibly" adsorbed hydrogen, and a small but growing body of evi­

dence (18-20) indicates that this form of hydrogen is of decisive 

importance to catalysis. Infrared studies (16) suggest that these 

weakly bound surface species mostly occupy atop adsorption sites. The 

short surface residence times of the weakly adsorbed species preclude 

their investigation by the usual techniques of surface science except 

at very low temperatures. 

This section summarizes results of hydrogen adsorption-desorption 

studies on several platinum single crystal surfaces with different 

atomic structure. The studies were carried out near room temperature 

and at low pressures. As such, only the more strongly bound states of 

surface hydrogen were investigated. As previously reported (8,12,13), 

surface irregularities on the platinum surfaces produced new adsorbate 

binding states with increased binding energy. Hydrogen coadsorption 

in the presence of "graphitic" surface carbon reduced both the initial 

sticking· coefficient and saturation coverage for hydrogen chemisorption. 

4.2.2. Results and Discussion 

Thermal desorption spectra for hydrogen chemisorbed at about 305 K 

on the stepped (322) platinum surface are shown in Fig. 4.4. Figure 4.5 

compares TDS results obtained under similar conditions for 

hydrogen chemisorbed on the flat (111), stepped (557), and kinked 
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(12,9,8) platinum surfaces. Spectra similar to those shown for 

Pt(12,9,8) were also obtained with the kinked (6,5,4) and (10,8,7) 

platinum surfaces (21). The flat (111) surface displayed a single 

desorption peak at about 330 K which corresponds to hydrogen atoms that 

occupy 3-fold hollow sites (11,14). In the limit of zero coverage, 

the heat of adsorption for this state is about 10-12 kcal/mole (11-13). 

The stepped {322) and (557) platinum surfaces displayed two desorption 

peaks centered at about 330 and 420 K. Collins and Spicer {12) attri­

buted these states to hydrogen chemisorbed on the (111) terraces and 

(100) steps, respectively. The desorption temperature for the more 

strongly bound state is very close to that for hydrogen chemisorbed on 

unreconstructed Pt(100) (i.e., -460 K) (13). The kinked surfaces all 

displayed a third desorption peak at about 470 K which is centered 

about 25 K higher than any state previously reported for hydrogen on 

platinum. This state appears to be associated with hydrogen chemi­

sorption {perhaps intercalation) at sites adjacent to kink atoms as it 

was unique to and common among the kinked surfaces that were studied. 

The saturation coverage for hydrogen adsorption under the 

experimental conditions used here (i.e., Tads :::::::300 K) was always 

very low. The surface coverage was estimated from the desorption peak 

areas after calibrating the mass spectrometer sensitivity as described 

in Sections 2.2.4 and 2.6. Figure 4.6 shows hydrogen uptake results 

for the (10,8,7) platinum surface as a function of gas exposure at 

310 = 3 K. It can be seen that the saturation coverage represented 

roughly one hydrogen atom per ten surface platinum atoms. Also shown 
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in Fig. 4.6 are hydrogen uptake results obtained for Pt(l0,8,7) when 

hydrogen was coadsorbed with strongly bound surface carbon. The carbon 

was deposited by preadsorbing n-hexane at 673 K. The strongly bound 

carbon reduced the saturation coverage~and also appeared to reduce the 

sticking coefficient for dissociative hydrogen chemisorption. 
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FIGURE CAPTIONS 

Fig. 4.4. Thermal ·desorption spectra for hydrogen chemisorbed on the 

stepped (322) platinum single crystal surface (B = 15 k/sec). 

Fig. 4.5. Thermal desorption spectra for hydrogen chemisorbed on the 

flat (111), stepped (557), and kinked (12,9,8) platinum 

single crystal surfaces. The lower curves have been taken 

from Ref. 12. 

Fig. 4.6. Adsorption isotherms showing the different hydrogen 

adsorption properties of the initially clean and carbon 

covered (10,8,7} platinum single crystal surface. 
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4.3. Thermal Desorption Studies of the Sequential Dehydrogenation 
of Hydrocarbons Chem1sorbed on Plat1num: Energet1cs of C-H 
Bond Breaking and Temperature Dependent Composition of the 
Adsorbed Species 

4.3.1. Background. 

Adsorption-desorption studies discussed in Section 3.1 provided 

heats of adsorption for molecular hydrocarbon species chemisorbed on 

platinum that were typically in the range of 10-20 kcal/mole. The 

metal-hydrocarbon interaction was not very strong, as unsaturated 

hydrocarbon molecules desorbed rapidly at 300-400 K, and the desorption 

temperatures for molecular alkanes were even lower. The chemistry of 

hydrocarbons chemisorbed on platinum at higher temperatures is domi-

nated by dissociative chemisorption involving scission of one or more 

C-H bonds. An understanding of these elementary C-H bond breaking 

processes appears to be essential for establishing meaningful reaction 

pathways for catalyzed skeletal rearrangement. All the important 

hydrocarbon reforming reactions take place at high temperatures 

(2,550 K) where C-H bond breaking occurs very easily. 

Thermal desorption spectroscopy has been applied in this section 

to obtain detailed information about the energetics of the elementary 

C-H bond breaking processes. The evolution of hydrogen from chemi­

sorbed hydrocarbons was monitored as a function of temperature to 

obtain a direct "fingerprint" of the reaction kinetics for sequential 

dehydrogenation (Section 2.2.3). Similar "temperature programmed 

reaction spectroscopy" techniques have been used widely by Madix and 

co-workers (22,23) in studi,es of formic ac:id and methanol decomposition 

reactions, although the technique has not been applied systematically 
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to investigate hydrocarbon interactions previously. In addition to 

the C-H bond breaking energetics, useful information has been obtained 

about the temperature dependent composition of the strongly adsorbed 

hydrocarbon species. 

4.3.2.- Results and Discussion 

Thermal Desorption Studies of Sequential C-H Bond Breaking 

Processes. Hydrogen thermal desorption spectra representing the 

sequential dehydrogenation and decomposition of ethylene, propylene, 

and cis-2-butene chemisorbed at about 120 K on the (111) platinum 

surface are shown in Fig. 4.7 (courtesy of M. Salmeron). All three 

olefins displayed similar decomposition behavior characterized by three 

sets of desorption peaks denoted by the regions A, B, and C. The 

initial C-H bond breaking reaction (peak A) produced a sharp hydrogen 

desorption peak at 295 : 5 K for all three olefins. This peak appeared 

at a temperature that was just 10-30 K higher than that required for 

molecular olefin desorption. A second dehydrogenation process (denoted 

by region B) occurred at temperatures of 383-497 : 15 K. The desorp­

tion temperature for this C-H bond breaking process was highly sen­

sitive to the structure of the original hydrocarbon. A final series 

of dehydrogenation reactions (denoted by region C) occurred at 

temperatures between 500 and 715 K. These desorption peaks appeared 

at similar temperatures for-all three hydrocarbons and correspond to 

the complete dehydrogenation of the initially intact molecules. 

Hydrogen thermal desorption spectra representing the sequential 

dehydrogenation and decomposition of benzene, ethylene, and n-hexane 
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chemisorbed on Pt(100), Pt(111), and Pt(10,8,7) at a series of in­

creasing adsorption temperatures in the range 315-700 K are shown in 

Figs. 4.8-4.11. Under these conditions only the desorption peaks in 

regions B and C can be detected (these are the only ones for benzene 

(24)). These peaks occurred at similar temperatures for all hydro­

carbons over all surfaces investigated. Temperatures corresponding to 

the desorption peak maxima are summarized together with the relative 

areas of the peaks for all the different hydrocarbons in Table 4.3. 

Energetics of C-H Bond Breaking Processes. Activation energies 

for the C-H bond breaking processes that produced the different 

hydrogen desorption peaks were. calculated using the methods described 

in Section 2.2. The assumption of first order reaction kinetics was 

justified by the fact that the desorption peak temperatures were in­

variant to changes in initial surface coverage. Table 4.4 summarizes 

activation energies for all the hydrocarbons investigated. The 

activation energies for dehydrogenation varied widely from about 

18 kcal/mole for the desorption peaks in region A to 22-30 kcal/mole 

for the peaks in region B to 32-44 kcal/mole for the final, complete 

dehydrogenation steps that correspond to region C. 

Temperature Dependent Composition of the Strongly Bound Surfac·e 

Species. The hydrogen content of the metal-organic surface species 

(H/C), expressed as hydrogen atoms per surface carbon atom was 

determined as a function of adsorption temperature by measuring the 

total areas under hydrogen desorption peaks like those shown in 

Figs. 4.8 through 4.11 (Section 2.2.4). The temperature dependent 
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composition of the strongly adsorbed species resulting from benzene 

and n-hexane chemisorption on Pt(100), Pt(111), and Pt(10,8,7) is shown 

in Fig. 4.12. The hydrogen content of the surface species decreased 

with increasing adsorption temperature and approached zero at 

temperatures just higher than 670 K. 

Nature of the C-H Bond Breaking Processes. The hydrogen thermal 

desorption spectra shown in Figs. 4.7-4.11 show clearly that the 

dehydrogenation of hydrocarbons chemisorbed on platinum always in a 

sequential manner. Each sequential dehydrogenation reaction produced 

a surface species that was stable from about room· temperature to the 

temperature of the next higher C-H bond breaking process. Complete 

dehydrogenation occurred only after adsorption at temperatures that 

were higher than about 670 K. 

Recent dynamical LEED intensity analysis (25,26) and high 

resolution ELS (27) studies of ethylene, propylene, and butenes chemi­

sorbed on Pt(111) have revealed surface structures for the adsorbed 

species that can be used for an analysis of the hydrogen desorption 

peaks that were displayed in regions A, B, and C. Chemisorption of 

these unsaturated hydrocarbons at 300-400 K produces stable surface 

species with the alkylidyne surface structure, i.e., 

H2C = CH2 

H2C = CHCH3 

H2C = CHCH2cH3 

Pt( 111) 
-----l~ Pt3 ::: CR + t H2 300-400 K 

(R = CH3,c2H5,c3H8) 

( 1) 
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Formation of these species requires scission of a single C-H bond 

corresponding to the sharp hydrogen desorption peak displayed in 

region A (at -296 K). The activation energy for this process was about 

18 kcal/mole independent of the structure of the initial hydrocarbon. 

Further dehydrogenation of the alkylidyne surface species occurred 

in region B at temperatures between 380 and 500 K. These reactions 

yielded strongly bound metal-organic fragments with average composition 

"C 2H," "C3H2," and "C4H3." The activation energy for this 

rearrangement decreased from about 29 kcal/mole for ethylidyne to 

22-25 kcal/mole for propylidyne and butylidyne~ Vibrational spec­

troscopy studies (27,28) indicate thatCH fragments are the most 

abundant surface species resulting from ethylidyne dehydrogenation on 

Pt(lll). However, the appearance of several hydrogen desorption peaks 

in region C clearly suggests that more than one type of "CH" fragment 

must exist on the surface. These species appear to be of the type 

"C 2H," "C3H," "CnH 11 where the implicated polymerization has been 

demonstrated by radiotracer studies to be discussed in Section 4.5. 

Ethylidyne dehydrogenation represents an important example of 

a-hydrogen abstraction from a ~ultiple bonded surface species. Two 

hydrogens are lost in this process, i.e., 

CH3 I 
c· 
Ill 

s 
a-abstraction.,. C _ C / H 

Ill II 

s s 
or C CH 

ill+ Ill 

s s 
(2) 
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where S is a surface site composed of 1-3 platinum atoms. Similar 

rearrangements undoubtedly occur during the sequential dehydrogenation 

of propylidyne and butylidyne. Since in these cases the activation 

energies were lowered substantially relative to that for ethylidyne 

dehydrogenation, it appears very likely that y-hydrogen abstraction 

may become favored over a-abstraction, i.e., 

y-abstraction 
CH2 

/ \ 
S :: C - CH2 - CH3 -----__,~~, ,y, 

s s 
(3) 

Regardless of the exact structure of the resulting fragments (which is 

presently not known), it is clear that these species were exceedingly 

stable. Further dehydrogenation represented by the hydrogen desorp-

tion peaks in region C required activation energies in the range 

34-44 kcal/mole. These high activation energies indicate that the 

remaining C-H bonds were not provided easy access to platinum surface 

sites. Careful vibrational spectroscopy studies are needed to clarify 

the structure and bonding of the stable fragments with low hydrogen 

content. 

The sequential dehydrogenation of benzene and n-hexane chemisorbed 

on Pt(lOO), Pt(lll), and Pt(l0,8,7) appeared to occur by a similar 

series of reaction steps. With benzene, no dehydrogenation was 

detected until temperatures of about 42-0 K, and then rearrangement 

appeared to be accompanied by scission of three c~H bonds (on average). 
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The activation energy for this process (about 27 kcal/mole) was similar 

to that for alkylidyne decomposition and corresponds reasonably well 

with the resonance stabilization energy for the benzene molecule 

(36 kcal/mole (29)). 

Rearrangement and sequential dehydrogenation of the adsorbed 

hydrocarbons must be accompanied by an increase in metal-organic bond 

multiplicity, polymerization of the adsorbed species, or (more likely) 

a combination of both these processes. As noted above, the average 

composition displayed by the adsorbed species at temperatures between 

400 and 600 K was consistent with the formation of carbene (M = CR2) 

and carbyne (M = CR) type fragments on the surfaces. Polymerization 

becomes feasible only if these fragments have considerable mobility. 

Carbon-14 radiotracer studies presented in Section 4.5 have revealed 

that partial polymerization takes place readily at temperatures higher 

than about 470 K. The growth of graphitic carbon islands, that become 

detectable by LEED at temperatures higher than about 700 K, clearly 

involves extensive polymerization of the adsorbed species. It appears 

likely that sequential dehydrogenation at 450-700 K is generally 

accompanied by polymerization of the adsorbed species_by a mechanism 

that involves the growth of graphitic carbon islands. Studies of the 

temperature dependent bonding characteristics of cyclohexene and 

benzene chemisorbed on Pt(lOO) using ultraviolet photoemission 

spectroscopy (UPS) (in collaboration with S. Ferrer) support this 
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conclusion. Figure 4.13 shows a series of UPS difference spectra 

obtained for cyclohexene chemisorbed on Pt{100) at 300-770 K. Identi­

cal spectra were obtained following benzene chemisorption on Pt{lOO) 

at 300 and 525 K. Following cyclohexene {benzene) chemisorption at 

300 K the.UPS difference spectra displayed peaks 8.5, 6.3, 4.4, and 

2.3 eV below the Fermi energy which are indicative of an aromatic 

overlayer composed of benzene molecules {30,31) {8.5 eV = 3 e1P + 

b2P {pa-orbitals); 6.3 eV = 3 e2g + 1a2P {pa + p~-orbitals); 4.4 eV = 

1e1g {p~-orbital); 2.3 eV =adsorbate induced change in d-band 

emission {31,32)). Since only the binding energy of the uppermost ... 

e2g orbitals was increased relative to condensed benzene {31), 

chemical bonding appears to result mainly from the interaction of the 

doubly degenerate ~-levels with surface d-orbitals. With increasing 

adsorption temperature the emission at 4.4 and 8.5 eV gradually 

diminished and was replaced by strong emission at 6.1 and 2.8 eV below 

Ef. The latter UPS peaks appear to be associated with graphitic 

surface carbon as indicated by the appearance of a 11 ring 11 LEED pattern 

indicative of rotationally ordered graphite ·(at 770 K). The continuous 

transition of the UPS spectra from aromatic to graphitic character at 

temperatures starting as low as 420 K certainly tends to suggest that 

sequential dehydrogenation is accompanied by the growth of graphitic 

carbon islands. 



341 

FIGURE CAPTIONS 

Fig. 4.7. Hydrogen thermal desorption spectra illustrating the 

sequential dehydrogenation of ethylene, propylene, and 

cis-2-butene chemisorbed on Pt(111) at about 120 K 

(a = 12 K/sec). 

Fig. 4.8. Hydrogen thermal desorption spectra illustrating the 

sequential dehydrogenation of benzene chemisorbed on 

Pt(10,8,7) at a series of temperatures in the range 

340-680 K. The gas exposure was always about 36L and a = 

69 K/sec. 

Fig. 4.9. Hydrogen thermal desorption spectra representing the 

sequential dehydrogenation of benzene chemisorbed on Pt(100) 

at 340-500 K. The gas exposure was always about 36L and 

a = 98 K/sec. 

Fig. 4.10. Hydrogen thermal desorption spectra representing the 

sequential dehydrogenation of n-hexane chemisorbed on 

Pt(10,8,7) at a series of temperatures in the range 

325-700 K. The curves are displaced to the right with in­

creasing adsorption temperature (Tads = 330, 380, 440, 

485, 520, 585, 625, 670, and 700 K; a = 69 K/sec). 

Fig. 4.11. Hydrogen thermal desorption spectra representing the 

sequential dehydrogenation of ethylene chemisorbed on 

Pt(111) at 330-640 K (from left to right Tads = 330, 370, 

470, 505, 565, and 635 K; a = 88 K/sec). 
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Fig. 4.12. Temperature dependent (H/C) composition of the strongly 

bound surface species resulting from benzene and n-hexane 

chemisorption on Pt(100) 5 Pt(111) 5 and Pt(l0 5 85 7). 

Fi~. 4.13. UPS difference spectra for cyclohexene chemisorbed on 

Pt(100) at 300~770 K. 
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4.4. Thermal Desorption Studies of the Composition Rehydrogenation, 
and Sequential Dehydrogenation of Hydrocarbon Overlayers Deposited 
During Reaction Rate Studies at Atmospheric Pressure 

.4.4.1. Background 

Results presented in the preceeding section showed that 11 hydrogen 

storage 11 is·always an important property of hydrocarbon species chemi-

sorbed on platinum single crystal surfaces at temperatures between 300 

and 680 K. Hydrogen thermal desorption studies provided activation 

energies for sequential dehydrogenation that varied from about 18 to 

40 kcal/mole depending upon the hydrocarbon and adsorption temperature. 

