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We examine the process of dehydrogenating ethylene over the (111) and (100) platinum single crystal surfaces from a modeling
point of view. In order to establish the reaction pathways and the important reaction coordinates, the stability and concentration of
intermediate surface species must be known. We use a simple semi-empirical tight-binding scheme, based on the extended Hiickel
theory. In order to model the potential energy hyper-surface (PES) on which the energy minima are found, we use a pair-potential
model to describe the repulsion, similar to the ASED-MO and other methods. We fit the parameters of the pair-potential to the
vibrational properties of simple molecules and adsorbates. The energy is minimized with respect to all the coordinates of the
hydrocarbons on the surface using the conjugate gradient method. On the Pt(111) surface ethylidyne (CCHj5) is the most stable
species. On the unreconstructed Pt(100) surface we find that the situation is different: ethylidyne is very unstable, in agreement
with a recent HREELS study. This is because there are no threefold coordinated sites on the (100) surface and the repulsive part
of the potential dominates in the fourfold adsorption site. The reaction barriers have been estimated by smoothly transforming the
coordinates of the reactants into those of the products, while the energy of the transition state was simultaneously minimized with
respect to the relevant coordinates. In this way we believe that the barriers have been determined with sufficient accuracy within
the model. The general trend is that the barriers for hydrogenation—dehydrogenation from the adsorbate to the surface are
considerably lower than the barriers for hydrogen transfer within the adsorbate (isomerization), which in turn is lower than that of
a concerted reaction, like CHCH + 2H — CH,CH . From this we can determine the decomposition pathway for the ethylene to
ethylidyne transition, in agreement with the findings of the ASED-MO method by Anderson.

1. Introduction

The catalytic transformation of hydrocarbons
over metal catalysts is of dominating industrial
interest. Even though the hydrogenation and de-
hydrogenation of ethylene over platinum catalysts
has been investigated in detail since the 1920s
and by surface science studies during the last
decade [1-3], there is still no consensus about the
detailed reaction pathways of the processes.

In recent years the hydrogenation process has
been studied under various catalytic conditions.
The ethylene hydrogenation chemistry over single
crystal surfaces is similar over Pt(111) and Rh(111)
[4], although these surfaces do have significantly
different chemistry in general [5]. Likewise the
structure dependence has been studied by per-

forming the catalytic reaction over various crystal-
lographic faces of the same metal [6). These stud-
ies indicate that the hydrogenation process is, by
and large, structure insensitive. The same is not
necessarily true for the decomposition process. In
this respect Pt(111) is by far the most investigated
surface. Various surface sensitive techniques show
that ethylidyne is present, in the 300-400 K range,
on the (111) surface during the hydrogenation
reaction [7,8]. Laser induced desorption (LID)
studies [9] show that di-c bonded ethylene de-
composes to form ethylidyne. High-resolution
electron energy loss spectroscopy (HREELS)
studies [10] and *C-isotope studies {11] show that
ethylidyne is a dead end, and not an active inter-
mediate, in the hydrogenation of ethylene to
ethane. Temperature desorption spectroscopy
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(TDS) and near-edge X-ray absorption fine struc-
ture (NEXAFS) studies [12] indicate that the first
H-C bond cleavage is the rate limiting step for
ethylene decomposition to ethylidyne. Low-en-
ergy electron diffraction (LEED) [8] studies show
that ethylene and ethylidyne form ordered over-
layers on the (111) surface. An overview of the
experimental studies of the Pt(111) surface can
be found in ref. [13].

The clean Pt(100) surface reconstructs in a
hexagonal-like pattern. Time-dependent adsorp-
tion experiments with CO have shown that a low
coverage of adsorbates lifts this reconstruction
[14], so that in the working catalytic conditions
the (100) face will be the unreconstructed one. In
a recent HREELS study [15] ethylidyne could not
be found on the (100) face; this was attributed to
the fact that there are no threefold sites on the
unreconstructed (100) face.

The basic mechanism for the hydrogenation
and dehydrogenation, namely sequential addition
or subtraction of surface bound hydrogen atoms
to or from the adsorbed hydrocarbon intermedi-
ates was proposed already in 1934 by Horiuti and
Polanyi [16]. This mechanism seems to be the
dominant pathway in the dehydrogenation and
creation of intermediate surface species.

