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ABSTRACT 

The interaction of hydrocarbons with the (110)-(lx2) and (111) surfaces of 

iridium and the (110)-(lx2) surface of platinum has been studied under 

ultrahigh vacuum conditions. The principle experimental techniques employed 

were thermal desorption mass spectrometry and low energy electron diffraction. 

Chapter 2 describes the. extension of previous studies of the adsorption 

and reaction of ethane and propane on the Ir(110)-(1x2) surface to the normal 

isomers of butane, pentane, hexane and heptane. At low coverages, each of these 

alkanes undergoes dissociative chemisorption at 130 K. At higher coverages, 

molecular adsorption occurs as well. Thermal desorption spectra of hydrogen 

are similar in many respects for the dissociatively adsorbed overlayers of all six 

of these paraffins. Both desorption-limited and reaction-limited adstates of 

hydrogen are observed, the latter being associated with the dehydrogenation of 

hydrocarbon fragments on the surface. Ethane, butane and hexane form high 

temperature adstates, the associated fragments of which are low in hydrogen 

content , while those for propane, pentane and heptane contain relatively more 

hydrogen. This difi'erence may be explained by extending a model for dehydroge

nation which has been proposed previously [T. S. Wittrig, P . D. Szuromi and W. H. 

Weinberg, J. Chern. Phys. (76), 3305 (1982)] for understanding the dissociative 

adsorption of other saturated hydrocarbons on this surface . 

Chapter 3 discusses cyclopropane, propylene, propyne and allene on the 

reconstructed lr(110)-(1x2) surface. Annealing adlayers of these hydrocarbons 

{at low coverages) leads to the formation of surface hydrogen and hydrocarbon 

fragments of approximate stoichiometry CsH2• The importance of the P2 adsite 

of hydrogen on this surface of iridium has been demonstrated further by inhibi

tion studies with hydrogen, CO and surface carbon. The close-packed Ir( 111) 
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surface dehydrogenates propylene, but neither propane nor cyclopropane 

adsorb dissociately under the same reaction conditions, indicating a strong 

effect for the activation of carbon-hydrogen bonds of alkanes. 

Chapter 4 describes the investigation of this strong effect of surface 

geometry on the dissociative adsorption of alkanes on surfaces of platinum. Pre

vious work (L. E. Firment, Ph. D. Thesis, Univ. of California, Berkeley, 1976) 

shows that the close-packed Pt( 111) surface does not dehydrogenate the normal 

alkanes through octane under ultrahigh vacuum conditions. On the recon

structed Pt( 11 0)-( 1x2) surface, low coverages of n-butane and n-pentane adsorb 

dissociatively at approximately 200 K to form surface hydrogen and hydrocar

bon fragments, whereas only molecular adsorption is observed for ethane and 

propane. Inhibition of this reaction by precoverages of hydrogen suggests 

strongly that carbon-hydrogen bond activation is the initial reaction step, and 

occurs at the same adsite as for the adsorption of hydrogen at lower coverages. 

Thus for both iridium and platinum the availability of high coordination adsites 

on the ( 110)-( 1x2) surface appears to lower the kinetic barriers that must be 

overcome to activate carbon-hydrogen bonds in alkanes. Differences in the elec

tronic structure of the two metals manifest themselves in such details as the 

magnitude of that kinetic barrier. 
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CHAPTER 1 

INTRODUCTION 
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The activation of alkanes is an important area of current interest in the 

field of catalysis. A high proportion of our basic chemical feedstocks is in the 

form of alkanes. In the absence of suitable catalysts, alkane activation is often 

nonselective and energy intensive. In their presence, useful reactions of alkanes 

such as reforming, hydrogenolysis and dehydrogenation can occur. Hence the 

study of the activation of alkanes by platinum metals in both homogeneous (1) 

and heterogeneous (2) systems, and an understanding of the mechanisms 

involved, is of both fundamental and applied interest. 

The first step in the activation of an alkane at a surf ace is a process 

involving cleavage of a a bond, USU;ally dehydrogenation. Subsequent reactions 

can include formation of dehydrogenation products (such as alkenes, alkynes, 

and aromatics), and formation of hydrogenolysis products (cleavage of carbon

carbon bonds followed by hydrogenation, e.g., ethane and methane from 

cyclopropane) . In heterogeneous systems the rate of hydrogenolysis of alkanes 

is usually surface sensitive (2), meaning that the activity of the catalyst depends 

on the manner of its surface prepartion. Classical studies, conducted at pres

sures on the order of 100 Torr on suppported catalysts, have determined 

macroscopic details of catalytic reactions such as product distributions and 

kinetic rate parameters. However, from such data the nature of the active sur

face species is not determined directly but can only be inferred. In order to 

understand these phenomena at a microscopic level, comparative model studies 

of the adsorption and reaction of several hydrocarbons, mainly alkanes, on 

dit!erent low index surfaces of iridium and platinum under ultrahigh vacuum 

conditions have been undertaken. 

These experimental conditions are particularly suited for acquiring funda

mental data for these reactions. Ultrahigh vacuum conditions (base pressures 

below 2 x 10-10 Torr) allow clean, well-ordered surfaces to be prepared and 
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characterized, and also minimize the adsorption of background contaminants. 

In this manner the interaction of selected adsorbates with the surface can be 

controlled. By employing metal single crystals of known crystallographic orien

tation, reproducible surfaces of differing geometries are available. Ditrraction 

techniques can be used to ascertain these surface geometries and establish the 

type of sites available on the surface for adsorption, reaction and desorption. 

The experimental techniques that are available in the particular system in 

which these studies were conducted included thermal desorption mass spec

trometry (TDMS), low energy electron diffraction (LEED), Auger electron spec

troscopy (AES), X-ray and ultraviolet photoelectron spectroscopies and contact 

potential difference measurements. The techniques of TDMS, AES and LEED were 

used to obtain the data presented in this thesis and are described below. 

In the TDMS experiment, the crystal is heated at a constant rate while the 

mass spectrometric signals characteristic of the desorbing gases are monitored. 

At the pumping speeds achieved in our system the partial pressures which are 

measured are proportional to the rate of desorption. Surface coverages can be 

determined by integration of the desorption signals. TDMS can be used to deter

mine exposure-coverage relationships, to obtain kinetic data such as Arrhenius 

parameters for desorption, and to characterize gas phase products from the 

reaction of surface species. LEED can be used to determine the translational 

symmetry of the surface and of overlayers. In the studies presented its primary 

use was to monitor the presence of the ( 1x2) reconstruction of the Ir and 

Pt(llO) surfaces. Ordered overlayers of hydrocarbons were not detected in any 

of these studies. In AES high energy electrons bombard the surface, causing 

ejection of electrons from the core levels of atoms. A second electron in such 

atoms can fall into the remaining core hole from a higher shell, causing ejection 

of the third electron. This is the Auger electron, and its energy can be used to 
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determine the atomic environment from which it was ejected. AES was used to 

verify carbon deposition from hydrocarbon reactions, and to monitor the level 

of possible surface impurities, such as silicon. 

The Ir( 11 0)-( 1x2) surface was chosen for the initial studies for the follow

ing reasons. Information from classical studies of the interaction of hydrocar

bons such as cyclopropane with iridium catalysts is available (3). This particular 

surface has been shown to be highly corrugated at the microscopic level, and 

may be pictured as a series of two-layer deep troughs, the sides of which are 

( 111) micro facets (4). The presence of steps is believed to enhance certain cata

lytic reactions. The interaction of some simpler molecules (e.g., 02 , CO, H2 , H20) 

has been studied previously under ultrahigh vacuum conditions (5). Hence many 

key aspects of the reactivity of this surface were known previous to the investi

gations involving hydrocarbons. This motivated the work which appears as 

appendices to this thesis, of which a brief overview is provided here . 

It was shown that alkanes (cyclopropane, ethane, propane, isobutane and 

neopentane) can dissociate on the Ir( 11 0)-( 1x2) surface at low coverages and 

temperatures below 130 K. These reactions are limited by the availability of high 

coordination f:J2 adsites, whose activity is inhibited by the hydrogen that is 

liberated from dissociation of carbon-hydrogen bonds. Saturation coverages of 

the dissociatively adsorbed overlayers is approximately 1 x 1014 molecules-crn-2 . 

There is no evidence that hydrogenation or hydrogenolysis reactions occurred 

under these experimental conditions, or that the surface reconstruction was 

affected by the dissociation reactions. Features appear in the thermal desorp

tion spectra of hydrogen characteristic both of desorption- limited ({3~) and 

reaction-limited (cx,-y) processes. From these spectra the formation of hydrocar

bon species which are stable in the presence of the reactive {J~ adsites can be 

inferred. The stoichiometry of these fragments can be understood in terms of a 
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model for their structure which involves the formation of metallacycles contain

ing three carbon atoms. 

Chapter 2 concerns the further study of the reactions of alkanes with the 

Ir(110)-( 1x2) surface. The investigation of the normal alkanes is extended to 

butane, pentane, hexane and heptane. At low coverages these hydrocarbons dis

sociate at temperatures of 130 K and above, giving rise to the characteristic 

desorption-limited ({3~) and reaction-limited (a,')') states of hydrogen. The frag

ments associated with the high temperature ?' desorption states are relatively 

more rich in hydrogen for the alkanes which contain an odd number of carbon 

atoms. The metallacycle model p,roposed earlier (6) has been extended to 

explain these results. Comparison to the previous results for isobutane and nee

pentane demonstrates that the dissociation reactions precede possible rear

rangements of the carbon atom skeletons to a more stable structure. 

Chapter 3 reports the results of the interaction of saturated and unsa

turated hydrocarbons which contain three carbon atoms with the reconstructed 

Ir(110)-( 1x2) and the close-packed Ir( 111) surfaces. At surface coverages such 

that reactive {3~ adsites were still available, the reactions of the unsaturated 

hydrocarbons propylene, propyne and allene were found to be similar to those 

of propane and cyclopropane. This suggests that the reactions of these alkenes 

and alkynes are dominated by the strong dehydrogenating ability of these 

adsites, as opposed to the particular electronic and geometric structures of the 

molecules. On the Ir(111) surface,propane and cyclopropane dehydrogenate only 

at defect sites, while the saturation coverages of dissociatively adsorbed pro

pylene are approximately the same on both iridium surfaces. 

These results show that the geometry of the (110)-(1x2) surface is a criti

cal factor in the ability of iridium to activate alkanes under such conditions. 
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Previous work (7) shows that the normal alkanes through octane do not adsorb 
--

dissociatively on the close-packed Pt(lll) surface under ultrahigh vacuum con-

ditions. This suggested that a study of the interaction of normal alkanes with 

the reconstructed Pt(110)-(lx2) could yield a greater understanding of the 

effect of surface structure on alkane activation. This work is presented in 

Chapter 4. On this surface,low coverages of n-butane and n-pentane dissociate 

at approximately 200 K to form surface hydrogen and hydrocarbon fragments, 

whereas only molecular adsorption is observed for ethane and propane . 

Carbon-hydrogen bond activation appears to be the initial step, as the reaction 

is inhibited by precovering the surface with hydrogen. Thus for both iridium and 

platinum the availabilty of high coordination adsites appears to lower the 

activation barriers that must be overcome to activate carbon-hydrogen bonds in 

alkanes. The formation of hydrocarbon fragments which are richer in hydrogen 

than those on the corresponding iridium surface and the higher kinetic barrier 

to dissociative adsorption of alkanes indicate that differences can be observed 

which are due to the different electronic structure of the two metals. 
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CHAPTER 2 

THE ADSORPTION AND REACTION OF NORMAL 

ALKANES ON THE IR(ll0)-(lx2) SURFACE 

(The text of Chapter 2 consists of an article coauthored with Wo H. 

Weinberg which has been accepted for publication in Surface 

Science a) 
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Abstract 

Previous studies of the adsorption and reaction of ethane and propane on the 

Ir( 110)-( 1x2) surface have been extended to the normal isomers of butane, pentane, 

hexane and heptane. At low coverages, each of these alkanes undergoes dissociative 

chemisorption at 125-130 K. At higher coverages, molecular adsorption occurs as well. 

Thermal desorption spectra of hydrogen are similar in many respects for the dissocia

tive adsorption of all six of these paraffins, and both desorption-limited and reaction

limited adstates are observed. The latter are associated with the dehydrogenation of 

hydrocarbon fragments on the surface. Ethane, butane and hexane form high tem

perature adstates, the associated fragments of which are low in hydrogen content, 

while those for propane, pentane and heptane contain relatively more hydrogen. This 

difference may be explained in terms of a model for dehydrogenation which has been 

proposed previously [T. S. Wit trig, P. D. Szuromi and W. H. Weinberg, J. Chern. Phys. 78, 

3305 (1982)] in understanding the reaction of other hydrocarbons on this surface . 
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1. Introduction 

The reactive interaction of hydrocarbons with well- characterized transition metal 

surfaces under ultrahigh vacuum (UHV) conditions has been investigated frequently 

with unsaturated species, such as alkenes (1). These molecules chemisorb strongly to 

transition metal surfaces, initially through their 1r electrons. The reaction of alkanes, 

however, requires that a bonds undergo activation. Goodman has examined the pro

ducts of ethane and cyclopropane hydrogenolysis at high pressures over nickel sur

faces (2), while Muetterties and coworkers have observed the dehydrogenation of 

cyclohexane to benzene on nickel and platinum surfaces (3). However, under UHV con

ditions usually only molecular adsorption, as opposed to bond cleavage, has been 

observed for smaller alkanes. In recent investigations in our laboratory, the interac

tion of alkanes with the reconstructed Ir(l10)-(lx2) surface has been studied (4--6). 

Ethane, cyclopropane, propane, isobutane and neopentane have been observed to 

adsorb dissociatively at low coverages and temperatures ( < 130 K) and to dehydrogen

ate upon heating. Here the earlier results reported for ethane and propane have been 

extended to the next four normal alkanes, namely butane, pentane, hexane and hep

tane. It will be shown that these hydrocarbons undergo dissociative adsorption and 

dehydrogenation in a manner similar to the alkanes studied previously. Moreover, the 

stoichiometries of certain thermal desorption adstates of hydrogen resulting from 

adsorption of these normal alkanes can be correlated with whether the molecules con

tain an even or an odd number of carbon atoms. This extends a model, proposed ear

lier (6), which has helped explain the stoichiometries of such fragments for other 

hydrocarbons. 

The results reported for ethane and propane are germane and will be reviewed 

briefi.y here (6). It has been shown that for adsorption at 130 K, dissociative adsorption 

occurs initially. By "dissociative ," we mean that desorption of the parent alkane does 

not take place upon heating of the surface. As this adlayer saturates, a nondissociative, 
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molecularly adsorbed adlayer forms. No evidence of multilayer formation has been 
--

observed under our experimental conditions (~ 100 K and p~ 10-9 Torr). Upon heat-

ing, the dissociatively adsorbed overlayer undergoes stepwise dehydrogenation to form 

hydrocarbon fragments on the surface and ultimately surface carbon after complete 

dehydrogenation and hydrogen desorption. No hydrocarbons are observed to desorb 

from the d.issociaf:i:uely adsorbed overlayer, i.e., there is no evidence of self-

hydrogenolysis, and the initial C-H bond cleavage is irreversible. 

To help interpret the thermal desorption spectra of hydrogen from these dissocia-

lively adsorbed overlayers, the adstates of hydrogen after exposures of (a) 0.5 L, (b) 2 L 

and (c) 300 L to the clean surface are shown in Fig. 1. The high temperature or {J2 

adstate saturates after an exposure of 0.5 L. while the low temperature or (31 adstate 

saturates after an exposure of 300 L at an adsorption temperature of 100 K (7). Ther-

mal desorption spectra of hydrogen from saturation coverages of the dissociatively 

adsorbed alkanes are shown as solid lines in Fig. 2A for ethane and in Fig. 2B for pro-

pane, and these can be compared directly with the (32 adstate of hydrogen, which is 

shown in both cases as the dashed lines. The features at 400 K for these hydrocarbons 

are very similar to the {J2 adstate of hydrogen on the clean surface, and are designated 

the {J2' adstates. This similarity suggests that the (32' adstate arises from desorption-

limited hydrogen evolution from the metallic surface. For propane the high tempera-

ture edge of the (32' adstate is virtually identical to that of the {J2 adstate of hydrogen, 

while for ethane the high temperature edge of its {J2' adstate shows slightly greater 

intensity. Propane exhibits a well defined higher temperature feature at approximately 

550 K, which has been labeled the 1 adstate. It has been shown that desorption occur

ring from the 1 adstate is due to the dehydrogenation of (relatively) stable hydrocar-

bon fragments. At higher coverages, a third reaction-limited adstate is observed for 

propane. This a adstate appears as a low temperature shoulder on the {J2' adstate as 

may be seen in Fig. 2B. Previously, the stoichiometry of the 1 fragment was measured 
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by determining the ratio R of the integrated intensities of the {32 ' and the ex adstates to 

that of the 1 adstate (6). For propane this value, 3.2 ± 0.3, indicates that the 

stoichiometry of the 1 fragment is appproxim.ately ~H2 at all coverages. Ethane, how

ever, displays no well defined desorption feature at higher temperatures, although 

there may be slight mass spectral intensity due to reaction-limited desorption of 

hydrogen. Using the known surface coverage of hydrogen, the saturation coverages of 

the dissociatively adsorbed overlayers have been shown to be 1.1 x 1014 molecules-cm-2 

for both ethane and propane. 

It was found that postadsorption of hydrogen at 100 K on saturated overlayers of 

these two hydrocarbons caused an increase in the amount of desorption of the molecu

lar hydrocarbon and a decrease in the amount of desorption of hydrogen due to disso

ciative adsorption demonstrating that dissociative chemisorption is not complete at 

100 K. This increase in the amount of molecular desorption is caused by poisoning of 

the {32' adsite. Reversal of a surface reaction (C-H bond formation) was excluded by 

experiments involving the postadsorption of deuterium: no incorporation of deuterium 

into the parent hydrocarbons was observed. After annealing these adlayers to 130 K, 

the postadsorption of hydrogen has no etrect on the concentration of the dissociatively 

adsorbed alkane present, indicating that the reaction goes to completion at this tem

perature. Preadsorption of hydrogen poisoned the {32' adsites on the surface and, in 

turn, the dissociative adsorption of these hydrocarbons. 

2. Experimental Procedures 

The experiments were performed in an ion pumped stainless steel bell jar that has 

been described previously (8). The base pressure of the bell jar was below 4 x 10-11 Torr 

of reactive contaminants. The hydrocarbon exposures were carried out with a direc

tional beam doser consisting of a multichannel array of capillaries (9). During adsorp

tion the crystal was positioned approximately 3 mm from the doser face . This provided 
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a beam pressure to background pressure ratio of greater than 100: 1. These exposures 

were calibrated in Langmuir (L) units by comparison of thermal desorption spectra 

obtained by backfilling the bell jar and by employing the doser. All the gases used in 

this study were examined mass spectrometrically for purity, and no extraneous gases 

were detected. The crystal was cleaned of surface carbon by exposure to 10-7 Torr of~ 

for 2-2.5 min at 900 K, followed by annealing the surface to 1600 K. The concentrations 

of hydrocarbons that are adsorbed dissociatively on this surface are determined easily 

since the absolute coverage of adsorbed hydrogen is known and used as a reference. 

Following an exposure of 0.5 L of hydrogen to the clean surface, the resulting coverage 

of hydrogen is (7 .3 ± 1.0) x 1014 atom.s-cm-2 (7). 

3. Results 

3.1 Thermal Desorption of Hydrogen from Hydrocarbon Overlayers 

At low coverages, the four larger straight-chain alkanes adsorb dissociatively on the 

surface below 130 K. This is due to their rea:ction with the {J2 adsites, which is manifest 

as the {J2 ' peak. The resulting thermal desorption spectra of hydrogen show significant 

variations as a function of coverage, which are due in part to the self-poisoning nature 

of the dissociative adsorption of these alkanes. Thermal desorption spectra of hydro

gen from saturated coverages of the dissociatively adsorbed alkanes are shown as solid 

lines in Fig. 2C for butane, Fig. 2D for pentane, Fig. 2E for hexane and Fig. 2F for hep

tane; and they can be compared with the saturated {J2 adstate of hydrogen. which is 

shown as a. dashed line in each figure. Spectral features common to all of the hydro

carbons will be discussed first. All spectra exhibit a desorption peak at 400 K at all 

coverages which is similar to the 112 adstate for hydrogen on the clean surface and is 

labeled the 112' adstate . Also occurring at all coverages is an adstate at approximately 

550 K. labeled the 7 adstate. It arises from dehydrogenation of surface hydrocarbon 

fragments, since after the thermal desorption spectra are measured, adsorption of 
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hydrogen causes repopulation of only adstates which resemble the {32 ' adstate. Further

more, the 7 fragments are stable with respect to vacant {32' adsites on the surface. If a 

dissociatively adsorbed overlayer of any of these hydrocarbons is annealed to 375 K for 

times on the order of one minute, then the {J2 ' adstate will desorb completely. If the 

surface is then cooled and a thermal desorption spectrum of hydrogen is measured, 

the 7 adstate is still observed with the same intensity as for adsorption without anneal

ing. This is shown in Fig. 3 for a saturated, d.issociatively adsorbed overlayer of pen

tane. Prior to measuring the spectra, in (a) the surface was annealed to 375 K for one 

minute, while in (b) the surface was not annealed. It is clear that no decrease occurs in 

the intensity of the 7 adstate. 

At higher coverages, a third adstate develops at temperatures below 400 K, and this 

is labeled the ex adstate. This may be seen clearly in Fig. 2. While this adstate occurs in 

the same temperature regime as the {31 adstate for hydrogen on the clean surface, it 

does not arise from the desorption of hydrogen bound to the metal substrate, since 

the peak shapes deviate considerably from that of the {J1 adstate for comparable cover

ages. Moreover, if a dissociatively adsorbed overlayer of sufficient coverage is annealed 

so that the ex adstate desorbs, it cannot be repopulated by exposure to hydrogen. As in 

the case of the 7 adstate, this indicates that this adstate results from reaction-limited 

desorption of hydrogen, as opposed to the formation or modification of surface 

adsites. 

Figures 2C through 2F show that the {32 ' adstate is less intense than the {32 adstate of 

hydrogen on the clean surface for each of these alkanes: by approximately 5% for 

butane, 10% for pentane, 15% for hexane and 20% for heptane. Furthermore, the inten

sity of the 7 adstates for butane and hexane are not so intense as those observed for 

correspondingly smaller hydrocarbons such as propane or pentane, respectively. As 

defined previously (6), the ratio R for butane was determined to be 9.0 ± 0.1, implying 

a fragment stoichiometry of approximately C4H1, while for hexane R was determined to 
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be 7.0 ± 0.8, implying a fragment stoichiometry of approximately C6H2 . For pentane 
--

and heptane, however, the ratio R was determined to be 2.3 ± 0.1 and 1.8 ± 0.1, imply-

ing fragment stoichiometries of approximately C:5l4 and c;H6 , respectively. Previously, 

the stoichiometries C2Ho for ethane and ~H2 for propane were-observed (6). Evidently, 

the hydrogen content of the fragments resulting from the dehydrogenation of normal 

alkanes containing an odd number of carbon atoms is higher than that for hydrocar-

bons containing an even number of carbon atoms. At saturation, the lower tempera-

ture a adstates show their intensity maxima at approximately 330 K for butane, 320 K 

for pentane, 310 K for hexane, and 300 K for heptane. These adstates are much more 

prominent than that observed f~r propane, which developed as a shoulder of the {J2' 

adstate. The absolute coverages of the dissociatively adsorbed hydrocarbon overlayers 

can be measured from the hydrogen thermal desorption spectra. In units of 1014 

molecules-cm-2 , the coverages are the following: butane, 1.0; pentane, 0.9; hexane, 0.8; 

and heptane, 1.0. In each case the error is approximately 1.0 x 101s molecules-cm-2. 

