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. ABSTRACT

The energetics and reversibility of hydrocarbon sequential dehydrogena-
tion on the (100), (111) and (10,8 7) platinum single crystal surfaces has been
investigated at 200-700K using carbon-14 radiotracer studies and hydrogen ther-
mal desorption mass spectrometry (TDS). Propylene, cis-2-butene, n-hexane,
1'I‘C-et:‘nylene, and l4C-benzene all displayed similar sequential dehydrogenation
energetics with activation energies in the range 18-45‘kcal/mole. Radiotracer
studies revealed "active” and "inactive” forms of partially dehydrogenated
carbon on the platinum surfaces which differ greatly in their reactivity for
’ hydrogenation and hydrogen transfer reactions with Hp or unlabelled hydrocar-
" bons. vThe inactive fraction increased uith increasing adsorption temperature
as the surface species became more hydrogen deficient. Removal of the active
14C-containing species by hydrogen transfer occurred more slowly than direct
hydrogenation. The C—H bond breaking processes are discussed in connection
with recent LEED, photoemission and .vibrational spectroscopy studies " that

* revealed atomic structures for the surface species.
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INTRODUCTION

The cheﬁistry of h&drocarbons adsorbed on platinum surfaces at temperatures
6f 300-800K is dominated by dissociative chemisorption involving the scission
of one or more C-H bondg;(l)_ A dgtaiied understanding of»thesé elementary Cfﬂl
bond bfeaking processes 1s gssential for establishing»meaningful rgactionnpath-
ways for impprtant hydrocarbqn skeletal rea;rangemenﬁ réactions sugh as isqﬁeri— '
zation and aromatizatiﬁn, that can be catalyzed only at high ﬁemperatureé ‘

(> 500K), where C-H bond breaking occurs very easily. Of particular importance

is the energetics and reversibility of. the sequential C-H bond‘breaking processes.

v:Thermal desofption and carbon-14 radiotracer studies have been applied here
to investigate the enéfgefics and reversibility of hydrocarbon Seduentialﬁdehy-
drogenatioﬁ on platinu@ siqgle g;ystalISurfaces possessing weIl_defined atomic
structﬁfe. The evolution of hydrogen from ethylene, propjleﬁé, cis*i*butene,
benzene and n-hexane chemisorbed as a function of temperature on the flatl(IOO)
and (111) énd kinked (10,8,7) platinum surfaces was monitored to determine the
activation energies for sequential C—H and'breékihg'and the average (H/C) compo-'
sition of the adsorbed species. Radiotracer studies we:e-employed to exploré -
the adsorption revefsibility. Reactivity studies car;ied out near atmospheric
pressures revealed two distinct types of carbonécepus-épecies»on the platinum
surfaces: .
(1) an active form conéiéting'of partialiy débydrogenatedﬁmblecules
(and/of fragments) which readilybunde:go7ﬁydrogenatioh and hydro-
gen transfer'reacfions under mild conditions, and -
(2) an inactive form thatjdisplays little reéctivit}-over the éqtife
range of temperature (300-700K) and pressure (10:'10 = 1 atm)
invéstigated.

Removal of the active 14C-éontaining species by hydrogen transfer reactions with



~unlabelled hydrocarbons, viz.,

14CHx (ads) + 12CHy (gas) —> 14CHx+z (gas) + lz_Cﬂy_z (ads) (1)

displayed significant reaction rates at 520-570K. The proﬁortigh of the total -
surface carbon which exists in the active form decreases with increasing adsorp-
tion temperature as the.surface‘species become more hydrogen deficignt.' The
formation of inactive surface carbon has been associ&ted with the formation of:

pdlymeric residues with vefyylow hydrogen content (H/C < 0.5).

EXPERIMENTAL

Experiments were carried out in two ultra-high vacuum systems (base pres-
sufe < 1079 Torr) equipped with 4-grid electron optics'for low energy électron
diffraction (LEED) and Auger eiectron spectroscopy (AES), an ion gun for cry;
stal clééning, precision leak valves for introducing gases at low preséures, a
' nudelion gauge for pressure measuremenﬁ and a quadrupole mass spectrome;er for
thérmal desorption studies. The mass spectrometer ionizers were mounted in
4di£ect line of sight.éo the single cfystai samples at a distance of 8-15‘cm.
Both yaéuum systems werevalso equipped with an internal isolation cell(z)_that
coul& be closgd around the samples and préssuriéed to 1-10 atm. to function as
a microbatch reactor. The reation.cells were connected to external gas recir-= -
éulation systems and to gas chromatograph sampling'yalves'as describéd pre-
viosly.(3) | | ™