In a recent experiment by Yoshitake and Iwa-
sawa [17], the effect of Na,O promotion on the
hydrogenation of ethylene over platinum was
studied. These studies suggested that the hydro-
genation of di-o ethylene takes place at the bare
metal sites while the dominating chemistry near
the Na,O promoter was via 7 bonded ethylene
that is not present at working temperatures on
the unpromoted surface. This indicates that the
important hydrogenation chemistry on the unpro-
moted surface does indeed take place over the
flat crystal faces, in contrast to proposals [18] that
the chemistry takes place at defects or other
special sites. However, the surface structure inde-
pendence of the hydrogenation process and the
presence of strongly bound intermediates during
the catalytic reaction indicates that the metal
surface only plays a secondary role and that the
hydrogenation takes place via the adsorbed hy-
drocarbon layer. This mechanism was proposed
by Thomson and Webb [19] in 1976, but has not

yet been verified experimentally or by molecular
modeling.

In this paper we address the question of char-
acterizing the energetics, geometry, and decom-
position pathways for the adsorbed hydrocarbons,
present under catalytic conditions, formed by eth-
ylene adsorption. This information is important
for understanding the full catalytic process, but it
is difficult to obtain experimentally since it is not
readily accessible to analytic investigation, like
TDS, simply because the intermediates are per-
sistent on the surface and might transform into
one another below the desorption temperature.
By spectroscopic means only the very stable di-o
bonded ethylene and ethylidyne have been seen
with certainty on the surface.

We do not consider the hydrogenolysis prod-
ucts, obtained by breaking the C-C bond. This is,
on platinum, more difficult than breaking the
C-H bonds and takes place at temperatures above
400-500 K.

The adsorption sites and energies of the sur-
face intermediates and the reaction pathways are
determined by minimizing the energy of the sys-
tem. First-principles calculations are feasible with
the increasing computing power available for cal-
culating the energetics of complex systems with
many atoms. However, for the 5d metals the
relativistic motion of the electronic cores is im-
portant and these systems have not been studied,
to our knowledge, by accurate first-principles cal-
culations.

The energetics of hydrocarbon fragments on
metal surfaces have been previously studied by
extended Hickel theory [20-24). The extended
Hiickel theory cannot predict the adsorption ge-
ometries because the repulsive part of the inter-
atomic interactions is not adequately repre-
sented. This means that the search for the mini-
mum energy configuration must be constrained,
or the geometry assumed. One could expect that
with a more realistic potential energy hyper-
surface (PES) more favorable configurations could
be found.

We use a simple tight binding scheme based
on the extended Hiickel theory to model the PES.
In order to describe the interatomic repulsion at
small distances and thus determine bond lengths,
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repulsive pair-potentials are added to the molecu-
lar orbital energy; descriptions of this approach
can be found in refs. [25,26].

2. The energy calculation

The energetics of the intermediate surface
species are determined by local minima of the
potential energy hyper-surface (PES), which is
the potential energy of the system as a function
of the coordinates of the atoms.

The energies involved in relaxations on clean
and covered close-packed surfaces that do not
reconstruct, such as the Pt(111) surface, are of
the order of phonon energies [27] which are usu-
ally unimportant in the chemical reactions where
bond breaking involves much higher energies.
Therefore, in this work, we consider the metal
surface to be static, i.e. unrelaxed, assuming the
changes of the substrate to be of minor impor-
tance. Furthermore, the extended Hiickel theory
can be viewed as a crude, non-self-consistent
approximation, in comparison with the Hartree—
Fock theory, which in turn sometimes provides
grossly inaccurate results. With these limitations
in mind we believe that the extended Hiickel
theory does provide useful information on the
energetics of the hydrocarbon species adsorbed
on the surface, particularly for illuminating trends.
At present the examination of these systems is
not feasible with more accurate methods.