The same thermal desorption studies provided important information 

about the temperature dependent composition of the strongly adsorbed 

species. A similar series of hydrogen thermal desorption studies was 

carried out following the reaction rate studies that were described in 

Chapter 3 in order to determine if the composition and dehydrogenation 

energetics were altered when the adsorbed species were deposited at 

high reactant pressures. While the dehydrogenation kinetics were not 

significantly different from those determined at low pressures, it was 

found that the hydrogen content of the adsorbed species was always much 

higher following the reaction studies at high reactant pressures. The 

same strongly adsorbed species that were responsible for catalyst 

deactivation displayed a surprisingly high capacity for hydrogen 

storage. These species typically retained 10-20 times more hydrogen 

than could be adsorbed on initially clean pl~tinum surfaces. The 
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existence of this strongly bound hydrogen strongly supports the long 

advocated idea (33,34) that the carbon deposit responsible for catalyst 

deactivation is a non-graphitic polymeric residue. 

4.4.2. Results and Discussion. 

Hydrogen thermal desorption spectra recorded after n-hexane 

reaction studies that were carried out over Pt(lll) and Pt(l0,8,7) at 

573-678 K are shown in Fig. 4.14. Also shown in the average (H/C) 

stoichiometry of the adsorbed layer as determined from the desorption 

peak areas and the total surface carbon coverage that was in the range 

2-5 carbon atoms per surface platinum atom. To desorb all weakly and 

reversibly adsorbed species, the samples were cooled to near room 

temperature in the presence of 600 Torr of hydrogen before opening the 

isolation cell and recording the spectra in UHV. As such the spectra 

represent the sequential dehydrogenation and decomposition of the 

strongly adsorbed species that were deposited by the reaction mixture. 

This process took place in two or more steps with broad hydrogen 

desorption peaks centered at 440-460 K and 630-660 K. As discussed in 

the previous section, the first desorption peak corresponds to a­

hydrogen abstraction and related rearrange~ent processes in aromatic, 

alkylidene, and alkylidyne surface species. The second desorption peak 

appears to represent the decomposition of CH fragments (28) and other 

CHx groups in which the C-H bonds are not provided easy access to a 

metal site. The fraction of the total hydrogen which was retained in 

this chemical state increased with increasing reaction temperature in 

a manner which was roughly proportional to the total surface carbon 
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coverage. The area of the first desorption peak displayed little 

dependence or carbon coverage (reaction temperature). 

Very similar hydrogen desorption spectra were obtained following 

the high pressure reactions of other hydrocarbon molecules including 

isobutane, n-butane, neopentane, cyclohexene, and n-heptane. 

Figure 4.15 compares TDS results for several molecules that were 

obtained following reaction studies catalyzed on the (10,8,7) platinum 

surface at 573 K (except cyclohexene-Pt{322)-425 K). Figure 4.16 

summarizes hydrogen desorption spectra together with (H/C) ratios that 

were determined following a series of reactions on the (100) platinum 

surface. The (H/C) ratios and the shapes and positions of the hydrogen 

desorption peaks were always very similar independent of the platinum 

surface structure and the nature of the reacting hydrocarbon. 

The (H/C) ratios shown in Figs. 4.14 and 4.16 clearly indicate 

that the carbonaceous deposits always store high concentrations of 

strongly bound hydrogen. For n-hexane reactions catalyzed over Pt(111) 

and Pt(10,8,7), the (H/C) ratios decreased slowly with increasing 

reaction temperature from about 1.6 at 573 K to about 1.0 at 678 Kc 

Following alk·ane reaction studies on the (100) platinum surface at 

573-615 K, the (H/C) ratios were always in the range 1.0-1.6. Under 

steady state reaction conditions at high hydrogen pressures and 
' 

temperatures between 573 and 673 K these ratios are undoubtedly 

reduced, but it is very unlikely that they would approach zero. Under 

these conditions, the hydrogen which is retained by the carbon deposit 

can be made available to reacting molecules by means of hydrogen 
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transfer reactions. The importance of these processes are discussed 

further in the ne~t section. 

Deuterium exchange also occurred readily within these hydrogen 

containing carbonaceous deposits at both high and low reactant pres-

sures. Deuterium thermal desorption spectra representing deuterium 

exchange in carbon deposits derived from n-hexane were shown in 

Fig. 3.52. Similar spectra were obtained following isobutane and 

neopentane reaction studies in the presence of deuterium. Salmeron 

has shown that ethylidyne species resulting from ethylene adsorption 

on Pt(111) at 300-450 K exchange deuterium readily even at D2 pres­

sures as low as 10-7 Torr (3). Vibrational ELS studies revealed that 

CH species also undergo facile deuterium exchange on (111) rhodium and 

platinum surfaces (27,28). 

The amount of hydrogen which was stored by the carbonaceous 

deposit usually represented at least ten times more hydrogen than could 

be chemisorbed on initially clean platinum surfaces. This is shown in 

Fig. 4.17, which compares hydrogen thermal desorption spectra obtained 

for the stepped (322) platinum surface following (a) hydrogen chemi­

sorption at -300 K on the clean surface, (b) cyclohexene chemisorption 

at 425 K and low reactant pressures, and (c) a cyclohexene reaction 

study at 425 K, but at a total pressure of 77 Torr. The carbon 

coverages determined by AES following the low and high pressure 

cyclohexene reactions were identical with 15 percent (C/Pt = 1.3).-

The amount of hydrogen stored by the adsorbed layer was clearly 

increased following the high pressure reactions. 
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Once desorbed, the strongly bound hydrogen could only be partially 

reintroduced by heating the carbon covered samples in 200-600 Torr of 

hydrogen at 423-573 K. As shown in Fig. 4.18 for cyclohexene and 

neopentane rehydrogenation experiments on the (322) platinum surface, 

the reintroduced hydrogen displayed a single desorption peak at 

430-460 K. Very little if any of the hydrogen could be reintroduced 

into the higher energy binding states. Thus, the complete dehydro­

genation and decomposition of the carbonaceous deposits was largely 

irreversible. This process was accompanied by major restructuring of 

the surface carbon which resulted in the formation of graphitic carbon 

islands and perhaps also amorphous carbon deposits. Poor quality 

11 (9 x 9)-ring11 diffraction patterns indicative of rotational disordered 

graphite were detected following experiments on the (322) platinum 

surface and several of the low pressure reaction studies discussed in 

Section 5.3. While LEED studies were not carried out for the other 

platinum surfaces, it appears likely from studies by Blakely (35) and 

Smith (36) that graphitic carbon was the dominant product of the over­

layer decomposition reactions. This graphitic carbon displayed 

different hydrogen storage properties as compared to the carbonaceous 

overlayers that were deposited by the reaction mixtures. The single 

hydrogen desorption peak at about 450 K most probably arises from 

hydrogen which is incorporated into the peripheral edges (and/or defect 

sites) of the graphitic islands, i.e., 
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This desorption temperature was the same as that determined for the 

initial stages of benzene dehydrogenation (Section 4.3). 

Regardless of the exact structure of the fully dehydrogenated 

carbon deposit, it appears clear that this was not the surface species 

responsible for the catalyst deactivation that was always observed 

during the high pressure reaction studies. The apparent hydrogen con~ 

tent of this deactivating residue was too high, (H/C) > 1. Polynuclear 

aromatics and related graphite precursors have hydrogen contents less 

than one hydrogen atom per surface carbon atom. Possible models for 

the structure of the deactivating residue are discussed further in 

Sections 4.7 and 4.8. 

Finally, it should be noted that complete dehydrogenation of the 

carbonaceous deposit was accompanied by a small but distinct and 

irreversible change in line shape for the c273 Auger transition. 

This is shown in Fig. 4.19, where Auge~ spectra are compared before 

and after flashing the (111) sample to 770 K following an n-hexane 

reactiori study at 623 K. While no chemical shift was detectable, the 

carbon Auger peak became app.reci ably sharper following dehydrogenation 

at high temperatures, and a distinct shoulder became apparent at 
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254-255 eV. After correcting for overlap with the Pt252 Auger peak, 

the latter lineshape appears to correlate closely with that for 

graphitic carbon deposited on nickel (37). 
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FIGURE CAPTIONS 

Fig. 4.14. Hydrogen thermal desorption spectra (lower frame) recorded 

after n-hexane reaction studies that were carried out at 

573-678 K over the flat (111) and kinked (10,8,7) platinum 

single crystal surfaces. The average hydrogen content of 

the carbonaceous deposits as determined from the total 

desorption peak areas is also shown as a function reaction 

temperature (upper frame) (~ = 69-88 K/sec). 

Fig. 4.15. Hydrogen thermal desorption spectra recorded after alkane 

reaction studies that were catalyzed over Pt{10,8,7) at 

573 K (except cyclohexene, Pt(32l), 425 K) (~ = 69 K/sec). 

Fig. 4.16. Hydrogen thermal desorption spectra recorded following a 

series of alkane reaction studies on the (100) platinum 

surface at 573 K (n-hexane, neopentane) and 615 K (iso­

butane, n-butane). The average hydrogen content of the 

carbonaceous overlayers is also shown. 

Fig. 4.17. Comparison between hydrogen thermal desorption spectra for 

the clean Pt(322) platinum surface and Pt(322) following 

cyclohexene chemisorption at low (lo-7 Torr) and high 

(7 Torr) reactant pressures. 
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Fig. 4.18. Hydrogen thermal desorption spectra recorded following 

cyclohexene (upper frame) and neopentane (lower frame) 

reaction studies on the (322) platinum surface. The solid 

TDS curves were obtained directly after the reactions. The 

dashed TDS curves were obtained after rehydrogenation ex­

periments in which the carbon covered samples were heated 

in 200 Torr hydrogen at 420-560 K. 

Fig. 4.19. Auger spectra for carbon deposits chemisorbed on platinum 

showing the change in lineshape for the 273 eV carbon Auger 

peak which accompanies complete dehydrogenation. 
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4.5. Radiotracer Studies of 14C-Ethylene and 14c-Benzene 
Rehydrogenation, and Hydrogen Transfer React1ons on 
Pt(100) 

4.5.1. Background 

Radiotracer methods are among the most sensitive techniques for 

measuring very low concentrations of materials in a transient environ-

ment. They are of particular value when studying the residence time 

of an adsorbed monolayer in the presence of the same molecule in the 

gas phase as occurs in heterogeneous catalysis. Static radiotracer 

measurements yield the absolute adsorbate surface coverage on the 

catalyst, and dynamic experiments can also be carried out easily to 

determine the kinetics of important surface phenomena such as iso­

thermal desorption, bulk dissolution, surface diffusion, and exchange 

or rehydrogenation reactions of these adsorbed species. 

A distinction between the kinetics of intermolecular hydrogen 

transfer and direct rehydrogenation reaction steps is required to 

evaluate the nature of the participation of strongly bound carbonaceous 

species in hydrocarbon catalysis over platinum. Since the adsorbed 

species that form in these reactions are hydrocarbon fragments that 

may be derived from readily available compounds labelled with carbon-

14, radiotracers can provide a direct method for determining the 

reaction pathway. 

While the 14c-radiotracer technique has been used by several 

groups to investigate the interactions of hydrocarbons with evaporated 

films and supported metal catalysts (38-41), the radiotracer technique 

has found only limited application in adsorption studies that are 
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carried out in ultra high vacuum using well defined surfaces. In 

studies of 14co chemisorption on nickel, Klier and his co-workers 

(42,43) described a thin window Geiger-Muller (GM) counter that could 

be used in vacuum systems at 10-10 Torr with a sensitivity sufficient 

to detect 1al2 adsorbed molecules. A major difficulty in these 

studies was in mounting the detector in order to prevent the thin mica 

window from rupturing. In Section 2.3, an alternative method was 

described to detect 14c-radiotracers which is simple, sensitive, 

rugged, and more versatile than the GM counter and is suitable for 

general surface. studies. This section is devoted to a discussion of 

the results obtained when this technique was used to investigate the 

rehydrogenation and hydrogen transfer reactions of 14c-ethylene and 
14C-benzene chemisorbed on the flat (111) and (100) platinum single 

crystal surfaces. Both molecules displayed increasing surface 

coverages, decreasing hydrogen content (Section 4.3), and decreasing 

reactivity with increasing adsorption temperature in the range 320-

625 K. Reactivity studies carried out near atmospheric pressure 

revealed two distinct types of carbonaceous species on the platinum 

surfaces: 

(1) an active form consisting of partially dehydrogenated 

hydrocarbon molecules (fragments) which readily undergo 

hydrogenation and hydrogen transfer reactions under mild 

conditions, and 

(2) an inactive form that displays little reactivity over the 

entire range of temperature (320-675 K) and pressure 
--10 <'(,l\0 - J. atm) :i;.tt~,est~i;;gated .• 
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Removal of the active 14c-carbonaceous species by hydrogen transfer 

reactions with unlabelled hydrocarbons, i.e., 

14c H (ads) + 12c H (gas) · 14c H (gas) + 12c H (ads) m x n y ~ m x+z · n y-z (1) 

displayed reaction rates that were within about an order of magnitude 

to those measured for direct hydrogenation using gas phase hydrogen, 

viz., 

(2) 

The proportion of the total surface carbon which existed in the active 

form decreased with increasing adsorption temperature. 

4.5.2. Results and Discussion 
14c-Benzene Chemisorption on Pt(111) and Pt(100). Absolute 

surface concentrations determined from the rate of beta em1ssion 

following the chemisorption of 14C-benzene on Pt(111) are shown as·a 

function of temperature and exposure in Fig. 4.20 (1 Langmuir = 

lo-6 Torr sec uncorrected for ion gauge sensitivity). The error bars 

represent estimated uncertainties for the measurements that are based 

on the accuracy of the detector efficiency calibration (=10 percent) 

and the specific radioactivity of the 14C-benzene (16 = 1 mc/mmole). 

Counting times ranged from 10 to 40 min and count rates for adsorbed 

species and background varied between 15-180 and .2-6 cpm, respectively. 

The level of background activity increased gradually during a series 
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of experiments but always decreased to a low value of 2-3 cpm after 

outgassing overnighte 

The surface concentration by adsorbed species increased with 

increasing temperature and exposure. Complementary UPS (Section 4.4), 

TDS (section 4.3), LEED, and radiotracer studies revealed that 

irreversible, dissociative chemisorption occurred over most of this 

temperature range. No more than 5 percent of the adsorbed species 

could be desorbed in the molecular form following 14c-benzene chemi­

sorption at 298-330 K, and the adsorption was even less reversible 

at higher adsorption temperatures. Thermal desorption studies 

(Section 4.3) indicated that sequential dehydrogenation and decomposi­

tion occurred over the temperature range 420-680 K. Benzene chemi­

sorbed on Pt(111) at 320-340 K displayed the 16·-~~diffraction pattern 

shown in Fig. 4.21. As discussed by Stair (44), the pattern of triplet 

diffraction beams arises from 3 independent domains of the 16- ~~ 
overlayer structure. The rectangular unit mesh measures 10.8 by 13.2~, 

and one benzene molecule per unit cell corresponds to a surface con­

centration of 7.5 x 1013 Bz/cm2• This concentration corresponds 

closely with that determined directly from the radiotracer analysis 

(8: 1 x 1013 Bz/cm2). The maximum surface coverage achieved after 

14c-benzene chemisorption at 623 K corresponds to 2.0 carbon atoms 

per surface platinum atom. ~hile no ordering could be detected at 

temperatures between 340 and 620 K it is notable that this maximum 

coverage approaches that expected for a close packed graphitic 

overlayer with C/Pt = 2.57. 
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The chemisorption of 14C-benzene on evaporated platinum films 

was investigated by Tetenyi and Babernics (38). Figure 4.22 compares 

the adsorption behavior for the small area Pt(111) single crystal 

catalyst with that reported for the high area practical catalyst. Irt 

all cases the surface coverages measured for benzene on Pt(111) were 

much higher than those determined for benzene chemisorption on the 

platinum films. Since the films were not prepared in UHV, it is likely 

that surface impurities were present which would strongly suppress the 

chemisorption of benzene. 

The adsorption behavior of 14c-C6H6 on Pt(100) was very 

similar to that for 14C-benzene on Pt(111). Surface coverages by 

adsorbed species increased with increasing temperature and exposure. 

The decomposition of benzene chemisorbed on Pt(100) was discussed in 

Section 4.3. LEED studies could not be carried out for this adsorption 

system. 
14c-Ethylene Chemisorption on Pt(111). Adsorption isotherms 

determined by radiotracer analysis for 14c-ethylene chemisorption on 

Pt(111) at 333-573 K are shown in Fig. 4.23. For adsorption tempera­

tures below 423 K the initial sticking coefficient S
0 

and saturation 

coverage cs = 4 x 1014 = 25 percent molec/cm2 were constant. At 

higher adsorption temperatures a slow adsorption process was apparent 

which continued for exposures ~20 L. The slow adsorption process was 

accompanied by extensive dehydrogenation and rearrangement of the 

adsorbed species (Section 4.3). 
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Ethylene adsorption on Pt(l11) at 300-430 K leads to the formation 

of surface ethylidyne species which display a (2 x 2) overlayer struc­

ture {26,27). The atomic structure of this surface species as deter­

mined by dynamical LEED intensity analysis (26), high resolution ELS 

(27 ,28), and- TDS {3,28) is shown in Fig. 4.24. The surface species 

occupies a 3-fold adsorption site with the c-c internuclear axis 

directed normal to the platinum surface with a c-c bond distance of 

1.5A. The a-carbon atom is bonded equivalently to 3-platinum atoms 

with a Pt-C bond length of 2.0A. This exceedingly short platinum­

carbon bond is indicative of metal-carbyne (M =:CR), carbene (M = 

CR2), and vinylidene (M = C = CR2) species that appear to display 

unique chemical activity in many types of skeletal rearrangement 

reactions. The saturation coverages and (H/C) ratios determined in 

this work over the temperature range 330-430 K are in excellent 

agreement with those predicted for the formation of the ethylidyne 

species in the expected {2 x 2) surface structure, i.e., (H/C) = 1.5, 

Cs = 3.8 x 1014 molec/cm2• The radiotracer studies (Fig. 4.23) also 

show that this surface species forms according to first-order Langmuir 

adsorption kinetics 

where £ = Pt was the gas exposure, and S
0 

(the initial sticking 

coefficient) was constant at 0.9 = 0.2 over the temperature range 

3.3 Q-4.2.0 K. 

(1) 
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Rehydrogenation and Hydrogen Transfer Reactions of 14c-Ethylene 

Chemisorbed on Pt(111). Time dependent studies of hydrocarbon 

residence times, rehydrogenation kinetics, and hydrogen transfer 

kinetics is a unique and important application for this radiotracer 

technique. Radiotracer decay curves representing the rehydrogenation 

of ethylidyne species chemisorbed on the (111) platinum surface are 

shown in Fig. 4.25. The ethylidyne species were prepared by chemi­

sorbing 14c-ethylene at 335-345 K and lo-7 Torr. The rehydrogenation 

reactions were carried out at 300-470 K in the presence of 1 atm of 

flowing hydrogen. The reactions were interrupted at intervals of 

1-10 min so that the residual coverage (e(t)/e(t = 0) = e/e
0 

= 

cpm/cpm
0

) by radioactive surface species could be determined as a 

function of the total reaction time. Two points are significant: 

(1) the ethylidyne species became highly reactive only at temperatures 

higher than about 340 K, and (2) the rehydrogenation reaction was not 

a simple first-order (or 2nd order) process. At 300 K only about 

25 percent of the surface species were removed by rehydrogenation in 

30 min reaction time. By contrast, at 370 K or higher temperatures, 

the same surface species underwent essentially _complete rehydrogenation 

in just 2-5 min. From the initial slopes of the decay curves the 

activation energy for ethylidyne hydrogenation can be very roughly 

estimated as 5-10 kcal/mole. It is clear that ethylidyne species and 

related reaction intermediates with the alkylidyne surface structure 

(26) should be exceedingly reactive under typical alkane reaction 

conditions near 573 K. 
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Two possible explanations for the curvature displayed in the decay 

plots are the existence of multiple adsorption states and/or the 

deposition of background gases during the rehydrogenation experiments. 