" The counting system for in situ‘carbon-lé radiotracer studies that was
detailed in a separate report(a) is diagrammed schematicaily in Figure 1.
The'countiné system uses a solid state surface bafrier detector which is mounted

on a rotatable feedthru in the center of the UHV chamber. The detector could

bévreproducibly positioned directly in front of the single crystal surface
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(wi;hin 1 cm) for counting adsorbed épecies, or rotateg away for backgréund cor—
rectiéns, high pressure reactions, or LEED and AES studies. The detector was
1nterfaced toﬁconventional pounting‘éigctronics and to a pulse height énalyzer
where N(E) beta spectra cppld be stored aﬁdlintegrated to obtain the éptal_.
radioactivity present on thé,Surface{ The absolute AAtect;on efficiency (in

the range 2.4-3.2%) was calibrated for the experimental counting geometry by

depositing thin films of 14C-polyme;hylmethacrylatelonto the single crystals

"and by monitoring the 14C--_count rate as a function of the amount deposited.(4)

Using this system 14C-containing species could be easily detected at surface
concentrations of 1012-1013 molec/cm2.
The (100), (111) and (10,8,7) platinum single crystal samples used in this

research were deliberately cut very thin (< 0.4 om) so that‘the’pblicryStalline'

edges would contribute onlyv8—15Z of fhé total platinum surfce area. The square

(IOQ) and hexagonal (111) platinqm shrfaces are the two flat crystal faées with
higheét atomic density. The.kinked (10,8,7).¢rYSta1”face has hexagonal ter-
races of (111) orieh;ati@n‘thatbafe»periodicailybdisplaced by atomic'sfeps,'one
atom in height, of (310) ofieﬁtatioﬁ. ‘The samples were carefully spotwelded
to gdld,or coﬁper supports fixed to roﬁataBle ﬁénipdlators that enabled the
sample temperature to be vériédvcbntiﬁﬁbuély between 100K (300K) and 1500K by
a combinatioﬁ of liquid ﬁitrogen.édélihg.ahd régisfive heating; Iﬁe crystal
temperature was monitored Wigh a cﬁromel—alumel thermocouple spotwelded to the
edge of the sémplé.' Linear ﬁémpefaturevpfogfams in the range 12-98K/sec wéere
employed fér all thermal deéofpﬁion measurements.

Unlabelled hydrocarboﬁ réagents wére of thebhighest obtéinable.reéeafch
purity; n-hexane (Phillips, >‘99.96%), bénzeﬁe.(Baker, > 99.94%), ethylene
(Matheson, > 99Q92%),»propyléné (Phillips, >'99.6%) and cis-2-butene (Phillips,

> 99.5%). The liquid hydrbcarbons‘were outgassed‘by repeated freeze pumping
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cycles at 77-210K prior to use. All reported exnosures are uncorrected for ion
gauge sensitivity (1L = 1076 Torr sec).

_Carbon-14 labelled ethylene (Amersham, 128 mc/mmole, radidchemicai purity
> 99;5%) and benzene (New England Nuclear, 16 mc/mmole, radiochemical purity o M
> 982)7were used as supplied after;several cycles of freeze pumping at 77K.
Counting times for adsorbed species ranged from 3-10 minutes for 1I'C-CZHQ to
10-40 minutes for 14C—C6H6. Count rates for adsorbed»species and background

were in the range of 10-1600 and 2-5 counts per minute (cpm), respectively.

RESULTS AND DISCUSSION

1) Q14C7Ethy1enevand 14¢-Benzene Chemisorption on Pt(111)

Isotherms obtained.for 14C—ethylene chemisorption on Pt(1l11) at 330-570K
- are shown 1in Figure 2. For temperatures below about 450K the initial sticking
coefficient S and saturation coverage Cg =4 x 1014 molec/cmz were constant. -
At higher temperatutes a slpw adsorption process was apparent which continued
for exposures > 20L (1L = 10-6 Torr sec. uncorrectd for ion gauge sensitivity).
" As demonstrated below the slow adsorption process was accompanied by extensive
dehydrogenation and rearrangement of the surface.specieSx
Ethylene chemisorption on Pt(ill) at 300-430K leads to the formation of

surface “ethylidyne" species which display al(2x2) oveflayer structure.(5f8)
- Dynamical LEED intensity,analysis,(s) high_resolution EiS(S’G) and TDS(7)
studies have revealed that the:ethylidyne species occupy 3;fold hollow adsorp-
tion sites with the C-C internuclear axis directed notmal to the platinum sur-
face with a C-C bcnd uistance cf 1.5A, The a—carbon atom is‘bonded equivalently
to three platinum atoms with a*Pt—C bond ‘length of 2.0A. The radiotracer stud-
ies (Fig. 1) show that this species forms.according tollst—order Langmuir adsorp-

tion kinetics, i.e.,



e - i (1 -9) . (1)
e C, (2mukT) 172

where e was the gas expoéure and S, was constant ag 0.9 + 0.2 over the tempera-
ture range 330-420K, ‘ i . o |

The édsorption behavior of 14C--benzeng on Pt(100) and Pt(11l) was similar
to that show; for 140—02H4 on Pt(1lll). Surface coverages by adsorbed speéies
increased with increasing temperature and exposure.(4’8) Figure 3 compares the
behavior for 14C-C6H6 chemisorbed on Pt(111) with results reported by‘Tgtenyi
and'Barbefnics(9) for‘IAé;benzene chemisorbed on platinum films. Since fhe
sufface coverages_measﬁred for 140-C6ﬁ6_éﬁemi§orption on Pt(ill) (and ft(lOO))

were always much higher than those noted for the films;.it is likely that sur-

face impurities were present on the films that could strongly suppress the chemi-

‘sorption of benzene.

