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Abstract

Density functional theory (DFT) calculations for acetylene hydrogenation on clean, vinylideng-€&@eted (0.25 ML) and ethylidyne
CCH;-covered (0.25ML) Pt(11 1) surfaces were performed to probe the reaction mechanism and evaluate energetic changes due to high
hydrocarbon coverage. A comparison between the reaction energetics on the clean and pre-covered surfaces shows that high coverage trenc
are similar for vinylidene and ethylidyne species: surface hydrocarbon species and hydrogen are destabilized by up to 150 and 30 kJ/mol,
respectively. Unsaturated, multiply-bonded species are destabilized more than species forming fewer bonds with the surface. Activation
energies are not affected, unless the spatial formation of a transition state is hindered or a reactant is significantly distorted. In these cases,
activation barriers can be different by up to 50 kd/mol and the relative significance of parallel steps may change. For exa@ihiéo@ihtion
is hindered at high coverage and the relative propensity of CH@Horming either CHCH, or CHCH; is reversed. The calculations confirm
that vinylidene CCH and ethylidyne CCklare spectator species in the overall reactions of ethylene and ethane formation. However, at the
evaluated surface coverage of 0.25 ML, these spectator species may undergo hydrogen disproportionation with other hydrocarbon fragments,
serving as a hydrogen reservoir and providing lower-energy pathways. As a result, the predicted energetics for acetylene hydrogenation at
high coverage are affected by not only the extent of destabilization of active species and their transition states, but also by the relative stability
of spectator species and their possible participation in disproportionation reactions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and background that most surface science results, both theoretical and ex-
perimental, are obtained at low surface coverages, whereas
Selective hydrogenation of unsaturated hydrocarbons hydrogenation reactions, which are usually run at temper-
and, specifically, selective hydrogenation of acetylene to atures below 400K, proceed over highly covered catalytic
ethylene, is widely used in the petroleum and chemical surfaces. As a result, one of the challenges in understanding
industries. Commercial catalysts are predominantly basedthe kinetics of these reactions is bridging the gap between
on alumina-supported Pd-based alloys. In the present studyyesults of surface science studies usually conducted at low
however, we have chosen to study acetylene hydrogenationcoverage conditions and results of reaction kinetic studies
on platinum because of the availability of experimental and typically conducted at high coverage.
theoretical surface science data on the stability and reactiv- The most abundant surface species under typical reac-
ity of C» hydrocarbons on this metal. We note in this respect tion conditions are hydrocarbon spectator species, which do
not contribute appreciably to the overall hydrogenation rate
[1-7]. In this work, we consider two of the most stable
acetylene-derived spectator species: vinylidene €@hrd
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for acetylene hydrogenation on Pt(1 1 1). We extend our pre- 20 kJ/mol[8]. The fixed-slab calculations used in the cur-
viously reported results for £species on Pt(111) in the rent study do not evaluate this effect because the primary
low-coverage limit[8—10] to calculations at a near satura- objective of this paper is to identify energetic trends due
tion coverage. A highly covered surface model is generatedto high surface coverage. These trends were evaluated by
by using a periodic slab with a small unit cell and by adding comparing results for adsorption and hydrogenation on a
a hydrocarbon spectator species to this cell. 2 x 2 unit cells (reactive hydrocarbon coverage 0.25 ML)
A summary of early reaction kinetics results for acetylene with results for the same reactions in the presence of a
hydrogenation over Pt can be found in reviews by Bond and spectator species in the same unit cell (total hydrocarbon
Wells [11] and Webl12]. A review of more recent kinetic  coverage 0.5ML). The DFT calculations predict values of
studies has been published by Bos and Weste[i&j The gas-phase energy changes for acetylene hydrogenation to
chemistry of G hydrocarbon species on Pt surfaces has beenethylene of—220kJ/mol and for acetylene hydrogenation
reviewed by Zaera and coworkdfisi—17] to ethane of—391kJ/mol. The values based on the en-
thalpies of formation at 25C are, correspondingly-174
and—311 kJ/mol[19]. The differences between the theoret-
2. Methods ical and experimental values are partially due to neglect of
zero-point energy (ZPE) correctiofi20] and also to limi-
Density functional theory (DFT) calculations were per- tations of DFT calculations. Corrections can be introduced
formed with the DACAPO software from the Technical to reconcile thermodynamics of surface spe¢dg. In this
University of DenmarK18]. An infinite Pt(1 1 1) slab model  study, however, where the relative stabilities and reactivi-
constructed from a 2 2 unit cell with two metal layers was ties of surface species are evaluated at different coverage
used in self-consistent periodic-slab calculations based onvalues, the effects of surface relaxation, ZPE and temper-
gradient-corrected density functional theory (DFT-GGA). ature corrections are not critical because they should sub-
The two metal layers were separated by four equivalent stantially cancel out in the calculation of relative energetic
layers of vacuum. lonic cores were described by ultra- trends.
soft pseudopotentials, and the Kohn-Sham one-electron In high coverage calculations, both a reactive hydrocarbon
valence states were expanded in a basis of plane wavesnd a spectator species, either ethylidyne @@Hyvinyli-
with kinetic energies below 25Ry. The surface Brillouin dene CCH, were fully optimized. An additional complexity

zone was sampled at a specified numbek-pbints. Initial for configurations with vinylidene CCHspectator species
geometries were generated using sampling atpints, was its stability in three different geometries: leaning over
and then the structures were re-optimized withkd@ints. a three-fold site from a bridge site.s — 52), orthogonal on

The exchange-correlation energy and potential were de-a bridge site(u> — '), and orthogonal on a three-fold site

scribed by the generalized gradient approximation (PW-91). (13 — n%) (« denotes the number of bonds with the surface,
The self-consistent PW-91 density was determined by it- and » the number of bonding carbon atoms). As a result,
erative diagonalization of the Kohn—-Sham Hamiltonian, for most configurations, all three conformations were eval-

Fermi-population of the Kohn—Sham stateés® = 0.1eV), uated separately to find the most favorable one. We note
and Pulay mixing of the resulting electronic density. All that only the first two vinylidene geometries: CEHs — 12
reported binding energies were extrapolatedikt@ = and up — n* are stable on the clean surface. The third ge-
OeV. ometry, CCH us — n*, becomes favorable only at high