Blank reactions carried out at 370-570 K revealed that low levels of 

background carbon contamination were gradually deposited during the 

rehydrogenation experiments (0.3-0.6 carbon atoms per platinum atom). 

This carbon could suppress the dissociative chemisorption of hydrogen 

molecules at longer reaction times and thereby decrease the rates of 

carbon-14 rehydrogenation. 

A similar series of rehydrogenation reactions was carried out 

following the chemisorption of 14c-ethylene on Pt(111) at 473 and 

600 K. As discussed below, ethylene adsorption at these temperatures 

produced surface species with average composition "C2H" (473 K) and 

"C" (600 K). Results of these reaction studies are shown in Fig. 4.26. 

Rehydrogenation of these more strongly adsorbed species at 370-640 K 

proceeded in at least two distinct stages. A very rapid initial stage 

(Rh > 10-2 molec/Pt atom sec) which was complete within about 2 min 

was always followed by a very slow rehydrogenation reaction (Rh ~ 

10-5 molec/Pt atom sec) which continued for hours without reaching 

completion. The rapid initial reaction represents the hydrogenation· 

of small c1, c2, CH, and c2H fragments which appear to be present 

following ethylene chemisorption at 470-650 K (3,28). The very sl_ow 

later stages of reaction appear to represent the gasification of 

graphitic-like surface species with very low hydrogen content. Similar 

catalytic behavior characterized by a two stage rehydrogenation 
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reaction was reported by Krebs and Bonzel (45) for the hydrogenation 

of surface carbon deposited on iron foils at 560 K. 

These results show that for temperatures higher than about 470 K, 

ethylene chemisorption on Pt{lll) is always partially irreversible. 

The proportion of the total surface carbon which existed in the in­

active form increased with increasing adsorption temperature. In 

Figc 4.27 the irreversibly adsorbed fraction is shown as a function of 

temperature along with the {H/C) stoichiometry of the adsorbed layer 

as determined from thermal desorption studies {Section 4.3). Irre­

versibly adsorbed fraction is defined.as the proportion of preadsorbed 
14c-ethylene which could not be removed by rehydrogenation (40-

80 min reaction time) at the same temperature at which the initial 

adsorption was carried out. The (H/C) ratio displayed a striking 

correlation with the adsorption reversibilityc Sequential dehydro­

genation of ethylidyne to "C2H" like species at 450-470 K was 

accompanied by a marked decrease in reversibility from 95-100 percent 

to about 50-70 percent. The reversibility approached zero as the 

hydrogen content decreased further at higher adsorption temperatures. 

The fact that the amount of inactive carbon deposited at 473 K 

was highly dependent upon the temperature of subsequent rehydrogenation 

reactions suggests strongly that the polymerization process responsible 

for the formation of the inactive carbon involves two independent 

pathways. Initial polymerization responsible for the overall shape of 

Fig. 4.27 appears to occur during adsorption. Further polymerization, 

which competes with direct hydrogenation, appears to occur during the 
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initial stages of the rehydrogenation reactions. Provided that the 

activation energy for polymerization is smaller than that for hydro-

genation, the irreverisbly adsorbed fraction should decrease with 

increasing reaction temperature as observed experimentally. 

The formation of inactive metal-organic surface species derived 

from 14c-ethylene on alumina supported Ni {39), Pd {39), Rh {39,46), 

Ir {40) and Pt (39) catalysts was investigated by Thomson and Webb and 

co-workers. Inactive carbonaceous species were detected under all 

conditions of direct hydrogenation and hydrogen transfer with un-

labelled ethylene and acetylene at 290-470 K. At 290 K, the irre­

versibly adsorbed fraction decreased in the sequence Pd {63 percent) > 

Ni (20 percent) > Ir {6-13 percent) > Pt (4-7 percent). The inactive 

fraction retained by the platinum catalyst increased to 40-60 percent 

at 470 K. These results appear to be in excellent agreement with those 

reported here for the small area (111) platinum single crystal surface. 

The strongly adsorbed "C2H" fragments resulting from 14c­

ethylene chemisorption on Pt(111) at 470 K could also be partially 

removed from the surface by intermolecular hydrogen transfer reactions 

with unlabelled hydrocarbons. Radiotracer decay curves illustrating 

hydrogen transfer between "C 2H" and n-hexane and cyclohexene at 523-

573 K are shown in Fig. 4.28. A surprising feature of the hydrogen 

transfer reactions is the ease with which they occurred. Initial 

removal of the active 14c-containing species by hydrogen transfer 

with 20 Torr of n-hexane or cyclohexene displayed initial reaction 
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rates (lo-2 - 10-3 molec/Pt atom sec} that appeared to ·be within 

about an order of magnitude to those determined for direct hydro-

genation in 1 atm of hydrogen. Hexen~s and benzene were detected as 

byproducts of the hydrogen transfer reactions. Cyclohexene (a good 

hydrogen donor} Underwent hydrogen transfer with 11 C2H11 more rapidly 

than n-hexane (a poor hydrogen donor}. In the absence of hydrogen, 

·the hydrogen transfer reactions were accompanied by the deposition of 

carbonaceous multilay~rs on the platinum surface (c273 tPt237 = 5-8} 

that could be detected by AES. 

Rehydrogenation and Hydrogen Transfer Reactions of 14c-Benzene 

Chemisorbed on Pt(100} and Pt(111}. Radiotracer decay curves 

representing the rehydrogenation and hydrogen transfer reactions of 
14C-benzene chemisorbed on Pt(100} and Pt(111} are shown in 

Figs. 4.29 to 4.31. The adsorbed species derived from 14c-c6H6 chem­

isorption at 333 and 573 K displayed similar reactivities on both 

platinum surfaces, and these reactivities were much like those just 

described for 14c-C2H4 chemisorbed on Pt(111}. The weakly adsorbed 

species resulting from benzene chemisorption at 333 K underwent com-

plete hydrogenation under mild conditions (T = 300-360 K, PH = 1 atm) 
2 

in a period of 10-25 min. By contrast, the more strongly adsorbed 

surface species produced by benzene chemisorption at 573 K could only 

be partially removed by 2 hr rehydrogenation even at temperatures as 

high as 673 K. In this case a rapid initial rehydrogenation process 

appeared to be followed by a very slow gasification reaction. The 

fraction of the total surface carbon which existed in the inactive 
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form increased with increasing adsorption temperature and decreasing 

reaction temperature. The strongly adsorbed species displayed 

significant reactivity in hydrogen transfer reactions with unlabelled 

benzene and n-hexane. 

Si gnifi·cance of Hydrogen Transfer Reactions. The radiotracer 

studies clearly demonstrate that hydrogen transfer reactions take place 

between hydrocarbon species chemisorbed on the (111) platinum single 

crystal surface. These hydrogen transfer reactions displayed apparent 

reaction rates at 520-570 K which were typically 3-20 times slower than. 

direct hydrogenation using gas phase hydrogen. Studies of cyclohexene 

hydrogenation and disproportionation catalyzed at 425 K over Pt(322) 

revealed that direct hydrogenation was ten times faster than hydrogen 

transfer (Section 3.3). Because the activation energy for dispropor­

tionation (-16 kcal/mole) was larger than that for direct hydrogenation 

(5-6 kcal/mole), the importance of the hydrogen transfer pathway is 

expected to increase with increasing reaction temperature. Overall, 

our results clearly suggest that many important types of hydrocarbon 

conversion reactions may be influenced by hydrogen transfer reactions 

between the adsorbed species that always cover the platinum surface. 

Under normal steady state reaction conditions at 540-700 K only a small 

concentration (1-20 percent) of uncovered platinum surface sites exists 

for dissociative chemisorption of hydrogen molecules. Under these 

conditions hydrogen transfer may become favored over direct hydrogena­

tion since the latter process is strongly suppressed in the absence of 

uncovered platinum surface sites (Section 3.4). 
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The notion that hydrogen transfer reactions are important in 

reforming catalysis is not entirely new. Thomson and Webb (47) have 

argued that a generalized hydrogen transfer mechanism provides a 

"universal" explanation for the patterns of catalytic activity dis­

played by metal catalysts in olefin hydrogenation reactions. Gardner 

and Hansen (48) reached a similar conclusion in connection with studies 

of ethylene hydrogenation over tungsten catalysts. Unfortunately, the 

crucial experiments required to distinguish the kinetics of hydro-

genation and hydrogen transfer were not reported in these studies. 

Our results certainly tend to confirm that hydrogen transfer reactions 

could be important, especially at higher reaction temperatures. Un­

fortunately, insuff-icient information now exists to determine exactly 

how important these processes may be. 

Several reaction pathways for hydrogen transfer now have precedent 

in organometallic chemistry (49,50), and existing information indicates 

that the same pathways should be important in reactions on metal sur­

faces (51). A common feature of these pathways is the transient ex-

istence of metal-hydride intermediate. For hydrogen transfer on a. 

metal surface these pathways can be represented by the reactions 
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where S is a surface site composed of one or more platinum atoms. The 

first react1on encompases a-hydrogen abstraction and subsequent 

hydrogen transfer to produce an olefin and alkane. This pathway is 

consistent with the olefin production detected during hydrogen transfer 

on the (111) platinum surface. Coordination compounds of the type 

PtL2R2 where L = PEt3 and R =ethyl (Et), cyclopropyl, cyclobutyl,· and 

cyclopentyl undergo thermal decomposition by this pathway (49). The 

latter reactions involve a-hydrogen abstraction and alkane reductive 

elimination as observed for the rearrangement of Ta(CH2CMe3)2Cl 3 and 

TaCp(CH2CMe3)2Br2 (50). 
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FIGURE CAPTIONS 

Fig. 4.20. Adsorption "isobars" for 14c-benzene chemisorption on 

Pt(lll) at 315-620 K. 

Fig. 4.21. LEED pattern and real space surface unit mesh for the ~ -~~ 
surface structure that is displayed by benzene chemisorbed 

on Pt(lll) at 325 K. The diffraction pattern has been taken 

from Ref. 44; the same pattern but of poorer quality was 

observed in this research. 

Fig. 4.22. Comparison between 14C-benzene chemisorption on Pt(lll) 

and Pt-fi lms as reported by Tetenyi and Babernics (38). 

Fig. 4.23. Adsorption isotherms (left frame) for 14c2H4 chemi-

sorbed on Pt(lll) at 330-570 K. The adsorption behavior at 

330-420 K is well described by a first-order Langmuir model 

(right frame). 

Fig. 4.24. Atomic surface structure for ethylidyne species chemisorbed 

on Pt(lll) (26). 

Fig. 4.25. Radiotracer decay curves illustrating the rehydrogenation 

of 14c-ethylidyne species chemisorbed on Pt(lll). 

Fig. 4.26. Radiotracer decay curves illustrating the partial 

rehydrogenation of ethylene decomposition products with 

average composition "C2H" (left frame) and "C" (right 

frame). These species were prepared by chemisorbing 

ethylene on Pt(lll) at 473 and 600 K. 
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Fig. 4.27G Composition and reactivity of 14c-ethylene chemisorbed on 

Pt(lll) at temperatures between 320 and 670 K; the 

irreversibly adsorbed fraction determined by r·adi otracer 

analysis displays an excellent correlation with the average 

hydrogen content (H/C), of the strongly adsorbed speciesc 

Fig. 4.28. Radiotracer decay curves illustrating hydrogen transfer 

reactions between n-hexane (left frame) or cyclohexene 

(right frame) and "C2H" surface species that were produced 

from 14c-ethylene chemisorption on Pt(lll) at 470 K. 

Fig. 4.29. Radiotracer decay curves illustrating the rehydrogenation 

of 14c-benzene chemisorbed on Pt(lll). In the left frame 
14c-C6H6 was adsorbed at 333 K, and rehydrogenation was 

carried out in the presence of 1 atm H2 at 348 K. In the 

right frame 14c-benzene was chemisorbed at 573 K and 

rehydrogenation was carried out at the indicated 

temperatures. 

Fig. 4.30. Radiotracer decay curves illustrating hydrogen transfer 

reactions between n-hexane or benzene with surface species 

that were derived from 14c-benzene chemisorption on 

Pt(lll) at 573 K. 

Fig. 4.31. Radiotracer decay curves illustrating the rehydrogenation 

of 14c-benzene chemisorbed on Pt(lOO). 
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· Comparison between Model and Practical Catalysts 
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Hydrogen Transfer from Unlabelled Hydrocarbons 

to 14c- c6 H6 Deposited on Pt(lll) at 300 °C 
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4.6. Catalytic Activity and Selectivity of Carbon Covered Platinum: 
Restart Reactions and Reaction Rate Studies Over Preadsorbed 
Overlayers Containing Carbon-14. 

4.6.1. Background. 

An extensive series of reaction rate studies was carried out to 

investigate-how the catalytic activity and selectivity of platinum is 

altered by the presence of strongly adsorbed carbonaceous deposits. 

Two different types of experiments were carried out: (1) reaction rate 

studies over surfaces precovered with hydrocarbon overlayers, and (2) 

restart reaction studies. In the former experiments the initially 

clean platinum surfaces were pretreated with various hydrocarbons at 

low reactant pressures (-1o-7 Torr) and temperatures between 473 and 

673 K, the surface coverage by preadsorbed species was determined by 

AES (or radiotracer analysis), and then reaction studies were carried 

out near atmospheric pressure in the usual manner. Often the pre-

adsorbed layer was labelled with carbon-14 so that its partial removal 

in subsequent reactions could be detected by radiotracer analysis. In 

the restart experiments, reaction rate studies were carried out for 

90....;.180 min starting with an initially clean platinum surface, the 

reactions were stopped, Auger spectra were recorded for both crystal 

faces, and then the reactions were restarted usi-ng a fresh reaction 

mixture, often under exactly the same reaction conditions. These two 

types of experiments enabled the hydrogen content of the preadsorbed 

layers and the total surface carbon coverage to be varied independently. 

The platinum surfaces that were. covered with preadsorbed carbon 

deposits .always displayed lower catalytic .activities than initally 
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clean platinum surfaces. Only small changes in reaction selectivity 

were detected. During light alkane conversion reactions there was a 

tendency for isomerization activity to be suppressed more strongly than 

hydrogenolysis. During n-hexane reactions the selectivities for 

aromatization and hydrogenolysis were usually enhanced slightly rela= 

tive to isomerization and c5-cyclization. Since the changes in 

selectivity were always small, the general conclusion arises that sur­

face carbon deposits function as non-selective poisons independent of 

their hydrogen content and the hydrocarbon from which it was formedc 

4.6.2. Results and Discussion 

Cyclohexene Hydrogenation and Dehydrogenation. Reaction studies 

on platinum surfaces covered with preadsorbed overlayers revealed that 

the strongly adsorbed carbonaceous species which form at low pressures 

and temperatures between 473 and 523 K act as non-selective poisons 

for simple hydrogenation and dehydrogenation reactions that can be 

catalyzed at low temperatures. This is shown in Fig. 4.32 for cyclo­

hexene hydrogenation and dehydrogenation catalyzed at 300-425 K over 

the stepped {322) platinum surface. Ethylene, 1-butene, and benzene 

were preadsorbed at 473 K {e < 0.5) ~r 523 K {e > 0.5), the surface 

coverage by preadsorbed species was determined by AES (e = 1 cor­

responds to 2 carbon atoms per surface platinum atom =25 percent), and 

then the cyclohexene reactions were carried out at a total pressure of 

77 Torr (H2/HC = 10). At 300 K, the preadsorbed species very effec­

tively blocked the sites th.at were required for cyclohexene hydrogena­

tion .• The decline in act:ivity with .increasing overlaye.r coverage 
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corresponds to a (1 - e)2 coverage dependence indicating that at 

least two platinum atoms were used in the rate determining step of this 

reaction. Based on the kinetic studies of Segal et al. (52}, the rate 

determining step appears to be the dissociative chemisorption of 

hydrogen molecules on uncovered platinum surface sites. 

At 425 K the dehydrogenation and hydrogenation reactions were both 

suppressed strongly by preadsorbed benzene but to a lesser extent by 
\ 

the preadsorbed light olefins. The light olefins appeared to rehydro-

genate more readily than benzene theteby causing less deactivation with 

increasing overl ayer coverage. The stronger inhibition by pre adsorbed 

benzene is not too surprising in view of photoemission spectra like 

those shown in Fig. 4.12 and radiotracer studies (Section 4.5) which· 

indicate that benzene may be partially·graphetized following low 

pressure adsorption at 470-520 K. 