For saturation coverages, the {12' adstates of butane, hexane and heptane exhibit 

greater intensity than the {12 adstate of hydrogen for temperatures above 400 K, as was 

observed with ethane. The intensity of the saturated {J2' adstate for pentane at tern-

peratures above 400 K is essentially the same as that of the {12 adstate of hydrogen up 

to the onset of the desorption of the 7 adstate at approximately 440 K, as has been 

observed for propane. We propose that a broadening observed for ethane, butane and 

hexane is due to reaction-limited desorption from the dehydrogenation of relatively 

unstable (compared to the 7 adstate) hydrocarbon fragments by {J2' adsites. These 

adsites become available due to desorption of hydrogen from the metal surface at tern-

peratures below approximately 400 K and thus are available for reaction at higher tern-

peratures. For heptane, the following series of annealing and coadsorption experi-

ments has demonstrated that this is an apparent effect due the greater intensity of the 

7 adstate for heptane. In each case a dissociatively adsorbed overlayer of the alkane is 
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annealed to 375 K so that surface hydrogen desorbs, leaving the relatively stable 7 

fragments. The coverages were chosen to be sufficiently high to observe broadeni.ng of 

the {J2' adstate, but not so high to limit adsorption of hydrogen after annealing due to a 

high coverage of hydrocarbon fragments on the surface. The surface is cooled and 

exposed to sufficient hydrogen to saturate the {J2 adstate (5 L). The thermal desorption 

spectra of hydrogen for the surfaces prepared in this manner are shown u 1olid lines 

for hexane (1.25 L exposure, followed by 5 L of hydrogen after annealing to 375 K) in 

Fig. 4A, and for heptane (1 L exposure, followed by 5 L of hydrogen after annealing to 

375 K) in Fig 4B.Dashed lines in Figs. 4A and 4B are 0.5 L exposures of hydrogen to the 

clean surface. For hexane the {J2' adstate is now essentially within an envelope formed 

by the {J2 adstate of hydrogen, while for heptane the {J2 ' adstate still exceeds the {J2 

adstate in intensity above 400 K. It can be concluded that the broadening observed ini

tially for hexane is due to dehydrogenation of relatively unstable hydrocarbon frag

ments, while the broadening for heptane is due to simultaneous desorption from both 

the {J2' and 7 adstates. The high hydrogen content of the 7 adstate for heptane, rela

tive to the other hydrocarbons that have been studied, appears to be the cause of this 

broadening. Hence heptane is similar to propane and pentane in that the hydrocarbon 

fragments which decompose above 400K are stable in the presence of vacant {J2' adsites. 

Ethane, butane and hexane, however, form fragments which appear to decompose, at 

least partially, in the presence of vacant {J2' adsites. 

The thermal desorption spectra of hydrogen for the four larger alkanes are shown 

as a function of coverage in Fig. 5. In each case, a 2.5 L exposure resulted in saturation 

of the dissociatively adsorbed overlayer, and in the initial population of the molecu

larly adsorbed over layer. For each hydrocarbon it can be seen that the a adstate 

begins to populate at exposures of approximately 1 L. The a adstates become relatively 

more intense as the chain length of the parent hydrocarbon increases. 
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3.2 Thermal Desorption of Hydrocarbons from Hydrocarbon Overlayers 

The dissociative adsorption of the normal alkanes on the Ir(110)-(1x2) surface at 

100 K has been shown to saturate. Just below the exposures necessary to cause this 

saturation, a molecularly adsorbed overlayer of the hydrocarbon begins to populate. 

No hydrocarbons other than the one adsorbed initially were observed to desorb under 

these conditions. 

Thermal desorption spectra of the molecularly adsorbed overlayers as a function of 

exposure are shown for butane, pentane, hexane and heptane in Fig. 6. The chem

isorbed adstates, which are indicated as spectra (a.), have their intensity maxima for 

low coverages at approximately 170 K for butane, 190 K for pentane, 210 K for hexane 

and 230 K for heptane. These temperature maxima decrease approximately 15 Kat 

saturation coverages, as can be seen in the spectra labeled {b). In contrast to the 

results obtained for the adsorption of ethane and propane at 100 K, multilayers are 

formed at large exposures for each of the hydrocarbons. Multilayer desorption is 

observed at progressively higher temperatures with increasing hydrocarbon chain 

length, and occurs at approximately 120, 135, 150 and 165 K, respectively, for butane 

through heptane. 

3.3 Coadsorption of Hydrogen with Hydrocarbon Overlayen 

The coadsorption of hydrogen has been employed previously to understand the 

nature of the reactive adsite for these dehydrogenation reactions and to investigate 

the extent of these reactions at the adsorption temperature. For ethane and propane, 

it was shown that poisoning of the dehydrogenation reaction can be accomplished by 

preadsorption of hydrogen (5,6). This poisoning is complete when the {J2 adstate of the 

clean surface is saturated. Thermal desorption spectra of hydrogen are shown in Fig. 7 

for (a.) exposure of the clean surface to 0.5 L of hydrogen followed by exposure to 5 L of 

pentane at 100 K, and for {b) exposure of the clean surface to 0.5 L of hydrogen. The 
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formation of the 1 adstate is completely poisoned by the preadsorption of hydrogen. 

The initial population of the fJ 1 adstate is due to background hydrogen adsorption. 

S1milar spectra were observed both for butane and hexane. Since the desorption of fJ2 

hydrogen begins in a temperature regime in which heptane iS still adsorbed molecu

larly on the surface, hydrogen did not poison completely the formation of the 1 adstate 

of this alkane. 

In previous investigations of the postadsorption of hydrogen on ethane and propane 

adlayers at 100 K. it has been shown that the adsorption of hydrogen decreased the 

intensity of the 1 adstates and caused a corresponding increase in the intensity of the 

molecularly desorbing parent hydrocarbons. However, annealing the hydrocarbon 

adlayers to 130 K caused the postadsorption of hydrogen to have no etfect on the 

intensity of either the 1 or the molecularly adsorbed adstates. Similar results have 

been observed for the four higher alkanes. Thermal desorption spectra of hydrogen are 

shown in Fig. BA for (a.) 1.5 L of hexane exposed to the clean surface and (b) 2 L of 

hydrogen postadsorbed on the above surface at 100 K. In Fig. BB the corresponding 

molecular hexane desorption spectra are shown. Both etJects discussed above are 

observed. However, if the hydrocarbon adlayer is annealed to 130 K prior to the adsorp

tion of hydrogen, then no increase in the amount of molecular desorption and no 

decrease in the intensity of the 1 adstate is observed. 

4. Discussion 

In studying the adsorption of normal paraftlns on the Ir(110)-(1x2) surface, it has 

been shown that in all cases the {J2' adsites are the most reactive toward dehydrogena

tion. Poisoning of these adsites decreases the reactivity completely. An investigation of 

propane adsorption on the close-packed Ir(111) surface has shown that dehydrogena

tion, which occurs only at defect sites. is negligible compared to molecular desorption 

(10). This supports the view that a particular adsite of the more "open" surface is 
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involved in these reactions. With the exception of ethane, dehydrogenation by the {12' 

adsites is incomplete, and leads to the formation of 1 and a adstates. Saturation cover

age of the 1 adstate correlates with the size of the hydrocarbon and with the number 

of carbon atoms in the hydrocarbon, i.e., an "odd-even" effect is present. The saturation 

coverage of the a adstate tends to increase with the size of molecule. 

Previously, a model was developed to explain the stoichiometry of the 1 adstate for 

a number of hydrocarbons, including propane, studied on the lr( 11 0)-( 1 x2) surface (6). 

For propane, it was proposed that three-carbon-atom metallacycles are formed by the 

complete dehydrogenation of the first and third carbon atoms, leaving a bridging 

methylene group that is not bound directly to the surface. At low temperatures, the 

hydrogen atoms of the methylene do not react with surface adsites. At higher tem

peratures, carbon-carbon bond scission results in decomposition of the methylenes 

and rapid desorption of hydrogen. This model predicts that no 1 adstate would exist 

for ethane (as observed experimentally), since no three-carbon-atom metallacycle 

could be formed in this case, while the C8H2 stoichiometry was explained correctly for 

propane. Since the exchange of hydrogen atoms between the surface adstates and the 

hydrocarbon fragments is rapid when the surface is heated to temperatures on the 

order of 400 K (6), direct verification of this model could not be obtained by thermal 

desorption studies of deuterium-labeled hydrocarbons. The metallacycle model can be 

extended to the cases of pentane and heptane. The stoichiometries C::;J-4 and C7H6 can 

be explained by assuming that every 'bdd number., carbon atom dehydrogenates com

pletely, leaving a chain of three-carbon-atom metallacycles, which has two units for 

pentane and three units for heptane. 

Butane and hexane, however, do not appear to adhere to such a simple model. 

Butane could form one metallacycle unit, while hexane could form two. In each case a 

methyl group would not be bonded directly to the metallic surface. Such a group could 

contribute from three to zero hydrogen atoms to the 1 adstate fragment, depending on 
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the extent of dehydrogenation below 400 K. The expected stoichiometries would range 

from C4H~ and CeH7 if the methyl group were stable, to C4H2 and C6J4 if the methyl 

group dehydrogenated completely. The observed stoichiometries of C4H1 and C6H2 indi

cate that a metallacycle structure, as proposed above, is not formed, and that the frag

ments which are formed are almost completely dehydrogenated by the metallic sur

face . 

The formation of a adstates at higher coverages has been observed previously for 

other alkanes (6). It was proposed that these adstates were formed at higher surface 

coverages due to a lack of accessible {12' adsites. Dehydrogenation of the remaining 

species could occur through other adsites, which would normally be less reactive. Par

tial reaction at available {12 ' adsites could pin molecular fragments at the surface. In 

the absence of {12 ' adsites, other adsites dehydrogenate the fragments, giving rise to 

the a adstates . Increasing the molecular size would tend to limit the probability of a 

molecule reacting with sufficient {12 ' adsites, causing the a adstate to become more 

intense with increasing chain length. This is the observed effect. 

The importance of the {12' adsites has been demonstrated by the ability of hydrogen 

to poison the dehydrogenation reaction. Exposure of the clean surface to 0.5 L of 

hydrogen results in a complete poisoning of the (32 ' dehydrogenation reaction in the 

case of pentane. This is indicated by the absence of the 7 adstate in this experiment. 

In the case of heptane, a residual activity of the surface is observed in such an experi

ment due to desorption of {12 hydrogen beginning before the molecular desorption of 

heptane is complete. 

Postadsorption of hydrogen on adlayers of these normal paraffins at 100 K retards 

dissociative adsorption (with a concomitant enhancement in molecular adsorption) . 

Annealing the alkane overlayers to 130 K for 30 seconds prior to the postadsorption of 

the hydrogen leads to no change in the intensities of the 7 adstate or the molecularly 
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adsorbed states. This establishes that the dehydrogenation reaction is at most only 

partially completed at 100 K, or has virtually not occurred. The latter seems reason

able in light of the following simple calculation. Assuming a preexponential factor of 

the reaction rate coefficient of 1012s-1, and assu.mi.ng that the reaction is completed at 

130 Kin approximately one second, then an activation barrier of 7.1 kcal/mole may be 

estimated. Using these same values at 100 K implies that the reaction would require 

approximately one hour to go to completion. This estimate would increase further if 

more than one second were required for the reaction to go to completion at 130 K. 

It is interesting to note the differences between the thermal desorption spectra of 

hydrogen from butane and isobutane, and from pentane and neopentane. While butane 

exhibits a fragment stoichiometry of C4H1, isobutane exhibits a stoichiometry of C4H.. 

i.e., the latter retains considerably more hydrogen. The only significant difference 

between these two adsorbates is that isobutane has three-carbon-atom chains while 

butane has four-carbon-atom chains. Hence, the formation of 7 adstates with high 

hydrogen content is correlated with the possibility of forming metallacycles containing 

three carbon atoms. While both n-pentane and neopentane form fragments of 

stoichiometry C:5H., their thermal desorption spectra of hydrogen show differences in 

the formation of the a adstates. For example, at saturation the maximum intensity of 

the a ads tate of neopentane is approximately 100 K higher than that of n-pentane. This 

would suggest that these alkanes largely retain their carbon-carbon bond frameworks 

after the initial steps of dehydrogenation prior to carbon-carbon bond scission above 

400 K, and that isomerization of those frameworks to the most thermodynamically 

stable one is not occurring readily under our experimental conditions. 

5. Conclusions 

It has been shown that n-butane,n-pentane, n-hexane and n-heptane undergo disso

ciative chemisorption at low coverages at 130 K on the lr(110)-(1x2) surface, while at 
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higher coverages molecular adsorption occurs as well. The presence of vacant (32' 

adsites facilitates dehydrogenation, since preadsorption of hydrogen on the surface 

poisons the reaction completely. Thermal desorption spectra of hydrogen are similar in 

many respects for dissociatively adsorbed overlayers of these paraffins, and both 

desorption-limited ({12') and reaction-limited (a and 7) adstates are observed. The 

latter are associated with the dehydrogenation of surface hydrocarbon fragments. 

Ethane, n-butane and n-hexane form 1 adstates, the associated fragments of which are 

low in hydrogen content, while those for propane, n-pentane and n-heptane are rela

tively richer in hydrogen. 
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Figure Captions 

Figure 1. Thermal desorption spectra of hydrogen resulting from exposure of the 

clean surface to (a) 0.5 L, (b) 2 Land (c) 300 L of hydrogen. 

Figure 2. Thermal desorption spectra of hydrogen, shown as solid lines, resulting 

from saturation exposures of the clean surface to: A, ethane (0.7 L); B, pro

pane (2 L); C, n-butane (2.5 L); D. n-pentane (2.5 L); E, n-hexane (2.5 L); and 

F, n-heptane (2.5 1). The spectra in dashed lines result from an exposure of 

the clean surface to 0.5 L of hydrogen. 

Figure 3. Thermal desorption spectra of hydrogen resulting from exposure of the 

clean surface to (a} 2.5 L of n-pentane; and (b) from the surface in (a) 

annealed to 375 K for 60 s. 

Figure 4. Thermal desorption spectra of hydrogen, shown as solid lines, after expo

sure of: A. 1.25 L of hexane annealed to 375 K, followed by exposure at 100 K 

to 5 L of hydrogen; and B. 1 L of heptane annealed to 375 K, followed by 

exposure at 100 K to 5 L of hydrogen. The spectra in dashed lines result 

from an exposure of the clean surface to 0.5 L of hydrogen. 

Figure 5. Thermal desorption spectra of hydrogen as a function of exposure for: A. n

butane; B. n-pentane; C. n-hexane; and D. n-heptane. Exposures are shown 

adjacent to the corresponding spectra. 

Figure 6. Thermal desorption spectra of parent hydrocarbons (monitoring mass 27) 

for: A, n-butane: B, n-pentane; C, n-hexane; and D, n-heptane. Exposures 

are shown adjacent to the corresponding spectra. 

Figure 7. Thermal desorption spectra of hydrogen after exposure of the clean surface 

to (a) 0.5 L of hydrogen followed by 5 L of pentane; and (b) 0.5 L of hydro

gen. 
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Figure B. Thermal desorption spectra of (A) hydrogen and (B) molecular hexane 

(mass 27) after (a) exposure of the clean surface to 1.25 L of hexane; and 

(b) exposure of the surface to 1.25 L of hexane followed by 0.5 L of hydro

gen. 
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CHAPTER 3 

THE REACTION OF SATURATED AND UNSATURATED 

HYDROCARBONS WITH THE (110)-(lx2) 

AND (111) SURFACES OF IRIDIUM 

(The text of Chapter 3 consists of an article coauthored with J o Ro 

Engstrom and W. H. Weinberg which has appeared in The Journal of 

Chemical Physics 80, 508 (1984) o) 
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The reaction of saturated and unsaturated hydrocarbons with the (11 0)
(1 x 2) and (111) surfaces of Iridium•, 

P. 0. Szuromi,tt» J. R. Engstrom, and W. H. Weinberg 
lJbJiliDII ofelwmi#ry lllfll Clwmic41 Enginari,._ CGlifontill lllltitut. ofT«ItiiOioD. Prutltk1111., CGlifomiD 
91125 

(Received 19July 1983; accepted 16 September 1983) 

The dehydroaeutioo of propane. cyclopropane. propylene. propyne. and allene baa been 
investipted on the reconstructed lr(110Hl X2) surface. Annealins adlayers of these 
hydrocarbons (at low coverases) leads to the formation of surface hydrosen and hydrocarbon 
fragments of approximate stoichiometrY C,H2• The importance of the IJ i adaite of hydrosen on 
this surface of Ir baa been demonstrated funher by poisonins studies with hydrosen. CO and 
surface carbon. The lr( 111) surface was found to dehydroseute propylene but neither propane 
nor cyclopropane under the same reaction conditions, indicating a •trona el'ect of surface 
pometry for the C-H bond activation of alkanes. 

I. INTRODUCTION 

A fundamental study of the interaction of hydrocarbon 
molecules with well-<:haracterized transition metal surfaces 
is important as a means of gaining insight into the more 
general mechanisms of various reactions ofhy~ oft 
transition metal catalyst surfaces. The relationship of parti
cular adsites to various reaction pathways can be understood 
better by studying the reactions on different orientations of 
single crystals. In turn, if hydrocarbons which vary widely in 
electronic and geometric structure dehydrosenate in a very 
similar manner on a surface, then the presence of a particu
larly reactive adsite on that surface is implicated. 

The adsorption and decomposition (dehydrogenation) 
of ethane. propane, cyclopropane, isobutane, and neopen
tane have been studied on the reconstructed lr( 110H 1 X 2) 
surface primarily by thermal desorption mass spectrometry 
(TDMS). 1

-
3 Dynamic low-energy electron difti'action 

(LEED) calculations indicate that the clean surface ~n
structs to form ( 111) microfacets which are three atomic 
rows in width, and which are inclined at an angle of 109.4• 
with respect to one another. 4 While previous studies of the 
interaction of saturated hydrocarbons with other single crys- . 
talline surfaces of group VIII metals under UHV conditions 
have observed generally nondissociative chemisorptioQ,s-7 

the adsorption of alkanes on the lr( 110H 1 X 2) surface is dis
sociative even at low temperatures ( S 130 K) and leads to 
dehydrogenation due to a particularly reactive ( fJ i) ad
site.1-3 

Here the interaction of cyclopropane and propane with 
lr(llOH1 X2) is compared with that of three unsaturated 
hydrocarbons which also contain three carbon atoms, name
ly, propylene. propyne. and allene. On the Pt( 111) surfKC, 
the dehydrogenation of a number of alkenes, including pro
.pylene, was found to vary markedly with the particular hy
drocarbon molecule. 1 It will be shown that despite the wide 
variation in electronic and geometric structure of these five 
hydrocarbons, their dehydrogenation in the presence of va-

. , Supponed by the National Sc:ienc:C FOUDdation under Grant No. CHE82· 
. 06487. 

"'National Science Foundation Predoctoral FeUow. 

cant IJ i adaites is remarkably similar. The importance of 
this adsite will be demonstrated both by its selective poison
ins on the lr( llOH 1 x 2) surface and by comparison with the 
close-packed lr( 111) surface. In both cases, the absence of 
the IJ i adsite causes the dehydroaenation of the hydrocar
bons to be correlated to the geometric and electronic struc
ture of the individual adsorbates. This is a funher indication 
that the unusual ability of the lr( 11 OH 1 X 2) surface to acti
vate C-H bonds in alkanes is primarily either a geometric 
effect, or an electronic effect induced by its particular surface 
geometry. 

II. EXPERIMENTAL PROCEDURES 

The experiments were performed in an ion-pumped 
stainless steel bell jar which has been deKribed in detail pre
viously. 9 The base pressure of the bell jar was below 
4 x to-•• Torr of reactive contaminants. The hydrocarbon 
exposures were carried out with a directional beam doser 
cOnsisting of a multichannel array of capillaries. 10 Durin1 
dosina, the crystal was positioned - 3 mm from the face of 
the closer. This provides a beam pressure-to-background 
pressure ratio of over 100: 1. The unit of exposure that is 
employed for the beam doser is the Torr s and refers to the 
product of the tilDe of exposure and the pressure in the stor
qe bulb of the doser. The stor.age bulb supplies gas through 
a capillary to the doser head leading intO the vacuum system. 
Therefore, the ftux of gas into the vacuum system is propor
tional to the pressure in the storqe bulb. For the gases em
ployed in this study, an exposure of 1 Lis approximately 
equivalent to 3 Torrs for propane. 2.5 Torrs for cyclopro
pane, and 3.5 Torrs for propylene. Although the propor
tionality factor was not measured for propyne and allene. by 
assuming reasonable ion gauge sensitivities it is estimated to 
be between 3 and 4 Torr s. The temperature of adsorption 
was in all cases between 90 and 100 K. Heating rates between 
10 and 15 K s- 1 were used in performina thermal desorption 
experiments on this surface. The crystals were cleaned of 
surface carbon produced by the dehydrogenation of the hy
drocarbons in the following manner. The lr(110H1 X2) sur
face was exposed to 1 X 10-7 Torr of02 for 2-2.5 min at a 
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crystal temperature of 900 K. and then heated to 1600 K to 
desorb the oxygen. The lr1111) surface was expoeed to 
S X 10-• Torrof02 for2-2.S min at a crystal temperature of 
1100 K. and then heated to 1600 K to desorb the oxygen. 

The hydrogen coverage calibration that is used to deter
mine the concentration of dissociatively adsorbed hydrocar
bon molecules on the Ir1110Ht X 2) surface involves a titra
tion of the hydrogen with adsorbed oxygen as described 
previously. 11 The hydrogen concentration on this surface 
following an exposure of O.S L of H2 is (7.3 ± 1.0) X to•• 
atomscm- 2• 

The hydrocarbon gases used in this study were purified 
by cryogenic distillation, and all gases were checked for puri
ty mass spectrometrically after admission into the ultrahigh 
vacuum system. 

Ill. EXPERIMENTAL RESULTS 

A. Adsorption on lr(110)-(1 X2) 

1. Thermlll dssorption of hydrogBn from hydroclubon 
overfsyers · 

The dehydrogenation of cyclopropane and propane 
overlayen on Ir1110H1 X2) has been studied previously in 
this laboratory by thermal desorption mass spectrometry. •-l 
Thermal desorption spectra of hydrogen obtained from satu
rated overlayen of these dissociatively adsorbed hydrocar-
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FIG. I. Thermal desorption of bydrosen resultiq from Upolute of the 
lr( IIOH I X 2) surface to: A. 6 Torrs of propane (saturation). B. 4 Torr 1 of 
cyclopropane (saturation). C. (a) 0.~ L ofbydtoaen (saturation of /Jl adstate), 
(b) 2 L ofbydrop, (c) 300 L ofbydroaen (saturation of /J, and /Jl adstates). 

bons are shown in Figs. l(A) and t(B). From the absolute 
hydrogen coverage calibration obtained for this surface, the 
absolute coverages of dissociatively adsorbed cyclopropane 
and propane were found to bC (2.1 ± 0.2)X t014 and 
(1.1 ± 0.3)X t014 molecules cm-2, respectively. In Fig. l(C) 
thermal desorption spectra of hydrogen are shown resulting 
from an exposure of the clean surface (a) to O.S L of hydro
gen. which saturates the {J2 adstate, (b) to 2 L of hydrogen, 
and (c) to 300 L of hydrogen, which saturates both the{J1 and 
{J2 adstates. II 

The thermal desorption or hydrogen from dissociative
ly adsorbed cyclopropane and propane both exhibit features 
which we have defined previously as the {J i and r adstates. 
The IJ i adstate is similar in intensity and temperature maxi
mum to the /J2 adstate of hydrogen on the clean surface, 
suggesting that the {J i adstate arises from the desorption of 
hydrogen from metallic sites similar to the {J2 adsite. The 
high temperature r adstate arises from hydrogen which is 
more strongly bound than any hydrogen which is adsorbed 
on the Ir substrate. This implies that the desorption of hy
dfoaen from the r adstate is limited by the dehydrogenation 
ofhydrocarbon fragments on the surfac:e (i.e., the cleavage of 
C-H bonds). This is not surprisina since the formation of 
surface fragments by the adsorption of unsaturated hydro-
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carbons bas been observed spectroscopically on other met
als. 12-14 The thermal desorption of hydrogen from a satu
rated, dissociatively adsorbed adlayer of propane exhibits, in 
addition. a low temperature shoulder on the /J i peak. which 
bas been defined as the a adstate.3 As has been discussed 
previously, this ads tate is due to the dehydrogenation of rela
tively less stable hydrocarbon fragments on the surface.3 

It has been shown that the low temperature (a, Pi) and 
high temperature ( rl adstates for both propane and cyclopro
pane develop at the same rate with increasing coverage. The 
quantity R has been defined as the ratio of the peak areas of 
the a and pi adstates to that of the r adstate. 3 For propane, 
R hasthevalue3.2 ± 0.3, whileforcyclopropanethevalueis 
2.1 ± 0.3. These ratios indicate that the fragment(s) associat
ed with the r adstate have an average composition of C3H 2• 

The r adstate is stable if the surface on which it is present is 
annealed to 400 K for times on the order of one minute, i.e., it 
is stable in the presence of vacant Pi adsites. 1 It was also 
shown that the coverageiexposure relationship for the disso
ciative adsorption of cyclopropane is linear. 1 

Thermal desorption spectra of hydrogen after expo
sures of (a) 2.S, (b) S, (c) 7.S, and (d) 10Torr s of propylene to 
the clean surface are shown in Fjg. 2(A). The the~al desorp
tion spectra of hydrogen, and hence, of the irreversibly ad
sorbed adlayer of propylene are observed to saturate after an 
exposure of 10 Torrs. At low exposures, only two thermal 
desorption features are observed: one with a peak maximum 
at SSO K which we define as the r adstate, and a second with 
a peak maximum at 400 K which we define as the P i ad
state. At higher exposures (>2.S Torrs), a third state, which 
we define as the a adstate, is observed as a low temperature 
shoulder of the Pi adstate. At saturation, the peak maxi
mum of the a adstate is observed at 370 K. Also, the r ad
state shows the development of a high temperature tail 
which extends to 7SO K. The absolute coverage of the irn
uersibly adsorbed propylene adlayer at saturation was deter
mined to be (2.5 ± 0.3) X 1014 molecules em - z by the hydro
gen coverage calibration. 