We have used the slightly modified weighted
formula for the extended Hiickel matrix elements
[28]. The extended Hiickel and the Slater orbital

Table 1
Parameters used in the extended Hiickel calculations

Atom Orbital H; (V) ¢ {s c, P ™

Pt 5d -1250 6013 2696 06334 0.5513
65 -10.00 2554
6p -540 2554

C 25 —2140  1.625
2p —1140 1.625

H 1s —13.60 1300

3 Coefficients used in the double-{ expansion of the d or-
bitals.

parameters are the ones found in the literature
[20] and are listed in table 1. The interatomic
repulsion can be modeled by treating the ex-
tended Hiicke! coupling factor K as a distance
dependent function [29]. A very good discussion
of the extended Hiickel theory and the coupling
factor can be found in ref. [30],

We use a simple empirical model to describe
the repulsive potential [26], This repulsive part of
the binding energy is electrostatic in nature [25]
and can be approximated by pair potentials, so
that the atomization energy becomes

E=Egpn+3 L Vi (1)
I#J

The pair potentials are modeled by exponen-
tials of the form

Vi(r) ==/, @

The parameters, a;, and by, for the pairwise
repulsions are fitted to the bond lengths and the
interatomic force constants deduced from the vi-
brational spectra of the hydrogen, methane and
acetylene molecules. Acetylene was chosen for
fitting the C-~C bond parameters because the
extended Hiickel theory itself gives too small a
value for the stretching frequencies of the single
(ethane) and double (ethylene) bonds. This can-
not be correctly fitted using the simple form (2)
for the correction. The C~C bond parameters are
thus fitted to a bonding situation different from
the one which is to be investigated, and we are
not considering C-C bondbreaking. The inter-
atomic force constants of the hydrocarbons are
taken from ref. {31]. The platinum-hydrogen pa-
rameters are fitted to the measured values of the
bond length [32] and the asymmetric vibration
[33] of atomic adsorbed H on Pt(111). The plat-
inum—carbon parameters are fitted to the mea-
sured bond length [8] and perpendicular vibration
[34] of ethylidyne on Pt(111). The parameters are
shown in table 2.

The atomic orbitals included in the extended
Hiickel calculation for the platinum are the 5d,
6s, and 6p’s. The inclusion of the 6p’s is impor-
tant since the s and d orbitals have even symme-
try and the atom can only polarize through the
odd-symmetry p orbitals.
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Table 2

Repulsive pair-potential parameters a and b; the experimen-
tal bond lengths, r,, and force constants, K, are for hydrogen,
methane and acetylene molecules, and for atomic hydrogen
and ethylidyne on Pt(111)

ry K a b

A  (eVA2)[mdyn A1) A)
H-H 075 244 [3.91] 62 011
H-C 110 342 [5.48] 200 005
C-C 120 1025{16.42] 233 005
H-Pt 1.70 5.7 [0.91) 75 0.17
C-Pt 200 19.0 [3.04] 125 0.15

3. Adsorption energies

The energy calculations are performed with
periodic boundary conditions in two dimensions.
The unit cell is (2 X 2), containing one hydrocar-
bon molecule. The metal is found to be suffi-
ciently well represented by a 3 layer slab [23],
containing 12 metal atoms in the unit cell. This
structure corresponds to the periodicity of the
ordered overlayers of ethylene and ethylidyne

0.4 L

0.0 |-

-0.4 |- CHCH+2H
CCH2+2H

Relative Energy (eV)

-0.8 |-

(100)

CCHs+H

Fig. 1. Ethylidyne on Pt(111). The geometry is optimized with
respect to the coordinates of the hydrocarbon. The unit cell is
the (2% 2) cell containing 1 hydrocarbon species.

observed experimentally on Pt(111) at 1/4 mono-
layer coverage. We assume the geometry of the
(100) surface to be the unreconstructed one, which
is the case in catalytic conditions where the ad-
sorbates lift the reconstruction of the clean sur-
face. The geometry is illustrated in fig. 1 in the
case of ethylidyne on Pt(111).