2) Thermal Desorption Studies of Sequential C-H Bond Breaking

'Hydrogen thermal dgsorption 'spectra representing the sequéntial dehydro-
genation and decomposition of ethylene, propylene and cis-2-butene.chemiéorb¢d
at about 110K on the (1l11) platinum surface!aré shown in figuré 4, All three
alkgnes displayed similar behavior‘¢ha;actefized by three geté bf desorption
peaks_dgnoted by‘the regioné A, B and C. Thefinitial C-H Bond breaking reac-
tion (peak A) producéa,a sharp Hp deéorption peak a; 295 + 5K for all three
alkenes. This peak occurred at a temperature.tﬂét was jﬁsf 10-30K higher than
that required for molecular desofptibn.(7). It should "be fe;embered from our
previous previous'studies(7) that only a small fraction (< 10-25%) of the sur-
face species desorbed in .Fhé molecular form; most of the adsorbed species
uﬁderwent sequential dehy&rogenation and decompbsitibn upon heating to 700K.

A second dehydrogenation reaction (region B) occurred at temperatures of

380~500K. The temperature required for this C-H bond breaking process was
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highly sensitivébtovthe s;fugture of the original h&drocarbon. A finél series
of dehydrogenation reactibné (region C) occufred at temperatures betwegn.SOO
and 71§K. These peaks occurred at simiiar temperatures for all three hydro-
carbons and correspond to the complete dehydrogenation of the initially intact
molecules. | | ’

Hydrogen thermal deéorptioq spectra representing the sequential dehydroge-
nation and decomposition of benzene and n-hexane chemisorbed on Pt(100) and
Pt(10,8,7) ét a series of increasing temperatures in ﬁhe_range 315—700K are
cohpafed in Figures 5-7. Very similar spectra were obtained for ethyleng,»
neopentane, benzene and cyclohéxene chemigsorption on Pt(1l1l1l) and Pt(332).(8)
Underlghese conditions only the desorﬁtion peaks in regions B and C can be
detected (thése are thé only peaks for benzene). These peaks occurred at simi-
lar temperatures for all hydrocarbons over all surfaces inveétigaﬁed. Tempera;
tures cd;responding to the desorption peak maxima are summarized togéther with

the relative areas of the peaks for all hydfocarbons studied in Table 1.

3) Energetics of C-H Bond Breaking
Actiﬁatibn-energies for the C-H bond breaking processes that produced the

different hydrogen desorption peaks were estimated by assuming that all such

processes were unimolecular reactions. In this case, the rate of the dehydro?

" genation reaction

—" a
cH, (ads) —> Callg-a (ads) + 3 Hy (gas)

is given by
nx :
-— a2 = v8 exp(-E_/RT) (1)
Con a .

where v and E, are the pre-exponential factor and activation energy for dehy-

drogenation (or rearrangement with dehydrogenation), and 8¢ § 1is the surface
n x

SN

v
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coverage byvspeciesvwiph composition Cplig. Since hydrogen recombination and
desorption are very rapid at thg temperatures (> 425K) where rearréngement and .
dehydrogenation take place(lo), hydrogen desorption spéctrq:resglting frpm the
dehydfogenation of chemisorbedvh§drocarbons can be usedltq di;egtly monitor

‘the decombosition rate. Kinetic analysis of‘the‘rearrangement process is then
identical to that for firs; order mqlecula: desorption. If, under these condi-

(11)

tions, Ea is independent of temperature, Redhead has shown that

E, = RT2 /8 exp(-E,/RT,)) (@)

where B is the sample ﬁéating ratehapd Tp is the temperature of a desorption
peak maximum; Baétzold,(lz) Benson(13) and others(¥4) have tabulated preexpo—
nential factors for unimpleculaf surface and gas phase reagtions,that are

always in the rang; 10_1.2--1()1‘5 sec”l. An average vaiue of v = 1913 sec‘1 was.'
used in this work. The assumptibn of first o;der reaction kinetics was:justi-
fiéd by the,fact,that the desorption peak temperatures were invgriant to_changes
in initial.surface coverage. When ppssible, activation energies_Were‘alsoh\ o
estimatgd from fuil widths of the desorption peaks at hglf maximum, AW, using ‘_.

the Edward's formula(l3)
E, = RT2 2:4464: () _ o,5725) AW 10,2625 AW 4+ ... (3)
2 P AW T : T ‘
P - P
which requires no‘assumptions for the magnitude of v.