Light Alkane Restart Reactions. Qu-alitative information about 

the rehydrogenation rates during alkane conversion reactions at higher 

temperatures can be determined in this manner.by preadsorbing one type 

of hydrocarbon molecule and running a second reaction in the presence 

of the preadsorbed layer, or by running the reactions continuously 

ch·anging the re·actant hydrocarbon at periodic intervals. Re.start ex­

periments of the latter type reveal how hyd~ocarbon deposits derived 

from different molecules influence the activity and selectivity of' 

hyd-rocarbon converston ·reactions. Figure 4.33 compares product accum­

ulation curves determined as a fu.nctjon .of .reaction time .for isobutane 

isomerizattc:m .cat·alyz.ed .at 573 X ove:r the stepped (13,1,1) platinum 
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surface that was initially clean (top curve) and initially precovered 

with carbon deposits from previous neopentane and n-hexane reactions 

(lower curves). The initially clean surface was the most active and 

selective catalyst for this reaction yielding about 97 percent n-butane 

and 3 percent hydrogenolysis products. Because part of the deactiva= 

tion which occurred in the initial reactions was irreversible, the 

maximum level of activity that could be restored in the restart reac­

tions was always several times less than that for the initially clean 

platinum surface. The greater deactivation which occurred after the 

n-hexane reaction correlated with an increased coverage by surface 

carbon. In Fig. 4.34 initial rates in isobutane and neopentane res­

tart reactions have been divided by initial rates on clean platinum 

(Rr/Rc) and plotted as a function of the overlayer coverage. 

Table 4.5 summarizes reaction conditions and initial rates for the 

restart experiments. The catalytic activities for isomerization and 

hydrogenolysis on the (10,8,7) and (13,1,1) platinum surfaces both 

decreased markedly with increasing carbon coverage. Isomerization was 

generally suppressed more strongly than hydrogenolysis, particularly 

during isobutane reactions catalyzed over Pt(10,8,7). 

n-Hexane Restart Reactions. A similar series of restart 

experiments was carried out for n-hexane reac~ions catalyzed over the 

(111) and (10,8,7) platinum surfaces. Reaction conditions and initial 

-rates for s-everal of the experiments are summarized in Table 4.6. 

Example product accumulation curves are shown in Fig. 4.35. The ratio 

of initial rates (Rr}Rc) is shown as a function nf the preadsorbed 
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overlayer coverage for several sets of reaction conditions in Figs. 4.36 

and 4.37. The error bars represent the spread in (Rr/Rc) values 

measured for parallel hydrogenolysis, isomerization, and cyclization 

reactions. Again it can be clearly seen that the catalytic activity 

for all reactions decreased with increasing carbon coverage. The 

deactivation displayed little dependence on platinum surface structure 

and the hydrocarbon from which the carbon deposit was formed. Many of 

the restart experiments were carried out following n-hexane reaction 

studies using identical experimental conditions. The (Rr/Rc) ratios 

for these experiments are shown as a function of reaction temperature 

in Fig. 4.38. It is apparent that the amount of deactivation which 

occurred in the initial reactions increased with increasing reaction 

temperature. This deactivation correlated to roughly first order with 

increasing surface carbon coverage. As indicated in Fig. 4.33 and 

4.35, the catalytic activity measured in the restart reactions was 

usually more stable than that for initially clean 

platinum surfaces (Section 3.1). 

A comparison between Fig. 4.34, 4.35 and 4.36 reveals that the 

n-hexane reactions generally displayed less deactivation at a given 

carbon coverage than the isobutane and neopentane reactions. The 

activity in light alkane restart reactions approached zero for 11 carbon 

coverages .. greater than about two carbon atoms per surface platinum 

atom. By contrast, n-hexane continued to di·s,play appreciable activity 

at carbon coverages approaching four carbon atoms per s~urface platinum 

atom (equiv.alent--Secti.on 2 .•. 6),.. Th.e .reasons for this qiffe.rence .. ar:.e 
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not completely clear, but they are likely related to different site 

requirements for the light alkane and n-hexane reactions or differences 

in molecular residence times for the reacting species. The longer 

surface residence times for n-hexane (Section 4.1) may enable this 

molecule to diffuse more efficiently to uncovered platinum sites during 

a single residence on the surface. 

It is clear that the working platinum catalyst can tolerate a 

substantial accumulation of surface carbon and still exhibit high 

activity and normal platinum selectivity for the more important re-

forming reactions of larger alkane molecules. This might be expected 

if the carbon deposit were to participate in the reforming reactions 

by hydrogen transfer or other indirect processes. In order for un­

covered platinum sites to be totally responsible for the reaction 

chemistry, the carbon deposit must assume a 3-dimensional morphology 

which provides a small, steady-state concentration of uncovered 

platinum surface sites. Carbon monoxide adsorption studies reported 

in the next section indicate that uncovered platinum sites are indeed 

present during the restart reactions, and that these sites are 

responsible for the lowered catalytic activity that was displayed by 

the carbon covered surfaces. Supported platinum reforming catalysts 

that operate selectively for thousands of hours before requiring 

regeneration are known to accumulate high steady-state levels of 11 Coke 11 

<deposits .(as much as 5-10 p.er.c.ent by weight for 1 percent Pt/A12o3 
{53)}. While it is known that much of this carbon is deposited on the 

support (53,54'}, our results clea.rly suggest th-at a part of this 
r.. 
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"coke" deposit may also be present on the small platinum particles. 

The practical catalysts maintain an acceptable level of activity and 

selectivity only as long as a certain fraction of the platinum sites 

remain uncovered. 

n-Hexane Reaction Studies on Surfaces Precovered with Overlayers 

Containing Carbon-14. Reaction rate studies carried over platinum 

surfaces precovered with hydrocarbon overlayers containing carbon-14 

were also used to obtain information about the residence times and 

catalytic behavior of the metal-organic deposit. Figure 4.39 compares 

product accumulation curves detennined as a function of reaction time 

at 573 and 623 K for n-hexane hydrogenolysis and cyclization catalyzed 

over the flat (111) platinum surface. Before these reactions were 

carried out the surface was precovered with about one monolayer of 
14C-benzene at the same temperature that was used for the subsequent 

reaction studies. The catalytic activity (TN; = initial turnover 

frequency) and cyclization selectivity (Si = fractional cyclization 

selectivity) increased with increasing reaction temperature as dis­

cussed in Section 3.1. The most important feature of these experi­

ments, however, is the extent to which the preadsorbed overlayers are 

removed during the reactions by a combination of rehydrogenation and 

hydrogen transfer. This is indicated by cpm/cpm
0 
whic~ denotes the 

14 14 C-count rate after 2 hr of reaction divided by the C-count rate 

at the start of reaction. The 14c-containing deposit t-hat was pro­

duced at 573 K was largely removed (-75 percent) during n-hexane con-

verston at the ,s.ame temp.erature. ln contrast., at 6.23 K the radioactive 
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deposit was more securely bonded to the platinum surface and did_not 

undergo appreciable rehydrogenation (<20 percent). Despite the con-

tinuous presence of this deposit, the n-hexane reactions took place 

with very appreciable rates and selectivities. Under these conditions, 

hydrocarbon conversion certainly occurred in the presence of the carbon 

deposit and perhaps in exchange with the 14c-containing species. 

Table 4.7 summarizes initial rates and selectivities for other n-hexane 

reactions that were catalyzed over the (100) and (111) platinum sur­

faces following pretreatment with 14C-ethylene and 14C-benzene at 

400-670 K. Reaction rates measured in the presence of the preadsorbed 

overlayers were always lower than initial rates determined for clean 

platinum surfaces. No significant changes in reaction selectivity were 

detectedc The fraction of the preadsorbed 14c-containing species 

which were irreversibly adsorbed is shown as a function of adsorption 

temperature in Fig. 4.40. As discussed in the preceeding section for 
14c-C2H4 rehydrogenation reactions, the irreverisbly adsorbed 

fraction increased with increasing adsorption temperature and decreas­

ing reaction temperature. At any given pretreatment temperature, 

ethylene appeared to be adsorbed more irreversibly than benzene. The 

irreversibly adsorbed fraction displayed an inverse correlation with 

the hydrogen content of the preadsorbed species (Section 4.5). 

Selectivity of Restart Reactions and Reaction Studies in the 

Presence of Preadsorbed Ov~rl~yers Cont~ining Ca,rbon-11+. Only minor 
I 

changes in reaction selectivity were detected for the carbon covered 

platinum surfaces independent of their surface structure, the reaction 



Table. 4.7. Catalytic behavior of platinum inn-hexane reaction studies catalyzed over single 
crystal surfaces precovered with overlayers containing carbon-14. · 

Preadsorbed Hydrocarbon Rc/Rpt (a) (e/e
0

) (b) Initial Coverage 
Catalyst Rxn T (K) (and Tads(K)) ('*'0.1) (s10 percent) (molec/cm2 s 30 percent) 

Pt(lOO) 573 (c) C6H6(573) 0.64 46 4xlol3 

Pt(lOO) 573 (c) C6H6(63g) 0.66 84 5xlol3 

Pt(lOO) 673 C6H6(6Jg) 0.76 54 sxlol3 

Pt(lll) 573 C2H4(413) 0.92 2 4xlol4 

Pt(lll) 573 C2H4(523) 0.58 40 4xlol4 -i::> 
0 

Pt(lll) 573. C2H4(573) 0.36 lx1o15 
__. 

65 

Pt(111) 623 C2H4(523) 0.62 30 5xlol4 

Pt( lll) 623 C2H4(623) 0.45 82 1.4x1o15 

Pt(lll) 673 C6H6(673) 0.50 70 6xlol3 

(a) Ratio of reaction rates for the preadsorbed overlayer experiments and clean platinum. 
(b) Irreversibly adsorbed fraction of the preadsorbed overlayer. 

(c) H2/HC = 10, Ptot = 220 Torr; otherwise H2/HC = 30, Ptot = 620 Torr. 

( 
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temperature, the hydrocarbon from which the overlayer was derived, and 

the hydrogen content of the carbon deposit which was varied 

continuously between (H/C) = 0 and (H/C) = 1.5. These facts all seem 

to indicate that the general role of the carbon deposit is that of a 

non-selective poison. Uncovered platinum sites that were present in 

low concentrations in the restart experiments displayed normal activity 

and selectivity indicative of platinum catalysis. 

During the n-hexane reaction studies on carbon covered Pt(lll) 

and Pt(l0,8,7), there was usually a tendency for aromatization and 

hydrogenolysis selectivities to be enhanced slightly relative to 

isomerization and c5-cyclization. Example product distributions 

illustrating this effect are shown in Fig. 4.41 for n-hexane reactions 

catalyzed over Pt(lll) at 600-670 K. The enhanced aromatization 

selectivity is highly desireable but not when it arises at the cost of 

catalytic activity with a concomitant increase in hydrogenolysis 

selectivity. Within isomerization, the kinetic selectivity for 

2-methylpentane formation over 3-methylpentane production was always 

lowered on the carbon covered surfaces as compared to initially clean 

platinum. This change in isomerization selectivity would be expected 

from the results presented in Section 3.1. 

Perhaps, the two most simple explanations that can be proposed to 

account for the sli~htly altered selectivity of the carbon covered 
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platinum surfaces are: (1) a change takes place in the size of the 

available sites where reactions take place, and/or (2) the concentra-

tion of surface hydrogen is reduced on the carbon covered surfaces. 

Of these possibilities only (2) is consistent with experimental facts. 

From studies- of n-hexane reactions catalyzed over alloys (55-58), it 

has been clearly established that isomerization and c5-cyclization 

can take place at surface sites consisting of isolated platinum atoms. 

By contrast, hydrogenolysis undoubtedly requires multiatomic platinum 

sites, and aromatization may as well (55,57). If carbon was uniformly 

deposited on the platinum surfaces, one would anticipate an increase 

in the concentration of monatomic sites relative to multiatomic sites,, 

and this should be accompanied by an increase in isomerization and 

c5-cyclization selectivity. Since the restart experiments always 

revealed exactly the opposite change in selectivity, proposal (1) 

appears to be largely unacceptable. This conclusion is consistent with 

the fact that carbon was deposited as non-uniform, polymeric islands 

(Section 4.7). Results discussed in Section 3.1 showed that with in-

creasing temperature and decreasing hydrogen pressure, aromatization 

and hydrogenolysis selectivities increased at the expense of isomer­

ization and c5-cyclization. Within isomerization, the kinetic 

selectivity 2MP/3MP decreased with increasing temperature and decreas­

ing hydrogen pressure. These changes in selectivity were related to a 

change in the identity of the most abundant surface intermediate that 
,. 

is caused by a decrease in the surface concentration of chemisorbed 
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hydrogen. Since exactly the same changes in reaction selectivity were 

observed during the restart experiments, proposal (2) appears to pro­

vide a simple and meaningful explanation for the slightly altered 

selectivity of carbon covered platinumo A possible reason why the 

surface concentration of hydrogen was reduced in the restart reactions 

was discussed in Section 4.2. The sticking coefficient of hydrogen 

appeared to be reduced on the carbon covered surfaces (e.g., eH­

K~/ 2 , KH- S
0
). Results obtained by Salmeron (3) also in-

dicate that the binding energy of hydrogen is reduced by 2-3 kcal/mole 

when coadsorbed on platinum in the presence of hydrocarbons. 

The increased aromatization selectivity that was detected for the 

carbon covered single crystal surfaces corresponds well with results 

reported by Hughes {59) for commercial Pt/A1 2o3 and Pt-Re/Al 2o3 
catalysts. Supported catalysts that were pretreated with methyl- and 

dimethylcyclopentanes displayed a 2-10 percent increase in aromatiza-

tion selectivity for reforming reactions of cyclopentanes and cyclo-

hexanes. This change in selectivity was largest -for the bimetallic 

catalysts. An increase in hydrogenolysis selectivity relative to 

isomerization and cs-cyclization, like that observed in this 

research, was also reported by Karpinski (60) for n-hexane reactions 

catalyzed over Pt/Si02 catalysts that were deliberately deactivated 

at high temperatures. Paal et al. (61') reported the same effect for 

3-methylpentane reactions catalyzed over platinum black. Ponec and 

co-workers (62) recently reported interesting results for n-hexane 

reactions catalyzed at 500-650 K on a series of Pt/Si02 .c.atalysts 

} 
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with average metal particle sizes varied between 20 and 80~ (H2/HC = 16, 

Ptot = l atm). The catalytic behavior of freshly reduced catalysts was 

compared with that for the same catalysts following deliberate 

deactivation at 720 K. While little or no structure sensitivity was 

detected for· the freshly reduced catalysts, significant structure 

sensitivity was observed for the catalysts which were modified by 

carbon deposition at high temperatures. Catalysts with high dispersion 

were much more resistant to deactivation than catalysts with low dis­

persion. These results appear to indicate that edge and corner atoms 

on dispersed crysta 11 i tes are more res.i stant to coke deposition than 

atoms in close packed crystal faces. The Dutch workers also noted that 

cyclization selectivity was enhanced relative to isomerization on the 

deactivated catalysts. 

A larger change in reaction selectivity was detected during 

isobutane and neopentane restart reactions catalyzed over Pt(10,8,7}. 

In this case the kinetic selectivity for isomerization over hydro­

genolysis clearly appeared to be lowered in the presence of surface 

carbon d~posits. A smaller effect in the same direction was detected 

for the stepped (13,1,1) platinum surface. Since kink sites on the 

(10,8,]) surface wer.e .uniquely act.ive for isobutane hydrogenolysis 

(Section 3.2), it appears likely that this change in selectivity may 

·result from selective ·block·ing of terrace sttes by the carbon depos·it. 

Resu.lts recently obtained by Zaera {63) from selective ·co chemisorption 

studies confirm this interpretation. A similar change in selectivity 

was reported by Dow'i e et a 1. {64') for i.sobutane .and n-butane restart 
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reactions catalyzed over platinum films at 630-680 K (H2/HC = 11c5, 

Ptot ~40-Torr). However, at the lower temperatures (530-600 K) that 

correspond to this research, the opposite effect was detected in which 

isomerization selectivity was enhanced in the restart studies. Guczi 

and co-workers (64) noted a similar increase in isomerization selec­

tivity for isobutane and n-butane restart reactions catalyzed over 

platinum black catalysts at 608 K (H2/HC = 10, Ptot ~ 200 Torr). 

A direct comparison of these results with those determined for the 

single crystal catalysts may not be appropriate since isomerization 

se·lectivities for the film and powder catalysts were always much lower 

than those measured in this research. 

_Hydrogenation and Dehydrogenation at Higher Temperatures: Results 

presented earlier (Fig. 4.31) demonstrated that cyclohexene hydro­

genation and dehydrogenation reactions catalyzed over Pt(322) at 300-

423 K were suppressed strongly by preadsorbed carbon deposits. In 

order to investigate how hydrogenation and dehydrogenation activity 

was influenced at higher reaction temperatures, a couple of cyclohexene 

restart experiments were carried over the (111) platinum surface at 

373-473 K. Results of these reactions are summarized in Table 4.8. 

While hydrogenation and dehydrogenation activity was lowered markedly 

on the carbon covered surfaces, the hydrogenation and dehydrogenation 

rates were still exceedingly high. These reactions were typically 
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Table 4.8. Reaction rates for cyclohexene restart experiments 
catalyzed over Pt(111) (a). 

T(K) Pretreatment 

373 clean 

373 n-hexane + H2 
623 K 

473 

473 

clean 

n-hexane + H2 
623 K 

Reaction 

Hydrogenation 

>60 (c) 

0.5 

>200 (c) 

>18 (c) 

(a) H2/HC = 30, Ptot = 620 Torr. 

Rates 
(molec/Pt atom sec) 

Dehydrogenation 

-0.18 

-0.06 

>18 (c) 

2.3 

(b) Carbon atoms per surface Pt atom at the start of the restart 
experiment. 

(c) The reactions were so fast that only lower limits could be 
established. 

~; (b) 

0 

4.8 

0 

4.8 
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102-104 times faster than skeletal rearrangement restart reactions 

catalyzed at 573-673 K. The relative rates for hydrogenation, 

dehydrogenation, and skeletal rearrangement clearly indicate that 

platinum is a very effective hydrogenation-dehydrogenation catalyst 

even when the working catalyst surface is extensively covered by 

deactivating carbonaceous deposits. This is, of course, the source of 

synergism that is displayed by bi- and polyfunctional platinum re­

forming catalysts {66,67). In this case, olefins produced by the 

platinum component undergo secondary isomerization and cyclization 

reactions on the acid sites of the support (67). Platinum alone 

catalyzes the same skeletal rearrangement reactions but at a slow rate. 