CHCHs

CH2=CH2
CH2-CH2

CHCHz+H

(111)

Adsorption Configurations

Fig. 2. Calculated energy diagram of the surface species on Pt(111) and Pt(100). The two configurations CH,~CH, and CH,=CH,
are di-o and 7 bonding types, respectively. See table 4 for details of the adsorption geometries and fig. 3 for details of the bonding
configurations.
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An energy minimization with respect to all the
coordinates of the molecule has been performed
for each of the possible hydrocarbon species on
the surface. This is done by assuming reasonable
starting geometries, and by the conjugate gradi-
ent method to determine the local minimum of
the PES that defines a given surface species.

The results for the Pt(100) and Pt(111) sur-
faces are summarized in fig. 2. The adsorption
energies are defined as follows: for adsorbed
ethylene it is the energy of the surface—adsorbate
system minus the energy of the bare surface mi-
nus the energy of the molecule; for the interme-
diates it is the energy of the surface—adsorbate
system minus the energies of the bare surface and
of the gas phase ethylene minus or plus the
energy of adsorbed hydrogen atoms. So, for
example: E, (ethylidyne + H) = E(surface +
ethylidyne + H) — E(surface) — E(ethylene). The

vinyl ethylene (di-c)

vinylidene

adsorption energy for hydrogen is defined as
E,4(H) = E(surface + H) — E(surface) — 2E(H,).

Ethylidyne (CCH,) is found to be the most
stable species on the (111) surface; this supports
the experimental finding that it is present on the
surface under catalytic conditions, but it is a dead
end and not an intermediate in the catalytic reac-
tion. Vinylidene (CCH,), vinyl (CHCH,), and
ethylidene (CHCH,) are local minima on the
potential energy hyper-surface: they are expected
to be intermediates on the surface. The large
relative differences in the binding energies be-
tween ethylidyne and the other intermediates ex-
plains why only ethylidyne is seen experimentally
on the surface.

The adsorption energies for the different sur-
face species on the (100) surface follow the same
trend as on Pt(111) with one important exception.
The ethylidyne is not very stable on the (100)

ethylidyne

ethylene () ethylidene

Fig. 3. The calculated adsorption geometries: the total energy of configurations are minimized with respect to all the coordinates of
the hydrocarbons. The atomic radii have no physical significance.
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Table 3
Calculated binding energies, in eV, of ethylidyne on Pt(111)
and Pt(100)

Attractive orbital Repulsive Binding

energy energy energy
111 -2.0 1.0 -1.0
(100) -1.9 1.8 -0.1

surface. This should be expected since the ad-
sorption geometry on the (111) face is the tetra-
hedral one in the threefold site, while there are
no threefold sites on the (100) face. However, this
is not, as one might expect, the main reason for
the difference: a MO analysis within the ex-
tended Hiickel theory of the binding of ethyli-
dyne on Rh(100) [24] shows that the fourfold site
has the appropriate orbitals to bind the ethyli-
dyne. In table 3 are shown the binding energies
split into the attractive, orbital bonding term, and
the repulsive, electrostatic, term. The optimum
binding geometry forothis model is such that the
C-Pt bonds are 2.25 A on the Pt(100) surface and
2.01 A on the Pt(111) surface. From the table it is
seen that the orbital energies for the Pt(111) and
the Pt(100) surfaces are about the same; a MO
analysis similar to that mentioned above for the
rhodium surface also holds for the platinum sur-
face. In the case of platinum the difference in
binding energy for the two faces is dominated by
the repulsive term; this is in agreement with

Table 4

Optimized adsorption geometries of hydrocarbon species on Pt(111)

HREELS studies in which ethylidyne could not
be detected on the Pt(100) surface [15].

We did not find the ethyl radical (CH,CH;) to
be stable on either of the two surfaces, with
respect to ethylene in the gas phase and adsorbed
hydrogen atoms. This means that it probably is a
short-lived transition complex in the hydrogena-
tion of ethylene to ethane.

4. Adsorption geometries

The determination from experiment of adsorp-
tion geometries for species that form ordered
overlayers is today performed through LEED ex-
periments and analysis, for example. This is a
good test of the prediction of the equilibrium
structures resulting from the calculation. The only
LEED result for one of the species discussed
here is for ethylidyne on Pt(111), for which the
most recent study [8] has founq a Pt-C interlayer
spacing of 1.21 A (versous 1.22 A here)oand aC-C
bond length of 1.49 A (versus 1.59 A here): as
commonly observed, EHT distances are some-
what large.

