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ABSTRACT 

The energetics and reversibility of ethylene sequential dehydrogena­
tion on the (Ill) platinum single crystal surface has been investigated 
at 300 ~ 600K using thermal desorption spectroscopy and1~ carbon-14 
radiotracer technique. Ethylidyne species produced by C-C2H4 chemi­
sorption at 300 - ~WOK were stable with respect to hydrogena:1;ion at room 
temperature. However, at atmospheric hydrogen pressure and temperatures 
above 350K, ethylidyne species r4re easily el1m1nated from the platinum 
surface by hydrogenation. For C-C2H4 adsorption temperatures above 
450K, radiotracer studies revealed tne presence of both "active" and 
"inactive" fonns of partially dehydrogenated carbonaceous deposits on 
the platinum surface which differ greatly in their reactivity for hydro­
genation and hydrogen transfer with unlabelled hydrocarbons. 'Ihe inactive 
fraction increased with increasing adsorption temperature as the

4
surface 

species became more hydrogen deficient. Removal of the active 1 C-con­
taining species by hydrogen transfer occurred readily. 
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Introduction 

The formation of stable alkylidyne surface species with well defiried 

atanic structure has now been carefully danons t rated for the hexagonal 

(111) crystal faces of rhodi~, palladiurn2, and platinum3-6. In the 

case of platinum, recent reaction studies in our laboratory7 have provided 

direct evidence for an olefin hydrogenation mechanism wherein the alkylidyne 

surface species function as an important and unique co-catalyst in the 

hydrogenation pathway. Specifically, 

atmospheric pressures and 300 - 370K, 

overlayer is formed 1Irmediately as the reaction coomences. High resolution 

electron energy loss spectroscopy (HREELS)8 and a radiotracer technique 

(reported here), have both shown that this ethylidyne is stable towards 

rehydrogenation and desorption under the conditions where ethylene hydrogena-

tion occurs (300K, latm H2). Hydrogen-deuterium exchange of the methyl group 

in ethylidyne is also a slow process in comparison to the high pressure 

hydrogenation5,7,8,9. It now appears very likely that the hydrogenation 

reaction actually takes place on top of this ordered metal-organic layer, 

which acts as a transfer agent for hydrogen atoms from the metallic surface 

to the reactant ethylene. Ii\.lrthermore, it appears that the "structure 

insensitivity" of ethylene hydrogenation over platinum catalystslO,ll, 

originates at least in part from the presence of this active ethylidyne 

layer which effectively masks the underlying platinum structure. 

At higher temperatures of (450 - 800K), the chemistry of all hydrocarbons 

adsorbed on platinum is dominated by dissociative chemisorption involving 

the scission of one or more C-H bonds12• Detailed understanding of these 

elementary C-H bond breaking processes is essential for establiShing 

, 
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reaction mechanisms for important hydrocarbon skeletal rearrangement such 

as isomerization and aranatization. These reactions are catalyzed directly 

at metal sites13 ,14, and only at high temperatures (> 500K), where C-H bond 

breaking occurs easily. Of particular importance are the energetics and 

reversibility of the sequential C~H bond breaking processes. 

Hydrogen thermal desorption (TDS) and carbon-14 radiotracer studies have 

been applied l1ere to investigate the energetics and reversibility of 

ethylene sequential dehydrogenation on the flat (Ill) platinum single 

crystal surface. The evolution of hydrogen under UHV conditions was 

monitored as a function of adsorption temperature to detennine the activa­

tion energies ·for sequential C~H bond bre~and the average (HlC) 

composition "of the; adsorbed species. Sirm.ll taneous radiotracer studies 

were employed to. ,explore " the adsorption reversibili ty ~ Reacti vi ty studies 

carried out near atmospheric pressure revealed twp distinct types of 

carbonaceous species on the platinum surfaces: 

(1) an active form consisting of ethylidyne species and fr8.@1lents 

which undergo hydrogenation and hydrogen transfer under mild 

conditions, and 

(2) an inactive form that displays little reactivity over the entire 

range of temperature (300 - 700K) and pressure (10-10 - 1 atm) 

investigated. 