Solid acids alone require very high temperatures to effect the initial 

dehydrogenation reactions that results in rapid coking (and cracking) 

{54,67). The combination of platinum with an acidic support allows 

both catalysts functions to operate with maximum efficiency • 

.. 
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FIGURE CAPTIONS 

Fig. 4w32. Catalytic activity of the carbon tovered (322) platinum 

surface for cyclohexene hydrogenation and dehydrogenation. 

Benzene, ethylene, and !-butene were preadsorbed at 

lo-7 Torr and 475-525 K, the surface coverage by pre­

adsorbed species was determined by AES, and then the 

cyclohexene reactions were carried out at 300 or 425 K. 

Fig. 4.33. Product accumulation curves determined as a function of 

reaction time at 573 K for isobutane isomerization catalyzed 

over the clean (13,1,1} platinum surface and in restart 

reactions catalyzed over carbon covered Pt(13,1,1). 

Fig. 4.34. Dependence of restart catalytic activity on surface carbon 

coverage for isobutane and neopentane restart reactions 

catalyzed over Pt{13,1,1) and Pt(10,8,7). 

Fig. 4.35. Product accumulation curves for n-hexane restart reactions 

catalyzed over Pt(10,8,7): (A) at 573 K following isobutane 

reaction at 573 K; (B) at 623 K following n-hexane reaction 

at 623 K; and (c) at 573 K following isobutane reaction at 

603 K. 

Fig. 4.36. Dependence of restart catalytic activity on surface carbon 

coverage for n-hexane restart reactions catalyzed over 

Pt(lll) and Pt.(l0,8,7) (H2/HC = 10, Ptot = 220 Torr). 
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Fig. 4.37. Dependence of restart catalytic activity on surface carbon 

coverage for n-hexane restart reactions catalyzed over 

Pt(111) (H2/HC = 30, Ptot = 620 Torr). A few of the 

data at 573 K represent reaction studies catalyzed over 

preadsorbed overlayers containing carbon-14. 

Fig. 4.38. Dependence of restart catalytic activity on reaction 

temperature for n-hexane restart reactions catalyzed over 

Pt(111} and Pt(10,8,7). The initial and restart reactions 

were carried out using identical experimental conditions. 

Fig. 4.39. Product accumulation curves determined as a function of 

reaction time at 573 and 623 K for n-hexane cyclization and 

hydrogenolysis catalyzed over Pt(111). Before the reactions 

were carried out the surface was precovered with about one 

monolayer of 14c-benzene (70 L exposure) at the same 

temperature as used for subsequent reaction studies 

(TN; = initial turnover frequency; Sc = fractional 

cyclization selectivity, cpm/cpm
0 

= irreversibly adsorbed 

fraction of 14c). 

Fig. 4.40. Dependence of the irreversibly adsorbed fraction on 

adsorption temperature for n-hexane reaction studies 

catalyzed on platinum surfaces with preadsorbed overlayers 

containing carbon-14. 

Fig. 4.41. Comparison between product distributions for n-hexane 

reactions catalyzed at 600-670 K over the initially clean 

(111) platinum surface and in restart reactions catalyzed 

over carbon cove·red Pt.(lll,). 
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4.7. Morphology of the Carbon Deposit: Titration of Uncovered Platinum 
Surface Sites by CO Chemisorption Following n-Hexane Reaction 
$tud1es 

4.7.1. Background 

The chemisorption of carbon monoxide on platinum single crystal 

surfaces has been investigated ~xtensively using a variety of surface 

analysis techniques ranging from LEED {68), TDS (69,70), UPS (70), and 

dynamic work function measurements (70) to HRELS (71,72), reflection 

infrared spectroscopy {69), and modulated molecular beam scattering 

(73). ·These studies have provided a rather complete picture of the 

gas-solid interaction including surface structures, adsorption ener­

getics, and repulsive lateral interactions. Carbon monoxide adsorption 

on the flat (111) platinum surface leads initially to a {13 x 1:3)-R30° 

surfac_e structure which transforms upon further exposure to a c( 4x2) 

structure and eventually compresses into a close packed overlayer of 

carbon monoxide molecules {68). Vibrational spectroscopy studies have 

revealed that the adsorbed molecules occupy only 11 atop" sites {vco = 

2080 cm-1) at low coverages, whereas at saturation both atop and 

11bridge11 sites {vco = 1870 cm-1) are occupied in roughly equal 

proportions {71,71). Because of repulsive interactions between the 

adsorbed species the desorption activat·i'on energy decrea·ses from ·about 

28 kcal/mole at low coverages to about 23 kcal/mole near saturation. 

Similar results were reported for the flat (100) and various stepped 

plat inurn surfaces. _{69,35). 

The adsorption of CO on supported platinum catalysts has also been 

investigated i,n some detail .(74)., with emphas:is .focused on 'the 
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stoichiometry of adsorption; i.e .. , how many CO molecules are adsorbed 

per metal atom. The selective chemisorption of carbon monoxide is one 

of the most reliable experimental methods available for determining 

the-exposed area of supported metal catalysts (75). The dispersion of 

supported platinum catalysts is sometimes determined in this manner 

{74) by assuming that one CO molecule is adsorbed per surface platinum 

atom. The major goal of this section is to show that the same selec­

tive CO adsorption technique can be used to titrate exposed (uncovered) 

platinum sites on sin.gle crystal surfaces. This techni_que was used to 

determine the concentration of uncovered platinum surface sites which 

remained following n-hexane reaction studies that were catalyzed at 

540-700 Kover the (100), (111), and {13,1,1) platinum single crystal 

surfaces. 

Results presented in the previous sections of this chapter 

provided important information about the composition and reactivity of 

strongly bound carbon deposits that are always presented during hydro~ 

carbon catalysis over platinum single crystal surfaces.. The results 

strongly suggested that the carbon deposit is an unreactive polymeric 

residue whose primary role is that of a non-selective poison. Accord­

ing to this picture, a small concentration of uncovered platinum sur­

face sites should always exist under steady state reaction conditions. 

These sites would be responsible for most (if not all) of the catalytic 

activity that is displayed by the carbon covered surfaces. In order 

to further confirm that this model is correct, information was required 

concerni~g the structure and morphology of the carbon deposft. Since 
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the carbon deposits were always disordered, low energy electron 

diffraction was clearly useless for this purpose. It was expected that 

if uncovered sites do exist on the carbon covered platinum surfaces, 

these sites should be detectable by selective chemisorption of 

hydrogen, CO, or other simple gases. As noted earlier, CO adsorption 

was indeed detected on the carbon covered surfaces, and the adsorption 

behavior was completely consistent with the model suggested above. 

Thermal desorption studies revealed that uncovered sites were always 

present at concentrations of 2-25 percent, even when the apparent . . 

coverage by the carbon deposit was equivalent to several layers of 

graphitic carbon. These results very clearly indicate that the carbon 

deposit assumes a 3-dimensional structure. 

4.7.2. Results and Discussion 

Carbon monoxide adsorption and thermal desorption studies were 

carried out for the clean {100), {111), and {13,1,1) platinum surfaces, 

the same surfaces after pretreatment with n-hexane at low pressures 

and 673-773 K, and the same surfaces following n-hexane reaction 

studies that were catalyzed near atmospheric pressure at temperatures 

between 540 and 700 K. Figures 4.42 and 4.43 compare CO thermal 

desorption spectra obtained under these conditions for the flat {111) 

and stepped {13,1,1) platinum surfaces. Spectra for Pt{100) were 

essentially identical to those shown for Pt{13,1,1) •. All the adsorp-

tions were carried out at 300-310 K, and 36 L represented saturation 

exposure. 
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The clean (111) platinum surface displayed a single CO desorption 

peak centered at 440-490 K. Due to repulsive interactions, the 

temperature of the desorption peak maximum shifted to lower tempera­

tures with increasing CO coverage. The clean Pt(13,1,1) surface 

exhibited a series of overlapping desorption peaks, the most promi~ 

nent of which displayed a desorption peak maximum at about 565 K 

(560 K-Pt(lOO)). The position of this peak was not altered with 

increasing CO coverage. 

The CO desorption spectra that were recorded following the 

n-hexane reaction rate studies always displayed very similar peak 

shapes and desorption peak temperatures to those determined for the 

initially clean platinum surfaces. However, the desorption peak areas 

were reduced markedly indicating that only a small concentration of 

uncovered sites remained after the high pressure reactions. It can be 

seen that the desorption peak areas decreased with increasing surface 

carbon coverage which is represented by the c273 ;Pt237 AES 

peak-to-peak height ratio. 

A distinctly lower desorption temperature was detected when CO 

was chemisorbed on the platinum surfaces that were pretreated with 

n-hexane at 10-7 Torr and temperatures between 673 and 773 K. The 

new desorption peak maxima appeared at about 430 and 490 K for Pt(111) 

and Pt(l3,1,1), respectively. The graphitic-like surface carbon pro­

duced under these condHions reduced both the binding ene.rgy and the 

saturation coverage of the CO molecules. 
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Activation energies for CO desorption were estimated from the 

temperatures of the desorption peak maxima using Eq. (2.9) (which 

assumes first-order desorption kinetics with v1 = 1013 sec-1). 

Figure 4.44 compares desorption activation.energies as a function of 

CO coverage .for the clean and graphite covered (111) and (13,1,1) 

platinum surfaces. The activation energies for CO desorption from the 

clean Pt(111) surface decreased from about 27 kcal/mole at zero 

coverage to roughly 24 kcal/mole at saturation. Activation energies 

for the (100) and (13,1,1) platinum surfaces varied between 29 and 

31 kcal/mole {E~100 ) ~ E~13 ' 1 ' 1 ) > E~111 l). All the CO desorption 

activation energies appeared to be lowered by 3-4 kcal/mole when CO 

was coadsorbed in the presence of graphitic surface carbon. 

The concentration of uncovered surface platinum sites which 

remained after the high pressure n-hexane reaction studies was esti­

mated by comparing the CO desorption peak areas measured following the 

reactions with those determined for the clean platinum surfaces. In 

Fig. 4.45 the CO uptake determined following reaction rate studies has 

been divided by the saturation CO uptake for clean platinum surfaces, 

and the ratio (e/e
0
lco has been plotted as a function of the total 

surface carbon deposited by the reaction mixture. For comparison, CO 

uptake results for the graphite covered (111) and (13,1,1) platinum 

surfaces are also shown as a function of surface carbon coverage. Two 

points .are of paramount impo.rtance: (1) at any given carbon coverage 

as determined by AES, much more CO was adsorbed fo.llowi-ng the high 

pressure reaction studies than on the graphite covered surfaces., and 
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(2) the shape of the CO uptake curve determined following the reaction 

studies displayed a striking resemblence to the restart catalytic 

activity curves discussed in Section 4~6 (e.g., Figs. 4.36 and 4.37). 

The formation of 3-dimensional carbonaceous islands during the high 

pressure reactions affords a very simple explanation for the first 

observation. It is not at all surprising that at elevated temperatures 

and pressures polymerization of the adsorbed species competes with 

skeletal rearrangement and leads to the growth of 3~0 carbon islands 

with a hydrogen content in the range (H/C) = 1.0-1.6. The implications 

of this point are discussed further below. The great similarity of 

the CO uptake and restart catalytic activity curves as a function of 

surface carbon coverage provides rather decisive proof that uncovered 

platinum atoms are the active sites for all types of catalyzed hydro­

carbon conversion reactions. This conclusion is entirely consistent 

with the fact that little or no change in reaction selectivity was 

detected in the restart reactions. Uncovered platinum sites that are 

present in low concentrations do not appear to be affected either 

structurally or electronically by the presence of the carbon deposit. 

These sites maintain their normal, unique level of high activity and 

extraordinary selectivity even at very high coverages that exceed 3-4 

carbon atoms per surface platinum atom. 

In the upper frame of Fig. 4.46, the concentration of uncovered 

platinum sites determined by CO adsorption-desorption is shown as a 

function of reaction temperature. As expected from the deactivation 



427 

analysis presented in Chapter 3 and the restart reactions discussed in 

Section 4.6, the concentration of vacant sites decreased with in­

creasing reaction temperature. The scatter apparent in these data 

mainly arises from differences in reaction times (60-130 min) and 

hydrogen pressure (P(111 ) = 600 Torr, p(lOO) = p(13' 1' 1) = 200 Torr). 

If uncovered platinum sites are the exclusive source of catalytic 

activity for n-hexane reforming reactions, one would expect that a 

linear (or higher order) correlation should exist between reaction 

rates and the concentration of uncovered surface sites. An attempt to 

establish such a correlation is shown in the lower frame of Fig. 4.46. 

Final rates determined at the end of the n-hexane reaction studies were 

divided by initial rates in the same reactions and plotted as a func­

tion of the fractional concentration of uncovered sites. All the data 

fall into a broad envelope corresponding to a fractional (0.6-0.9) 

order dependence of the final rates on vacant sites. This dependence 

would be naturally expected if (1) hydrogen transfer reactions between 

the carbon deposit and reactant molecules contribute to the overall 

catalytic activity, (2) the concentration of uncovered sites determined 

by CO adsorption is underestimated, or (3) the initial rates are 

underestimated because a certain amount of carbon is deposited in-

stantly as the reactions commence. Background catalytic activity 

could also contribute to the deviation from first-order behavior. 

Which -of these effects is most import.ant cannot be r.eadily determined 

from~the existi-ng data. Considering the uncertainty i-nvolved in the 
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determination of reaction rates and uncovered sites, the deviation from 

first order behavior cannot be considered very significant. 

The CO adsorption studies clearly suggest that the growth of 

3-dimensional carbonaceous islands takes place during hydrocarbon 

catalysis over platinum single crystal surfaceso The average thickness 

of these islands can be roughly estimated using a homogeneous attenua­

tion model for AES peak intensities (Section 2e2) together with the 

concentration of uncovered platinum sites that was determined by CO 

thermal desorption. According to this model the average overlayer 

thickness is given by 

( 1) 

where As is the attenuation length for the substrate Auger electrons, 

Is is the substrate Auger peak intensity, and I~ is the AES peak 

intensity for the initially clean surface. Evaluation of Eq. (1) for 

the 237 eV platinum Auger transition with As = 7~ yielded values of 

the average overlayer thickness which increased with increasing reac­

tion temperature from about 5-7~ at 550 K to 10-14~ at 670-700 K. 

These figures should not be taken too seriously as it is not known if 

the carbon deposit assumes a uniform thickness. However, the implica-

tion that the average thickness increases with increasing temperature 

is hicghly notable. The deactivation ktnetic.s di.s.cussed i·n Chapter 3 
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were well described by the rate equation R(t) = R(t=O) exp{-atn) 

where n decreased from about one at 540-560 K to 0.3-0.5 at 620-

670 K. This change in order for the deactivation reaction with in­

creasing temperature is naturally expected if the structure of the 

carbon deposit changed from two dimensional at low temperatures to 

three dimensional at high-temperatures. The existing experimental data 

certainly tend to indicate that this change takes place. 

The shapes -and positions of the CO desorption peaks obtained 

following the n-hexane reactions also provide important information 

about the structure of the uncovered platinum sites. At very high 

carbon coverages the temperature of the CO desorption peak maximum for 

Pt(111) was about 570 K, whereas at lower carbon coverages the desorp­

tion peak maximum was shifted to about 540 K. This shift largely 

results from repulsive interactions between the adsorbed CO molecules 

{69}. The fact that the CO desorption temperature at high carbon 

coverages (c273 /Pt237 ~ 5) was very similar to that determined for 

the clean Pt(111) surface in the limit of zero CO coverage (-485 K) 

strongly suggests that the uncovered sites are mostly isolated, i.e., 

only 1-10 adjacent atoms. By .contrast, the CO desorption temperature 

at lower carbon coverages (c273JPt237 = 1-3) was close to that 

measured for clean platinum at saturation CO coverage (-540 K). In 

this case it appears that the uncovered platinum sites exist in the 

,fo:rrn .;of ;patches w.h'icb ·cont;ai'n .en:ough meta 1 atoms for the latera 1 in­

teractions to become important. Dipole coupling calculations by 

Cr.o·s.sley and Ki:ng .{69) :s.ug,gest that this is poss;i;ble only if the un-
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covered patches contain at least 10-20 contiguous platinum atoms. This 

apparent change in the size of the available sites with increasing 

temperature (carbon coverage) may contribute to the small changes in 

reaction selectivity that were often detected in the restart 

experimentse 

Finally, it must be noted that the CO adsorption results are 

inconsistent with the idea that carbon may be dissolved into the near 

surface region. Extensive dissolution of surface carbon during the 

high pressure reactions would likely result in major restructuring 

within the topmost surface layer. Such restructuring would cause the 

appearance of new adsorbate binding states as observed for CO adsorp­

tion on oxidized Pt(lll) and Pt(llO) (76,77) and sulphidized Pt(llO) 

{78) and Fe(lOO) (79). No evidence for any such states was ever 

detected. In addition, the hydrogen TDS results clearly revealed that 

the carbon deposit is extensively hydrogenated with at least one 

hydrogen atom per surface carbon atom. It is difficult to imagine a 

process in which CHx fragments could be stabilized in the subsurface 

region. While the possibility that a part of the carbon is dissolved 

in the near surface region cannot be conclusively ruled out, the ex­

perimental evidence certainly tends to demonstrate that most of the 

carbon deposit is formed on the external surface. 
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FIGURE CAPTIONS 

Fig. 4.42. Comparison between CO thermal desorption spectra for the 

clean (111) platinum surface (left frame), Pt(111) following 

n-hexane reaction rate studies (middle frame); and Pt(111) 

following the preadsorption of n-hexane at 673 K (right 

frame). The adsorption temperature was 310-315 K and a = 
90 K/sec. 

Fig. 4.43. Comparison between CO thermal desorption spectra for the 

clean (13,1,1) platinum surface (left frame), Pt{13,1,1} 

following n-hexane reaction rate studies (middle frame}, 

and Pt(13,1,1) following the preadsorption of n-hexane at 

about 670 K (right frame}. The adsorption temperature was 

310-315 K and a = 80 K/sec. 

