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Zusammenfassung 

Das selektive Cracken von Naphthalenringen ist ein wichtiger Prozess in der modernen 

Erdölindustrie geworden, um die Cetanzahl von Dieselkraftstoffen zu erhöhen. In dieser 

Arbeit wurden zwei Modellreaktionen, die Konversion von Ethylen zu Ethinyl und die 

Ringöffnungsreaktion von Methylcyclopentan (MCP), mit periodischen 

Dichtefunktionalrechnungen untersucht. Die Arbeit hat folgende Sachverhalte erfolgreich 

aufgeklärt: i) Der Mechanismus der Transformierung von Ethylen zu Ethinyl auf Pt(111). Die 

Reaktion durchläuft eine Serie von Hydrierungs-/Dehydrierungsschritten ohne direkte 1,2-H 

Umlagerungsreaktionen. ii) Der Partikelgrößeneffekt auf die Selektivität der durch geträgerte 

Pt, Rh, Ir oder Pd Partikel katalysierte MCP-Ringöffnung. Die Selektivität hängt von der 

Höhe der Barrieren für den C-C-Bindungsbruch auf der Terrasse 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 reactions, ethylene 

conversion to ethylidyne as well as ring-opening of methylcyclopentane (MCP), were 

examined using periodic density functional calculations. This work successfully clarified the 

following issues: i) the mechanism of transforming ethylene to ethylidyne on Pt(111). The 

reaction comprises a series of hydrogenation / dehydrogenation steps, without direct 1,2-H 

shift reactions. ii) The particle-size effect on the selectivity of MCP ring-opening catalyzed by 

supported Pt, Rh, Ir or Pd particles. The selectivity depends on the CïC bond breaking barrier 

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

Introd uction 

Nowadays, an important issue for a lot of countries all over the world is to reduce the air 

pollution. Such pollution is harmful to the human health and to the local environment. A large 

part of air pollution is caused by modern transport systems. The combustion of fuels, e.g. 

gasoline, diesel, aviation fuel etc., not only generates the power for the transportation but also 

emits various kinds of pollutants, like nitrogen oxides, sulfur oxides, hydrocarbons, carbon 

monoxide and particulate matter (PM), to the atmosphere. For example, road transport is 

considered to be the main contributor to the emission of nitrogen dioxide and benzene in 

cities.
1
 30% of fine PM (less than 2.5 mm in aerodynamic diameter) is also produced by the 

tailpipe emissions from road transport in urban areas.
1
 Additionally, the efficiency of the 

transport system becomes an important issue due to the global warming caused by the 

accumulation of carbon dioxide which is produced by the combustion of fuels. 

Therefore, it is expected that stricter requirements will be imposed on fuels regarding 

their content of sulfur and polynuclear aromatics, the content of lead for gasoline as well as 

the cetane number (CN) for diesel.
1
 In the past several decades, the allowed maximum lead 

content in Europe has decreased from 0.15-0.4 g l
-1
 in 1980s to 0.005 g l

-1
 at 2000.

1
 A similar 

regulation is set to control the sulfur content to 10 mg kg
-1
 for both gasoline and diesel. 

Besides the limitations to the particular element in the fuel, another important issue to 

measure the quality of the fuels is related to the structure of the hydrocarbon, octane number 

(ON) for gasoline and CN for diesel. The ON has an almost negligible effect on pollution 

emission. However, the emission of hydrocarbons and carbon monoxide from diesel vehicles 

is strongly influenced by the CN.
1
 

One method to improve diesel fuels is provided by modern upgrading technologies, e.g. 



Chapter 1 Introduction 

2 

 

aromatics saturation and hydrocracking.
2,3

 Aromatics, which are associated with relatively 

low CN, can be hydrogenated to saturated cyclic components (cycloalkanes) by 

hydrodearomatization catalysts. However, increasing of CN in this process is limited by the 

cyclic structure even when most of the aromatics are saturated. With the help of 

hydrocracking catalysts, the CN of cycloalkanes could be further increased by breaking the 

ring structure to form (linear) alkanes. The ideal case is that cycloalkanes are converted to 

more paraffinic compounds with a low degree of branching while preserving the initial 

molecular weights. Therefore, finding approaches to selectively open cycloalkane rings with 

minimum cleavage and side chains are much desired for generating products that meet (or 

exceed) the ever-tightening environmental regulations.  

Due to the complexity of the involved chemistry, the mechanism of selectively ring-

open (SRO) reactions has not clearly been elucidated experimentally and thus far remains at a 

hypothetical level. On the other hand, computational studies based on methods of density 

functional theory (DFT) provide tools to gain more insight into elementary reaction steps of a 

complex reaction network.
4-8

 

In order to reach a detailed understanding at the atomic level of the hydrogenation-

dehydrogenation reactions, in Chapter 3, a simpler and widely investigated system, the 

conversion of ethylene to ethylidyne on Pt(111), is studied. Ethylene is known to form two 

types of adsorption complexes,  ́ adsorbed and di-ů adsorbed on Pt(111)
 9ï16

 at low 

temperatures. After the system is further heated, ethylene begins to convert to ethylidyne, 

CH3-C¹, which is the only stable surface species at room temperature under ultra high 

vacuum (UHV) conditions.
9,17

 In Chapter 3, the complete reaction network from ethylene to 

ethylidyne is studied at three different coverages over Pt(111) surface. All the transition states 

are located at 1/3 and 1/9 coverage and to help identify the mechanism of this conversion. 

Chapter 4 turns back to the discussion of SRO reactions. As a model system, ring-

opening (RO) of methylcyclopentane (MCP) on supported metal catalysts has extensively 

been studied in experiments.
18- 22

 Three RO products, linear n-hexane (nHx) as well as 

branched 2-methylpentane (2MP) and 3-methylpentane (3MP) can be produced. However, to 

my knowledge, the best selectivity to the linear product, nHx, is about 40% when the reaction 

is catalyzed by the supported highly dispersed Pt catalyst. Other catalysts, like Rh and Ir, have 

higher activities towards the RO reactions but only selectively produce 2MP and 3MP. In 

Chapter 4, the complete reaction network for the conversion of MCP to its ring-opening 
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products on Pt is studied. Three other metal catalysts, Pd, Rh, and Ir, are also investigated, 

only with the C-C scission step, which is believed to be crucial for the distribution of the 

products. The results show how the selectivity is controlled by the surface geometry and 

rationalizes the experimentally observed particle-size dependence of the selectivity on 

supported metal catalysts.  
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Chapter 2    

Computational approach 

Density functional theory (DFT)
23

 is one of the most important quantum mechanical modeling 

methods developed in the last century since the 1970s, especially in the solid-state area. The 

idea to describe the total energy as a functional of the electron density roots in the Thomas-

Fermi model of atoms, developed as early as the 1920s.
24,25

 In the 1960s, the modern 

formulation of DFT is built up based on the two theorems.
26

 The first one shows that the 

ground state properties of a many-electron system are uniquely determined by the electron 

density, a quantity that depends on only three spatial coordinates. The second theorem defines 

an energy functional for the system and proves that the correct ground state electron density 

minimizes this energy functional. Then, the formulation of DFT addressed by Kohn and Sham 

(KS) becomes the basis of current routinely used computational methods.
27

 In the KS theory, 

the entire unknown part of the energy functional is collected in the exchange-correlation 

energy EXC, where approximations are used, e.g. the generalized gradient approximation 

(GGA), or hybrid functionals.  

In this thesis, slab-model calculations were carried on the basis of DFT with the plane-

wave based Vienna ab initio simulation package (VASP).
28,29

 The GGA was used in the form 

of the (approximate) exchange-correlation functional PW91.
30

 The interaction between atomic 

cores and electrons was described by the projector augmented wave (PAW) method.
31,32

 In 

the structure optimizations the Brillouin zone was sampled using k point meshes of 

Monkhorst-Pack type:
33

 5³5³1 for M(111) and M(211), 5³3³1 for M(322) surfaces, with 

fi rst-order Methfessel-Paxton smearing (smearing width of 0.15 eV).
34

 Total energies were 

evaluated with the broadening extrapolated to zero. After structure optimization, the energies 

were refined in single-point fashion employing a denser k point grid, 7³7³1 for M(111) and 

M(211), or 7³5³1 for M(322) surfaces. The valence wave functions were expanded in a 

plane-wave basis with a cutoff energy of 400 eV. The SCF energy was converged to 10
ï4

 eV. 
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The parameters for calculations on organometallic compounds in the solid phase are 

similar to the slab model calculations except the k points mesh is changed to 3³3³3. All of 

them were carried out with tetrahedron method with the Blöchl correction, which can reduce 

the number of k points with required accuracy for metal systems.
35

 The shape and size of the 

unit cell was set according to X-ray diffraction (XRD) results
36- 38

 (Table 2.1) and not 

optimized during the optimization.  

The ideal M(111), M(211) and M(322) surfaces are modeled by periodic five-layer 

slabs repeated in a supercell geometry. In the case of the stepped surface M(211) and M(322), 

a slab comprises five layers of (111) orientation, but formally contains 15 and 25 layers 

perpendicular to the surface normal, respectively. The surface is expanded periodically in two 

dimensions, and in the third dimension, a vacuum region is added to separate two adjacent 

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 metal atom, is at 

 

Figure 2.1 Surface models used in this thesis: a) top view of M(111); top and side views of b) M(211) 

and c) M(322). Selected unit cells are outlined in red.  
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least 1 nm. The three ñbottomò layers [of (111) orientation] of a slab were kept fixed at the 

theoretical bulk-terminated geometry and the two ñupperò layers of metal atoms were allowed 

to relax during the geometry optimizations, together with the adsorbate, until the force on 

each atom was less than 2³10
-4

 eV/pm. The adsorbates were bound to ñtopò side of the slab 

models. Three different unit cells were used on M(111) surface, (Õ3³Õ3)R30̄ , (2³2), and 

(3³3), corresponding to surface coverages 1/3, 1/4, and 1/9, respectively (Fig. 2.1). On 

M(211) and M(322), a (3³1) unit cell was used corresponding to the surface coverage 1/9, and 

1/15, respectively.  

The binding energy (BE) of an adsorbate was determined from BE = Ead + Esub ï Ead/sub, 

where Ead/sub is the total energy of the slab model, covered with the adsorbate in the optimized 

geometry; Ead and Esub are the total energies of the adsorbate in the gas phase (ground state) 

and of the clean substrate, respectively. Calculations on gas-phase hydrocarbon species with 

open shells were carried out in spin-polarized fashion. With the above definition, positive 

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

Transition states (TS) of reactions were determined by applying the dimer method
39

 or 

the nudged elastic band method.
40,41

 In the latter case eight images of the system were used to 

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
-4
 eV/pm. For each optimized TS structure, a normal mode analysis was done to confirm 

that only a single imaginary frequency exists. 

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

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

Table 2.1 Unit cell parameters (Å and degree) of selected organometallic compounds in this thesis.  

 a b c a b g 

Co3(CO)9(CCH3)
a 8.80 9.33 12.34 93.0 93.3 128.8 

Os2(CO)6(CH2CH2)
b 7.36 13.52 13.54 90.0 101.0 90.0 

Os3(CO)10(m-H)(CHCH2)
c 9.91 14.40 12.42 90.0 99.8 90.0 

              a Ref.36.     b Ref. 37.      c Ref. 38.     
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displacing each atomic center by 1.5 pm either way along each Cartesian direction. In these 

calculations the energy cut-off was increased to 520 eV and tightened the SCF energy 

convergence to 10
ï6

 eV. Checks showed that the resulting frequency should be accurate to 2ï

3 cm
ï1

 in 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 demand in energy, the price of energy sources, e.g. petroleum, 

is pushed up steadily. Recently, other alternatives of energy sources, like biomass, solar 

energy, attract attention by a large group of people from governments and research facilities. 

However, one should not ignore that petroleum currently is still the largest energy source.
42

 

Therefore, how to convert more efficiently petroleum to the desired products is still an 

important issue for petroleum industry.  

The hydrogenation-dehydrogenation reactions of hydrocarbons catalyzed by noble 

metal particles are one of the most important reaction series in the petroleum industry. As the 

simplest molecule with a C=C double bond, the transformations of ethylene on the Pt(111) 

surface serve as a simple model system for hydrogenation-dehydrogenation reactions which 

recently are attracting renewed interest, as reflected in several experimental
43ï46

 and 

theoretical
46ï54

 studies. 

There are two types of adsorption complexes of ethylene on Pt(111).
9ï16

 At very low 

temperatures (< 52 K),
15

 -́adsorbed ethylene has been observed. After the system is heated 

above 52 K, -́adsorbed ethylene started to transform to a di-ů bonded species
12ï14

 at low 

pressures of ethylene. Further heating of the system to a higher temperature (~250 K) will 

irreversibly convert ethylene to a strongly bound species, ethylidyne (CH3-C¹), which is the 

only stable surface species at room temperature under UHV conditions.
9, 17

 A similar process 
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from ethylene to ethylidyne has also been observed on other transition metal surfaces such as 

Rh(111),
55

 Pd(111),
56

 Ir(111),
57

 and Ru(0001).
58

 The formation of ethylidyne, which is a 

strongly bound species, can block active sites on metal surfaces and thus affect the activity of 

the catalyzed reactions.  

In order to find a way to prevent the formation of ethylidyne, the reaction mechanism of 

this conversion is extensively studied since the 1970s. Four kinds of C2 species were 

proposed as intermediate during the conversion: ethyl (CH3CH2),
59

 vinyl (CH2CH),
60

 

vinylidene (CH2C),
61

 and ethylidene (CH3CH),
62, 63

. A summarized reaction scheme during 

this conversion, including hydrogenation, dehydrogenation and 1,2-hydrogen shift reactions, 

is shown in Fig. 3.1. For easy comparison, I assigned the labels of the various elementary 

reactions consistent with those of earlier publications on the analogous reaction mechanisms 

on Pd(111).
64,65

 The first proposed intermediate was ethyl
59

 based on the calculated activation 

energies via different intermediates. However, Zaera
66,67

 found that an ethyl group can easily 

convert to ethylene via ɓ-elimination on Pt(111). At the same time, he also suggested that 

vinyl could be a possible intermediate because H2 desorption was enhanced from 

trideuterioethylene compared with the expected selectivity on purely stoichiometric 

grounds.
60

 Later calculations at the extended Hückel level by Ditlevsen et al.
61

 suggested a 

mechanism with two subsequent dehydrogenation steps via vinyl and vinylidene followed by 

the hydrogenation to ethylidyne. However, both vinyl and vinylidene were ruled out by Zaera 

and Bernstein later because vinyl could covert back to ethylene via the intermediate 

 

Figure 3.1 Reaction scheme of the conversion from ethylene to ethylidyne 
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vinylidene and acetylene at temperature as low as 200 K.
68

 Finally, ethylidene is the last 

survivor. Both Cremer et al.
62

 and Deng et al.
63

 reported to have detected ethylidene during 

the conversion of ethylene to ethylidyne via sum frequency generation (SFG) and reflection 

adsorption infrared spectroscopy (RAIRS), respectively. For an overview of pertinent 

experimental results, see Refs. 69,70. 

Zaera et al. carried out extensive kinetic and spectroscopic studies
68ï71

 related to the 

thermal chemistry of adsorbed ethylene on Pt(111) and suggested a two-step mechanism of 

ethylidyne formation (Pathway c-d, Fig. 3.1): (1) ethylene converts to ethylidene through a 

direct 1,2-H shift reaction, and (2) ethylidene dehydrogenates to ethylidyne. However, such a 

mechanism would tentatively fit available experimental results on this system only by 

invoking a fast pre-equilibrium between ethylene and ethylidene in conjunction with a slow 

second step at coverages close to saturation. 