Removal of the active 14C-containing species by hydrogen transfer 

reactions with unlabelled hydrocarbons was also studied, and significant 

reaction rates at 520 -570K for such processes were fOund. The proportion 

of the total surface carbon which "exists in the active form decreased with 

increasing adsorption temperature as the surface species became more 

hydrogen deficient. 



-4-

Experimental 

Experiments were carried out in an ultra high vacuum (UlN) system, 

describedpreviously14, that was equipped with facilities for low energy 

electron diffraction, Auger electron spectroscopy, thermal desorption, 

radiotracer analysis, and in situ sample treatment at atmospheric pressures. 

The counting system for l4C-radiotracer studies was detailed in a separate 

report15, and is shown schematically in Figure 1. It consisted of a solid 

state surface barrier detector which was mounted on a rotatable feed through 

in the center of the UHV chamber. The detector could be reproducibly 

positioned directly in front of the single crystal surface (within 1 cm) 

for counting adsorbed species, or rotated away for background corrections, 

high pressure reactions, or LEED and AES studies. It was interfaced to 

conventional counting electronics and to a pulse height analyzer where 

N(E) spectra of the beta emission from l4C could be stored and integrated 

to obtain the total radioactivity present on the surface. The absolute 

detection efficiency (in the range 2.4 - 3.2%) was calibrated for the 

experimental counting geometry by depositing thin films of 14C-polymethyl­

methacrylate onto the single crystals and by monitoring the 14C-count rate 

as a function of the amount deposited15~ Using this system 14e-conta1nlng 

species could be easily detected at surface concentrations of 1012 - 1013 

mo1ec/cm2• Counting times were in the range of 3 - 10 minutes, and count 

rates for adsorbed species and background were in the ranges 200 - 1600 

and 2 - 5 counts per minute (cpn) , respectively. 

The (111) single crystal sample used in these investigations was 

deliberately cut very thin so that the polycrystalline edges would constitute 

less than about 15% of the total platinum surface area. '!he crystal was 

• 
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cleaned by repeated cycles of 1.,0 keV Ar+ bombardment at' 1000K, 02-

treatment at 10-7 Torr and 900 - 1200K, and armealing to 1300K. The crystal 

temperature was continuously regulated to ±2K w;1.th a precision temperature 

controller referenced to a chromel-alurnel thermocouple spotwelded to the 

edge of the crystal. Heating rates in the range of 12 - 90K/sec were 

employed for all thermal desorption measurements. 

Unlabelled hydrocarbon reagents were of the highest obtainable 

research purity. The liquid hydrocarbons were outgassed by repeated 

freeze-pumping cycles at 77K prior to use. Carbon-14 labelled ethylene 

(Arnersham, 128 mc/mmole, radiochemical purity) 99.5%) was used as supplied 

after brief freeze pumping at 77K. 

Results and Discussion 

A. ,14c-Ethyl~ne Chemisorption and rehydrog~nation on Pt(lll) 

Isotherms obtained for 14C-ethylene chemisorption on Pt(lll) at 330 -
"1 . '.' . . 

570K are shown in Figure 2. For temperatures below about 450K, the 

initial'sticktOgcoefficient So and the saturation coverage Cs were 

con~tant. At higher temperatures a second and slower adsorption process 

was apparent, which; continued for exposures above 20L (IL = 10-6 Torr. sec, 

uncorrected for ion gauge sensitivity). As demonstrated below, the slow 

adsorption process was accompanied by extensive dehydrogenation and 

rear~angernentor tpe surface species. 

Ethylene chemisorption on Pt(lll) at 300 - 430K leads to the formation 

of surface ethylidyne species which display a 2x2 overlayer structure. 

D.rnarnical LEED intensity analysis3,6, HREELS3,4, and TDS4,5 studies have 
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revealed that they occupy 3-fo~d hollow adsorption sites with the C-C 

internuclear axis directed normal to the platinUm surface and with C-C and 

Pt-C bond distances of 1.5 and 2.0A, respectively. The radiotracer 

uptake curve (Figure 2) show that this sPecie forms according to 1st-order 

Langmuir'kinetics, ie. 

de 

= '(1 - e) 
1/2 

(1) 

where € is the gas exposure, Cs' is the ethylldyne saturation coverage (Cs = 

3.8xl014 molec/cm2), and So was constant at 0.9 ± 0.2 over the temperature 

range 330 - 420K. 

