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Zusammenfassung

Das selektive Cracken von Naphthalenringen ist ein wichtiyezess in der modernen
Erdolindustrie geworden, um die Cetanzahl von Dieselkraftstoffen zu erhéhen. In dieser
Arbeit wurden zwei Modellreaktionen, die Konversion von Ethylen zu Ethinyl und die
Ring6ffnungsreaktion von Methylcyclopentan (MCP), mit pesotden
Dichtefunktionalrechnungen untersuclilie Arbeit hat folgende Sachverhalte erfolgreich
aufgeklart: i) Der Mechanismus der Transformierung von Ethylen zu Ethinyl auf Pt(111). Die
Reaktion durchlauft eine Serie von HydrierwiDghydrierungsschrittenhne direkte 1:H
Umlagerungsreaktionen. ii) Der PartikelgroReneffekt auf die Selektivitat der durch getragerte
Pt, Rh, Ir oder Pd Partikel katalysierte M&ihgoffnung. Die Selektivitat hangt von der
Hohe der Barrieren fur den-C-Bindungsbruch auf derefrasse oder an einer Stufe auf dem

Reaktionsweg zu den drei Hexanisomeren ab.

Abstract

Selective cracking of naphthenic rings to raise the cetane number of diesel fuels is an
important issue for modern petroleum industry. In this thesis, two model regatithylene
conversion to ethylidyne as well as rogening of methylcyclopentane (MCP), were
examinedusing periodic density functional calculations. This work successflahfied the
following issues: i) the mechanism of transforming ethylene tglidyme on Pt(111). The
reaction comprises a series of hydrogenatidehydrogenation steps, without direct-H2

shift reactions. ii) The particlsize effect on the selectivity of MCP riaogening catalyzed by
supported Pt, Rh, Ir or Pd patrticles. Tletestivity depends on thei C bond breaking barrier

heights at terrace or step sites on the way to three isomeric hexanes.
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Chapter 1 Introduction

Chapter 1

Introd uction

Nowadays,an important issue foa lot of countriesall over the worldis to reduce the air
pollution. Such pollutions harmful to thehumanhealthand to the local environment. A large
part of air pollutionis caused bynodern transport systemshd combustion of fuels.g.
gasoline dieselaviation fueletc., not only generates the power for the transportation but also
emits variouskinds of polluaints like nitrogen oxides, sulfur oxides, hydrocarbons, carbon
monoxide and particulate mattéPM), to the atmospherd=or example, road transport is
consideredo be the main contributor to the emission of nitrogen dioxide and benzene in
cities! 30% of fine PM (less than 2rBm in aerodynamic diameteid alsoproduced by the
tailpipe emissions from road transport in urban ateadditionally, the efficiency of the
transport system becomes an important issue due to the globaingacaused by the

accumulabn of carbon dioxidevhichis produced by the combustion of fuels

Therefore, i is expected that stricter requirements will be imposed on fuels regarding
their content of sulfur and polynuclear aromatite content of lead fagasolineas well as
the cetane number (CNpr diesel' In the past several decaddse @llowed maximum lead
content in Européas decreased frof.150.4 g I' in 1980s to 0.005 g'lat 2000" A similar
regulation is set to control the sulfur content to 10 mg fay both gasoline and diesel.
Besides the limitations to the particular eleméntthe fue| another importantssue to
measurehe quality of the fuls is related to the structure of the hydrocarkmanenumber
(ON) for gasoline and CN for dieseflhe ONhas an almost negligible effect @ollution
emission However, the emission of hydrocarbons and carbon monoxide from diesel vehicles

is strongly nfluenced by the CN.

One method to improve diesel fuelpi®vided bymodern upgrading technologiesg.
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aromatics saturation and hydrocrackirigAromatics which are associatedvith relatively

low CN, can be hydrogenated to saturated cyclicomponents (cycloalkanel by
hydrodearomatization catalysts. Howevecreasng of CN in this process ifimited by the
cyclic structure even when mosif the aromatics are saturatedVith the help of
hydrocracking catlyst, the CN ofcycloalkanescould be further increadeby breaking the

ring structure to forn{linear) alkanes.The ideal case is that cycloalkare® converted to
more paraffinic compounds with a low degree of branching while preserving the initial
molecular weightsTherefore finding approaches to selectively opeycloalkanerings with
minimum cleavageand side chainsare much desiredor generating products that meet (or

exceed) the evdightening environmental regulations.

Due to the complexityf the involved chemistry, the mechanismsaidectively ring
open(SRO reactionshas not clearly beeslucidatedexperimentally and thus far remaiat a
hypothetical level. On the other hand, computational studies based on methods of density
functional heory (DFT) provide tools to gaimore insighinto elementary reaction steps of a

complex reaction network®

In order toreach a detailedinderstandingat the atomic levebf the hydrogenation
dehydrogenation reactiongy Chapter 3,a simpler and vdely investigated system, the
conversion of ethylene to ethylidyra Pt(111) is studied.Ethylene is known to form two
types of adsorption complexes adsorbedand di-G adsorbedon Pt(111)°' *° at low
temperaturesAfter the system is further heateethylenebegins toconvert toethylidyne
CHs- Ct, which is the only stablesurface specieat room temperature undeftra high
vacuum(UHV) conditions®!’ In Chapter 3the complete reaction network fromhgkene to
ethylidyne is studied dhreedifferentcoverags over Pt(111) surfac@ll the transition state

are locatedt 1/3 and 1/9 coveragadto help identify the mechanism of this conversion.

Chapter 4turns backto the discussion of SRO reactiofss a model system, riag
opening (RO)of methylcyclopentane (MCP) on supported metal catalysts has extensively
been studiedn experiments®?? Three RO produs} linear n-hexane fHx) as well as
branched Zanethylpentane (2MP) andrethylpentane (3MPJan be produced. However, to
my knowledge the best selectivity to the linear produdilx, is about40% when the reaction
is catalyedby the supported highlgispersedPt catalystOther catalysts, like Rh and Ir, have
higher activities towards the Rf@actions but only selectivelyproduce 2MP and 3MP. In

Chapter 4 the complete reaction network for tleenversion of MCP to itsing-opening

2
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products orPt is studied. Three other metal catady8td, Rh, andIr, are also investigated
only with the G C scision step which is believed to berucial for the distribution of the
products The resultsshow how the selectivity is controlled by the surface geometry and
rationalizes the experimentally observed parigie dependence of the selectivity on

supportel metalcatalysts.
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Chapter 2

Computational approach

Density functional theory (DFTJis one of the most important quantum mechanical modeling
methods developed in the last centaiyce the 197Qsespecially in the solidtatearea The
idea to desdbe the total energy as a functionaltbé electron density roots in the Thosna
Fermi modelof atoms developedas early asghe 1920s?*?° In the 1960s, he modern
formulation of DFT isbuilt up based on the twtheorems® The first oneshows that the
grownd state properties of a mariectron system are uniquely determinedtivy electron
density a quantitythat depends on onthireespatial coordinateshesecondheoremdefines

an energy functiondbr the systenandproves that the correct ground séatlectron density
minimizes this energy functionalhen, the formulation of DFT addressed by Kohn and Sham
(KS) becomeshe basis of current routinely usedmputationamethods’’ In the KS theory,

the entireunknown partof the energy functionais collected in the exchangmrrelation
energy kc, where approximations are used, e.g. the generalized gradient approximation
(GGA), or hybridfunctionals

In this thesisslabmodel calculations werearried on the basis ®FT with the plane
wave based Viermab initio simulation package (VASP§* The GGAwas usedn the form
of the (approximatepxchangecorrelation functional PW9% The interaction between atomic
cores and electrons was described by the projector augmented wave (PAW) tétiod.
the stricture optimizations the Brillouin zone was sampled usingoint meshes of
MonkhorstPack type* 5353 1 for M(111) and M(211), 53331 for M(322) surfaceswith
firstorder MethfesselPaxton smearing (smearing width of 0.15 &/)otal energies were
evaluatedwith the broadening extrapolated to zehAdter structure optimizationthe energies
were refined in singkpoint fashion employing denserk point grid, 73 73 1 for M(111) and
M(211), or 72531 for M(322) surfacesThe valence wave functions were expandea
planewave basis with a cutoff energy of 400.8%e SCF energwasconverged to 1d eV.

4
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Figure 2.1 Surface models used in this thesis: a)uigw of M(111); top and side views of b) M(21

and c¢) M(322)Selected unit cells are outlined in red.

The parameters fotalculations on organometallic compoundsthe solid phase are
similar to the slabmodel calculations except thle points mesh is changed t& 33 3. All of
them were carried out with tetrahedron method wh#hBIl6chl correction which can reduce
the number ok points with required accuracy for metal sysséfiThe shape and size of the
unit cell was set according to -¥ay diffraction (XRD) reslis®® 8 (Table 2.1)and not

optimized during the optimization.

The ideal M(111), M(211) and M(322) surfaces amedeled by periodic fivéayer
slabs repeated in a supercell geomdtrthe case of the stepped surftg11)andM(322),
a slab comprisefive layers of (111) orientation, but formally contains &%d 25layers
perpendicular to the surface normaspectivelyThe surface is expandeeriodicallyin two
dimensions, and in the third dimension, a vacuegionis added to separate two adjacen
slabs. The vacuum spacing, determined by the nucleus distance between the highest adsorbed

atom and the lowest slab atom in the upper unitcell plus the diameter of a metalatbm,

5
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Table 2.1Unit cell parameters (A and degree) of selectgginometallic compounds this thesis

a b C a b g
Co3(CO)(CCHg)? 880 933 1234 93.0 933 1288
0s,(CO)(CH,CHy)" 7.36 1352 1354 90.0 1010 90.0
Os(CO)o(mH)(CHCH,)® 991 1440 1242 90.0 99.8 90.0

2Ref36. PRef.37. °Ref.38.

least LlnmT he t hr ee lofdlill) orierdatiohja § €abveere kept fixed at the
theoretical bulkermirated geometmtand t he t wo inetgaoms were bllawe@ r s o f
to relax duringthe geometry optimizations, together with the adsorbate, until the force on

each atom was less thah1® * eV/pm. The adsodies were bound t t osjal@of the slab

models. Three different unit cellsvere usedon M(111) surface(¢3® B)R30, (22), and

(32 3), corresponding to surface coverages 1/3, 1/4, and 1/9, respedfigly2.1) On

M(211) and M(322)a (33 1) unitcell wasused corresponding to the surface coverage 1/9, and

1/15, respectively.

The binding energy (BE) of an adsorbate was determined from BE+=Esu, T Ead/sub
whereEagsupiS the total energy of the slab model, covered with the adsorbate in thézeptim
geometry;Esq and Egyp arethe total energies of the adsorbate in the gas phase (ground state)
and of the clean substrate, respectively. Calculations eplgee hydrocarbon species with
open shells were carried out in sypalarized fashion. With # above definition, positive

values of BE imply a release of energy or a favorable interaction.

Transition states (T)Sof reactions were determined by applying the dimer méttord
the nudged elastic band metH8&" In the latter case eight images of #ystemwere usedo
form a discrete approximation of the path between fixed end points. The TS structures
obtained in this way were further refined until the forces on atomic centers dropped below
2310* eV/pm. For each optimize®S structurea normal mod analysisvasdone to confirm

thatonly a single imaginary frequency esist

The vibrational frequencies were obtained from a normal mode analysis where the

elements of the Hessian were approximated as finite differences of analytical gradients,

6
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displachg each atomic center by 1.5 pm either way along each Cartesian direction. In these
calculationsthe energy cupff was increasedo 520 eV and tightened the SCF energy
convergence to 1BeV. Checks showed that the resulting frequency should be acauite t

3 cmitin the selected model.
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Chapter 3

Ethylene transformations over Pt(111)

3.1. Background

3.1.1 Experimental research

Due to the worldwide growing demandenergy, the price of energy sources, e.g. petroleum,
is pushed upsteadily Recently, other alteativesof energy sources, like biomass, solar
energy, attracattention bya large group of people from governnmeand research facilities.
However, one should not ignore that petrolecumrentlyis still the largest energy sourte.
Therefore, how to carert more efficiently petroleum to thedesiredproducts is still an

important issue fopetroleum industry.

The hydrogenatiordehydrogenation reactions of hydrocarbons catalyzed by noble
metal particles arene of the most important reamt seriean the petroleum industryAs the
simplest molecule witla C=C double bond, theansformations of ethylenen the Pt(111)
surfaceserveas a simple model system for hydrogenatiehydrogenation reactiomnghich
recently areattracting renewed interest as reflected in several experimentdl “® and

6/ 54

theoretica studies.

There are two types of adsorption complexes of ethylene on PE1%A}y very low
temperatures (< 5K)," “-adsorbed ethylenkas been observed. After the system is heated
above 52K, “-adsorbed ethylene started to transform to-& Honded specié$'* at low
pressures of ethylen&urther heating of the system to a higher temperature (KRGl
irreversibly convert ethylene to a strongly bound species, eyimdi@CHs- C* ), which is the

only stablesurface speciest room temperature under UHV condition€.A similar process
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Ethane
/' CH3-CH3
Ethyl
/’ CH3-CH, \
Ethylene
CH.=CH > Ethylldene
R Vinyl Ethylidyne
CH,=CH > CHyC
\ Vinylidene /

CH,=C

Figure 3.1Reaction scheme of the conversion from ethylene to ethylidyne

from ethylene to ethylidyne has also beesaskied on other transition metal surfaces such as
Rh(111)>° Pd(111)%° Ir(111),>" and Ru(0001}® The formation of ethylidyne, which is a
strongly bound speciesanblock active site on metal surfaces and thus affect the activity of

the catalyzed reactions.

In order to find a way to prevent the formatiorettylidyne the reaction mechanism of
this conversion is extensively studieihce the 1970s Four kinds of C2 speciewere
proposed as intermediate during the conversietityl (CH:CH,),>® vinyl (CH,CH), ®°
vinylidene (CHC),**and ethylidene (CECH)°*%. A summarizedreaction schemeuring
this conversionincluding hydrogenation, dehydrogenation andty@rogen shift reactions
is shownin Fig. 3.1. For easy comparison, | assigned the labels of thewsrelementary
reactions consistent witlhose ofearlier publications on the analogous reaction mechanisms
on Pd(111§*%° The first proposed intermediate wethyP® based on the calculated activation
energes via different intermediates. Howeveétaerd®®’ found thatan ethyl groupcaneasily
convert t o -eininatyn e PE1l11ly. Atathe Bame time, he also suggested that
vinyl could be a possible intermediatébecauseH, desorption was enhanced from
trideuterioethylene compared with the expectselectivity on purdy stoichiometric

grounds>’ Later calculations athe extended Hiickel level bpitlevsenet al®*

suggestd a
mechanisnwith two subsequerdehydrogenation steps via vinyl and vinylidene followed by
the hydrogenation to ethylidynelowever, loth vinyl and vinylidenewereruled out byZaera

and Bernsteinlater becausevinyl could covertback to ethylenevia the intermediate
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vinylidene and acetylene at temperata low as200 K.®® Finally, ethylidene is the last
survivor. Both Cremeret al®? and Denget al®® reportedto havedetected ethylidenduring
the conversion of ethylene to ethylidyma sum frequency generation (SF&)dreflection
adsorption infrared spectroscopRAIRS), respectively For an overview of pertinent

experimental results, see Re39,70.