Activation energies fdr‘thevsequeﬁtial dehydrogenéfion'of all hydrocarbons
investigated are éummarized in Table 2. The activation energies for C-H bond
breaking varied widely from about 18 kcal/mole for the desorption peaks in
region A to 22-30 kcal/mole for the desorption peaks in region B to 32?44
kcal/mole for the final, complete dehYdrqgénation steps that correspond to

region C.
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4) Temperature Dependent Composition of the Strongly Bound Surface Species

The average (H/C)_stoichiometry of the adsorbed hydrocarbon species, expres— -
sed as hydrogen atoms per surface carbon atom, was determined as a function of
"adsorption temperature from the total areas under the hydrogen thermal Aesorp—
tion spectra. The desofption peak area was assumed to be proportional to the
amount dfthydrogen originally retained by the adsorbed species. Comparisqn of
this peak area, A, with the C273/Pt237 AES peak to peak height ratio, I, pro-
vided a relative measure of the initial (H/C) composition, i.e. (H/C) = a(A/I).
The constant o was determined before and/or after each series of experiments
by chemisorbing benzeﬂe on clean platinum at 300-315K and executing the same
hdyrogen thermal desorptioh e#périment. A standard ratio (H/C) = 1.0 was
assumed unﬂer‘these conditions yielding'a ="‘Ai(FI/A)Bz. Thié assumption is ;ead-
ily jusfified by the fact that benzene qheﬁisorbs on platinum iﬁ a méleculap‘
form for adsorption températures below 350-380K.(8,16,17)

Thé temperature dependent composition of the'strongly adsorbed sbecies
resulting from benzene and n—hexane chemisorption on Pt(100), Pt(lll) and
Pt(10,8,7) is.shown in Figure 8. '$he hydrogen bontehtfdf the surface species
decreased with increasing adsorption temperature and appraoched zero at temper-—

atures just higher than 670K.

5) Reversibility of Sequential Dehydrogenation: Radiotracer Studies of

~Ethylene and Benzene Rehydrogenation and Hydrogen Transfer Reactions

on Pt(111) and Pt(100)

| Radiotracer decay curves representing the rehydrogenation of ethylidyne
species chemisorbedvon the (111) platinﬁm surface.;re shown in Figure 9. The
ethyiidyne Spgcies were_prepared by ghemisorbing 14C—ethylene at 335-345K and
»10“7 Torr using a éonstant exposure of 6L, .The rehydrogenation reactions were

carried out at 300-470K in the.presencé of 1 atm of flowing hydrogen. The reac-
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tions were interrupted at intervals of 1-10 min so that the ‘residual coverage

(6(t)/e(t = 0) = 9/60v= cpm/épmo) by radioactive surface species could be deter—

‘mined as a function of the total reaction time. Two points are significant:

(1) the ethylidyne species became higﬁly feactive dhly at temperatures highef
than about 340K, and (2) the rehydrogenation reaction was not a simple'first?
order (or second order) process.(18) . At 300K only about 25 percent of the sur-
face species wéfe removed by reh}dfogenation in 30 min reaction time. By"cdﬁ—’
trast, at 370K or higher temﬁeratd}es, the same surface species ﬁndérwent”essén-'v'

tially complete rehydrogenation in just 2-5 min. From the initial slopes of

- the decay curves the activation energy for ethylidjne h&drogenation'can be very

_roughly estimated as 5-10 kcal/mole. It appears clear that ethylidyne species

and reiated reécti§n>intermediétes with the alkyiidyne'surface étructufe(l9)'
should_bé'exééedinglyvteactive under t&ﬁical alkane reaction conditions at 500-
800K. |

A éimilar sepiéé of rehydrogénation reactibns.was‘carfiéd'ogt following
thevchemisorption’bf 14C-éthylene on Pt(111) at 473 and 600K, Ethylene adsorp-
tion at.these tempefatures produced'surféée species with aveérge compoSifibn
"CoH" (473K) and ;C; (600K). Repreéentati§é results qf'these reaction studies
are shown in Fiﬁéfé 10, Rehydrogenation of these,mofe’Strongiy adsorbed épeciés
at 370—640K #rocee&éd.in at least two diéfihct stages. A very fapid initial'
feaétion”(Rh > lo—z'ﬁoiéé/?t’atom'secj wﬁiéh'ﬁas compléte within about 2 min"
was aIwayé>followed by a very slow rehydfégeﬁation reaction (R, < 10~ molec/Pt
atom sec) which cdntinﬁéd_for hours without reaching completion. The rapid °

initial reaction appeérs tb répresent the hydfogenhtion of small C, Co, CH and

C2H-fragments that are presént fbliowing éthyiene chemisorﬁtion at 470-650k.(657)-