Experimentally the (111) surface is by far the
most extensively studied single crystal face, so we
only report the adsorption geometries of that
face. Except for ethylidyne, which is not found
experimentally on Pt(100), the geometries of the
hydrocarbons are quite similar for the adsorption

Site Bond angles (°) Bond lengths (A)
C—C tilt C-C-H C-H tilt dequt de_c de
CHCH Bridge 0 149 2.00 1.27 1.11
CCH, Bridge 90 124 1.68 1.29 1.11
CCH, Hollow 90 109 1.22 1.59 1.11
CHCH, Top ¥ 42 124122 ® 2.04 1.34 1.11
CH,CH, Bridge 0 108 30 2.00 1.70 1.09
CH,=CH, Top 0 115 16 2.03 1.47 1.08
CHCH, Bridge ¥ 67 109/83 1.33 1.66 1.12/1.08

All the bridge site adsorbed species are aligned parallel to the bridge. The tilt angle is defined as the angle between the bond and
the surface plane, d-_g is the perpendicular distance between the surface bonded carbon and the surface plane.

2 Approximate adsorption sites for low symmetry configurations.

Y First angle is for the topmost C—H group, second angle is for the C—H bound to the surface.
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on the (100) face. The bond angles and bond
lengths are shown in table 4.

The bonding geometry of the methyl group in
ethylidyne and ethylidene is tetrahedral like that
of the methane molecule, as is to be expected.
We do not find the triangular geometry for the
acetylene previously proposed [35] to be the most
stable, although the binding energy of that geom-
etry is higher by only few tenths of an electron
volt.

5. Reaction barriers

The reaction pathways of chemical reactions
are the minimum energy paths on the potential
energy hyper-surface (PES), leading from one
local minimum representing the reactants to an-
other local minimum representing the products.
Determining the TS is in general a difficult theo-
retical task [36]. A high sophistication in the
theoretical methods is required in order to accu-
rately determine the energy of the transition state
(TS): this is certainly not provided with the ex-
tended Hiickel theory. However, with the EHT
we may nevertheless expect to obtain qualitative
indications. Another, practical difficulty of find-
ing a TS is that minimization schemes will move
away from the TS since it is a saddle-point.
Numerical methods have been developed to de-
termine transition states, but these methods are
at present only applicable for relatively low-di-
mensional phase space searches. We have instead
calculated the reaction barriers between different
surface species by smoothly transforming one
configuration into the other in such a way that

Table 5

the bond lengths and bond angles change mono-
tonically and continuously. The geometry of the
TS was then changed in directions perpendicular
to the trajectory in phase space; if this latter
search did not lower the energy of the TS signifi-
cantly, it was assumed that the saddle-point was
found within sufficient accuracy. In situations
where different paths seemed possible the most
optimal path was found.

It should be emphasized that the reaction bar-
riers we find are not rigorously determined math-
ematically, however, they do, within the model,
give a rigorous upper bound on the barrier
heights. For this reason and due to the inaccuracy
of the model we should expect to over-estimate
the heights of the reaction barriers. We do, how-
ever, believe that the trends discriminating be-
tween different paths are adequately represented.

We have calculated reaction barriers between
the stable surface intermediates formed after ad-
sorption of ethylene on the Pt(111) surface. The
reaction barriers are defined in fig. 4.

The difference in binding energies between A
and B is given by

Eg—E,=AE=E, ,g—Ep_ 4 (3)

The calculated barrier heights are listed in
table 5. The ethylene listed in the table is di-o-
bonded. We find no barrier between the -
bonded and the di-o-bonded ethylene.

The barrier for hydrogen diffusion on the sur-
face from one hollow site across a bridge to the
next hollow site was calculated to be 0.1 eV.
Therefore we have assumed hydrogen always to
be present in the optimal surface site for the
hydrogenation processes.