Hydrogen thermal desorption spectra representing the sequential 

dehydrogenation of ethylene chem1sorbed on Pt(lll) at 110 - 570K are 

shown in Figure 3. As discussed in detail by SalmeronS, ethylene 

dehydrogenation following adsorption at about 110K is characterized by 3 

sets of H2~esorption pea.k.s. '!he initial C-H bond activation produces a 

sharp peak at 295K which corresponds to ethylidyne formation. '!he second 
", ". 

dehydrogenation reaction occurs at about 470K and c?rresponds to the 
, . 

loss o~ 2 hydrogen atoms per ethylidyne4,5. A ~inal series of dehydrogenation 

of the carbonaceous residue at higher temperatures leads to the formation of 

graphite on the surface. 

Activation energies for the C-H bond breaking processes that produced 

the different hydrogen desorption peaks wereest1mated by assuming that 

all are unimolecular reactions. Kinetic analysis of the dehydrogenation 

steps is then identical to ~hat for first order molecular desorption 

.' 
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which lnay be conveniently treated with the Redhead formula16 , 

(2) 

where a is the sample heating rate, \I is surface reaction pre-exponential 

factor, and Tp is the temperature of the desorption peak maximum. 

The assumption of first order reaction kinetics was justified by the fact 

that the desorption peak temperatures were invariant to changes in initial 

surface coverage. A~sum1ng \I = 1013 sec-l,the activation energies for 

ethylene dehydrogenation we~e found to vary widely from about 18 kcal/mole 

for ethylidyne formation to 35 - 43 kcal/mole for· complete dehydrogenation. 

The average (HlC) stoichiometry of the adsorbed species, expressed 

as hydrogen atoms per surface carbon atom, was determined as a function 

of adsorption temperature from the total areas under the hydrogen thermal 

desorption spectra.·· 'the desorption peak area was assumed to be proportional 

to the amount of hydrogen originally retained by the adsorbed species. 

Comparison of this peak area with the ~73/Pt237 AES peak-to-peak height 

ratio provided a measure of the initial (HlC) composition, as described 

in detail previously13. 

The composition of the strongly bound species resulting from ethylene 

chemisorption is temperature dependent in the 300 - 670K range, as shown 

in Figure 4. The hydrogen content of the surface species decreased with 

increasing adsorption temperature and approached zero at temperatures 

higher than 670K. 
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B. Reversibility of Sequential IEhyd'rogenation: Radiotracer Studies of 
Ethylene Rehydrogenation and Hydrogen Transfer Reactions 

Radiotracer decay curves representing the rehydrogenation of ethylidyne 

chern1sorbed on the (111) plat1rrum surface are shown in Figure 5. fuese 

species were prepared by chem1so rbing· 14C-ethylene at 335 -345K and 10-7 

Torr using a constant exposure'of 6L. The rehydrogenation reactions were 

carried out at 300 - 470K in the presence of 1 atm of flowing hydrogen. 

The reactions were interrupted at intervals of 1 - 10 minutes so that 

the residual coverage (e(t)/e(t=O) = e/eo, in cpm!cPffio) of the 

radioactive surface species could be determined as a function of total 

reaction time. TWo observations are significant: (1) the ethylidyne 

species became highly reactive only at temperatures higher than about 

340K, and (2) the rehydrogemation was not a first-order process. At 300K 

only about 25% of the surface moieties were removed by rehydrogenation in 

30 minutes of reaction time. By contrast, at 370K or higher temperatures, 

the same surface species underwent essentially complete rehydrogenation 

in just ,2 - ? minutes. From the initial slopes of the decay curves the 

activatipn ~nergy fo~ ethylidyne hydrogenation can be very roughly 

estimated to be 5 - 10 kcal/mole. 

These results are in excellent agreement with those obtained using 

HREELS, where the stability of ethylidyne was inferred from the observation 
~ I • • 

that no changes occur in the vibrational spectra after 1 atm H2 exposure 

at temperatures up to about 330~. Hydrogenation of ethylene occurs' 

readily under these conditions with turnover frequencies of 1 - 100 

molecules/Pt· sec7, implying therefore that hydrogenation reactions 

proceed in the presence of an ethylidyne saturated surface. 
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A similar series of rehydrogenation reactions was carried out 

following the chemisorption of 14C-ethylene on Pt(lll) at 473 and 600K. 