Fig. 4.44. Activation energies for CO desorption as a function of the 

fractional CO coverage on the {13,1,1} a~d (111) platinum 

surfaces. The activation energies were calculated using 

the Redhead method (Section 2.2.3) assuming v1 = 1013 

sec-1• 

Fig. 4.45. Fractional concentrations of uncovered platinum surface 

sites determined by CO adsorption-desorption as a function 

of surface carbon coverage on the {100}, (111), and {13,1,1) 

platinum surfaces. A comparison is made between the CO up­

take dete.rmined following n...,hexane r.e.acti.on .stu~ies .and :CO 

uptake dete.rmined when CO was coadsorbed with 11 graphitic" 

surface carbon. 
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Fig. 4.46. Fractional concentrations of uncovered platinum surface 

sites determined by CO adsorption-desorption following 

n-hexane reaction studies on the (100), (111), and (13,1,1) 

platinum surfaces are shown as a function of reaction 

temperature {upper frame). Final rates estimated at the 

end of the n-hexane reaction studies have been divided by 

initial rates on clean platinum and plotted as a function 

of the fractional concentration of uncovered sites (lower 

frame). 
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4.8. Model for the Role of Adsorbed Carbon Deposits in Hydrocarbon 
Catalys1s over Plat1num 

The ultimate goal of this research was to provide a detailed 

conclusion regarding the role of strongly adsorbed hydrocarbon 

deposits in hydrocarbon catalysis over platinum. In Chapter 3 

emphasis was focused on the reaction dynamics and structure sensitivi­

ties (site-requirements) of catalyzed hydrocarbon skeletal rearrange-

ment reactions. Average surface residence times under reaction 

conditions required for hydrogenation-dehydrogenation (10-2-1 sec) 

and skeletal rearrangement (1-103 sec) were established. In this 

chapter special attention was devoted to the temperature dependent· 

bonding characteristics of chemisorbed hydrocarbons, the effects of 

surface carbon deposits on catalytic activity and selectivity, and 

several pertinent properties of the carbon deposit, most notably its 

composition, reactivity, and morphology. These properties were in-

vestigated using new applications for a variety of long-established 

surface analysis methods. The new techniques revealed that almost any 

type of experiment which is possible using practical catalysts can be 

carried out better using small area single crystal catalysts. The 

purpose of this section is to summarize the major conclusions of the 

combined surface science and catalysis studies. The same conclusions 

should be more-or-less applicable in other areas of catalysis that 

involve carbon containing molecules (e.g., Fischer-Tropsch synthesis 

and hy.dr;otreat in·g). 
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Temperature Dependent Catalytic Behavior of Hydrocarbons 

Chemisorbed on Platinum. The reaction chemistry of hydrocarbons 

chemisorbed on platinum is characterized by three distinguishabl~ 

temperature regimes in which the bond strength, bond-multiplicity, and 

catalytic behavior of the metal-organic layer are distinctly different; 

(1) Low temperatures (<300 K) 
Reversible hydrocarbon chemisorption 
Clean metal catalysis at high hydrogen pressures 

(2) High temperatures (~750 K) 

(3) 

Mu 1 t i 1 ayer c.arbon bu i 1 d-up 
Poisoning by graphitic coke 

Medium temperatures (-350-700 K) 
Reversible (1 atm) or irreversible (1o-7 Torr) adsorption 

with sequential bond breaking, skeletal rearrangement and 
intermolecular hydrogen transfer. 

Catalysis by active CxHy fragments at high hydrogen 
pressures (-1 atm) 

Provided that the temperature is low enough (~300 K), hydrocarbons 

chemisorb molecularly, or at least more-or-less reversibly, on any 

platinum surface. Alkanes are dissociatively adsorbed to a very small 

extent. Thermal desorption studies provided adsorption energies for 

simple alkanes, olefins, and benzene that varied from about 10 to 

20 kcal/mole. In the presence of 1 atm of hydrogen these weakly 

adsorbed species readily undergo hydrogen addition and deuterium ex­

change processes which continuously regenerates the clean metal active 

sites that .ar.e res pons ib le for these .reactions. At the other extreme, 

if the temperature is 'h 1 gher than about 75'0 K (700 K., 10"'"'7 :lor.r; 

:~,800 K 1 a;tm) aJ 1 ihydr.oca.r,b:ons ads,or.b idii'S'S'od:a;tjNeJy :a·nd :jrr:e,ve:r.,siiib;ly 

' le.a'dtng 'to the -:grow:th -of :grap'h·itk .ca.r.bor:t i·sJ.ands that .eMent:u.a:By 
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condense into continuous overlayers that poison all catalytic activity. 

In the more interesting intermediate temperature range of about 350-

700 K, the adsorbed species rapidly undergo sequential C-H bond break-

ing, skeletal rearrangements, and hydrogen transfer processes that 

produce catalytically active CxHy fragments that constitute the 

catalytically active surface. Over this temperature range, hydro­

genation, dehydrogenation, and deuterium exchange all occur at rates 

that are typically 10-103 times faster than skeletal rearrangement. 

Under these conditions, (1) uncovered metal sites remain available for 

hydrogen and hydrocarbon chemisorption, and (2) dissociatively adsorbed 

reaction intermediates exist in quasiequilibrium with gas phase 

hydrogen. The uncovered platinum sites are responsible for the unique 

selectivity of platinum catalysis. The existence of these sites also 

accounts for the structure sensitivities that are often displayed dur­

ing alkane skeletal rearrangement. Aromatization activity and 

selectivity was maximized on flat, stepped, and kinked platinum sur­

faces with (111) terraces.· The low coordination number step and kink 

atoms were particularly effective for catalyzing n-heptane aromatiza­

tion (80). By contrast, the less important bond shift isomerization 

reactions of butanes occurred preferentially on platinum surfaces with 

(100) terraces. The specific reaction chemistry that is displayed by 

each type of site appears to depend strongly on both the local stereo-

chemistry and electronic properties of that site. For certain reac­

tions such as aromatization and bond-shift isomerization, the reaction 

r. 
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selectivity can be predictably tailored by controlling the terrace 

structure and the concentrations of steps and kinks. 

Nature of the Working Catalyst Surface Composition. A model for 

the working surface composition of platinum reforming catalysts that 

emerges from this research is shown in Fig. 4.47. Auger electron 

spectroscopy revealed that during steady state hydrocarbon conversion, 

platinum surfaces always become covered with about one or more mono­

layers of strongly bound carbonaceous deposit. In the absence of other 

chemical additives, the formation of this carbon deposit must be con­

sidered as a fundamental feature of the catalytic chemistry. The 

carbon deposit resulted from the activated nucleation and growth 

(Ea ~ 10-20 kcal/mole) of unreactive polymeric islands with an 

average hydrogen content of about 1.0-1.5 hydrogen atoms per surface 

carbon atom. The structure of this deposit varied from two-dimensional 

at low temperatures (~570 K) to three-dimensional at high temperatures 

(~600 K). Catalyst deactivation kinetics together with radiotracer 

and restart reaction kinetics demonstrated that the primary role of 

this carbon deposit was that of a non-selective poison, i.e., the 

deposit simply blocks platinum surface sites from incident reactant 

molecules. Perhaps the most important chemical property of the carbon 

deposit was its dynamic ability to exchange hydrogen with reacting 

surface species. Existing avidence suggests that this property may 

alter the selectivity of skeletal rearrang.ement at high reaction 

temperatures (~600 K). 
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Carbon monoxide adsorption-desorption studies revealed that a 

small concentration of uncovered platinum surface sites (ca 2-25 percent) 

always persists in the presence of this carbon deposit. The uncovered 

sites appear to exist in the.form of patches or ensembles that contain 

several contiguous surface atoms. The concentration of these sites de­

creases with increasing reaction temperature. The existence of these 

exposed, multiatomic sites is essential to rationalize the high selectivi­

ties for hydrogenolysis and aromatization that are displayed by carbon 

covered platinum. 

Another important feature of the catalyzed hydrocarbon reactions-was 

the long surface residence times of the dissociatively chemisorbed inter­

mediates which were on the order of seconds. Within this residence time 

the adsorbed species can diffuse over long distances (e.g., 10-8-lo-3 em) 

and visit many different types of surface ·sites. All sites that are 

contained in an uncovered patch can therefore become available for 

sequential bond breaking and skeletal rearrangement. It may even be 

possible for the adsorbed species to visit adjacent ensembles by dif­

fusing over or through the strongly bound carbonaceous deposit. 

Creative experiments are required to further investigate the mobility 

of the adsorbed species. 

The chemical composition of the carbonaceous deposit was 

intermediate between that expected for polyacetylene (H/C = 1.0) and 

polyethylacetylene (H/C = 1.5), or related surface species such as .(1) 

and (II). 
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s s s 
(H/C = 1.5) 

(II) 

The actual structure of the deposit appears to be heterogeneous and 

cannot be determined from the existing data. However, a polymeric 

residue is clearly required to account for the low reactivity and high 

hydrogen content of this surface species. Paal and Tetenyi (81) pre­

viously proposed that an organic layer consisting of polyolefins is 

responsible for catalyst deactivation during skeletal rearrangement of 

hexadienes and hexatrienes over platinum black. 

Implications for Alloy Catalysis and Hydrocarbon Catalysis by 

Other Group VIII Metals. Very few, if any, commercial reforming pro­

cesses continue to use catalysts that are based exclusively on platinum 

as the metal component. Instead, bifunctional catalysts consisting of 

bimetallic alloys dispersed on acidic supports that are selectively 

poisoned with sulfur and alkali metal ions (to inhibit hydrogenolysis) 

have become the state ... of-the-art petroleum reforming catalysts. As 

compared to platinum alone, the bimetallic alloys such as Pt-Re, Pt-Au, 
. 

Ir-Au, and Pd..,.Auoffer superior activity, selectivity, and poison 

resistance {8'2). The improved poison resistance of the Group VIII-

Group lB alloys can be easily understood in the context ,of the present 

research. Since Group IB metals do not form strong bonds with hydro-

carbon adsor:bates, the . .f.ormati.on .of .carb.on(lce.ousdep.osits with .high 
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metal-organic bond multiplicity cannot take place. Polymerization of 

the adsorbed species that is required for the formation of carbonaceous 

deposits still can and probably does occur at exposed Group VIII metal 

sites. However, since these sites are isolated and mostly surrounded 

by a matrix of inactive sites, any process that leads to rehydrogena­

tion at the active sites will be accompanied by permanent removal of 

the carbonaceous deposit. In this case, the larger hydrocarbon 

molecules can easily desorb or "spill-over" onto the acid sttes of the 

support where hydrocracking takes place. With platinum alone, the 

carbon deposit can readily form multiple bonds with several adjacent 

metal atoms. The probability that rehydrogenation will take place 

simultaneously at multiple sites is vanishingly small. As such, the 

nucleation and growth of carbonaceous deposits on pure platinum is 

effectively irreversible. 

It is natural to ask if the same type of stable, strongly bound 

polymeric residues will be present during hydrocarbon catalysis over 

other Group VIII metals. While insufficient information now exists 

for a general conclusion, it appears likely that polymeric carbon 

deposits may be unique to platinum and perhaps also nickel or palladium 

catalysts. The reason for suggesting this is shown clearly in Fig. 

4.48 where a comparison is made between rhenium and all the metals of 

Group VIII for several alkane hydrogenolysis reactions (83). The 

periodic pattern of reactivity displayed for these reactions does not 

depend appreciably on the alkane, surface structure, or catalyst type. 

Within the 4d and 5d series, maximum activity is always observed with 
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rutherium and osmium catalysts, i.e., in the first subgroup of Group 

VIII. From ruthenium to palladium, and osmium to platinum, the hydro­

genolysis activity decreases by 6-9 orders of magnitude. In the first 

transition series, cobalt and nickel both exhibit comparably high 

activity. The very low hydrogenolysis activity of platinum catalysts 

may account in part for the high·stability of the carbonaceous deposit, 

since, once formed, the polymeric residue has only a small probability 

for undergoing C-C bond breaking processes that would lead to its con­

tinuous decomposition and removal. By contrast, with active hydro­

genoly~is metals such as ruthenium, rhodium, osmium, and iridium, it 

appears likely that continuous hydrogenolysis and decomposition reac­

tions may preclude the formation of polymeric carbonaceous deposits. 

This proposal could be easily tested by reaction rate studies over 

single crystal surfaces of other Group VIII metals. 



446 

FIGURE CAPTIONS 

Fige 4.47. Model for the working surface composition of platinum 

reforming catalysts. 

Fig. 4.48. Periodic variation in the catalytic activity of metal 

catalysts for alkane hydrogenolysis reactions catalyzed near 

atmospheric pressure {83). 
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MODEL FOR THE WORKING PLATINUM CATALYST 
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CHAPTER 5. THE ROLE OF OTHER CHEMICAL ADDITIVES 
IN HYDROCARBON CATALYSIS OVER PLATINUM 

5.1. Effect of Calcium and Oxy en 
Reactions Cata yzed Over Pt 

5.1.1. Background 

on H drocarbon 

Main group metal oxides are frequently employed as promoters in 

the preparation of dispersed metal practical catalysts. Potassium 

oxide, for example, is often used to stabilize iron ammonia synthesis 

and Fischer-Tropsch catalysts (1,2). A German patent has reported· 

enhanced cyclization selectivity over Na2o promoted platinum 

catalysts (3). While the role of these.catalyst additives is prese_ntly 

not well understood, it is very clear that under certain conditions 

metal-metal oxide electronic interactions that render the metal elec-

tron deficient or compound formation reactions can take place that 

result in large changes in catalytic activity and selectivity. 

It is very easy to prepare new platinum single crystal surfaces 

that are free of contaminants other than.calcium plus oxygen impuri­

ties. These impurities ~egregate in the near surface region during 

the initial stages of cleaning and annealing as complex surface com-

pounds t~at may cover a significant fraction of the-surface. The 

structure and composition of these compounds was investigated exten­

sively by Maire and co-~orkers (4) using a variety of platinum single 

crystal surfaces; viz., Pt(lOO), Pt(111), Pt(S)-[5(100) x (111)], and 

Pt:CSl-:[;6{1.11) .x JlOO)J. Tn an cases,, excellent a;gr.eement was 

obtain.ed when a compa.rison was car.ried out .b.etween the unit meshes· 

;deriv-ed fr-om L£E:D ;patterns of -the contaminated plat i·.num crysta 1 s with 
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that of the tetragonal compound CaPt2o4 (a = 5.78~, c = 5.60~) (5). 

Accordingly, these workers concluded that the 11 bronze-like" mixed metal 

oxide is formed in the near surface region of the platinum crystalse 

A closely related compound with hexagonal symmetry CaO·Pt02 (a = 9.33~, 

c = 11.24~) has been reported by McDaniel {6). Scanning Auger 

microscopy studies by Ross (7) and LEED studies by Salmeron (8), on 

the other hand, suggest that much of contamination is present in the 

·simple form of CaO islands. Regardless of the exact structure and 

morphology of the calcium-oxygen impurity, it was suspected that its 

presence could alter the catalytic behavior of platinum in hydrocarbon 

catalysis. Such changes mightbe related to the strong metal support 

interactions that are often displayed by practical catalysts (9). To 

test this hypothesis several alkane conversion reactions were studied 

over the stepped (13,1,1) platinum surface that was initially con­

taminated by calcium plus strongly bound surface oxygen. This section 

describes the Striking changes in catalytic selectivity that resulted 

under these conditions. 

5.1.2. Results and Discussion 

The catalytic conversion of isobutane, neopentane, and n-hexane 

on the stepped (13,1,1) platinum surface was investigated at ·573 K and 

at a total pressure of 2?0 Torr (H2/HC = 10). Before the reaction 

rate studies were .carried out, the 11 new 11 single crystal was heated for 

1 -7 severa hours at 1070 K in 3 x 10 Torr of oxygen. Figure 5.1 

shows an Auger spectrum .recorded after the high temperature oxygen 

pretreatment. Only platinum, calcium., and ox.ygen were detectable with 
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Pt237 tca295 to510 AES peak-to-peak heights in the ratio 1:1.6:2.7. 

Both crystal faces displayed the same peak height ratios (=8 percent), 

and the relative peak heights were unaltered by further heating in 

oxygen at 1073 K or vacuum at 1220 K. Based on published sensitivity 

factors for·Pt, Ca (10), and CaO (11); the measured peak height ratios 

correspond to approximate atomic ratios Pt:Ca:O of 1:0.15:0.35 (=30 

percent). These figures assume isotropic distribution of Pt, Ca+2, 

and 02 within the sampled depth of the Auger spectrum and are 

thought to represent a lower limit of the calcium-oxide surface con­

centration. These peak height ratios represent the initial composition 

of the contaminated surface in all reaction rate studies. The single 

crystal was later cleaned by etching in aqua regia and argon ion 

sputtering for about 20 hours which removed all residual traces of 

. calcium and oxygen. 

Initial reaction rates (TN = turnover number) and product 

distributions at 573 K for isobutane, neopentane, and n-hexane reac-

tions catalyzed on the clean and contaminated surface are compared in 

Fig. 5.2. The contaminated surface displayed catalytic activities that 

were 2-6 times lower than that of the initially clean (13,1,1) surface. 

More significant are the dramatic changes in s-electivity which resulted 

on the contaminated surface that are mainly reflected by a marked in­

crease in the relative rate-of hydrogenolysis during al1 three reac-

tions. Hydrogenolysis ·product distribut·tons domi·nat·ed by 75.....;95 p·erc:ent 

methane indicate that a complete degradation reaction (Mf << l) was 

highly favorable on the contaminated surface. In compa.rison, the cJean 
r 



458 

platinum surface displayed nearly statistical hydrogenolysis product 

distributions (Section 3.1). While isobutane and neopentane isomeri­

zation proceeded very selectively over the clean (13,1,1) platinum 

surface (85-97 percent), these reactions were efficiently poisoned in 

the presence of the calcium-oxide impurity. With n-hexane as the 

reactant, both cyclization and isomerization were retarded strongly on 

the contaminated-surface. 

Product accumulation curves obtained as a function of reaction 

time for neopentane isomerization and hydrogenolysis catalyzed on the 

contaminated (13,1,1) platinum surface are compared in Fig. 5.3. 

Hydrogenolysis displayed less deactivation as a function of time than 

isomerization or cyclization during the conversion of all three 

reactants. During the isobutane reaction the hydrogenolysis rate 

actually increased slightly with time. No significant differences in 

the build-up of strongly adsorbed carbon deposits was detected between 

the clean and contaminated platinum surface. Figure 5.1 shows an Auger 

spectrum obtained after the n-hexane reaction. Except for slight 

attenuation of the ca295 peak by the c273 peak, the composition of 

the near surface region appeared to be stable and unaltered under the 

reaction conditi~ns. 