The formation of a adstates has been observed pre
viously. However, in each case the a adstate has been ob
served to develop with a commensurate increase in the r 
thermal desorption adstate. However, in comparing the 
thermal desorption spectra of hydrogen from the 7.S Torrs 
[Fig. 2(A)(c)] and 10 Torrs [Fig. 2(A)(d)] exposures, it can be 
seen that the a adstate continues to develop, independently 
of both the rand Pi adstates. Obviously, the ratio R cannot 
be a constant with respect to coverage, and in fact it increases 
from -2.0 at low coverages to -2.8 at saturation. However, 
since the peak shape of the /J2 adstate for hydrogen on the 
clean I rill 0)-( 1 X 2) surface is well defined, it is possible to 
make a reasonable separation of the P i and a peak areas. In 
Fig. 3, a comparison is made between the thermal desorption 
spectra of hydrogen for (a) 10 Torrs of propylene which 
saturates the irreversibly adsorbed adstates, and (b) 0.5 L of 
hydrogen which saturates /J2 adstate on the clean surface. If 
the a and P i adstates are separated by comparing the peak 
to the appropriate /J2 feature of the clean surface (i.e., the 
area outside the /J2 envelope on the low temperature side is 
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FIG. 3. Thermal desorption of hydroaen resulting from exposure of the 
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the a adstate area), then it can be shown that the ratio of the 
Pi peak area to the r peak area, defined as R ', is to within 
S% a constant with respect to coverage, and has the value 
2.0 ± 0.2. If the a adstates of the thermal desorption spectra 
of hydrogen from propylene are subtracted, the resulting 
spectra (for equivalent coverages) appear to be identical (to 
within < S%) in both peak maximum temperature and in
tensity to thermal desorption spectra of hydrogen from cy
clopropane overlayers. 

In Fig. 4, the coverage of the dissociatively adsorbed 
propylene(a +Pi+ y),ofthe Pi andyadstatesandofthe 
a adstate, as determined by hydrogen thermal desorption, 
are plotted with respect to propylene exposure. Note that the 
coverage of dissociatively adsorbed propylene does not vary 
linearly with respect to propylene exposure. The a adstate 
exhibits a sinusoidal development, increasing weakly 
between O.S and STorrs, strongly between Sand 7.S Torrs, 
and again weakly between 7.5 and 10 Torrs. This would 
indicate that P i adsites must be nearly saturated by reac
tion with propylene before the a adstate begins to populate 
appreciably. 

The thermal desorption spectra of hydrogen after ad
sorption of propyne and allene are shown as a function of 
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exposure in Fip. 2(8) and 2(C), respectively, with exposures 
ofpropyne of(a) S, (b) 10, and (c) IS Torrs. and with expo
sures of allene of (a) 10 and (b) IS Torr s. Since their thermal 
desorption spectra were found to be very similar, the results 
will be discussed together. At low coverages, both exhibit a r 
and a fJ i thermal desorption adstate. At exposures up to 10 
Torrs, R for these hydrocarbons is 1.0 ± 0.1, and thus the 
stoichiometry of the r adstate is approximately ~H2• 

At high coverages, the fJ i and r adstates show a bro.d 
trailing edge extending to - 800 K. This can be observed by 
comparing Fig. 3(c), IS Torrs of propyne, which saturates 
the irreversibly adsorbed adlayer, with Fig. 3(b), O.S L of 
hydrogen, which saturates the /J2 adstate on the clean sur
face. Note that the intensity of the fJ i peak maximum is not 
so fully developed at saturation as it had been for propane, 
cyclopropane, and propylene. Also, note that in this case no 
low temperature broadening is observed. Beyond an expo
sure of 10 Torrs, the apparent value of R ceases to remain a 
constant, falling to 0. 1S ± 0.1, or an apparent stoichiometry 
of C3H2.l . However, it is possible that propyne and allene 
can be adsorbed at low temperatures and high coverages 
without dehydrogenation, due to the lack of vacant fJ i ad
sites. As the temperature of the surface is increase;d, hydro
gen in the fJ i adsites desorbs, making these adsites avail
able. The molecularly adsorbed hydrocarbon can then 
dehydrogenate, causing the evolution of reaction-limited hy
drogen to appear as a high temperature broadening of the 
fJ i desorption feature. This mechanism also results in the 
formation of fragments which dehydrogenate in the same 
temperature regime as the y adstate. This conjecture is sup
poned by considering the ratio of the area of the fJ i ads tate 
to the area of the r ads tate while including the high tempera
ture broadening of the fJ i adstate. In this case, R maintains 
a constant value of 1.0 ± 0.1. It appears that additional pro
pyne or allene can adsorb on the surface after the fJ i adsites 
have been poisoned and that the fragments formed by their 
partial dehydrogenation have a stoichiometry of - C3H 2• 

The absolute coverages of the irreversibly adsorbed propyne 
and allene adlayers, as determined by the hydrogen coverage 
calibration, are (4.0 ± 0.4)X 1014 and (3.6 ± 0.4)X 1014 mo
lecules em - 2

, respectively. 

2. Thermal desorption of molflcuw hydroctubons 

For each of the hydrocarbon molecules that has been 
studied, no hydrocarbon other than the one originally ad
sorbed was observed in the thermal desorption mass spectra. 
Parent peak spectra for each hydrocarbon adsorbed molecu
larly at saturation coverage are shown in Fig. S. No desorp
tion peaks of the molecular hydrocarbons were observed 
above 170 K. For propylene, propyne, and allene, only a 
single peak structure is observed with desorption maxima at 
saturation coverage between 11 S and 120 K . The coverage
exposure relationship for molecularly adsorbed propylene is 
shown in Fig. ~d). Note that almost no propylene is ad
sorbed molecularly until the irreversibly adsorbed adlayer 
approaches saturation coverage. It bas also been shown that 
cyclopropane and propane exhibit little or no formation of 
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FIG. S. Thermal desorp<ion spectra of saturated molecular adstates on the 
lr( llOH I X 2) surface: Ia) Propane I mass 43). (b) Cyclopropane (mass 42).jc) 
Propylene (mass 42). I d) Propyne (mass 40). I e) Allene (mau_ 40). 

the molecular adlayer until saturation of the dissociatively 
adsorbed adlayer is completed. 1•

3 

This separation of the regimes of dissociative and mo
lecular adsorption, coupled with the hydrogen coverage cali
bration which has been measured for this surface, permits 
the coverage of the molecular adlayer to be measured 
through uptake experiments.• In these experiments, the hy
drocarbon parent peak signal (/p) is monitored with the mo
lecular beam doser on. When the crystal is out of the beam, 
this signal maintains a steady state value. When the crystal is 
turned into the beam, the signal drops, reflecting the adsorp
tion of the hydrocarbon on the crystal. The signal eventually 
rises to a new steady-state value IP·"". The difference 
IP· "" - IP reftects the probability of adsorption of the hydro
carbon by the surface, and the integral over time of this func
tion is proponional to the coverage. In the initial phases of 
the uptake, the adsorption is completely that of the dissocia
tively adsorbed hydrocarbon molecules. Hence, the coverage 
of the hydrocarbon on the surface in this regime can be deter
mined from thermal desorption spectra of hydrogen. Th1s 
measurement determines the constant of proportionality 
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between the relative and absolute coverages for both~ 
ciative and molecular adsorption. Using this technique, it 
was determined previously that the saturation coverage of 
molecularly adsorbed cyclopropane was (6.6 ± l)X 1014 

molecules em-2
• Saturation coverages of the molecular ad

layers have been determined for propane to be 
(4.2 ± 0.7)X to•• molecules cm-2

, and for propylene 
(3.6 ± 0.6)X to•• molecules cm-2

• 

3. Postadsorption of hydrogen and propylene on annesled 
propylene ad/ayers 

A saturated adlayer of propylene annealed to 800 K 
retains no hydrogen. This surface retains some reactivity for 
subsequent dehydrogenation of propylene, but its activity is 
poisoned by the presence of surface carbon. This is illustrat
ed in Fig. 6. In Fig. 6(a), the hydrogen thermal desorption 
spectrum after a to Torrs exposure of propylene on the 
clean surface is shown. In Fig. 6(b), the thermal desorption 
spectrum of hydrogen is shown after a to Torrs exposure of 
propylene to the surface which remained after the measure
ment of Fig. 6(a). In Fig. 6(c), the thermal desorption spec
trum of hydrogen is shown after a to Torrs exposure of 
propylene to the surface which remained after the measure
ment of Fig. 6(b). A comparison of the integrated. intensities 
of the thermal desorption peaks indicates that the activity of 
the surface is poisoned successively by - 60% after each 
exposure. The poisoning of {J i adsites causes the decompcr 
sition of the hydrocarbon to shift to relatively higher tem
peratures. In Figs. 6(d) and 6(e), hydrogen thermal desorp
tion spectra are shown for hydrogen adsorption on the 
surface after the measurement of Fig. 6(a), the exposures be
ing O.S and S L of H 2, respectively. The adsorption of hydro
gen is poisoned by the carbon on the surface as well, and for 
the exposure of O.S L [which normally saturates the /J2 ad
state on the clean Ir( 11 0)-( 1 X 2) surface], the poisoning is 
again 60%. This is in agreement with the strong link that bas 
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already been established between surface activity for propy
lene dehydrogenation through abstraction ofhydrogen from 
the hydrocarbon by the surface and the availability of {J i 
adsites. .. 

4. eo.dsorption of hydrogsn 

As reported previously, the preadsorption of hydrogen 
into the /J2 adsite on the clean Ir( 11 OH 1 X 2) surface causes a 
linear decrease in the saturation coverage of dissociatively 
adsorbed cyclopropane and propane. 2•

3 For propylene, pro
pyne, and allene, this poisoning effect by preadsorbed hydro
gen was not observed. In Fig. 7, thermal desorption spectra 
ofhydrogen are shown for various precoverages of hydrogen 
and propylene exposures. In each case, a new low tempera
ture feature is observed which is similar to the {J 1 ads tate on 
the clean surface, 11 and which is defined as the fJ j adstate. 
In Fig. 7, S Torrs of propylene was exposed to (a) the clean 
surface, (b) a surface exposed previously to O.S L H2, and (c) a 
surface exposed previously to 10 L of H2• Note that no 
changes occur in the intensities of the r ads tate. Hence, pre
coverage of hydrogen does not measurably change the prob
ability of adsorption of dissociatively adsorbed propylene. 
While the intensity of the r adstate remains unchanged, 
there is an apparent enhancement in the integrated intensity 
of the {J i and a adstates. The a adstate is actually un
changed-its apparent enhancement is due to simultaneous 
desorption from the {J j adstate. The enhancement of the 
{J i adstate is due to the saturation of the /J2 adstate on the 
clean surface. The intensity of the {J ; adstate increases with 
increasing precoverage of hydrogen, as is most explicitly 
shown by comparison of Figs. 7(a) and (b). The sums of the 
thermal desorption areas for the separate exposures are in 
each case equal within experimental uncertainty to the areas 
obtained in the coadsorption measurements. This indicates 
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that little if any preadsorbed hydrogen is desorbed during 
the exposure to propylene at 100 K. 

In Figs. 7(d) and 7(e), S and 10 Torr s of propylene were 
exposed to a surface previously exposed to O.S L H2• In both 
cases, the intensity of the r adstates is unchanged compared 
to exposures of propylene on the clean surface. The Pi and 
a adstates appear to be enhanced, again due to the previous 
saturation of the P2 adstate and the concurrent desorption 
from the Pi adstate, respectively. The intensity of the Pi 
adstate increases with increasing propylene postexposure as 
well. 

Similar reactivity has been observed for the adsorption 
of propyne and allene on surfaces preexposed to hydrogen, 
i.e., the formation of a Pi adstate. Not surprisingly, the 
unsaturated hydrocarbon molecules react more readily with 
the surface than do the saturated hydrocarbons studied pre
viously. 

The formation of the P i adstate by postexposure of 
propylene to the surface precovered with hydrogen could 
arise from two sources. One is that hydrogen from the irre
versible adsorption of propylene shifts hydrogen adsorbed in 
the P2 adstate to the P i adstate. Another is that pread
sorbed hydrogen remains ~hifted, and that propylene 
reacts to yield P i hydrogen, presumably through a different 
mechanism. Both possibilities would cause the intensity of 
the P ; adstate to increase with both increasing hydrogen 
and propylene exposures. The former explanation is more 
likely since the r adstates observed for a given exposure of 
propylene are t~e same on both the clean and on the hydro
gen precovered surfaces, suggesting that a similar reaction 
occurs in both cases. Moreover, such shifting of hydrogen 
from the P2 to the P 1 ads tate has been observed previously on 
this surface with the coadsorption of hydrogen and CO." 

Isotopic labeling cannot distinguish between these two 
possibilities. As shown in Fig. 8, isotopic exchange occurs 
readily among adstates during the thermal desorption exper
iment. Thermal desorption spectra of H 2, HD, and 0 2 are 
shown for 10 Torrs of propylene exposed to a surface preex
posed to O.S L of deuterium. While deuterium was initially 
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FIG. 8. Thermal delorption spectra oi'H1, HD, and 0 1 followinc cxpc»ure 
ol'the Ir1110Hl X2) surface to O.S L ol'deuterium followed by tO Torrs o( 
propyleae. 

adsorbed only in the P2 adstate, it appears in all adstates ( IJ ; , 
a, Pi, and rl in the desorption measurement. This result is 
similar to that reported previously for isobutane. 3 The ap
pearance of deuterium in the r adstate indicates that ex
change must occur below 400 K bdween the hydrocarbon 
fragments and the hydrogen adsorbed on the metal surface. 

Previously, it was shown that the postadsorption of hy
drogen on propane adlayers at 100 K causes an increase in 
the amount of propane that desorbs molecularly and a de
crease in the amount of hydrogen that desorbs from the r 
adstate. 3 Less than 40% of the dehydrogenation reactivity 
remained after 4 L of hydrogen was postadsorbed on a satu
rated propane adlayer at 100 K. This reactivity is probably 
due to the fact that hydrogen is not a completely effective 
poison under these conditions, rather than a residual reacti
vity of the surface at 100 K. For cyclopropane and propy
lene, this effect was not observed. No increases were ob
served in the concentration of the molecularly adsorbed 
hydrocarbons when hydrogen was postadsorbed, i.e., both 
cyclopropane and propylene are chemisorbed strongly at 
100 K. At saturation coverages of the dissociatively ad
sorbed adlayers of cyclopropane and propylene, no addi
tional hydrogen was observed to adsorb (i.e. , < 1013 molecu
les cm- 2). 

5. Cosdsorption of CO 

The coadsorption of CO can be used to determine the 
relative energetics of chemisorption of surface species. On 
the lr( 110)-( 1 X 2) surface, it can be used to help differentiate 
between reaction-limited and desorption-limited hydrogen 
that is observed in thermal desorption spectra. The coad
sorption of CO has been carried out with propane, cyclopro
pane, and propylene. In all cases investigated, the preadsorp
tion of CO causes the dissociative adsorption of these three 
hydrocarbon molecules to be poisoned, i.e., no hydrogen de
.sorbs when 2.5 L of CO is preadsorbed. Thermal desorption 
spectra of hydrogen are shown in Fig. 9 for a saturation 
exposure of propylene ( 10 Torrs) on the clean surface and on 
surfaces with various preexposures of CO. Two effects are 
observed. First, the total coverage of propylene decreases 
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FIG. 9. Tbenna.l desorption spectra of hydrogen following exposure of 10 
Torrs o( propylene to the clean and CO-precovered surfaces as shown. 
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FIG. 10. Irreversibly adsorbed adlayer coverage as a function of precover· 
age of CO. 

with increasing preexposure to CO and second, the presence 
of CO on the surface induces the desorption of hydrogen 
from theP; adstate. The latter has been observed previously 
for the coadsorption of hydrogen and CO on the clean sur
face, and for the exposure of other hydrocarbons on surfaces 
which were preexposed to C0.3• 1 ~ The total saturation cov
erage of dissociatively adsorbed propylene deer~ linearly 
in precoverage of CO, as shown in Fig. 10. 

The postadsorption of CO on surfaces preexposed to 
propane at 100 K has been shown to cause two etfects.3 As 
with the postadsorption of hydrogen, a decrease in the 
amount of dissociatively adsorbed propane and an increase 
in the amount of molecularly adsorbed propane are ob
served. In addition, the postadsorption of CO can cause a 
shifting of hydrogen from the Pi adstate to the P; adstate. 
The former is not observed for the postadsorption of CO on 
surfaces preexposed to cyclopropane and propylene. How
ever, the shifting of hydrogen from theP i adstate to theP; 
adstate has been observed for both of these hydrocarbons as 
well. Thermal desorption spectra of hydrogen are shown in 
Fig. 11 after the postexposure of 2 L of CO on surfaces with 
preexposures of propylene of (a) 2.S, (b) 6 and (c) 10 Torrs. 

Ill 
~ 

~ 
~ 
~ 
~ 

I 
,: 
~ 
ii) 
z w 
~ 

3 
N 

~ 
~ 

100 

(c ) 

ExPOSl.JilE OF 2 L CO AFTER 
INTIAL. Ex~ To : 
(o) 21/z TOIII-S Pllol"rL.£..: 
(b) 6 TOIII-S PIO'n.E..: 
(c) 10 TOIII-S PlloP'r1..E..: 

700 800 

FIG. 1 I. Thennal desorption spectra of hydroaen after exposure of 2 L of 
CO to the Ir1110H 1 X 2} surface preexposed to: 1•1 2.S. Ib) 6.1c) 10 Torrs of 
propylene. 

Figure ll(c) is identical to that which would be observed in 
the absence of the postexposure to CO. Corresponding ther
mal desorption spectra of CO show that almost no CO de
sorbs from the surface preexposed to 10 Torr s of propylene. 
Similar thermal desorption spectra of CO from surfaces with 
other preexposures to propylene indicate that the irrevers
ibly adsorbed propyiene poisons the postadsorption of CO. 
The thermal desorption spectra in Figs. ll(a) and ll(b) show 
the shifting .of hydrogen from the Pi adstate to the p; ad
state. However, desorption of the a adstate occurs in the 
same temperature regime (along with some hydrogen which 
has not been shifted from the P i ads tate) as in the absence of 
postadsorbed CO. This is a further indication that the a ad
state is a reaction-limited as opposed to a desorption-limited 
ads tate. 

B. Adsorption on lr(111) 

Clearly, the Pi adsites cause a characteristic dehydro
genation reaction to occur for a variety of hydrocarbons ad
sorbed on the Ir( 110)-( 1 X 2) surface. For comparison, the 
adsorption of hydrogen, propane, cyclopropane, and propy
lene has been investigated on the close-packed Ir( Ill) sur
face. The fourfold hollow sites of the lr( 110)-( 1 X 2) surface, 
which are apparently related to the reactive Pi adsite, are 
not present on the ( 111) surface, except possibly at defect and 
step sites. The LEED pattern of the clean crystal did not 
exhibit any spot splitting, which would be indicative of a 
regularly stepped surface. However, the kinetics of both ad
sorption and desorption of hydrogen indicate the presence of 
defects, the concentration of which is - 2.S%-S% of the 
concentration of surface sites. 16 

In order to quantify the coverages of dissociatively ad
sorbed hydrocarbons on the Ir( 111) surface, it was necessary 
to measure the coverag~xposure relationship for hydro
gen. The thermal desorption spectra resulting from the ad
sorption of hydrogen on the clean surface are shown in Fig. 
12 for exposures ranging from O.S to 2SO L. At saturation 
coverage, it is assumed that the number of adsorbed hydro
gen atoms is equal to the number of exposed iridium atoms at 
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FIG. 12. Thennal desorption spectra of hydroaen as a function of expo~ure 
of hydrogen to the lri111) surface. 
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the surface. H the adsorption of hydrogen on the Ir( 111) sur
face is similar to that observed on the Pt( 111) surface by 
Christmann and Ertl, then this estimate should be correct to 
within - 10%. 17 

The dissociative adsorption of propane and cyclopro
pane on this surface was similar. In both cases, the thermal 
desorption spectra of hydrogen for saturation coverages of 
these alkanes were very similar and revealed that little hy
drogen desorption occurred. In Fig. 13 thermal desorption 
spectra of hydrogen are shown for (a) 1 L exposure of hydro
gen, and (b) saturation exposure of cyclopropane. Since the 
irreversible adsorption of one cyclopropane molecule results 
in the desorption of three hydrogen molecules, -1 x 1013 

molecules em- 2 adsorb dissociatively. For propane, the cor
responding value is less than S X 1012 molecules em- 2

• Both 
of these estimates are approximately a factor of 20 less than 
the similar values for dissociative adsorption on the It( 110)
( 1 X 2) surface, 1'

3 and indicate that the reaction occun at de
fect sites. 

The dissociative adsorption of propylene on the Ir( 111) 
surface resulted in considerably di1f'erent thermal desorption 
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FIG . 14. Thermal desorption spectra of h~ drogen resulting from exposure 
of the Irt 111 .1 surface to: (a) 10 Torrs of propylene (saturation). (b) 2 L of 
hydrogen. 

spectra of hycJroaen than were observed for the aJbucs. In 
Ftg. 1• spectra are shown for (a) an exposure !X 10 Torrs of 
propylene, which saturates the irreversibly adlorbed ad
layer, and (b) an exposure of 2 L of hydrogen to the clean 
surface. No attempt has been made at a detailed interpreta
tion of the dehydrogenation reactions associated with the 
propylene adlayer. The saturation coverage of the dissocia
tively adsorbed adlayer of propylene is estimated to be 
3.9x 1014 molecules cm- 2

• It is apparent that the chemistry 
of dehydrogenation of hydrocarbons on the It( 111) surface is 
very much a function of the particular molecule adsorbed. 

IV. DISCUSSION 

The five hydrocarbon molecules investigated are struc
turally similar as a group only in that each one has a three
carbon atom framework. Yet certain aspects of their chemis
try on the Ir(ll0)-(1 X2) surface are quite similar. All 
undergo dissociative adsorption to form surface hydrogen 
and stable hydrocarbon fragments. Dehydrogenation occurs 
preferentially at the /J i adsite when it is vacant. In each case, 
the (relatively) stable r fragments that are formed have a 
stoichiometry of approximately C3H 2• Hydrocarbons with 
the same initial stoichiometry, i.e., cyclopropane and propy
lene, or propyne and allene, show very similar thermal de
sorption spectra of hydrogen for the same coverages. Suffi
ciently strong adsorbates poison the /J i adsite, limiting the 
dehydrogenation reactivity of the surface. . 

It has been proposed previously that the hydrocarbon 
fragment cOrresponding to the r adstate of hydrogen may be 
formed from the parent molecule by total dehydrogenation 
of the first and third carbon atoms leaving a bridging methy
lene group which is stable so long as carbon-carbon bonding 
is thermally stable.3 Such an argument explains easily the 
stoichiometry of the fragments formed in the case of propane 
and cyclopropane. In the case of the other three hydrocar
bons, hydrogen from the tint and third carbon atoms mi
grates to the second carbon atom by 1,2 shifts. Such shifts are 
certainly facile, as has been indicated by the rapid hydrogen
deuterium exchange into the r adstates. This would explain 
how such differing pain of molecules as cyclopropane and 
propylene, and propyne and allene could have such similar 
low coverage thermal desorption spectra of hydrogen. In the 
former case, it would appear that at some temperature below 
-4SO K (probably already at 100 K) the cyclopropane ring 
opens, causing its fragment to be similar to that formed by 
propylene. Ring opening due to partial1r-bond character of 
cyclopropane (as well as possibly ring strain) would explain 
why its dehydrogenation reaction cannot be inhibited by 
postadsorption of hydrogen or CO at 100 K, while the dehy
drogenation reaction of the saturated hydrocarbons pre
viously studied can be piu-tially inhibited in this fashion up to 
130 K. 