Zaera et al. carried out extensive kinetic and spectroscopic SHiffieslated to the
thermal chemistry of addoed ethylene on Pt(111) and suggestevo-step mechanisrof
ethylidyne formation (Pathwag-d, Fig. 3.1): (1) ethylene converts to ethylidene through a
direct1,2-H shift reaction, and (2) ethylidene dehydrogenates to ethylidyne. However, such a
mechanisn would tentatively fit available experimental results on this system only by
invoking a fast preequilibrium between ethylene and ethylidene in conjunction with a slow

second step at coverages close to saturation.
3.1.2 Previoustheoretical research

It seemsthat the two step mechanismsuccessfully explairse most of the imprtant
experimental observation and tberrespondingeactionintermediatewas also observed by
other experimesst However, theoretical studies foundtanflicting result. Anghel et al ">"
studied severalreactionsrelatedto ethylene on the Pt(110) surface with density functional
calculations The barriers of thehydrogenation or dehydrogenation reactions related to
ethylene are mostly betweeniZ® kJ mof', but he reaction barrier for th&,2-H shift
reaction from ethylene to ethylidene is as high as 223 k3',mdiich is too high forthe
reaction stego occu at roomtemperature Another study on the ethylene conversion to
ethylidyne over Pd(111) obtained similar results, wherédénger of thedirect conversion of
ethylene to ethylideneas as high as 200 kJ mof®

However, theabovementioned theoretical studies slightly diffeom the experimental
resultsdiscussed irBection3.1.1. For example, the Pt(110) surface, usedrefs. 72 and 73,
IS more reactive than the Pt(111) surfased in most experimental studid$he Pd(111)
surface, used iRefs. 64 and65, alsohasa closepackedsurface structure as Pt(111), but the
reactionmechanisnmight be different due to the fact that no intermediete beembserved
in the experimeratl studies orthis conversiorover Pd(111).Former theoretical studies of
ethylene transformations on the Pt(111) are mainly limited to the adsorption properties of

C,H, specied®>* while they seldom toucton the reactionmechanismof ethylidyne

10
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formation.

3.1.3 Models inthe current study

In order to gain diredheoreticalevidence on the reactionechanisnof the conversion
from ethylene to ethylidyneover Pt(111),1 studied all possible types of reactions,
hydrogenation, dehydrogenation, and 1,&Hift reactions (Fig3.1). One of the important
goals of the present theoretical studgs to show thathe mechanismwith 1,2-H shift
reactioncan unequivoally be ruled outon the basis of calculated barrietastead, more
complicatedthreestep pathwaysvhich avoid direct Hshift reactionsappear plausible on
Pt(111).

This sectionpresentsa systematiccomputational study with thretreestep routes
Reactionsa-e-d, a-f-g andh-i-d in Fig. 3.1 for the transformation of ethylene to ethylidyne.
Four differentintermediats, ethylidene, vinyl, vinylidene and ethylere considered in the
calculation The calculatios were carried ouwvith a planewave baed density functional
method and periodic slab models, as describecChiapter 2 Based on the calculated
activation energy of each elementary step, the viability of different routes is discussed,
suggesting a new interpretation of the existing experirhdata.Throughout this worki, will
systematically compare the results of our calculations at different adsorbate cp¥3ai&t,
and 1/9

3.2. Structure and energetics of surface speciesd transition states

Fig. 3.1 shows the reaction network studied this chapter comprising 10 different
elementaryreactionsReactiona-j, includinghydrogenationdehydrogenation and 12 shift

reactionswith four different intermediatewifiyl, ethylidene, vinylideneandethyl).
3.2.1 Structure and energetics of surfae species

In this section, | mainly introduce the adsorption properties oiCthapecieswhich
were investigated in this thesiBig. 3.2 shows the adsorption modes of all these species on
Pt(111). One general rules for hydrocarbon adsorption is thatn@dend to form four bonds
with other C, H, or Pt atorm® maintain asp’ configuration In the following, | will discuss

these species one by anedetail

11
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Ethylene. Previous experiments identified in totavo adsorption modes, and di(l
mode,of ethylene on Pt(11)° Ethylene ina ~ adsorption compleis attachedo the top
site of one Pt atom viaa d o n o, whilebi thedli-G moce, the adsorbate iattacked to
two adjacent Pt atomat a bridge siten f as hi on v i a’ -bounbethylenebio n d s
stableonly atvery low temperaturewhich is confirmed by thepgctroscopistudies™ This
structurewill start to convert tahedi-OC mode when the temperature
than 2 K.

The adsorption sites of ethylene species on Pt(111) and the geometries of the
corresponding adsorption complexes are expected to be similaoge itientified on the
surfacePd(111) therefore, it was assumed in this and other sttaff&#S>?thatdi-0 et hyl ene
should also occupy a bridge site on Pt(1HOwever in a study that used diffuse legnergy
electron diffraction (LEED)P&Il et al. reported® a structure where ethylene adsoabove a
hollow site on Pt(111)in this structurethe Q C bord wastilted by ~22° with respect to the
surface plane. Howevelater theoretical studies disagdesvith that result. Slabmodel
computational studié®>? at 0.25 ML coverageshowed that bridge adsorbed{dethylene,
with the @ C bond parallel to the surfadeindsstrongerthan inthe hollowsite complex by
50i 63 kJ mol*. An earlier nearedge X-ray adsorptionfine structure NEXAFS) study?
assumed the I bad parallel to the surface plangithout direct information on the
adsorption site afhe ethylene molecule.

Several theoretical studf®§*°°°>3 reported the adsorption geometries of two kiafls
adsorption complexes ethylene orthe surfacePt(111) The presentesults fo bond lengtk
agree with these earlirorks within 1i 5 pm, Table3.1. In thedi-0 e t hcgniplextte G
C bond is adsorbed above a bridge position, parallel to the surface Jenealculated CC
bond length149 pm, perfectly falk into therangeof the experimentaNEXAFS result 149 4
pm1% The Ci C bond lengthis (almost)comparable with the borldngthof gas phase ethane,
154 pm, ands significantly longer thafor ethylene in the gaphase, 134 pnBoth of these
factors reflect that the carbaenters in theli-0 e t hayehlreanlyeehybridizedtowardsp’.
However, int h eadsorbedadsorption complexthe calculatei C bondlength is only 141
pm, indicatie of sp* hybridizedcarbon centersThis calculated valuperfectly agrees with
the NEXAFS result, 14Ipm.** The Ci Pt bondlengths are also different in two kinds of
adsoption complexesIn the” -adsorbed cas#hey are217 220 pm which are6i 9 pmlonger

than the corresponding bond of theldi ¢ o mphe g®metry is slightly affected by the
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Chapter FEthylene transformations over Pt(111)

Table 3.1 Calculated structural parameters (pm), and binding energies BE (k9 wfokthylene

adsorbed on Pt(111) in-diandp modes at different surface coaged .

q c-C C-Pt BE
di-d et hyl 1/3 149 217 105°
1/4 149, 148, 148, 2117 211, 210, 214 21 114, 117, 100, 107, 122,
148, 149 109, 127
1/9 149 2173 212 121
exp. 149 71°9
ethyl e 1/3 1417 217 60
1/4 147, 14P, 140 217, 218, 218, 222 70, 72, 65, 54'
1/9 147 219, 220 84
exp. 141 40° 10

®This work. °Ref.49. °Ref.46. 9Ref.53 °Ref.12. 'Ref.13. 9Ref.76. "Ref.52
Ref.10. 'Ref.16. ¥Ref.50.

coverage. TheCi Pt bondlengthsslightly increasedby less than 3 pm froni/3 to 1/9

coverage.

Under UHV conditions,” -bound ethylene is reported to be stable only at low
temperature$’ After the system is heated abov215, “-bound ethylene starto convert to
the di-0 mode which dominats between 100250 K on the Pt(111) surface®** Further
heatingof the system irreversibly converethylene toethylidyre.®*’ However, at different
conditions e.g. high pressure of several hundred Tdrer than UHV, the relative surface
population ofthe two typesof adsorbed ethylene might change to some extent. For example,

studying ethylene hydrogenation on Pt(11Cyemeret al.”

observed thaethylenecould
coexist with ethylidyne on th&t surfacewhen the surfacewas exposed to ethylene and
hydrogen gas at room temperatuBeth di-0 and " -bound ethyleneomplexesvere detected
in comparable concentrations. Beeauthorsalso pointed out that thergrursorfor the

hydrogenation reaction of ethyleisethe weakly adsorbedboundethylene species

Table3.1 summarizeseverarecenttheoretical studiethatreported binding energies of

é0,12,13,16,46,49,50,52,

the two kinds of surfacbound ethylen %37 The models andhethodoloies

13



Chapter Ethylene transformations over Pt(111)

Table 3.2Calculated binding energies BE (kJ Mpbf ethylene adsorbed on Pt(111) and Pd(11

di-s andp modes at different surface coverafje

d=1/3 d=1/4 d=1/9

Pt(111®  Pd(111f  Pt(111f Pd(111f  Pt(111}  Pd(111f

di-G ethylene 105 71 114 83 121 90

" ethylene 60 NA ¢ 70 64 84 78

This work. °Ref.64. °not available

for these calculatignperiodic slab models ofi2 layers and the ekangecorrelation

functional PW91 are similar to present work. Similéw the reportedexperimentalenergy

preference fodi-G e t h thd calaulatedbinding energy bdi-0 e t hay 1/4ecoverage
was36i68 kI mol'mo r e st a-bolneethyléna fable3.1).2%°*>® The pesent study
obtairedthedi-&  m dodbemore favorable by 345 kJ mol*, depending on covage.For

di-6 ethylene, the calculated adsor ptiwihn ener
decreasing coverage (Table 3.The obtained adsorption energy at 1/4 coverage, 114 kJ

mol ™, perfectly falk into the range of previous theoretical studi#8(i 127 kJ mdl*, of the

binding energyon Pt(111)%49°%°2>3 previous calculation with reasonably large cluster

models*’ obtained alightly larger binding energ ~130kJ mol ™.

Slightly lower binding energiewere reported byeveral different experimental studies.
For example, temperature programmed desorption (TPD) measurementsedidite
adsorption energy of i et hy | e n at7bki mdt(TakeB.1).Y%"® The calculated
value is larger by about 40 kJ rifolA similar smaller TPEderived binding energy of i
ethylene waslsoreportedon Pd(111), 68 kJ mdl’’ Theseresuls arenot surprisingoecause
the PW91 GGA functional, used in this calculation, is known to overasti systematically
chemisorption energies by up to 50 kJ/ffoAnother experimental studywith RAIRS, also
reported a slightly lower adsorption energy’ 20 kJ mol' compared withthe calculated
adsorptore ner gy of °~ et ligdkJenole(Tabled )Pt (111), 60

The calculated energy differendsetweendi- and ~ on ®d(14xfi 18 $9 kJ
mol'!, is slightly largeron Pt(111)37i 45 kJ mol* (Table 3.2) The adsorption energies of

specien both surfaces are in the similar rangd,880kJ mol*. However, the adsorption of
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di-OC species on Pd(111) i's weaker than the o
calculatedonly 71 90 kJ mol* on Pd(111) whe they arel05 121kJ mol* on Pt(111)lt is

interesting to point out that tlealculatedCi C bond lengthon Pt(111)s 45 pm longer than

that determinedstructurefor di-iC et hy | ene a d % liheewdth toen-30Fkd ( 11 1)
mol'* larger binding energy of the complex on Pt(1Hgcall that alightly higher binding

energy on Pt(111was measuredcomparedto the value on Pd(111l) by previous TPD
experiment*®’®’” In summary a larger binding energy, 10521 kJ mdl', of di-iC et hy |l ene
on Pt(111) igprediced in this thesisvhich is30i 40 kJ mol* larger than on Pd(111), see Ref.

64 and references therein.

Ethylidyne. Ethylidyne isformed at high temperature after heating adsorlethylene
on varioustransition metal surfaces such RB(111)>° Pd(111)° Ir(111),>” and Ru(00015}®
The structure of ethylidyne on Pt(11d/ps unclear until the end dhe 1970s. With LEED,
Kesmodelet al!”"® identified that ethylidyneadsorled at threefold hollow sites, with theCi
C bond perpendicular to the metal surfadelater LEED stud§® supportedby density

functional calculatior® suggested a slight preference of the fcc over the hcp site.

In this thesis the structureof the more stableicc adsorbedethylidynewas optimized
The A C bond is perpendicular to the Pt(111) surface, wiédbond length at 149 pm for all
the investigatedcoverages. Th€i Pt bondswere calculatedat 201 203 pm All of them are
in good agreenme with earlier theoretical valugé The calculated GC bond length agrees
very wellwith theone obtained ithe LEED study® 149 5 pm, while a slightly shorte€i Pt
bondlength,191+5pm, is reportedn thatLEED study.

The binding energies ofthylidyne calculatedat fcc site onPt(111) are in the range
575 593kJ mol'! (Table3.3), with respect tdhe doublet state afthylidynein the gas phase.
The binding eergy increases withecreasing coveragBormer calorimetric measuremefis
showed that 1744 kJ/mol of heatre released in the dissociative adsorption of ethylene to
form ethylidyne species and surface hydrogen atoms on Pt(111). Slightly lower vahies, 14
157 kJ mol'* %83 resulted from measurements on suppofegamplesThe calculationof
this thesispredict an energy change of 11860 kJ/mol for this reaction, whetbe more
exothermic process corresponds to lower cover@gepared with Pd(111)hé geometries
of ethylidyne on Pt(111) are quite simil&i Pd bonds arat most5 pmshorterthan the CPt
bonds The adsorption energies &t(111) were calculated 484 kJ mol'* larger than those
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ethylidyne

vinyl vinylidene

Figure 3.2 Adsorptioncomplexesf all C2 species investigated in this thesis

on Pq111)%

Intermediates: Vinyl, Vinylidene, Ethyl, Ethylidenélhe adsorption of these potential
reaction intermediates dPt(111)has been addressitprevious computational studiés®>*
Generally speaking, the unsaturated C centers tend toviarousnumbers of CPt bonds.
The number of CPtbonds is determined by tlide-)saturation of the C atoms, with all the C
centes turning tosp® hybridizedon Pt(111). The binding energy of the adsorbate decreases
with increasing surface coverage due to the stronger adsadisdebatarepulsionat high
coverageTable 33 summarizedmportant geometry properties and adsorptiorrges of the

investigated intermediates.
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Table 3.3 Optimized geometri@gpm) and energy characteristifis) mol'!) of intermediates in th

transformation of ethylene to ethylidyne ativas coverageg.

q Cc-C C- Pt BE®
Vinyl 1/3 147 208, 208, 210 301
1/4 147 207, 207, 209 318
1/9 147 207, 207, 209 324
Ethyl 1/3 151 209 186
1/4 151 210 191
1/9 151 210 195
Vinylidene 1/3 141 199,199, 210, 223 415

1/4 141 198, 198, 212,221 434
1/9 141 198, 198, 212,221 441

Ethylidene 1/3 150 207, 207 373
1/4 150 207, 207 382
1/9 150 207, 207 390

Ethylidyne 1/3 149 201, 202, 202 575
1/4 149 202, 203, 203 584
1/9 149 202, 202, 202 593

Ethane 1/3 152 7
1/4 153
1/9 153

2 A- B, distance between atoms A and’Binding energy (BE) of an adsorbate (see text).

Vinyl (CH,CH) prefers to bind over a thréeld siteon Pt(111) surface ips-d fashion.
The calculated ‘GC bond length147 pm,is only 2 pm shorter than that of-di et hyl ene,
indicating rehybridization tep® carbon. The CPt bond lengthare207 210 pm.The binding

energesof this speciesare301i 324 kJ mol when goingrom 1/3 to 1/9 coverage.