The very slow later stageS 6f reactibﬁ'appéar'td represent the gasification of

polymerized éurface species with very 16w_hydrogen content. Similar éatalytié' ’
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behavior characterized by a two stage rehydrogenation reaction was recently
- reported by Krebs and Boneel(zo) for the hydrogenation of surface carbon depos-
ited on iron foils at 560K.

| . These results show that for temperatures higher than aboet 470k, ethylene
cheﬁisorptiog oﬁ Pt(111) is always partially irreversible The proportion of -
the total surface carbonvwhich existed in the 1nact1ve.form increased with
increasing adsorption temperature. In Figure 11 the 1rfeversibly edsorbed.;
fraction 1is shown as a function of tempereture along with the (H/C) stoiehiom—'
etry of the adsorbed leyer as determined from thermal desorption studies.
Irreversibly adsorbed'fraetion is defined as the prdﬁortion of preadsorbed
14C-ethylene which couid not be removed by rehydregenation (40-80 min reactien

time) at the same temperature at which the initial adsorption was carried out. -

The (H/C) ratio:displayed.a striking eofrelation_with the adsofption-reversibilf
ity. Sequeﬁtial dehydrogenation of ethylidyne to "CoH" like species at 450-470K
wag) accompanied by a marked decrease in reversibility from 95-100 percent to
about 50-70 percene. The reversibility épproached zero es the hydrogeﬁ content
decreased furfher at higher‘adsorption ;eﬁperatures.

| The fact that»the amount of inactive carbon erosited at 473K was highly
dependent upon the tempe:aﬁure of subsequent rehydrogenation reaefiens 1ndicates_
that' the process responsible for the forﬁation of the inactive carbon involves
two independent pathways. Initial polymerization resﬁonsible fo;v;he overall
shape of Figure 10 appears to occur during adsorption. Further polymerieation,l | "
which competes with direct hydrogenation{ appears to'occu;-during the initial
stages of the :ehydrogenation feactions. Provided that the ectivation energy
for inactivation is smaller than that for hydrogenafion, the irreversibly
adsorbed fraction should decrease with increasng reaction temperature as

observed experimentally.
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The formation of inactive metal-organic surface species derived from
14C-ethylene on alumina sup;orféd Ni,(21) Pd,(21) Rh,(21’22) Ir(23) and pt(21)
catélysts was investigated by Thomébn ahd Webb and‘co-workgrs. iInaétive car-
bonaceous species were detected under all conditions of direct hydrogenation
and hydrogen transfg: with unlabelled ethylene and gcetylené af 2§0f470K. At
290K, fhe irreversibly adsorbed fraction decreased. in the sequencé.Pd (63%2) >
Ni (20%) > Ir (6-13%).> Pf (4-7%). The inactive fraction'retaiﬁed Sy the |
platinum catalyst increased*to 40-60% at 470K, These results appear.td be in .
excellent agreement with tho;e reported: here fotvthe small area (111) platinum
single crystal surface. | v

~~The strongly gdsorbed-“CZH“ fragments resulting from 14C-ethyiene chemi-
sorption on Pt(l1l1l) at 470K were 5ct1ve for intermolecular hydrogen transfer
reactions with unlabelled.hydrocarbons. Radio;racer de;ay curves illustrating

hydrogen transfer between "CpH" and n-hexane and cyclohexane at 523-573K are:

" ghown 1in Figure 12,"An interesting feature of the hydrogen transfer reactions

is the ease with which they occurred. Initial removal of fhe active 14C-con-
taining species byvhydr;gén‘transfer with 20 Torr of n-hexané or cYclohexeﬁe
displayed initial reaction rates (1072 - 1073 molec/Pt afomvsec) that appear to
bé witﬁinvahout_an or&ef of magnitude to those determined for direct hydrogena-
tion in 1 atm 6f hydrogen. Hexénes and benzene were defected as byproducts of
the hydrogen transfer reactions. Cyclohexene (a good hydrogen donor) underwent

hydrogen transfer with "CoH" more rapidly fhan n—~hexane (a poor hydrogen donor).

In the absence of.hydrogen, the hydrogen tfansfér reactions were accompanied by

the deposition of carbonaceous deposits on the ﬁlatinum surface (C273/Pto37 =
5-8) that could be detected by AES.
It should be noted that no hydrogenéfion or hydrogen transfer could be