The low temperature broadening of the /J i adstate of 
propylene (or the a adstate), and the high temperature 
broadening of the Pi adstates of propyne and allene which 
occurs after the/J i adsites have been saturated have not been 
observed with the saturated hydrocarbons studied previous
ly. These are the hydrocarbons that might be expected to 
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chemisorb strongly to the surface through reaction of their tr 

bonds to form strong metak:arbon bonds. Recent work has 
shown that ethylene also shows a low temperature a state at 
high coverages, outside of the envelope of {J2 surface by~ 
gen. 11 Since these states develop only at higher coverages, it 
is possible that they would correspond to reversible adstates 
on surfaces which are less active toward dehydrogenation. 
Such an explanation for these a adstates would also explain 
the absence of the a ads tate for cyclopropane, which is the 
only significant dift"erence between the thermal desorption 
spectra of hydrogen for cyclopropane and propylene. These 
a adstates apparently are due to reaction-limited desorption, 
i.e., the hydrogen does not appear to be desorbing from /J1• 

like adsites. On Pt( Ill), Salmeron eta/. observed that propy
lene has two reversible adstates: one at 140 K and one at 280 
K.' On the lr(ll0)-{1 X2) surface only an adstate corre
sponding to the lower temperature one on the platinum sur
face is observed. Such a species presumably chemisorbs 
through its 1r bond to the surface, and on the lr( 110)-{ 1 X 2) 
surface dehydrogenation occurs as opposed to desorption. 
On the Pt(lll) surface, fragments formed from acetylene 
have greater high temperature stability than fragments 
formed from ethylene. 8 Hence, the high temperature (rather 
than low temperature) dehydrogenation of the high coverage 
adstates of propyne and allene appears to be reasonable. The 
formation of these adstates accounts for most of the increase 
in the coverage of the dissociatively adsorbed adlayers for 
the unsaturated hydrocarbons as compared to the saturated 
hydrocarbons. 

The temperatures of the intensity maxima of desorption 
of the molecular ad layers appear to correlate inversely with 
the saturation coverages of the corresponding dissociatively 
adsorbed adlayers. The indication is that these states still 
interact with the metal surface, and that this interaction 
weakens with increasing dissociative adlayer coverage due to 
some combination of site blocking and electronic eft'ects. 
The molecular ads tate of propane interacts strongly with the 
metallic substrate, and it is probably a part of the first ad
layer. The molecular states of propylene, propyne, and al
lene interact much more weakly, and they appear to consti
tute a second adlayer. The molecular overlayer of 
cyclopropane apparently populates both first and second ad
layers. This is consistent with the fact that the saturation 
coverage at 100 K of molecularly adsorbed cyclopropane is 
greater by over 50% than that of either propane or propy
lene. 

The ability of H2 and CO postadsorbed at 100 K on 
propane adlayers to limit dissociative propane chemisorp
tion allows a threshold temperature of the dissociation reac
tion to be measured. The postadsorption of neither H 2 nor 
CO can inhibit the dissociative adsorption of cyclopropane 
and propylene at 100 K, and, presumably, this is true for 
propyne and allene as well, i.e., these hydrocarbons are dis
sociatively adsorbed at 100 K. The very low reaction thresh
old temperature for propane ( 130 K) would lead us to believe 
that a reaction threshold temperature of below 100 K for 
_these less saturated hydrocarbons is not unreasonable. For 
cyclopropane, such a conclusion is in agreement with pre-

vious UPS results which show little or no indication of mo
lecular cyclopropane until the dissociatively adaotbed over
layer is saturated. 1 

The relative poisoning ability of hydrogen toward the
irreversible adsorption of cyclopropane and propylene ap
parently would indicate that the ability to form a strong sur
face bond without necessarily breaking a carbon-hydrogen 
bond is the crucial dift"erence. Hence, cyclopropane acquires 
the character of a molecule containing a tr bond, i.e., reacti
vity at 100 K and high coverage of the irreversible adlayer, 
only in the presence of vacant {J i adsites. When these sites 
are poisoned, cyclopropane acts like a fully saturated by~ 
carbon. Hence, the dissociative adsorption of cyclopropane 
is poisoned by the preadsorption of hydrogen, and cyclop~ 
pane does not show broadening of the fJ i adstate with in
creasing coverage of the dissociatively adsorbed overlayer. 

Stronger poisons, such as surface carbon and CO, limit 
the dissociative adsorption of all five hydrocarbons. On the 
carbon-covered surface formed by the dehydrogenation of 
the dissociated adlayen, the relative decrease in the satura
tion coverage of the dissociatively adsorbed adlayer is the 
same as that for hydrogen adsorbed in the /J2 adstate. This 
shows directly the importance of the {J i adsite for this dehy
drogenation reaction. The shifting of hydrogen adsorbed in 
the /J2 adstate to the fJ 1 adstate by the coadsorption of CO 
made such a direct measurement difficult for this poison. 
However, it was demonstrated that the poisoning ability of 
CO toward this reaction was linear in its coverage. 

The adsorption measurements on the lr( 111) surface in
dicate clearly the importance of the fJ i adsites for ·the dehy
drogenation of propane and cyclopropane under our reac
tion conditions. The small extent of irreversible adsorption 
was certainly caused by defect sites on the surface. The reac
tivity of the unsaturated hydrocarbons was more clearly re
lated to individual dift"erences in molecular electronic and 
geometric structure than to the dominance of any surface 
adsite. Apparently the reactivity of saturated hydrocarbons 
with the lr( 110)-( 1 X 2) surface is due to some combination of 
a geometric effect and an electronic effect induced by its 
particular surface geometry. 

V. CONCLUSIONS 

On the lr( 110)-( 1 X 2) surface, all five hydrocarbons in
vestigated exhibit irreversible adsorption initially, leading to 
the formation of surface fragments of approximate stoichio
metry C3H 2• This occurs in spite of the differences in their 
electronic and geometric structure. Upon saturation of the 
13 i adsites, these structural differences are reftected in that 
the unsaturated hydrocarbons exhibit dissociatively ad
sorbed adstates which appear to be formed through the reac
tion of 1r electrons. All five hydrocarbons form molecularly 
adsorbed adstates at low temperatures. In all cases, surface 
carbon and CO were found to act as poisons to the 13: adsite 
of hydrogen and toward its particular dehydrogenation reac
tion. The poisoning ability of hydrogen varied mversely with 
the 17'-bond character of the molecule. Similar studies on the 
lr( 111) surface demonstrated the importance of the: 8 2 adsite 
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CHAPTER 4 

THE ADSORPTION AND REACTION OF NORMAL 

ALKANES ON THE PT(ll0)-(lx2) SURFACE 

(The text of Chapter 4 consists of an article coauthored with J. R. 

Engstrom and W. H. Weinberg which has been submitted to The Journal 

of .Physical Chemistry o) 
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Abstract 

The interaction of ethane, propane, n-butane and n-pentane with the 

reconstructed Pt( 110)-( 1x2) surface has been investigated, principally using 

mass spectrometry. Ethane and propane exhibit only weak molecular chem

isorption, whereas low coverages of n-butane and n-pentane undergo dissocia

tive adsorption at approximately 200 K to form surface hydrogen and hydrocar

bon fragments . The surface site required for dissociation is similar to that for 

the adsorption of hydrogen at lower coverages, since dissociative adsorption is 

inhibited strongly by surface hydrogen. Similar activation of alkanes has been 

observed previously for the Ir( 11 0)-( 1x2) surface, but on the close-packed 

Pt( 111) and Ir( 111) surfaces dissociative adsorption of these alkanes is either 

not observed or occurs only at defect sites. Thus surface geometry exhibits a 

strong influence on C-H bond activation in alkanes . 
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1. Introduction 

The interaction of saturated hydrocarbon molecules with the Pt( 11 0)

(lx2) surface has been studied by thermal desorption mass spectrometry and 

low-energy electron difiraction (LEED}. This work was motivated by previous 

results concerning the interaction of saturated hydrocarbons with the Ir(110)

(1x2) surface and the (111) surfaces of Ir and Pt (1-6). On the Ir(110)-(1x2) sur

face all alkanes except methane adsorb dissociately at low surface coverages 

and at temperatures below 130 K (1-4). These reactions are limited by the avail

ability · of high coordination P2 adsites (1). The activation of carbon-hydrogen 

bonds liberates hydrogen, which eveQ.tually saturates these sites. For the normal 

alkanes from C2 through C7 saturation coverages of the dissociatively adsorbed 

overlayers is on the order of 1 x 1014 molecules-em~. No evidence was found for 

hydrogenolysis products arising from reaction of the hydrocarbons with surface 

hydrogen. On the Ir(111) surface, similar dissociation reactions are observed 

only at defect sites (2,3). Saturation coverages of the dissociatively adsorbed 

overlayers are at least twenty times less than the corresponding coverages on 

the ( 11 0)-( lx2) surface. Furthermore, the normal alkanes from ethane through 

octane exhibit no significant reactivity with the Pt( 111) surface under ultrahigh 

vacuum conditions (5,6). These results suggest that the availability of high coor

dination adsites is critical in lowering the activation barriers that must be over

come in cleaving carbon-hydrogen bonds in alkanes. 

The results presented here concerning the interaction of alkanes with the 

(110)-(1x2) surface of platinum extend further the understanding of the efJect 

of surface geometry and electronic structure on the activation of alkanes. 

Although the exchange of deuterium into benzene adsorbed on the Pt(110) sur

face has been observed(?), to our knowledge the interaction of saturated hydro

carbons under ultrahigh vacuum conditions has not been investigated 
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previously on this surface of platinum. The alkanes studied include ethane, pro

pane, n-butane and n-pentane. Neither molecular nor dissociative adsorption of 

methane could be observed under our experimental conditions, namely surface 

temperatures above 100 K. 

2. Experimental Procedures 

The experiments were performed in an ion-pumped stainless steel bell jar 

which has been described in detail previously (8). The base pressure of the bell 

jar was below 2 x 10-10 Torr of reactive contaminants. The Pt(110) crystal was 

cut from a single crystal of platinum and was polished to within 1 a of the (110) 

orientation using standard metallographic techniques. The crystal was etched in 

aqua regia and cleaned by argon ion sputtering at high temperatures (1200 K), 

high temperature annealing (1400 K) and heating in oxygen at BOO K and 5 x 

10- '7 Torr . Auger electron spectroscopy was used to verify surface cleanliness . 

The determination of the presence of silicon by' Auger spectroscopy is compli

cated by the overlap of its LMM transition at 92 eV with the platinum ONN transi

tion. On Pt( 111) both surface and subsurface silicon can be oxidized and the 

presence of silicon inferred from the oxygen transition of its oxide (9). Silicon 

was present in our sample, and was removed by several cycles of oxidation and 

argon ion bombardment. The formation of silicon oxide species was minimized 

subsequent to this treatment by cleaning the crystal of carbidic carbon with 

oxygen at 5 x 1 o-a Torr for five minutes at temperatures less than 600 K. fol

lowed by annealing to 1000 K to ensure desorption of surface oxygen (10). The 

Auger electron spectrum of the clean surface is in good agreement with that 

published recently by Mundschau and Vanselow (11) for a surface from which 

impurities such as sulfur, phosphorous and silicon have been removed. After 

cleaning and annealing, the ( 1x2) LEED pattern characteristic of the surface 
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reconstruction of the clean surface could be observed. Streaking was observed 

at times in the fractional-order beams, indicating that some disorder was 

present across the close-packed rows. This has been observed in other investiga

tions of the Pt(110)-(1x2) surface (12). The missing row model of the surface 

reconstruction accounts for data obtained by Rutherford backscattering (12) 

and by helium atom difiraction (13), and is the only model of the several that 

have been proposed which is in agreement with recent results from low energy 

alkali impact collision ion spectroscopy (14). 

The adsorption temperature was 100 K for ethane and propane and 150 K 

for n-butane and n-pentane. The higher adsorption temperatures for the latter 

were employed to minimize the adsorption of hydrogen from the background, 

since these two alkanes adsorb dissociatively. The hydrocarbons used were 

purified cryogenically, and the purity was verified by mass spectrometry. 

3. Results 

3.1 Thermal Desorption of Hydrogen 

A knowledge of the thermal desorption spectra of hydrogen adsorbed on 

the clean surface as a function of coverage is necessary to interpret the desorp

tion spectra of hydrogen resulting from the dissociative adsorption of these 

hydrocarbons. In Fig. 1 the thermal desorption spectra are shown for exposures 

of hydrogen of (a) 0.02 L. {b) .05 L, (c) 0.5 L, (d) 2.0 L. (e) 20 Land (!)50 L In 

assigning the absolute surface coverage, we have used the value of Jackman et 

al. (12) from nuclear microanalysis, namely a saturation coverage of 1.1 x 101fi 

atoms-em -2 at 170 K. A study of the adsorption and desorption kinetics as a 

function of hydrogen coverage will be published separately (15). These spectra 

are in good agreement with those published previously by Ferrer and Bonzel 

(16). The state that desorbs above 300 K has a considerably higher probabilty of 
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adsorption than does the state which desorbs at lower temperatures. We label 

these two adstates P2 and P 1, respectively. The coverage-exposure relation sug

gests that there are two consecutive regimes obeying second order adsorption 

kinetics which have different "initial" probabilities of adsorption, which we esti

mate to be unity and 5 x 10-5, respectively. The saturation coverage of the p2 

adstate appears to be half that estimated for the {J 1 adstate. based on an extra

polation of the coverage-exposure curve. On the Ir(110)-(1x2) surface, the p2 

adstate, which has its desorption maximum at 400 K, exhibits first order adsorp

tion kinetics with an initial probability of adsorption of unity, while the lower 

temperature P1 adstate exhibits second order adsorption kinetics with a much 

lower "initial" probability of adsorption, namely 7 x 1 o-s (17). The p2 adstate 

accounts for one-third of the adsorbed hydrogen. These differences were attri

buted to the differences in coordination at the two adsites. Apparently the two 

desorption states on the Pt( 11 0)-( 1x2) surface arise also from desorption from 

two different sites. 

3.2 Thermal Desorption of Hydrogen and Alkanes from Alkane Overlayers 

The interaction of ethane, propane, n-butane and n-pentane with the 

Pt(110)-(lx2) surface has been characterized by thermal desorption mass spec

trometry. In all cases the only hydrocarbon that is observed to desorb is the 

parent alkane. For ethane and propane only desorption of the molecularly 

adsorbed alkane is observed. As shown in Fig. 2A and 2B, this occurs at 140 K 

and 175 K respectively. For n-butane and n-pentane only the desorption of 

hydrogen is observed after such low exposures to the surface. The thermal 

desorption spectra of hydrogen are shown as a function of exposure in Fig. 3A 

for n-butane and in Fig. 3B for n-pentane. Both desorption- limited and 

reaction-limited evolution of hydrogen occurs. The hydrogen desorption peak 
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near 320 K is due to desorption from the metal surface (cf. Fig. 1), whereas the 

peaks at approximately 400 and 550 K are due to decomposition of hydrocarbon 

fragments adsorbed on the surface. The surface coverage of dissociatively 

adsorbed molecules at saturation in units of 1019 molecules-cm-e is 6.0 +- 0.6 

for n-butane and 7.5 +- 0.8 for n-pentane, based on the hydrogen coverage data 

of Jackman et al . (12). The amount of surface hydrogen which results from a 

saturation coverage of n-butane is 55% of that required to saturate the p2 

adstate, while for n-pentane the corresponding value is 70%. The ratios of the 

areas of the peaks at 320, 400 and 550 K are estimated to be 5:3:2 for n-butane 

and 5:5:2 for n-pentane. Overlap of these desorption peaks introduces an error 

of at least 20% to these values. Molecular desorption of the parent hydrocarbon 

accompanies dissociative adsorption at higher exposures, as may be seen in Fig. 

2C for n-butane and 2D for n-pentane. At lower coverages desorption occurs at 

210 and 245K respectively, while at higher coverages a second desorption state 

is observed at 160 and 190 K. Desorption of multilayers should occur at the 

same temperatures as observed on the Ir(110)-(1x2) surface, at 110 and 140 K, 

respectively (4). After the thermal desorption experiments, surface carbon is 

readily detectable by Auger spectroscopy. The fractional-order LEED beams, 

which are characteristic of the surface reconstruction, do not appear to have 

changed in relative intensity compared to the clean surface. 

3.3 Thermal Desorption from Annealed Alkane Overlayers 

Several experiments were conducted to investigate the stability of the 

hydrocarbon fragments, the presence of which . are evident from the reaction

limited desorption of hydrogen. If an adlayer of n-butane or n-pentane is 

annnealed to 320 K for times on the order of one minute, and then cooled to 150 

K. a thermal desorption spectrum of the resulting surface reveals that no 
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change in intensity occurs for the reaction-limited desorption of hydrogen. This 

is shown in Fig 4, in which the thermal desorption spectrum of hydrogen in (a) 

results from exposure of the clean surface to 1.0 L of n-pentane, while that 

shown in {b) results from the same exposure of n-pentane annealed, as 

described above, for 30 s. Above 400 K the spectra are identical, indicating that 

the hydrocarbon fragments on the surface, which are manifest by the high tem

perature desorption states, are stable in the presence of the vacant surface 

sites at which hydrogen may be adsorbed. 

The adsites which give rise to the thermal desorption peak of hydrogen at 

320 K are apparently· the sites responsible for dissociative adsorption of n

butane and n-pentane. The dissociative adsorption of these alkanes saturates 

upon exposure of 1.0 L at 150 K. However, if these overlayers are annealed to 

320 K, so that surface hydrogen desorbs, and are then cooled to 150 K and reex

posed to the alkane, the intensity of the reaction-limited high temperature 

desorption of hydrogen increases. In Fig. 4(c) the thermal desorption of hydro

gen is shown which results from an exposure of 1.0 L of n-pentane at 150 K, 

annealing the surface to 320 K for 30 s, cooling to 150 K, and then reexposing 

the surface to 1.0 L of n-pentane. An increase in intensity of approximately 70% 

in the reaction-limited desorption of hydrogen at 400 and 550 K occurs. This 

indicates that the dissociative adsorption of alkanes requires the same site as 

that for the high temperature desorption state of hydrogen on the clean sur

face. 

A saturated overlayer of n-pentane annealed to 700 K retains no hydrogen, 

and results in the formation of surface carbon. This surface retains appproxi

mately 90% of its initial activity toward dissociative adsorption of n-pentane. In 

Fig. 5 (a), the hydrogen thermal desorption spectrum is shown after an exposure 

of 1.0 L of n-pentane to the clean surface, whereas in 5{b) the corresponding 
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spectrum is shown for an exposure of 1.0 L of n-pentane to the surface which 

resulted after the measurement of 5{a). The shifting of the reaction-limited 

desorption states to higher temperatures is evidently caused by the presence of 

surface carbon. The LEED pattern observed after this experiment possesses all 

the beams characteristic of the (1x2) reconstruction. After five cycles of expo

sure of 1.0 L of n-pentane, annealing to 700 K and cooling to 150 K, the satura

tion coverage of the dissociatively adsorbed n-pentane has decreased by 50%. 

The desorption temperature for low coverages of the molecularly adsorbed n

pentane shifts to approximately 200 K from 245 K. The fractional-order LEED 

beams are almost completely extinguished at this point, resulting in a (1x1) pat

tern which has high background intensity. Thus high carbon concentrations can 

remove the surface reconstruction. An ultimate reactivity of n-pentane of 4 .0 x 

1014 molecules-cm-2 can be estimated from these experiments. 

3.4 Coadsorption of Hydrogen and Alkanes 

The strong dependence of dissociative adsorption of alkanes on the availa

bility of the high temperature hydrogen adsorption site on the Pt( 11 0)-( 1x2) 

surface suggests that preadsorption of hydrogen would inhibit activation of C-H 

bonds in alkanes by this surface. In Fig. 6(a) the thermal desorption spectrum 

of hydrogen is shown for an exposure of 1.0 L of n-butane to a surface previ

ously exposed to (a) 0.02 L of hydrogen (background exposure); {b) 0.05 L of 

hydrogen; and (c) 0.5 L of hydrogen. The reaction-limited desorption of hydrogen 

at 400 and 550 K is absent in spectrum (c), indicating that no dissociative 

adsorption of n-butane occurs. Similar results have been obtained for n

pentane. This inhibition in dissociatively adsorbed alkanes is related linearly to 

the precoverage of hydrogen. The inhibition is complete after an exposure of 

only 0.5 L of hydrogen, which corresponds to approximately one-third of the 
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amount of hydrogen that can be adsorbed on the clean surface (cf. Fig. 1). As 

adsorption of hydrogen from the background could not be avoided in our exper

iments due to the high adsorption probability of hydrogen at low coverages, the 

saturation coverages of n-butane and n-pentane quoted above were obtained by 

linear extrapolation to zero hydrogen precoverage. 

The effect of postadsorption of hydrogen on overlayers of n-butane and n

pentane depends on the thermal history of the alkane overlayer, due to the 

activated and irreversible nature of the dissociative adsorption of these alkanes. 

If either n-butane or n-pentane is adsorbed at 150 K and 0.5 L of hydrogen is 

then exposed to the slirf ace while it is still at 150 K, the dissociative adsorption 

of the alkane is inhibited completely. However, if the alkane overlayer is 

annealed to higher temperatures, the inhibition effect can be suppressed. In Fig. 

7 thermal desorption spectra of hydrogen are shown for an exposure of 0.5 L of 

hydrogen on a surface exposed previously to 1.0 L of n-pentane which had been 

annealed for 30 s to (a) 150 K, {b} 180 K and (c) 200 K. The desorption of hydro

gen from the high temperature states in spectrum (c), and the desorption from 

the molecular state are identical to that which results for exposure of the clean 

surface to 1.0 L of n-pentane at 150 K, in~cating that dissociation has gone to 

completion after 30 s at 200 K. The desorption of molecular n-pentane which 

occurs in experiment (a) is approximately equal to that for adsorption of 1.5 L 

of n-pentane at 150 K, due to the complete inhibition of dissociation by surface 

hydrogen. The increase in the reaction- limited desorption of hydrogen and the 

decrease in desorption of the molecularly adsorbed alkanes with increasing 

annealing temperatures demonstrates that the dissociation of these alkanes is 

activated, and will go to completion in under one minute by approximately 200 

K. 
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The coadsorption of deuterium was investigated to determine if exchange 

could occur between hydrogen in the hydrocarbon fragments and hydrogen 

adsorbed on the surface of the metal. If such exchange occurs, the use of deu

terium labeling of these alkanes to reveal structural information in thermal 

desorption studies is complicated by mixing between states. In Fig. 8 the ther

mal desorption spectra of masses 2 and 3 are shown for exposure of the surface 

to 0.02 L of deuterium followed by 1.0 L of n-pentane. Some coadsorption of 

background hydrogen occurs as well. The desorption of HD from the reaction

limited high temperature desorption states proves that exchange of surface 

deuterium into the hydrocarbon f~agments occurs . Such exchange is incom

plete, however, since the relative intensity of the features at 400 and 550 K com

pared to that at 320 K is approximately half as much in the HD spectrum com

pared to the H2 spectrum. The partial exchange observed here is in qualitative 

agreement with the rates measured by Surman et al. (7) for the exchange of 

deuterium into benzene adsorbed on this surface. 

4. Discussion 

The dissociative adsorption of alkanes on the Pt( 11 0)-( lx2) surface is an 

activated process, which at 200 K occurs at a sufficiently high rate that it com

petes effectively with desorption from the molecularly chemisorbed states of 

these alkanes. Thus the dissociative adsorption of methane, ethane and propane 

could not be observed under our (low pressure) experimental conditions, since 

desorption of the molecularly adsorbed state occurs below this temperature. 

For n-butane and n-pentane the higher desorption temperature of molecular 

chemisorption allows their dissociation to be observed. The surface site which is 

critical to the initial step of carbon- hydrogen bond activation appears to be the 

same one at which dissociatively adsorbed hydrogen (from molecular hydrogen) 
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is bound and which has been defined as the {J2 adstate. The saturation of this 

site by hydrogen prevents dissociative adsorption of n-butane and n-pentane. 

This accounts for the following aspects of the dissociative adsorption of alkanes 

on this surface: (1) The dissociatively adsorbed overlayer saturates at an 

adsorption temperature of 150 K; (2) The surface is reactivated for further dis

sociative adsorption by the desorption of surface hydrogen; (3) Dissociative 

adsorption is inhibited both by the preadsorption of hydrogen into the fl2 

adstate and by the postadsorption of hydrogen onto non-dissociated alkane 

overlayers at low temperatures. The studies involving the postadsorption of 

hydrogen demonstrate further the existence of a kinetic barrier to dissociation 

which can be overcome near 200 K. 

The activity of the Pt( 11 0)-( 1x2) surface toward dissociative adsorption of 

alkanes can be compared to that exhibited by the Ir(110)-(1x2) surface (1-4). 

The kinetic barrier to dissociative adsorption is not so great on iridium, since on 

that surface the activation of carbon-hydrogen bonds occurs readily near 130 K. 