Ethylene adsorption at these temperatures produced surface species with 

average compositions "C2H" (473K) and "c" (600K). Representative results 

are shown in Figure 6. Rehydrogenation of these more strongly adsorbed 

species at 370 - 640K proceeded in at <least two distinct stages. A very 

rapid initial reaction which was complete within about 2 minutes was always 

followed by a very slow rehydrogenatiQn process (Rh ( 10-5 molec/Pt atom • sec), 

which continued for hours without <reaching completion. The rapid initial 

reaction appears to represent the hydrogenation of small C,~, CH and/or 

C2H fragments that are reportedly present following ethylene chemisorption 

at 470 - 650~,5. 'lhesecond process, on the other hand, appears to represent 

the gasification of polymer carbon islands with very low hydrogen content. 

Similar catalytic. behavior characterized by a two stage re}~drogenation 

reaction was reported by Krebs and Bonze117 for the hydrogenation of surface 

carbon deposited on iron foils at 560K. 

'Ihese results show that for temperatures higher than about 470K, 

ethylene chemisorption on Pt(lll) is always partially irreversible. The 

proportion. of . .the total surface carbon which exists in·the inactive form 

increases with increasing adsorption temperature. In Figure 4 the irrever­

sibly adsorbed fraction is shown as a function of temperature along with 

the (HlC) stoichiometry of the adsorbed layer as determined from thermal 

desorption studies. 'Ihe irreversibly adsorbed fraction was defined as 

the proportion of preadsorbed 14C-ethylene which could not be removed by 

rehydrogenation (40 - 80 minute reaction time) at the same temperature at 

which the initial adsorption was carried out. The (H/C) ratio displayed 
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a striking correlation with the adsorption reversibility. Sequential 

dehydrogenation of ethy1idyne to "C2H" like species at 450 - 470K was 

accompanied by a ~orresponding decrease in reversibility fran 95 - 100% to 

about 50 - 70%. The reversibility approached zero as the hydrogen content 

decreased further at higher adsorption temperatures. 

The fact that' the amount of inactive carbon deposited at 473K was 

dependent upon the temperature of subsequent rehydrogenation reactions 

suggests that the process that causes the formation of the inactive 

carbon involves "two independent pathways. 'Ihe initial formation of 

inactive carbon responsible for the overall shape ,of Figure 6 appears to 

occur during adsorption. FUrther polymerization, which competes with 

direct hydrogenation, appears to occur during the initial stages of the 

rehydrogenation reactions. Provided that the activation energy for 

inactive 'carbon formation is smaller than that for hydrogenation, the 

irreversibly adsorbedfractlon should decrease with increasing reaction 

temperature as, observed' experimentally. FUrther studies are in progress 

to better clarify the inactive carbon formation process. 

The;formation of inactive metal-organic surface species derived from 

14C-ethy1ene' on alumina supported Ni 18, Pd18 , Rh18, 19, rr20 , and Pt18' 

catalysts was previously investigated by Thomson and Webb and co-workers. 

Inactive carbonaceous species were detected under all conditions of direct 

hydrogenation and hydrogen transfer with unlabelled ethylene and acetylene 

at 290 ;... 470K.At 290K, the irreversibly adsorbed fraction decreased in 

the sequence Pd (63%) > Ni (20%) > II' (6-13%) > Pt (4-7%). 'Ihe inactive 

fraction retained by the platinum catalyst increased to 40 - 60% at 470K. 

These results appear to be in excellent agreement with those reported 

here for the small area '(111) p1atinwn single crystal surface. 
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'Ihe strongly adsorbed "C2H" fragplents resulting from l4C-ethylene 

chemisorption on Pt(lll) at 470K were also active for intermolecular hydrogen 

transfer reactions with unlabelled hydrocarbons. Radiotracer decay curves 

illustrating hydrogen transfer between "C2H" and n-hexane or cyclohexene 

at 523 - 573K are shown in Figure 7. ' An interesting feature of the 

hydrogen transfer reactions is the ease with which they occurred. Initial 

dissappearance rates for the active l4C-conta1n1ng species by hydrogen 
'. ': 

transfer with 20 Tbrr of n-hexane o~ cyclohexene appear to be within an 

order of magnitude of those for direct hydrogenation in 1 atm of hydrogen. 