detected at low reactant pressures (10'8 - 1076 Torr). High surface concentra-
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tions of adsorbed species that can be produced at atmospheric pressures appears
to be an essential requiremént for activity in these chemical reactions.
Radiotrager decay curves representing the rehydrogenation_and hydroggn_
transfer-réactions of 14(_I-benzene preadsorbed on Pt(100) and Pt(11l1l), resﬁecf
tively, are displayed in Figures 13 and 14. Results for 14C-C6H6 rehydrogena-
tion on Pt(1lll) were reported previously.(A) The adsprbed species derived fpom
benzene chemisorption at 330 and 570K displayed similar reacfivities on both
platinum surfaces, and-these reactivities Qere much like those just,describea _
for IQC-C2H4 chemisorbed on P;(lll). The weakly adsorbed species resulting
from benzene’chemisorption at 330K underwent‘esseﬁtially complete hyd:ogena-
tion undef:mild.conditions (300-360K, 1 atm. Hy) in minutes. - By contfast, thé
more strongly'adéorbed surface species produced by benzené chemisorption at
570K could only be partially hydrbgenated in two hoprs even aﬁ temperaﬁufes as
high as 670K, In this case a rapid initial reaction was always followed by a
ver§ slow-gasificafion reaction. The fraction of the,total(SurfaCe carboh which
existed in the inactive form increased with increaslng adsorption température
~-and decreasing.reaction temperature. The strongly adsorbed species displayed
significant reactivity in hydrogen transfer reactions with unlabelled benzene

and n—hexane.

6) Significancé of-Hydrogen Transfer Reactions

The radiotrace; studies clearly demoﬁstrate that hydrogen transfervreac—
tions take place readily betwéen hydroﬁarbon sﬁecies strongly chemis&rbed on
the (111) platinum single crystal surface. Previous:studieé of cycldhexene
hydrdgenation and disprﬁportionation_catalyzed‘at‘425K éver Pt(322) revealed
tﬁat diréct hydrogenation was ten times faster than hydrogen transfer.(lfs)'
Becausellhe activation energy for dispropdrtionafion (~ 16 kcal/mole) wés

larger than that for direct hydrogenation (5-6 kcal/mole), the importance of
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the hydrogen transfer pathway 1is expected to increase with increasing reaction

~ temperature. Overall, our results(1,24) clearly suggest that many’important

types of hydrocarbon conversion reactions may be influenced by hydrogen trans- -
fer reactions between the adsorbed Species-that-aiways cover -the platinum sur-
face. Under steady state reaction conditions.at 600r800K only a small concen-
tration (1-20 percent) of uncoveren platinum eurface sites exists for_dissocia—
tive chemisorption of hydrogen molecules.(24) Under these conditions hydrogen
transfer may become favored over difect hydrogenation since the latter process
is strongly suppressed in the absence of uncovered platinum surface sites.(25)
The notion that hydrogen transfer reactions may be important in reforming
catalysis is not new. Thomson and Webb(26) have argued that a hydrogen trans-
fer mechanism provides a genetalrexplanatidn for the patterns of catalytic
activity displayed by metaljcatalysts involefinihydrogenation reactiens.
Gardner and Hansen(27) reached absimilar_conclusion in' connection with studies
of ethylene hydrogenation over tungsten catalysts. ‘Unfortunately, the crucial
experimente required to distinguish the'kinetics of'hydrogenation and h&drogen i
transfer were not'reportéd in these-etudies. Our results certainlyitend teA
confirm that hydrogen transfer reactions could be important, espeeially at

higher reaction temperatures. Further-experiments-are warranted to determine

exactly how important these ptocesses,may be.

7) Nature of the Sequential C-H Bond Breaking Processes
The hydrogen thermal desorption clearly indicate that the dehydrogenatidn
of hydrocarbons chemisorbed on nlatinun,always occurs in a'seduential manner .

Each dehydrogenation reaction produced a surface species that was stable from

'room temperature to the temperature of the next higher Cc-H bond breaking pro-

cess. Complete dehydrogenation occurred only after adsorption at temperatures

that were higher than about 670K.
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Recent dynamical LEED intensity analysis(s»lg) and high resolution ’
ELS(5:6'28) studies of ethylene, propylene and butenes chemisorbed on Pt(1l1l)
have revealed surface structures for the adsorbed species that can be used for
an analysis of the hydrogen desorption peaks that were displayed in regions A, "
"B and C.: Chemisorption of these unsaturated hydrocarbons.at 300—400K produces
stable surface species with the alkylidyne-surfaée structure, i.e.,
HyC=CH2p

Pt(1l11l)

H2C=CHCH3 o o0—A00R > P£3ECR + 1/2 Hy (R = CH3, CoHsg, C3Hg) (2)

HoC=CHCH,CH3

Formation of these épegies requires scission of a single C-H bond corresponding.
to the sharp hydrogen desorption peak displayed in region A. The activation:
energy for this procesé was»aboUt‘lS kcal/mole independent of the structure of
the initial hydrocarbon.

