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DFT-GGA periodic slab calculations were used to examine
the chemisorption, hydrogenation, and dehydrogenation of ethy-
lene on pseudomorphic monolayers of Pd(111) on Re(0001)
[Pdmi/Re(0001)], Pdmi/Ru(0001), Pd(111), and Pdmi/Au(111).
The computed (/3 x 4/3) di-o binding energy for ethylene on
Pdm/Re(00001), Pdpm/Ru(0001), Pd(111), and Pdm/Au(111) are
—10, —31, —62, and —78 kJ/mol, respectively. Hydrogen chemisorp-
tion follows trends very similar to the adsorption of ethylene with
calculated dissociative adsorption energies of +2, —6, —78, and
—83 kJ/mol, on the Pdy_/Re(00001), Pdy /Ru(0001), Pd(111), and
PdmiL/Au(111) surfaces, respectively. The elementary reactions of
ethylene hydrogenation to form a surface ethyl intermediate and
the dehydrogenation of ethylene to form a surface vinyl species
were examined as model reactions for metal-catalyzed coupling and
adsorbate bond-breaking reactions, respectively. Activation barri-
ers and energies of reaction were computed for these elementary
C-H bond-forming and C-H bond-breaking reactions over all the
aforementioned surfaces. Calculations indicate that the activation
barriers for the C—H bond breaking of surface-bound ethylene and
ethyl intermediates correlate linearly with the corresponding over-
all energies of reaction for different Pd overlayer surfaces, with a
slope of 0.65. The C-H bond activation barriers appear to be lower
on surfaces where the reaction is more exothermic, consistent with
the Evans—Polanyi postulate. Finally, we demonstrate that both the
trends in the adsorption energy of ethylene and the activation bar-
riers for hydrogenation/dehydrogenation of ethylene are correlated
to the intrinsic electronic properties of the bare metal surface. Using
concepts derived from frontier-orbital theory, we extend the simple
surface-activity model developed by Hammer and Ngrskov (Surf.
Sci. 343 211 (1995)) to predict the chemisorption and surface reac-
tivity of both ethylene and ethyl on different surfaces. The d-band
for the bare Pd overlayer is observed shifting closer to the Fermi
energy as the substrate metal is changed from a reactive metal such
as Re to a noble metal such as Au. Since C-H bond activation of
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ethyl and ethylene is primarily guided by electron-backdonation to
the antibonding ocw+ orbital, the activation barriers for C-H bond
breaking were found to be lower on surfaces where the d-band is
closer to the Fermi level. The converse is true for the microscopic
reverse, C—H bond formation reaction. @ 2000 Academic Press

Key Words: ethylene; hydrogenation; dehydrogenation; bimetal-
lic overlayers; palladium; chemisorption; ethyl; vinyl; density func-
tional theory; Evans—Polanyi relation; LFER.

1. INTRODUCTION

The transformation of chemical species on a transition
metal surface is typically brought about by a series of ele-
mentary adsorbate bond-breaking and coupling steps. It is
well-known that transition metals to the left of the periodic
table form strong metal-adsorbate bonds due to vacancies
in the valence d-band. Adsorbate dissociation increases the
number of metal-adsorbate bonds and is therefore ther-
modynamically favored on these metals. For example, CO
readily dissociates on metals such as Mo and W that are
to the left of the periodic table, while it is molecularly ad-
sorbed on metals such as Pd, Pt, and Au, which are situated
at the right end of the transition metal series (1). While
bond-breaking activity is often required in metal catalysts,
complete decomposition of organic reactants can lead to
coking of the catalyst surface. The completion of a catalytic
cycle also requires desorption of the products. This desorp-
tion step is, in most cases, preceded by the recombination
of product fragments on the catalyst surface. Reactive met-
als such as Mo and Re, which form strong metal-adsorbate
bonds, are not as efficient for such coupling reactions. A del-
icate balance between bond-scission and fragment-coupling
activity is therefore required to complete the sequence of
elementary steps that comprise the overall catalytic cycle.
This generalized concept of catalytic reactivity was recog-
nized by Sabatier in the early half of the 20th century and
is commonly referred to as the Sabatier principle (2).
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An optimal trade-off between adsorbate bond-breaking
and fragment-recombination functionality is often achieved
by using a bimetallic catalyst composed of reactive and no-
ble metals. Steam reforming of methane (Ni-Au), Fischer-
Tropsch synthesis (Ni-Co), aromatics production (Pt-Re),
and tetrahydrofuran synthesis (Pd—-Re or Ru-Re) are just a
few examples of commercially relevant processes that em-
ploy bimetallic catalysts (3-6). Understanding the role of
bimetallic metal-metal interaction on chemical reactivity in
such systems is likely to aid the development of new cata-
lytic materials.