The positions of the Pt(1 1 1) slab atoms were constrained coverage.
during the calculations at values corresponding to the lat- Energy diagrams were constructed with the following
tice constant of 4.00 A8]. Adsorbates were allowed to op- reference state: {E,(gas + 2H»(ga9 + 5Pt, where Pt
timize fully. Gas-phase calculations were carried out with denotes a model slab that is either clean, vinylidene- or
a 15 A unit cell. Transition state geometries were estimated ethylidyne-covered Pt(111). The first reaction step is dis-
with constrained optimization calculations, in which a bond sociation and adsorption of the two hydrogen molecules, so
length, in this case the C—H bond distance, was constrainedthat the system becomesidy(gas + Pt+ 4H*. The sec-
and all other degrees of freedom were optimized. A transi- ond step is acetylene adsorption. Subsequently, the reaction
tion state was identified as a configuration having the maxi- proceeds through transfer of one surface H onto the slab
mum energy along the C—H bond extension coordinate andwith the surface acetylene, followed by addition of the first
characterized by a transition from attractive to repulsive H atom to adsorbed acetylene. The hydrogenation proceeds
forces for the constrained bond. further by a similar consecutive transfer and reaction of

State-of-the-art DFT slab calculations use multiple lay- the remaining 3H atoms. Activation energies for forward
ers, allowing the top one or more layers to relax during reactions are quoted based on the configurations where the
optimization to account for surface relaxation. Our DFT reactant hydrocarbon and hydrogen are on separate slabs,
calculations indicate that the combined effect of increas- i.e., the activation energies include barriers for bringing a
ing the slab thickness to three layers and relaxing the first hydrogen atom from another lattice into the unit cell with
metal layer stabilizes hydrocarbon surface species by abouthe hydrocarbon.
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3. Stable species on Pt(111) ies [25]. This di-o—mw-adsorption mode was proposed for
Pt(111) based on vibration spectra and for Pd(11 1) based
A list of evaluated hydrogen andb@ydrocarbon species  on photoelectron diffraction studies and Hartree—Fock clus-
onclean Pt(111)is provided ifable 1 Only the most stable  ter calculation§26—28] This geometry, with the C—C bond
identified configuration is shown for each species, except axis being parallel to the surface, is also consistent with
for vinylidene. The energy values Trable lare quoted with  the interpretation of angle resolved photoemission data for
respect to the gas-phase reference statesbfbo®@lus 2H, Pt(111)[29].
with hydrogen molecules adsorbed first as H atoms. For The formation of vinylidene CChspecies on Pt(111)
example, the energy for the acetylene geometry in entry 2 at temperatures near 300K has been identified in spectro-
in Table 1lis computed by summing the adsorption energy scopic and electron diffraction studigg®—32] NMR results
for 4H*, entry 1 inTable 1 and the acetylene adsorption suggest that the ratio of acetylene to vinylidene on highly
energy:—172t0219= —391. dispersed Pt particles is 1f43]. We considered two vinyli-
The adsorption energy for dissociative adsorption of dene adsorption modes: one in a three-fold site in a leaning
molecular hydrogen in an fcc site (three-fold site without position at a 40 angle with a C—C bond length of 1.41 A,
a Pt atom below it in the second layer) is86 kJ/mol. entry 3 inTable 1 and the other on a bridge site in a position
This number is in agreement with experimental results and orthogonal to the surface with a C—C bond length of 1.34 A,
previously reported theoretical valu¢d]. The hydrogen  entry 4 inTable 1 Both vinylidene configurations were ob-
adsorption energies for other high symmetry sites are sim-served spectroscopically on thermal evolution of acetylene
ilar, i.e., hcp (three-fold site with a Pt atom below it in from Pt(111)[32,34] The energetics of a leaning CGH
the second layer), atop, and bridge sites. The most stableus — 52 in fcc and hcp sites are similar. This configura-
acetylene adsorption mode is thg — 72 surface species tion is the most stable for the 8> stoichiometry, corre-
in an hcp site. The calculated adsorption energy for this sponding to an acetylene adsorption energy 282 kJ/mol.
structure is—219 kJ/mol, entry 13 infable 1 This value These results are in agreement with previously reported val-
is in agreement with the heat of acetylene adsorption of ues for a Pfp cluster[23]. A significantly different value
—210kJ/mol obtained by microcalorimetric measurements of —404 kJ/mol was reported for CGHn a three-fold site
on Pt powder at 173 §22]. Previous DFT calculations with  of a Pg cluster[21]. The orthogonaks — 5! configuration
a Pt cluster predicted a similar geometry with a com- of vinylidene CCH, entry 4 inTable 1 is less stable by
parable heat of adsorption 6f212 kJ/mol[23]. A recent 72 kJ/mol compared to thes — 1° species. In spite of this
plane-wave calculation with a periodic Pt slab identified the energetic difference, this CGHonfiguration is more geo-
same geometry with a heat of adsorption-e229 kJ/mol metrically compact, making it preferable at high coverage,
[24]. In contrast, a higher adsorption energy-830 kJ/mol according to results presented below.
was reported based on calculations with g &tster[21], Ethylene adsorption on Pt surfaces has been extensively
which is probably due to the sensitivity of results to the size studied by theoretical methods, e.f21,35-40] Ethylene
and shape of the cluster. In our identified acetylene con- can adsorb as a di-bonded species on a bridge site (ad-
figuration, the C-C bond is parallel to the surface, and the sorption energy of-99 kJ/mol, entries 7 and 14 ifeble J)
bond length is 1.40A. This distance is in agreement with or as-bonded species on an atop site6@ kJ/mol, not
values of 1.35-1.39 A obtained from spectroscopic stud- shown in tables). The optimized geometries were similar
to the ones reported for Pt(111),;ftnd Pip [8,23,41]
The estimated adsorption energies are consistent with ex-
perimental values. Specifically, the adsorption enthalpy
for di-o-bonded species was found to bd 24 kJ/mol on

Table 1
Energetics of stable species on Pt(111), kd/mol

Species Pi(111)  pt(111) with collision-induced desorption (Cl®}2] and
1 4H* (fcc) + CoH2 gas —172 —136 kd/mol on Pt(11 Q@2 x 1) with adsorption calorime-
2 CHCH" us —2n2 (hcp) + 4H* —-391 try [43]. Calorimetric measurements for ethylene adsorp-
3 CCH; p3 — n°+ 4H" —404 tion yielded values of—120kJ/mol for Pt powdef22]
4 CCH, iz — 14 4" 332 d —125kJ/mol for Pt/Si@ [41] und diti h
5 CHCH} s — n? (fcc) + 3H* 399 and — mol for i@ [41] under conditions where

M3 =1 . . .