Further dehydrogenation of.the-alkylidyne surface species occurred in
region B at femperatures between 380 and 500K. These reactions yielded strongly
bound species with average composition "CpH", “C3ﬁ2" and "C4H3". The activation'
energy for this rearrangement decreased from about 29 kcal/mole for ethylidyne
to 22-25 kcal/mole for propylidyne and butylidyne._ Vibrational spectroscopy
studies(16) suggest ;hat CH fragments are fhe most abundant species resulting
from ethylidyne dehydrogenation on Pt(111). However,:tﬁe appearance of several
hydrogen desorption peaks in region C'clearly 1ndicétes that mofe than oné' \
type of "CH" fragment‘must‘éxist on the sufface. ihe radiotracer studiesvalso
demonstréte thgt at léést-two types of species are pfeéent, active and inactive v
forms of surface cérbon'that differ greatly in tﬁeir feactivity for hydrpgena-
tion and'hydrogen:transfer reactions. o

Ethylidyne dehydrogenation represents an important ekample of B-hydrogen
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abstraction from a multiply bonded surface species. Two hydrogens are. lost in

_ this process, i.e.,’

CHj _ : S _ H
\ B-abstraction //H ) (I c"/ S O
C > ¢c—cC [T I () S (3)
il (T s s |
S : : s S

where S is»a surface site composea.of one or.more platinum atbms. Similar
rearrangements'éccut_during the Sequéntial dehydrogenation of propylidyne and
butylidyne. Since in these cases the activation eﬁergies were loﬁered substan-—
tially relative‘to that for ethylidyﬁe dehydfogenation, it appears likely that

Y-hydrogenrabstraction-may become favdred'over B-abstraction, 1i.e.,

, - CHp
““y-abstraction / N
S=C - CHy - CHj3 , ——> C C + 3/2 Hy L
: . 'y |E (W)
or 2 SEC,H

Regardless of the exact structure of the resulting fragments (wﬁich is presently.
not known), ip is clear that the#e species were exceedingij stable. Further
deh&drogenation represented by the hydrogen desorption peaks in region C required
acti?étion energies in the range 34—44’kca1/mole,- These high activation energ-
1eé indicate that.the remaining C-H bonds were not provided easy access ﬁo plat-
inum surface sites7 Careful vibrational .spectroséopy studies are needed to
clarify fhelstructure and boﬁding of thewstable fragments with 1ow_hydroggn
content.

The seduential dehydrﬁgenation of benzene and n-hexane chemisorbed on
Pt(100), Pt(111) and Pt(10,8,7) appearéd to occur by a similar series of reac-

tion steps. With benzene, no dehydrogenation was detected until temperatures
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near 420K, and then rearrangeﬁent was accémpanied by scission of 3 C-H bonds
(on average). The activation energy for this process (about 27 kcal/mole) was
similar to that for alkylidyne decomposition and corresponds reasonably well
" with the resonance stabilization energy for the benzene molecule (36 kcal/mole).
Rearrangement and sequential dehydrogenation of adsdrbed hydrocarbons must
be accompanied by an increase in metal-organic bond multiplicity polymerization
of the'adsorbed_spécies, ér a combination of both thesevprocesses.. As detéiled
_abové, the average composition displayed at tempeartures between 300 and‘GOOKV
was that expected for the formation of garbyhe (Pt=CR), "CH" and (CgH), type
species on the éurfaces. -Polymerization becomes feasible only_if.tﬁese species ‘
have considerable mobility. The growth of’graphiticicarbon iélands,vthat'becohe
detectable by LEED‘at temperéturés above 700K; clearly requires éxtensive poly-
merization of the adsqrbed_specieé. Auger sﬁectroscopy studies cafried out
before and after the thermal desorption studies indicated that little or no
carbon is dissolved into the near surface region.(s) With this in mind, it is
- likely that sequential dehydrogenation at 500-700K is accompanied by polymeri-
zation of the adsorbed species by a mechanism that involves the gréwth of
graphitic carbbh islands or precursors thereof. This viewpoint is supported
by recent high resélution AES studies by Chesters et a1.(29) yhich revealed
that the sequent1a1.dehydrogenation of ethylene and acetylene on Pt(1ll1l) at
450-590K is accompanied by polymerization.:of tﬁe surface species. Ultraviélef
photoémission spectrogcgpy (UPS)_studies_for benzene and cyclohexene chemisorbed
on Pt(lOO) also tend té confirm that»poljmeriztion takes place feadily.(B) A
continuous transition of the adsorbate UPS spectral features from aromatic to
fgraphitic character has been observed at.temperatures beginning as low as 450-
SOOKf This temperature range qorresponds closely with that.for the formation

of inactive surface carbon in radiotracer studies.
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TABLE 1: Hydrogen Desorption Peak Temperatures and Peak Areas For the

q

~Sequential Dehydrbgenation of Hydrocarbons Chemisorbed on Platinum

Hy Desorption Peak . Peak Area

System - - . :' Tempera;ureF(tISK) . (% of Total)
. 2 e . 2 o

CoH, /Pe(111)(8) 295 490 540.‘646‘ 710 30 50 20
CqHg/P(111)(2) 296 430 530 60 710 20 45 35
Cylg/pr(111)(8) 293 380 --- 630 700 20 55 ' 25
 Cgltg /Pt (100)(P) . 480 590 = 690 — 50 50
‘c6H6/Pt(111)(b) o ——— 465 —- 630 (broad) — 50 s0
| cgig/pe(10,8,N® — 470 590 640 700 —~ 50 50
n-CgH,, /Pt(10,8,7) () —- 445 590 640 725 s oas