3.1.2 Previous theoretical research 

It seems that the two step mechanism successfully explains most of the important 

experimental observation and the corresponding reaction intermediate was also observed by 

other experiments. However, theoretical studies found a conflicting result. Anghel et al.
 72,73

 

studied several reactions related to ethylene on the Pt(110) surface with density functional 

calculations. The barriers of the hydrogenation or dehydrogenation reactions related to 

ethylene are mostly between 25ï70 kJ mol
-1
, but the reaction barrier for the 1,2-H shift 

reaction from ethylene to ethylidene is as high as 223 kJ mol
-1
, which is too high for the 

reaction step to occur at room temperature. Another study on the ethylene conversion to 

ethylidyne over Pd(111) obtained similar results, where the barrier of the direct conversion of 

ethylene to ethylidene was as high as 200 kJ mol
-1

.
65

  

However, the above mentioned theoretical studies slightly differ from the experimental 

results discussed in Section 3.1.1. For example, the Pt(110) surface, used in Refs. 72 and 73, 

is more reactive than the Pt(111) surface used in most experimental studies. The Pd(111) 

surface, used in Refs. 64 and 65, also has a close-packed surface structure as Pt(111), but the 

reaction mechanism might be different due to the fact that no intermediate has been observed 

in the experimental studies on this conversion over Pd(111). Former theoretical studies of 

ethylene transformations on the Pt(111) are mainly limited to the adsorption properties of 

C2Hn species,
46ï54

 while they seldom touch on the reaction mechanism of ethylidyne 
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formation.  

3.1.3 Models in the current study 

In order to gain direct theoretical evidence on the reaction mechanism of the conversion 

from ethylene to ethylidyne over Pt(111), I studied all possible types of reactions, 

hydrogenation, dehydrogenation, and 1,2 H-shift reactions (Fig. 3.1). One of the important 

goals of the present theoretical study was to show that the mechanism with 1,2-H shift 

reaction can unequivocally be ruled out on the basis of calculated barriers. Instead, more 

complicated three-step pathways which avoid direct H-shift reactions appear plausible on 

Pt(111).  

This section presents a systematic computational study with three three-step routes, 

Reactions a-e-d, a-f-g and h-i-d in Fig. 3.1, for the transformation of ethylene to ethylidyne. 

Four different intermediates, ethylidene, vinyl, vinylidene and ethyl, were considered in the 

calculation. The calculations were carried out with a plane-wave based density functional 

method and periodic slab models, as described in Chapter 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 experimental data. Throughout this work, I will 

systematically compare the results of our calculations at different adsorbate coverage, 1/3, 1/4, 

and 1/9.  

3.2. Structure and energetics of surface species and transition states 

Fig. 3.1 shows the reaction network studied in this chapter, comprising 10 different 

elementary reactions, Reaction a-j, including hydrogenation, dehydrogenation and 1,2-H shift 

reactions with four different intermediates (vinyl, ethylidene, vinylidene, and ethyl).  

3.2.1 Structure and energetics of surface species 

In this section, I mainly introduce the adsorption properties of the C2 species which 

were investigated in this thesis. Fig. 3.2 shows the adsorption modes of all these species on 

Pt(111). One general rules for hydrocarbon adsorption is that C atoms tend to form four bonds 

with other C, H, or Pt atoms to maintain a sp
3
 configuration. In the following, I will discuss 

these species one by one in detail.  
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Ethylene. Previous experiments identified in total two adsorption modes,  ́ and di-ů 

mode, of ethylene on Pt(111).
9ï16

 Ethylene in a  ́adsorption complex is attached to the top 

site of one Pt atom via a ́ donor bond, while in the di-ů mode, the adsorbate is attached to 

two adjacent Pt atoms at a bridge site in ɖ
2
 fashion via two ů bonds. -́bound ethylene is 

stable only at very low temperatures which is confirmed by the spectroscopic studies.
15

 This 

structure will start to convert to the di-ů mode when the temperature of the system is higher 

than 52 K.  

The adsorption sites of ethylene species on Pt(111) and the geometries of the 

corresponding adsorption complexes are expected to be similar to those identified on the 

surface Pd(111); therefore, it was assumed in this and other studies
12,46,49,52

 that di-ů ethylene 

should also occupy a bridge site on Pt(111). However, in a study that used diffuse low-energy 

electron diffraction (LEED), Döll et al. reported
74

 a structure where ethylene adsorbs above a 

hollow site on Pt(111). In this structure, the CïC bond was tilted by ~22° with respect to the 

surface plane. However, later theoretical studies disagreed with that result. Slab-model 

computational studies
50ï52

 at 0.25 ML coverage showed that bridge adsorbed di-ů ethylene, 

with the CïC bond parallel to the surface, binds stronger than in the hollow-site complex, by 

50ï63 kJ mol
ï1

. An earlier near-edge X-ray adsorption fine structure (NEXAFS) study
12

 

assumed the CïC bond parallel to the surface plane without direct information on the 

adsorption site of the ethylene molecule.  

Several theoretical studies
46,49,50,52,53

 reported the adsorption geometries of two kinds of 

adsorption complexes of ethylene on the surface Pt(111). The present results for bond lengths 

agree with these earlier works within 1ï5 pm, Table 3.1. In the di-ů ethylene complex, the Cï

C bond is adsorbed above a bridge position, parallel to the surface plane. The calculated CïC 

bond length, 149 pm, perfectly falls into the range of the experimental NEXAFS result, 149°4 

pm.
12

 The CïC bond length is (almost) comparable with the bond length of gas phase ethane, 

154 pm, and is significantly longer than for ethylene in the gas phase, 134 pm. Both of these 

factors reflect that the carbon centers in the di-ů ethylene are already rehybridized toward sp
3
. 

However, in the ˊ-adsorbed adsorption complex, the calculated CïC bond length is only 141 

pm, indicative of sp
2
 hybridized carbon centers. This calculated value perfectly agrees with 

the NEXAFS result, 141 pm.
11

 The CïPt bond lengths are also different in two kinds of 

adsorption complexes. In the ́ -adsorbed case, they are 217ï220 pm, which are 6ï9 pm longer 

than the corresponding bond of the di-ů complex. The geometry is slightly affected by the 
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coverage. The CïPt bond lengths slightly increased, by less than 3 pm from 1/3 to 1/9 

coverage.  

Under UHV conditions, ́ -bound ethylene is reported to be stable only at low 

temperatures.
15

 After the system is heated above 52 K, -́bound ethylene starts to convert to 

the di-ů mode which dominates between 100ï250 K on the Pt(111) surface.
12ï14

 Further 

heating of the system irreversibly converts ethylene to ethylidyne.
9,17

 However, at different 

conditions, e.g. high pressure of several hundred Torr other than UHV, the relative surface 

population of the two types of adsorbed ethylene might change to some extent. For example, 

studying ethylene hydrogenation on Pt(111), Cremer et al.
75

 observed that ethylene could 

coexist with ethylidyne on the Pt surface when the surface was exposed to ethylene and 

hydrogen gas at room temperature. Both di-ů and ́ -bound ethylene complexes were detected 

in comparable concentrations. These authors also pointed out that the precursor for the 

hydrogenation reaction of ethylene is the weakly adsorbed ́-bound ethylene species.  

Table 3.1 summarizes several recent theoretical studies that reported binding energies of 

the two kinds of surface-bound ethylene.
10,12,13,16,46,49,50,52,53,76

 The models and methodologies 

Table 3.1 Calculated structural parameters (pm), and binding energies BE (kJ molï1) of ethylene 

adsorbed on Pt(111) in di-s and p modes at different surface coverage ɗ.  

 q C-C C-Pt BE 

di-ů ethylene  1/3 149a 211a 105a 

 1/4 149a, 148b, 148h, 

148k, 149k 

211a, 211b, 210h, 214k, 212k 114a, 117b, 100c, 101d, 122h, 

109k, 127k 

 1/9 149a 211a, 212a 121a 

 exp.   149e, f  71c,g 

ˊ ethylene  1/3 141a 217a 60a 

 1/4 141a, 141b, 140h 217a, 218a, 218b, 222h 70a, 73b, 65d, 54h 

 1/9 141a 219a, 220a 84a 

 exp. 141i  40°10j 

a
This work.    

b
Ref. 49.    

c
 Ref. 46.    

d
 Ref. 53.    

e
 Ref. 12.     

f
 Ref. 13.    

g
 Ref. 76.    h Ref. 52.     

i
 

Ref. 10.    j Ref. 16.    k Ref. 50. 
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for these calculation, periodic slab models of 2ï4 layers and the exchange-correlation 

functional PW91, are similar to present work. Similar to the reported experimental energy 

preference for di-ů ethylene, the calculated binding energy of di-ů ethylene at 1/4 coverage 

was 36ï68 kJ mol
ï1

 more stable than ˊ-bound ethylene (Table 3.1).
49,52,53

 The present study 

obtained the di-ů mode to be more favorable by 37ï45 kJ mol
ï1

, depending on coverage. For 

di-ů ethylene, the calculated adsorption energy increases from 105 to 121 kJ mol
ï1

 with 

decreasing coverage (Table 3.1). The obtained adsorption energy at 1/4 coverage, 114 kJ 

mol
-1

, perfectly falls into the range of previous theoretical studies, 100ï127 kJ mol
ï1

, of the 

binding energy on Pt(111).
46,49,50,52,53

 Previous calculation with reasonably large cluster 

models 
47

 obtained a slightly larger binding energy, ~130 kJ mol
ï1

. 

Slightly lower binding energies were reported by several different experimental studies. 

For example, temperature programmed desorption (TPD) measurements yielded the 

adsorption energy of di-ů ethylene on Pt(111) at 71 kJ mol
ï1

 (Table 3.1).
46,76

 The calculated 

value is larger by about 40 kJ mol
-1
. A similar smaller TPD-derived binding energy of di-ů 

ethylene was also reported on Pd(111), 68 kJ mol
ï1

.
77

 These results are not surprising because 

the PW91 GGA functional, used in this calculation, is known to overestimate systematically 

chemisorption energies by up to 50 kJ/mol.
78

 Another experimental study,
16

 with RAIRS, also 

reported a slightly lower adsorption energy 40°10 kJ mol
ï1

 compared with the calculated 

adsorption energy of ˊ ethylene on Pt(111), 60ï84 kJ mol
ï1

 (Table 3.1). 

The calculated energy difference between di-ů and ˊ species on Pd(111),
64

 12ï19 kJ 

mol
ï1

, is slightly larger on Pt(111), 37ï45 kJ mol
ï1

 (Table 3.2). The adsorption energies of ́ 

species on both surfaces are in the similar range, 60ï84 kJ mol
ï1

. However, the adsorption of 

Table 3.2 Calculated binding energies BE (kJ molï1) of ethylene adsorbed on Pt(111) and Pd(111) in 

di-s and p modes at different surface coverage ɗ.  

 ɗ = 1/3 ɗ = 1/4 ɗ = 1/9 

 Pt(111)
 a
 Pd(111)

 b
 Pt(111)

 a
 Pd(111)

 b
 Pt(111)

 a
 Pd(111)

 b
 

di-ů ethylene  105 71 114 83 121 90 

 ́ethylene 60 NA
 c
 70 64 84 78 

aThis work.    bRef. 64.    c not available 
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di-ů species on Pd(111) is weaker than the one on Pt(111). The adsorption energies are 

calculated only 71ï90 kJ mol
ï1

 on Pd(111) while they are 105ï121 kJ mol
ï1

 on Pt(111). It is 

interesting to point out that the calculated CïC bond length on Pt(111) is 4ï5 pm longer than 

that determined structure for di-ů ethylene adsorbed on Pd(111),
64

 in line with the ~30 kJ 

mol
ï1

 larger binding energy of the complex on Pt(111). Recall that a slightly higher binding 

energy on Pt(111) was measured compared to the value on Pd(111) by previous TPD 

experiment.
 46,76,77

 In summary, a larger binding energy, 105ï121 kJ mol
ï1

, of di-ů ethylene 

on Pt(111) is predicted in this thesis, which is 30ï40 kJ mol
ï1

 larger than on Pd(111), see Ref. 

64 and references therein.  

Ethylidyne. Ethylidyne is formed at high temperature after heating adsorbed ethylene 

on various transition metal surfaces such as Rh(111),
55

 Pd(111),
56

 Ir(111),
57

 and Ru(0001).
58

 

The structure of ethylidyne on Pt(111) was unclear until the end of the 1970s. With LEED, 

Kesmodel et al.
17,79

 identified that ethylidyne adsorbed at three-fold hollow sites, with the Cï

C bond perpendicular to the metal surface. A later LEED study
80

 supported by density 

functional calculations
52

 suggested a slight preference of the fcc over the hcp site.  

In this thesis, the structure of the more stable fcc adsorbed ethylidyne was optimized. 

The CïC bond is perpendicular to the Pt(111) surface, with the bond length at 149 pm for all 

the investigated coverages. The CïPt bonds were calculated at 201ï203 pm. All of them are 

in good agreement with earlier theoretical values.
52

 The calculated CïC bond length agrees 

very well with the one obtained in the LEED study,
80

 149°5 pm, while a slightly shorter CïPt 

bond length, 191±5 pm, is reported in that LEED study.  

The binding energies of ethylidyne calculated at fcc site on Pt(111) are in the range 

575ï593 kJ mol
ï1

 (Table 3.3), with respect to the doublet state of ethylidyne in the gas phase. 

The binding energy increases with decreasing coverage. Former calorimetric measurements
81

 

showed that 174°4 kJ/mol of heat are released in the dissociative adsorption of ethylene to 

form ethylidyne species and surface hydrogen atoms on Pt(111). Slightly lower values, 145ï

157 kJ mol
ï1

,
82,83

 resulted from measurements on supported Pt samples. The calculation of 

this thesis predicts an energy change of 118ï160 kJ/mol for this reaction, where the more 

exothermic process corresponds to lower coverage. Compared with Pd(111), the geometries 

of ethylidyne on Pt(111) are quite similar; CïPd bonds are at most 5 pm shorter than the CïPt 

bonds. The adsorption energies on Pt(111) were calculated 40ï44 kJ mol
ï1

 larger than those 



Chapter 3 Ethylene transformations over Pt(111) 

16 

 

on Pd(111).
64

 

Intermediates: Vinyl, Vinylidene, Ethyl, Ethylidene. The adsorption of these potential 

reaction intermediates on Pt(111) has been addressed in previous computational studies.
47,50,54

 

Generally speaking, the unsaturated C centers tend to form various numbers of CïPt bonds. 

The number of CïPt bonds is determined by the (de-)saturation of the C atoms, with all the C 

centers turning to sp
3
 hybridized on Pt(111). The binding energy of the adsorbate decreases 

with increasing surface coverage due to the stronger adsorbate-adsorbate repulsion at high 

coverage. Table 3.3 summarized important geometry properties and adsorption energies of the 

investigated intermediates.  

 

Figure 3.2 Adsorption complexes of all C2 species investigated in this thesis 
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Vinyl (CH2CH) prefers to bind over a three-fold site on Pt(111) surface in µ3-ɖ
2
 fashion. 