6 CCH; u3 — it (fec) + 3H _460 predqmmantly dis-bonded species were formed. The ad-
7 CH,CH; 1o — 72 (di-o-bonded)+ 2H* —405 sorption enthalpy forr-bonded species was reported to be
8 CHCH; up — nt (bridge) + 2H* -371 —40 £+ 10kJ/mol based on reflection—adsorption infrared
9 CoHy gas+ 2H —306 spectroscopy (RAIRS)44] and —92 kJ/mol based on CID
10 GHE uy — ! (atop) + H* -385 .
1 oH gas 301 with oxygen precovered Pt(11 I%5]. Recent molecular
12 Hi jz* — oH* _86 beam results show that di- and w-bonded species have
13 GH; + * = CHCH* -219 different adsorption kinetics, with ther-bonded species
14 GHg + * = CHoCH; —-99 being adsorbed more weakly and reversibly on a hydrocar-
Reference state: l2(gas + 2Ha(gas + Pt(111) for steps 1-11, and  PON covered surfacpl6]. In addition, isotope experiments

Pt(111) plus gaseous adsorbate for steps 12-14.

indicate that the interconversion between these two species
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is relatively slow compared to ethylene adsorption rates
[46].

In agreement with experimental evidence and numerous
theoretical studies, our calculations confirm that it is ther-
modynamically favorable for surface ethylene to rearrange
with the formation of ethylidyne CC¥] entry 6 inTable 1, 1. CHCH +H=CHCH,*  2.CCH,+H = CCH,*
and surface hydrogen. The predicted energy change for the
dissociative ethylene adsorption is154 kJ/mol, which is
consistent with experimental values. Specifically, calorimet-
ric measurements were used to obtain values-d74+
4 kJ/mol for Pt(111)47], —150kJ/mol for a Pt film48],
—160 kJ/mol for a Pt powdd®2], and—157 to—145 kJ/mol 4.CHCH, + H=CHCH;*  5.CCH, +H = CHCH,*
for PY/SIQ, [41,49]

The configuration for adsorbed CHGHspecies in a
three-fold fcc site, entry 5 iTable 1 is less stable than
ethylidyne by 61 kd/mol, which is in agreement with reported
theoretical values of 53—70 kJ/mi@,21]. The configuration
of CHCH;s species in a bridge site, entry 8Table 1, is less
Stablle than _db-'bonded ethylene by 34kJ/mol, which is Fig. 1. Geometries of transition states on Pt(111). Numbers correspond
consistent with reported values of 34—44 kJ/i&21]. The to reactions in Table 2. Reaction 3 in Table 2 is shown in Fig. 2a
methyl group of CHCH is orthogonal to the two bonding Pt
atoms, and its rotation is energetically unfavorable. In con-
trast, the GHs species on an atop site, entry 10Tiable 1 one hydrocarbon species, is 30-40kJmol. Accordingly, all
has an unhindered methyl rotation, allowing this species to our intrinsic activation barriers are higher than this number.
maintain its favorable configuration at high coverage. The estimated barriers for forward hydrogenation reactions

range from 67 to 143kJmol. Experimental values for the
apparent activation energy over Pt catalysts range from 40
4. Transition states on Pt(111) to 70kJmol [11,12]. The apparent activation energies are
generally lower because they represent a combined effect of

A summary of transition state energetics for Pt(11 1) is stabilization of reacting species on the catalytic surface and
provided in the first column oTable 2. The correspond- intrinsic barriers for conversion of reacting adsorbates.
ing activation barriers for forward reactions are provided in  The activation barriersfor hydrogenation of acetylene and
Table . The geometries of the transition states are schemat-vinylidene CCH; (forming CHCH3 and ethylidyne CCHgs,
ically shown inFig. 1L The calculated energetic penalty for respectively) are similar, equal to 87 and 91kJmol (reac-
adding an H into the lattice unit cell, which is occupied by tions1 and 2 in Table 2b). Recent RAIRS and TPD studies

with deuterated ethylene and diodoethane on Pt(111) sug-
Table 2. N o _ _ _gest that ethylidyne formation proceeds through a CHCH3
Energetlcs of transition states and activation energles for reactions with Intermedla[e and that the formation kl net|CS are Coverme
dependent due to alack of vacant sites required for splitting

LSETL
BHE

6.CH,CH,+H=CH  7.CHCH,+H=CH

surface H (kJ/mol)

Reaction Pt PLCCH  PL-CCh hydrogen at high coverage [50,51]. This pathway for ethyli-
(a) Energetics of transition states dyne formation was not evaluated in the current study since
1 CHCH+H =CHCH, —304 138 —-127 acetylene is assumed to be the main source for all hydrocar-
2  CCH, +H =CCHs -313  -162 bon surface species.
3 CHCH +H =CHCH, —332 —150 -151 o : .
4 CHCH, + H — CHCHs _319  _182 _157 _ The transtlon state energy for ethylidyne hydrogenation
5 CCHs +H =CHCHs 317 is approximately the same (—317kJmol) as that for hy-
6  CHCH; + H = CyHs -291  -158 116 drogenation of CHCH» to form CHCH3 (—319kJmol), as
7  CHCH +H =CoHs —-282  -113 —-107 shown in Table 2a. Thetransition state energy (—332 kJmol)
(b) Activation energies for forming ethylene from CHCH2 is lower by about
1  CHCH+H =CHCH, 87 85 96 15kJImol. Two evaluated pathways for this transition state
2 CCH +H =CChH 91 98 are presented in Fig. 2. In the first scenario in Fig. 2a,
i gﬂg:& 1 E _ gﬂzccl_:z gg l;; 1851 a hydrogen atom moves across the unit cell, follow-
5  CCHs + H = CHCHs 143 ing the CHCH_ species, to form a di-o-bonded ethylene
6  CHCHy +H = CoHs 114 80 106 species. The estimated activation barrier for this pathway
7 CHCHs 4+ H =CyHs 89 103 101 is 67 kJmol, reaction 3 in Table 2b. In contrast, the barrier
Reference state: &Eix(ga9 + 2Ho(gas + Pt(111) (clean, CCH or is higher by 81kJmol for the transition state formed when