(a) g = 12 K/sec

(b) g = 69-98 K/sec

. "“‘f\'



-22-

TABLE 2: Activation Energies For the Sequential Dehydrogeﬁation

of Hydrocarbons Chemisorbed on Platinum(2)

Adsorption Actiﬁation.Ehergies for Sequential

System " Dehydrogenation (kcal/mole)

| A B ¢
cH/pe1l) 188 30 2H® 32 39 4
CyHg /Pt(111) 18 AN 26 (25)(®) 32 39 4
C4H8/Pt(lli)1 18 (17)(P 23 (200(® — 38 43
CeHg /PE(111) R— %6 — 30-40 —
CgHg /Pt (100) S 27 3% - 4l
CeHe /Pt (10,8,7) _— 27 3% 38 42
n-CgHy, /Pt(10,8,7) f;-— o 25 , 3% 38 43

(a) calculated by the Redhead meﬁhod with v = 1013 gec~l

(b) calculated by the Edwards method
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FIGURE CAPTIONS

Schematic diagram of the radiotracer counting system for adsorp-
tion and catalysis studies using small area surfaces in ultra-
high vacuum. ©
Adsorption isotherms (left frame) for Lag_
Pt(111) at 330-570K. The adsorption behavior at 330-420K is well
described by a‘ftrst?Order Langmuir model (right frame).

CZHA chemisorption on

Comparison between results for 14C-benzene chemisorption on Pt(ill)

'(70-80L gas’ exposure) and Pt-films as reported by Tetenyi and
'Barbernics.(g)

Hydrogen thermalfdesorption spectra il;ustrating_the sequential
dehydrogenation of»ethylene; propylene and ‘cis-2-butene  chemisorbed

“on Pt(111) at 110K (8 = 12 K/sec).

Hydrogen thermal desorption spectra representing the sequential

| \dehydregenatibn of benzene chemisorbed on Pt(100). at 340-500K.
.. The gas exposure was 36L and B =98 K/secs -

Hydrogen thermal desorption spectra illustrating the sequeﬁtial
dehYdrdgenation'of benzene chemisorbed on Pt(10,8,7) at a series

.of temperatures in the range 340-680K The 'gas exposure was 36L

and B = 69 K/sec.

Hydrogen thermal deeorption epectra representing the sequential

_dehydrogenatibn of n—hexane chemisorbed on Pt(10,8,7) at a series

of temperatures in the range 330-700K. The gas exposure was 36L
and 8 =69 K/sec. '

Temperature dependent (H/C) composition of the surface species
resulting from n-hexane and benzene chemisorption on Pt(100),
Pt(111) and Pt(10,8,7). |
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Radiotracer decay curves illus;gating the réhydrogenétion of lé4c-
ethylidyne species chemisorbed on Pt(111).

Radiotracer decay curves illustrafing the partial rehydrogenation
of ethylene decomposition pfoducts with averagevcomposition "CoH"
(left frame) and "C" (right frame). These‘épecies were prepared
by chemisorbing 14C-C2H4‘on Pt(111) at 470 and 600K, -

Composition and reactivity of 1I‘C-et:'hylene chemisorbed on Pt(111)
at 320-670K. The irreVeréibly adsorbed fraction determined by
radiotracer analysis displays an excellent correlation with the
average hydrogen content (H/C) of the strongly bound surface

species.

Radiotracer decay curves illustrating hydrogen transfer reaétions
between n-hexane (left frame) or cyclohexene (right frame) with
"CoH" surface species that were produced from 14C-ethylene chemi-
sorption on_Pt(lll) at 470K, ‘

Radiotracer decay curves illustrating the hydrogenation of surface
species produced from 14C--benzene chemisorption on Pt(100) at 330
and 570K. |

Radiotracer decay curves illustrating hydrogen transfer reactions

between n—hexane or benzene with surface species produced from lac-

benzene chemisorption on Pt(111) at 570K.
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‘_'4C'- Radiotracer Studies of 'Carb'onaceo_us Layers on Platinum
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for surface analysis and
catalysis studies —
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*Compo'rison between Model ’cnd» Practical Catalysts
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Hydrogen Content of the, Adsorbed Layer
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—~C-CHz Rehydrogenation Pt(lll)
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Rehydrogenation of  Ethylene
Decompositioh' Products -Pt(lll)
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Hydrogen Content 'C,H, /Pt (il1)
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HYDROGEN TRANSFER TO "4C,H’
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“Hydrogen Transfer from Unlabelled Hydrocarbons
to "‘C-C‘SH6 Deposited on Pt(lll) at 573K
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