The calculated CïC bond length, 147 pm, is only 2 pm shorter than that of di-ů ethylene, 

indicating rehybridization to sp
3
 carbon. The CïPt bond lengths are 207ï210 pm. The binding 

energies of this species are 301ï324 kJ mol
-1
 when going from 1/3 to 1/9 coverage.  

Similar to vinyl, vinylidene (CH2C) also prefers to bind over a three-fold site. It is 

adsorbed in µ3-ɖ
2
 fashion on the Pt(111) surface. The calculated CïC bond length, 141 pm, is 

6 pm shorter than for adsorbed vinyl, indicating a higher CïC bond order. The CïPt bond 

lengths are 198ï224 pm. The binding energies of this species are 399ï441 kJ mol
-1
 from 1/3 

to 1/9 coverage. These values are ~100 kJ mol
-1
 larger than the binding energies of vinyl due 

to one more CïPt interaction for vinylidene.  

Ethyl binds at a top site of the Pt(111) surface. The calculated CïC bond length is 151 

Table 3.3 Optimized geometriesa (pm) and energy characteristics (kJ molï1) of intermediates in the 

transformation of ethylene to ethylidyne at various coverages q. 

 q C-C C-Pt BEb 

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  8 

 1/9 153  6 

a  A-B, distance between atoms A and B. b  Binding energy (BE) of an adsorbate (see text).  
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pm. The CïPt bond length is 209ï210 pm. The binding energies of this species are 186ï195 

kJ mol
-1
 from 1/3 to 1/9 coverage. This interaction is much weaker than that of the two 

previous intermediates because ethyl forms only one CïPt bond. 

Ethylidene (CH3CH) binds at bridge sites of the Pt(111) surface. The calculated CïC 

bond length is 150 pm. The CïPt bond lengths are 207 pm. The binding energies of this 

species are 372ï390 kJ mol
-1
 from 1/3 to 1/9 coverage. 

Coadsorbate: Hydrogen. The hydrogenation / dehydrogenation reactions require 

additional surface H atoms in the initial / final state, respectively. The structures of C2Hn 

species with coadsorbed H atoms have also been optimized. The H atoms were placed at free 

three-fold hollow sites near the C2Hn species.  

The geometries of the adsorbed C2Hn species are hardly affected by the coadsorption of 

the H atoms. In most cases, bond lengths change less than 2 pm. The effect is stronger at high 

coverage, due to limited free surface area for the newly introduced H atom. For example, in 

the high coverage case of vinylidene, the coadsorbed H atom is too close to the vinylidene 

and the repulsion between them pushes vinylidene away from the surface. The H2CïPt bond 

is elongated by 9 pm with respect to vinylidene adsorbed alone. Another example is di-ů 

adsorbed ethylene. At 1/3 coverage, the CïC bond is no longer adsorbed parallel to the PtïPt 

bond at the bridge site. Due to the repulsion by the additional coadsorbed H atom these two 

bonds form an angle of 10º.  

The calculated adsorption geometries of the hydrocarbon fragments on Pt(111) are quite 

close to those calculated on Pd(111).
64,65

 At higher coverage, the distortion of vinylidene is 

also observed on Pd(111) when coadsorbed with hydrogen. The distortion is stronger on 

Pd(111) which is attributed to the stronger repulsive interaction on Pd(111) due to the slightly 

smaller atomic radius of Pd (280 pm) compared to Pt (282 pm) as well as the weaker binding 

of vinylidene on Pd(111) by ~50 kJ mol
-1
.  

3.2.2 Transition State Structures for Ethylene Conversion to Ethylidyne 

In this section, I will discuss the transition states and the corresponding reaction barriers of all 

elementary reactions shown in Fig. 3.1 (aïj). Similar to the local minima, the transition state 

structures are only slightly affected by surface coverage. Therefore, I will mainly refer to the 

results obtained for the coverage 1/9. In the discussion, each transition state is labeled as 
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ñTSxò, where x is the label of the corresponding elementary step used in Fig. 3.1. For the 

hydrogenation and dehydrogenation reactions, an H atom at a specific site close to the 

hydrocarbon in its initial or final state, respectively, is part of the model. Previous research
84

 

showed that the activation energy for the diffusion steps of H atom over Pt(111) is as low as 4 

kJ mol
ï1

, indicating fast surface diffusion of H atoms. Therefore, modeling of H diffusion 

steps was skipped. Table 3.4 summarizes reaction energies and barrier heights of all these 

elementary steps.  

Ethylene to Vinyl (TSa). The initial state of this reaction is di-s adsorbed ethylene. In 

the transition state structure TSa (Fig. 3.3), one of the C atoms moves from the top site to an 

adjoining bridge site, forming the second CïPt bond, 220 pm. The top site, which is originally 

occupied by the C atom, interacts with the dissociating H atom with HïPt = 162 pm. 

Accordingly the CïH interaction is weakened, which is reflected by the elongation of CïH 

distance to 155 pm. In the final state, the dissociated H atom arrives at a three-fold site. The 

reaction is endothermic by 14ï51 kJ mol
ï1

 at different coverages. The activation energy of 

this elementary reaction is as high as 92 kJ mol
ï1

 at 1/3 coverage and 75 kJ mol
ï1

 at 1/9 

coverage. 

Vinyl to Ethylidyne (TSb). During this 1,2-shift reaction, the hydrocarbon does not 

change the adsorption site. In TSb (Fig. 3.3), the weakened CïH bond is elongated to 123 pm. 

The H atom, which is shifted in the reaction, moves to the area between the two C atoms, with 

the newly formed CïH bond at 137 pm. The C atom, which accepts the shifted H atom, 

moves upwards so that the CïC axis bends toward the surface normal. At 1/3 coverage, the 

CïPt bond breaks completely with CïPt = 332 pm. The other C atom is still located at the 

bridge site (Fig. 3.4). However, at 1/9 coverage, the H-donating C atom moves to the three-

fold site, forming a third CïPt bond at 208 pm, and the other two CïPt distances of this 

carbon shrink to 199 pm, 8 pm shorter than in the reactant vinyl. The migrating H atom 

travels far above the surface and does not seem to interact directly with Pt atoms. Thus, the 

reaction does not appear to be surface-assisted. Consequently, the activation energy of this 

reaction is very high, 195 kJ mol
ï1

 at 1/3 coverage and 168 kJ mol
ï1

 at 1/9 coverage. The 

reaction is exothermic by about 50 kJ mol
-1

 at both coverages studied.  
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Ethylene to Ethylidene (TSc). This 1,2-H shift reaction was proposed
68ï71

 as the first 

step of ethylene conversion to ethylidyne. In the corresponding transition state TSc (Fig. 3.3), 

 

Figure 3.3 Optimized structures of the transition states of the elementary reactions aïj (see Fig. 3.1) at 

1/9 coverage. 
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the reactive H atom moves to the area between the two C atoms, similar to in TSb. The 

corresponding CïH bond elongates by 16 pm, to 126 pm and a new CïH bond, with the H-

accepting C atom, is formed; CïH = 151 pm. Due to this newly formed interaction, the H-

accepting C atom detaches from the surface, directing the CïC bond toward an upright 

orientation. The H-donating C atom still occupies a top site with the CïPt bond shortened by 

10 pm to 200 pm. In the final state, this atom shifts to an adjacent bridge position while the 

CïH bond is completely broken. Again, due to lack of interaction between the migrating H 

atom and the metal surface, the activation energy is very high, 229 kJ mol
ï1

 at 1/3 coverage 

and 202 kJ mol
ï1

 at 1/9 coverage. The reaction is endothermic by about 30 kJ mol
-1
. 

Ethylidene to Ethylidyne (TSd). Initially, ethylidene is adsorbed at a bridge site. In the 

transition state TSd, the reactive C atom moves toward a three-fold site. The dissociating H 

atom of the CH group passes through a top-bound state, with the CïH bond elongated by 27 

pm, to 137 pm. The CïC bond is nearly perpendicular to the surface, hence very close to the 

structure of the product complex of ethylidyne. In the final state, the H atom moves further to 

a three-fold hollow site. This reaction is strongly exothermic, 44 kJ mol
-1
 at 1/3 coverage and 

70 kJ mol
-1

 at 1/9 coverage. The activation energy is much lower than typical barriers of 

hydrogenation / dehydrogenation reactions investigated in this thesis, 29 kJ mol
ï1

 at 1/3 

coverage and 19 kJ mol
ï1

 at 1/9 coverage. Similarly low barriers were also calculated for the 

same reaction on Pd(111).
64

 This low barrier suggests the dehydrogenation of ethylidene to 

ethylidyne to be fast and irreversible. Our result is consist with the experimental observation
85

 

that ethylidene can readily transform to ethylidyne at 150 K. 

 

Figure 3.4 Optimized structures of the transition states of the elementary reactions b, e and g (see Fig. 

3.3) at 1/3 coverage.  
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Vinyl to Ethylidene (TSe). In this hydrogenation reaction, at low coverage (1/9), the 

attacking hydrogen is placed at the three-fold site which is in front of the C atom of the CH2 

group. The isolated H atom approaches the C atom of the CH2 group from a top site in the 

transition state TSe (Fig. 3.3), with the CïH distance of the bond to be formed decreasing 

from 270 pm in the initial state to 156 pm. Concurrently, the HïPt distance stretches to 160 

pm. Due to the attacking H atom, the CïPt bond of the CH2 group weakens, reflected in the 

Table 3.4 Optimized geometriesa (pm) and energy characteristics (kJ molï1) of transition statesb of 

ethylene transformations to ethylidyne at various coverages q. 

  q C-C C-H c H-Pt c C-Pt DEd Ea 
e 

TSa CH2CH2  CH2CH+H 1/3 148 160 161 207, 209, 220 51 92 

  1/9 148 155 162 208, 209, 220 14 75 

TSb CH2CH  CH3C 1/3 140 124, 159  199, 199, 275, 332 -55 195 

  1/9 139 126, 151  199, 199, 208, 213 -51 168 

TSc CH2CH2  CH3CH 1/3 141 125, 145  198 31 229 

  1/9 139 126, 151  200 30 202 

TSd CH3CH  CH3C+H 1/3 152 140 165 202, 202, 222 -44 29 

  1/9 151 137 167 203, 203, 226 -70 19 

TSe CH2CH+H  CH3CH 1/3 149 150 169, 217 207, 208, 226 -20 65 

  1/9 149 156 160, 281 206, 206, 225 17 78 

TSf CH2CH  CH2C+H 1/3 142 148 165 199, 210, 213, 220 32 69 

  1/9 142 144 166 199, 210, 215, 217 -15 53 

TSg CH2C+H  CH3C 1/3 140 181 161 199, 199, 216, 271 -87 58 

  1/9 142 165 162 197, 197, 216, 233 -36 80 

TSh-ů CH2CH2+H  CH3CH2 
1/3 150 153 162 210, 227 -15 75 

  1/9 150 154 162 209, 228 23 88 

TSh-  ́ CH2CH2+H  CH3CH2 
1/3 139 190 159 231 -63 37 

  1/9 140 180 159 222 -23 61 

TSi CH3CH2  CH3CH+H 1/3 152 153 161 206, 224 33 88 

  1/9 151 152 162 207, 225 6 74 

TSj CH3CH2+H  CH3CH3 1/3 151 148 169, 214 229 -17 67 

  1/9 151 150 168, 216 228 12 77 

a  A-B, distance between atoms A and B in the transition state. b  For the designation of the reactions 

and transition states, see also Fig. 3.1. 
c  

Distances that characterize the bonds that are broken/formed 

during the reaction. d  Reaction energy. e  Activation energy. 
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16 pm longer bond compared with the initial state. The reaction follows a different path at 1/3 

coverage due to the high density of adsorbates. Now the hydrogenating H atom approaches 

the CH2 group from the side via a bridge site, forming two unequal HïPt bonds in TSe, 169 

pm and 217 pm (Fig. 3.4). The reaction is exothermic by 20 kJ mol
-1
 at this coverage (1/3), 

while the reaction is endothermic by 17 kJ mol
-1
 at 1/9 coverage. The activation barrier was 

calculated at 65 kJ mol
ï1

 at 1/3 coverage and 78 kJ mol
ï1

 at 1/9 coverage. 

Vinyl to Vinylidene (TSf). In the transition state TSf (Fig. 3.3), the dissociating H 

migrates over a top site, with the CïH bond elongating to 144 pm, and the forming HïPt bond 

at 166 pm. The reacting C atom forms a third CïPt bond, 215 pm, at a three-fold hollow site 

whereas the other C atom moves upwards and the corresponding CïPt distance increases to 

217 pm. In the final state, the dissociated H atom lands at a three-fold site near the adsorbed 

vinylidene. The reaction is endothermic by 32 kJ mol
-1
 at 1/3 coverage and exothermic by 15 

kJ mol
-1
 at 1/9 coverage. The barrier of this reaction step is 69 kJ mol

ï1
 at 1/3 coverage and 53 

kJ mol
ï1

 at 1/9 coverage.  

Vinylidene to Ethylidyne (TSg). Similar to Reaction e at 1/9 coverage, in the initial 

state, the attacking hydrogen atom is located at a hollow site in front of the CH2 group. In the 

transition state TSg (Fig. 3.3), this H atom moves to the top site, originally occupied by the 

CH2 group, with HïPt = 162 pm. In parallel, the CH2 group is pushed upwards so that the 

corresponding CïPt distance elongates, by 10 pm, to 233 pm at 1/9 coverage. At 1/3 

coverage, due to a stronger repulsion between neighboring hydrocarbons, (Fig. 3.4), this value 

changes to 271 pm, from 232 pm in the initial state (Table 3.4). The CïH bond to be formed 

is still rather long in TSg, 181 pm at 1/3 coverage and 165 pm at 1/9 coverage. This reaction 

is strongly exothermic, by 87 kJ mol
-1
 at 1/3 coverage and 36 kJ mol

-1
 at 1/9 coverage. The 

activation energy of this elementary step changes concomitantly, from 58 kJ mol
ï1

 at 1/3 

coverage to 80 kJ mol
ï1

 at 1/9 coverage. 

Ethylene to Ethyl (TSh). An experiment
75

 suggests ́ ethylene to be the key precursor 

of ethylene hydrogenation. However, at UHV conditions, only the di-ů form of adsorbed 

ethylene was found to be stable on Pt(111) above 100K.  ́ethylene could be observed on the 

surface in the presence of hydrogen in notable concentrations. In this thesis, the TS structures 

of the reactions from both ˊ and di-ů ethylene to ethyl are located.  

Unlike other three-member-ring transition states, the hydrogenation of the ́-adsorbed 
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species proceeds via a five-member-ring transition state (TSh-ˊ, Fig. 3.3), which involves C 

and H atoms of the forming bond, the other C atom as well as two Pt atoms. In TSh- ,́ the Cï

H distance of the forming bond is 180 pm, while the CïPt bond is totally broken, stretching 

from 220 pm in the reactant state to 291 pm in the transition state. This reaction is strongly 

exothermic by 63 kJ mol
-1
 at 1/3 coverage and 23 kJ mol

-1
 at 1/9 coverage. The corresponding 

activation energy is 37 kJ mol
ï1

 at 1/3 coverage and 61 kJ mol
ï1

 at 1/9 coverage.  