Similar to vinyl, vinylidene (CH,C) also prefers to bind over threefold site. It is
adsorbedn ps-d fashion @ the Pt(111) surface. The calculatedCbond length141 pmiis
6 pm shorter thafor adsorbedvinyl, indicating a higher G C bond order The G Pt bond
lengtts are 198 224 pm.The binding eneligs of this speciesire 399 441 kJ mof from 1/3
to 1/9 coveage.These valugare~100 kJ mof larger than the binding energies of vinyl due

to one moreCi Ptinteraction for vinylidene.

Ethyl bindsat atop site of the Pt(111) surface. The calculaté€ ®ond length is 151
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pm. The CPt bond length is 20210 pm.The binding eneligs of this speciesire 186 195
kJ mol* from 1/3 to 1/9 coverage. This interaction is much weaken that ofthe two

previousintermediate®ecause ethyl formsnly one G Pt bond.

Ethylidene (CH3;CH) binds at bridge sits of the Pt(111)surface. The calculatedi C
bond length is 150 pm. Thei €t bond length are 207 pm.The binding energs of this
speciesare372 390 kJ mof from 1/3 to 1/9 coverage.

Coadsorbate: Hydrogen.The hydrogenatiohdehydrogenationreactions require
additiona surface H atoms in the initiafinal state, respectively. Thstructures of ¢H,
species with coadsorbed H atoms hals® been optimizedhe H atomsvere placed at free

threefold hollow sites near the 8, species.

The geometries of the adsorbegHg species are hardly affected by the coadsorption of
the H atoms. In most cases, bond lengths change less tharnThguedfect is strongeat high
coverage, due tbmited free surface arg@r the newly introduced H atom. For example, i
the high coverge caseof vinylideng the coadsorbed H atom is too close to the vinylidene
and the repulsion between them pushes vinylidene away from the surface (it blond
is elongated by 9 pm with respect to vinylidene adsoddede Another example is €
adsabed ethylene. At 1/3 coverage, theCbond is no longeadsorbedarallel to thePt Pt
bondat the bridge siteDue to he repulsiorby the additional coadsorbed H atom these two

bonds form an angle of 10°.

The calculatedadsorption geometries of thedrpcarbon fragmentsn Pt(111)are quite
close to those calculated on Pd(1%4}. At higher coverage, the distortion of vinylidene is
also observed on Pd(11¥®hen coadsobed with hydrogenThe distortion is stronger on
Pd(111) which isattributed to thestrongenepulsive interaction on Pd(111) due to #tightly
smaller atomic radius of R@80 pm)compared to P282 pm)as well as the weaker binding
of vinylidene on Pd(111) by ~50 kJ rifol

3.2.2 Transition State Structures for Ethylene Conversion to Ethylidyne

In this section, | will discuss the transition steed thecorrespondingeaction barries of all
elementary reactionshown inFig. 3.1 (ai j). Similar to the local minina, the transition state
structures arenly slightly affected bysurfacecoverage. Therefore, | will mainly refer to the

results obtained for the covera@f. In the discussion,aeh transition state is labeled as
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ATSx O, w h e r et d the correspondingelenertary step used in Fig.1l For the
hydrogenationand dehydrogenationeactions,an H atom ata specific site close tthe
hydrocarbon irits initial or final state respectively, is part of the modélrevious researth
showed that the activation energy for the diffusion steps of H atom over Pt(14%)lasv as 4
kJ mol?, indicating fastsurfacediffusion of H atomsTherefore, modelingf H diffusion
stepswas skipped Table 34 summarizs reaction energies and barrier Hem of all thee

elementary steps.

Ethylene to Vinyl(TSa) The initial state of this reaction is-diadsorbed ethylenén
the transition state structure TSa (Rg), one of the C atoms moves from the top sitarto
adjoining bridge site, forming the secondRE bond, 220 pnilhe top site, which is originally
occupied by the C atom, interacts withe thissociating H atom with HPt = 162 pm.
Accordingly the CH interaction is weakened, which is reflected by the elongationi bf C
distance to 155 pm. In the final state, the dissociated H atom arriveébrae#old site. The
reaction is endothermic by4l51 kJ mol* at different coverages. The activation energy of
this elementary reaction is as high as 92 kJ'fratl 1/3 coverage and 75 kJ roat 1/9

coverage.

Vinyl to Ethylidyne (TSb) During this 1,2-shift reaction, thehydrocarbon doesot
change tk adsorption sitdn TSb (Fig 3.3), the weakenedi® bond is elongated to 123 pm
The H atom, which is shifteid the reactionmoves to the area betwettietwo C atoms, with
the newly formed CH bondat 137 pm.The C atom, which accepts the shiftddatom,
moves upwards so that thé € axis bends toward the surface norn#gl 1/3 coverage, the
Ci Pt bond breaks completely withi Bt = 332 pm. The other C atoms still locatedat the
bridge site(Fig. 3.4) However, at 1/9 coverage, thkdonating C atom owves to thehree
fold site, forming a third CPt bond at 208 pm, and the other twboPE€ distances of this
carbonshrink to 199 pm,8 pm shorter than irthe reactant vinyl. le migrating H atom
travels far above the surface and does not seem to int@ractly with Pt atoms Thus, the
reactiondoesnot appear to beurfaceassisted Consequentlythe activation energy of this
reaction is very high, 195 kJ mblat 1/3 coverage and 168 kJ fricat 1/9 coverage. The
reaction is exothermic by about E@mol™ atboth coveragestudied
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Figure 3.3 Optimized structures of the transition states of the elementary reagitjojsee Fig. 3.1) .

1/9 coverage.

Ethylene to Ethylidene (TSc)This 1,2H shift reaction was propos&d* as the first
step of ethylene conversion to ethylidynethe corresponding transition state T&q. 3.3),
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TSb TSe TSg

Figure 3.4 Optimized structures ohe transition states of the elementary reactmresand ¢see Fic

3.3) at 1/3 coverage.

the reactive H atom moves to the area between the two C atoms, similarTSb. The
correspondindCi H bondelongatedy 16 pm, to 126 pranda new GH bond with theH-
accepting C atom, is formg@€i H = 151 pm.Due to this nely formed interaction, théi-
acceptingC atom detaches from the surface, directing thi€ ®ond toward an upright
orientation.The HdonatingC atomstill occupies a top siteith the @ Pt bond shortened by
10 pm to 200 pm. In tharfal state, this atorshifts to an adjacent bridge positiamile the
Ci H bondis completely brokenAgain, due to lack of interaction betwetre migrating H
atom and the metal surface, the activation energy is very high, 229 ¥Jambl3 coverage

and202 kJ mdl* at 1/9 coverage. The reaction is endothermic by about 30 kI mol

Ethylidene to Ethylidyne (TSd)nitially, ethylideneis adsorbed at a bridge site. In the
transition state TSd, the reactive C atom moves towdhdegfold site. The dissaating H
atom of the CH groupasses through a tdund statewith the GH bond elongagd by 27
pm, to 137 pmThe Q C bond is nearly perpendicular to the surface, hence very close to the
structure of the product complex of ethylidyne. In the final staeeH atom moves further to
athreefold hollow site. This reaction is strongly exothermic,k#mol* at 1/3 coverage and
70 kJ mot* at 1/9 coverageThe activation energy is much lower than typical basrigr
hydrogenatiort dehydrogenatiorreactiors investigated in this thesis, 29 kJ facat 1/3
coverage and 19 kJ mbhkt 1/9 coverage. Simillgrlow barries werealso calculated for the
same reaction on Pd(11%)This low barrier suggests the dehydeagtion of ethylidene to
ethylidyne to be fast and irreversible. Our result is consist with the experimental obs&tvation

that ethylidene can readily transform to ethylidyne at 150 K.
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Table 3.4 Optimized geometriés(pm) and energy characteristils) mol'") of transition statésof

ethylene transformations to ethylidyne at various covergges

g C-C C-H°® H- Pt° C-Pt DEY E.°
TSa  CH,CH,- CH,CH+H  1/3 148 160 161 207,209,220 51 92
1/9 148 155 162 208,209,220 14 75
TSb  CH,CH- CH.C 1/3 140 124,159 199, 199, 275,332 -55 195
1/9 139 126,151 199, 199, 208, 212 -51 168
TSC  CH,CH,- CH.CH 1/3 141 125,145 198 31 229
1/9 139 126,151 200 30 202
TSd  CH;CH- CH,C+H 1/3 152 140 165 202,202,222  -44 29
1/9 151 137 167 203,203,226 -70 19

TSe  CH,CH+H- CH,CH 1/3 149 150 169,217 207,208,226 -20 65
1/9 149 156 160,281 206,206,225 17 78

TSf CH,CH- CH,C+H 1/3 142 148 165 199, 210, 213,22C 32 69
1/9 142 144 166 199, 210, 215, 217 -15 53
TSg  CH,C+H- CHLC 1/3 140 181 161 199, 199, 216, 271 -87 58
1/9 142 165 162 197,197, 216,232 -36 80
TShd CH,CH,+H - CHsCH, 1/3 150 153 162 210, 227 -15 75
1/9 150 154 162 209, 228 23 88
TSh™  CH,CH,+H - CHsCH, 1/3 139 190 159 231 -63 37
1/9 140 180 159 222 -23 61
TSi CH;CH, - CH,CH+H 1/3 152 153 161 206, 224 33 88
1/9 151 152 162 207, 225 6 74
TSj CHzCHy+H - CHyCH; 1/3 151 148 169, 214 229 -17 67
1/9 151 150 168, 216 228 12 77

3 A- B, distance between atoms A and B in the transition $t&er. the designation of the reactic
and transition states, see also Fig. 3Distances that chacterize the bonds that are broken/fori

during the reactiorf. Reaction energy. Activation energy.

Vinyl to Ethylidene (TSe)In this hydrogenation reactioas low coveage (1/9),the
attaking hydrogens placed athe threefold site which is in front of the C atom of the CH
group. The isolated H atomapproacheshe C atom of the CHgroup froma top sitein the
transitionstate TSe (Fig3.3), with the Q H distance otthe bond to be formed decreas
from 270 pmin the initial stateo 156 pm Concurrently the Hi Pt distance setches tal60
pm. Due to the attacking H atom, thé R&& bondof the CH groupweakers, reflectedn the
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16 pm longer bond comparedth theinitial state.The reaction follows a different path at 1/3
coveragedue to the highdensiy of adsorbatesNow the hydrogenatingd atom approaches
the CH, group from the sideia a bridge site, forming twanequalHi Pt bonds in TSeL69
pm and 217 pn{Fig. 34). The reactionis exothermicby 20 kJ mol at this coverage (1/3),
while the reaction is endothermic by 17 kJ that 1/9 coverage. The activation barneas
calculatedat 65 kJ maf* at 1/3 coverage and 78 kJ fradt 1/9 coverage.

Vinyl to Vinylidene (TSf). In the transition state TSf (Fi.3), the dissociating H
migrates over a top sitavith the G H bond elongang to 144 pm, and the formingit®t bond
at 166 pm.The reacting C atom forms a third Bt bond, 215 pm, at threefold hollow site
whereas the other C atom moves upwards and the correspontitigliStance increases to
217 pm.In the final state, the dissociated H atom landsthteefold site neathe adsorbed
vinylidene.The reaction is endothermic by 32 kJ that 1/3 coverage anekothermic by 15
kJ mol® at 1/9 coveragélhe barrier othis reaction stejs 69kJmol'* at 1/3 coverage and 53

kJmol'* at 1/9 coverage.

Vinylidene to Ethylidyne (TSg)Similar to Reactione at 1/9 coveragein the initial
state the attaking hydroge atom is locatedt ahollow site in front othe CH, group In the
transition statel' Sg (Fig 3.3), this H atom moves tthe top site originally occupied by the
CH, group, with Hi Pt = 162 pm.In paralle] the CH group is pushed upwards so that the
corresponding CPt distance elongateby 10 pm, to 233 pm at 1/9 coveragst 1/3
coverage, de to a stronger repulsitetween neighbaorg hydrocarbons(Fig. 3.4), this value
changes to 271 pnfirom 232 pm in the initial stat@able3.4). The GH bond to le formed
is still rather long in TSg, 181 pm at 1/3 coverage and 165 pm at 1/9 covEhégyeeaction
is strongly exothermidoy 87 kJ mol at 1/3 coverage and 36 kJ madt 1/9 coverageThe
activation energy of this elementary step changes concolyjtérmm 58 kJ mdl* at 1/3

coverage to 80 kJ mdlat 1/9 coverage.