Calculated estimates of the reaction barriers E, _, g, in eV (The reaction A — B involves (I} Isomerization, (H) Hydrogenation, (D)

Dehydrogenation, or (C) Concerted mechanism)

A\B CHCH + 2H CCH, + 2H CCH,+H CHCH, + H CH,CH, CHCH,
CHCH + 2H - 3.1(D 1.6 (H) 32(C)

CCH, +2H 3.1(D - 1.8 (H) 2.1 (H) 55(C)

CCH, +H 2.1(D) - 4.6 (D 1.3 (1)
CHCH, + H 13 (D) 1.8(D) 40D - 1.8 (H)

CH,CH, 3.0(0) 53(0) 1.9 (D) - 44D
CHCH, 0.3 (D) 3.6 (D -
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E s-a
E A —B \Al/
E s
E A
Fig. 4. The reaction barriers for the chemical reaction A - B
and B—> A,

From table 5 it is seen that the estimated
barriers for hydrogenation / dehydrogenation pro-
cesses are in the range 1-2 eV, for isomerization
processes in the range 3-4 eV and for the con-
certed mechanisms, corresponding to two hydro-
genations / dehydrogenations, in the range 3-5
eV. Although the calculated barriers are high in
comparison with what would be expected from
experiments, the trends in the relative heights are
significant.

The concerted mechanisms like CH,CH, —
CHCH + 2H are not favorable; the barrier is
equal to or even higher than the sum of the
barriers for the stepwise reactions like CH,CH,
— CHCH, + H — CHCH + 2H. This type of re-
action will furthermore be thermodynamically
suppressed as is seen from entropy considera-
tions.

For isomerization processes we find that the
presence of the catalytic metal surface does not
significantly lower the barriers in comparison with
gas phase processes. The role of the metal sur-
face is to mediate direct hydrogenation or dehy-
drogenation of adsorbed atomic hydrogen.

According to our model, the pathway from
ethylene to ethylidyne will be CH,CH, —
CHCH, + H » CHCH + 2H —» CCH; + H, in
agreement with the findings of the ASED-MO
method [29). The first barrier is slightly higher
than the two subsequent ones; this is in agree-
ment with the experimental finding [6] that the

first C~H bond cleavage is the rate-limiting step.
It should, however, be stressed that within this
simple model we must be cautious about such
small energy differences. The model in fact does
conflict with recently proposed mechanisms for
dehydrogenation [13] like CH,CH, » CHCH, —
CCH,; +H and CH,CH,; —» CHCH, + H —
CCH; + H, since they both involve isomeriza-
tions.

6. Summary

We have used a simple semi-empirical tight-bi-
nding scheme based on the extended Hiickel the-
ory to calculate the binding energies and geome-
tries for the Pt(100) and Pt(111) surfaces and
reaction barriers and decomposition pathways for
hydrocarbon fragments on Pt(111).

We find that the dehydrogenation chemistry is
different on the Pt(111) and the Pt(100) surfaces.
Ethylidyne is the most stable adsorbate on the
Pt(111) surface while it is not very stable on the
Pt(100) surface. This is due to the larger carbon-
metal repulsion in the fourfold site in comparison
with the threefold site.

We find that the decomposition process of
forming ecthylidyne from adsorbed ethylene on
Pt(111) takes place via the pathway: dehydro-
genation of ethylene to vinyl, further dehydro-
genation to vinylidene, and finally hydrogenation
of vinylidene to ethylidyne.

This study of the dehydrogenation chemistry
on the platinum surfaces does suggest some in-
sight into the more important hydrogenation pro-
cesses. Firstly, we find that the ethyl, which must
be an intermediate or transition complex in the
hydrogenation of ethylene to ethane, is not sta-
ble, in the low coverage regime, on the surfaces.
Secondly, ethylidyne is very stable on the (111)
surface and is not an intermediate in any catalytic
reactions. This means that the surface will be
covered by a layer of ethylidyne while the cat-
alytic reaction takes place. This is not the case for
the (100) surface, on which the energy differences
between the different surface species are smaller
than on the (111) surface. We find that the bind-
ing energies on the (100) surface are, in general,
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slightly smaller than on the more close-packed
(111) surface. We can conclude that the trends
arc the same on the two faces except the case of
ethylidyne which is not stable on Pt(100). This
means that the catalytic conditions under which
the hydrogenation takes place are different for
the two surfaces.
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