In the transition state of the hydrogenation for di-ů ethylene (TSh-ů, Fig. 3.3), the 

reacting H passes through an intermediate with bridge coordination. The H atom is at an 

asymmetric position, with HïPt distances at 162 pm and 235 pm. The newly formed CïH 

bond is 154 pm. This reaction is exothermic by 15 kJ mol
-1
 at 1/3 coverage and endothermic 

by 23 kJ mol
-1
 at 1/9 coverage. The activation energy is 75 kJ mol

ï1
 at 1/3 coverage and 88 kJ 

mol
ï1

 at 1/9 coverage; both values are close to the result, 77 kJ mol
ï1

, of an earlier calculation 

at 1/4 coverage.
53

  

Ethyl to Ethylidene (TSi). In the transition state TSi (Fig. 3.3), the hydrocarbon binds at 

the same bridge site as the product ethylidene. The dissociating H atom from the CH2 moiety 

attaches to the surface over a top site whereby the CïH distance elongates to 152 pm and the 

HïPt distance decreases to 162 pm. Simultaneously, the reactive C center creates a second Cï

Pt bond, 225 pm in TSi, at a neighboring bridge site. This reaction is endothermic by 33 kJ 

mol
-1

 at 1/3 coverage and 6 kJ mol
-1
 at 1/9 coverage. The calculated activation barriers are 88 

kJ mol
ï1

 at 1/3 coverage and 74 kJ mol
ï1

 at 1/9 coverage for this reaction.  

Ethyl to Ethane (TSj). In the transition state TSj (Fig. 3.3), the attacking H atom moves 

to a bridge site which shares the Pt atom with ethyl bound on it. The two unequal HïPt 

distances are 168 pm and 214 pm, and the newly formed CïH bond length is 148 pm. This 

reaction is exothermic by 17 kJ mol
-1

 at 1/3 coverage and endothermic by 12 kJ mol
-1
 at 1/9 

coverage. The obtained activation barrier for this reaction step is 67 kJ mol
ï1

 at 1/3 coverage 

and 77 kJ mol
ï1

 at 1/9 coverage for this reaction.  

3.2.3 Coverage effect on the inividual reactions 

There are three kinds of reactions: hydrogenation, dehydrogenation and 1,2ïH shift reactions. 

Addtional H atoms are needed or produced in the initial or final states for the hydrogenation 

and dehydrogenation reactions, respectively. A coadsorbed H atom occupies a separate 
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adsorption site. Consequently, the lateral repulsion between the adsorbates is more prominent 

at higher than at lower coverage. This is reflected in the coverage-dependence of the reaction 

energies. In general, as the coverage increases from 1/9 to 1/3, hydrogenation reactions 

become more exothermic, by 30ï50 kJ mol
ï1

; the situation is reversed for dehydrogenation 

reactions (Table 3.4). Meanwhile, barriers for hydrogenation reactions are typically lower at 

high coverage (1/3), by 10ï25 kJ mol
ï1

, than the corresponding barriers at low coverage (1/9). 

In contrast, barriers of dehydrogenation reactions have been calculated 10ï20 kJ mol
ï1

 higher 

at high coverage (1/3) than at low coverage (1/9). For the 1,2ïH shift reactions, the surface 

converage is nearly the same during the reaction. In such cases, the reaction energies do not 

vary a lot. However, the barriers decrease by 27 kJ mol
-1
 when the coverage decreases from 

1/3 to 1/9; currently, there is no detailed explanation of such coverage dependence.  

3.3. Three Mechanisms of Ethylene Conversion to Ethylidyne 

The geometry and energetics of the individual reactions were described in the previous 

section. In this section, possible reaction scenarios which connect ethylene to ethylidyne on 

Pt(111) are analyzed, based on the details of individual reactions.  

The reaction network in Fig. 3.1 contains several reaction pathways that connect 

ethylene and ethylidyne. The calculated results show that the barriers for direct 1,2-H shift 

reactions are as high as ~170 kJ mol
ï1

, i.e., vinyl to ethylidyne, much higher than the barriers 

of hydrogenation / dehydrogenation reactions. Thus, direct shift reactions, Reactions b and c 

(Fig. 3.1), can safely be excluded. Three reaction pathways contain only 

hydrogenation / dehydrogenation reactions: (M1) ethylene  vinyl  ethylidene  

ethylidyne; (M2) ethylene  vinyl  vinylidene  ethylidyne; (M3) ethylene  ethyl  

ethylidene  ethylidyne. Some of the elementary steps are shared between these 

mechanisms. The reaction landscapes of the three mechanisms are depicted in Fig. 3.5. 

3.3.1 Reaction in the absence of hydrogen.  

After ethylene adsorbs on 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 hydrogen coadsorbed, ethylene can only be dehydrogenated. Thus, only mechanisms 

M1 and M2 seem plausible at such conditions. In the following, I will focus on the discussion 

of the competition between M1 and M2 at various coverages.  
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M1 and M2 share the same first step, the dehydrogenation of ethylene to vinyl 

(Reaction a). After this first dehydrogenation step, vinyl can be hydrogenated to ethylidene 

(M1) or further dehydrogenated to vinylidene (M2). Both products can be converted to 

ethylidyne via one step, dehydrogenation or hydrogenation reactions, respectively.  

Fig. 3.6 compares the reaction landscapes of these steps. The shared Reaction a is not 

 
Figure 3.5. Reaction energy profiles (kJ molï1) of ethylene conversion to ethylidyne over Pt(111) via 

various mechanisms: (a) (M1) ethylene  vinyl  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 represented as 

a broken line to indicate a change in reference when calculating relative energies. The relative 

energies to the left are calculated with respect to di-ů ethylene in (a) and (b) or di-ů ethylene+H in (c) 

at the various coverages. The relative energies to the right are shifted by the energy difference of vinyl 

and vinyl+H in (b) or ethylidene and ethylidene+H in (c).  
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included in this figure. The barriers of this step are 75 kJ mol
-1
 at low (1/9) coverage and 92 

kJ mol
-1
 at high (1/3) coverage. In both mechanisms, the highest reaction barriers are similar, 

~80 kJ mol
ï1

 at low (1/9) coverage via Reactions e and g, respectively, and of 92 kJ mol
ï1

 via 

Reaction a at high (1/3) coverage. These highest barrier values, 80ï92 kJ mol
ï1

, are very 

reasonable for a reaction that occurs at ~250ï300 K, and they are also in good agreement with 

the reported apparent barrier, 60ï77 kJ mol
ï1

, from various experiments for the overall 

transformation to ethylidyne.
86ï89

 The preference of M1 or M2 at different coverages depends 

on the second step (Reactions e and f) (Fig. 3.6). Low coverage prefers M1 with 65 kJ mol
-1

 

barrier (Reaction e) followed by Reaction d with a barrier of only 29 kJ mol
-1
. The barrier of 

Reaction f in M2 is slightly higher, by only 4 kJ mol
-1
, than Reaction e in M1, but the former 

reaction is strongly endothermic by 32 kJ mol
-1
, indicating that the reverse of that reaction is 

fast, thus preventing further conversion to ethylidyne via M2. At high coverage, M2 is more 

preferred due to the 25 kJ mol
-1
 lower barriers for Reaction f compared with Reaction e in M1 

(Fig. 3.6).  

The calculated barriers also show that the rate-limiting step of ethylene conversion to 

ethylidyne evidently changes with coverage. At high coverage, the shared first step, Reaction 

a, is rate-limiting; the barrier of this step is at least 23 kJ mol
-1
 higher than the barriers of the 

other steps. However, this barrier is dramatically decreased to 75 kJ mol
-1
 at low coverage, 

which is slightly lower than the barriers of the two subsequent hydrogenation reactions, 

 

Figure 3.6. Reaction energy profiles (kJ molï1) of vinyl conversion to ethylidyne over Pt(111) at 1/3 

coverage (black) and 1/9 coverage (red): comparison of routes via vinylidene (e-d, energies with 

respect to ɖ2ɛ3-vinyl coadsorbed with H) and via ethylidene (f-g, energies with respect to ɖ2ɛ3-vinyl). 
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Reactions e and g. Interestingly, a former kinetic study by Zaera and French
70

 indicates that 

the rate-limiting step of the overall conversion indeed changes with coverage. In their study, 

the ratio of hydrogen to deuterium released in the dehydrogenation of trideuterioethylene was 

monitored. The release of deuterium was enhanced with respect to the ratio expected from 

stoichiometry at low coverages, where as the enhancement in hydrogen was observed at 

saturation. Based on this observation, these authors proposed a two-step mechanism, via 

reaction c and d (Fig. 3.1). The isotope effect makes the reaction go faster with H than with D 

atoms. Thus, it must be associated with the CïH or CïD bond-breaking steps as rate-limiting 

in the conversion. They proposed that at low coverage, the isomerization step c would become 

rate-limiting, with an initial pre-equilibrium between ethylene and ethylidene and a rate-

limiting H-dissociation step d at saturation. This suggestion would be consistent with the 

enhanced H desorption at saturation because H involved in the rate-limiting dehydrogenation 

step is faster. However, if a rate-limiting step was hydrogenation at low coverage, faster H 

consumption could also lead to an enhanced release of deuterium. Hence, this experimental 

evidence is consistent with both M1 and M2. 

Recall that vinyl intermediate as precursor of ethylidyne was ruled out by Zaera et al.
68

 

because vinyl was shown to convert back to ethylene before producing ethylidyne on Pt(111). 

To gain further understanding, those TPD results can be discussed in the light of the present 

theoretical results. The coverage of vinyl iodide as estimated in Ref. 68 (q = 0.12ï0.13) 

roughly corresponds to the calculated reaction landscape at 1/9 coverage. According to the 

calculated reaction barriers, at thermal heating, vinyl on the surface would convert to 

vinylidene with a relatively low barrier, 53 kJ mol
ï1

. Subsequently, it could convert to 

ethylene with a slightly higher barrier of 61 kJ mol
ï1

. Further heating of the system would 

finally convert surface ethylene to ethylidyne, which can be formed either via vinyl and 

ethylidene or directly from vinylidene, with barriers of 80 kJ mol
ï1

 in both cases. Such a 

prediction qualitative agrees with the experimental observations: the formation of vinylidene 

was identified at ~130 K, then ethylene was formed in the region of 200 K, and ethylidyne 

appeared after heating above 300 K.
68

  

Actually, these findings do not rule out vinyl as intermediate in the conversion of 

ethylene to ethylidyne. As discussed above, at low coverage, ethylene was formed at about 

200 K,
68

 with 61 kJ mol
ï1

 barrier. However, vinyl can be regenerated at higher temperature in 

the conversion of ethylene to ethylidyne because of the higher barrier, 92 kJ mol
-1
, for 
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ethylene dehydrogenation to vinyl (Reaction a) compared with the reaction from vinyl to 

ethylene. Moreover, the former barrier is higher than the barriers of the proceeding steps, 

vinyl to ethylidyne via vinylidene (80 kJ mol
-1
) or ethylidene (78 kJ mol

-1
). Therefore, 

Reaction a is rate-limiting in the conversion from ethylene to ethylidyne via M1 or M2, and 

vinyl could not accumulate on the surface, which consists with on intermediate observed 

during this process by previous experiment.
68

  

3.3.2 Reaction under hydrogenation conditions.  

In most practical situations, e.g. in hydrogenation of ethylene, the formation of ethylidyne 

from ethylene occurs as a side reaction. In such cases, the reaction takes place in an 

atmosphere with a sufficient amount of hydrogen. Thus, mechanism M3, which involves an 

initial hydrogenation of ethylene to ethyl, could compete with other reaction mechanism, like 

M1 or M2. The energy profile of M3 is shown in Fig. 3.5c.  

The first step of this mechanism is the hydrogenation of ethylene. Unlike the 

dehydrogenation of ethylene, previous in situ SFG experiment
75

 suggested -́bound ethylene 

as likely primary intermediate of ethylene hydrogenation. In the present calculations, 

hydrogenation from both ˊ-bound or di-s ethylene was investigated. Indeed, the optimized 

reaction path shows a notably lower activation energy for the hydrogenation of ˊ-ethylene 

than of di-ů ethylene. At high coverage (1/3), the activation energy for the former case is only 

37 kJ mol
ï1

, i.e., 38 kJ mol
ï1

 lower than the corresponding barrier of di-ů-ethylene (Table 

3.4). The barrier increases slightly to 61 kJ mol
ï1

 at low coverage (1/9), but it is still lower 

than that of the corresponding reaction of di-s ethylene (75 kJ mol
ï1

). Both values of 

hydrogenation barriers of ˊ-ethylene are rather low, showing that the hydrogenation of ˊ-

ethylene should be much easier than that of di-ů-ethylene at either high or low coverage.  

The hydrogenation barrier of ˊ-ethylene is not only lower than the corresponding barrier 

of di-s ethylene, but also lower than the dehydrogenation barrier of ethylene to vinyl, which 

is the first step of mechanisms M1 or M2. At high coverage (1/3), the barrier for the 

dehydrogenation reaction, 92 kJ mol
ï1

, is 55 kJ mol
ï1

 higher than the hydrogenation of ˊ-

ethylene. Actually, it is also slightly higher than the hydrogenation barrier of di-s ethylene, by 

4 kJ mol
ï1

. Both results indicate M3 to be energetically more favorable than M1 or M2. At 

low coverage (1/9), the obtained activation energy for the hydrogenation of ethylene, 61 and 

88 kJ mol
ï1

 for ˊ and di-s mode respectively, are comparable with the barriers of the first 



Chapter 3 Ethylene transformations over Pt(111) 

30 

 

dehydrogenation step in M1 and M2, 75 kJ mol
ï1

, which suggests that M3 may at least be 

equally probable. 

Several further aspects need to be considered besides the simple comparison of the 

activation energies. First, the first hydrogenation step requires a significant concentration of 

hydrogen on the surface. For example, Frei et al.
90 , 91

 observed ethyl during ethylene 

hydrogenation over a Pt/Al2O3 catalyst via peaks at 2893 cm
ï1

 and 1200 cm
ï1

 by time-

resolved Fourier-transform infrared spectroscopy; however, these peaks were absent when the 

reactant mixture did not contain hydrogen gas. Second, the existence of ˊ-ethylene on Pt(111) 

requires the presence of (external) ethylene in the gas phase
16

 or certain coadsorbates.
9ï11

 

Finally, if enough surface H atoms exists after ethylene is hydrogenated to ethyl, the latter 

could be further hydrogenated to ethane which would irreversibly desorb from the surface. At 

low (1/3) coverage, the barrier for this process is only 67 kJ mol
ï1

, i.e., 21 kJ mol
ï1

 lower than 

the activation energy of ethyl dehydrogenation to ethylidene (Fig. 3.7). At high (1/9) 

coverage, the activation energies for hydrogenation and dehydrogenation of ethyl are 

comparable, 77 and 74 kJ mol
ï1

, respectively. Therefore, in the presence of excess hydrogen, 

hydrogenation to ethane via parts of mechanism M3 should strongly compete with the 

dehydrogenation to ethylidene and ethylidyne. 