CCH;s-covered). the hydrocarbon species and hydrogen move toward each



SG. Podkolzin et al./Journal of Molecular Catalysis A: Chemical 218 (2004) 217-227 221

o _

a CH,CH-H* E, =67 kJmol

z

b. CH,CH-H* E,= 148 kJ/mol

Fig. 2. Two scenarios for forming di-o-ethylene: (a) hydrogen follows the
hydrocarbon across the unit cell—this pathway is preferable on a clean
surface; (b) hydrogen and hydrocarbon move toward each other—this
pathway becomes preferable at high hydrocarbon coverage.

other, as shown in Fig. 2b. The first pathway, however,
becomes unfeasible in the presence of a spectator species.
Implications of this geometric restriction will be discussed
below with respect to the vinylidene-covered surface.

With regard to the reactivity of vinylidene and ethylidyne
species, which are usually treated as spectators in hydro-
genation, we note that the formation of ethylidyne species
from vinylidene has a barrier of 91kJmol, reaction 2 in
Table 2b, which is lower than the barrier of 112kJmol for
the formation of CHCH> species (hot shown in the tables).
In addition, the activation energy for ethylidyne hydrogena-
tion of 143kJmoal is significantly higher than the barriers of
all other species, and ethylidyne can be considered inactive
in the presence of another hydrocarbon species. As a result,
our calculations confirm that reactions of vinylidene and
ethylidyne species with surface hydrogen are not expected
to contribute measurably to the overall hydrogenation rate.

The calculated barrier for the hydrogenation of di-o-
bonded ethylene is 114kJmol. The corresponding transi-
tion state is shown in Fig. 1(6). The C-H distance in our
transition state is 1.7A, which is in agreement with the
valuein arecent DFT study with aPtig cluster [39]. Further-
more, this study reports an activation energy of 81 kJmol
for di-o-bonded ethylene from the reference state where
the hydrocarbon and hydrogen are on the same cluster. A
comparative number from our calculations is 89 kJ/mol for
the reference state of di-o-bonded ethylene and hydrogen
in the same unit cell, with the unconstrained C—H distance
being 3.1A.

Spectroscopic  studies and molecular beam experi-
ments suggest that the hydrogenation rate of ethylene
in the w-bonded configuration is higher than that of the
di-o-bonded species [52,53]. In our calculations, the rela
tive hydrogenation activities for the two ethylene surface
species could not be evaluated due to limitations of the con-
strained optimization method employed in the estimation of
activation energies. The barrier for the transition between -
and di-o-bonded ethylene is small compared to that for the

hydrogen addition step, and therefore, the identified transi-
tion state in Fig. 1(6) could not be linked unambiguously
to one of the surface ethylene configurations. As a result,
the activation energies for reaction 6 in Table 2b and aso
in Fig. 5 are quoted with respect to the most stable species,
di-o-bonded ethylene. A DFT study with a Ptjg cluster
showed that di-o-bonded ethylene was more reactive [39].
The apparent discrepancy with experimental evidence was
attributed to the fact that the barriers were estimated at low
coverage. In a DFT study with Pd(111) model surfaces,
wr-bonded ethylene was found to rearrange into di-o-bonded
species prior to hydrogen addition at low coverage [54].
In contrast, at 0.6 ML in the presence of surface hydro-
gen, ethylene was reported to be pinned in the m-bonded
configuration due to repulsive lateral interactions [54].

The transition state for CHCHg3 hydrogenation is shown
in Fig. 1(7). The barrier for this step is about 25kJmol
lower than that for ethylene hydrogenation, reactions 6 and
7 in Table 2. Further hydrogenation of C,Hs and formation
of gas-phase ethane were not evaluated because ethylene
and hydrogen co-adsorption measurements and experiments
with ethyliodide showed that the C;Hs hydrogenation stepis
facile, with an estimated activation energy of only 25kJmol
[55-58]. Consequently, this step was not expected to influ-
ence the overall apparent reaction energetics.

5. Stable species on Pt(111)-CCH

A summary of energetics for stable species on the
vinylidene-covered surface is provided in Table 3. The
corresponding geometries are shown in Fig. 3. The most
favorable location for a hydrogen atom in the presence
of vinylidene is on the atop site of the metal atom that

Table 3
Energetics of stable species on vinylidene CCH,-covered surface (kJ/mol)

Species Pt(111)-CCH,

1 CCHj pus — 1% — 4H* uq (atop) + CoHp gas  —147

2 CCHj pus — n? — CCH} ug — nt + 4H* —260

3  CCH3 2 — 7t — CHCH* pus — —223

(fcc) + 4H*

4  CCH} pz — n* — CHCH3 ug — 1% + 3H* —261

5 CCHj u2 — nt — CCH} pg — n™* + 3H* —316

6 CHCH* ug — n? (hcp) — CCH} g — —320

nl + 3H*

7 CCH3 p2 — - CH2CHS 2 — n? —238

(di-o-bonded) + 2H*
8 CCHj 2 — - CHCH3 2 — nt —216
(bridge) + 2H*

9 CCHj puz — n? + CaHg gas + 2H* —294
10 CCHj puz — 1?2 — CoHE pg — nt (atop) + H* 277
11  CCH} us — 2 + CoHe gas -391
12 Hy 4 2* = 2H* -73
13 CyHy + % = CHCH* 76
14 CoHg + % = CH2CH; 56

Reference state: CoHz(gas) + 2H2(gas) + Pt(111)-CCH> for steps 1-11,
and Pt(111)-CCH; plus gaseous adsorbate for steps 12-14.
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-

3. CCH,— CHCH

iy

6. CHCH - CCH,

-

4. CCH,— CHCH,

-~

7. CCH,— CH,CH,

5. CCH,~ CCH

&

8. CCH,— CHCH, 10. CCH,— CH,CH,

Fig. 3. Geometries of stable species on vinylidene CCH5-covered Pt(111)
surface. Numbers correspond to entries in Table 3. Entry 9 is not shown:
CCH, u3 — 2 plus gas-phase ethylene.

is not associated with the hydrocarbon, Fig. 3(1). The
energy change for dissociative adsorption is estimated at
—73kJmoal, entry 12 in Table 3. The presence of vinylidene
makes Hy adsorption less exothermic by 13kJmol.