Thus ethane and propane adsorb dissociatively on the Ir(110)-(1x2) surface 

under our experimental conditions (1). Their desorption temperatures of 140 K 

and 175 K on the platinum surface, which should be similar to the values on iri

dium if the dissociative adsorption did not occur, are in accord with such a tem

perature for overcoming the activation barrier. Molecular desorption of ethane 

and propane on the Ir(110)-(1x2) surface occurs at 120 and 155 K, respectively. 

This difference in kinetic barriers correlates with the estimated energetic 

dit!erences in the two product states. Whereas the metal-hydrogen bonds 

strengths are probably equal,the metal-carbon bonds formed on the iridium sur

face should be stronger than those formed on on the platinum surface, since 

metal-carbon bond strengths for diatomic metal carbides are greater for iri

dium than for platinum [150 compared to 145 (+- 1) kcal/mole (18)]. 



The hydrocarbon fragments formed on the platinum surface, which are 

manifest as the reaction~limited thermal desorption states of hydrogen, have a 

higher hydrogen content than those formed on the iridium surface. The greater 

dehydrogenation activity of iridium is refiected not only in the higher desorption 

temperature of hydrogen from the clean surface, but also in the activation of 

ethane and propane by this surface. While a simple model involving metallacy

cles was proposed to explain fragment stoichiometries on the iridium surface 

(1), it is apparent that such a model does not readily explain the stoichiometries 

observed on platinum. The higher desorption temperature for surface hydrogen 

on iridium also accounts for the complete exchange of surface deuterium into 

the hydrocarbon fragments formed on that surface, while on platinum such 

exchange occurs but is kinetically limited and incomplete. In both cases deu

terium labeling of the hydrocarbon does not reveal structural information 

directly in thermal desorption mass spectrometry due to the exchange reaction. 

The molecular desorption of these alkanes at low coverages occurs at tem

peratures approximately 30 K higher on the Pt( 110)-( 1x2) compared to same 

surface of iridium. At higher coverages the desorption temperatures of n-butane 

and n-pentane shift to values similar to those observed on iridium. Such a shift 

is also observed for adsorption onto the carbon residue. Since the coverages of 

dissociatively adsorbed alkanes are lower on the platinum surface, this suggests 

that the higher desorption temperatures represent desorption of the alkane 

from a metal surface site, while the lower desorption temperatures represent 

desorption from a site where surface carbon or hydrocarbon fragments screen 

the interaction between the alkane and the metal. 

While high concentrations of surface carbon did not relax the reconstruc

tion of theIr( 110)-( 1x2) surface, the fractional-order LEED beams characteristic 

of the surface reconstruction are virtually extinguished under similar 
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conditions for platinum. Stabilization of the unreconstructed Pt( 110) surface by 

carbon has also been noted by Ferrer and Bonze! (18). Relaxation of the surface 

reconstruction for the (110) surface of platinum, but not for iridium, occurs 

under certain conditions for the adsorption of CO and NO (19,20). 

Whereas activity toward dissociative adsorption on the Ir( 110) surface is 

inhibited readily by the presence of surface carbon or hydrocarbon fragments 

which result from the adsorption of a saturation coverage of an alkane over

layer on the clean surface (21), this is not observed on the Pt(110) surface. In 

this case approximately 1.5 x 1014 molecules-em-a of n-pentane must adsorb 

dissociatively and dehydrogenate to surface carbon before an inhibition of 50% 

is observed. Several aspects of the relative reactivities may contribute to this, 

namely: ( 1) the higher saturation coverages of the dissociatively adsorbed over

layers on the clean surface of iridium compared to platinum; (2) the inhibition 

of dissociative adsorption of alkanes due to the presence of surface hydrogen 

which adsorbs from the background; (3) the loss of the reconstruction of the 

platinum surface due to the presence of surface carbon, which generates a sur

face with twice as many high coordination adsites; and ( 4) the possibility that 

the surface carbon remaining on the platinum surface may enter the subsur

face layer as the surface reconstruction relaxes, diminishing its effectiveness as 

an inhibitor. The coverage of carbon atoms estimated to inhibit fully the disso

ciation of alkanes on the Pt(110)-(1x2) surface, 2 x 101:5 cm-2, is approximately 

twice the coverage required on the same surface of iridium (21). 

The activation of n-butane and n-pentane on the reconstructed Pt( 11 0)

(1x2) surface contrasts sharply with the adsorption of these alkanes on the 

close-packed Pt(111) surface. No dissociative adsorption of alkanes through n

octane was observed under similar experimental conditions (5). Similar results 

were observed for the adsorption of n-heptane on the corresponding Ir( 111) 
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surface, except for the observation of a small reactivity ( < 1 x 1013 molecules

em -2) which could be associated with defect sites (22). These results suggest 

that the activation barrier on these close-packed surfaces is in excess of 17 

kcal/mole, compared to approximately 8 kcal/mole on the Ir(110)-(1x2) surface 

and 12 kcal/mole on the Pt( 110)-( 1x2) surface, assuming preexponential factors 

of 1013 . Clearly the enhanced reactivity of alkanes on the (110)-(1x2) surfaces of 

iridium and platinum as compared to the close-packed surfaces is due to some 

combination of geometric and electronic effects induced by its particular sur

face geometry. 

5. Conclusions 

The interaction of ethane, propane, n-butane and n-pentane with the 

reconstructed Pt( 11 0)-( 1x2) surface has been investigated at low temperatures 

and pressures, principally employing mass spectrometry. Ethane and propane 

exhibit only molecular chemisorption, whereas low coverages of n-butane and n

pentane undergo dissociative adsorption at approximately 200 K to form surface 

hydrogen and hydrocarbon fragments. The availability of unoccupied (32 adsites 

of hydrogen is critical for the dissociative adsorption of these alkanes. Pread

sorption of hydrogen into this adstate inhibits dissociation, and this inhibition is 

complete upon saturation of the {32 adstate. Both postadsorption of hydrogen on 

n-butane and n-pentane overlayers and the absence of dissociative adsorption 

for ethane and propane indicate that the kinetic barrier to carbon-hydrogen 

bond activation is overcome at approximately 200 K. The surface carbon 

formed in these reactions can, at sufficiently high concentrations, cause the lift

ing of the surface reconstruction. 

Similar activation of alkanes has been observed previously for the Ir( 11 0)

( 1x2) surface, but on this surface the activation barrier to dissociative adsorp-
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tion corresponds to a surface temperature of 130 K. On the close-packed Pt(lll) 

and Ir(lll) surfaces, dissociative adsorption of these alkanes 1a either not 

observed or occurs only at defect sites in the low coverage limit. 'Ibis contlrms a 

strong inftuence of surface geometry on C-H bond activation In alkanes. 
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Figure Captions 

Figure 1. Thermal desorption spectra of hydrogen after exposures of H2 of {a) 

0.02 L. {b) 0.05 L, (c) 0.5 L, {d) 2.0 L, (e) 20 Land(!) 50 L. 

Figure 2. Thermal desorption spectra molecularly adsorbed alkanes (monitoring 

mass 27) for adsorption of (A) ethane; (B) propane; (C) n-butane; and (D) 

n-pentane. Exposures are shown next to the corresponding spectra. 

Figure 3 Thermal desorption spectra of hydrogen resulting fr~m exposure to (A) 

n-butane; and (B) n-pentane . Exposures are shown next to the corresponding 

spectra. 

Figure 4. Thermal desorption sp'ectra of hydrogen after exposure of (a) the clean 

surface to 1.0 L of n-pentane; {b) the clean surface to 1.0 L of pentane, 

annealing to 320 K for 30 s and cooling to 150 K; and (c) the surface in 

experiment {b) to an additional1.0 L of n-pentane. 

Figure 5. Thermal desorption spectra of hydrogen after exposure of (a) 1.0 L of 

n-pentane; and {b) 1.0 L of n-pentane to the surface after the experiment in 

(a). 

Figure 6. Thermal desorption spectra of hydrogen after exposure of 1.0 L of n-butane 

to (a) the clean surface; {b) the surface in (a) exposed to 0.05 L of hydrogen; 

and {c) the surface in (a) exposed to 0.5 L of hydrogen. , 

Figure 7. Thermal desorption spectra of hydrogen after the adsorption of 0.5 L of 

hydrogen on a surface exposed previously to 1.0 L of n-pentane which had 

been annealed for 30 s to (a) 150 K; {b) 180 K; and (c) 200 K. 

Figure 8. Thermal desorption spectra of masses 2 and 3 after exposure of the 

surface to 0.02 L of deuterium followed by 1.0 L of n-pentane. 
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CHAPTER 5 

CONCLUSIONS 
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The interaction of hydrocarbons with the (110)-(1x2) and (111) surfaces of 

iridium and the (110)-(1x2) surface of platinum has been studied under 

ultrahigh vacuum conditions. Techniqu~s employed included thermal desorption 

mass spectrometry and low energy electron diffraction (LEED). _ 

On the reconstructed lr( 110)-( lx2) surface, low coverages of the normal 

alkanes from ethane to heptane undergo dissociative chemisorption below 130 

K. Inhibition of such adsorption by hydrogen indicates that this process 

proceeds by activation of carbon-hydrog~n bonds. Saturation coverages of the 

d.issociatively adsorbed layers are approximately 1 x 1014 molecules-cm-2. At 

higher exposures, molecular adsorption occurs as well. Both desorption-limited 

((3~) and reaction-limited thermal · desorption states (a,,.) of hydrogen are 

observed, the latter being associated with the dehydrogenation of hydrocarbon 

species on the surface. Ethane, butane and hexane form high temperature 

adstates with stoichiometries of C2H0 , CJ11 and C8H2 , respectively, while the 

corresponding stoichiometries for propane, pentane and heptane are C3~. ~H4 

and C7Ha. The fragment stoichiometries for this latter group of alkanes may be 

explained by extending a model for dehydrogenation which has been proposed 

previously [T. S. Wittrig, P. D. Szuromi and W. H. Weinberg, J. Chern. Phys. (76), 

3305 ( 1982)], in which metallacycles are formed that have units of three carbon 

atoms and two surf ace metal atoms . Differences between the thermal desorption 

spectra of hydrogen from n-butane and isobutane, and from n-pentane and neo

pentane suggest that these alkanes largely retain the carbon-carbon bond 

frameworks after the initial steps of dehydrogenation prior to carbon-carbon 

bond scission above 400 K. 

The strong dehydrogenating nature of this surface is apparent in the ther

mal desorption spectra of propane, cyclopropane, propylene, propyne and allene 

on the reconstructed Ir(110)-(lx2) surface. Annealing low coverages of these 
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hydrocarbons leads to the formation of surface hydrogen and of hydrocarbon 

fragments of approximate stoichiometry C3H2. This occurs in spite of the 

differences in the electronic and geometric structure of these molecules. Upon 

saturation of the p~ adsites, these structural differences are refiected in the 

formation of additional dissociatively adsorbed adstates for the unsaturated 

hydrocarbons, which result from the dehydrogenation of molecules which are 

chemisorbed strongly through their rr electrons . All five hydrocarbons form 

molecularly adsorbed adstates at high exposures . The importance of the p~ 

adsite of hydrogen on this surface of iridium has been demonstrated further by 

inhibition studies with hydrogen, CO and surface carbon. Under the same condi

tions on the close-packed Ir( 111) surface propane, cyclopropane and n-heptane 

undergo dissociative adsorption only at defect sites. Saturation coverages of the 

dissociatively adsorbed adlayers are a factor of twenty less than on the Ir( 110)

( 1x2) surface. However, the extent of reaction of propylene is approximately the 

same on both surfaces . For iridium surfaces surface geometry has a strong 

effect on the activation of carbon-hydrogen bonds of alkanes. 

This strong effect of surface geometry on the dissociative adsorption of 

alkanes also occurs for surfaces of platinum. Previous work (1. E. Firment, Ph. 

D. Thesis, 1Jniv. of California, Berkeley, 1976) has demonstrated that the close

packed Pt( 111) surface does not dehydrogenate the normal alkanes through 

octane under ultrahigh vacuum conditions . On the reconstructed Pt( 11 0)-( 1 x2) 

surface n-butane and n-pentane dehydrogenate at approximately 200 K to form 

surface hydrogen and hydrocarbon fragments, whereas adlayers of ethane and 

propane undergo only molecular adsorption. Saturation coverages of the disso

ciative adlayers in units of 1013 molecules-cm-2 are 5.0 +- 0.5 for n-butane and 

7.0 +- 0.7 for n-pentane. Dehydrogenation by the surface leaves fragments which 

are relatively more rich in hydrogen than on the Ir( 11 0)-( 1x2) surface . 
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Inhibition of this reaction by precoverages of hydrogen suggests that carbon

hydrogen bond activation is the initial reaction step. Studies involving the post

tadsorption of hydrogen on annealed adlaerys of n-butane and n-pentane reveal 

that the kinetic barrier to dissociative adsorption is overcome at approximately 

200 K, as is suggested by the lack of reactivity of ethane and propane. High cov

erages of the surface carbon formed by the dehydrogenation of the hydrocarbon 

fragments relax the surface reconstuction. Thus on the ( 110)-( 1x2) surfaces 

of iridium and platinum pathways exist which have lower barriers to carbon

hydrogen bond activation than do the close-packed surfaces. However, the 

different electronic structures of the ( 110)-( 1x2) surfaces manifest themselves 

in details such as the size of the kinetic barrier to dissociative adsorption. 
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APPENDIX A 

THE CHEMISORPTION AND REACTION OF CYCLOPROPANE 

ON THE (110) SURFACE OF IRIDIUM 

(The text of Appendix A consists of an article coauthored with T. S. 

Wittrig and Wo Ho Weinberg which has appeared in The Journal of 

Chemical Physics~' 716 (1982) o) 
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Chemisorption and reaction of cyclopropane on the (110) 
surface of Iridium•) 

T. S. Wrttrig,b1 P. D. Szuromi,c1 and W. H. Weinbergdl 

Diusiolr of Clwmistr'y tutd CJwmictJl Elf6i11•ri~~& CtUifOI"'IiiJ IIIStituu of T«ltlfOior:y, l'uMU1114 
CGlifOI"'IiiJ 9ll25 
(Received 30 July 1981; accepted 2S September 1981) 

Thermal delorption mua spectrometry (TOMS), UV pbotoelec:trou spectroec:opy (UPS~ low-aei'JY eJectroo 
diffraction (LEED), and contact potential dift'erencc measurements have been anpJoyed to study the 
interaction of c:yc:lopropane with the reconstructed lr (110H1 X 2) surface. At an adsorption temperature of 
100 K cyc1opropaoe diuociates on the surface with a reaction probability of 0.872::0. 1. TIUa overlayer 
saturates at a coverqe of cyclopropane of (2. 1S:0.2)X 10" cm - 3

• Upon further expo1ure, c:yclopropue 
ldsorbl molecularly into two dift'erent ldsorprion sites up to a saturation coverqe of 6.6x 10" cm - 3

• Tbe 
parametcn of the desorption rate coefficients based upon Arrhenius ~tructioos for low coverqea of the 
two desorption states are E~- 6.42::1 kc:al mol -' and v~ ... l.OX 10'*' s- •, E~ :o= 8.32::1 kcal mol -' and 
v~- 4.SX 1010* 3 s-•. The work function decreases by 0 .5 eV during fonnation of the dissociated 
hydroc:artlon residue at 100 K and dec:reucs further (a total decreaae of 0.7 eV) durin& the adlorption of 
molecular cyclopropane. 

I. INTRODUCTION 

The study of the interaction of cyclopropane with tran
sition metal catalysts has long been utilized as a probe 
of the general nature of hydrocarbon catalysis . s-so 
These classical studies over dispersed supported' cata
lysts have addressed such issues as the identity of sur
face species in hydrocarbon reactions, the role of kinks 
and steps as active sites, the nature of the hydrocarbon 
residue that is formed and its role in the mechanism of 
hydrogenolysis, and the product distribution in the hy
drogenolysis reaction. A recent study of cyclopropane 
adsorption on Ru( 001) in ultrahigh vacuum foWld that 
cyclopropane adsorbs and desorbs molecularly on this 
surface and undergoes no further reaction. 11 The pur
pose of this study is to establish a model system for the 
reaction of a simple hydrocarbon on a well characterized 
single crystal transition metal surface under ultrahigh 
vacuum conditions. This model system should make it 
possible to address some of the issues mentioned above 
from a fundamental point of view, making use of the 
array of techniques available in the ultrahigh vacuum 
environment. Here we consider the dissociative adsorp
tion of cyclopropane on the Ir(110)-(lx2) surface. 

II. EXPERIMENTAL PROCEDURES 

The experiments were performed in an ion pumped 
stainless steel bell jar that bas been described pre
viously. 12•13 The base pressure for these experiments 
was below 2x 1o-10 Torr of reactive contaminants. The 
cyclopropane exposures for most of the experiments 
were carried out with a directional beam doser. u Dur
ing dosing, the crystal is approximately 3 mm from the 
doser face. This provides a beam pressure-to-hack
ground pressure ratio of over 100:1. The exposure unit 
that is employed for the beam doser is Torrs and refers 
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to the product of the time of exposure and the pressure 
in the storage bulb of the doser. For cyclopropane in 
this system, 2. 5 Torrs are approximately equivalent 
to 1 L. 

Ill. LOW-ENERGY ELECTRON DIFFRACTION 

It is well known that the clean surface of Ir(llO) re
constructs to form a (lx2) LEED pattern. 15 The struc
ture that gives rise to this pattern bas been shown to be 
a surface with every other row of surface atoms missing 
in the [001] direction. u Thus, the surface may be pic
tured as a series of two-layer deep troughs, the aides of 
which are (111) microfacets as is shown in Fig. 1. A 

STRUCTURAL MODEL OF !R (110)-(1)(21 

TOP Vlf:W 

SIOf: Vlf:W 

CYCL.OP~ 
MoLECUlE 

FIG. 1. Schematic view of tbe missing-row model of theIr 
(110)-(1 x 2) surface. Cross-hatched circles represent top
layer atoms, open circles represent secoDd-layer atoms, and 
dotted circles represent third-layer atoms. The scale of the 
cyclopropane molecule is shown also. The carbon atoms would 
lie at the vertices of the triangle and the projection of the hy
drogen pairs onto the plane is shown u the three radiaUDg 
llnes. 
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reconstructed unit cell 18 shown u a dashed rectangle in 
the top view. In addition, the comparative scale of the 
cyclopropane molecule is shown to the right of the top 
view. 

For all the conditions reported in this study, no long
range ordering of either the cyclopropane or ita decom
position products waa observed with LEED. Additional
ly, the (1x2) substrate beams were always present, in
dicating the stability of the surface reconatruction under 
these conditions. 

IV. ULTRAVIOLET PHOTOELECTRON 
SPECTROSCOPY 

Figure 2 illustrates a series of UP spectra for various 
exposures of cyclopropane to Ir(UO) at 100 K. For a 
4 Torr s exposure, there is a broad background in the 
region of binding energy below 4 eV. On th18 back
ground, there are observable peaks at approximately 6 
e V and 9 e V. The intensity of these peaks corresponds 
to approximately 2% of the total intensity. Adeorbate 
peak intensity is defined here as the height of the peak 
above the background on which the peak appears. For 
higher exposures, the two peaks observed in the 4 Torr s 
spectrum as well as one near 4 eV become much ·more 
intense. At an exposure of 6 Torrs, they constitute ap
proximately 10% of the total intensity, and at 15 Torrs 
exposure, they make up fully one third of the inteuity. 
Exposures greater than 15 Torrs cause no further 
change in the UP spectrum. 

The electronic levels of gas phase cyclopropanen are 
indicated [as (e)] above spectrum (d) in Fig. 2 with a 

UPS OF CYCLOPROPANE ON IR 11101 AT lOOK 

CYCLOPROPI\NE ExPOSURE, TORR-SEC 
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(b) 4 
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(d) 15 
(e) GAS PHASE 

(e) I I 
..;~ 

FIG. 2. He I UPS U a fuDctlon of cyeloprcp&De upoaure to 
the IR (110)-(1 x 2) •urface. 
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FIG. 3. Hydropn thermal de.orptioo u a functloo of cyclo
propane exponre with T .. •100 K aDd P• 20 K ••1

• 

static shift to account for relaxation effects. This lllus
trates that at saturation the predominant species on the 
surface is molecular cyclopropane. 

V. THERMAL DESORPTION MASS SPECTROMETRY 

For cyclopropane exposures below 5 Torrs, hydrogen 
and cyclopropane both appear in the thermal desorption 
mass spectrum. No other hydrocarbons appear in ob
servable quantities u deeorptlon producta for any of the 
conditions reported in this study. Furthermore, the 
only atomic species remaining on the surface at 800 K 
is carbon. This fact wu ascertained in tbe following 
manner. The surface was exposed to 10 Torr 1 of cyclo
propane, heated to 800 K and cooled to below room tem
perature. ~bsequently, 5 L of 0 2 wu adeorbed, and 
the surface wu heated while monitoring H2o H20, CO, 
and C02 mus spectrometrically. There wu no detect
able deeorption of H2 or Hz() in this experiment. Ap
pronmately half of the carbon on the surface desorbed 
u CO and approximately 1(11 deeorbed u CO,. All the 
carbon could be removed by beating the surface in 
oxygen. 

Figure 3 shows a series of Hz thermal deeorpt.ion 
mass spectra for various exposures of cyclopropane. 
In these experiments, the exposures were made through 
a leak valve in order to obtain an accurate calibration 
of the nux of the beam doser u well u a reliable com
parison of integrated peak areas with peak areas of Hz 
thermal desorption from a hydrogen-covered surface. 
Since an accurate coverage calibration for hydrogen on 
Ir(UO) 18 known, 12 it is possible to obtain an accurate 
abeolute measure of the number of cyclopropane mole
cules that decompose as a function of cyclopropane ex
posure. If we define the reaction probability as the 
probability that any molecule that encounters the surface 
will eventually dissociate into H2(g) and C(a) upon beat-

J. cn.m. Phys., Vol. 76, No. 1, 1 J.nuarv 1882 
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FIG. 4. Thermal desorption yield of hydrogen from cyclo
propane adsorbed on Ir (110)-(1 x 2). 

ing, the hydrogen thermal desorption yield is propor
tional to the cyclopropane reaction probability. As 
shown in Fig. 4, the reaction probability for a cyclopro
pane molecule is constant up to a saturation coverage 
equivalent to (2. 1 ± 0. 2) x 1014 molecules em •2• This 
coverage corresponds approximately to one dissociated 
cyclopropane molecule per 2. 5 reconstructed unit cells. 
Saturation occurs at an exposure of 1. 7 L or about 4 
Torrs. The slope of the line in Fig. 4 indicates that the 
reaction probability is 0. 87 ± 0. 10. 

It is apparent from the foregoing that a large fraction 
of the initial cyclopropane to encounter the surface dis-
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FIG. s. Cyclopropaoe thermal desorption from Ir (110)-(1 x 2). 
The hydrocarbon residue is not saturated for these exposures, 
and f3,.. 4 K s·1• 
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20 

FIG. 6. Thermal desorption yield of Q-cyclopropaoe for ex
posures for wllich the hydrocarbon residue is not complete. 

sociates. The UPS results suggest that the dissociation 
occurs even at temperatures as low as 100 K. In any 
case, the dissociation must be complete below 150 K be
cause no molecular cyclopropane remains on the surface 
above 150 K. The layer of dissociated cyclopropane will 
hereafter be referred to as the hydrocarbon residue. 

Thermal desorption of small amounts of cyclopropane 
is also observed in this exposure regime (~ 4 Torrs) as 
is illustrated in Fig. 5. In this adsorption regime, the 
total desorbed cyclopropane represents less than 15% of 
the adsorbed cyclopropane. This thermal desorption 
feature will be referred to as the a thermal desorption 
state. The relationship between cyclopropane coverage 
and exposure is shown in Fig. 6. The solid line repre
sents the function 

6 4 =C1 t:~ +C2 , {1) 

where 6 4 is the coverage of cyclopropane in cm·2, t: 4 is 
the exposure in Torr s, C 1 = 4. 62 x 1012 {Torr s t 2, and 
C2 = 2. Ox 1012 cm·2• The nonzero intercept is equivalent 
to less than 0. 3% of saturation coverage of cyclopropane 
on this surface. 