3.4. Remark on a spectroscopically identified transient intermediate.  

The transformation of ethylene to a stable surface species over transition metal surfaces was 

observed a long time ago, but identification of these puzzling species succeeded only in the 

 

Figure 3.7. Reaction energy profiles (kJ molï1) of ethyl conversion to ethylidene or ethane over 

Pt(111) at 1/3 coverage (black) and 1/9 coverage (red). 
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1970s. It was confirmed to be ethylidyne with the help of high resolution electron energy loss 

spectroscopy (HREELS) and LEED.
17

 However, the reaction mechanism of this conversion 

was unclear due to the short lifetime of the intermediates. Even some of the intermediates 

could be detected, but the signals contained only several weak peaks which were mixed up 

with the ones belonging to the dominant stable species on the surface. Therefore, these 

intermediates were even harder to identify than the stable species. The mechanism of the 

conversion of ethylene to ethylidyne on Pt(111) was controversially debated until 1995. With 

SFG
62

 and RAIRS
63

 spectroscopy, a peak at 2957ï2960 cm
ï1

 was observed and assigned to 

the asymmetric stretch of the methyl group of ethylidene. Another peak at 1387 cm
ï1

 was 

identified in the latter study. It developed in parallel with the 2960 cm
ï1

 feature and was 

assigned to the CH3 symmetric bend of ethylidene. These two rather weak IR signals from 

transient species were beyond the sensitivity limits of previous spectroscopic experiments.  

However, based on the calculated results in this thesis, the barrier for the conversion 

from ethylidene to ethylidyne is less than 30 kJ mol
-1
, which is much lower than a typical 

hydrogenation / dehydrogenation barrier in this conversion. Such a low barrier would imply a 

fast conversion from ethylidene to ethylidyne, thus ethylidene is expected to be hardly 

accumulated during the reaction. Recent kinetic Monte Carlo (kMC) simulations
92

 confirmed 

this hypothesis, which showed that instead of ethylidene, vinylidene could be accumulated 

over the surface during ethylene conversion.  

One possible reason for this contradiction is the method for the assignment of 

vibrational modes. In many cases, one assumes a similarity between the spectrum of surface 

species with another spectrum of a related (molecular) compound of known structure, e. g. an 

organometallic analogue.
93, 94

 This approach may lead to a wrong identification
95

 due to the 

similarity of the vibrational modes of species with slightly different functional groups. On the 

other hand, theoretical calculations could directly determine the frequency of 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 and 

organometallic analogues.  

Due to the strong anharmonicity of CïH stretching modes, the calculated harmonic 

frequencies are generally too high compared to the experimental values. The determined 

anharmonicity constants of such modes by experiment lie in the region 60ï70 cm
-1
.
96,97

 Even 

larger anharmonic corrections are reported by the calculations based on density functional 
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theory, 100ï160 cm
-1
, for CïH stretching frequencies of organic species.

98
 This prevents a 

straightforward comparison of calculated and experimental frequencies in the present case. 

Thus, the discussion is mainly focused on modes other than CïH stretching. The calculated 

frequencies and the corresponding experimental values are listed in Tables 3.5ï3.7.  

3.4.1 C2Hx (x = 3ï4) on the Pt(111) surface 

Ethylidyne. The most intense mode of ethylidyne on Pt(111) observed by RAIRS is the 

CH3 symmetric bending (umbrella) mode,
9,63,95,99-101

 which falls in the range 1338ï1360 cm
-1
. 

The calculated results, at 1326 cm
-1
 (1/3 ML) and 1330 (1/9 ML) cm

-1
, are slightly lower than 

the experimental results. Frequencies similarly to low are also obtained for the other modes. 

Calculated values for CïC stretching mode are 1107 (1/3 ML), 1095 (1/9 ML) cm
-1
, while the 

experiment values
9,63,95,99-101

 are in the range of 1115ï1130 cm
-1
. The double degenerated CH3 

Table 3.5 Calculated vibrational frequenciesa of ethylidyne on Pt(111) as well as in Co3(CO)8(ɛ3-ɖ
1-

CCH3) for two coverages q and assignmentb of the normal modes   

fslab
 fMO 

Assignment 
q  = 1/9c q  = 1/3c Exp Calc (solid)c Calc (gas)d Expe 

3032 3018 2950m, 2939i 3020 3004 2930 CH3 ɜa 

3030 3012  3017   CH3 ɜa 

2964 2938 
2884k, 2885j, 2886h 2887i, l, 

2890m, 2900f 
2953 2923 2888 CH3 ɜs 

1403 1407  1419 1402 1420 CH3 ŭa 

1402 1407 1420m, 1444i 1414   CH3 ŭa 

1330 1326 
1338l, 1339k, 1340i, j, 1350m, 

1360f 
1354 1353 1356 CH3 ŭs 

1095 1107 
1115j, 1118k, 1124i, 1126l, 

1130f, m 
1165 1220 1163 CC ɜ 

957 962 900f, 975i, 980m 997 991 1004 CH3 ɟs 

957 961  993  1004 CH3 ɟs 

a   Only normal modes with calculated frequencies above ~900 cmï1 are shown. b   Notations used: ɜ, 

stretching; ŭ, bending; Ű, twisting; ɤ, wagging; ɟ, rocking; a, asymmetric; s, symmetric; ip, in-plane. 

c   this work d   Ref. 102.  e   Ref. 103. f   Ref. 95. h   Ref. 62. i   Ref. 63. j  Ref. 99. k  Ref. 100. l  Ref. 101. 

m  Ref. 9. 
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asymmetric bending is calculated at 1407 (1/3 ML) and 1402ï1403 (1/9 ML) cm
-1
. The 

previous experiments
9,63

 reported these bands at 1420ï1444 cm
-1
. The calculated CH3 

symmetric rocking modes are at 961ï962 (1/3 ML), 957 (1/9 ML) cm
-1

, which are about 20 

cm
-1

 lower than the experimental values, 975ï980 cm
-1
.
9,63

 

Ethylene. Again, the discussion is focused on the modes which are not CïH stretching. 

CH2 scissoring is the mode with the highest frequency, calculated at 1418 (1/3 ML), 1421 

(1/9 ML) cm
-1
. It falls perfectly in the range reported by experiment, 1414ï1430 cm

-1
. The 

CH2 rocking mode varies a lot at different coverages. At high coverage (1/3), the calculated 

Table 3.6 Calculated vibrational frequenciesa of ethylene in Os2(CO)6(ɛ2-ɖ
2-CH2CH2) and on Pt(111) 

for two coverages q  and assignmentb of the normal modes   

fslab fMO Assignment 

q  = 1/9 q  = 1/3 Exp Cal Expd  

3080 3099  3067 2936 CH2 ɜa 

3057 3076 3000k 3049 2917 CH2 ɜa 

2996 3016 2903h, 2904f, 2908g, 2920k, 2940e 3011 2910 CH2 ɜs 

2986 3009  3004 2843 CH2 ɜs 

1421 1418 1414h, 1416g, 1420e, 1430j 1456 1445 CH2 ŭ 

1394 1400  1442 1434 CH2 ŭ 

1184 1229 1230e 1230 1225 CH2 ɟ 

980 1013 980k, 990e, 993h, 995g 1135 1144 CH2 ɤ 

1045c 1089  1079c 1083 CH2 ɤ / CC ɜ 

934 929  1015 1012 CH2 ɟ 

1048 1024 1042g, 1047h, 1050k 1010c 981 CC ɜ / CH2 ɤ  

789 776 790e, k 841 837 CH2 Ű 

641 614 660k 758 754 CH2 Ű 

a   Only normal modes with calculated frequencies above ~600 cmï1 are shown. b   Notations used: ɜ, 

stretching; ŭ, bending; Ű, twisting; ɤ, wagging; ɟ, rocking; a, asymmetric; s, symmetric; ip, in-plane. 

c   The admixture of the second mode is very weak. d   Ref. 104. e   Ref. 95. f   Ref. 62. g   Ref. 63. h  Ref. 

99. i  Ref. 100. j  Ref. 101. k  Ref. 9.  
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frequency is 1229 cm
-1

, which essentially reproduces the experiment value 1230 cm
-1
. 

However, at low coverage (1/9), it is calculated to shift to a lower frequency, 1184 cm
-1
. A 

similar behavior is observed for the CH2 wagging mode, 1089 cm
-1
 at 1/3 coverage and 1048 

cm
-1

 at 1/9 coverage. The corresponding experimental results, between 1042 cm
-1
 and 1050 

cm
-1

, are again very close to the calculated value at low coverage. A mixed mode, CH2 

wagging and CïC stretching, is calculated at 1013 cm
-1
 (1/3 ML), 980 cm

-1
 (1/9 ML), very 

close to the experimental values, 980ï995 cm
-1
. Some other calculated bands, not observed by 

experiments, are as follows: CH2 scissoring at 1400 cm
-1
 (1/3 ML), 1394 cm

-1
 (1/9 ML); a 

mixture of CH2 wagging and CïC stretching at 1089 cm
-1
 (1/3 ML), 1045 cm

-1
 (1/9 ML); CH2 

rocking at 929 cm
-1
 (1/3 ML), 934 cm

-1
 (1/9 ML); CH2 twisting modes at 776 cm

-1
 and 614 

cm
-1

 (1/3 ML) as well as at 789 cm
-1
 and 641 cm

-1
 (1/9 ML) cm

-1
. 

Vinyl. There are no directly measured spectra for vinyl over Pt(111) surface because 

vinyl is not a stable species on the surface. Previous research on vinyl halide adsorption over 

Table 3.7 Calculated vibrational frequenciesa of vinyl in Os3(CO)10(ɛ-H)(ɛ-ɖ2-CHCH2) and on 

Pt(111) for two coverages q  and assignmentb of the normal modes  

fslab fMO 

q = 1/9 q  = 1/3 Assignment Calc. Exp.c  Exp.d  Assignment 

3023 3016 CH2 ɜa 3160 3052 3062 CH2 ɜa / CH ɜ 

2995 3007 CH ɜ 3135 2998 2997 CH ɜ / CH2 ɜa 

2959 2949 CH2 ɜs 3069 2920 2920 CH2 ɜs 

1381 1386 CH2 ŭ 1481 1476 1475 CH2 ŭ 

1099 1108 CH ŭip/CC ɜ 1311 1310 1311 CC ɜ 

1060 1064 CC ɜ/CH2 ɤ/CH ŭip 1258 1266 1266 CH2 ɟ / CH ŭip 

994 1013 CH2 ɟ 1009 1005 1009 CH2 ɤ /CH ŭop 

949 959 CH2 ɤ /CH ŭip 997 990 990 CH2 ɤ /CH ŭip 

730 732 CH2 ɟ / CH ŭop 993 987  CH2 Ű / CH ŭop 

665 666 CH2 Ű / CH ŭop 802 782 786 CH2 Ű / CH ŭop 

a   Only normal modes with calculated frequencies above ~600 cmï1 are shown. b   Notations used: ɜ, 

stretching; ŭ, bending; Ű, twisting; ɤ, wagging; ɟ, rocking; a, asymmetric; s, symmetric; ip, in-plane. 

c   Ref. 105. d   Ref. 106. 
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Pt(111) by Zaera and Bernstein
68

 reported the spectrum for vinyl, with the assumption that the 

CïX bond is broken after adsorption at low temperature. In such case, the C=C double bond 

would still existed, as reflected by the strong adsorption peak at about 1600 cm
-1
. Note that 

the co-adsorption of halide do not affect the spectrum of the hydrocarbon, e.g. the peaks at 

1340 cm
-1
 and 1128 cm

-1
 for ethylidyne co-adsorbed with iodide

68
 which are close to the 

values without iodide in Table 3.5. Thus, the adsorption mode of vinyl on Pt(111), generated 

from vinyl halide, differs from the results of our calculation which predicted adsorption in µ3-

ɖ
2
 fashion with only a CïC single bond of 147 pm. Indeed, besides the µ3-ɖ

2
 adsorbed 

complex, vinyl can be adsorbed at a top site in h
1
 fashion, preserving C=C, which is 

confirmed by the current DFT calculations. The vibrational normal mode analysis shows the 

C=C stretching mode of hïvinyl located at 1537ï1547 cm
-1
, close to the experimentally 

observed frequencies about 1600 cm
-1
. However, h-vinyl is not included in the conversion of 

ethylene to ethylidyne because it is calculated 58 kJ mol
-1
 and 75 kJ mol

-1
 less stable than h

2
-

ɛ3-vinyl at 1/3 and 1/9 coverage, respectively 

The different adsorption mode between the calculated µ3-ɖ
2
 fashion and the 

experimental ɖ fashion prevents a comparison of the vibrational modes. Hence, only the 

calculated results are listed: CH2 scissoring at 1386 cm
-1
 (1/3 ML), 1381 cm

-1
 (1/9 ML); a 

mixture of CH in-plane bending and CïC stretching at 1108 cm
-1
 (1/3 ML), 1099 cm

-1
 (1/9 

ML) ; a mixture of CïC stretching, CH2 wagging, and CH in-plane bending at 1064 cm
-1
 (1/3 

ML), 1060 cm
-1
 (1/9 ML); CH2 rocking 1013 cm

-1
 (1/3 ML), 994 cm

-1
 (1/9 ML).  

Summary of the comparison for C2Hx over Pt(111). In most cases, the calculated 

vibrational frequencies of the stable species (ethylidyne and ethylene) lie within the intervals 

spanned by the values from various experiments,
9,63,95,99-101

 with most of the deviation below 

40 cm
-1
. Such deviation could be attributed to the complexity of the surface environment, e. g. 

different coverage or co-adsorbed species, leading to frequency shifts of specific vibrational 

modes, as well as the limited accuracy of GGA methods for vibrational frequencies. The 

calculations clearly show that vibrational frequencies may shift by 50 cm
-1
 depending on 

different coverage. Smaller range is reported by the experiment, about 25 cm
-1
. It is fair to say 

that our DFT calculations describe the vibrational frequencies of C2 species over the Pt(111) 

surface quite well.  
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3.4.2 C2Hx (x = 3ï4) in organometallic clusters 

Three organometallic clusters, Co3(CO)9(CCH3),
36,103

 Os2(CO)6(CH2CH2)
37,104

 and 

Os3(CO)10(ɛ-H)(CHCH2),
38,105,106

 were selected for comparison. For the first two clusters, the 

hydrocarbon part has a similar local adsorption mode as on the Pt(111) surface. However, this 

is not the case for the third organometallic cluster with the vinyl group. It was selected for two 

reasons: i) To the best of my knowledge, there is no complex for vinyl with a more similar 

adsorption mode as on Pt(111) and ii ) this complex was also selected in a previous 

experimental study
68

 to help identifying surface species. All three organometallic clusters 

contain carbonyl ligands besides the hydrocarbon part which is of key interest. Fortunately, 

the vibration modes related to carbonyl groups are mostly around 2000 cm
-1
 (stretching) or 

below 500 cm
-1
 (bending). Test calculations for an isolated organometallic cluster showed 

that these modes do not to mix with the vibrations related to the C2Hx moiety (x = 3ï4) part; 

CïH stretching modes usually exhibit frequencies around 3000 cm
-1
 and bending modes in 

the range 600ï1500 cm
-1
. Thus, those modes related to CO are not calculated in our 

vibrational normal mode analysis. On the other hand, the MïC stretching modes are 

considered as metal-dependent.
102

 Since all metal moieties investigated differ from the Pt 

surface of interest, the low-frequency region which is related to the MïC stretching modes 

was also not calculated. Therefore, only the hydrocarbon part is included in the normal mode 

analysis of the vibrations.  