The optimized configuration for acetylene adsorption on
the vinylidene-covered surface is shown in Fig. 3(3). It is
energetically favorable for vinylidene to rearrange from
CCHa 3 — n? to ua — nt, incurring a penalty of 72 kJmol
(difference between these two modes on the clean surface,
entries 3 and 4 in Table 1) but providing sufficient space for
acetylene stabilization. The energy of the optimized config-
uration corresponds to the energy of acetylene adsorption
on a vinylidene-covered surface of —76kJmol, entry 13
in Table 3. The most stable adsorption mode for this sto-
ichiometry (i.e., four carbon and four hydrogen atoms in
the same unit cell) is adsorption of two vinylidene species,
Fig. 3(2) and entry 2 in Table 3. In this arrangement, both
vinylidene species are associated with three metal atoms,
the ps-configuration. Although one of them is similar to
the leaning CCH» 13 — 12 on the clean surface, the other
one is a distorted version of the orthogonal CCH» o — nt
species. The distorted species is tilted and bonded to three
metal atoms on a three-fold site.

The di-o-ethylene adsorption mode becomes distorted on
the vinylidene-covered surface, Fig. 3(7), and resembles the
structure favored based on low energy electron diffraction
(LEED) results at high coverage [59]. The predicted energy
change for ethylene adsorption is 56 kJ/mol (endothermic),
entry 14 in Table 3. This destabilization suggests that ethy-
lene should desorb readily in the presence of a hydrocarbon
overlayer. As mentioned above, molecular beam exper-
iments indicate that at high coverage, ethylene adsorbs
reversibly as w-bonded species that can transform into the
di-o-configuration [46] with an estimated adsorption en-
ergy of —46kJmol [58]. Our calculations for m-bonded
ethylene show that the geometry of this species is prac-
tically unaffected by the presence of vinylidene. Accord-

ingly, r-bonded ethylene is estimated to be less stable than
di-o-bonded species by 31 kJmol on the clean surface and
only by 6kJmoal in the presence of vinylidene (not shown
in tables). Similar to w-bonded ethylene, the geometries of
CHCH3 and CoHs species (Fig. 3(8) and (10), respectively)
on the vinylidene-covered surface are analogous to those
on the clean surface.

6. Transition states on Pt(111)-CCH

A summary of transition state energetics for avinylidene-
covered surface (Pt-CCHy) is provided in the second col-
umn of Table 2a. The corresponding activation barriers for
forward reactions are given in Table 2b. The geometries
of the transition states are shown in Fig. 4. The transition
state with the lowest energy for the first hydrogenation step
corresponds to the reaction of a vinylidene species in the
presence of another vinylidene to form ethylidyne, Fig. 4(2).
This result is similar to the one on the clean surface and
is consistent with the experimental evidence of ethylidyne
formation on acetylene adsorption in the presence of hy-
drogen [26,32,34,60]. The transition state for acetylene
hydrogenation in the presence of vinylidene is higher on
the energy diagram by 24kJmol, reaction 1 in Table 2a.
The starting configuration for this transition state was the
acetylene—vinylidene pair in Fig. 3(3). To compare the
relative reactivities of vinylidene and acetylene at high
coverage, the same configuration in Fig. 3(3) was used to
estimate the activation energy for vinylidene hydrogenation.
This estimate for vinylidene hydrogenation in the presence
of acetylene is 95kJmol (not shown in the tables), which
is consistent with the value of 98kJmol obtained in the
presence of another vinylidene, reaction 2 in Table 2b. This
value is higher than the value of 85kJmol for acetylene hy-
drogenation, reaction 1 in Table 2b. These results indicate
that if both acetylene and vinylidene are present, acetylene
is likely to be more reactive for hydrogenation. Further-
more, vinylidene is more likely to form ethylidyne than
CHCH> on hydrogenation and, thus, cannot be expected to

L

1. CCH, — (CHCH-H)* 2. CCH, — (CCH,-H)* 3. CCH, — (CH,CH-H)*

& T A

4, CCH,— (CHCH,H)! 6. CCH,— (CH,CH,-H)¥ 7. CCH,— (CH,CH-H)*

Fig. 4. Geometries of transition states on Pt(111)-CCH,. Numbers corre-
spond to reactions in Table 2. Reaction 5 in Table 2, CCHz hydrogenation
at high coverage, was not evaluated.
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Fig. 5. Comparison of the main features of the acetylene hydrogenation
energy diagrams on clean and vinylidene-covered Pt(111). Reference
state: CoH2(gas) + 2H2(gas) + Pt(111) or Pt(111)-CCH,. Dashed lines
denote formation and hydrogenation of CHCH3.

contribute appreciably to the overall hydrogenation rate, i.e.,
the calculations support the characterization of vinylidene
as a spectator species.

The main features of the energy diagrams for the con-
secutive acetylene hydrogenation to CoHs on clean and
vinylidene-covered Pt(111) are compared in Fig. 5. The
plot for the vinylidene-covered surface is initially shifted
up by about 170kJmol. The difference is due mainly to the
destabilization of acetylene in the presence of vinylidene
by 143kJmol. The rest of the difference is a result of the
lower heat of hydrogen adsorption. The first hydrogena-
tion step of forming CHCH> becomes more exothermic by
30kJmol because acetylene is destabilized more than the
product. This trend is in agreement with the calculations
for the same reaction step on Pd(1 1 1) where increasing the
coverage of reactive species from 0.25 to 0.33 ML increases
the heat of reaction by 17 kJmol [61].