This rather unusual variation of coverage with expo
sure for nondissociative adsorption might be explained 
in the following way. If the sites onto which the "a 
cyclopropane molecules" adsorb are formed by the dis
sociation of an isolated cyclopropane molecule and if the 
probability of adsorption of cyclopropane on these sites 
is a constant, then the rate of increase in the population 
of the a state should be proportional to the amount of 
residue, i.e., 

~e 
d <X ,. ' 

(A 

where e,. is residue coverage. It has already been 
shown in Fig. 4 that 6,. is proportional to E: 4 • Thus, 

(2) 

{3) 

J. Chem. PhyL, Vol. 76, No. 1, 1 JanUIIry 1982 
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Integration of Eq. (3) yields 

e" = kt (! + kz ' {4) 

which is of the same form aa the observed experimental 
dependence given by Eq. {1). Note that if the formation 
of an a adsite required more than one isolated, disso
ciated cyclopropane molecule (e. g., close proximity of 
two or more dissociated cyclopropane molecules or 
residue island formation), the form of Eq. (2) would be 
different, and the model would not agree with the ob
served results. 

The Arrhenius parameters for the a -desorption state 
were obtained by the method of variation of heating rate18 

using 4 Torrs exposures. The Arrhenius plot obtained 
in this way is shown in Fig. 7 and corresponds to the 
coverage at which the desorption rate is a maximum. 
Assuming that the rate of desorption is first order, the 
parameters of the desorption rate coefficient are E, 
=6.4±1 kcalmol·1 and v,=1.0x1oa..t s·1• 

For cyclopropane exposures greater than 4 Torr s, 
a new thermal desorption state begins to populate in ad
dition to the a state. As shown in spectrum (b) of Fig. 
8, this state is iabeled the {3 state. Two-state thermal 
desorption mass spectra occur for all exposures be
tween 5 and 20 Torrs, which is saturation at 100 K. As 
shown in Fig. 8, for exposures of 10 Torrs or less, the 
temperature of the desorption maximum of the {3 state 
decreases with increasing coverage, whereas the de
sorption maximum of the a state remains constant at 
approximately 130 K. For exposures greater than 10 

X 
~ 
..J 

~ 5xto11 
z 
0 
j: 
~ Ed • 6.4 t I kcol·mole.,. 
0 
(/) 
t...l 
0 

FIG. 7. Arrhenius plot for a state of cyclopropane determined 
by the method of variation of heating rate. See Table I. 
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FIG. 8. Cyclopropane thermal desorption from Ir (110)-(1 x 2). 
For this exposure regime, the hydrocarbon residue is satu
rated, and fJ = 4 K a·1• 

Torr s, there are still two distinct features in the ther
mal desorption mass spectrum. However, the feature 
with a peak maximum of 130 K appears at a higher tem
perature than the other peak. The low temperature 
thermal desorption feature which is evident in Figs. 
8(e) and 8(f) appears to represent a structure other than 
adsorption into the {3 adsites based on experiments con
cerning the adsorption of cyclopropane on the hydrocar
bon residue after annealing to 200 K. 11 

The coverage-exposure relationship obtained from in
tegrated mass 42 peak areas is shown in Fig. 9. After 
the initial formation of the residue, the cyclopropane 
coverage increases linearly with exposure up to at least 
two thirds of saturation. The saturation coverage is 
( 6. 6 :t 1. 0) x 1014 em -z as will be demonstrated in the next 
section. This implies a density of three cyclopropane 
molecules for every two reconstructed unit cells on the 
surface. Saturation at an adsorption temperature of 100 
K occurs at an exposure of approximately 20 Torrs. 

The Arrhenius parameters for a low coverage of the 
{3 state of adsorbed cyclopropane were obtained by the 
variation of heating rate method using a 6 Torrs expo
sure. The resulting Arrhenius plots are presented in 
Fig. 10 for two different coverages. The coverage for 
line (a} corresponds to a temperature of approximately 
155 K in Fig. 8(b), and for line (b), the corresponding 
temperature is 145 K. The parameters of the desorp-

J. Chern. Phys., Vol. 76, No. 1, 1 January 1982 
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tion rate coefficient for the low coverage {3 state are (a) 
E,= 8. 1 ± 2 kcal mol-1, and v, = 4. 7x 1010.2 s·1; and (b) 
E, = 8. 5 ± 1 kcal mol-t, and v, = 4. 4 x 1010.2 s·1• Since the 
desorption temperature of the {3 state of cyclopropane 
decreases by at least 20 K with increasing coverage, 
one would expect that E, and possibly v, depend strongly 
on surface coverage. This conjecture, however, is not 
subject to experimental verification due to the overlap 
of the a- and {3-desorption states at higher coverages. 

In any case, at low coverage the {3 state is bound more 
strongly to the surface, yet the a state is the first to 
begin to populate (during the formation of the residue). 
Furthermore, after the completion of the residue over
layer, the a- and {3 states populate at approximately the 
same rate as a function of exposure. These facts could 
imply that the formation of sites for {3 adsorption re
quires the presence of a -cyclopropane on the surface. 
The results of an experiment performed to test this 
hypothesis are shown in Fig. 11. Spectrum ll(a) re
sults from a 6 Torrs cyclopropane exposure to Ir(llO) 
at 100 K. In Fig. ll(b), the exposure was the same as 
ll(a), but the surface was annealed to 125 K before the 
thermal desorption experiment was performed. In Fig. 
ll(c), 6 Torrs or cyclopropane was exposed to the sur
face at 135 K. It is immediately apparent from spectra 
ll(b) and ll(c) that the formation of {3 adsites depends 
only on the completion of the residue overlayer and does 
not depend on the presence of a -cyclopropane on the sur
face. This may indicate that the {3 adsites are formed 
by residue island formation or polymerization. This 
observation demonstrates also that a -cyclopropane and 
{3-cyclopropane are adsorbed at different sites on the 
surface, and that these separate features do not result 
solely from interactions among adsorbed cyclopropane 
molecules. 

VI. CYCLOPROPANE UPTAKE MEASUREMENT 

The curve shown in Fig. 12 was obtained in the follow
ing manner. The beam doser was turned on with cyclo-

propane in the beam and the crystal facing away from 
the doser. With the mass spectrometer monitoring mass 
42, the crystal was turned immediately to face the doser. 
As this was done, the mass 42 intensity (142 ) decreased 
to approximately 30% of its original value reflecting the 
fact that the crystal is "pumping" cyclopropane. As the 
crystal becomes saturated, I 42 rises to some equilibrium 
value I 42 ,.. The difference I 42 ,. -I,2 is proportional to 
the probability of adsorption of cyclopropane on the sur-
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FIG. 10. Arrhenius plots for the f3 state of cyclopropane de
termined by the method of variation of heating rate. See Ta
ble I. 
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face as a function of time. It follows that the integral 
over time of l.z,. -In is proportional to the coverage of 
cyclopropane (dissociated and nondissociated) on the sur
face at any time. 

A comparison of Figs. 4 and 12 permits an approxi
mate determination of the surface coverage of cyclo
propane. The rate of adsorption (either dissociative or 
nondissociative) of cyclopropane onto the clean Ir(llO) 
surface is 85% of the rate of adsorption onto the residue
covered surface. This fact is evident from a compari
son of the initial slope of the curve in Fig. 12 with the 
slope for exposures of greater than 5 Torrs and was ob
served in numerous experiments of this type. The prob-
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FIG. 11. Thermal desorption 
of cyclopropane after adsorp
tion of 6 Torrs under different 
conditions. Spectrum (a)-ad
sorb at 100 K; spectrum (b)
adsorb at 100 K and anneal 
to 130 K for 30 119 spectrum 
(c)-adsorb at 135 K. 

ability of dissociative adsorption for exposures of less 
than 4 Torr s has already been shown to be 0. 8 7 ± 0. 1 
(cf. Fig. 4 and the associated text) . It was also shown 
that this reaction probability resulted in a coverage of 
2. 1 x 1014 dissociated molecules cm·2 after an exposure 
of 4 Torrs. This is equivalent to 5. 2x 1013 mole-
cules cm·2 per Torrs of exposure for a reaction proba
bility of 0. 87. Therefore, for exposures of greater than 
4 Torrs, in the region in which the probability of ad
sorption of molecular cyclopropane on the residue is 
unity (see Fig. 12), the incremental addition of molec
ular cyclopropane to the surface is (6. 0 ± 1. O)x 1013 

molecules cm·2 per Torrs. This information allows the 
assignment of an absolute coverage scale to the ordinates 

FIG. 12. Continuous mea
sure of cyclopropane cov
erage as a function of ex
posure. 

0 5 10 15 20 
CYCLOPROPANE ExPOSURE,TORR-SEC 
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of Figs. 9 and 12. In particular, the saturation cover
age of molecular cyclopropane on Ir(llO) is (6. 6 ± 1. 0) 
x 1014 molecules cm-2 (see Fig. 9). 

VII. WORK FUNCTION 

The work function change for cyclopropane adsorbed 
on Ir(llO) as a function of exposure is shown in Fig. 13. 
There is a sharp linear decrease to about -0.5 eV over 
the range of residue formation (0-1. 7 L), and then a 
more gradual decrease to a piateau of- 0. 7 eV as the 
overlayer saturates. The fact that most of the change 
in contact potential difference occurs during residue for
mation is borne out by the UPS results. In Fig. 2(b) 
(an exposure of 4 Torrs), the spectrum is approximately 
0. 5 eV wider than the spectrum of the clean surface, 
reflecting a change in work function. The spectra re
sulting from higher exposures are only slightly wider 
than that of spectrum 2(b). 

VIII. CONCLUSIONS 

The conclusions of this study may be summarized as 
follows: 

(1) Ultraviolet photoelectron spectroscopy and ther
mal desorption of H2 indicate that a layer of hydrocarbon 
residue results from the exposure of cyclopropane to an 

TABLE I. Arrhenius parameters for thermal desorption of 
cyclopropane from Ir (110) 

Thermal 
desorption 
state 

a 
fJ 
fJ 

Coverage 
(molecules em~ 

2x1ou 
2x1013 

5X1013 

E, kcal/mol 

6,(2:1 
8,1:t:2 
8.5:t:1 

1x 10'*~ 
f. 7x1o1'*~ 
4.7x1o1162 

Ir(ll0)-(1 x 2) reconstructed surface at 100 K. This 
layer is saturated at (2.l:t:0.2)xl014 moleculescm-2 for 
a cyclopropane exposure of 1. 7 L. The reaction proba
bility is 0. 87 ± 0.1. 

(2) For exposures of 1. 7 L or less, small amounts 
of molecular cyclopropane adsorb into the a -thermal 
desorption state. The variation of cyclopropane cover
age with exposure suggests that an a adsite is formed 
by the decomposition of an isolated cyclopropane mole
cule. 

(3) For cyclopropane exposures greater than 1. 7 L 
molecular cyclopropane adsorbs on the residue-covered 
surface with an initial probability of adsorption of unity. 
The molecular overlayer saturates at a coverage of 
(6. 6 ± 1)x 1014 molecules cm-2• Saturation was obtained 
at 100 K by exposure of the surface to 8 L of cyclopro
pane. Ultraviolet photoelectron spectroscopy confirmed 
the existence of molecular cyclopropane on the surface. 

( 4) The Arrhenius parameters of the desorption rate 
coefficients were measured for low coverages of the a
and ~-thermal desorption states. The results are shown 
in Table I. 

(5) The work function decreases linearly during for
mation of the residue by -0.5 eV. Adsorption of mo
lecular cyclopropane onto the residue results in a fur
ther decrease of the work function by -0,2 eV. 
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The interaction of cyclopropane with hydrogen and the residue resulting from the decomposi
tion of the former on the reconstructed lr(II0)-(1 X2) surface has been studied with thermal 
desorption mass spectrometry. Although hydrogen will not adsorb onto the saturated overlayer of 
dissociatively adsorbed cyclopropane, the preadsorption of hydrogen into the P2 adstate inhibits 
the decomposition of cyclopropane on the surface. Desorption of the hydrogen from the saturated 
overlayer of the dissociatively adsorbed cyclopropane partially regenerates the reactivity of the 
surface. 

1. Introduction 

The study of the interactions of saturated hydrocarbons with trans1t10n 
metal surfaces is important because of the insight it may provide into the 
general mechanisms of hydrocarbon reactions on metal surfaces that may be of 
industrial importance. There have been several recent ultrahigh vacuum studies 
of the dehydrogenation of cyclohexane to form benzene [ 1-3]. Other studies of 
the nonreactive interaction of saturated hydrocarbons with surfaces of transi
tion metals include LEED studies of the nondissociative adsorption of straight
chain paraffins on Pt(lll) and Ag(l11) [4], EELS and UPS studies of 
cyclopropane and cyclohexane adsorbed molecularly on Ru(001) [5], and an 
ESD lAD study of the nondissociative adsorption of ethane, cyclopropane and 
cyclohexane on Ru(OO 1) [ 6]. 

In a recently completed study in this laboratory, it was shown that exposure 
of the clean lr( 11 0)-( 1 X 2) surface to cyclopropane at 100 K results in the 
formation of an overlayer of hydrocarbon fragments on the surface [7]. A 
surface prepared in this manner yields the hydrogen thermal desorption 

• Supported by the National Science Foundation under Grant No. CHE77-16314. 
•• Fannie and John Hertz Foundation Predoctoral Fellow. Present address: Amoco Oil Co., P.O. 

Box 400, Naperville, lllinois 60566, USA. 
••• National Science Foundation Predoctoral Fellow. 

0039-6028j82/0000-0000j$02.75 © 1982 North-Holland 
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100 500 700 
TEMPERATURE, K 

Fig. I. (a) Hydrogen thermal desorption resulting from 1.7 L exposure of cyclopropane to the clean 
lr( II 0)-( I X 2) surface. (b) Hydrogen thermal desorption resulting from 300 L exposure of H 2 to 
the clean lr( II 0)-( I X 2) surface. 

spectrum shown in fig. Ia. The only hydrocarbon that desorbs is molecular 
cyclopropane below 150 K. The thermal desorption spectrum of a saturation 
coverage of hydrogen on the clean lr( 11 0)-( I X 2) surface is shown in fig. 1 b 
for comparison [8]. As indicated in this figure, there are two peaks referred to 
as the /3 1 (low temperature) and /32 (high temperature) thermal desorption 
states. The /J2 state populates according to first-order adsorption kinetics with 
an initial probability of adsorption of unity. Saturation of the fJ2 state occurs 
after an exposure of 0.35 L of H 2 • 

The low temperature hydrogen desorption state from the cyclopropane 
residue has been labelled the P2 state as indicated in fig. 1 a. The similarity in 
intensity and temperature of desorption of this thermal desorption peak 
compared to the fJ2 peak of hydrogen after adsorption of H 2 is taken as 
evidence to support the proposition that hydrogen desorbing from the /32 state 
is bonded in hydrogen-iridium sites that are closely related to the {32 adsorp
tion sites of hydrogen on the clean surface. The y thermal desorption state 
represents hydrogen that is more strongly bound to the surface than hydrogen 
on clean lr( 11 0). It is well known from spectroscopic studies of unsaturated 
hydrocarbons on transition metals that hydrocarbon fragments exist on these 
surfaces even after partial dehydrogenation [9, 10]. The y thermal desorption 
state represents hydrogen evolution from such fragments on the lr(110) surface. 

This paper describes measurements concerning the interaction of cyclopro
pane, the hydrocarbon residue derived from the dissociative chemisorption of 
cyclopropane, and hydrogen on the lr(110)-{l X 2) surface. The adsorption of 
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hydrogen onto a preadsorbed overlayer of cyclopropane and the adsorption of 
cyclopropane onto preadsorbed overlayers of hydrogen were investigated, as 
well as the adsorption of both hydrogen and cyclopropane onto the hydro
carbon residue under various conditions. 

2. Experimental procedures 

The experiments were performed in an ion pumped stainless steel bell jar 
that has been described previously [8,11]. The base pressure of the bell jar was 
below 2 X 10 -tO Torr of reactive contaminants. The cyclopropane exposures 
wer~ carried out with a directional beam doser consisting of a multichannel 
array of capillaries [ 12]. During dosing, the crystal is positioned approximately 
3 mm from the doser face. This provides a beam pressure-to-background 
pressure ratio of over 100: l. The unit of exposure that is employed for the 
beam doser .is (Torr s) and refers to the product of the time of exposure and the 
pressure in the storage bulb 'of the doser. The storage bulb supplies gas through 
a capillary to the doser head leading into the vacuum system. Therefore, the 
flux of gas into the vacuum system is proportional to the pressure in the 
storage bulb. For cyclopropane in this system, 2.5 Torrs are approximately 
equivalent to an exposure of I L in the ultrahigh vacuum system, and this 
proportionality factor should be noted throughout the remainder of this paper. 

The crystal was cleaned between thermal desorption experiments by ex
posure to 10- 7 Torr of 0 2 for 2 min at a crystal temperature of 900 K, 
followed by flashing to 1600 K to desorb the oxygen. Auger electron spectros
copy was used to verify that neither carbon nor oxygen nor any other impurity 
was present within detection limits after this cleaning procedure. This proce
dure reproducibly yielded a reconstructed lr(ll0)-(1 X 2) surface, a structure 
which is maintained after a saturation coverage of cyclopropane at 100 K as 
well as after annealing this overlayer to 700 K (at which point a disordered 
carbonaceous residue remains on the reconstructed Ir surface). 

The hydrogen used in this investigation was Matheson research purity 
(99.9999%). The cyclopropane was obtained from Linde, and the minimum 
purity was 99%. The cyclopropane was purified further by cryogenic distilla
tion. Both gases were checked mass spectrometrically for purity after admis
sion in to the ultrahigh vacuum system. 

3. Results and discussion 

3.1. Adsorption of H1 and the cyclopropane residue 

The results of one of several experiments to determine the kinetics of 
adsorption of H 2 onto the saturated residue of cyclopropane are shown in 
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1000 

TEMPERATURE , K 

Fig. 2. (a) Hydrogen therma1 desorption from a saturated residue of cyclopropane. (b) Hydrogen 
therma1 desorption from a saturated residue of cyclopropane exposed to 2 L H 2. 

fig. 2. A saturated overlayer of the hydrocarbon residue was prepared by 
exposing the clean surface to 10 Torrs of cyclopropane (equivalent to ap
proximately 4 Las discussed in section 2) at 100 K, and subsequently annealing 
the surface to 200 K. An exposure of 10 Torrs ensured that the residue state 
was saturated, and the anneal cycle desorbed all reversibly adsorbed molecular 
cyclopropane. The thermal desorption spectrum shown in fig. 2b results from 
exposing 2 L of H 2 to a saturated overlayer of the hydrocarbon residue. The 
two spectra are identical, indicating that the probability of adsorption of H 2 
on the saturated hydrocarbon residue is below 10- 3• In particular, the {3 1 

adsorption sites of hydrogen available on the clean surface are poisoned by the 
presence of the hydrocarbon residue ( cf. fig. 1 b). 

3. 2. Cyclopropane adsorbed on preadsorbed hydrogen 

On the other hand, if hydrogen is adsorbed prior to the adsorption of 
cyclopropane, the reactivity of the surface for the dissociation of cyclopropane 
is decreased. Here, the reactivity of the surface is defined as the total amount 
of cyclopropane that is adsorbed dissociatively on the surface, and it was 
measured by the following procedure. The thermal desorption yield of molecu
lar cyclopropane (mass 42) is shown in fig. 3 as a function of cyclopropane 
exposure to the clean surface [7). After an induction period of 4 Torrs, the 
yield exhibits a linear rise with increasing exposure. The magnitude of the 
induction period (defined here as the magnitude of the x-intercept of the line 
shown in fig. 3) can be used as a measure of the amount of cyclopropane that 
dissociates on the surface. For example, if no cyclopropane were to dissociate 
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0 

Fig. 3. Yield of cyclopropane as a function of exposure of cyclopropane. 

on the surface, the x-intercept would be the origin. The reactivity of the surface 
for the dissociative chemisorption of cyclopropane was measured for various 
precoverages of hydrogen in the fj2 state. The results of these measurements are 
presented in fig. 4. The probability of adsorption of molecular cyclopropane on 
the residue (proportional to the slopes of the lines in fig. 4) remains constant 
for the various precoverages of hydrogen. However, the reactivity of the 
surface for the dissociation of cyclopropane (proportional to the x-intercepts of 
the lines in fig. 4) decreases linearly with increasing population of the fj2 
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Fig. 4. Yield of cyclopropane as a function of exposure to cyclopropane parametric in the 
preexposure qf the surface to hydrogen. 
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adstate of hydrogen. This is shown more clearly in fig. 5, in which the 
(normalized) fractional coverage of the dissociatively chemisorbed cyclopro
pane is shown as a function of the fractional coverage of hydrogen in the {J2 

ads tate. 
It should be noted that saturation of the /12 adstate of hydrogen corresponds 

to only 1/3 of saturation coverage of hydrogen on the surface at 100 K, and 
hence a substantial fraction of the iridium surface remains exposed. This fact, 
together with the observed linear dependence of the probability of dissociative 
chemisorption on the availability of /12 adsites, indicates that the /12 adsites of 
hydrogen are essential for the decomposition of cyclopropane on the lr(llO) 
surface. The residual activity (10% of that on the clean surface) that is 
apparent in fig. 5 when the /12 adstate is saturated with hydrogen is probably 
due to imperfections on the surface which cannot be poisoned completely by 
the presence of hydrogen. 

For the adsorption of cyclopropane onto surfaces with small fractional 
precoverages of deuterium, there was no observed desorption of mass 43 in the 
region of molecular cyclopropane desorption. Thus, there is no exchange 
between deuterium in the {J2 adstate and hydrogen in molecularly adsorbed 
cyclopropane. This is a further indication that the surface is not effective for 
C-H bond activation after the residue state is saturated. 

3.3. Adsorption of hydrogen on the dehydrogenated residue 

In previous work, it was determined that heating a surface on which 
cyclopropane was adsorbed to 700 K resulted in complete desorption of the 
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Fig. 6. (a) Hydrogen thermal desorption resulting from an exposure of 20 L of H 2 to the clean 
surface. (b) Hydrogen thermal desorption resulting from an exposure of 20 L of H 2 to the DHR. 
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hydrogen with no removal of the carbon from the surface [7]. A surface 
prepared in this manner (with a saturation coverage of the dissociated 
cyclopropane present initially, i.e. a surface on which no further cyclopropane 
will dissociate and on which the /12 and y thermal desorption peaks of 
hydrogen are saturated) will henceforth be referred to as the dehydrogenated 
residue (DHR). If the DHR is exposed to 20 L of H 2 , the thermal desorption 
spectrum of H 2 exhibits one peak in the range of temperature suggestive of the 
/12 adstate as shown in fig. 6b. The thermal desorption spectrum resulting from 
an exposure of 20 L of H 2 to the clean lr(llO) surface is shown for comparison 
in fig. 6a. 

Saturation of the /12 sites (cf. fig. Ia) available in the presence of the DHR 
corresponds to 60% of the saturation level of /12 hydrogen on the clean surface 
as determined by a comparison of fig. 6a with fig. 6b. This indicates that 40% 
of the sites are poisoned by carbon on the surface. In addition, as is clear from 
fig. 6b, no /1 1 adsorption sites are available on the DHR. 

The DHR becomes satur~ted with hydrogen after an exposure of 1 L. Such 
a surface will be referred to as the hydrogen-treated carbon residue (HTCR). 
As may be seen in fig. 7, the hydrogen obeys first-order adsorption kinetics 
rather than the second-order kinetics usually associated with dissociative 
adsorption. This unusual behavior is also observed for the adsorption of H 2 
into the /12 adstate on the clean lr(110) surface. This information is a further 
indication that the hydrogen adsorbed onto the DHR is adsorbed into sites 
very similar to the {32 sites occupied by hydrogen on the clean surface. It 
should be mentioned, however, that the data of fig. 7 imply an initial probabil
ity of adsorption of H 2 on the DHR of 0.5 ± 0.1 as opposed to a value of unity 
on the clean surface. However, if the part of the surface that is poisoned for 
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Fig. 7. Hydrogen coverage as a function of exposure to the DHR. The solid line represents 
first-order adsorption kinetics. 
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hydrogen adsorption by adsorbed carbon is taken into account, this lower 
probability for the adsorption of hydrogen is the expected result. 

The absence of a y peak near 500 Kin fig. 6b indicates thatC-H bonds are 
not reformed by adsorbing hydrogen onto the DHR. Further evidence of the 
lack of reactivity of the adsorbed carbon with hydrogen was obtained by 
exposing the DHR to 5 X 10-8 Torr of H 2 at 700 K for 4min. Upon cooling 
and reexposure of this surface to 1.5 L of H 2 , the surface exhibited exactly the 
same thermal desorption spectrum of H 2 as that shown in fig. 6b. If any 
appreciable (~ 5%) reaction of the chemisorbed carbon had taken place, it 
would have been observed as an increase in the intensity of the /J2 thermal 
desorption state near 400 K. Therefore, the availability of /J2 adsorption sites 
for hydrogen does not promote the reaction between hydrogen.atoms and the 
adsorbed carbon under the experimental conditions investigated here. 