Co3(CO)9(CCH3). Similar to ethylidyne adsorbed over Pt(111), the CCH3 group is 

attached to the Co triangle in m3 fashion (Fig. 3.8a). The optimized geometry is quite similar 

to the previous XRD result.
36

 The calculated CïCo bond lengths, 190ï191 pm, falls nicely in 

the range of the experimental results,
36

 186ï193 pm. Early DFT results at the LDA level on 

isolated complexes
102

 obtained a slightly shorter distance at 189 pm. The optimized CïC bond 

length is 148 pm, 1 pm longer than the bond length in gas phase calculation.
102

 However, both 

of them are notably shorter, by 5 pm, than the XRD result.
36

  

Leaving the high-frequency CïH stretching modes aside, one notes perfect matches 

between the calculated data and the experimental results,
103

 with a maximum difference of 11 

cm
-1

 (Table 3.5). For example, the modes at 1419, 1354, 996 and 993 cm
-1
 are assigned to 

CH3 asymmetric bending, CH3 symmetric bending (umbrella) and doubly degenerate CH3 

symmetric rocking, respectively. The corresponding modes reported by experiment
103

 are 
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located at 1420, 1356 and 1004 (doubly degenerate) cm
-1
, respectively. The gas phase DFT 

calculations
102

 yielded slightly lower frequencies, at 1402 cm
-1
, 1353 cm

-1
 and 991 (doubly 

degenerate) cm
-1
, respectively. Surprisingly, the difference for the CïC stretching mode 

between the calculated (1165 cm
-1
) and the experimental (1163 cm

-1
)
103

 is accidentally as 

small as only 2 cm
-1
, even though the values of the bond lengths differ by 5 pm. However, the 

gas phase calculation, which predicted similar bond length as current work, reported a 

frequency at 1220 cm
-1
, which is more than 50 cm

-1
 higher than solid phase results.  

Generally speaking, the frequency calculation in the solid phase in the current thesis 

matches better with the experimental result than the calculation in the gas phase.
102

 This is not 

suspiring because the spectra also measured in the solid phase.
103

 Environment effects, which 

reflect the interactions between neighboring complexes, are totally missing in the gas phase 

calculation. For example, due to the lack of the neighboring complex, the CïC stretching 

mode in the gas phase could vibrate more freely than the same mode in the solid phase, which 

leads to the 50 cm
-1
 higher calculated frequency for the gas phase results

102
 than the one 

calculated in the solid phase. Compared with frequencies calculated for the solid phase, the 

gas phase results in most cases have large deviations from the experimental values obtained 

for the crystal than our results also calculated on a crystalline model.  

 

Figure 3.8. The structure of the optimized organometallic clusters: (a) Co3(CO)9(CCH3); (b) 

Os2(CO)6(CH2CH2); (c) Os3(CO)10(ɛ-H)(CHCH2). Colors: gray, carbon; white, hydrogen; red, oxygen; 

purple, cobalt; blue, osmium.  
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Os2(CO)6(CH2CH2). The CH2CH2 group is adsorbed over two Os atoms in m-h
2
 

fashion which is the same as di-s ethylene adsorbed over Pt(111) (Fig. 3.8b). The optimized 

geometry is again quite similar to XRD result,
37

 with a maximum deviation of 5 pm. The 

calculated CïOs bond lengths are 224ï225 pm and the OsïOs bond length is 293 pm. Both 

values are slightly longer than the experimental values
37

 by 2ï5 pm. However, the predicted 

CïC distance, 151 pm, is 2 pm shorter than the XRD value.
37

 A similar shorter CïC bond 

length was also obtained in the case of Co3(CO)9(CCH3) (see above).  

The discussion of the frequencies is again restricted to the modes of the hydrocarbon, 

leaving aside the CïH stretching modes. The CïC stretching mode is calculated at 1010 cm
-1
. 

This value is 29 cm
-1
 higher than the experimental value,

104
 981 cm

-1
; this is also the largest 

difference of all the compared modes between calculation and experiment. The predicted 

higher frequency reflects a stronger CïC bond interaction, consistent with the shorter CïC 

bond length in the DFT result. The frequencies of the other modes agree much better between 

calculation and experiment, within at most 11 cm
-1
. The calculated peaks at 1456 cm

-1
 and 

1442 cm
-1
 are CH2 scissoring modes and they are reported at 1445 cm

-1
 and 1434 cm

-1
 by 

experiment.
104

 CH2 rocking modes are calculated at 1230 cm
-1

 and 1015 cm
-1
, only 3ï5 cm

-1
 

higher than experiment.
104

 The findings for the CH2 rocking modes are similar: calculated at 

841 cm
-1
 and 758 cm

-1
 and measured at 837 cm

-1
 and 754 cm

-1
.
104

 In contrast, the calculated 

frequencies of the CH2 wagging modes, 1135 cm
-1
 and 1079 cm

-1
, are slightly lower than the 

experimental values, by 4ï9 cm
-1
.
104

 

Os3(CO)10(ɛ-H)(CHCH2). Unlike the above two complex, vinyl is adsorbed at a bridge 

site with three CïOs bonds on the Os3 triangle via ɛ-ɖ
2
 fashion (Fig. 3.8), which differs from 

the adsorption complex of CHCH2 over Pt(111), which adsorbs in ɛ3-ɖ
2
 fashion (see Fig. 3.2). 

The calculated CïOs bonds lengths are 212, 227 and 236 pm, nearly the same as the XRD 

result, 211, 227 and 236 pm.
38

 The CïC bond length is calculated at 139 pm and the OsïOs 

bond lengths are determined at 287 pm. All of them are again quite close (within 5 pm) to the 

experiment results.
38

 

In most cases, the differences between calculated and experimental frequencies
105,106

 for 

the non-CH stretching modes of Os3(CO)10(ɛ-H)(CHCH2) are less than 10 cm
-1
. One 

exception is a mode where CH2 twisting and CH out-of-plane bending are mixed; its 

frequency is calculated at 802 cm
-1
, i.e., 16ï20 cm

-1
 higher than the experiment results.

105,106
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Other modes are as follows: mixtures of two modes of CH2 scissoring and CïC stretching at 

1481 cm
-1
 and 1311 cm

-1
; a mixture of CH2 rocking and CH in-plane bending at 1258 cm

-1
; 

mixtures of CH2 wagging and CH out-of-plane bending at 1009 cm
-1
 and 997 cm

-1
; a mixture 

of CH2 twisting and CH out-of-plane bending at 993 cm
-1
.  

Summary of the comparison for organometallic clusters. Three organometallic 

clusters were selected for comparison. The structures predicted by DFT calculations match 

very well with experimental bond lengths (within 5 pm) measured by XRD. For the 

vibrational normal mode analysis, the current calculations focused on the hydrocarbon part of 

the spectrum, and compared calculated values and experimental results for the non-CH 

stretching modes. The differences of the non-CH stretching modes between calculated and 

experimental results are mostly less than 11 cm
-1

, with few exceptions with deviations up to 

30 cm
-1
. Note that the GGA functional used is not able to describe dispersion interactions 

between the organometallic clusters in the crystal in a quantitative way.
107

 Nevertheless, it is 

fair to say the periodic DFT calculations could well reproduce the experimental results for the 

organometallic compounds.  

3.4.3 Comparison between C2Hx moieties (x = 3ï4) on the surface and in a 

complex  

Perfect match: ethylidyne. As early as the end of 1970s, ethylidyne was successfully 

identified on Pt(111) by comparison with organometallic clusters. Kesmodel et al.
79

 reported 

their LEED and HREELS studies of the thermal evolution of ethylene pre-adsorbed on 

Pt(111). The result clearly showed the similarity on the structures and the vibrational 

frequencies between surface ethylidyne and the corresponding moiety of Co3(CO)9(CCH3). 

Both of them have the same adsorption mode on the metal substrate: at a threeïfold hollow 

site in m3 fashion. Similar adsorption modes lead to similar values for the vibrational 

frequencies. In most cases, the vibrational frequency for the analogous mode on different 

substrates differs by less than 30 cm
-1
, except for the CïC stretching mode. This mode is 

calculated at 1165 cm
-1

 in Co3(CO)9(CCH3), which is about 60 cm
-1
 higher than the same 

mode over Pt(111), 1095ï1107 cm
-1

. Such observation is consistent with the corresponding 

experimental results: 1163 cm
-1
 in Co3(CO)9(CCH3)

103
 and 1115ï1130 cm

-1
 on 

Pt(111).
9,63,95,99-101

 In the CïC stretching mode, the C atom which is directly connected to the 

metal substrate has a large displacement. Concomitantly, the CïM bond is stretched due to the 
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movement of this C atom. Experiments reported
102

 that the frequency of the CïM stretching 

modes differ by up to 50 cm
-1
 when ethylidyne adsorbed on different substrates, indicating 

different CïM bond strength on different substrates. Thus, on different substrate, the CïC 

stretching mode suffers larger differences of the stretching or bending for the CïM bonds 

compared to the modes that involve only vibrations of the hydrocarbon part.  

Reasonable match: ethylene. In Os2(CO)6(CH2CH2), ethylene interacts with two Os 

atoms in m2 fashion, which is the same as di-s adsorbed ethylene over Pt(111). The 

geometries of ethylene on these two substrates are slightly different. The CïC bond in 

ethylene is parallel to one surface metalïmetal bond over Pt(111) while this is not the case in 

the organometallic cluster, with the dihedral angle between OsïOs and CïC being 23°. This 

disparity between the two geometries does not strongly affect the bond lengths, but leads to 

changes in bond angles, e.g., HïCïM or CïCïM differ by up to 5º. Thus, the four CH 

stretching modes, which mainly alter the bond length, exhibit similar frequencies that differ 

less than 32 cm
-1
 on the two substrates. However, other bending modes, vibrations along bond 

angles, differ a lot between adsorption complexes and cluster compounds. For example, the 

CH2 twisting modes are calculated at 841 cm
-1
 and 758 cm

-1
 and measured at 837 cm

-1
 and 

754 cm
-1
 in Os2(CO)6(CH2CH2) 

104
, which is about 60ï140 cm

-1
 higher than the same modes 

over Pt(111). One possible explanation for the blue shift of these two modes in the 

organometallic cluster is based on the slightly different geometries compared with the one on 

Pt(111). The twisting modes of CH2CH2 alter the HCCH dihedral angle. On Pt(111) surface, 

the HCCH dihedral angle is about 0°. However, it is 32° in the Os2(CO)6(CH2CH2). One may 

expect the potential energy surface along the HCCH dihedral angle to be flatter for the former 

case, because when one changes this angle, the two H atoms move away 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 shifts are observed for the CH2 wagging modes. 

Generally speaking, the frequency shifts for similar modes of ethylene on different substrates 

can be as large as 140 cm
-1
 i.e. CH2 twisting. Recall the case of ethylidyne, where similar 

geometries of ethylidyne in the organometallic cluster and on the surface imply comparable 

frequencies, with a maximum deviation of 70 cm
-1

. 

Mismatch: vinyl. Vinyl adsorbs over a three-fold site on Pt(111) via µ3-ɖ
2
 fashion, 

which is totally different from its bonding mode in the cluster compound Os3(CO)10(ɛ-

H)(CHCH2). The different adsorption modes lead to large difference in the geometries of 
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vinyl on these two kinds of substrates. For example, the CïC bond length in Os3(CO)10(ɛ-

H)(CHCH2) is only 139 pm, 8 pm shorter than the same bond over Pt(111). The shorter CïC 

bond length, with stronger CïC interaction, in the organometallic cluster results in a 

frequency of CïC stretching mode as high as 1311 cm
-1
. The analogous mode for vinyl over 

Pt(111) is not only 200 cm
-1
 lower than it in the organometallic cluster, but it also mixes with 

CH bending and CH2 wagging modes. The bond angle HïCïH in the CH2 group differs by 4º 

on two substrates, which leads to a shift of the CH2 scissoring mode by 100 cm
-1
 on the two 

kinds of substrates. Therefore, different adsorption modes change details of the geometry of 

vinyl over the two kinds of substrates, which in turn cause a large shift for the vibrational 

frequencies. Thus, it prevents a direct comparison on both substrates.  

3.4.4 Final r emark on a spectroscopically identified transient intermediate 

Previous spectroscopic studies
62,63

 suggested that the intermediate during the conversion of 

ethylene to ethylidyne is ethylidene, as confirmed by two vibrational frequencies at 2957ï

2960 cm
-1
 for the CH3 asymmetric stretching and 1387 cm

-1
 for the symmetric bending of 

CH3. In the meantime, several other experiments seemed to rule out other intermediates, like 

vinyl or vinylidene. However, the DFT calculations in this thesis suggest that ethylidene can 

easily convert to ethylidyne, with a low barrier around 19ï29 kJ mol
ï1

. This barrier is much 

lower than typical hydrogenation / dehydrogenation barriers, normally around 50ï100 kJ 

mol
-1

. In other words, detection of this intermediate is highly unlikely because of its expected 

short life-time.
108,109

 This is confirmed by recent kMC simulations,
92

 which showed that 

vinylidene, but not ethylidene could be accumulated over Pt(111). In this section, the 

discussion 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 iodide.
62

 Three peaks, at 2995 cm
ï1

, 3033 cm
ï1

, and 

3068 cm
ï1

 at 132 K, were observed and all of them are too high to account for the feature at 

2960 cm
-1
 in the conversion of ethylene to ethylidyne. However, one should also not ignore 

the possibility for the changing of adsorption site for vinyl iodide at low temperatures. Similar 

experiments done by Zaera et al.
68

 and Liu et al.
110

 working on the system CH2CHBr covered 

a wider spectral range of frequencies. Besides CïH stretching mode at 3059ï3070 cm
-1
, the 

CïC stretching mode is observed at 1565ï1584 cm
-1
, clearly showing the character of a C=C 

double bond. In such cases, vinyl adsorbed at a top site in h
1
 fashion, preserving C=C, and the 
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calculated C=C stretching mode of hïvinyl located at 1537ï1547 cm
-1
 (Table 3.8), very close 

to the experimentally observed frequencies 1565ï1584 cm
-1
. On the other hand, the calculated 

highest non-CH stretching frequency for m3-h
2
-vinyl is only around 1380 cm

-1
, and the CïC 

stretching mode n(CC), coupled both with CH2 wagging ɤ(CH2) and CH in-plane bending 

modes ŭip(CH) or coupled only with ŭip(CH), are located at even lower frequencies, at 1060 

cm
ï1

 and 1099 cm
ï1

, respectively. h-vinyl is calculated 58 kJ mol
-1
 and 75 kJ mol

-1
 less stable 

than m3-h
2
-vinyl at 1/3 and 1/9 coverage, respectively. This species may convert to the more 

stable m3-h
2
-vinyl after heating, and might generate the signal at 2960 cm

-1
 at high 

temperature.  