Hexenes and ber~ene were detected as byproducts of the hydrogen transfer 

reactions. Cyclohexene (a good hydrogen donor) underwent hydrogen transfer 

to "C2H" more rapidly than n-hexane (a poor hydrogen donor). In the 

absence of hydrogen, the hydrogen transfer reactions were accompanied by 

the formation of high concentrations of carbonaceous deposit on the 

platinum surface (C273/Pt23.7 = 5 - 8), as m~asured by AES. 'lhe pathway by 

which hydrogen transfer takes place rema1nes uncertain at this time. 

While a direct transfer mechanism cannot be ruled out, it appears more 

likely that this reaction is mediated by dehydrogenation of unlabelled 

hydrocarbon molecules on the metal surface followed by addition of chemi­

sorbed hydrogen to the l4C-containing species. 

It should be noted that neither hydrogenation nor hydrogen transfer 

could be detected at low reactant pressures (10-8 - 10-6 Tbrr). Weakly 

adsorbed species that can be produced at atmospheric pressures appears 

to be an essential requirement for activity in these chemical reactions. 

The radiotracer studies clearly'demonstratethat hydrogen transfer 

reactions take place readily between hydrocarbon species strongly 
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chemisorbed on the (Ill) platinum single crystal surface. Previous 

studies of cyclohexene hydrogenation and disproportionation catalyzed at 

425K over Pt(322) revealed that direct hydrogenation was ten times faster 

than hydrogen transfer12 ,20 .~ ... Because the activation energy for 

disproportionation (,....16 kcal/mole) was larger than that for direct 

hydrogenation (5 - 6 kcal/mole), the importance of the hydrogen transfer 

pathway is expected to increase with increasing reaction temperature. 

The notion that hydrogen transfer reactions may be important in 

hydrocarbon catalysis is not new. 'Ihomson and Webb22 have argued that a 

hydrogen transfer mechanism provides a general explanation for the patterns 

of catalytic activity displayed by metal catalysts in olefin hydrogenation 

reactions. Gardner and Hansen23 reached a similar conclusion in connection 

wi th studies of ethylene hydrogenation over tungsten catalysts. Olr 

results7 certainly tend to confion that hydrogen transfer reactions are 

important. More detailed kinetic studies of the hydrogen transfer pathway 

would be very valuable to determine the relevance of these processes. 
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FIGURE CAPrIONS 

Schematic diagram of the radiotracer counting system for adsorption 
and catalysis studies using small area surfaces in ultra-high vacuum. 

Adsorption isotherms for 14C-C2H4 chemisorption on Ft(lll) at 330 -
570K (left frame). The adsorption behavior at 330 - 420K is well 
described by a first-order Langmuir model (right frame). 

Hydrogen thenmal desorption spectra representing the sequential 
dehydrogenation of C2H4 chemisorbed on Ft(lll) at 110 - 565K. The 
heating rate was 88K/sec except for the top curve reproduced from 
ref. 5 where it was 12K/sec. 

CompoSition and reactivity of 14C-ethylene chem1sorbed on Ft(lll) at 
320 - 670K. The irreversibly adsorbed fraction determined by radio­
tracer analysis displays an excellent correlation with the average 
hydrogen content (HlC) of the strongly bound surface species. 

Radiotracer decay curves illustrating the rehydrogenation of 14C_ 
ethylidyne species chem1sorbed on Ft(lll). 

Radiotracer decay curves illustrating tbe partial rehydrogenation of 
ethylene decanposition products with average canposition "C2H" (left 
frame) 8.£~ "c" (right frame). 'Ihese species were prepared by chemi­
sorbing C-C2H4 on Ft(lll) at 470 and 600K. 

Radiotracer decay curves illustrating hydrogen transfer reactions 
-between n-hexane (left frame) or cyclohexene (r~t frame) with 
"~H" surface species that were produced fran C-ethylene chemisorp­
tion on Ft(lll) at 470K. 
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