Ethylene to Ethyl (TSh)An experiment® suggests ethyleneto be the key precursor
of ethylene hydrogenatiotHowever, & UHV conditions only thedi- f or m o f adso
ethylene was found to be stable on Pt(1dld9gve 100K" ethylenecould be observed on the
surfacein the presence of hydrog@mnotalle concentrationdn this thesis, the TS structures

of the reactionromb ot h di-0 aentdhyl ene t o et hyl are | ocate

Unlike other threamembetring transition statg the hydrogenation of the-adsorbed
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species proceeds via a fimeemberring transiion state (TSH , . 83), gvhich involves C
and H atoms othe forming bond, the other C atom as well as two Pt atoms. In'T8fe Q

H distance of the forming bond is 180 pm, while tHid’Cbond is totally broken, stretching
from 220 pm in the reactastate to 291 pm in the transition staféis reaction is strongly
exothermic bys3kJ mol* at 1/3 coverage ar2B kJ mol* at 1/9 coverage. The corresponding

activation energys 37 kJ mol* at 1/3 coverage arill kJ mol* at 1/9 coverage

In the traniion stateof the hydrogenationfor di-0 ethylene(TSh( , . B.3),ghe
reactingH passes throughnaintermediatewith bridge coordinationThe H atom is at an
asymmetric position, with H°t distances at 162 pm and 235 prhe newly formed TH
bond is 154 pm. This reaction is exothesrhiy 15kJ mol™* at 1/3 coverage anehdothermic
by 23kJmol™* at 1/9 coverageThe activation energy is 75 kJ rhioht 1/3 coverage arB kJ
mol'* at 1/9 coverage; both values atese to theesult,77 kJ mol*, of an earliercalculation

at1/4 coverge®

Ethyl to Ethylidene(TSi). In the transition stat&€Si (Fig. 3.3), the hydrocarbobinds at
the samédridge site as the product ethylidene. The dissociatiagorhfrom the CH moiety
attaches to the sufaceover a top site whereby thd B distance elongates to 152 pm and the
Hi Pt distance decreases to 162 pm. Simultaneously, the reactive C center creates ai second C
Pt bond, 225 pm in TSi, at a neighboring bridge slieis reaction is endothermic by 33 k
mol™ at 1/3 coverage and 6 kJ ritalt 1/9 coverageThe calculatedactivation barrierare88

kJ mol®* at 1/3 coverage and 74 kJ irait 1/9 coverage for this reaction.

Ethyl to Ethane (TSj) In the transition state TSj (Fi§.3), the attacking H @m moves
to a bridge site which shares the Pt atom with ethyl bound on it. TheirtegualHi Pt
distances ar&68 pm and 214 pm, and the newly formeidH(bond length is 148 pm. This
reaction is exothermic by 1k mol™ at 1/3 coverage and endothermic &/kD mol™ at 1/9
coverage. Thebtainedactivation barriefor this reaction stejs 67 kJ mol* at 1/3 coverage

and 77 kJ mét at 1/9 coverage for this reaction.
3.2.3 Coverage effecon the inividual reactions

There ardhreekinds of reactions: hydrogenati dehydrogenation and 1,82 shift reactions.
Addtional H atomsreneecd or produced in the initial or final states for the hydrogenation

and dehydrogenation reactionssgectively. A coadsorbed H atom occupies a separate
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adsorption site. Consequenttiie lateral repulsion between the adsorbates is more prominent
at higher than at lower coveragghisis reflected in the coveragiependence of the reaction
energies. In generahs the coverage increases from 1/9 to MRjrogenation reactions
becomemore exothermic, by 3B0 kJ mol'; the situation is reversefr dehydrogenation
reactions(Table 34). Meanwhile, barriers for hydrogenation reactions are typically lower at
high coveragg¢1/3), by 10 25 kJ mol, than the corresponding barriers at lowemge(1/9).

In contrast, barriers of dehydrogenation reactions have been calculagglkiomol* higher

at high coverage (1/3) than at low coverage (1#9).thel,2' H shift reactions, the surface
converage is nearly the same during the reactionudh sases, the reaction energies do not
vary a lot.However, the barriers decrease by 27 kJnwahen the coverage decreases from

1/3 to 1/9 currently, there isno detailedexplanation of suchoverage depemdce
3.3. Three Mechanisms of Ethylene Conversioto Ethylidyne

The geometry andcnergeticsof the individual reactionsvere describedin the previous
section. In this section, possible reaction scenarios which connect ethylethglidyne on

Pt(111)areanalyzegbased on the details of individual cgans.

The reaction network in Fig3.1 contains several reaction pathwayghat connect
ethylene and ethylidyne. The calculated results show that the barriers for diretshif2
reactiors are as high as170 kJ mdt', i.e., vinyl to ethylidyne muchhigher tharthe barriers
of hydrogenatiori dehydrogenatiomeactions. fus, direct shift reactios, Reactionsh andc
(Fig. 3.1), can safely be excluded. Three reaction pathways contain only
hydrogenatiord dehydrogenation reactiongM1) ethylene - vinyl - ethylidene -
ethylidyne; (M2) ethylene vinyl - vinylidene- ethylidyne; (M3) ethylene ethyl -
ethylidene - ethylidyne. Some of the elementary steps are shared betwibese

mechanismsThe reaction landscapes of the three mechanisms are depi€igdars.
3.3.1 Reaction in the absence of hydrogen.

After ethylene adsodon Pt(111), it can be either dehydrogenated to vinyl or hydrogenated to
ethyl. Due to the need of an additional H for the hydrogenation step, at UHV conditions and
without hydrogencoadsorbed ethylenecanonly bedehydrogenatedrhus, only mechanisms

M1 and M2 seem plausibkt such conditiondn the following, | will focus on théiscussion

of thecompetitionbetween M1 and M2 atariouscoverages
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Figure 3.5.Reaction energy profiles (kdol'!) of ethylene conversion to ethylidyne over Pt(111
various mechanisms: (a) (M1) ethylenevinyl - ethylidene- ethylidyne; (b) (M2) ethylene
vinyl - vinylidene- ethylidyne; (c) (M3) ethylene ethyl- ethylidene- ethylidyne (see Fig. 1
at 1/3 coverage (black) and 1/9 coverage (red). In panels (b) and (c) one state energy is repr
a lroken line to indicate a change in reference when calculating relative energies. The
energiesd the left are calculated with respecttelddi et hy |l ene i Il (ed)hyd req
at the various coverages. The relative energies to the right are shifted by the energy differenc
and vinyl+H in (b) or ethylidene and ethylidene+Haj.

M1 and M2 share the same first stethe dehydrogenatiorof ethylene to vinyl
(Reactiona). After this first dehydrogenatiostep, vinylcanbe hydrogenated to ethylidene
(M1) or further dehydrogenated to vinylidene (M2). Bgiroductscan be converted to

ethylidyne via one steplehydrogeation or hydrogenation reactiomsspectively
Fig. 3.6 compars the reaction landscapes of these st@pe sharedreactiona is not
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Figure 3.6.Reaction energy profiles (kdol') of vinyl conversion to ethylidyne over Pt(111) at
coverage (black) and 1/9 coverage (red): comparison of routes via vinylidehesifergies wit
r e s p e’eswinytcoadsgrbed with H) andarethylideneftg, ener gi es A3asivinyd.

included in this figure. The barriof this stepare 75 kJ mof* at low (1/9) coverage and 92
kJ mol* at high (1/3)coverageln both mechanisms, the highest reaction barriers are similar,
~80 kJ mdl* at low (1/9) coverage via Reactiomandg, respectivelyand of92 kJ mol* via
Reactiona at high (1/3) coverageThesehighestbarrier values, 8092 kJ mol*, are vey
reasonable for a reaction that occurs at +380 K, and they are also in good agreement with
the reported apparent barrier,i8@ kJ mol', from various experiments for the overall
transformation to ethylidyn® ® The preference df11 or M2 at different coverages depends
on thesecond stefReactiors e andf) (Fig. 3.6). Low coverage prefers M1 with 65 kJ rifol
barrier (Reactione) followed by Reactiond with a barrier ofonly 29 kJ mot. The barrieof
Reactionf in M2 is slightly higheyby only 4 kJ mol*, thanReactione in M1, butthe former
reactionis strongly endothermic by 32 kJ riplindicatingthatthe reversef that reactionis
fast thusprevening further conversion to ethylidyndga M2. At high coverage, M2 is more
preferred due tche 25 kJ mot lower barriersfor Reactiorf compared with Reactiomin M1

(Fig. 3.6).

The calculated barriers also show that the-liatging step of ethylene conversion to
ethylidyne evidently changes with coverage. At high coverage, the shareddirgteaction
a, is ratelimiting; the barrierof this stepis at least 23 kJ molhigher tharthe barriers othe
other steps. However, this barrier is dramatically decreased kd @l at low coverage,

which is slightly lower tharthe barriersof the two subsequentydrogenation reacti@n
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Reactionse andg. Interestingly,a former kinetic study by Zaerand Frencf indicates that
the ratelimiting step of the overall conversion indeeldanges with carage.In their study,
the ratio of hydrogen to deuterium released in the dehydrogenation of trideuterioetigtene
monitored. The release of deuterivmas enhanced with respect to the ratio expected from
stoichiometry at low coverages, where as the erdraent in hydrogen was observed at
saturation.Based on this observation, these authors proposed-atep mechanism, via
reactionc andd (Fig. 3.1). The isotope effeamnakes the reaction gdaster with H than with D
atoms.Thus, itmust be associated thithe GH or G D bondbreaking steps as ralieniting

in the conversionThey proposed that at low coverage, the isomerizationcsteuld become
ratelimiting, with an initial preequilibrium between ethylene and ethylidene and a rate
limiting H-dissocation stepd at saturation.This suggestiorwould be consistent with the
enhanced desorptionat saturatiorbecause H involved in the raieiting dehydrogenation
step is fasterHowever, if a ratdimiting step was hydrogenaticat low coveragefasterH
consumptioncould also lead t@n enhancd releaseof deuterium Hence, this experimental

evidence is consistent with both M1 and M2.

Recall that vinyl intermediate as precursor of ethylidyne was ruled out by Zaef et al.
because vinyl wsshown to convert back to ethylene before producing ethylidyne on Pt(111).
To gain brther understandinghoseTPD resultscanbe discusseth the light of the present
theoretical resultsThe coverage of vinyl iodidas etimated in Ref68 (g = 0.120.13)
roughly corresponds to the calculated reaction landscape at 1/9 covecageling to the
calculated reaction barriergt thermal heatingvinyl on the surface would conueto
vinylidene with a relatively low barrier, 53 kJ rhbl Subsequentlyit could convert to
ethylene with a slightly higher barrief 61 kJ mol*. Further heating of the system would
finally convert surface ethylene to ethylidyne, which can be form#grevia vinyl and
ethylidene or directly from vinylidenawith barriers 0f80 kJ mol' in both casesSucha
predictionqualitative agregwith the experimental observations: the formatiorwvialidene
wasidentified at ~130 K, then ethylene was formadhe region of 200 K, andthylidyne
appeared after heating above 306°K.

Actually, these findings do not rule out vinyl as intermediate in the conversion of
ethylene to ethylidyneAs discussed abovat lonv coverageethylene was formed at about
200 K with 61 kJ mol* barrier However, \nyl can be regenerated faigher temperaturia

the conversiorof ethyleneto ethylidyne becauseof the higher barrier, 9%J mol™, for
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ethylenedehydrogenatiorto vinyl (Reactiona) compared with the reaction from vinyl to
ethylene Moreover, the formebarrier is higher than the barriers of the proceeding steps,
vinyl to ethylidyne via vinylideng80 kJ mol?) or ethylidene (78 kJ moi*). Therefore
Reactiona is ratelimiting in the conversion from ethylene to ethylidyne via M1 or M&d
vinyl could not accumulate on theurface, whichconsistswith on intermedite observed

during this procesBy previousexperimenf®
3.3.2 Reaction under hydrogenation conditions.

In most practicakituations e.g.in hydrogenation of ethylene, the formation of ethylidyne
from ethylene occurs as a side reaction. In such casegedoion takesplace inan
atmospheravith a sufficientamount of hydrogen. ThusechanisniM3, which involves an
initial hydrogenation of ethylene to ethyl,utd compete with other reactianechanism, like

M1 or M2.The energyrofile of M3 isshown in Fig.3.5c.

The first step of this mechanism is the hydrogenation of ethyléhdike the
dehydrogenation of ethylenergviousin situ SFG experimenit suggestd -bound ethylene
as likely primary intermediateof ethylene hydrogenation. Ithe presentcalculatiors,
hydr ogenat i ebound or disnethydeoewss investigated. Indeed, the optimized
reaction path showa notably lower activation energy for theyhd r 0 g e n adthylena o f
than of dili ethylene At high coverage (1/3), the activation energy for the former case is only
37 kJ mal', i.e., 38 kJ mol' lower than the corresponding barrigf di-G-ethylene Table
3.4). The barrier increasesightly to 61 kJ mol* at low coverage (1/9), but it is still lower
than that of the correspondingreaction of di-s ethylene (75 kJ mbl). Both values of
hydrogenation barrieref -ethyleneare rather lowshowng thatt he hydr ogenati o

ethylene should be mu@asier than that of di-ethyleneat either high otow coverage.

The hydrogenation barrief -ethylene is not only lower than tkerresponding barrier
of di-s ethylene, but also lower than the dehydrogendtmmier of ethyleneo vinyl, which
is the first stepof mechanismsM1 or M2. At high coverage (1/3), the barrier for the
dehydrogenation reaction, 92 kbl'!, is 55 kdmol*hi gher than the hydra
ethylene. Actually, it is alsslightly higher than the hydrogenatibarrierof di-s ethyleng by
4 kJmol'*. Both resultsindicate M3 to be energetically more favorable than M1 or AM2.
low coverage (1/9), the obtained activation energy for the hydrogenation of ethylene, 61 and

88 kImol*f or ° -s modd respéctively, are comparablih the barriersof the first
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Figure 3.7. Reaction energy profiles (kdol') of ethyl conversion to ethylidene or ethane -
Pt(111) at 1/3 coverage (black) and 1/9 coverage (red).

dehydrogenation step in M1 and M2, 75nkdl'!, which suggests that M3 may at least be
equally probable.

Several furtheraspectsneedto be considered besides the simple comparison of the
activation energies. Firsthe first hydrogenation step requirasignificant concentratioof
hydrogen on the surface. For example, Frei et®al’ observed ethyl during ethylene
hydrogenation over a Pt/AD; catalyst via peaks at 2893 Ehand 1200 cit by time-
resolved Fourietransfom infrared spectroscopy; however, these peaks were absent when the
reactant mixture did not contain hydrogen gas. Sedoride e x i sethydenecoa Pt(@11)
requires the presence of (external) ethylene in the gas'Plaseertain coadsorbatés!
Finally, if enough surface H atoms exisifter ethylene is hydrogenated to ethyle latter
could be further hydrogeted to ethanehich would irreversiblydesorbfrom the surfaceAt
low (1/3) coveragethe barrier for thiprocess is only 67 kJ mdli.e., 21 kJ mol* lower than
the activation energy of ethyl dehydrogenation to ethylidéfg. 3.7) At high (1/9)
cowverage, the activation energidsr hydrogenation and dehydrogenation of ethyl are
comparable, 77 and 74 kibl'*, respectivelyTherefore,n the presence of excess hydrogen,
hydrogenation to ethane vigarts of mechanismM3 should strongly compete with gh

dehydrogenatioto ethylideneandethylidyne
3.4. Remark on a spectroscopically identified transient intermediate.