Spectra of thermal evolution of acetylene: Previous experiments provided more solid 

evidence to rule out vinylidene as the intermediate. Cremer et al.
111

 reported a SFG study of 

thermal evolution of acetylene on Pt(111). Four peaks at 2981, 2924, 2878, 2837 cm
ï1

 at 125 

K were observed which perfectly matched the reported corresponding organometallic 

analog
106

 of vinylidene with peaks at 3047, 2986, 2926, 2898, and 2855 cm
-1
. The signal at 

Table 3.8 Calculated vibrational frequenciesa of relevant C2Hx intermediates (x = 2ï4) on Pt(111) for 

two coverages q  and assignmentb of the normal modes    

m-Ethylidene 
  ɖ-Vinyl    

h2m3-Vinylidene  

q  = 1/3 q  = 1/9 Assignment  
q  = 1/3 q  = 1/9 Assignment  

q  = 1/3 q  = 1/9 Assignment 

2985 2989 CH3 ɜa 
 3114 3113 CH2 ɜa 

 3124 3133 CH2 ɜa 

3038c 2966 CH3 ɜa/CH ɜ  3049 3058c CH ɜ/CH2 ɜs 
 3033 3043 CH2 ɜs 

2990c 2945 CH ɜ/CH3 ɜa 
 3028 3029c CH2 ɜs/CH ɜ     

2927 2880 CH3 ɜs 
        

    1547c 1537 CC ɜ/CH2 ŭ 
    

1406 1402 CH3 ŭa 
 1354c 1352 CH2 ŭ/CC ɜ  1415 1413 CH2 ŭ 

1404 1391 CH3 ŭa 
 1206 1192 CH2 ɟ/CH 

ŭip 

 1263 1256 CC ɜ 

1328 1336 CH3 ŭs 
 948 941 CH2 ɟ/CH 

ŭip 

 980 973 CH2 ɟ 

1244 1226 CH ŭip/CH3 ɟs 
        

1049 1040 CC ɜ         

a   Only normal modes with calculated frequencies above ~950 cmï1 are shown. b   Notations used: ɜ, 

stretching; ŭ, bending; Ű, twisting; ɤ, wagging; ɟ, rocking; a, asymmetric; s, symmetric; ip, in-plane. 

c   The admixture of the second mode is very weak.  
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2960 cm
ï1

, associated with ethylidene, appeared only at higher temperatures. A later RAIRS 

study of the same process by Deng et al.
101

 did not observe all these features at low 

temperature (85K). But at higher temperatures, both experiments observed similar multiple 

peaks: 2982, 2993, and 3001 cm
-1
, by SFG at 210K

111
 and 2976 and 2990 cm

-1
, by RAIRS at 

191K.
101

 The one at 2976-2982 is still assigned to µ3-ɖ
2
-vinylidene. The newly appeared 

feature at 2990-2993 is believed to the µ3-ɖ
2
 adsorbed vinyl. A later study,

101
 which covered 

a wider range, also reported another intense peak at 1280 cm
-1
 and assigned it to the C-C 

stretching of µ3-ɖ
2
-vinyl. Multiple evidence supports this assignment including isotope 

experiments,
101

 HREELS of vinyl iodide,
110

 HREELS of the photo-decomposition of 1,1,2-

trichloroethane,
112

 and spectrum of organometallic analog Os3(CO)10(ɛ-H)(CHCH2).
106

 

Further heating of the system is similar to the thermal evolution of ethylene over Pt(111), 

which generate a similar intermediate with peaks at 2964 cm
-1

 and 1391 cm
-1
.
101

 

However, the current calculations clearly show that neither µ3-ɖ
2
-vinyl nor ɖ-vinyl has a 

vibration mode around 1280 cm
-1
 over Pt(111). According to the comparison in Section 3.4.1, 

the maximum deviation is about 50 cm
-1
 between experimental and calculated surface 

frequency results (Table 3.5 and 3.6). In most cases, the deviation is even less than 30 cm
-1
, 

which clearly rules out vinyl to be responsible for the peak at 1280 cm
-1
. It might be 

vinylidene or other C2 species, which is not covered by current calculation, e.g. CHCH or 

CCH, responsible for the 1280 cm
-1
 signal.  

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 

intermediates only by spectroscopy without any further (spectroscopic) information. 

Nevertheless, both experimental studies
101,111

 seem to reach agreement that during the thermal 

evolution of acetylene, two intermediates are identified: at low temperature (~200 K) by the 

series of peaks at 2800-3000 cm
ï1

 and 1280 cm
ï1

; and at high temperature (~300 K) by the 

peaks at ~1387 cm
ï1

 and ~2960 cm
ï1

, which is the same intermediate as the one found in the 

conversion of ethylene to ethylidyne. Due to the lack of the necessary activation barrier for 

the conversion of acetylene, one may suggest that the intermediate at ~200 K should not be 

vinyl based on the calculated results in this thesis.  

Spectra of thermal evolution of ethylene: Previous experiments observed two 

vibrational modes during the conversion of ethylene to ethylidyne, and assign these 
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frequencies to ethylidene, 2957ï2960 cm
-1

 to be CH3 asymmetric stretching and 1387 cm
-1
 to 

be symmetric bending of CH3. Indeed, the organometallic complex, Os2(CO)8(CHCH3),
113

 

shows similar adsorption modes at 2950 cm
-1
 and 1369 cm

-1
. Besides the matching with the 

organometallic analog, there is also evidence from the surface decomposition of 1,1-

diiodeothane on the Pt(111).
85

 The corresponding features are reported at 2972 cm
-1

 and 1372 

cm
-1

. Thus it seems that ethylidene has been proved to be the intermediate during ethylene 

conversion to ethylidyne by previous experiments.  

However, the comparison between this intermediate and other C2 species in 

organometallic clusters should be not ignored. For example, Os3(CO)9(ɛ-H)2(CCH2), 

containing vinylidene, also has two suitable vibrational modes, a C-H stretching frequency at 

2986 cm
-1
 and the C-C stretching mode at 1331 cm

-1
, which are close to the spectrum of the 

Table 3.9 Calculated vibrational frequenciesa of relevant C2Hx intermediates (x = 2ï4) on Pt(111) for 

two coverages q  and assignmentb of the normal modes    

m-Ethylidene 
 

h2m3-Vinyl   
h2m3-Vinylidene  

q  = 1/3 q  = 1/9 Assignment q  = 1/3 q  = 1/9 Assignment q  = 1/3 q  = 1/9 Assignment 

before scaling 

2985 2989 CH3 ɜa 3114 3113 CH2 ɜa 3124 3133 CH2 ɜa 

3038c 2966 CH3 ɜa/CH ɜ 3049 3058c CH ɜ/CH2 ɜs 3033 3043 CH2 ɜs 

2990c 2945 CH ɜ/CH3 ɜa 3028 3029c CH2 ɜs/CH ɜ    

2927 2880 CH3 ɜs       

after scalingd 

2913 2917 CH3 ɜa 3039 3038 CH2 ɜa 3049 3058 CH2 ɜa 

2965c 2895 CH3 ɜa/CH ɜ 2976 2985c CH ɜ/CH2 ɜs 2960 2970 CH2 ɜs 

2918c 2874 CH ɜ/CH3 ɜa 2955 2956c CH2 ɜs/CH ɜ    

2857 2811 CH3 ɜs 
      

a   Only normal modes with calculated frequencies above ~950 cmï1 are shown. b   Notations used: ɜ, 

stretching; ŭ, bending; Ű, twisting; ɤ, wagging; ɟ, rocking; a, asymmetric; s, symmetric; ip, in-plane. 

c   The admixture of the second mode is very weak. d   The uncertainty of all these mode are ~ ±35 cm-1 
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observed intermediate on Pt(111). Recall the discussion in Section 3.4.2, where it was 

discussed that a difference of 50 cm
-1
 for the C-C stretching mode between the 

organometallic complex and the adsorption complex is still acceptable. Thus, if the 

comparison is only done between the spectra of surface species and the organometallic 

complexes, it is hard to judge whether ethylidene or vinylidene should be the intermediate. 

The current calculations 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 CH2 scissoring modes d(CH2) at 1380 cm
ï1

 and 1413 cm
ï1

, 

which are close to the experimental value 1387 cm
-1
. The other experimentally observed 

mode is C-H stretching at ~ 2960 cm
-1
. The calculated harmonic frequencies are too high to 

be directly compared with experiment in view of the strong anharmonicity effect of this kind 

of modes. A simple way to improve such a comparison is via a scaling factor, obtained by 

comparing suitable calculated and experimental values. The results of this thesis give rise to a 

factor of 0.976±0.012 by the values in Table 3.5 and 3.6; this is very close to the value, 0.973, 

used in a previous study of propylene and propylidyne over Pt(111).
114

 The scaled values for 

the C-H stretching modes are summarized in Table 3.9. After scaling, the symmetric CH2 

stretching mode of vinyl and vinylidene, at 2956 cm
-1
 and 2970 cm

-1
, respectively, is very 

close to the value at 2960 cm
-1
 reported by experiment. However, the symmetric stretching of 

CH3 in ethylidene is too low to be assigned to the experimentally observed one, especially in 

the low coverage (1/9) case which is more close to the true coverage for an intermediate 

during ethylene conversion. Recall that the calculated activation energy for the conversion 

from ethylidene to ethylidyne is as low as 19ï29 kJ mol
ï1

, indicating a fast conversion of 

ethylidene. Thus it should not accumulate on the surface. Instead, either vinyl or vinylidene 

may be observed as they need to overcome activation barriers of ~80 kJ mol
ï1

 in the 

conversion to ethylidyne. Indeed, results of kMC simulations
115

 indicate that vinylidene could 

be accumulated on the surface during the conversion of ethylene to ethylidyne. 

3.5. Summary 

In this chapter, the mechanism of ethylene conversion to ethylidyne over Pt(111) was studied 

with periodic slab model density function calculations. Three possible reaction pathways were 

examined at three different coverages, 1/3, 1/4 and 1/9: i) via vinyl and ethylidene (M1), ii ) 

via vinyl and vinylidene (M2), and iii ) via ethyl and ethylidene (M3). The calculated barriers 
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for the hydrogenation / dehydrogenations reactions involved on Pt(111) are in the range 19ï

92 kJ mol
ï1

. However, higher barriers, above 150 kJ mol
-1
, were obtained for the 1,2ïH shift 

reactions. The latter result directly disproved the previous proposed two-step mechanism
71

 

with 1,2ïH shift reactions involved.  

According to the calculated barriers for the reaction steps in this conversion, the 

mechanisms M1 and M2 are likely at work over Pt(111) in 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 dehydrogenated to ethylidyne (M1) or 

dehydrogenated to vinylidene and rehydrogenated to ethylidyne. According to the calculated 

barrier heights, the shared dehydrogenation step is rate limiting at high coverage, with a 

barrier of 92 kJ mol
-1
. At low coverage, the order of the barrier heights differs, with a rate-

limiting barrier at ~80 kJ mol
ï1

 for the hydrogenation step of vinyl to ethylidene in M1 and 

for the dehydrogenation step of vinyl to vinylidene in M2. In this case, the first step of this 

conversion no longer rate-limiting, indicating the possibility of accumulating an intermediate 

on the surface. Indeed, in previous experiments two IR signals were noted and assigned to 

ethylidene as intermediate.
62,63

 However, the current calculations suggest that the this 

intermediate could be vinylidene based on three evidences: i) the barrier for the conversion of 

ethylidene to ethylidyne is calculated too low (19ï29 kJ mol
-1
), indicating a short life time of 

ethylidene on the surface; ii) the vibrational normal mode analysis suggests vinylidene also to 

have a vibration mode with a frequency close to the experimentally observed value; iii) 

kinetic Monte Carlo simulation observed an accumulation of vinylidene during the conversion 

of ethylene to ethylidyne.  

When additional hydrogen is available in the system, M3 starts to be dominant due the 

relatively low hydrogenation barrier from ethylene to ethyl, especially in the case with p-

ethylene on Pt(111). However, the second step of M3, dehydrogenation of ethyl to ethylidene, 

strongly competes with the formation of ethane. At low coverage (1/9), the barriers for these 

two steps are comparable. However, at high coverage (1/3), the activation energy of the 

hydrogenation of ethyl is 21 kJ mol
-1

 lower than the dehydrogenation of ethyl. Furthermore, 

once ethane is produced, it should easily desorb, leaving the surface irreversibly.  
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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 (hydrogenolytic) ring-opening 

(SRO) of naphthenes is bifunctional:
116

 i) hydrogenation or dehydrogenation reactions are 

efficiently catalyzed by highly dispersed noble metal particles, e.g. Pt, Pd, Ir, Ru, or Rh; ii) 

cracking or isomerization is catalyzed by an acidic support. Previous experiments
116- 120

 

showed that the ring-opening (RO) reactions on these metals were much easier for five-

member hydrocarbon rings than for six-member rings. Thus, an acidic support, which 

promotes the contraction of a six-member ring to a five-member ring, facilitates and 

accelerates the overall hydrogenloysis process.
121 , 122

 The generated five-member 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 minimum degree of 

branching. The selectivity of 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 

system,
18-22

 yields three products: 2-methylpentane (2MP), 3-methylpentane (3MP), and n-

hexane (nHx). The branched products, 2MP and 3MP, are always favored when the reaction 

is catalyzed by supported Ir or Rh particles. However, the selectivity on other supported metal 

catalysts, like Pt, strongly depends on the dispersion of the metal. Large Pt particles
123

 (e.g. of 

~10 nm
124

) or flat Pt surfaces (111) and (100)
125, 126

 tend to produce preferentially 2MP and 

3MP, whereas small Pt particles
124,127

 statistically break CïC bonds in the five-member ring. 

Other studies on bimetallic catalysts, e.g. AuPt,
128

 GePt,
129

 RhPt,
19,130

 and RhGe,
131

 also did 

not show a promising selectivity toward nHx. 
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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 basis of the experimental observations on 

Pt based catalysts. Generally, these mechanisms could be divided into two classes:
132

 

ñdissociativeò, where a dehydrogenation of the surface intermediate takes place before the 

ring opening and ñassociativeò where the ring opening immediately follows the adsorption. 

Also, ñedgewiseò or ñflat-lyingò intermediates were discussed for both these groups. Two 

mechanisms have been most often invoked in various MCP RO studies: via a dissociative 

path and edgewise adsorption (the so-called ñdi-carbeneò mechanism originally proposed by 

Gault, Maire, and associates
117,123, 133

) and an associative mechanism via a flat-lying 

intermediate (the ñmultipletò mechanism introduced by Bragin and Liberman
134

),  

In the dissociative mechanism, a hydrocarbon needs to be dehydrogenated to form an 

ñedgewiseò geometry before the CïC bond breaking. As early as 1965, Gault et al.
123

 

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 completely non-selective and 

completely selective mechanisms, respectively. In a non-selective type A mechanism, all 

cyclic bonds are broken with the same probability resulting in the statistical 2MP : 3MP : nHx 

 

Figure 4.1 Dissociative mechanism proposed by Gault et al. (a-A) non-selective;123 (a-B) selective;123 

(b) one of the possible partially selective mechanisms.
117 
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distribution of 2 : 1 : 2. Such a non-selective ring cleavage can happen after a loss of one to 

three H atoms (a, aa, ab, abg); however, di-adsorbed intermediates were tentatively favored 

in the original papers by Gault and his school.
117,123,133

 In a selective type B mechanism, only 

di-secondary CH2ïCH2 bonds are cleaved (i.e. at unsubstituted positions) after a loss of four 

H atoms and a formation of the aabbïtetra-adsorbed intermediate. Due to the methyl 

substituent, a secondary-tertiary CH2ïCHMe bond cannot be cleaved via this mechanism. In 

this case, a dehydrogenated MCP only forms an aabïtri-adsorbed intermediate and its 

hydrogenolysis is expected to be unlikely. In some cases, the ring opening does not follow the 

ñselectiveò or ñnon-selectiveò mechanism, instead producing an unusually high amount of 

3MP or nHx relative to its statistical ratio, e.g. nHx is formed via a mechanism proposed by 

Gault
117

 (Fig. 4.1b). The dissociative mechanism, involving dehydrogenative chemisorption 

prior to CïC bond breaking, was indirectly supported by studies of propane hydrocracking, 

where the adsorbed intermediate was shown to lose 3.5ï5 hydrogen atoms on nickel and of 2ï

4 hydrogen atoms on platinum per molecule of propane.
135

 

In the associative mechanism, a hydrocarbon ring is physically adsorbed over the metal 

catalyst in flat-lying fashion. The ring opens through the attack of an extra H atom co-

adsorbed on the surface. This mechanism was preferred by the Russian and the Hungarian 

schools.
132,134,136

 Among the facts speaking in favor of an associative mechanism is for 

instance an observation on a Pt catalyst
136

 that the ring-opening of cis-1,2-dimethylpentane 

(cis-1,2-DMCP) is faster than that of trans-1,2-DMCP. Due to favorable stereochemistry, cis-

1,2-DMCP can be adsorbed more strongly in the flat-lying fashion than the trans isomer; 

hence, the net conversion rate should be faster for the former. However, this argument does 

not seem to overrule a possibility of a dissociative mechanism because a dehydrogenation 

barrier to form an aabbïtetra-adsorbed intermediate could also increase due to steric 

hindrance in the case of trans-1,2-DMCP.  