3. 4. Reactivity of cyclopropane on treated surfaces 

However, the /J2 sites can act as active centers for the dissociation of 
cyclopropane. The probability of dissociative chemisorption of cyclopropane 
was measured for the DHR, the HTCR, and the partially dehydrogenated 
residue (PDHR). The PDHR was formed by saturating the residue state at 
100 K followed by annealing the surface to 425 K. This procedure desorbed the 
hydrogen from the /J2 sites but left the y C-H bonds intact (cf. fig. 1). As 
mentioned previously, the formation of the DHR left an adsorption state of 
hydrogen that would accommodate 60% as much /J2 hydrogen as the clean 
surface. Exposure of the DHR to H 2 to create the HTCR, of course, rendered 
the /J2. sites unavailable for reaction. 

The reactivity of these surfaces for the dissociative adsorption of cyclopro
pane was measured in the manner described previously. The results are 
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presented in fig. 8. As shown in this figure,· the DHR is 58% as reactive as the 
clean surface for the dissociation of cyclopropane. This is indistinguishably 
close to the measured availability of fl2 hydrogen adsorption sites (i.e. 60% ). 
The presence of the C-H bonds in the PDHR does not affect the reactivity 
greatly. However, the presence of hydrogen atoms in the /32 sites in the HTCR 
decreases the reactivity to 15% of the reactivity of the clean surface. This 
compares well with the 10% reactivity observed for a surface saturated with~ 
hydrogen (cf. fig. 5). Thus, the reactivity of the surface under these circum
stances is again limited by the availability of /32 hydrogen adsorption sites as 
active reaction centers. 

4.Summary 

The results of this study may be summarized as follows:· 
( 1) The reactivity of the lr( 11 0)-( 1 X 2) surface for the dissociation of 
cyclopropane is determined by the number of ~ hydrogen adsorption sites 
available. This implies that H-C bond rupture is the initial step in the 
dissociation of cyclopropane on the surface. 
(2) The /31 adsorption state of hydrogen is poisoned by the presence of the 
cyclopropane residue on the DHR. 
(3) Exposure of the DHR to H2 results in the adsorption of hydrogen into a 
state very similar to the /32 hydrogen adsorption state observed on clean 
lr( 11 0). This state contains 60% as much hydrogen at saturation as the 
saturated /32 state on the clean surface. 
(4) The chemisorbed carbon in the DHR is not reactive to hydrogen, even at 
temperatures as high as 700 K. The C-H bonds observed in the y-state in 
thermal desorption spectra from a cyclopropane residue are not regenerated 
upon exposure of the DHR to H 2• 

References 

(I] G.W. Rubloff, H. Luth, J.E. Demuth and W.D. Grohman, J. Catalysis 53 (1978) 423. 
(2] K. Bhattacharya, JCS Faraday I, 76 (1980) 126. 
[3} J.E. Demuth, H. Ibach and S. Lehwald, Phys. Rev. Letters 40 (1978) 1044. 
(4) L.E. Firment and G .A. Somorjai, J. Chem. Pbys. 66 (1977) 2901; 69 (1978) 3940. 
[S] F. M. Holinann, T. E. Felter, P. A. Tbicl, aDd W. H. WeiDberJ, Sad. Sci. 

UO, 173 (1983~ J. Vac. Sci. Teclmol. 11, 6Sl (198lt, T. E. Felter, F. M. 
Holinann, ~·A. Thiel. aDd W. H. WeiDbaJ. Surf . . Sci.l:JO, 163 (1913). 

(61 T.E. Madey and J.T. Yates, Jr., Surface Sci. 76 (1978) 397. 
[7] T.S. Wittrig, P.D. Szuromi and W.H. Weinber&. J. Chem. Pbys. 76 (1982) 716. 
(8] D.E. Ibbotson, T.S. Wittrig and W.H. Weinbera. J. Cbem. Phys. 72 (1980) 4885. 
(9] J.B. Benziger and R.J. Madix, J. Catalysis 65 (1980) 49. 

[10] J.E. Demuth, Chem. Phys. Letters 45 (1977) 12. 
(II) J.L. Taylor, D.E. Ibbotson and W.H. Weinber&. J. Chem. Phys. 69 (J978) 4298. 
[12) D.E. Ibbotson, T.S. Wittrig a.od W.H. Weinberg, Surface Sci. 110 (1981) 294. 



95 

APPENDIX C 

THE INTERACTION OF ETHANE, PROPANE, ISOBUTANE 

AND NEOPENTANE WITH THE (110) SURFACE OF IRIDIUM 

(The text of Appendix C consists of an article coauthored with T. So 

Wittrig and Wo H. Weinberg that has appeared in The Journal of 

Chemical Physics 7..2_, 3305 (1982) o) 



96 

The interaction of ethane, propane, isobutane, and 
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The adsorption and reaction of ethane, propane, isobutane, and neopentane with the rec:onstructed lr 
(llOHlX2) surface have been studied with the thermal description masa spectrometry. As the surface is 
heated, these hydrocarbons decompose to yield gaseous hydroaen and adsortled carbon. No hydrocarbons 
other than the hydrocarbon initially adsortled was oblcrved to desorb under any of the conditions described in 
this investiption. The reactivity of the surface for the dissociation of the saturated hydroc:arbons is linearly 
related to the availability of vacant fJ 2 hydroaen adsites on the surface. Three thermal desorption states of 
hydrogen, identified as the a , fJ ;, and r thermal desorption states. were observed followina the dissociation of 
propane, isobutane, and neopentane. The a and r thermal desorption states are hydroaen molecules desorbina 
from the surface followina the dehydroaenation of hydrocarbon fraaments on the surface, and the fJ 2 thermal 
desorption state represents hydroaen atoms that are bound to the metal surface in sites that are similar to the 
fJ 2 adsites of hydroaen on the clean surface. The thermal desorption of hydroaen foUowina exposure of the 
surface to ethane exhibits only a fJ ; thermal desorption peak. 

I. INTRODUCTION 

A fundamental investigation of the reactions of satu
rated hydrocarbons on transition metal surfaces is im
portant because it may provide insight into the mecha
nism of hydrocarbon hydrogenolysis reactions in practi
cal catalytic systems. There have been several recent 
studies carried out under ultrahigh vacuum conditions 
concerning the dehydrogenation of cyclohexane to form 
benzene. t-4 Ultrahigh vacuum investigations of the non
reactive interaction of saturated hydrocarbons with 
metallic surfaces have included LEED studies of the 
nondissociative adsorption of straight-chain paraffins 
on Pt (111) and Ag (111), 5 EELS, and UPS studies of 
cyclopropane and cyclohexane adsorbed molecularly on 
Ru (001), 6 and an ESDIAD study of the nondissociative 
adsorption of ethane, cyclopropane, and cyclohexane on 
Ru (001). 1 

In a recently completed investigation in this labora
tory, the adsorption and decomposition of cyclopropane 
on the reconstructed Ir(ll0)-(1 x 2) surface were ex
amined. M It has since been found that Ir(ll0)-(1 x 2) 
will promote the dissociation of a wide range of satu
rated hydrocarbons. Of the saturated hydrocarbons 
that have been investigated (including methane, cyclo
propane, and those reported in this paper), only methane 
shows no indication of dissociation on the surface under 
the conditions that are described in this paper. This 
paper reports a study of the interactions of a series of 
hydrocarbons with Ir(llO) to ascertain both the similari
ties and the differences, insofar as their interaction 
with this surface is concerned. These observations 
may be useful in deducing a more general understanding 

.,Supported by the Natiooal Scieoce Foundation under Grant 
No. CHE77-16314. 

111 Fannie and John Hertz Foundation Predoctoral Fellow. 
Present address : Amoco Oil Co . , P. 0. Box 400, Naper
ville, Winola 60566. 

dNatiooal Science Foundation Predoctoral Fellow. 

of the interaction between saturated hydrocarbons and 
transition metal surfaees. 

II. EXPERIMENTAL PROCEDURES 

The experiments were performed in an ion-punped 
stainless steel belljar that has been described previous
ly. 10•11 The base pressure of the belljar was below 2 
x 10-10 Torr of reactive contaminants. The hydrocarbon 
exposures were carried out with a directional beam 
doser consisting of a multichannel array of caplllaries.12 

During dosing, the crystal wu positioned approximately 
3 mm from the doser face. This provides a beam pres
sure-to-backgroWld pressure ratio of over 100: 1. The 
unit of exposure that is employed for the beam doser ls 
the Torr second (Torrs) and refers to the product of the 
time of exposure and the pressure in the storage bulb of 
the doser. The storage bulb supplies gas through a 
capillary to the doser head leading into the vacuum sys
tem. Therefore, the flux of gas into the vacuum system 
is proportional to the pressure in the storage bulb. For 
the gases employed in this study, an exposure of 1 L is 
approximately equivalent to an exposure of 7 Torr s for 
ethane, 3 Torrs for propane, 4 Torrs for isobutane, 
and 4 Torr 1 for neopentane. 

The crystal was cleaned between thermal desorption 
experiments by exposure to lo-7 Torr of 0 2 for 1. 5-2 
min at a crystal temperature of 900 K. This was fol
lowed by heating the crystal to 1600 K to desorb the 
oxygen. 

The hydrogen coverage calibration that is used to de
termine the amount of dissociated hydrocarbon on the 
surface was determined by titration with oxygen. 10 The 
hydrogen concentration on the surface following an expo
sure of 0.5 L of H2 is (7.3:t1.0)x1014 moleculescm·2.'0 

With the exception of neopentane, the gases used in 
this study were obtained from Matheson. The minimum 
purities quoted were 99.9999% for the hydrogen, 99. ~ 
for the ethane, and 99.5% for the propane and iJJobutane. 
The neopentane was obtained from Cbemtecb, aDd the 
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FIG. 1. Thermal desorption of hydrogen resulting from ex
posure of the lr(llO) surface to: (a) 0. 5 L of Hz; (b) 5 Torrs 
of ethane (saturation); (c) 6 Torrs of propane (saturation); (d) 
8 Torrs of isobutane (saturation); and (e) 10 Torrs of neopen
tane (saturation). 

purity was greater than 9~. Each of the gases was 
checked mass spectrometrically for purity and no ex
traneous gases were detected by this method. 

Ill. RESULTS 

A. Thermal desorption of hydrogen from hydrocarbon 
ov•layen 

The thermal desorption mass spectra of hydrogen 
Jrom saturated overlayers of each of the four hydrocar
bons are shown in Fig. 1. Saturation refers here only 
to the dissociatively adsorbed hydrocarbon and not to 
the reversibly adsorbed molecular overlayer that de
sorbs at a lower temperature, as discussed later. The 
thermal desorption mass spectrum resulting from an 
exposure of 0. 5 L of H2 to the clean surface is shown in 
Fig. l(a) for comparison. An exposure of 0. 5 L of Hz 
saturates the~ adstate of hydrogen on the clean sur
face. 10 The temperature of adsorption for all exposures 
was 100 K and all spectra are drawn to the same scale 
to permit a direct comparison of the amount of hydrogen 
which desorbs in each case. 

The thermal desorption of Hz, resulting from satura
tion of the residue overlayer after the irreversible ad
sorption of ethane, exhibits a one-peak structure with a 
maximum rate of desorption at approximately 400 K as 
shown in Fig. l(b). The area of the peak corresponds 
to (1.1 ± 0. 3) x 1014 dissociated ethane molecules per cm2• 

In contrast to the single peak resulting from the de
composition of ethane, the thermal desorption of Hz 
from the saturated overlayer of the decomposition prod
ucts of propane, shown in Fig. l(c), displays a more 
complicated three-peak structure. Once again, there 
is a peak in the temperature range (- 400 K) that is sug
gestive of desorption of hydrogen from the t3z adstate of 
hydrogen on the clean surface. This thermal desorption 
state (which appears for all the hydrocarbons investi
gated in this work) will be referred to as the ~ thermal 
desorption state. Also evident in Fig. l(c) is a low
temperature shoulder on the ~ peak. This state will be 
defined as the a thermal desorption state. In the region 
of temperature near 520 K, there is a peak which will 
be referred to as they thermal desorption state. The 
temperature range of they state indicates that there are 
hydrogen atoms present on the surface that are more 
strongly bound than any hydrogen atoms on the clean 
surface [cf. Fig. l(a)]. Therefore, they state evidently 
represents hydrogen atoms in highly unsaturated hydro
carbon fragments. This is consistent with the spec
troscopic observation of partially dehydrogenated frag
ments in studies of the interactions of unsaturated hy
drocarbons with other transition metals. 13

- 15 The ratio 
of the combined areas of the a and ~ peaks to the area 
of the y peak is 3. 2 :t 0. 3. This ratio will be referred to 
hereafter as R. This value of R indicates that 1. 9 ± 0. 2 
hydrogen atoms in each propane molecule remain in hy
drogen-carbon bonds until desorption occurs from the 
high temperature y state. The total area of the thermal 
desorption of hydrogen from the residue overlayer re
sulting from the irreversible adsorption of propane in
dicates that (1.1 ± 0. 3) x 10" propane molecules disso
ciate per cm2 of surface. 

The hydrogen thermal desorption from a saturated 
residue of isobutane, shown in Fig. l(d), again exhibits 
three thermal desorption states. The a state is much 
more well resolved from the ~ state than it was in the 
case of propane. They thermal desorption state has 
increased in intensity, signifying the presence of more 
hydrogen in the hydrocarbon matrix. The value of R 
for lsobutane is 1. 7 :t 0. 2 which indicates that 3. 7 ± 0. 2 
hydrogen atoms per molecule remain in hydrogen-car
bon bonds on the surface. A saturation coverage of (1.1 
±0.3)xlO" dissociated molecules per cm2 was deter
mined from the total area under the three thermal de
sorption peaks of hydrogen. 

A saturated overlayer of the decomposition products 
of neopentane produces the hydrogen thermal desorption 
spectrum shown in Fig. l(e). The most striking fea
tures of this spectrum are that no a state is observed 
and that the peak at 410 K has approximately twice the 
intensity as the ~ thermal desorption state of hydrogen 
at saturation on the clean surface [cf. Fig. l(a)]. This 
indicates that there are more hydrogen atoms in that 
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TABLE I. 

Hydrocarbon Hydrogen Hydrogen 
coverage at atoms in y atoms desorbed 

saturation (1014 fragment (per below 420 K 
Species molecule cm-2) molecule) (per molecule) 

Ethane 1.1±0.3 0 6 
Propane 1.1±0.3 1.9 6.1 
lsobutane 1.1±0.3 3. 7 6.3 
Neopentane 1.5±0.3 3.9 8. l 

state than can be accommodated in 132-like sites on the 
surface. These two facts suggest that the thermal de
sorption peak at 410 K actually represents two adsorbed 
states of hydrogen that desorb in the same temperature 
range. Further support for this idea is provided by the 
fact that the desorption maximum of the peak occurs at 
410 K (approximately 10 K higher in temperature than 
for any of the other hydrocarbons). For neopentane, 
the value of R is 2. 1 ± 0. 2 which means that 3. 9 ± 0. 2 
hydrogen atoms remain in hydrogen-carbon bonds in the 
y thermal desorption state. The residue saturates at 
the point at which (1. 5 ± 0. 3) x· l014 neopentane molecules 
have been dissociated per cm2 of surface. · 

Table I lists the concentration of each hydrocarbon 
that will dissociate on the Ir(llO) surface as well as the 
number of hydrogen atoms per molecule that are ab
stracted from the molecule below 420 K and the number 
of hydrogen atoms per molecule that remain in the hy
drocarbon fragment that gives rise to the y thermal de
sorption peale Since the concentration of hydrocarbon 
molecules that will dissociate on the surface is rela
tively independent of the molecule, it is apparently not 
strongly related to the size of the molecule. The num
ber of hydrogen atoms per molecule that are removed 
from the molecule below 420 K is also relatively con
stant. Thus, the concentration of active centers for 
C-H bond cleavage on the surface to form the hydrocar
bon fragment that corresponds to the y thermal desorp
tion peak is the factor that determines the concentration 
of dissociated molecules on the surface at saturation. 

The development of the thermal desorption spectra 
as a function of hydrocarbon exposure is shown in Fig. 
2. Each quadrant is drawn with a different mass spec
trometric intensity scale to facilitate the presentation. 
As shown in Fig. 2, an exposure of 1 Torrs of ethane 
[ill( a)] produces a thermal desorption peak with the same 
shape and peak temperature as a saturation exposure of 
7. 5 Torrs [m(b) ]. The ~ peak temperature for propane, 
shown in quadrant I of Fig. 2, remains constant at 400 
K. However, comparison of the spectra resulting from 
a 2 Torrs exposure [I( a)] and a 5 Torrs saturation ex
posure [I(b)] indicates that the a shoulder on the ~ peak 
does not po~la:te until the ~ adsite is saturated. For 
isobutane, in quadrant IV of Fig. 2, this point is illus
trated more clearly. The ~andy states are the only 
states that are populated after an exposure of 2 Torr s 
[IV(a) ]. Following an exposure of 4 Torrs [IV(b) ], the 
~ state is fully populated, and the a state is beginning 
to develop. For a saturation exposure of 6 Torrs 

[IV( c)], the a state is fully developed, and, they state 
has increased in intensity as well. Note that the peak 
temperature of the ~ thermal desorption state remains 
constant at 395 K. The two thermal desorption peaks 
of neopentane, quadrant n of Fig. 2, develop simulta
neously throughout the entire range of coverage. Fol
lowing an exposure of 2 Torrs [n(a) ], the ~ peak tem
perature is 400 K, which is in the range of the ~ peak 
temperatures of ethane, propane, and isobutane. How
ever, for the two higher exposures of 5 Torrs [ll(b)) 
and 8 Torrs [II( c)], the ~ peak temperature increases 
to a value of 410 K. Since it has been observed that the 
a states of propane and isobutane develop subsequent to 
saturation of the ~ state, this observation is consistent 
with the suggestion that the peak at 410 K for neopentane 
is composed of contributions from a 13~ adstate and an a 
adstate. 

One observation that is not apparent from visual in
spection of Fig. 2 is the fact that the value of R for both 
isobutane and neopentane is a constant (within ± 5%) as 
a function of coverage. Hence, on average, the number 
of hydrogen atoms per hydrocarbon molecule that de
sorb in the y thermal desorption state remains constant 
regardless of the surface coverage. This implies that 
each hydrocarbon molecule undergoes dehydrogenation 
to form a stable hydrocarbon fragment of a definite 
stoichiometry that is stable at surface temperatures be-
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FIG. 2. Thermal desorption of hydrogen aa a function of ex
posure for: I. Propane; II. Neopentane; Ill. Ethane; and 
IV. Iaobutane. Exposures are shown adjacent to the corre
apondi.ng spectrum. 

J. Chern. Phys., Vol. 76, No. 6, 15 March 1982 



99 

Wittrig, Szuromi, and Weinberg: Hydrocarbons on iridium (110) 

low approximately 400 K. 

Further proof of this proposition can be gained by the 
following experiment. If a surface with a saturated 
overlayer of hydrocarbon residue is annealed to 400 K, 
then both the a adsites and the ~ adsites are depopu
lated. As will be shown later in this section, the ,s2 
adsites are thus rendered active centers for the disso
ciation of additional hydrocarbon molecules (i.e., they 
regain their ability to break C-H bonds). Thus, if the 
C-H bonds in the hydrocarbon entity corresponding to 
they adstate were unstable to the presence of these ac
tive centers, annealing a saturated overlayer of hydro
carbon residue to 400 K should induce a reduction in the 
y peak area. This measurement was performed for iso
butane and neopentane, and the results are presented in 
Fig. 3. Thermal desorption spectra of hydrogen result
ing from saturation coverages of isobutane and neopen
tane are shown in I( a) and II( a), respectively, of Fig. 3. 
The thermal desorption spectra corresponding to the 
annealed surfaces are shown in I(b) for isobutane and 
ll(b) for neopentane in Fig. 3. The saturated isobutane 
residue was annealed for 90 s at 400 K, and the satu
rated neopentane residue was annealed for 10 s at 400 K. 
Thus, the y hydrocarbon fragment is stable at 400 K 
even in the presence of vacant ~ hydrogen adsorption 
sites. 

When a surface with a saturated overlayer of hydro
carbon residue is annealed to 400 K, the ~ sites again 
become available as active centers for dissociation of 

STABILITY OF y STATE 

:n: 

FIG. 3. Thermal desorption of hydrogen resulting from: l(a). 
Exposure of 8 Torrs of lsobutane to the lr(llO) surface at 
100 K; l(b). Surface of l(a) annealed to 400 K for 90s; ll(a). 
Exposure of 10 Torrs of neopentane to the lr(llO) surface at 
100 K; and U(b). Surface of ll(a) annealed to 400 K for 10 s. 

200 

AVAILABILITY OF Y AoSITES BEYOND THE 
CONCENTRATION REQUIRED AT SATURATION 

FIG. 4. Thermal desorption of hydrogen resulting from : (a) 
Expos11re of the lr(llO) surface to 8 Torrs of isobutane at 100 
K, followed by heating the surface to 400 K, recooling to 100 K, 
and re-exposure to 8 Torrs of isobutane; and (b) Exposure of 
the Ir(llO) surface to 8 Torrs of isobutane. 

hydrocarbon molecules. If such a surface (prepared 
with isobutane) is cooled to 100 K and re-exposed to 8 
Torr s of isobutane, the ~ thermal desorption state is 
repopulated, and there is an increased intensity in the y 
thermal desorption state due to additional dissociative 
adsorption of isobutane on the surface. This is shown 
clearly in Fig. 4(a). The thermal desorption spectrum 
shown in Fig. 4{a) results from preparing the surface 
represented by Fig. 3[I(b)] and exposing that surface to 
8 Torrs of isobutane at 100 K. The thermal desorption 
of hydrogen from a saturated overlayer of isobutane 
residue is shown in Fig. 4{b) for comparison. It should 
be noted that the a thermal desorption state is notre
generated after the irreversible adsorption of additional 
isobutane. 

This experiment illustrates two points. First, the 
ability of the surface to dissociate adsorbed isobutane 
is not limited by the availability of sites to form the 
hydrocarbon fragment which gives rise to the y thermal 
desorption state. Also, the activity of the surface for 
dissociative adsorption of hydrocarbons can be regen
erated by depopulation of the ~ adsites. Thus, the 
availability of~ adsites is the factor that determines the 
reactivity of the surface for the dissociation of these 
saturated hydrocarbons. 

B. Adsorption of hydrocarbons on preadsorbed (j2 

hydrogen 

There also exists a correlation between reactivity and 
the availability of {32 hydrogen adsorption sites on the 
surface. This can be confirmed by restricting the avail
ability of 13-z sites through adsorption of hydrogen into 
those sites. Reactivity is defined here as the total 
amount of hydrocarbon that will dissociate on the sur
face. Since, as discussed in Sec. m A, the ratio R is 
constant regardless of coverage, the number of hydrogen 
atoms per molecule retained in the y adstate is constant 
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with coverage. Thus, the area of the y thermal desorp
tion peak is proportional to the number of dissociated 
molecules on the surface. Therefore, the area of the 
y peak at saturation is proportional to the reactivity of 
the surface. The area of they thermal desorption peak 
is used as a measure of hydrocarbon coverage because 
the preadsorbed hydrogen adds to the intensity in the 
temperature range of the a and ~ thermal desorption 
peaks. 

Representative thermal desorption spectra of hydro
gen resulting from saturation exposures of neopentane, 
isobutane and propane adsorbed on various precoverages 
of ~ hydrogen are shown in Figs. 5(1), 5(11), and 5(111), 
respectively. The adsorption of any one of these hydro
carbon molecules onto a surface saturated with f3.z hy
drogen [shown as spectrum (c) in each section of Fig. 
5], results in a spectrum that corresponds exactly to 

(J) 
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EFFECT OF PRE-ADSORBED ~2 H2 
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FIG. 5. Thermal desorption of hydrogen resulting from ad
sorption of: I. 10 Torrs of neopentane; Il. 8 Torrs of lao
butane; and lll. 6 Torrs of propane onto surfaces prepared 
in the following manner: (a) Clean Ir(llO) surface; (b) Ir(llO) 
surface exposed to 0. 05 L of Hz> and (c) Ir(llO) surface ex
posed to 0. 50 L of H2• 
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FIG. 6. Reactivity of surface for hydrocarbon decomposition 
as a function of the availability of t3 2 hydrogen adsorption sites . 

thermal desorption from a surface saturated with f3.z 
hydrogen (note that each section of Fig. 5 is drawn with 
a different mass spectrometric intensity scale). In par
ticular, no desorption from the y state is observed for 
these spectra, indicating no dissociative adsorption of 
these saturated hydrocarbons occurs on the surface 
when the ~ adstate is saturated with hydrogen. Spec
trum (b) in each section of Fig. 5 corresponds to hy
drogen thermal desorption after a saturation exposure 
of each hydrocarbon to a surface that was previously 
exposed to 0. 05 L of H2 (corresponding to 38% of satura
tion of the f3.z ad state). A y thermal desorption peak is 
observed under these conditions, but it is less intense 
than those measured after the corresponding exposure 
of hydrocarbon to the clean surface shown in spectrum 
(a) of each section of Fig. 5 . 