The transformation of ethylene to a stable surface speciedramsitionmetal surfacesvas

observed a long time ago, but identificationtlugse puzzing specis succeedeanly in the
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1970s.It was confirmed to bethylidynewith the help of high resolution electron energy loss
spectroscopy (HREELS) and LEEDHowever,the reaction mechanism dii$ conversion
was unclear due to the sholifetime of the intermediate€ven some of the intermediates
could be detectedyut the signalscontaired only several weak peaks whiahkere mixed up
with the ones belonging to thdominantstable species on theurface.Therefore,these
intermediates wereven harder to identify than the stalsigecies The mechanism of the
conversion of ethylene tethylidyneon Pt(111)was controversially debateohtil 1995.With
SFG? and RAIRS? spectroscopya peak aR957 2960 cm' was observe@nd assigned to
the asymmetric stretcbf the methyl group ogthylidene.Another peak at 1387 ¢hwas
identified in the latter studylt developed in parallel with the 2960 cth feature and was
assigned to th€Hs; symmetric bend of ethylidene. Thetseo rather weak IR signals from

transient species were beyond the sensitivity limits of pre@pastroscopiexperiments.

However,based on th calculated resulten this thesisthe barrier for theconversion
from ethylidene to ethylidynés less than 30 kJ mid} which is much lower than a typical
hydrogenatiort dehydrogenation barrier in this conversi@uchalow barrier wouldimply a
fast conversionfrom ethylideneto ethylidyne, thus ethylidenes expected to bdardly
accumulatediuring the reactionRecentkinetic Monte Carlo KMC) simulatiors® confirmed
this hypothesis, whiclshowed that instead @thylidene vinylidene could be accumiated

over the surface during ethylene conversion.

One possible reasofor this contradiction is the method for the assignment of
vibrational modesIin many cases)ne assumea similarity betweenthe spectrunof surface
species with another spectruha related(molecular)compoundof known structure, e. g. an
organometallic analogué.’* This approachmay lead to a wrong identificatiSRdue to the
similarity of the vibréional modes bspecies with slightly different functional groun the
other han, theoretical calculations could directlgterminethe frequencyof each vibrational
mode, thus give direct evidence for the assignment of each peak in the spectrum. In this
section, the vibrational normal mode analysis is done for both surface species a

organometalli@nalogues.

Due to the strong anharmonicity ofi & stretching modes, the calculated harmonic
frequencies are generally too high compared to the experimental values. The determined
anharmonicity constants of such modes by experiment lieeimegion 6070 cmi.***” Even

larger anharmonic corrections are reported by theulzions based on density functional
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Table 3.5Calcuated vibrational frequeies’ of ethylidyne on Pt(111) as well as@o;(CO)( £d*-

CCH) for two coveragesyand assignmehof the normal modes

fslab 1:MO .
] Assignment
g=1UF ¢g=U%F Exp Calc (solid§ Calc (gas) Exp®
3032 3018 2950", 2939 3020 3004 2930 CHs3,
3030 3012 3017 CHs 3,
2884, 2888, 2886 2887,
2964 2938 2953 2923 2888  CHsss
2890", 2900
1403 1407 1419 1402 1420 CHsl,
1402 1407 1420", 1444 1414 CHs Uy
1338, 1339, 1340/, 1350, 5
1330 1326 1354 1353 1356  CHsls
1360
1118, 1118% 1124, 1128,
1095 1107 1165 1220 1163  CCs3
113¢™
957 962 90d, 975, 980" 997 991 1004 CHsjs
957 961 993 1004  CHs}s

2 Only normal modes with calculated frequencies above ~908 an@ shown® Not at i on
stretching; U,; bwendwaggi nlyg; tywi srtd mkgi n g ;-plane.
° this work® Ref.102 ¢ Ref.103 " Ref.95." Ref.62.' Ref.63.! Ref.99.* Ref.100.' Ref.101
™ Ref.9.

theory, 100160 cm', for Ci H stretching frequencies of organic specfeBhis preventsa
straightforward comparison afalculatedand experimentalfrequencies in the present case.
Thus, the discussion is mainly focused on maateer thanCi H stretching The calculated

frequencies and the corresponding experimental values are listed is 3.8b8&7.
3.4.1 C,Hy (x = 3i4) onthe Pt(111) surface

Ethylidyne The mostintensemode of ethylidyne on Pt(111) observed by RAIRS is the
CHs; symmetric bending (umbrella) mod&9>°*1%t which falls in the range 1338360 cni-
The calculated resultat 1326cmi* (1/3 ML) and 1330 (1/9 ML) cih, are slightly lower than
the experimera results Frequenciesimiilarly to low are also obtained for the other modes.
Calalated values for GC stretching mode are 1107 (1/3 ML), 1095 (1/9 ML) cmhile the

experiment value€$3?>°1% are in the range of 1115130 cnt. The double degenerated €H
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Table 3.6Calculated vibrational frequencfesf ethylene inOs,(CO)( £d*-CH,CH,) and on Pt(111)

for two coverageg and assignmehof the normal modes

fiab fvo Assignment
g=19 g=1/3 Exp Cal Exp
3080 3099 3067 2936 CH, 3,
3057 3076 3000 3049 2917 CH, 3,

2996 3016 2903, 2904, 2908, 292¢f, 294G 3011 2910 CH,3

2986 3009 3004 2843  CH,3,
1421 1418 1414 1416, 1426, 1430 1456 1445  CH,lii
1394 1400 1442 1434  CH, U
1184 1229 1230 1230 1225  CH,}
980 1013 980 99C, 993, 995 1135 1144  CH,¥
1045 1089 1079 1083 CH,¥/CC3
934 929 1015 1012  CH,j
1048 1024 1042, 1047, 105¢ 1016 981 CC3/CH,¥
789 776 790°¢ 841 837 CH, U
641 614 660 758 754 CH, U

2 Only normal modes with calculated frequencies above ~608 an@ shown® Not at i on
stretching; ittimgndivyng: :walg,gitnw ; !, r o c k-plang.
° The admixture of the second mode is very wéaRef.104 ¢ Ref.95." Ref.62 9 Ref.63." Ref.
99.' Ref.100.! Ref.101 ¥ Ref.9.

asymmetric bending is calculated at 1407 (1/3 ML) and #6423 (1/9 ML) cni. The
previous experimes’®® reported these bandsat 14201444 cm'. The calculated CH
symmetric rocking modes are at 9862 (1/3 ML), 957 (1/9 ML) cr, which areabout 20
cm’ lowerthan the experimeatvalues, 975980 cm*.>%3

Ethylene.Again, the discussion is focused the modes which are not & stretching.
CH, scissoring istie mode wth the highest frequencycalculatedat 1418 (1/3 ML), 1421
(1/9 ML) cmi’. It falls perfectlyin the rangereported by experimeni414 1430 cni. The

CH; rocking mode varies a lot at different coverages. At high coverage (1/3), the calculated
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Table 3.7Calculated vibrational frequencfesf vinyl in Oss(CO)o( 4 ) {dECHCH,) and on

Pt(111) for two coverages and assignmehof the normal modes

fsian fmo
g=19 q=1/3 Assignment Calc. Exp® Exp? Assignment
3023 3016 CH; 3, 3160 3052 3062 CH,3,/CH3
2995 3007 CH3 3135 2998 2997 CH3 CH,3,
2959 2949 CH; 35 3069 2920 2920 CH, 35
1381 1386 CH. U 1481 1476 1475 CH, U
1099 1108 CHG,/CCs 1311 1310 1311 CCs

1060 1064 CCs/CH;¥/CHUp 1258 1266 1266  CH,j / CHj

994 1013 CHa} 1009 1005 1009  CH,¥ /CH ik,
949 959 CH,¥ /[CHU, 997 990 990 CH, ¥ /CH i,
730 732 CHpy /CHU,, 993 987 CH, U/ CH i,
665 666 CH,U/CHi,, 802 782 786 CH, U/ CH i,

2 Only normal modes with calculated frequencies above ~60bam shown® Not at i on
stretching; a, bagding; J, twtkthgg; ay;pam.
° Ref.105 ¢ Ref.106.

frequency $ 1229 crit, which essentially reproducethe experiment value 1230 &m
However, at low coverage (1/9),i# calculated tashift to a lower frequency, 1184 cth A
similar behavior is observed fohe CH, wagging mode, 1089 cfrat 1/3 coverage and 1048
cm* at 1/9 coverage. The corresponding experimlerssults, between 104@m* and 1050
cm’, areagain veryclose to the calculated value law coverage A mixed mode,CH,
wagging and CC stretchingis calculated at 1018m* (1/3 ML), 980cm* (1/9 ML), very
close to the experimental values, D895 cm'. Some othecalculatecbands, not observed by
experiments, are as foll@wCH, scissoring atl400cm* (1/3 ML), 1394cm™ (1/9 ML); a
mixture of CH wagging and €C stretching al089cm* (1/3 ML), 1045cm™* (1/9 ML); CH,
rocking at929 cm™ (1/3 ML), 934cmi* (1/9 ML); CH, twisting modes a?76 cm™* and 614
cm* (1/3 ML) as well as af89cm™ and641cmi’ (1/9 ML) cmit.

Vinyl. Thereare no directly measured spectra for vinyl over Pt(111) subfacause

vinyl is nota stable specion the surface. Previous research on vinyl hadidgorption over
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Pt(111)by Zaeraand Bernsteiff reportedthe spectrum fowinyl, with the assumption thae
Ci X bondis broken after adsorption at low temperaturesuch case, the C=C double bond
would still exisied, asrefleced by the stroncadsorptionpeak at about 1600 cmNote that
the ceadsorption of halide do not affect the spectrum of the hydrocarborthe peaks at
1340 cntt and 1128 cnl for ethylidyne ceadsorbed with iodid& which are close to the
values without iodide in Table%.Thus, the adsorption mode of vinyh Pt(111)generated
from vinyl halide,differs from the results obur calculatiorwhich predictedadsorption inus-

d? fashion with onlya Ci C single bondof 147 pm.Indeed, besides thes’ adsorbed
complex, vinyl can be adsorbed at a top site hin fashion, preserving C=C, which is
confirmed by the current DFT calculations. Thbkrationalnormal mode analysis showse
C=C stretching mode diii vinyl located at 15371547 cm', close to the experimentally
observed frequenciesbout 160&m*. However,h-vinyl is not included in the conversion of
ethylene to ethylidyne because it is calculated 58&0" and 75kJ mol* less stable thah*

es-vinyl at 1/3 and 1/9 coverage, respectively

The different adsorption moddetween the calculated s@® fashion and the
experi ment areventg acongparison ofrthe vibrational modedence, only the
calculated results are liste@H, scissoring 81386 cm® (1/3 ML), 1381cm* (1/9 ML); a
mixture of CH inplane bending andiC stretchingat 1108 crit (1/3 ML), 1099 crit (1/9
ML); a mixture of €C stretching CH, wagging, and CH kplane bendingt 1064 crit (1/3
ML), 1060 cm' (1/9 ML); CH, rocking 1013cm™ (1/3 ML), 994cmi* (1/9 ML).

Summary of the comparison foC;Hx over Pt(111).In most cases, thealculated
vibrational frequenciesf the sable species (ethylidyne and ethylehe)within the intervals
spanned by the values from various esments’®399%1%! with most of the deviation below
40 cmi*. Such deviation could betributedto the complexity of the surface environment, e. g.
different coverage or eadsorbed species, leadingftequencyshifts of specific vibrational
modes, as well as thdimited accuacy of GGA methods for vibrational frequencidhe
calculatiors clearly showthat vibrational frequenies mayshift by 50 crit depending on
different coverage. Smaller range is reported by the experimieotit25 cni'. It is fair to say
that our DFT calulations describe the vibrational frequenaé£2 specie®verthe Pt(111)

surfacequite well
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3.4.2 C,H, (x = 3i 4) in organometallic clusters

Three organometallic clusters, {BO)(CCHsz),***%® Os(CO)(CH,CH,)*"*** and
O(CO)o #H)(CHCH,),%81%31% ere selectedor comparisonFor the first two clusters, the
hydrocarbon part hassimilar local adsorption mode as the Pt(111) surface. However, this
IS not the case for the thimtgananetallic clustewith thevinyl group. Itwas selectedior two
reasonsi) To the best of my knowledge, there is camplex for vinylwith a more similar
adsorption mode as on Pt(11apd ii) this complex was also selected in paevious
experimergl study® to help identifyng surface speciesAll three organometallic clusters
contain carbonyl ligands besides the hydrocarbon part whioh key interest. Fortunately,
the vibration modes related tarbonyl grops are mostly around 2000 ¢nistretching) or
below 500 crit (bending) Test calculationgor an isolated organometallic cluster showed
that these modes dwt to mix with the vibrations related to theld moiety (x = 3i 4) part
Ci H stretching modes usilya exhibit frequenciesaround 3000 cih and bending modes in
the range60Gi 1500 cn¥. Thus, those modes reldtdo CO are not calculated in our
vibrational normal mode analysi©On the other hand, the I stretching modes are
considered as metdependent® Since all metal moietiesinvestigateddiffer from the Pt
surfaceof interest the low-frequency region which is related to thé ® stretching modes
was alsonot calculatedTherefore, onlythe hydrocarbon part is included in the normal mode

analysisof the vibrations

Co3(CO)(CCHg). Similar to ethylidyne adsorbed over Pt(111het CCH group is
attached tdhe Co trianglein ny fashion (Fig.3.89). The optimized geometry is quite similar
to the previousXRD result®® The calculatedCi Co bond lengths190i 191 pm falls nicelyin
the rangeof the experimental result§, 186 193 pm Early DFTresuls at the LDA level on
isolated complexé® obtained a slightly shorter distance at 189 phe optimizedCi C bond
length is 148 pm1 pm longer than the bond length in gas phase calcuffiblowever, loth
of them arenotablyshater, by5 pm,than the XRD resuft®

Leaving the higHrequencyCi H stretchingmodes asideone notesperfect matchs
between thealculated data and the experimental restifwith a maximumdifference ofl1
cm' (Table 35). For examplethe modes at 1419, 1354, 996 and 993 cane assignedb
CHz asymmetric bending, GHsymmetric bending (umbrella) and doyllegenerate CH

symmetric rocking, respectivelythe corresponding modes reported by experitfieiate
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(a) (b) ()

Figure 3.8.The structure of the optimized organometallic cluste)sC(CO)(CCH); (b)
03s(CO)(CH,CH,); (c) Os(CO)o( 4H)(CHCH,). Colors: gray, carbon; white, hydrogen; red, oxy

purple, cobalt; blue, osmium.