The barriers for forming and further hydrogenating
CHCHg3 species are similar on both diagrams (dashed lines
in Fig. 5, aso in Table 2b). In contrast, the barriers for
forming and hydrogenating ethylene are significantly differ-
ent. Specifically, the activation energy for forming ethylene
is higher on the vinylidene-covered surface by 44 kJmol.
The transition state leading to ethylene formation on the
clean surface, as shown in Fig. 2a, requires the whole 2 x 2
unit cell, and this transformation becomes restricted in the
presence of a vinylidene spectator species. Consequently,
the resulting transition state in Fig. 4(3) is less stable and
resembl es the less favorable reaction pathway on the clean
surface shown in Fig. 2b. On the other hand, the barrier
for ethylene hydrogenation in the presence of vinylidene is
lower than that on the clean surface by 34kJmol (Fig. 5
and Table 2b). This value is in accord with the reported dif-
ference of 46kJmol between the intrinsic barriers for the
hydrogenation of di-o-bonded ethylene at low coverage and
for m-bonded species at 0.6 ML on Pd(111) [54]. This bar-
rier reduction in our calculations can be mainly attributed
to the destabilization of ethylene species at high coverage.

The barrier for ethylene hydrogenation was estimated to
be 54kJmol based on cumulative experimental evidence
for the reactivity of C, hydrocarbon species under vacuum
[58]. This value is significantly lower than our estimates
of 114 and 80kJmol computed for respectively clean and
vinylidene-covered surfaces. With respect to this difference,
we note the approximate nature of our calculations, which
areintended primarily for the evaluation of relative energetic
trends caused by high coverage effects. In addition, in the
previously mentioned theoretical study with Pd(111) [54],
this barrier was found to be reduced to 36 kJ/mol at 0.6 ML.

The changes in the energy diagrams in the presence of
vinylidene areimportant in the analysis of selectivity to ethy-
lene production. The energy diagram for the clean surfacein
Fig. 5 suggests that ethane can be produced from ethylene
re-adsorption from the gas phase. In contrast, the diagram
for the vinylidene-covered surface suggeststhat any ethylene
formed during the reaction would readily desorb, and that
re-adsorption would be unfavorable. For our model with a
fixed vinylidene coverage, most of the ethaneis predicted to
be formed through adirect hydrogenation of CHCH3 species
that become relatively more stable compared to adsorbed
ethylene at high hydrocarbon coverage.

7. Stable species on Pt(111)-CCH

A summary of energetics for stable species on the
ethylidyne-covered surface is provided in Table 4. The cor-
responding geometries are shown in Fig. 6. Some of the
geometries are identical for vinylidene- and ethylidyne-cov-
ered surfaces, and they are shown in both Tables 3 and
4. entries 5 and 6 in Table 3 correspond to entries 3
and 2 in Table 4. These structures are shown in Fig. 3
for Pt(111)-CCH>, but they are omitted from Fig. 6 for
Pt(111)-CCHs.

Table 4
Energetics of stable species on ethylidyne CCHz-covered surface (kJ/mol)

Species Pt(111)-CCH3
1 CCH3% sz — nt — 4H* (fco) + CoHo gas —-108
2 CCH} pg — n* — CHCH* pug — n? (hep) + 4H*  —223
3 CCH} pg — nt — CCHj pp — nt + 4H* —215
4 CCH3j uz — n* — CHCH} pug — n? + 3H* —252
5 CCH} pg — nt — CCH} g — nt + 3H* —310
6 CCH3 us — - CH2CH3 2 — n? —222

(di-o-bonded) + 2H*
7 CCH3 us — - CHCHZ 2 — nt —208

(bridge) + 2H*
8 CCH} us — n' + CoHg gas + 2H* —274
9 CCH} us — nt — CoHE pa — n* (atop) + H* —246
10 CCH} pus — n* + CoHe gas —391
11 Hy + 2¢ = 2H* —54
12 CyHp + * = CHCH* —-115
13 CoHy + % = CHchz 52

Reference state: CoHz(gas) + 2H2(gas) + Pt(111)-CCH3 for steps 1-10,
and Pt(111)-CCHj3 plus gaseous adsorbate for steps 11-13.
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e

1.CCHy-H 4. CCH,~ CHCH, 5. CCH, — CCH,

& &7

6. CCH,— CH,CH, 7.CCH,—CHCH,  9.CCH,—CH,CH,

Fig. 6. Geometries of stable species on ethylidyne CCH3z-covered surface.
Numbers correspond to entries in Table 4. Entry 8 is not shown: CCH3
plus gas-phase ethylene. Entries 2 and 3 are shown, correspondingly, in
Fig. 3(6) and (5).

The most favorable location for a hydrogen atom in the
presence of ethylidyneisan fcc site, asshownin Fig. 6(1). A
configuration with an H atom in aneighboring hcp siteisless
favorable by 11 kJ/mol. The arrangement in Fig. 6(1) corre-
sponds to the energy change for dissociative adsorption of
H> on the ethylidyne-covered surface of —54kJmol (entry
11in Table 4), and this value is lower by 19kJmol than the
adsorption energy on the vinylidene-covered surface and by
32kJmol lower than that on the clean surface. Thisresult is
consistent with TPD evidence that the presence of an ethyli-
dyne monolayer significantly weakens hydrogen adsorption
on Pt(111) under UHV conditions [62]. Substituting vinyli-
dene with ethylidyne generally stabilizes the additional hy-
drocarbon in the unit cell. For example, acetylene is more
stable by 39kJmol with ethylidyne than with vinylidene.

The configuration with two ethylidyne speciesin Fig. 6(5)
is the most stable arrangement for all high-coverage calcu-
lations for this overall stoichiometry, i.e., four carbon and
six hydrogen atoms in the same unit cell. A similar configu-
ration with both ethylidynes in fcc sites is less favorable by
about 40 kJmol.

Similar to the vinylidene-covered surface, a distorted
di-o-species in Fig. 6(6) is the most stable ethylene ad-
sorption mode, corresponding to an ethylene adsorption
energy of 52kJmol (endothermic reaction due to ethyli-
dyne destabilization), entry 13 in Table 4. This result is
in agreement with experimental evidence that a saturated
layer of ethylidyne prevents ethylene adsorption on Pt(11 1)
[7,62,63]. The geometries of CHCH3 and CH2CH3 on
clean, vinylidene- and ethylidyne-covered surfaces are sim-
ilar. The CH>CH3 geometry is least affected by high cover-
age because these species preferentially occupy an atop site
and can minimize lateral repulsive interactions due to the
unhindered methyl group rotation.