Insufficient information presently exists to offer a complete 

explanation for the unique chemistry that is displayed by platinum in 

the presence of the calci-um-oxide impurity. The changes in selectivity 

observed for the n-hexane reaction are similar to those reported by 

Gillespie (12) for n-heptane hydr.ogenolysis and aromatization catalyzed 
. r 
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over oxidized platinum single crystal surfaces in the absence of 

calcium. In both cases it appears likely that a Pt-oxide electronic 

interaction takes place which renders the surface platinum atoms 

electron deficient with a band structure more like iridium or osmium. 

These metals are much more active in hydrogenolysis and less selective 

in isomerization and cyclization as compared to platinum (13). Since 

hydrogenolysis is an unwanted reaction, it is clear from these studies 

that calcium oxide would be an undesirable additive in platinum re­

forming catalysts. These results also indicate that considerable care 

must be taken in the preparation of "clean" platinum surfaces for 

catalytic studies. It is likely.that even small amounts of calcium 

contamination may cause considerable changes in catalytic behavior. 
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FIGURE CAPTIONS 

Fig. 5.1. Auger spectra recorded before and after reaction on the 

Pt(l3,1,1) surface that was contaminated with a steady state 

level. of calcium plus strongly bound oxygen impurities. 

Fig. 5.2. Comparison of reaction rates (TN= turnover frequency) and 

product distributions for isobutane neopentane and n-hexane 

reactions catalyzed on the clean Pt(l3,1,1) surface and the 

Pt(13,1,1) surface when it was contaminated by calcium oxide 

impurities (T = 573 K, H2/HC = 10, Ptot = 220 Torr). 

Fig~ 5.3. Product accumulation curves measured as a function of 

reaction time for neopentane isomerization and hydrogenolysis 

catalyzed over Pt(l3,1,1) contaminated by calcium oxide 

impurities. 
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Effect of Sulfur and Thiorhene Pretreatment on n-Hexane 
Reactions Catalyzed on Pt 111) 

5.2.1. Background 

Sulfur is an essential chemical additive in virtually all 

commercial reforming catalysts. Bi- and multimetallic catalysts of 

the Pt-Re and Pt-Ir families, in particular, must be sulfided to obtain"· 

acceptable selectivities duringreforming of parrafinic petroleum 

feedstocks (14). The main effects of presulfidization are to lower 

hydrogenolysis activity relative to isomerization and cyclization and 

to reduce the rate of coke formation. In these respects, sulfur is 

the classic example of a selective poison. Sulfidization of reforming 

catalysts is usually carried out by pretreatment with H2StH2 mix­

tures (50-500 ppm H2S) at about 770 K followed by hydrogen reduction 

for several hours at the same temperature (14). The final reduction 

cycle is thought to remove ("strip") much of the originally present 

sulfur resulting in finished catalysts with low surface sulfur con­

centrations (14,15). In the Pt-Re case, the final catalysts have been 

formulated Pt-ReSx (15), where it was suggested that the surface 

sulfur is uniquely and selectively associated with rhenium atoms. An 

all-or-nothing conclusion of this nature is difficult to justify in 

view of the known thermodynamic stability of a wide variety of bulk 

and surface transition metal sulfides (16-18). Surface science ex­

periments are clearly warranted (indeed, desperately needed) to clarify 

th-e ·role 'Of 'S:U lf·ur ·ln a 1'1 ·type'S ·of p'lati'num 'bas·ea 're'f-ormtn·g ·cataly:st·s. 

:Fo.r this .reason a 1 imfted ,s·e.ri/es ,of n-,hexane :re.actfons was car.ried .out 

mrer a Pt:(111) si.n_g~le .cro:yst:al surf·ace that .wa,s .. deli:ber.atel,y :pretr.eated 
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with sulfur. This section describes the interesting results that were 

obtained which will hopefully provide an impetus for further research 

in this area. · 

5.2.2. Results and Discussion 

Two different forms of sulfur pretreatment were investigated. in 

the first case, surface sulfur was deposited by heating the (111) 

single crystal sample at 1070-1170 K in a H202 ambient (10-8 -

10-7 Torr) that contained a sulfur impurity of unknown concentration. 

This pretreatment produced a surface free of contaminants other than 

sulfur. In the second case, thiophene (C4H4S) was preadsorbed at 

low pressures and 573 K. Surface sulfur concentrations were estimated 

from Auger spectra recorded directly after the pretreatments as 

described in Section 2.5. Figure 5.4 compares Auger spectra recorded 

directly before and after reaction on the thiophene pretreated surface. 

The n-hexane reaction rate studies were carried out at two 

different sets of conditions: (1) 573 K, H2/HC = 10, Ptot = 220 Torr; 

and (2) 613 K,.H2/HC = 30, Ptot = 620 Torr. Table 5.1 summarizes 

initial rates and selectivities for reactions carried out over the 

clean and .sulfur .pretreated su.rface. Only three reactions, hydro-

genolysis, isomerization, and Cs-cyclization, have been considered 

because irregularities in the gas chromatograph column did not permit 

complete separation of benzene at the time these experiments were 

.carried out. In the lower half ·Of Fig. 5.:5, tnttial reacti.on .rates .on 

the sulfu.r pretreated surf"ace, R
5

., have be.en divided by initial .rates 

on ;Clear;t plati,num, 'Rcc, :;and .~plpt'te:d :as a fl:!ncti:on of the· .·c-er·t·ected 



Tab i,e 5.1. Initial reaction rates and fractional selectivities for n-hexane reactions catalyzed over sulfur 
pretreated Pt(111). 

51s2 + Pt1so 
Turnover Numbers {z2Q percent) Selectivities (*10 percent) 

Rxn. T 
Pt237 

(a) 
(K) (S/Pt) {b) 

573 (c) 1.2 0 

573 (c) 5.7 0.09 

613 (d) 1.2 0 

613 (d) 2.6 0.03 

613 (d,e) 6.6 0.11 

(a) AE$ ratio. 
(b) Sulfur atoms per surface Pt atom (*50 percent) 
(c) H2/HC = 10, Ptot = 220 Torr. 
(d) H2/HC = 30, Ptot = 620 Torr. 
(e) Th1ophene pretreated. 

(molec/Pt atom sec-1} (mole percent} 
Hydrog. Is om. Cyc. Hydrog. Is om. Cyc. 

0.0087 0.0087 0.0078 35 35 30 

0~0025 0.0033 0.0036 27 35 38 

0.037 0.039 0.034 34 35 3~ 

0.024 0.031 0.024 30 .39 30 

0.008 0.014 0.013 23 40 37 .. 
~·' 

0'\ 
0'\ 
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s152/Pt237 AES peak-to-peak height ratio. It is clear that the 

catalytic activity for all reactions decreased with increasing sulfur 

coverage. Both forms of sulfur (atomic and heterocyclic) produced 

similar deactivation behavior. Hydrogenolysis was poisoned strongly, 

whereas isomerization and cyclization were suppressed to a lesser ex­

tent. As a result, the selectivity of the n-hexane reaction changed 

significantly with increasing sulfur coverage. This is emphasized in 

the upper half of Fig. 5.5 where initial product distributions for the 

clean and thiophene pretreated (111) platinum surface are compared at 

613 K. The selectivity for isomerization and cyclization was clearly 

enhanced on the sulfur pretreated surface. Similar changes in se.lec­

ti vity have been noted by Biloen et a l. (15) for n-hexane reactions 

catalyzed over sulfided platinum on silica catalysts. 

No significant changes in carbon build-up, poisoning behavior, or 

hydrogenolysis product distributions were detected on the sulfur pre­

treated Pt(111) surface. These observations are in slight contrast to 

results reported for practical·catalysts (14,19) where sulfidization 

enhanced long term catalysts stability and shifted the hydrogeno lysis 

product distributions in favor of internal borid splitting reactions. 

It is notable that the stability of the preadsorbed sulfur species 

under reaction conditions did depend upon the form of sulfur pretreat­

ment. Whereas atomic sulfur- appeared to be completely stable under 

reaction cond·iti:ons, th·iophene was partially removed during ;reaction 

because of rehydrogenation of the hydrocarbon skeleton (cf. Fig. 5.4). 
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The changes in selectivity observed for the sulfur pretreated 

(111) platinum surface can be easily interpreted in terms of a simple 

ensemble effect. Much experimental evidence indicates that hydro­

genolysis reactions require multiatomic (3-15) metal sites (13,20), 

whereas isomerization and c5-cyclization reactions can apparently 

proceed readily at sites consisting of a single platinum atom (13,21). 

On the sulfur pretreated surface the concentration of monatomic sites 

is enhanced relative to that for multiatomic platinum sites. As a 

result, the selectivity for methylpentane and methylcyclopentane for­

mation increasesG Electronic effects might also contribute to these 

changes in selectivity, but at present, there is no evidence to in­

dicate that such electronic effects are operative. Regardless of the 

exact origin of the altered selectivity, the results presented in this 

section demonstrate that the chemical additive, sulfur, can exert a 

desireable selective poisoning effect on hydrocarbon reactions 

catalyzed over platinum. 
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FIGURE CAPTIONS 

Fig. 5.4e Auger spectra recorded before and after n-hexane reaction 

rate studies on the Pt(lll) surface that was pretreated with 

thiophene at 573 K. 

Fig. 5.5. Catalytic behavior of sulfur pretreated Pt(lll) for n-hexane 

isomerization, cyclization, and hydrogenolysis. In the lower 

frame reaction rates on the sulfur pretreated surface have 

been divided by reaction rates on clean platinum and plotted 

as a function of the corrected s152JPt237 AES peak height 

ratio. In the upper frame product distributions are compared 

at 613 K for the clean and thiophenepretreated surface. 
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5.3. Low Pressure Studies of the Effect of Strongly Bound Surface 
Oxygen on Hydrocarbon Reactions Catalyzed by Platinum Single 
Crystal Surfaces with Variable Kink Concentrations 

5.3.1. Background 

The existence of strongly bound states of surface and subsurface 

oxygen is now well documented for most of the Group VIII transition 

metals, viz., Ni (22,23), Ru (24,25), Pd (26), Rh (27-31), Ir (32,33), 

and Pt (34-37). The oxide-like surface compounds form irreversibly, 

usually at elev~ted temperatures, and display chemical properties 

distinctly different from oxygen chemisorbed at ambient or lower 

temperatures. Ordered (Ni, Pd, Rh, Ir), epitaxially ordered (Ni, 

sometimes Pd, Pt, and Rh), or disordered (Ru, Rh, Ir) oxide structures 

have been detected by low energy electron diffraction depending upon 

the pretreatment conditions, the tendency for oxygen bulk dissolution, 

and thus, the near surface region oxygen: metal stoichiometry. As 

compared to the corresponding bulk oxides, the surface oxides display 

extraordinary thermal stabilities with decomposition temperatures 

typically 200-500 K higher than those for the·bulk oxides. The en­

hanced stability of the metastable surface oxides appears to be 

controlled by the slow kinetics of oxygen diffusion, recombination, 

and reequilibration within the solid near surface region (38). 

While all but a few studies have focused exclusively on structural 

characterization of the unique surface oxides, it is expected that 

thes·e compounds ·wi 11 have marked influence on the catalytic behavior 

of transition metals. Virtually all commercial reforming catalysts 

expe.rience air calcinatio.n or other fo.rms of ·oxygen p.r.etreatment at 
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temperatures where stable surface oxides form readily. An important 

question, therefore, concerns what effect strongly bound oxygen has on 

the catalytic activity, selectivity, and stability of Group VIII 

metals. Previous investigations of the effect of oxygen on the 

catalytic behavior of the flat Pt(111), stepped Pt(557), and kinked 

Pt(10,8,7) crystal faces (12,34) revealed that the strongly bound 

oxygen imparts unique chemical activity to the high kink concentration 

surface; much enhanced dehydrogenation and hydrogenation rates during 

low pressure studies (34), and significantly enhanced hydrogenolysis 

rates during high pressure studies (12). The combination of kink sites 

with strongly bound oxygen appears to be the decisive factor con­

trolling the rate and selectivity of platinum in a variety of reac­

tions. Therefore, more detailed investigation of the catalytic 

behavior of other kinked platinum surfaces in the presence of strongly 

bound oxygen is warranted. 

This section reports results of oxygen chemisorption and low 

pressure hydrocarbon catalysis studies for a series of platinum crystal 

surfaces with variable kink concentrations. It is shown that oxygen 

adsorbs at 1070 K to form an ordered, near surface, oxide layer which 

activates the C-H bond breaking ability of the kinked platinum sur­

faces. The oxygen pretreated kinked surfaces also display an increased 

resistance to self-poisoning that appears to result from the increased 

st.re·ngth of :hydrogen bindi:ng at surf.ace irregularities. 
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5.3 .2. Results 

LEED Studies of the Oxidation of Kinked Pt Surfaces. Idealized 

atomic surface structures and LEED patterns for the kinked platinum 

single crystal surfaces used in these studies are shown in Fig. 5.6. 

Upon pretreatment in 2-10 x 10-7 Torr of oxygen at 1070 K, ordered 

oxygen structures were initially detected for Pt(654), Pt(10,8,7), and 

Pt(12,9,8) when the o510!Pt237 AES peak-to-peak height ratio was 

0.2-0.25. As shown in Fig. 5.7a for Pt(12,9,8) the predominant pattern 

was due to a (1:3 x l:3)-R30°-0 structure on the (111) terraces. On 

Pt(10,8,7) the diffraction spots from the oxygen surface structure were 

once streaked along the same direction as the diffraction spots due to 

the substrate, indicating that the oxygen layer was coherent over 

several terraces. On Pt(10,8,7) and Pt(12,9,8) with 0.25 ~ o510tPt237 ~ 

0.4, a (2 x 2)~0 structure of lower intensity sometimes coexisted with 

the (/3 x /3)-R30° oxygen structure. Only the (/3 x 13)-R30° structure 

was observed at o510tPt237 = 0.5. This oxide "monolayer .. has at 

least one oxygen atom from every three Pt surface atoms or about 

5 x 1014 0 atoms cm-2• No ordered structures were detected for 

the oxygen pretreated (321) platinum surface. 

The growth of ordered multilayers was detected for Pt(12,9,8) and 

Pt(654) following extensive oxygen exposures at 1073 K (~1o3 L). 

Oxide growth was accompanied by increased background intensity and 

gradual attenuation of the .substrate diffraction fe:atures. The 

(13 x 13)-R30° structure observed for Pt(654) with o510IPt237 = L2 

and 5-8 percent "compressed .. (/3 x .i3)-R30o diffraction patter.n 
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(expanded structure) which emerged for Pt(12,9,8) with o510tPt237 = 

1.0-1.8 are shown in Figs. 5.7b and 5.7c, respectively. The latter 

pattern was also accompanied by very weak (1 x 4) diffraction features. 

Thermal Desorption Studies of the Strongly Bound Surface Oxygen. 

The results·of oxygen thermal desorption from Pt(12,9,8), Pt(10,8,7), 

and Pt{654) are shown in Fig. 5.8. The crystals were exposed to o2 
at 1070 K, cooled to -320 K to obtain an Auger spectrum, and thereafter 

flashed to -1450 K. The o510tPt237 AES peak ratio following a TDS 

run was $0.05 independent-of the step orientation and initial oxygen 

coverage. The spectra for Pt(10,8~7) and Pt{654) were obtained with 

crystal mounted 0.5 em strands of 15 mil Pt wire. Heating rates were 

consequently non-linear and decreased from -45 to $15 Ksec-1 over 

the illustrated range of temperature. For Pt(12,9,8) the crystal was 

specially mounted on Ta strips and carefully shielded by gold foils to 

expose only a crystal face in close line of sight to the mass spec-

trometer ionizer. In this configuration the heating rate was nearly 

constant at 15 = 4 Ksec-1• 

Two adsorption states, or site dependent manifolds therefore, 

appear to exist for strongly bound oxygen on each surface. The state 

with the lower desorption temperature (-1050 K) tended to populate 

first. The coverage dependence of the desorption peak shapes and 

temperatures for this state-on Pt(12,9,8) were indicative of 2nd order 

desorpt·ion ki-netics from a strongly chemisor:bed :phase. O.eso·r.ptton 

activation energies for this state .(.estimated from deconvoluted 

.sp.ectr.a u.s lng -Edwards expansion for 2nd .order des,o:rcpUon .k inetk.s) 
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decreased from 60 = 10 kcal/mole at low coverage to 45 = 10 kcal/mole 

near saturation. The second state with the higher desorption tem­

perature (-1220 K) began to populate before the first state reached 

saturation and, thereafter, continued to grow on further 02 exposure 

at 1070 K. This state appears to be due to a second phase of strongly 

bound oxygen that is located below the topmost surface layero Order 

plots (not shown) of ln Rd as a function of ln e for the second state 

at 1220 and 1270 K indicated that the desorption order for the second 

phase was one. Similar desorption temperatures {1070-1270 K) and 

kinetic behavior have been reported for subsurface oxygen on Pd(lll) 

(26,39) and on oxide phase on Ir(110) (32). 

Reaction Rate Studies on the Kinked Pt Surfaces: Cyclohexene 

Dehydrogenation. The dehydrogenation of cyclohexene to benzene was 

studied as a function of temperature on the clean surfaces and as a 

function of the o510tPt237 pph ratio at 427 K. Standard pressures 

utilized for these experiments were 6 x 10-8 Torr C6H10 and 

1 x 10-6 Torr H2• 

The temperature dependence of the maximum dehydrogenation rate is 

shown in Fig. 5.9. The turnover number, Tnm {benzene molecules 

formed per surface Pt atom per sec) consistently exhibited a maximum 

at about 370 K, and the apparent activation energy below the tempera-

ture of this maximum was small. The surfaces with 5-atom terraces 

b.e.haved similarly, exhibiting the same small activation energy of Ea 

-3-4 kcal mole-1 for T ~ 380 K. The reaction required essentially 

no activation energy on the (.321) crysta'l plane. 

' 
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The effect of surface preoxidation on cyclohexene dehydrogenation 

activity is shown in Fig. 5.10. Oxidation enhanced the initial rate 

of the reaction on all four kinked platinum surfaces. The extent of 

enhancement depended on the terrace width and kink concentration. For 

a constant terrace width, the maximum enhancement in the rate of 

dehydrogenation varied from 60 percent to almost 3-fold and shifted to 

higher oxygen concentrations with increasing kink concentration. As 

indicated in Fig. 5.9, half a "monolayer" (~2.5 x 1014 6 atoms cm-2 

of strongly bound oxygen increased the dehydrogenation activity of 

Pt(654) at all temperatures. 