located atl420, 1356 and 1004 (doyhilegenerate) cth respectively The gas phasBFT
calculation$® yielded slightly lower frequenciesat 1402 cnt, 1353cm™ and 991 (doulyl
degenerate) cth respectively.Surprisingly, the differencefor the Ci C stretching mode
between thecalculated (1165 cif) and the experimental (1163 c))*®® is accidentally as
small asonly 2 cmi’, eventhough the values of the bond lengths differSbym.However, the
gas phase calculatiorwhich prediceéd similar bond length as current workeporteda

frequencyat 1220 cmt', which is more than 50 cirhigherthan solid phase results

Generally speaking, the frequency calculation in the solid pimad®e current thesis
matchedetter with theexperimentatesultthan the calculation ithegas phasé&® This is not
suspiringbecause thepectraalso measureih the solid phas&® Environmenteffects, which
reflect the interactions between neighimgy complexesaretotally missng in the gas phase
calculation For example, due to the lack ofetmeighbang complex, theCi C stretching
modein the gas phase could vibrate more freely than the same mode in thehsskd which
leadsto the 50 cnt higher calculatedfrequencyfor the gas phase ressiff than the one
calculated in the solid phas€ompared withfrequenciescalculatedfor the solid phasethe
gas phase ressltn most casehave large deviations from the experimental values obtained

for the crystal than our results also calculated orystalline model.
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0(CO)(CH-CH,). The CHCH, group is adsorbed over two Os atoinsm h?
fashionwhich is the same as-di ethyleneadsorbed over Pt(11{rig. 3.80). The optimized
geometry isagainquite similarto XRD result®’ with a maximumdeviationof 5 pm. The
calculated €COs bond lengts are 224225 pm andhe Os Os bond length is 293 pm. Both
valuesare slightly longer than the experimental vafiéy 25 pm However, the predicted
Ci C distance, 151 pm, is 2 pm shorter than the XRD vHldesimilar shorter €C bond
lengthwas also obtained in thease ofCo3(CO)(CCHs) (see above)

The discussion of the frequeesis againrestricted to the modesf the hydrocarbon,
leaving aside th€i H stretchingmodes The Q C stretching mode isalculatedat 1010 crit.
This value is 29 cih higher than the experimeritvalue®* 981 cm; thisis also the largest
differenceof all the compared moddsetween calculation and experimeifibhe predicted
higher fequency reflecta stronger €C bond interaction, consestt with the shorter CC
bond lengthn the DFT resultThe frequencies of thether modesgree much bettdretween
calculation and experimenuithin at mostl1l cm’. The calculated peaks at 14661 and
1442 cmi are CH scissoring modes and they are reported at b#d5 and 1434 cnii by
experiment>* CH, rocking modes are calculated at 1236" and 1015 crit, only 35 cmi®
higher than experiment! The findingsfor the CH rocking modesare similar: calculated at
841 cm™ and 758 crit andmeasured a837 cm* and 754 crit.'® In contrast, the calculated
frequencies of th€H, wagging modesl135cm™ and 1079 crit, areslightly lowerthan the

experimentabalues, bysi 9 cmi*.}%

Os(CO)o( dH)(CHCHy). Unlike the above two complexjnyl is adsorbedt a bridge
site with three €Os bonds on the @frianglev i ad” fashion(Fig. 3.8) whichdiffers from
the adsorption complex GHCH, over Pt(111)which adsorbs ias-d? fashion (se€ig. 3.9.
The calculatedCi Os bonds lengths are 212, 227 and P86 nearly thesame as the XRD
result 211, 227 and 236m.*® The Q C bond length igalculated at39 pm and the @©s
bond lengths ardetermined a287 pm. All of them are again quite close (within 5 pm) to the

experimentesuls.®

In most cases, thdifferences between calculated and experimental frequétréfe$or
the nonCH stretching mode®f Os(CO)o(e-H)(CHCH,) are less than 10 cth One
exception isa mode whereCH, twisting and CH oubf-plane bendingare mixed; its

frequency iscalculated at 802 ciyi.e., 16i 20 cm’ higher than the experiment resufts!®
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Other modes are as foll@ewmixtures of two modesof CH, scissoring and GC stretchingat
1481 cm' and 1311 ci; a mixture of CH rocking and CH irplane bending at258cm™;
mixtures of CH waggingand CH outof-plane bending at009cm™ and 997cm™; a mixture
of CH, twisting and CH oubf-plane bendingt 993 crit.

Summary of the comparison fororganometallic clusters.Three organometallic
clusterswere selectedor comparison The structurespredicted by DFT calculationgmatch
very well with experimentalbond lengtl (within 5 pm) measured byXRD. For the
vibrationalnormal mode analysighe current calculations focused on the hydrocarbongfart
the spectrumand comparectalculated values andxperimental results fothe nonCH
stretching modesThe differences of the ng@H stretching modes between calculated and
experimental results are mlystess than 11 cth with few exceptions witltleviationsup to
30 cni'. Note that the GGA functionalsed is not able to descriltispersioninteractions
between therganometalliclusters in the crystah a quantitative way’’ Nevertheless, it is
fair to saythe periodic DFT calculations cowell reproduce the experimental results for the

organometalti compounds.

3.4.3 Comparison between GH, moieties (x = 3i4) on the surface and in a

complex

Perfect match: ethylidyneAs early as the end of 1970s, ethylidyne was successfully
identified onPt(111)by comparisorwith organometallic clusters. Kesmodet al’® reported
ther LEED and HREELS studiesof the thermal evolution of ethylene pealsorbedon
Pt(111). The result clearly showed the similardg the structures rad the vibrational
frequencies between surfaethylidyneand the corresponding moiety @@o03;(CO)g(CCHg).
Both of them have the same adsorption mode on the metal substrate: ai falthfeslow
site in m fashion. Similar adsorption mode lead to similar values for theibrational
frequencies. In most cases, the vibrational frequdacyhe analogousmode on different
substrate differs by less than 30 cih except for the OC stretching mode. This mods
calculated at 1165 cfin Cos(CO)(CCHs), which is about 60 cthhigher than the same
mode over Pt(111), 1095107 cni. Such observatiois consisent with the corresponding
experimental results: 1163 €min Coy(CO)(CCHy)** and 11151130 cmi on
Pt(111)26399%1% |5 the  C stretching mode, the C atom which is directly connetiehle

metal substrate has a large displacen@oncomitantly the G M bondis stretchedlue to the
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movement of this C atonExperiments reportéf that the frequency of thei® stretching
modes differ by up to 50 cimwhen ethylidyne adsorbed on different substraitagicating
different Ci M bond strength on different substratéEhus on different subtrate,the G C
stretching mode suffers larger differences of the stretching or befaliritbe Q M bonds

comparedo the modeshat involveonly vibratiors of the hydrocarbon part.

Reasonable match: ethylenén Os(CO)(CH,CHy,), ethylene interacts withwo Os
atoms in my fashion, which is the same as -di adsorbed ethylene over Pt(11I)he
geometries of ethylene on these two substrates are slightly different. Mheb@hd in
ethylene is parallel to one surfacetal metal bond over Pt(111) while this is not the case in
the organometallic clustewith the dihedral angle between 08s and CC being 23°¢ This
disparity betweeitthe two geometries does not strongly affect the bond lendtit lead to
changs in bond anglese.g.,HiCiM or CiCiM differ by up to 5°. Thus,he four CH
stretching modes, which mainly alter the bond leng#mibit similar frequencieghat differ
less tharB2 cmi’ on thetwo substratesHowever, other bending modes, vibrasaongbond
angles,differ a lot between adsorption complexes and tusompoundsFor example, the
CH, twisting modes are calculatedat 841cm™ and 758 cm™* and measured a837 cmi* and
754 cm® in Og(CO)(CH2CH,) ** which is abouB0i 140 cmi’ higherthan the same mose
over Pt(111).0One possible explanation for the blue shift of these two madethe
organometallic clustas based on the sliglyt different geometies compared with the one on
Pt(111) The twisting mods of CH,CH, alter the HCCH dihedral angle. On Pt(1Xlyface,
the HCCH dihedral angle is about 0°. However, it is 32° in th€G@)s(CH.CH,). One may
expectthe potential energy surface along the HCCH dihedral d@adde flatter for the former
case, because whenechangsthis angle, the two H atoms mosae/ay from each other. But
in the latter case, they will be closer to each other when the dihedral angle changes in the
direction from 32° to 0°. Similar large shifs are observed for the CHwagging modes.
Generally speaking, the frequerghifts for similar modes of ethylene on different substrate
canbe as large as40 cni' i.e. CH twisting. Recall thecase ofethylidyne,where similar
geomettes of ethylidyne in the organometallic cluster and on the surfapty comparable

frequencieswith a maximum deviation of70 cni.

Mismatch: vinyl. Vinyl adsorts over athreefold site on Pt(111) vigis-d? fashion,
which is totally differentfrom its bonding moden the cluster compoundOs;(CO)o( €
H)(CHCH,). The different adsorption modes leadlange difference irthe geometrieof
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vinyl on thesetwo kinds of substrates. For example, theCCbond lenth in Og(CO)o( €
H)(CHCH,) is only 139 pm8 pm shorter than the same bond over Pt(111). The shar@&r C
bond length with stronger CC interaction, in the organometallic cluster result a
frequencyof Ci C stretching mode as high as 1311 cifihe anabgousmode for vinyl over
Pt(111) is not only 200 cthlower than it in theorganometallicluster, buit also mixeswith
CH bending and CkHwagging modes. The bond anglé® H in the CH, groupdiffers by 4°
on two substratesvhich lead to a shift ofthe CH scissoring mode by 100 ¢hon the two
kinds of substrates. Therefore, different adsorption mobangedetails ofthe geometry of
vinyl over the two kinds ofsubstrats, which in turn causea large shiftfor the vibrational

frequenciesThus, it peventsadirect comparison on both substrates.
3.44 Final remark on a spectroscopically identified transient intermediate

Previous spectroscopic studie® suggestd that the intermediate during theonversion of
ethylene to ethyligne is ethylidene,as confirmed by twovibrational frequencies at 2957

2960 cni* for the CH; asymmetric stretching and 1387 for the symmetric bending of

CHs. In the meantime, severalhar experiments seeuto rule out other intermediatdike

vinyl or vinylidene.However,the DFT calculatios in this thesis suggest that ethylidezan
easily convert to ethylidyne, with a low barrier arour@ii29 kJ mol*. This barrieris much

lower than typical hydrogenatiohdehydrogenation barriersnormally around 50100 kJ
mol™. In other words, detection of this intermediate is highly unlikely because of its expected
short lifetime.'?1% This is confirmed byrecentkMC simulations’® which showedthat
vinylidene, but not ethylideneould be accumulated over Pt(111). In this section, the

discusgon will be focused on the vibrational frequencies of the possible intermediates.

Spectra of vinyl halide:Vinyl was ruled out on the basis of their recorded -low
temperature vibrational spectrum of vinyl iodfd&hree peaks, at 299%n' !, 3033cm'*, and
3068 cm’* at 132 K,were observed and all of them are too highaccount for the feature at
2960 cnT in the conversion of ethylene to ethylidyi#owever, one should also not ignore
the possibility for the changing of adsorption site for vinyl iodide at low temperaSnatar

158 andLiu et al*®

experimers done byZaeraet a working on the systemCH,CHBr covered
a wider spectral rangef frequenciesBesides CH stretching modat 30593070cm’, the
Ci C stretching mode is observedl&i65 1584 cni, clearly showing tacharacter of £=C

double bondIn such casesjnyl adsorbed aa top site inh® fashion preserving C=Cand the
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Table 3.8Calculated vibrational frequencfesf relevant GH, intermediates (x =12) on Pt(111) for

two coveragesy and assignmehiof the normal modes

mEthylidene d-Vinyl h’m-Vinylidene
g=1/3 g =1/9 Assignment g =1/3 g =1/9 Assignment g =1/3 g =1/9 Assignment
2985 2989 CH; 3, 3114 3113 CH; 3, 3124 3133 CH; 3,

3038 2966 CH33,/CH3 3049 3058 CH3CH,3s 3033 3043 CH; 3
2990 2945 CH3/CH;3, 3028 3029 CH,3JCH3

2927 2880 CHs 3

1547 1537 CC3/CH, U
1406 1402 CH; Uy 1354 1352 CH,WCC3 1415 1413 CH;
1404 1391 CH; Uy 1206 1192 CH;}/CH 1263 1256 CCs
1328 1336 CHs Us 948 941 CH;4/CH 980 973 CH2}

1244 1226 CHU/CHz}s
1049 1040 CCs

2 Only normal modes with calculated frequencies above ~9%bama shown® Not at i on
stretching, tiwi $teinrdg;ngy, Uwaggi ng; 1}, r eptakei

¢ The admixture of the second mode is very weak.

calculatedC=C stretching mode dfi vinyl located at 15371547 cni (Table 38), very clog

to the experimentbl observedrequencied565 1584 cni. On the other hand, ttealculated
highest norCH stretching frequency fan-h%vinyl is only around 138@&n?, and the €CC
stretching moden(CC), coupledboth with CH, wagging¥(CH,) and CH inplane bending
modesti,(CH) or coupled only withi,(CH), are located at even lower frequencies, at 1060
cm'* and 1099 ciit, respectivelyh-vinyl is calculateds8 kd mol* and 75kJ mol* less stable
thanm-h?vinyl at 1/3 and 1/9 covege, respectivelyThis species may convert to the more
stable m-h%vinyl after heating, andmight generate the signal at 2960 tnat high

temperature

Spectra of thermal evolution of acetylen@reviousexperiments providémore solid
evidence to rul®ut vinylideneas the intermediateCremer et at* reported a SFG study of
thermal evolution of acetylene on Pt(111). Four peal29@l, 2924, 2878837 cm' at 125
K were observed whichperfectly matcted the reported corresponding organometallic
analod® of vinylidene with peaks at 3047, 2986, 2926, 2898, and 2855 €he signal at
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2960 cm® associated with ethylidene, appeared only at higher temperatutater RAIRS
study of the same process by Deegal’® did not observe all these features at low
temperature (85K). Buat higher temperatures, both experiments observed similar multiple
peaks: 2982, 2993, and 3001 trby SFG at 210K* and 2976 and 2990 ¢mby RAIRS at
191K The one at 29762982 is still assigned tostd’vinylidene. The newly appeared
featureat 2990 2 9 i8 Believed to the 410 adsorbed viyl. A later study>* which coveed

a wider range, also reported another intense pedR&0d cni and assiged it to the G C
stretching of g-d*vinyl. Multiple evidence supports this assignment includingojse
experimens,'®* HREELS of vinyl iodidet*® HREELS ofthe photodecomposition of 1,1;2
trichloroethane™? and spectrum of organometallic analogOss(CO)o 4H)(CHCH,).1%®
Further heating of the system igngar to the thermal evolution of ethylene over Pt(111)

which generata similarintermediate with peaks at 296m™* and1391 cnt.***

However thecurrent calculatiosiclearly show that neitherstg®v i n y |-vingl bas a d
vibration mode around 1280 ¢hover Pt(111). According to the comparison in Section 3.4.1,
the maximum deviation is about 50 ¢nbetween experimental and calculated surface
frequency results (Tabl@5 and3.6). In most caseghe deviation is even less than 30 tm
which clearly ruls out vinyl to be responsible for the peak at 1280*ct might be
vinylidene or othelC2 species, which is not covered by currealculation, e.g. CHCH or
CCH, responsible for the 1280 €raignal.