Several other mechanisms were proposed in the studies of MCP RO on other metals of 

the Pt group. For example, on Pd based catalysts, the ratio of three RO products, 2MP : 3MP : 

nHx, was close to 2 : 1 : 1.
137

 To rationalize this observation, Le Normand et al.
137

 suggested 

that the reaction on Pd proceeds through the formation of p-olefin-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 : 3MP : nHx = 2 : 1 : 1, 

which is close to the experimental observation.  
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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 properties of various five-

member rings, e.g. MCP,
138

 cyclopentane
139-141

 and cyclopentene.
140,142

 Another early study 

by Brizuela et al.
143

 addressed the dehydrogenation reactions of cyclopentene at a 

semiempirical level, but did not touch the ring-opening.  

4.1.3 Reaction network investigated in the current study 

As stated above, earlier theoretical studies on the MCP ring-opening system were 

limited to the adsorption properties of five-member rings. However, some other theoretical 

studies on related hydrocarbon systems offered indirect evidence which supported the 

dissociative mechanism. For example, DFT calculations
144,145

 showed that the barriers for Cï

C bond cleavage of C2 or C3 species on M(111) (M = Pd, Pt) decreased with increasing degree 

of dehydrogenation of the hydrocarbon. These observations support the four-fold 

dehydrogenated aabbïtetra-adsorbed intermediate to be the precursor of the CïC bond 

breaking step. Another theoretical study
146

 in the context of olefin metathesis catalyzed by 

transition metal complexes provided a prototype of the partially selective dissociative 

mechanism via a ag-adsorbed metallocyclobutane intermediate (Fig. 4.1b)  

When checking on the possibility of an associative mechanism, I expected that the 

barrier of the CïC bond breaking step in an associative mechanism should be rather high 

because the precursor of the CïC bond 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 such an associative mechanism did not directly locate 

the transition state of the CïC bond breaking step, but the approximate barrier of this reaction 

was estimated to be 150 kJ mol
-1
 or higher. Hence, in this thesis, the calculations were mainly 

based on the assumption of a dissociative mechanism.  

Fig. 4.2 shows the reaction network investigated in this study. The proposed mechanism 

contains three global steps: (i) MCP is dehydrogenated to form an aabb-tetra-adsorbed, aab-

tri-adsorbed or ag-di-adsorbed intermediate, the precursors of the CïC bond breaking step; 

(ii ) one of the endocyclic CïC bond is cleaved; (iii ) the adsorbate is completely hydrogenated 

and subsequently desorbed from the surface.  
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4.2. Ring-opening reactions catalyzed by Pt  

In this part, the calculation was focused on Pt based catalysts. As stated in the 

introduction, the selectivity of the RO products strongly depends on the Pt particle size.
124

 In 

order to model the particle size effect on the product distribution, two types of metal surfaces, 

flat Pt(111) and stepped Pt(211) and Pt(322), were selected to model terrace-rich large 

particles and defect-rich small particles, respectively. I will first comment on the calculated 

activation energies of the elementary steps on these two types of surfaces and then I 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 

 

Figure 4.2 The mechanism calculated in this thesis: formation of (a) 3MP and (b) 2MP via an aabb-

tetra-adsorbed intermediate; formation of nHx via (c) aab-tri-adsorbed or (d) ag-di-adsorbed 

intermediate 
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branched 2MP and 3MP. According to the dissociative mechanism assumed in this study 

involving deep dehydrogenation, MCP needs to convert to an aabb-tetra-adsorbed cyclic 

intermediate to form branched 2MP or 3MP. On the other hand, on the reaction pathway to 

the linear product nHx, MCP can lose at most three H atoms forming an aabïtri-adsorbed 

intermediate due to the presence of the methyl substituent, and it is supposed to require a high 

activation energy for the subsequent CïC cleavage step. As shown in Fig. 4.2, the conversion 

of MCP to 2MP, 3MP, and nHx involves a series of dehydrogenation steps, CïC bond 

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 as follows: 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(111). Several dehydrogenation steps are required to 

form aabb-tetra-adsorbed or aab-tri-adsorbed intermediates in the conversion from MCP to 

2MP/3MP, or nHx, respectively. Fig. 4.3 shows the structures of the four dehydrogenation 

steps on the reaction pathway to 3MP. The intermediates and TS structures involved in the 

corresponding dehydrogenation steps on the way to 2MP and nHx 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 steps pass through a transition state with a typical CïHïPt 

three-member-ring structure as discussed in Chapter 3. After each dehydrogenation step, the 

released H atom is assumed to move freely far away from the adsorbate. Thus, there is at most 

one co-adsorbed H atom in each final state modeled. The diffusion steps of an H atom are not 

explicitly considered in this thesis due to their low activation energy.
147

 For 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 co-adsorbed with the hydrocarbon. Therefore, the description of 

the structural details for the initial state of a dehydrogenation step will be skipped except for 

the first dehydrogenation step. Because the structural aspects of the pathways leading to 2MP, 

3MP and nHx are really very similar, the same individual step leading to different products 

will be in the following described collectively. For this reason, in the following I often use the 

plural form of a word when referring to transition states and intermediates; although only one 

single reaction step is discussed at a time. 

 



Chapter 4 Methylcyclopentane ring-opening reactions 

53 

 

 

 

Figure 4.3 Optimized structures and a schematic illustration of the adsorption modes pertinent to the 

dehydrogenation steps in the reaction path to 3MP on Pt(111). C1 and C2 denote the two C atoms 

directly bound to Pt(111).  
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First dehydrogenation reaction (D1). There are three possibilities for the first 

dehydrogenation reaction, differing in 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 adsorbed at a top site over Pt(111) via an H atom attached to C1 

atom (Fig. 4.3). The linear fragment PtïHïC1 is perpendicular to the surface, with HïPt = 

210ï211 pm. Due to the HïPt interaction, the CïH bond is slightly elongated to 114 pm, 

hence 4 pm longer than the other CïH bonds. The three physically adsorbed intermediates are 

weakly bound to the surface, with adsorption energies of 16ï18 kJ mol
-1

. However, it is well 

known that the GGA functional used in this work is unable to describe such weak interactions 

in a quantitative way.
107

 

In the transition states, the adsorbates move closer to the surface, with the C1 atom 

attached to Pt(111) at a top site (Fig. 4.3). The H atom, which originally occupied this top site, 

is pushed to a 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 

CH3 is attached at the C1  position, steric hindrance leads to an elongation of the dissociating 

CïH bond, which is 13 pm longer than in the transition structures with the CH3 group at the 

C2 or C3 positions. The total energies of the transition states are also slightly affected by this 

steric hindrance. The structure with CH3 attached to C1 is ~11 kJ mol
-1
 less stable than the 

most stable one, with CH3 at the C3 position (Fig. 4.4).  

In the final states, the hydrocarbons are chemically adsorbed at a top site with a single 

CïPt bond (Fig. 4.3). Again, in the case where the methyl group is attached at the C1  

position, the steric hindrance elongates the C1ïPt bond to 219 pm, which is 6ï7 pm longer 

compared to the values when CH3 is at C2 or C3 positions. Simultaneously, the Pt atom that 

binds the hydrocarbon, is notably pulled out of the surface, by about 50 pm in the case where 

the methyl group is at the C1 position. This adsorbate-induced 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 positions lie in a narrow range, between 85ï97 kJ mol
-1
 (Fig. 4.4, Table 4.1). 

However, the reaction energies vary a lot. The reaction is endothermic by 36 kJ mol
-1
 when 

the methyl group is attached to C1, while the two alternative reactions are essentially 

thermoneutral (Fig. 4.4). This difference as well as the slightly higher barrier in the case with 



Chapter 4 Methylcyclopentane ring-opening reactions 

55 

 

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

Second dehydrogenation reaction (D2). There are several possibilities for a series of 

dehydrogenation reactions to form an aabbïtetra-adsorbed or aabïtri-adsorbed intermediate 

from MCP. The reaction pathways considered in this thesis are those with the lowest barrier 

for the first dehydrogenation step, i.e. those involving the structures with the methyl 

substituent at the C3 position (or at C4) on the way to 2MP (3MP) or at the C2 position on the 

way to nHx, with the first dehydrogenation barriers below 89 kJ mol
-1
. In addition, for the 

second dehydrogenation step, there are at least two options, aï or bïelimination, competing 

with each other to form two different kinds of the final products, aaïdi-adsorbed or abïdi-

adsorbed intermediates. It was observed experimentally
66

 that bïelimination reactions of a 

hydrocarbon fragment on Pt(111) were preferred over aïelimination reactions. This 

observation was confirmed by later theoretical studies on Pt(111)
148

 and Pd(111)
65

 surfaces, 

with barriers for bïelimination reactions by 10ï25 kJ mol
-1
 lower than for aïelimination (at 

1/9 coverage). Thus, only bïH elimination reactions were considered for step D2 to form abï

di-adsorbed intermediates. 

In the initial states, hydrocarbons are adsorbated at a top site as already described 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 H-Pt º 160 pm and the C-H bond elongated to 155-165 pm. 

The C2 center, with the dissociating H atom, is already attached to the surface. Similar to the 

first dehydrogenation step, the steric hindrance again affects the structures both geometrically 

and energetically when CH3 binds to C2. The C2ïPt distance is 14 pm longer, and the 

 

Figure 4.4 The energy profile of the first dehydrogenation steps on Pt(111). The reference system is 

MCP in the gas phase and the clean Pt(111) surface. 
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absolute energy is 8ï15 kJ mol
-1
 higher than the case with the CH3 substituent at C3 or 

C4 positions. In the final states (Fig. 4.3), the C-H 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 states is the same as in the transition states, with two s bonds at a bridge site. This 

reaction step is exothermic, by 17ï31 kJ mol
-1
, for all the three considered reactions. The 

activation energies of this step are only 55ï65 kJ mol
-1
, i.e., 24ï30 kJ mol

-1
 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 

Table 4.1: Optimized geometriesa (pm) and energy characteristics (kJ molï1) of the transition states 

pertinent to the MCP ring-opening reactions over Pt(111) for various locations of the methyl (Me) 

substituent.  

Reaction stepb 2MP as product 

(Me at C3) 

3MP as product 

(Me at C4) 

nHx as product 

(Me at C2) 

C-H c H-Pt c DE d Ea 
e C-H c H-Pt c DE d Ea 

e C-H c H-Pt c DE d Ea 
e 

D1 148 167, 214 0 85 148 167, 214 0 85 148 167, 213 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 f 144 163 -18 60 144 163 -20 58     

Migration f   60 61   60 61     

CC   -21 15   -21 14   -19 116 

C-shift1 f   -71 14   -73 15     

C-shift2 f   -12 50   -10 52     

H1 f 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 

H4 g 136 166 78 83     135 167 78 81 

H5 g         157 162 -18 64 

H6 g         152 166, 221 -12 63 

a  A-B, distance between atoms A and B in the transition state. b  D1ïD4 denote the first to fourth 

dehydrogenation steps; CC stands for the CïC bond breaking step; H1ïH6 refer to the first to sixth 

hydrogenation steps. c  Bonds that are breaking/forming during a reaction. d  Reaction energy. 
e  Activation energy. f  The reaction path to nHx does not contain this step. g  The fourth to sixth 

hydrogenation steps for 2MP and 3MP are expected to have energy profiles very close to the 

respective hydrogenation steps for nHx.  
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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 moves to a 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 (155ï156 pm) atoms, forming the typical HïPtïC 

three-member-ring structure. In the final states, the hydrocarbon adsorbates attach to the 

surface in µ3-ɖ
2
 fashion at the same hollow site as in the respective transition states, with the 

dissociated H atom co-adsorbed at a neighboring hollow site (Fig. 4.3).  

Energetically, this reaction step is endothermic by 21ï26 kJ mol
-1
. The corresponding 

activation energy was obtained in the range 84ï88 kJ mol
-1
 (Table 4.1). In view of this 

relatively high barrier, the transition state of the CïC bond cleavage from a abï

dehydrogenated intermediate, which is the initial state of the third dehydrogenation step, was 

also located. The calculated result shows a barrier as high as 148 kJ mol
-1
, which is 

significantly higher than the barrier of the third dehydrogenation step, and is also higher than 

the barriers for CïC bond cleavage of tri- and tetra-dehydrogenated intermediates (see below). 

Fourth dehydrogenation reaction (D4). In step D4, only the two pathways leading to 

2MP or 3MP were addressed. On the pathway to nHx, there are no further H atoms on C1 or 

C2 to be dehydrogenated due to the methyl substituent, which connects to C2. After the three 

dehydrogenation steps discussed above, the hydrocarbons adsorb at a three-fold hollow site in 

µ3-ɖ
2
 fashion. In the transition states, the C2 center forms a second bond with the Pt surface, 

leading to a nearly parallel conformation between the CïC bond and one of the PtïPt bonds of 

the adsorbing hollow site (Fig. 4.3). The backbone of the ring is almost normal to the Pt(111) 

surface. The dissociating H atom migrates to a top site. In the various final states, the 

adsorption mode of the hydrocarbon is similar to that in the corresponding transition state, 

except the CïH bond is completely broken (Fig. 4.3). This reaction is exothermic by 18ï20 kJ 

mol
-1

 and the barrier of this reaction is not very high, 58ï60 kJ mol
-1
 (Table 4.1). 

CïC bond breaking reactions over Pt(111). The aabb-tetra-adsorbed or aab-tri-

adsorbed intermediates are generated after a sequence of dehydrogenation reactions as 

described above. The aabb-tetra-adsorbed intermediates, 3-methylcyclopentyne and 4-

methylcyclopentyne,  will   finally  convert  to  2MP  and  3MP,  respectively,  while  aab-tri- 
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Figure 4.5. The energy profiles (kJ molï1) of the MCP ring-opening reactions over Pt(111): reaction 

path to 2MP ï blue; reaction path to 3MP ï black; reaction path to nHx ï red. Energies are calculated 

relative to MCP(g) and the clean 3³3 Pt(111) slab. For a system containing x H atoms in the unit cell 

with energy Eunitcell, the relative energy is defined as E= Eunitcell + (12ïx) (EH/Pt(111) ï EPt(111)) ï EMCP(g) ï 

EPt(111). EH/Pt(111), EMCP(g) and EPt(111) are the total energies of H adsorbed on Pt(111) at 1/9 coverage, of 

MCP (in the gas phase) and of the clean 3³3 Pt(111) slab, respectively. The energy shifts between two 

hydrogenation / dehydrogenation steps reflect the differences between structures with a co-adsorbed H 

atom in the unit cell and an H atom at an infinite separation (i.e. calculated separately on Pt(111) at 1/9 

coverage).  

 








































































