8. Transition states on Pt(111)-CCH

A summary of transition state energetics for Pt-CCH3 is
provided in the third column of Table 2, and the correspond-

-~

1. CCH, — (CHCH-H)*

o

6. CCH, — (CH,CH,-H)¥ 7. CCH, — (CH,CH-H)*

3.CCH,— (CH,CH-H)* 4. CCH, — (CHCH,-H)*

Fig. 7. Geometries of transition states on Pt(111)-CCHz. Numbers cor-
respond to reactions in Table 2. Reactions 2 and 5 in Table 2, CCH; and
CCH3 hydrogenation, were not evaluated.

ing geometriesareshownin Fig. 7. Thetransition state struc-
tures are similar to the structures on the vinylidene-covered
surface in Fig. 4. Accordingly, the energy values for the
ethylidyne- and vinylidene-covered surfaces are similar
(Tables 3 and 4). Specifically, compared to the results on the
clean surface, both potential energy surfaces are shifted up
by about 170kJmol. Additionally, the barrier for ethylene
formation is higher and the barrier for ethylene hydrogena-
tion islower (reactions 3 and 6 in Table 2). Therefore, these
trends do not appear to depend on the type of a spectator
species, and they can be characterized as high-coverage
effects. These effects can be summarized as follows: hydro-
carbon species and hydrogen atoms are destabilized by as
much as 150 and 30kJ/mol, respectively. As expected, the
destabilization effect is higher for multiply-bonded species,
so that the reaction energy diagrams at high and low cov-
erage become closer as more saturated species are formed
during hydrogenation, as seen in Fig. 5. In addition, activa-
tion energies are not affected, unless the spatial formation
of atransition state is hindered or a reactant is significantly
distorted. When the spatial formation of the transition
state is hindered, as in the case of ethylene formation, the
activation energy can increase by as much as 44 kJmol
(reaction 3 in Table 2b). On the other hand, the activation
barrier can decrease by as much as 34kJmoal, as in the
case of ethylene hydrogenation (reaction 6 in Table 2b),
when the reacting hydrocarbon is distorted and thus
destabilized.

9. Disproportionation reactions with a CCH,—CCH3;
transition

The role of carbonaceous surface deposits in hydro-
genation reactions has been investigated by various ex-
perimental techniques. For example, although the rates of
H-D exchange reactions for ethylidyne species on Pt(111)
were found to be orders of magnitude lower than the rate
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Table 5
Energetics of transition states for hydrogen disproportionation reactions
with a CCH,—CCHg3 transition (kJ/mol)

Reaction Pt
Ea AE
1 CCHy + CHCH, = CCH3 + CHCH 53 —-59
2 CCH» + CH»CH, = CCH3 + CHCH» 45 —105
3 CCHy + CHCH3 = CCH3 + CHCH> 29 -127
4 CCH», + CH>CH3 = CCH3 + CH2CH» 61 —26
5 CCH3 + CH2CH3 = CCH3 + CHCH3 144 —-12

of ethylene hydrogenation [1,7,64-66], disproportiona
tion reactions were shown to be important during thermal
evolution of acetylene and ethylene from Pt(111)
[32,34,58,67]. Ethylidyne was proposed to act as a hy-
drogen transfer agent through the formation of CHCH3
species [7,58]. Furthermore, kinetic, TPD, and surface titra-
tion studies using transient conditions and isotope labels
on single-crystal and supported Pt and Pd have been inter-
preted in terms of a direct participation of spectator species
in hydrogenation [5,62,68—70]. This experimental evidence
led to the proposed description of spectator species as “a
nonselective poison which blocks platinum surface sites’
[70], with the most important reaction properties of these
spectators being their “ability to store and exchange hydro-
gen with reacting surface species and to provide desorption
sites for product molecules’ [70]. We, thus, evaluated hy-
drogen disproportionation reactions between a spectator
species and a neighboring hydrocarbon species.

Transition states for hydrogen transfer reactions were ob-
tained using vinylidene geometries of Fig. 3 by bringing
the vinylidene close to a neighboring hydrocarbon in such
a way that the upper carbon of the vinylidene was 1.3A
away from the reacting hydrogen. Then, the C—H distance
for the neighboring hydrocarbon was constrained, and the
whole structure was allowed to optimize. The constrained
C—H distance was taken asthe reaction coordinate. Thisdis-
tance is about 1.3-1.4A for the identified transition states,
which is smaller than the values of 1.5-1.8A for reactions
with surface hydrogen. The energetics of hydrogen dispro-
portionation reactions are summarized in Table 5 and the
corresponding geometries are shown in Fig. 8. In each re-
action, it is energetically favorable for vinylidene to extract
a hydrogen atom from the neighboring hydrocarbon, form-
ing ethylidyne. The estimates for the activation barriers vary
from 29 to 144kJmol, Table 5. These disproportionation
reactions can be competitive pathways, since the energetic
penalty for bringing a hydrogen atom into the unit cell at
high hydrocarbon coverage is about 50-70 kJmol, and, cor-
respondingly, the intrinsic activation barriers for direct hy-
drogenation are at least 67 kJmol for our model surfaces
(Table 2b).

A possible modification of the reaction mechanism in
which hydrogen disproportionation reactions provide a

e

1. (CCH,-H-CHCH)* 2.{(CCH,H-CHCH,)* 3. (CCH,-H-CH,CH)*

v

4. (CCHyH-CH,CH,)} 5. (CCH,-H-CHCH,)*

Fig. 8. Geometries of transition states for hydrogen disproportionation
reactions with a CCH> to CCH3 transition. Numbers correspond to entries
in Table 5.

lower energy pathway is illustrated in Fig. 9. The lower
energy sequence of steps is shown with arrows. This figure
expands a part of the acetylene hydrogenation energy dia-
gram in Fig. 5 for the Pt-CCH> surface, where ethylene is
hydrogenated through surface hydrogen only. The diagram
in Fig. 5 suggests that ethylene readily desorbs from the
Pt-CCH, surface and that its subsequent hydrogenation is
unlikely. However, if disproportionation reactions are taken
into account, gas-phase ethylene can be stabilized on the
vinylidene-covered surface by donating hydrogen and form-
ing CHCH> and CCH3 species (Fig. 8(2)), with an overal
energy change of —49kJmol. The CHCH; formed in this
step can then be hydrogenated to ethylene in the presence
of ethylidyne (reaction 3 in Table 2). It is then more ener-
getically favorable for ethylene to abstract a hydrogen from
Pt-CCH3 to form CyHs (barrier of 87 kJmol, Fig. 8(4))
than to react with a surface hydrogen atom (barrier of
106 kJmal, Fig. 7(6)). Thus, the net reaction in Fig. 9 is