Actually, the surface C2 species contain similar structures and functional groups which
lead to the vibrational modes are very close to each other. It is really hard to identify these
intermediate only by spectroscopy withoutany further (spectrospic) information
Nevertheless, both experimental stutfies! seem taeach agreement thduring the thermal
evolution of acetylene, two intermediates are fidieal: at low temperature (~200 Ky the
series of peaks at 2808000 cm! and 1280 ciit; and at high temperature (~300 K) the
peaks at-1387 cm' and~2960 cm?, which is the same intermediateths onefound in the
conversion of ethylene to ethyide Due to the lack of the necessary activation barrier for
the conversin of acetylenepne maysuggesthatthe intermediate at ~200 K should not be

vinyl based on the calculated results in this thesis

Spectra of thermal evolution of ethylenePrevious experimentsobserved two

vibrational modes during the conversion of ethylene to ethylidyne, amsign thse
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Table 3.9Calculated vibrational frequencfesf relevant GH, intermediates (x =i2) on Pt(111) for

two coverages andassignmeritof the normal modes

mEthylidene

h?m-Vinyl h®m-Vinylidene

g =1/3qg = 1/9 Assignmenig = 1/3 g = 1/9 Assignmen g = 1/3 g = 1/9 Assignmen

before scaling

2985
3038
2990
2927

2913
2965
2918
2857

2989
2966
2945
2880

2917
2895
2874

2811

CH3 3a
CH;3,/CH3
CH 3/CH5 3,4

CH3 35

CH; 3,
CH;3,/CH3
CH3/CH; 3,

CH3 3s

3114 3113 CH;3, 3124
3049 3058 CH3CH,3s 3033
3028 3029 CH,3J/CH3

after scaling
3039 3038 CH; 3, 3049
2976 2985 CH3 CH,3s 2960
2955 2956 CH,3J/CH3

3133
3043

3058
2970

CH2 3a

CH, 34

CH, 3,

CHZ 33

2 Only normal modes with calculated frequencies above ~95bama shown® Not at i on

stretching; U,

° The admixture of the second mode is very wéakhe uncertainty of all these mode are ~ +35'

frequenciego ethylidene 2957 2960 cnt* to be CH asymmetric stretching and 138" to

be symmetric bending of GHIndeed, the organometalicomplex, OfCO)(CHCHs),***
shows similar adsorption modes at 2950'cand 1369 ci. Besides the matching with the
organometallicanalog, there is also evidence frotime surface decomposition of 1,1
diiodeothanen thePt(111)% The corresponding features are repoge2972cm™ and 1372

cm’. Thus itseemsthat ethylidene has been proved to be the intermediate during ethylene

bending; U, twisting:;;ipJnplane.

conversion to ethylidynby previous experiments

However, the comparison bewen this intermediate and other C2 species
organometallic clustershould be not ignoredFor example, Q§CO)y(e- H)2(CCHy),
containingvinylideng also has tweauitablevibrationalmodes a C- H stretching frequency at

2986 cm' and the CC stretching mde at 1331 cfh which areclose to the spectrum of the
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observed intermediate oRt(111). Recall the discussion in Section 3.4\8here it was
discussed that a difference &0 cni® for the G C stretching modebetween the
organometallic complex and the adsorption complexis still acceptable. Thus, if the
comparison is only done between the spedfrasurfacespeciesand the organometallic

complexes, it is hard to judge whether ethylidene or vinylidene should bedheediate

The arrent calculatioa offer new evidence for the identification. The vibrational
normal mode analysis clearly shows that not only ethylidene, but also vinyl and vinylidene
exhibit a vibrational mode the CH, scissoringmodesd(CH,) at 1380cm'* and 1413 crit,
which are close to he experimental value 1387 ¢mThe other experimentsl observed
mode is G Hstretching at ~ 2960 c¢f The calculated harmonic frequencies are too high to
be directly compard with experimenin view of the stronganharmonicityeffect of this kind
of mades. A simpd way toimprove sucha comparison isvzia a scaling factgrobtained by
compariry suitablecalculated and experimental valug&be results ofhis thesigyive rise toa
factor of 0.976+0.01Py thevaluesin Table3.5 and3.6; thisis very clog to the value, 0.973,
used ina previousstudy ofpropylene and propylidyne over Pt(111jThe scaled values for
the G Hstretching modes are summarized in Takh®@ After scaling, the symmetric GH
stretching mode of vinyl and vinylidene, at 29&&™ and 2970 cri, respectively, is very
close to the value at 2960 ¢meported by experimenHowever, the symmetric stohing of
CHjs in ethylidene is too low to bassigned tahe experimentét observed one, especially in
the low coverage (1/9) case which is more clos¢héotrue coverage for an intermediate
during ethylene conversion. Rec#flat the calculatedactivaton energy for the conversion
from ethylidene to ethylidyne is as low &8i 29 kJ mol', indicatinga fast conversion of
ethylidene. Thus it should not accumulate on the surface. Insilael; vinyl orvinylidene
may be observed as theyed to overcomectivation barriers of ~80 kJ mdlin the
conversion to ethylidynéndeed results okkMC simulatons-**indicate thatvinylidene could

be accumulatednthe surface during the conversion of ethylene to ethylidyne.
3.5. Summary

In this chaptey the mechanism adthylene conversion to ethylidyne over Pt(1ivBs studied
with periodic slab model density function calculations. Three possible reaction patherays
examined at three different coverages, 1/3, 1/4 andi)li8a vinyl and ethylidene (M1}j)

via vinyl and vinylidene (M2), andi) via ethyl and ethylidene (M3Y.he calculated barriers
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for the hydrogenatiohdehydrogenations reactions involved on Pt(111) are in the rarige 19
92 kJ mol'. However, higher barrierabove150 kJ mof, wereobtained fortie 1,2 H shift
reactions The latter resultlirectly disproved the previous proposed step mechanisfmh

with 1,2' H shift reactions involved.

According to the calculated barriers for the reaction steps B dbnversionthe
mechanisms M1 and M2 are likely at work over Pt{liri the absence of coadsorbed
hydrogen Both of them share the same first step, ethylene dehydrogenation to vinyl. Then
vinyl could be either hydrogenated to ethylidene and dehydroget@atethylidyne (M1) or
dehydrogenated to vinylidene and rehydrogenated to ethylidyne. According to the calculated
barrier heightsthe shared dehydrogenation step is rate limiamdhigh coveragewith a
barrier of92 kJ mof'. At low coverage, therderof the barrier heights differsvith a rate
limiting barrier at ~80 kdnol'* for the hydrogenation step of vinyl to ethylidene in M1 and
for the dehydrogenation step of vinyl to vinylideineM2. In this case the first step of this
conversiomo longer ratelimiting, indicating the possibility of accumulagjran intermediate
on the surfacelndeed,in previous experimesttwo IR signalswere notedand assignedbo
ethylidene asintermediat€>®® However, the current calculatios suggestthat the this
intermediatecould be vinylidene based on three evidengethe barrier for the conversiaf
ethylideneto ethylidyne iscalculatedtoo low (19 29 kJ mof"), indicaing a short life time of
ethylidene on the surface; ii) the vibrational normal mode analysis suggests vinylidetoe also
have a vibration modewith a frequencyclose to theexperimentallyobservedvalue iii)
kinetic Monte Carlo simulation observadaccunulation of vinylidene during the conversion

of ethylene to ethylidyne.

Whenadditionalhydrogen is availablan the system, M3 starts to be domihduethe
relatively low hydrogenation barrier from ethylene to ethyl, especially in the casewith
ethylene on Pt(111)However, the second step of M3, dehydrogenatfagthyl to ethylidene,
strongly competewith the formation of ethanét low coverage (1/9), the barrgefor these
two steps are comparable. Howevat,high coverage (1/3), the activatiomezgy of the
hydrogenation of ethyl is 21 kJ niolower than the dehydrogenation of ethyurthermore,

once ethane is producedsliould easilydesorbleaving the surfacereversibly.
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Chapter 4

Methylcyclopentane ring-opening reactions

4.1. Introducti on

4.1.1 Experimental research

Generally speaking, a catalyst required for selective (hydrogenolyticjopeging
(SRO) of naphthenes is bifunctiorfaf:i) hydrogenation or dehydrogenation reactions are
efficiently catalyzed by highly dispersed noble metal pkasi, e.g. Pt, Pd, Ir, Ru, or Rh; ii)
cracking or isomerization is catalyzed by an acidic support. Previous expetih&fit
showed that the ringpening (RO) reactions on these metals were much easieivéer f
member hydrocarbon rings thdor six-member rings. Thusan acidic support, which
promotes the contraction of a sixember ring to a fivenember ring, facilitates and

122

accelerates the overall hydrogenloysis proc8$s'? The generated fivenember ring

products can move to an active site on the metal component and then undergo a RO reaction.

In order to achieve a significantly improved CN number, the ideal products of the SRO
reactions are those that preserve the original molecular weight with a miniegneedof
branching. The selectivitgf the SRO products depends on the nature of the metal catalyst.
For example, the RO of methylcyclopentane (MCP), which is widely investigated as a model
systent->?? yields three product2-methylpentane (2MP)3-methylpentane (3MP), and-
hexane 1fHx). The branched products, 2MP and 3MP, are always favored when the reaction
is catalyzed byupportedr or Rh particles. Howevethe selectivity on other supported metal
catalysts, likePt, strongly depends on the dispersion of the metal. Large Pt pafii¢tes. of
~10 nnt?¥ or flat Pt surfaces (111) and (16%)'*°tend to produce preferentially 2MP and
3MP, whereas small Pt parest?**?’ statistically break ©C bonds in the fivenember ring.
Other studies on bimetallic catalysts, e.g. AtfPGePt'* RhPt*****and RhGé&?>'also did

not show a pymising selectivity towardHx.
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a) A
1 Extensive cracking
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Figure 4.1 Dissociative mechanism proposed by Gault et ah)(aon-selective*?® (a-B) selective'™

(b) one of the possible partially selective mechaniSts.

Due to the complexity of the involved chemistry, the mechanism of SRO has not clearly
been proved experimentally and thus far remained at a hypothetical level. Several
mechanisms were proposed in the literature on the bathe experimental observations on
Pt based catalysts. Generally, these mechanisms could be divided into two tfasses:

Afdi ssociativeo, where a dehydrogenation of
ring opening and fasperong imamediatele folloms the adsorptiol. e r i
Al s o, fedgelwyism@o oirntidgrimeadi at es were di scus:
mechanisms have been most often invoked in various MCP RO studies: via a dissociative
path and edgewise adsorption (thecsa | | €ecarfbé&ine o mechanism origi
Gault, Maire, and associatés**'*) and an associative mechanism via a-lfatg
intermedi atetOt mechimni simpi ntrodided by Bragi

In the dissociative mechanismhydrocarbon needs to be dehydrogenated to fmmm
fedgewi sed geonc€tbong bréakirfgoAs esarlyt dsel96% Gault et?Al.
attempted to rationalize available experimental data for MCP RO on Pt by suggesting several
reaction routes (Fig. 4.1a). There, types A and B denote completebgetentive and
completely selective mechanisms, respectively. In assbective ype A mechanism, all

cyclic bonds are broken with the same probability resulting in the statistical 2MP : 13N :
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distribution of 2 : 1 : 2. Such a n@elective ring cleavage can happen after a loss of one to
three H atomsd, aa, ab, abg; however, diadsorbed intermediates were tentatively favored
in the original papers by Gault and his schid6t?**33 In a seledve type Bmechanismonly
di-secondary Ck CH, bonds are cleaved (i.e. at unsubstituted positions) after a loss of four
H atoms and a formation of theabbitetraadsorbed intermediate. Due to the methyl
substituenta secondantertiary CHi CHMe bond canot be cleaved via this mechanism. In
this case, a dehydrogenated MORIly forms anaadbitri-adsorbed intermediate and its
hydrogenolysiss expected to be unlikelyn some cases, the ring opening does not follow the
fiselectiv® or Ainonselectiv® mechanisminstead producingn unusually high amount of
3MP ornHx relative to its statistical ratio, e.gHx is formedvia a mechanism proposed by
Gault*’ (Fig. 4.1h. The dissociative mechanism, involving dehydmaéve chemisorption
prior to Q C bond breakingwasindirectly supported by studies of propane hydrocracking,
where the adsorbed intermediate was shown to 108& Byxlrogen atoms on nickel and 6f 2

4 hydrogen atoms on platinum per molecule of propéhe.

In the associative mechanisanhydrocarbon ring is physically adsorbed over the metal
catalyst in flatlying fashion. The ring opens through the attackanfextra H atom co
adsorbed on the surface. This mechanism was preferred by the Russie Hodgarian
schools?*13*1% Among the facts speaking in favor of an associative mechanism is for
instance an observation on a Pt catafyshat the ringopening of cisl,2dimethylpentane
(cis-1,2-DMCP) is faster than thalf trans1,2-DMCP. Due to favorable stereochemistry; cis
1,22DMCP can be adsorbed more strongly the flat-lying fashion thanthe transisomer;
hence, lhe net conversion rathould be faster for the formddowever,this argument does
not seem to overrule a possibility of a dissociative mechabisrtausea dehydrogenation
barrier to form anaabbi tetraadsorbed intermediate coul@so increase due tcsteic

hindrancdan thecase otransl1,2-DMCP.

Several other mechanisms were proposed in the studies of MCP RO ometaks of
thePtgroup. For example, on Pd based catalysts, the ratio of three RO products, 2MP : 3MP :
nHx, was close to 2 : 1 :*#/ To rationalize this observation, Le Normand et*asuggested
that the reaction on Pd proceeds through the formatiprotéfin-s-alkyl 1,2-5 intermediate.

With the additional assumption that MCP is only adsorbed via a secondary carbon atom of the
ring, the expected statistical distribution of this mechanism is 2MP : 3MX =2 : 1: 1,

which isclose tothe experimentabservation.
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4.1.2 Former theoretical studies

Several theoretical studies attempted to explore the chemistry of MCP or its derivatives
on metal surfaces, but most of them only addressed the adsorption properéigsusfive-

é39141

member rings, e.g. MCB®cyclopentan and cyclopenten¥®* Another early study

|l43

by Brizuela et al:™ addressed the dehydrogenation reactions of cyclopentene at a

semiempirical level, but did not touch the rHagening.
4.1.3 Reaction networkinvestigated in the current study

As stated above, earlier theoretical studies on the MCRopeging systenwere
limited to the adsorption properties of fimeember rings. However, some other theoretical
studies on related hydrocarbon systems offeredreiod evidence which supported the
dissociative mechanism. For example, DFT calculatfh8 showed that the barrigfor Ci
C bond cleavage of £or G; species on M(111) (M = Pd, Pt) decreased with inangakegree
of dehydrogenation of thehydrocarbon. Tlse observations support thieur-fold
dehydrogenatedabbi tetraadsorbed intermediate to be the precursor of th€ Gond
breaking step. Another theoretical stifiyn the context of olefin metathesis catalyzed by
transition metal complexegrovided a praitype of the partially selective dissociative

mechanism via agadsorbednetallocyclobutane intermediaf€ig. 4.1b)

When checking on the possibility of an associative mechanisexpected that the
barrier of the €C bond breaking step in an associatimechanism should be rather high
because the precursor of thébond breaking step is a saturated hydrocarbon interacting
only very weakly with the metal catalyst. Indeed, test calculations with scanning of the
potential energy surface according to sachassociative mechanism did not directly locate
the transition state of thei C bond breaking step, but the approximate barrier of this reaction
was estimated to be 1%0 mol™ or higher.Hence, in this thesis, the calculatoweremainly

based on thessumption of alissociativenechanism.