As illustrated in Fig. 5.11, TNm refers to the maximum in the time 

dependent reactivity, TN{t), that was observed 3-15 min after starting 

the reaction. This reaction, as well as the others investigated, 

self-poisoned over a period of 0.5-10 hr, depending on the pressure, 

surface structure, temperature and to some extent the oxygen concen-

tration. In all cases self-poisoning was accompanied by deposition of 

60-90 percent of a monolayer of a disordered partially dehydrogenated 

carbonaceous overlayer (c237 JPt237 - 3.2 represents monolayer coverage). 

By flashing the crystals in vacuum and on stream to 150°C or 

hi'gher temperatures following 100-200 min of reaction, we determined 

that self-poisoning was slower a~d largely reversible when the reaction 

temperature was below 390 K.- Self-poisoning was irreversible and com­

paratively fast on all the surfaces above 410 K. At 427 K, a :rapid 

initial decline in activity, complete within half an hour, was followed 
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by a low level, steady state, benzene production rate which persisted 

for several hours before diminishing to the background level. As in­

dicated in Fig. 5.11a, kinked Pt(654) irreversibly poisoned slower 

than stepped Pt(557) which deactivated slower than low index Pt(111) 

[Pt(654) < Pt(557} < Pt(111)]. The kinked surfaces deactivated at 

similar rates for a given reactant pressure, temperature and oxygen 

coverage. As shown in Fig. 5.11c, surfaces oxidized to submonolayer 

coverages usually deactivated slightly slower than clean surfaces, and 

both consistently self-poisoned slower than platinum surfaces covered 

with oxide multilayers (o510/Pt237 ~ 0.5). 

Cyclohexene Hydrogenation. Cyclohexene underwent hydrogenation 

as well as dehydrogenation under the conditions of these experiments. 

Initial turnover numbers for cyclohexane production as a function of 

oxygen concentration are shown in Fig. 5.12. Only the clean surfaces 

with (210) step orientation, viz., Pt{321) and Pt(654), displayed 

measurable activity at 427 K. Hydrogenation required no activation 

energy (Ea ::5 1 kcal/mole) on these surfaces and accoun"ted for less 

·than 5 percent of the total cyclohexene conversion. All the surfaces 

produced cyclohexane at detectable rates following oxygen pretreatment. 

Simflar low-level hydrogenation activity was reported by Smith {40) 

for stepped Pt{557) after preoxida~ion in an earlier study. As dis­

cussed in detai 1 in that wor·k, the hydrogenation reaction was a 

transtent ass:oc1ated with the tnitJ·ally ·clean, oX'idi:zed platinum 
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surfaces. The hydrogenation rate decayed rapidly to zero over a 

period of about 1-2 min. Cyclohexene continued to undergo dehydro­

genation after the hydrogenation reaction had completely self-poisoned. 

Cyclohexane Dehydrogenation. The dehydrogenation of cyclohexane 

to benzene was also investigated on the clean and oxidized surfaces. 

Results obtained at 427 K with 2 x 10-6 Torr c6H12 and 1 x 10-5 Torr 

H2 are illustrated in Fig. 5.13. The shapes of the curves were 

generally similar to those for.cyclohexene dehydrogenation, but the 

reaction probabilities were about two orders of magnitude smaller. 

With the terrace width held constant, the maximum activity shifted to 

higher oxygen concentrations with increasing kink concentration. At 

o510tPt237 - 0.2, the Pt(l0,8,7) crystal face exhibited 3-fold 

activity enhancement over the clean platinum surface. Cyclohexene was 

sometimes produced as a minor dehydrogenation product (TNm :S 2 x 10-5 

mole site-1sec-1) after 2 to 4 hr on stream. Results for a series 

of reactions with varying pressures are summarized in Table 5.2 •. As 

indicated, the initial rate was approximately 1st order in hydrocarbon 

and fractional positive order in H2 pressures. The parameter t 112 
was the time required for the activity to drop on one-half its maximum 

value. This parameter indicates that self-poisoning and carbonaceous 

overlayer buildup rates were inverse order in H2 pressure and con­

sistently slower than during cyclohexene dehydrogenation, even when 

the eye lohex,ane pres sure 'W·as 25 times .greate.r. · 



Table 5.2. Variations in poisoning behavior and cyclohexane dehydrogenation activity 
with reactant pressure at 427 K. 

PH (Torr) PHC (Torr) TN (a)(molec site-1sec-1)x1o5 (b) 
Surface 2 m t 112 /(hr) 

Pt(l0,8,7) 5 X 10-6 5 X 10-7 0.7 4 

1 X 10-5 2 X 10-6 2.1 0.6 

1 X 10-4 1 X 10-5 6.5 0.2 

Pt(654) 1 X 10-5 5 X 10-7 0.7 5 

2 X 10-6 2 X 10-6 0.8 0.4 

6 X 10-6 2 X 10-6 1.7 0.5 

1 X 10-S 2 X 10-6 2.4 0.6 

4 X 10-5 2 X 10-6 3.0 0.8 

1 X 10-4 1 X 10-5 8.5 0.2 

(a) ::t:15 percent. 

(b) Time required for the rate to decrease to one half of its maximum value; i.e., 
TN(tl/2) = 1/2 TNm· 

~ 
00 
0 
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5.3.3. Discussion 

Nature of the Surface Plat inurn Oxide. A ( i3 x i3)-R30o surface 

structure was observed for the oxidized kinked platinum surfaces at 

"monolayer coverage" independent of the substrate step orientation. 

Neither the-(13 x 13)-R30° structure for Pt(lll) ~icinal surfaces, nor 

the (2 x 2} structure observed by Smith (40) for Pt(lll), correspond 

to epitaxial growth of PtO, Pt3o4, or Pto2• Epitaxial growth of PtO 

was reported for Pt(l10) at about 1070 K (36). The appearance of the 

bulk-oxide coincidence mesh was preceeded in the coverage range span­

ning this study by the formation of a simpler c(2 x 2) transient oxide 

structure. Both ordered layers on Pt(llO) decomposed at about 1250 K 

in reasonable agreement.with the TDS results presented here. Unique 

oxygen bonding states which exist in the near surface region stabilize 

the surface platinum oxide at temperatures far in excess of those 

required for thermal desorption of chemisorbed oxygen (-725 K) and 

. thermal decomposition of bulk platinum oxides (725-870 K) (41). More 

recent studies by Salmeron (38) revealed the formation of compressed 

(/3 x /3)-R30° diffraction patterns for Pt(lll) and Pt(332) following 

extensive oxygen treatment at 1070 K (o510tPt237 ~ 1). These diffrac­

tion patter.ns are .analogous to that shown for Pt(12,9,8) in Fig. 5.7c. 

Salmeron•s analysis of this diffraction pattern revealed excellent 

agreement wi.th the (0001) plane of a-Pto2 (a= 5.37i\). Ion scatter­

ing studies by Niehus and Comsa (42) have shown that the strongly bound 

oxygen is entirely located below the topmost layer of platinum atoms, 

at least in the case of Pt(lll). This conclusion is supported by the 
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facts that: ·(1) high temperature oxygen pretreatment causes a 1 eV 

decrease in the platinum work function {43); and (2) the strongly bound 

oxygen displayed no reactivity with CO or H2 at temperatures up to 

1000 K. Thus it appears that oxygen adsorption and dissolution at high 

temperatures leads to the formation of a complex subsurface platinum 

oxide. At high oxygen concentrations the structure of this surface 

compound resembles Pt02• 

Reactivity of Oxygen Pretreated Platinum. The dehydrogenation 

activity of the kinked platinum surfaces with 5-atom terraces was en­

hanced by low concentrations· of strongly bound subsurface oxygen. The 

maximum in activity shifted to higher oxygen concentrations with in­

creasing kink concentration. The maxima appeared at about the same 

coverage as the initial onset of ordering in the oxide layer and, also, 

at about the same coverage where the second oxygen adsorption state 

began to populate. The activity decreased sharply at higher con­

centrations corresponding to a large buildup of subsurface oxygen. 

The reactivity of all the surfaces dropped and attained the same low 

values at coverages we have associated with an oxide monolayer, i.e., 

0510/Pt237 - 0•5• 

The terrace width was also important in determining the catalytic 

activity. The reactivity of Pt(321) and its poisoning behavior changed 

little with oxygen pretreatment. This is probably due to a steri~ 

effect slnce the Pt{32t) terraces :(ca. si\) are ba.rel_y wide enough to 

accommodate 1r-bonded .c:yclohexene o.r benzene molecules (V.an der Waals 

·r.ad i i (] .. 2 .... ],.,,6)\) .• 
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Significant enhancements in catalytic activity due to surface 

oxidation were detected only for the kinked platinum surfaces that also 

had wider terraces (5 atoms wide or -14~) of (111) orientation. A 

factor of two or more enhancement in reactivity was obtained by the 

combined presence of oxygen and kink sites on the surfaces. As noted 

earlier, surface oxygen was not notably effective in activating the 

C-H bond breaking activity of the low index (111) and stepped (557) 

platinum surfaces (34). The resistance of the (111) and (557) platinum 

surfaces to self-poisoning was also unchanged by surface oxygen (40). 

In contrast, on the kinked Pt(654), Pt(10,8,7) and Pt(12,9,8) crystal 

faces strongly bound oxygen inhibited deactivation, especially at lower 

temperatures and thus stabilized sites that would otherwise poison 

rapidly. Strongly bound oxygen promoted both the activity and 

stability of the kinked surfaces with 5 atom wide terraces. 

·The presence of strongly bound oxygen also altered the 

selectivities of the kinked platinum crystal surfaces for cyclohexene 

hydrogenation and dehydrogenation. The kinetic selectivity for 

hydrogenation over dehydrogenation (TNO/TN@) was maximized at low 

oxygen concentrations corresponding to the maximum hydrogenation 

activity; i.e., at o510/Pt237 = 0~0, O.ZO, 0.12, and 0.25 for Pt(321), 

(654), (10,8,7), and (12,9,8), respectively. In general, the hydro-

genation reaction appeared to be insignificant as compared to 

:de·byd:regenatj!on sj:nce the dehydrogenation "reaction wa·s always 

10-100 times faster. 
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A change in the electronic structure of the platinum surface 

through oxidation provides the most viable explanation for the enhanced 

reactivity of the oxidized kinked platinum surfaces. Such changes 

could affect the binding strength of hydrogen and hydrocarbon reac­

tants, intermediates, or products, thereby producing different rates 

and selectivities for hydrocarbon conversion reactions. McCabe and 

Schmidt reported that strongly bound oxygen created new binding states 

for H2 and CO with increased binding energy on Pt(llO) and Pt(lll) 

surfaces (44,45). These authors proposed two additional mechanisms 

which could account for the different chemistry of the oxygen pre­

treated platinum; namely surface restructuring during oxidation or 

compound formation between oxygen and hydrogen or other gases. While 

surface restructuring certainly occurs over many oxygen treated 

platinum crystal faces (46), no restructuring could be detected for 

any of the kinked surfaces used in these studies~ Since the strongly 

bound oxygen is predominantly located below the surface, one can 

reasonably argue that compound formation is probably not the primary 

mechanism for the enhanced reactivity. 

It should be emphasized that the low pressure hydrocarbon 

reactions described here are not strictly catalytic because the 

integrated turnover frequencies were generally less than one product 

molecule per surface Pt atom. Nevertheless, there are notable 

similarities between our results and results obtained near atmosphe.ric 

pressure using supported platinum catalysts .• Poltorak et al. (47,48) 

rep.orted that h:J:ghly dispersed ·catalyst·s .displayed enhanced act:i.vity 
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for cyclohexene hydrogenation following oxidation at 670 K. The 

activity of catalysts with low dispersions (d ~ 50~) was not altered 

appreciablye These results are consistent with those reported here 

assuming that the highly dispersed particles have high concentrations 

of edge and ·kink sites. On the other hand, there are also significant 

differences between the results of high and low pressure studies as 

would be expected from the discussion of previous sections. Using the 

same (10,8,7) platinum crystal near atmospheric pressure, Gillespie 

found only a small oxygen effect for cyclohexane dehydrogenation to 

benzene at catalyzed 573 K. A much larger oxygen effect was observed 

for cyclohexane hydrogenolysis to light alkane fragmenti in which the 

hydrogenolysis rate increased with increasing oxygen concentration. 

The different nature of the oxygen effect at high and low pressures 

most probably arises from large differences in thesteady state surface 

concentrations of chemisorbed hydrogen and hydrocarbon species. 

Clean Surface Reactivity. Among the clean surfaces at 425 K, 

Pt(321) (20 percent kinks) was distinctly more active for cyclohexane 

dehydrogenation and cyclohexene hydrogena~ion, but generally less 

active for cyclohexene dehydrogenation. The order of activities of 

the clean surfaces for cyc1ohexane dehydrogenation, (321) > ·(654) -

(10,8,7) - (12,9.8) > 557) - (111), correlates to some extent with kink 

co11centration. Nonetheless,- the difference in reactivity between the 

least and most active planes was only about a factor 'of, two. These 

low pressure results a_gree .with results for di.spersed catalysts -at high 

:Pr,essures {49) that 'i:ndi.cate that -cyclohe,xane cdet1y-dr-ag·enat1on ts 
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essentially structure insensitive. At atmospheric pressure and 573 K, 

Gillespie {12) found that the kinked {10,8,7) platinum surface was 

about four times more active than Pt{111) for cyclohexane 

dehydrogenation. 

From the viewpoint of structure sensitivity, the most striking 

result of this study is that both clean surfaces with {210) step 

orientation [Pt{321) and Pt{654)] exhibited measurable hydrogenation 

activity at 423 K. Moreover, the hydrogenation activity was propor­

tional to the density of monatomic {210) steps. The {12,9,8), 

{10,8,7), {557) and {111) crystal faces produced quantifiable amounts 

of cyclohexane only after the surfaces were preoxidized. It is 

interesting that Cunningham and Gwathmey (50) found a Ni(321) crystal 

to be at least a factor of two more active for ethylene hydrogenation 

than Ni{lOO), Ni(110) or Ni(111) in the first reactivity study using 

oriented crystal catalysts. More experiments at higher pressures 

should be carried out to establish if sites associated with (210) steps 

are especially active for olefin hydrogenation. 

Poison Resistance of Kinked Pt Surfaces. The cyclohexene 

dehydrogenation activity increased rapidly between 300 and 370 K. 

Thermal desorption studies (Section 3.2) indicated that the benzene 

desorption rate becomes appreciable in this temperature range. The 

surfaces reversibly poisoned and saturated with benzene, or a pre­

cursor, when the reaction was carried out below the benze_ne desorption 

temperatu-re of about 390 K. At higher temperatures the rates decreased 

a.nd the ,kinetics were -dom~,nated -by. rapi,d -kr-evers ib le self-poi son~ ng .• 
• 
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At 427 K the deactivation rate was comparable to the benzene production 

. rate. Irreversible poisoning was facilitated by a rapidly decreasing 

concentration of chemisorbed hydrogen with increasing temperatures. 

The residence time for the reacting species decreased more rapidly than 

the mean time necessary for benzene production as the steady state 

hydrogen coverage diminished with increasing reaction temperature. 

Hydrogen was chemisorbed more strongly on the kinked surfaces and, 

consequently, kinked surfaces irreversibly poisoned more slowly than 

stepped Pt(557) or Pt(lll). The poisoning behavior and structure 

sensitivity of cyclohexene dehydrogenation at low pressures correlates 

with the strength of the metal-hydrogen chemisorption bond. Surface 

hydrogen appears to be an important additive inhibiting irreversible 

carbon buildup during low pressure hydrocarbon dehydrogenation. 

Conclusions. Low concentrations of strongly bound surface oxygen 

enhance the C-H bond breaking of kinked Pt crystal surfaces and alter 

the product distribution during hydrocarbon hydrogenation and 

dehydrogenation. A combination of high surface kink concentration and 

the presence of strongly bound oxygen are needed to obtain this effect. 

Chemisorbed hydrogen, bound strongly at surface kinks, also plays 

an important role in inhibiting irreversible self-poisoning reactions 

and concomitant buildup of carbonaceous deposits. 

Similar phenomena, due to surface additives, are expected to be 
·' 

important for sup:p:orted Pt catalysts we.re stable .surface oxides could 

form during oxygen pretreatments or by chemical interactions between 

the met.al .p.articles .and th.e oxide .support.. Hydrogen prevents 

:s:e-'l~f ... ::'Pmi:st>n:ii~ng ·of kt:n'ked. ;Pt _:surftac·e·s. 
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FIGURE CAPTIONS 

F.ig. 5.6. Idealized atomic surface structures and LEED patterns for 

the platinum surfaces studied. 

Fig. 5. 7. LEED patterns for ordered ( ~ x v3)-R30° oxygen 1 ayers: 

(A) Pt(12,9,8), 45 V o510tPt237 = 0.38; (B) Pt(654), 

105 V, o510tPt237 = 1.18; (C) Pt(12,9.8), 56 V 

0s10/Pt237 = 1•3• 

Fig. 5.8. Thermal desorption of o2 from Pt{10,8,7), Pt(654) and 

Pt(12,9,8); 1 L = 10-6 Torr sec. 

Fig. 5.9. Temperature dependence of cyclohexene dehydrogenation to 

benzene with PHC = 6 x 10-8 Torr and PH = 
2 

1 x 10-6 Torr. 

Fig. 5.10. Maximum turnover numbers at 150°C for the dehydrogenation 

of cyclohexene to benzene as a function of oxygen coverage. 

Fig. 5.11. Time dependent poisoning behavior during cyclohexene 

dehydrogenation to benzene at constant pressure (6 x 10-8 

Torr CH and 1 x 10-6 Torr H2) (a) effect of surface 

structure; (b) effect of temperature; (c) effect of surface 

oxygen. 

Fig. 5.12. Maximum turnover numbe"rs at 150°C for the hydrogenation of 

cyclohexene to cyclohexane as a function of oxygen coverage. 

Fig. 5.13. Maximum turnover numbers at l50°C for the dehydrogenation 

of cyclohexane to benzene as a function -of oxygen coverage. 
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