The reactivity of the surface for hydrocarbon decom
position (plotted as the normalized population of they 
adstate at saturation) is shown in Fig. 6 as a function of 
the fractional precoverage of hydrogen in the f3.z ad sites. 
This figure indicates clearly that the ability of the sur
face to dissociate saturated hydrocarbon molecules is 
linearly related to the number of f3.z hydrogen adsorption 
sites available on the surface . This provides further 
evidence that the ~ thermal desorption state, observed 
for all of these hydrocarbons adsorbed on Ir(llO) repre
sents hydrogen atoms that have been abstracted from 
C-H bonds and are bonded to metal-hydrogen sites sim
ilar to the f3.z adsites of hydrogen on the clean surface. 

If 0. 05 L of deuterium is adsorbed into the f3.z adsites 
prior to the adsorption of a saturation exposure of iso
butane, the subsequent thermal desorption spectrum of 
HD, shown in Fig. 7, indicates intensity in all three 
thermal desorption states (i.e., a, ~. and y). This 
result proves decisively that the hydrogen atoms in the 
hydrocarbon fragment, represented by they thermal de-
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200 

EFFECT OF 02 PRE- ADSORPTION 
ON ISO BUTANE THERMAL DESORPTION 

700 

FIG. 7. Thermal desorption of Ht and HD following the expo
sure of 8 Torrs of isobutane onto a surface that was pre
exposed to 0. 05 L of~· 

sorption state, exchange with hydrogen atoms in the f3z 
ads tate. This is in spite of the fact that the y ad state 
is stable in the presence of Wlpopulated f3z adsites. 

C. Annealed residues of isobutane 

A saturated overlayer of hydrocarbon residue that is 
heated to 800 K retains no hydrogen, and the carbon 
overlayer thus obtained will be referred to as the dehy
drogenated residue (DHR). The hydrogen thermal de
sorption spectrum corresponding to an exposure of 20 
L of Hz to the isobutane DHR is shown in Fig. 8(b). The 
hydrogen thermal desorption spectrum after an expo
sure of 20 L of H2 to the clean Ir(llO) surface is shown 
in Fig. 8(a) for comparison. Note that the adsorption 

HYDROGEN ADSORPTION ONTO CARBON RESIDUE 

100 600 

FIG. 8. Thermal desorption of hydrogen resulting from expo
sure of 20 L of H2 to: (a) The clean Ir(UO) surface, and (b) 

The dehydrogenated isobutane residue. 

Po1SONING OF THE SURFACE 
BY CARBON ACCUMULATION 

NORMALIZED 
ExTENT OF 

FIG. 9. Thermal desorption of hydrogen resulting from expo
sure of 8 Torrs of isobutane at 100 K to: (a) The clean Ir(llO) 
surface; (b) Surface after experiment (a); (c) Surface after ex
periment (b); and (d) Surface after experiment (c). 

of hydrogen into 131 adsites is blocked by the presence of 
the carbon residue. Furthermore, the y adstates (cor
responding to the formation of C-H bonds) are not re
populated by exposure to hydrogen. This indicates that 
the dehydrogenation of the stable hydrocarbon fragments 
represented by the y thermal desorption state is irre
versible. 

A series of experiments was performed in which a 
saturation exposure of isobutane was adsorbed on the 
surface, the surface was subsequently heated to 200 K, 
and then cooled to 100 K. This procedure was repeated 
a total of four times, and the results are shown in Fig. 
9. The thermal desorption spectrum of hydrogen that 
follows an exposure of 8 Torrs of isobutane to the clean 
Ir(llO) surface is shown in Fig. 9{a). The thermal de
sorption spectrum of hydrogen following an exposure of 
8 Torrs of isobutane to the DHR formed in the experi
ment of Fig. 9(a) is shown in Fig. 9(b). Figures 9(c) 
and 9(d~ follow in the same manner. The active centers 
for dissociation of isobutane molecules are progressive
ly blocked by the accumulation of adsorbed carbon on 
the surface. The (normalized) extent of reaction of iso
butane (proportional to the Hz thermal desorption inten
sity) is tabulated for each experiment in Fig. 9. The 
amoWlt of isobutane that dissociates on the surface is 
reduced by approximately 40% for each iteration. If the 
assumption is made that this trend will persist, an esti
mate of the total number of isobutane molecules that it 
is possible to dissociate on the surface can be obtained 
from the product of the infinite series 2:;.0 (0. 6 ± 0. 03)" 
and the concentration of isobutane represented by Fig. 
9(a) [i.e., (1.1 ± 0. 3) x 1014 cm"2]. This number is (2. 8 
± 0. 8) x 1014 cm"2• Thus, a coverage of approximately 
(1.1 ±0. 3) x 1015 carbon atoms per cm2 of surface is suf
ficient to poison the dissociation of isobutane on the sur
face. 

The number of hydrogen atoms per molecule in the y 
hydrocarbon fragment (as computed from the ratio R) 
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remains in the range 3. 7 ± 0. 2 for spectra 9(b) and 9(c). 
Although the deconvolution method used to determine R 
was not practical for spectrum 9(d) due to its low in
tensity, it is clear that the stoichiometry of the stable 
y intermediate is not affected by the presence of ad
sorbed carbon on the surface. The formation of the a 
hydrogen ad state is apparently blocked by adsorbed car
bon. As shown in Fig. 9, the a thermal desorption peak 
does not appear for the adsorption of isobutane onto a 
surface containing adsorbed carbon. 

In order to probe the nature of the a thermal desorp
tion state, an attempt was made to regenerate it follow
ing the mildest thermal pretreatment of the isobutane 
residue that would depopulate it completely. Specifi
cally, a surface that had been exposed to 8 Torrs of 
isobutane (saturation exposure) was heated to 320 K. 
This creates an overlayer that yields the hydrogen ther
mal desorption spectrum shown in Fig. 10(a). This 
surface will be referred to in this paper as the partially 
dehydrogenated residue (PDR). Exposure of the PDR t() 
6 Torrs of isobutane at 100 K results in the thermal de
sorption spectrum of hydrogen shown in Fig. lO(b). 
This spectrum is identical to the spectrum of F.ig. 10(a), 
indicating that no further dissociative adsorption occurs 
upon exposure of isobutane to the PDR. Thus, the a 
ads tate does not sert ·e as an acti t·e center for dissocia
tiz•e adsorption of isobutane under these conditions. 
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FIG. 10. Thermal desorption of hydrogen resulting from: (a) 
Exposure of the clean lr(llO) surface to 8 Torrs of iaobutane, 
followed by heating to 320 K (1. e., formation of PDR); (b) Ex
posure of the PDR to 6 Torrs of lsobutane; and (c) Exposure 
of the PDR to 5 L of Hz. 
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FIG. 11. Thermal desorption of hydrogen resulting from : (a) 
Exposure of 3. 5 Torrs of isobutane to the lr(llO) surface fol
lowed by an exposure of 4 L of Hz at 100 K; and (b) Exposure 
of 3. 5 Torrs of isobutane to the lr( 110) surface at 100 K. 

The thermal desorption spectrum of hydrogen follow
ing an exposure of 5 L of H2 to the PDR is shown in Fig. 
lO(c). A slight broadening on the low-temperature side 
of the ~ peak has occurred. This is due to the adsorp
tion of hydrogen into a small concentration of !31 hydro
gen adsites (< S% of the concentration of Pt adsites on the 
clean surface). However, as before, there is no peak 
near 320 K which would be expected for desorption from 
the a ad state. Thus, the a ad site is not repopulated by 
exposure of H2 to the PDR. 

An attempt was made to adsorb hydrogen into the a 
adstate on a surface on which the a adstate was not sat
urated. Such a surface was prepared by the adsorption 
of 3. 5 Torrs of isobutane at 100 K. The thermal de
sorption spectrum of hydrogen from this surface is 
shown in Fig. ll(a). It is apparent from inspection of 
this thermal desorption spectrum that the a thermal de
sorption peak has just begun to develop at this exposure. 
The thermal desorption spectrum that results from an 
exposure of 4 L of H2 to the surface following an expo
sure to 3.5 Torrs of isobutane is shown in Fig. ll(b). 
There is some additional intensity in the region of de
sorption of the a state, but the peak temperature is 300 
K, which is indicative of hydrogen adsorbed in f't hy
drogen adsites. By comparison, the peak temperature 
of the a thermal desorption state is 320 K. Indeed, on 
a surface that is not saturated with hydrocarbon resi
due, it would be expected that some 1'1 adsites would be 
available. Thus, it appears that the a thermal desorp
tion state is not populated by postexposure to hydrogen 
in this case either. 

D. Post.norption of hydroa-non the hydrocarbon 
overlr,n 

A far more interesting feature of Fig. ll(b) is the 
loss of approximately 60% of the intensity in they ther
mal desorption state relative to Fig. ll(a). This result 
indicates that exposing the surface to hydrogen at 100 K 
has caused hydrogen that would otherwise have been 
evolved from the y adstate to desorb as hydrogen in a 
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hydrocarbon molecule. 

This proposition is proved incisively by the experi
ment represented in Fig. 12. The thermal desorption 
spectra in sections I, n, and m of Fig. 12 correspond 
to a major cracking fragment of propane, isobutane, and 
neopentane, respectively. Although the mass spectro
metric intensity scale is consistent in each section of 
Fig. 12, the intensity scales are not consistent for 
separate sections. Spectra (b) are "blank" measure
ments for which a hydrocarbon overlayer correspond
ing to a coverage less than saturation was heated, and 
the amount of hydrocarbon that desorbed was monitored. 
Spectra (a) are the result of exposing hydrogen to the 
hydrocarbon overlayer represented by the corresponding 
spectra (b). Inspection of Fig. 12 shows clearly that 
postadsorption of hydrogen at 100 K induces the desorp
tion of the molecular hydrocarbon from the surface upon 
heating. The analogous experiment for ethane is shown 
on a different temperature scale in Fig. 13. The mass 
spectrometric cracking patterns of the desorbing hydro
carbons match the cracking patterns of the hydrocarbon 
initially adsorbed in each case. The sensitivity of this 
analysis is sufficiently high to establish that at least 
90% (and possibly all) of the desorbing hydrocarbon 
molecules correspond in each case to that hydrocarbon 
adsorbed initially. 

II deuterium is postadsorbed onto the hydrocarbon 
overlayers rather than hydrogen, there is no exchange 
of deuterium into the C-H bonds of the desorbing hydro
carbons. This H-D exchange would be expected if dis
sociative adsorption of the parent hydrocarbon had oc
curred at 100 K and the adsorption of H2(D2) were caus
ing regeneration of the parent hydrocarbon. Thus, it is 
apparent that adsorption of these saturated hydrocarbons 
on the Ir(llO) surface at 100 K results in an overlayer 
in which at least some of the molecules that will undergo 

DISPLACEMENT OF HYDROCARBONS BY HYDROGEN 
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FIG. 12. I. Thermal desorption (monitoring mass 43) result
ing from: (a) Exposure of the surface to 2 Torrs of propane 
followed by an exposure of 2 L of H2 at 100 K; and (b) Exposure 
of the surface to 2 Torrs of propane at 100 K. II. Thermal 
desorption (of mass 43) resulting from: (a) Exposure of the 
surface to 3. 5 Torrs of isobutane followed by an exposure of 
o. 25 L of H2 at 100 K; and (b) Exposure of the surface to 3. 5 
Torrs of isobutane at 100 K. III. Thermal desorption (of 
mass 41) resulting from: (a) Exposure of the surface to 2 
Torrs of neopentane followed by an exposure of 2 L of H2 at 
100 K; and (b) Exposure of the surface to 2 Torrs of neopen
tane at 100 K. 
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FIG. 13. Thermal desorption (of mass 30) resulting from : 
(a) Exposure of the surface to 2 Torrs of ethane followed by 
an exposure of 2 L of H2 at 100 K; and (b) Exposure of the sur
face to 2 Torrs of ethane at 100 K. 

dissociation retain their molecular identity . The post
adsorbed h·ydrogen is displacing these associatit·el)' ad
sorbed molecules from the vicinity of active centers on 
which they would otherwise dissociate at slightly higher 
temperatures. 

The temperatures at which the dissociation takes 
place are below the temperatures at which reversibly 
adsorbed molecules desorb from the surface. All re
versibly adsorbed ethane is desorbed upon heating the 
surface to 130 K. The corresponding temperatures for 
propane, isobutane, and neopentane are 160, 170, and 
180 K, respectively. If, for propane, isobutane or nee
pentane, the adsorbed overlayer is heated to 130 K, 
recooled and then exposed to hydrogen, the amount of 
hydrocarbon that is dissociated on the surface is the 
same as if there were no postadsorption of hydrogen. 
Thus, at some temperature between 100 and 130 K, the 
adsorbed hydrocarbon molecules undergo a transforma
tion (partial dehydrogenation) which renders them irre
versibly adsorbed. The same result holds for ethane 
since all the molecular ethane has desorbed from the 
surface at a temperature of 130 K. 

E. The effect of postadsorbed CO on adsorbed 
ilobutane and neopentane 

It was established in an earlier investigation of the 
coadsorption of H2 and CO on Ir(llO) that CO, which is 
adsorbed onto an overlayer of f3.z hydrogen, displaces 
the hydrogen atoms from ~ to f3t adsites. 16 Thus, it 
would be expected that CO would also be effective in dis
placing associatively adsorbed hydrocarbon molecules 
from the vicinity of ~ dissociation sites on the surface. 
This expectation is borne out, as shown explicitly for 
isobutane and neopentane in Fig. 14. Thermal desorp
tion spectra I{b) and II(b) in Fig. 14 correspond to the 
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desorption of hydrogen from overlayers of iaobutane and 
neopentane, respectively, onto which CO was adsorbed 
at 100 K. Spectra I(a) and ll(a) in Fig. 14 represent hy
drogen, which desorbs from the corresponding hydro
carbon overlayers that were not exposed to CO. 

The nature of the lower temperature thermal desorp
tion states is also clarified by these experiments. The 
displacement by CO of hydrogen adsorbed in the ~ad
state to a {31 adstate, analogous to the ~ to f3t displace
ment on the clean surface, occurs for both isobutane 
and neopentane. Thus, for isobutane [Fig. 14(1)], the 
thermal desorption peak at 400 K is no longer present, 
and a peak that desorbs in the range of temperatures 
(- 270 K) suggestive of {31 desorption appears in the 
spectrum. Note that this thermal desorption peak is 
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EFFECT OF POST- ADSORBED CO 
ON ADSORBED OVERLAYERS 
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FIG. 14. I. Thermal desorption of hydrogen resulting from : 
(a) Exposure of the surface to 3. 5 Torrs of isobutane at 100 K; 
and (b) Exposure of the surface to 3. 5 Torrs of isobutane fol
lowed by aii exposure of 2 L of CO at 100 K. II. Thermal de
sorption of hydrogen resulting from : (a) Exposure of the sur
face to 4 Torrs of neopentane at 100 K; and (b) Exposure of the 
surface to 4 Torr s of neopentane followed by an exposure of 2 
LofCOatlOOK. 
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FIG. 15. 1. Thermal desorption (monitoring mass 41) result
ing from : (a) Exposure of the surface to 4 Torrs of isobutane 
followed by an exposure of 2 L of CO at 100 K; and (b) Expo
sure of the surface to 4 Torrs of isobutane at 100 K. II. 
Thermal desorption (monitoring mass 41) resulting from : (a) 
Exposure of the surface to 4 Torrs of neopentane followed by 
an exposure of 2 L CO at 100 K; and (b) Exposure of the sur
face to 4 Torrs of neopentane at 100 K. 

distinguishable from the a peak, which has retained its 
peak temperature at 320 K. This observation illustrates 
that the a thermal desorption peak does not represent 
hydrogen adsorbed in {31-type hydrogen-metal bonds . 

For neopentane [Fig. 14(n)], a peak at 270 K again 
appears in the thermal desorption spectrum of hydrogen 
following postadsorption of CO at 100 K. The fact that 
a thermal desorption peak is observed at 400 K is fur
ther evidence to support the idea put forward in Sec . 
rnA that the peak at 410 K, in the thermal desorption 
•pectrum of hydrogen subsequent to the adsorption and 
dissociation of neopentane, consists of contributions 
from an a ad state and a ~ ad state . 

The complementary thermal desorption measurements 
for isobutane and neopentane are shown in Sees. I and II 
of Fig. 15, respectively. Spectra (a) result from ex
posing CO to an overlayer of each hydrocarbon at a 
coverage at which the hydrogen thermal desorption is 
not saturated. Spectra (b) are "blank" measurements 
for the same hydrocarbon exposure with no postexposure 
of CO. A comparison of these spectra shows that the 
postexposure of CO induces the desorption of the parent 
molecular hydrocarbon. This indicates that CO dis
places associatively adsorbed hydrocarbon molecules 
from the vicinity of the active centers for dissociation. 

IV. DISCUSSION 

A recent series of articles by Muetterties et al. ·has 
explored the concept of C-H-metal three-center two
electron bonds as precursors to C-H bond cleavage in 
hydrocarbon-metal surface interactions. '· 17- 19 This 
type of bonding interaction has been observed in organo
metallic chemistry (see Ref. 17, and references there
in). Though this type of bonding may occur on many 
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metal surfaces, resulting in a weak chemisorption bond, 
it appears that the further reaction (C-H bond cleavage) 
is facilitated on stepped surfaces. ,,u-u 

lf a simple termination of the bulk is considered, the 
Ir(llO) surface is a series of rows and trough8. How
ever, the clean surface is reconstructed to form a (1 
x 2) superstructure. 20 The structure of this recon
structed surface has been determined to be a surface 
with every other row of surface atoms missing in the 
[001] direction. 11 Thus, · not only are second layer Ir 
atoms exposed, but third layer atoms under the loca
tions of the missing rows are exposed as well. The 
surface may be thought of as a series of two-atom wide 
(111) terraces inclined at a 90" angle to each other to 
form two-layer deep troughs. Consequently, this sur
face has a high concentration of surface steps. 

As shown in Sees. illB and D, the ~hydrogen ad
sorption site on the Ir(llO) surface acts as a hydrogen
acceptor site to enable hydrogen abstraction from C-H
metal bonds present on the surface. If these sites are 
blocked by hydrogen adsorption (either before or after 
adsorption of the hydrocarbon at 100 K), the extent of 
C -H ~nd cleavage is reduced. 

In Sec. In A, it was shown that the area of the y ther
mal desorption peak for propane, isobutane, .and neo
pentane represents a constant number of hydrogen atoms 
per hydrocarbon molecule remaining in C-H bonds at a 
surface temperature of 400 K, regardless of the surface 
coverage. It was further shown that these C-H bonds 
are stable at 400 K, despite the presence of active C-H 
bondbreaking sites on the surface. These facts prove 
the existence of stable hydrocarbon fragments on the 
surface at temperatures above 500 K. The average 
stoichiometry of these fragments is approximately C3H2 
for propane, C4H4 for isobutane, and C5H, for neopen
tane. No y hydrocarbon fragment was observed after 
the irreversible adsorption of ethane. There are, of 
course, many geometrical arrangements that are con
sistent with these stoichiometries, so any detailed 
structure of the y fragments must await spectroscopic 
measurements. However, the absence of a y hydrocar
bon fragment for ethane may suggest that the y frag
ments for propane, isobutane (2-methylpropa.ne), and 
neopentane (2, 2 -dimethylpropane) involve dehydrogena
tion and bonding of the 1 and 3 carbons of the propane 
skeleton to the metal in a way that affords some stabil
ization to the other C-H bonds in the molecule. Accord
ing to the stoichiometry, these C-H bonds would be fully 
"protected" in the case of propane and isobutane, but 
only partially protected in the neopentane y fragment 
(the stoichiometry is C5H, rather than the predicted 
C5H1). This apparent incongruity could be due to steric 
crowding between the two methyl groups, forcing one of 
them close enough to the surface to be dehydrogenated 
partially. 

Any explanation of the nature of the a thermal desorp
tion state must account for the following experimental 
observations: 

(1) The a state has not begun to be populated until 
after the ~ state has reached 80% of its saturation 

coverage [see Figs. 2(I) and 2(IV) ]. 

(2) For a saturated overlayer of isobutane annealed 
to 320 K to form the PDR, the a adstate is not repopu
lated upon exposure to H2 or upon further exposure to 
isobutane at 100 K (see Fig. 10). --

(3) It does not appear possible to adsorb H2 into the 
a adstate of a nonsaturated overlayer of isobutane (see 
Fig. 11). 

( 4) The a adstate is distinct from the f3t hydrogen
metal bonding state that exists on the clean surface (see 
Fig. 14). 

(5) The stability of the a adstate (1. e., the tempera
ture at which desorption from it occurs) depends on the 
hydrocarbon from which it is formed (see Figs. 1 and 2). 

(6) The a adstate is not formed upon exposure of !so
butane to the DHR (see Fig. 9) or upon exposure of iso
butane to a surface previously saturated with isobutane 
and annealed to 400 K. 

Observations (2)-(5) indicate that the a adsite is not a 
H-metal bond, but rather a C-H bond. It is apparent 
from observation (1) that as the density of the hydro
carbon overlayer increases, sites are created on the 
surface that possess only enough~ hydrogen abstrac
tion sites to complete partially the transformation of 
the hydrocarbon molecule to the stable y fragment. 
Thus, at some temperature below 130 K, a hydrocarbon 
fragment can be formed that is intermediate in hydro
gen content between the parent molecule and the stable 
y fragment. Sites apparently exist on the surfaces which 
will facilitate the transformation of these metastable 
fragments to the y fragments, but only at temperatures 
higher than 130 K. These sites may be, for example, 
bare Ir sites that do not have the geometry of the ~ (or 
~) hydrogen adsorption sites; or, in the case of neopen
tane, they could be ~ sites that are vacated at 400 K. 
Upon dehydrogenation of the metastable fragment, the 
hydrogen recombines and desorbs as the a thermal de
sorption peak. 

Observation (6) indicates that the presence of adsorbed 
carbon (or hydrocarbon fragments) on the surface inter
feres with the mechanism for the formation of the a ad
state for hydrogen in adsorbed overlayers of isobutane. 
It may be that the chemisorbed carbon (or hydrocarbon 
fragment) poisons the sites which dehydrogenate the 
metastable a fragment, and the transformation to the y 
fragment must await the depopulation of the ~ adsites 
at 400 K. As was pointed out in Sec. m C, the stoichi
ometry of they fragment does remain the same, even 
for adsorption onto the carbon-poisoned surfaces. Thus, 
the dehydrogenation, to form the stable y hydrocarbon 
fragment, must be completed at some temperature be
low 450 K. 

V. SYNOPSIS 

The results of this study may be summarized as fol
lows: 

(1) The ~ hydrogen adsorption sites on the clean 
Ir(ll0)-(1 x2) surface act as active centers for the dis
sociation of adsorbed, saturated hydrocarbons. Al-
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tboqb dluociat1Yt U.OrptiOD may occur to 80me a
tent at 100 K, uperimenta concerning the coadaorption 
of 8 2 and CO with hydrocarbons lDdicate that molecular 
a.ct.orptton, followed by dla80Ciat1on at aUghtly btlber 
8W'face temperatures, occurs_ u well. Tbe diuocta
UOD reaction 1a complete at Rrface temperature• be
low 130 K. 

(2) The y thermal desorption atate, obaerved for pro
pane, iaobutane, and neopentane, representa hydrogen 
desorbing from hydrocarbon fragmenta that remain 
stable in the preHDce of active centers for C-H bond 
breaking (i.e., vacant~ hydrogen a4aites). Deuterium 
exchange into these C-H bonds does take place. The 
hydrocarbon fragmenta have a defin1te average stoichi
ometry for each species that does not depend on surface 
coverage. The stoichiometry of the fragment for pro
pane is approximately C3H2, for iaobutane is c.a., and 
for neopentane is c,a •. 

(3) The a thermal desorption .tate represents hydro
carbon fragments that, although partially dehydrogen
ated, are not in the vicinity of a sufficient number of 
vacant ~ sites to be able to dehydrogenate fully to .table 
y hydrocarbon fragments below 130 K. The completion 
of the dehydrogenation to .table y fragments may occur 
at higher temperatures on metal sites which are le .. 
active sites for C-H bond cleavage. The atomic hydro
gen which ia formed during this dehydrogenation recom
bines and desorbe aa the a thermal desorption peak of 
hydrogen. 
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