Fig. 4.2 shows the reaction network investigated in this study. The proposed mechanism
contains three global steps; MICP is dehydrogenated to form aabb-tetraadsorbedaab-
tri-adsorbed o;mgdi-adsorbed internthate, the precursors of the C bond breaking step;

(i) one of the endocyclici® bond is cleavedji() the adsorbate is completely hydrogenated

and subsequently desorbed from the surface.
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Figure 4.2 The mechanism calculated in this thesis: formation of (a) 3MP arziMB)via anaabb-
tetraadsorbed intermediate; formation oHx via (c)aab-tri-adsorbed or (d)agdi-adsorbe

intermediate

4.2. Ring-opening reactions catalyzed by Pt

In this part, the caldation was focused on Pt based catalysts. As stated in the
introduction, the selectivity of the RO products strongly depends on the Pt particlé' size.
order to model the particle size effect on the prodistribution, twotypesof metal surfaces,
flat Pt(111) and stepped Pt(211) and Pt(32#2%e selected to model terrageh large
particles and defeeich small particles, respectively. | will first comment on the calculated
activation energies of thelementary steps on these tiypesof surfaces and then | will

discuss the particle size effect on the basis the results of my calculations.
4.2.1 Reactions on large Pt particles

The RO reactions of MCP on Pt(111), or large Pt particles, selectively produce
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branched 2MP and 3MP. According to the dissociative mechanism assumed in this study
involving deep dehydrogenation, MCP needs to convert ta@abb-tetraadsorbed cyclic
intermediate to form branched 2MP or 3MP. On the other hand, on the reaction pathway to
the linear produchHx, MCP can lose at most three H atoms formamgaabi tri-adsorbed
intermediate due to the presence of the methyl substituent, and it is supposed to require a high
activation energy for the subsequerit3cleavage step. As shown in Flg2, the conversion

of MCP to 2MP, 3MP, andiHx involves a series of dehydrogenation stepsC ®ond
breaking step and hydrogenation steps, which will be discussed in detail in the following. For
convenience, the C atoms within the ring will be named bews: the first C atom which

binds to the metal surface is denoted as C1, and the second as C2; the other three carbon

centers are numbered from C3 to C5 along the direction from C1 to C2.

Dehydrogenation reactions over Pt(118everal dehydrogenatioteps are required to
form aabb-tetraadsorbed oaab-tri-adsorbed intermediates in the conversion from MCP to
2MP/3MP, ornHx, respectively. Fig. 4.3 shows the structures of the four dehydrogenation
steps on the reaction pathway to 3MP. The intermedia@slI'& structures involved in the
correspondinglehydrogenatiosteps on the way to 2MP améix are not shown since they
are quite similar to the above structures, only the position of the methyl group is changed. In
general, all the dehydrogenation stepsthrougla transition state with a typicaliEli Pt
threememberring structure as discussed in ChapteAfter each dehydrogenation stepet
released atom is assumed to mofreely far away from the adsorbate. Thus, there is at most
one ceadsorbed Hatom in each final statmodeled The diffusion steps of an H atom are not
explicitly considered in this thesis due to their low activation enétgyor all the
dehydrogenation reactions, the geometry of an adsorbate in the final state is nearly the same
as in the initial state of the next step, the only principle difference being that in the final states
the dissociated H atom is still-@msorbed with the hydrocarbon. Therefore, the description of
the structural details for the initial state of a dehgeérmation step will be skipped except for
the first dehydrogenation stepecause the structural aspects of the pathways leading tp 2MP
3MP andnHx are really very similarthe same individual steleading to different products
will be in the following desribed collectively. For this reason, in the following | often use the
plural form of a word when referring tcansition statesandintermediatesalthough only one

single reaction step is discussed at a time.
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Adsorption site Intermediate Transition state
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Figure 4.3 Optimized structures and a schematic illustration of the adsorption modes pertine
dehydrogenation steps the reaction path to 3MP on Pt(111). C1 and C2 denote the two C
directly bound to Pt(111).
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First dehydrogenationreaction (D1) There are three possibilities for the first
dehydrogenation reaction, differinig the position of the methyl group, which could be
attached at either C1, C2 (C5) or C3 (C4). The initial states of these three reactions are nearly
identical, with MCP weakly adsbed at a top site over Pt(111) via an H atom attached to C1
atom (Fig. 4.3). The linear fragmenti Fif C1 is perpendicular to the surface, withi R4 =
210211 pm. Due to thédi Pt interaction, the TH bond is slightly elongated to 114 pm,
hence4 pm longetthan the other H bonds. The three physically adsorbed intermediates are
weakly bound to the surface, with adsorption energies tf8&J mol*. However, it is well
knownthatthe GGA functional used in this work is unable to describe such weak imesacti

in a quantitative way"’

In the transition states, the adsorbates move closer to the surface, with the C1 atom
attached to Pt(111) attop site (Fig. 4.3). The H atom, which originally occupied this t&p s
is pushed t@ neighboring bridge site. Similar to the initial states, the transition states of the
three alternative pathways differ mainly in the position of the methyl substituent. Also, when
CHs is attached at the Cposition, steric hindrance leads to an elongation of the dissociating
Ci H bond, which is 13 pm longer tham the transition structuresith the CH; group at the
C2 or C3 positions. The total energies of the transition states are also slightly affettted b
steric hindranceThe structure withCH; attached to Cls ~11 kJ mof less stablghanthe
most stable one, with GHit the C3 position (Fig. 4.4).

In the final states, the hydrocarbons are chemically adsorkeetbptsite with a single
Ci Pt bord (Fig. 4.3). Again, in the case where the methyl grsupttached at the C1
position, the steric hindrance elongates thé RElbond to 219 pm, which ig 8 pm longer
compared to the values when €id at C2 or C3 positionSimultaneouslythe Pt atom that
binds the hydrocarbon, tablypulled out of the surfacéy about 5¢om in the case where
the methyl group is at the C1 position. This adsorbataced distortion is about twice as

large as for the other two final states.

The activation energies of D1 for the discussed pathways with the methyl group at
different positionslie in a narrow range, betweeni8 kJ mol* (Fig. 4.4, Table 4.1).
However, the reaction energies vary a lot. The reaction is endothermic by 36 kWwneoi
the methyl group is attached to C1, while the two alternative reactions are essentially
thermoreutral (Fig. 4.4). This difference as well as the slightly higher barrier in the case with
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Figure 4.4 The energy profile of the first dehydrogenation steps on Pt(111). The reference s
MCP in the gas phase and the clean Pt(111) surface.

the methyl group at C1 position are due to the steric hindsahich was mentioned above.

Second dehydrogenation reaction (DZhere are several possibilitiesrfa series of
dehydrogenation reactions to form aabbi tetraadsorbed ogaabi tri-adsorbed intermediate
from MCP. The reaction pathways considered in this thesithase with the lowest barrier
for the first dehydrogenationstep, i.e. those involving thstructures with the methyl
substituent at the C3 position (or at C4) on the way to 2MP (3MP) or at thestdn on the
way to nHx, with thefirst dehydrogenatiomarriers below 8%J mol ™. In addition, for the
second dehydrogenation step, there aleast two optionsai or 4i elimination, competing
with each other to form two different kinds of the final produetg| di-adsorbed oabi di-
adsorbed intermediates. It was observed experime¥itatigit 4i elimination reactions oé
hydrocarbon fragment on Pt(111) were preferred oméelimination reactions. This
observationwas confirmed by later theoretical studies Br(111)“®and P@111f° surfaces,
with barriers forsi elimination rectionsby 10 25 kJ mol™ lower thanfor ai elimination (at
1/9 coveragp Thus, onlybi H elimination reactionsvereconsidered for step D2 to foreni

di-adsorbed intermediates.

In the initial states, hydrocarbons are adsorbated at a top siteeady desribed in the
discussion of the first dehydrogenation step. In the transition states (Fig. 4.3), the dissociating
H atom moves to a top site with- At® 160 pmand the €H bond elongated to 15365 pm.

The C2 center, with the dissociating H atom, is alyestthched to the surface. Similar to the
first dehydrogenation step, the steric hindrance again affects the structures both geometrically
and energetically when GHoinds to C2. The Q2t distance is 14 pm longer, and the
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Table 4.1: Optimized geometri@égpm) and energy characteristifie] mol'!) of the transition state
pertinent to the MCP ringpening reactions over Pt(111) for various locations of the methyl
substituent.

Reaction steft 2MP as product 3MP as product nHx as product
(Me at C3) (Me at C4) (Me at C2)

C-H® H-Pt® DEY E,° C-H® H-Pt® DEY E,* C-H® H-Pt® DE? E,°
D1 148 167,214 0 85 148 167,214 0 85 148 167,212 0 89
D2 157 160 -31 55 155 160 -30 57 165 159 -17 65
D3 155 162 21 84 155 162 24 88 156 162 26 86
D4’ 144 163 -18 60 144 163 -20 58
Migration' 60 61 60 61
cC 21 15 21 14 -19 116
C-shift1' 71 14 73 15
C-shift2 -12 50 -10 52
H1' 144 164 66 80 142 165 55 76
H2 158 161 -4 56 155 161 -12 59 158 161 12 65
H3 156 170,204 -43 66 150 168,217 -24 72 161 175,185 -57 52
H49 136 166 78 83 135 167 78 81
H59 157 162 -18 64
H6Y 152 166,221 -12 63

2 A- B, distance between atoms A and B in the transition stdddi D4 denote the first to four:
dehydrogenation steps; CC stands for tii€ @ond breaking step; HH6 refer to the first to sixt
hydrogenation steps® Bonds that are breaking/forming during a reacti@iReaction energ
¢ Activation energy.’ The reaction path tonHx does not contain this stepThe fourth to sixtt
hydrogenation steps for 2MP and 3MP are expected to have energy profiles very clos
respective hydrogenation steps fibtx.

absolute energy isi&5 kJ mof* higher than the case witthe CH3 substituent at C3 or
C4positiors. In the final states (Fig. 4.3), the B bond totally breaks, while the H atom
moves to the neighboring hollow site on the surface. The adsorption mode of the hydrocarbon
in the final stags is the same as in the transition states, withstwonds at a bridge site. This
reaction step is exothermic, byiBL kJ mot, for all the three considered reactions. The
activation energies of this step are onlyi 65 kJ mot', i.e., 24i 30 kJ mot* lower than the

barriers calculated for the first dehydrogenation step (Table 4.1).

Third dehydrogenation reaction (D3)Similar to the discussion of the second

dehydrogenation step, the choice of the third dehydrogenation step is also not unique. The
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third H atom can be split either from C1 or C2 atom. Since the position of the methyl group
does not significantly affect the barriers (Fig. 4.5, Table 4.1), the H atom was chosen to be

removed from the center C1 in all the three considered reaction paths.

In the transition states, the hydrocarbon nsawea hollow site (Fig. 4.3). The carbon
atom, with the dissociating H atom, forms a second bond with a Pt center, while the H atom
interacts with both Pt (162 pm) and C (1356 pm) atoms, forming the typicali Rt C
threemembesring structure. In the final states, the hydrocarbon adsorbates attach to the
surface in g-d fashion at the same hollow site as in the respective transition states, with the

dissociated H atom eadsorbed at a neighboring hollow site (Fig. 4.3).

Energetically, this reaction step is endothermic biy2B1kJ mot'. The corresponding
activation @mergy was obtained in the rangei 88 kJ mof* (Table 4.1). In view of this
relatively high barrier, the transition state of thé OQCbond cleavage froma abi
dehydrogenated intermediate, which is the initial state of the third dehydrogenation step, was
also located. The calculated result shows a barrier as high askd48ol*, which is
significantly higher than the barrier of the thatdhydrogenatiostep, and is also higher than

the barriers for ©C bond cleavage dfi- and tetradehydrogenated intermedes (see below).

Fourth dehydrogenation reaction (D4n step D4, only the two pathways leading to
2MP or 3MP were addressed. On the pathwayHx, there are no further H atoms on C1 or
C2 to be dehydrogenated due to the methyl substituent, which ¢etm€R. After the three
dehydrogenatiosteps discussed above, the hydrocarbons adsorihratedold hollow site in
Hs-d fashion. In the transition states, the C2 center forms a second bond with the Pt surface,
leading to a nearly parallel conformatibetweerthe Ci C bond and one of theift bonds of
the adsorbing hollow site (Fig. 4.3). The backbone of the ring is almost normalRt(lh#)
surface. The dissociating H atom migratesa top site. In the various final states, the
adsorption mode athe hydrocarbon is similar to that in the corresponding transition state,
except the CH bond is completely broken (Fig. 4.3). This reaction is exothermic b018]
mol™ and the barrier of this reaction is not very high,@8kJ mot* (Table 4.1).

CiC bond breaking reactions over Pt(111Yhe aabb-tetraadsorbed oraab-tri-
adsorbed intermediates are generated after a sequence of dehydrogenation reactions as
described above. Theabb-tetraadsorbed intermediates,-n3ethylcyclopentyne and -4

methylcyclopatyne, will finally convertto 2MP and 3MP, respectively,while aab-tri-
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Figure 4.5. The energyprofiles (kJmol'') of the MCP ringopening reactions overt@®11) reactior
path to2MPi blue reaction path to 3MIP black; reaction path toHx i red Energesare calculate
relative toMCP(g) and the clean33 Pt(111)slah For a systencontainingx H atoms in the unitell
with energy Enicen, therelativeenergy isdefined as E= Kicen + (121 X) (Enpra1n)l Epta11) T Emce(g) T
Eprta11y Eripra11y Emceg) @and Eyaanyare thetotal energies oH adsorbed on Pt(111) at 1/9 coveragj
MCP (inthegas phase) amaf theclean 3 3 Pt(111)slab, respectivelyThe energy shifts between t
hydrogenatiort dehydrogenation steps reflect the differences between structures witdaarbed |
atom in the unit cell and an H atom at an infinite separation (i.e. calcula@ctdy on Pt(111) at 1

coverage).
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