-150
] CCH, - C,H,
200+—h A\
] i} A
1\ ‘
° |
é 2501 , CCH,-CH.CH, \i
= | A
4 300: ! "CCHZ—CZH
L [ CCH,- C2H47§ CCH, - CH,CH,
] 1 CCH,- CHCH,

-350 T T
T +1H* ‘

Fig. 9. A modified reaction mechanism for C;H4 hydrogenation where
hydrogen disproportionation reactions with a vinylidene to ethylidyne
transition (denoted by dashed lines) provide a lower-energy pathway.
The original diagram with hydrogenation through surface hydrogen only
is shown in Fig. 5. Reference state: CoHa(gas) + 2H2(gas) + Pt(111)-
CCHo>.
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ethylene hydrogenation to CoHs in the presence of vinyli-
dene, involving an intermediate transition of vinylidene to
ethylidyne.

10. Influence of high coverage on selectivity to ethylene

The results from DFT calculations suggest that there are
three main hydrocarbon coverage effects with respect to the
selectivity to ethylene formation. First, the presence of spec-
tator species destabilizes reactive species, as illustrated in
Fig. 5. At high coverage, ethylene desorption becomes more
competitive than further hydrogenation, and, accordingly,
ethylene re-adsorption becomes less favorable, leading to
higher ethylene selectivity. This result is in agreement with
the reported effects of “carbonaceous deposits’ on the re-
action selectivity over silica-supported Pt and Pd catalysts
[71] and reported kinetic data for many other transition
metals [11,12,71].

The second effect relates to changes in activity because
of unequal destabilization of reactive hydrocarbon species
and because certain reaction pathways become unfavorable.
This role of the spectator species can explain differences
in apparent activation energies for hydrogenation reactions
under UHV conditions, when no spectators are present,
and under typica conditions for hydrogenation reactions.
Specificaly, the calculations indicate that adsorbed ethy-
lene is affected more than the CHCH3 species, and the
formation of the latter species becomes more favorable
a high coverage, as shown in Fig. 5 and Table 2b. The
formation of CHCH3 species provides a direct route for
conversion of acetylene to ethane without passing through
ethylene. Therefore, the competition between the alter-
native CHCH2 hydrogenation products can influence the
selectivity to ethylene. Ethane formation from CHCH3
species, an example of “mechanistic” selectivity [11,12],
is consistent with acetylene hydrogenation studies in the
presence of 14C ethylene over Pt/SiO,, which showed that
re-adsorbed ethylene did not contribute significantly to
ethane production under conditions of hydrocarbon con-
version below 50% and selectivity to ethylene below 30%
[69]. The conjecture of competing CHCH, hydrogenation
steps is aso consistent with the experimental observation
that the selectivity over Pt increases with temperature [11]:
at higher temperatures, the difference in activation energies
would be less kinetically significant, and, therefore, the
ethylene production step would be more competitive with
the CHCH3 formation step. The third effect is the ability
of spectator species to exchange hydrogen with reactive
species and provide lower energy reaction pathways. These
additional reactions, which are distinct from steps involving
surface hydrogen, may, for example, contribute to lower
selectivity, since gas-phase ethylene can be stabilized on
the surface by vinylidene and then react further to produce
ethane, as shown in Fig. 9. For a Pt/SIO; catalyst, ethylene
re-adsorption and further hydrogenation to ethane at high

coverage have been demonstrated with 14C experiments
[69].

11. Conclusions

Results of DFT calculations for acetylene hydro-
genation on clean, vinylidene-covered (0.25ML) and
ethylidyne-covered (0.25 ML) Pt(1 1 1) surfaces confirm that
vinylidene CCH> and ethylidyne CCH3 are important spec-
tator species. The activation barrier for vinylidene hydro-
genation in the presence of acetylene is higher than that for
acetylene in the same configuration. In addition, vinylidene
preferentially forms unreactive ethylidyne species on hy-
drogenation. The activation energy estimate for ethylidyne
hydrogenation is 30-80kJmol higher than the calculated
barriers for al other considered direct hydrogenation steps.

Energetic trends due to high coverage are similar for both
vinylidene- and ethylidyne-covered surfaces. These trends
can be characterized by three main effects. The first effect
is destabilization of reactive species. hydrocarbon species
and hydrogen atoms are destabilized by as much as 150
and 30kJmol, respectively, compared to the clean surface.
Unsaturated, multiply-bonded species are destabilized more
than species forming fewer bonds with the surface. This
destabilization effect favors desorption of product species.

The second effect relates to changes in activity because
of unegual destabilization of reactive hydrocarbon species
and because of spatial hindrance for certain reaction path-
ways. For example, the lower-energy reaction pathway for
ethylene formation, depicted in Fig. 2a, becomes unfavor-
able at high coverage, and the activation energy for this
step increases by 44kJmol. Fig. 5 shows that the relative
propensity of CHCH2 species for forming either CHCHg
or CH>CH. isreversed at high coverage because of spatial
hindrance. Another example is relatively higher destabiliza-
tion of adsorbed CH,CH> compared to CHCH3. This effect
leads to lower activation energies for ethylene hydrogena-
tion. As shown in Fig. 5, this activation energy is lower by
34 kJmol in the presence of vinylidene.

The third effect relates to the ability of hydrocarbon
species to exchange hydrogen atoms, undergo dispropor-
tionation, at high surface coverage. In this study, dispropor-
tionation reactions with a vinylidene to ethylidyne transi-
tion were considered. Depending on the surface species, a
hydrocarbon species can donate a hydrogen atom to vinyli-
dene to produce ethylidyne or can abstract a hydrogen
from ethylidyne to produce vinylidene. Therefore, spectator
species can serve as a hydrogen reservoir, changing from
hydrogen-poor to hydrogen-rich depending on the reaction
conditions. The disproportionation reactions can provide
lower-energy alternatives to reaction steps with surface hy-
drogen, and, thus, influence both activity and selectivity.
This effect is illustrated in Fig. 9, where the pathway for
ethylene re-adsorption and hydrogenation to CoHs becomes
more favorable when disproportionation reactions with
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a vinylidene to ethylidyne transition are included in the
mechanism.
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