In recent years, surface scientists have successfully syn-
thesized and characterized well-defined bimetallic overlay-
ers and alloyed surfaces under ultrahigh vacuum (UHV)
conditions (7-18). Advances in computational quantum-
chemical techniques and computer hardware are also
making it possible to model the surface reactivity of these
idealized bimetallic surfaces (19-24). Through theory and
experiment, it is now possible to probe the reactivity of a
well-structured bimetallic surface at the atomic level. In this
paper, we use density functional theory to examine the in-
trinsic electronic properties of bimetallic, pseudomorphic
overlayer surfaces and their effects on C-H bond-breaking
and C-H bond-making activity. To accomplish this, we con-
sider the reactions of ethylene on pseudomorphic monolay-
ers of Pd on close-packed surfaces of Re, Ru, Pd, and Au.
The coupling reaction of interest here is the surface reaction
of ethylene and atomic hydrogen to form a surface ethyl
intermediate. Metal-induced adsorbate bond-breaking is
examined by studying the dehydrogenation of ethylene to
form a surface vinyl species.

1.1. Ethylene Hydrogenation versus Decomposition
on Metal Surfaces

The adsorption, hydrogenation, and thermal decomposi-
tion of ethylene has been experimentally studied on a num-
ber of well-defined single-crystal surfaces including Pd(100)
(25, 26), Pd(111) (27, 28), Pd(110) (29, 30), Fe(100) (31),
Pt(111) (32-34), Ag(111) (35), and Rh(111) (36). Depend-
ing upon the reaction conditions and the nature of the sur-
face, it is known that ethylene can either selectively hy-
drogenate to ethane or decompose to form species such
as ethylidyne and other CyH, intermediates (37). Under
some conditions and over certain metals, both hydrogena-
tion and dehydrogenation reactions occur with compara-
ble rates. While there is a wealth of experimental data on
the reactivity of chemisorbed ethylene on various different
metal surfaces, a fundamental understanding of how the
intrinsic properties of the surface control olefin hydrogena-
tion versus dehydrogenation activity is still premature. In
this paper, we begin to address this issue by analyzing the
changes in the activation barrier for hydrogenation and de-
hydrogenation of ethylene due to changes in the electronic
properties of the metal surface.
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The detailed reaction pathways for ethylene decomposi-
tion on a metal surface are quite complex (34-36, 38, 39),
and a comprehensive analysis of all pathways is beyond the
scope of this work. We consider here the initial elementary
activation steps in the hydrogenation and dehydrogenation
of ethylene. The first involves the hydrogenation of ethy-
lene to form surface-bound ethyl. The second elementary
reaction is the dehydrogenation of ethylene to form vinyl.
These are used herein, as model reactions to characterize
the hydrogenation versus dehydrogenation activity of the
metal surface.

1.2. Hydrogenation of Ethylene to Surface
Ethyl on Pd(111)

The hydrogenation of ethylene has been studied exten-
sively on different single-crystal surfaces as a model for
olefin hydrogenation (29, 32, 40, 41). Detailed experiments
have confirmed that the reaction proceeds via the Horiuti—
Polanyi mechanism with the formation of an ethyl surface
intermediate (42-44). More recent sum frequency gener-
ation (SFG) experiments on Pt(111) indicate that while
the surface is primarily covered with di-o-bound ethylene,
the w-bound ethylene species may be more important for
hydrogenation activity (32). On palladium, however, it is
not known whether hydrogenation of the = or di-o species
dominates the surface. In an early study for ethylene hy-
drogenation over Pd(111) we found that repulsive inter-
actions between m-bound ethylene and atomic hydrogen
force ethylene into the di-o-bound mode, at low surface
coverages (45-47). Hydrogenation of the di-o-bound ethy-
lene appeared to be the only stable reaction pathway at low
surface coverage. More recently, however, we found that,
at higher surface coverages, hydrogenation of the =-bound
ethylene has a lower activation barrier and may be more
preferable (45-47). In this work, we uncouple the intrinsic
reactivity from coverage effects and examine the hydro-
genation of the di-o ethylene, which is the more favorable
intermediate at low coverage.

The DFT-calculated reaction pathway for the hydrogena-
tion of ethylene to ethyl on Pd(111) is shown in Fig. 1
(45, 46). The hydrogenation of ethylene to ethyl involves
the insertion of a surface atomic hydrogen into the Pd-C
bond to form a new C-H bond. The mechanism is more
easily analyzed by examining the reverse step, which from
microscopic reversibility is the g-hydride elimination reac-
tion. The electronic interactions involved in the C-H bond
activation of the ethyl intermediate on Pd(111) are illus-
trated in Fig. 2. Figure 2 (see lowermost frame) shows the
density of states projected to the g-carbon 2p and hydrogen
1s states of ethyl in vacuum. The states located below and
above the Fermi energy at —6.0 and +5.0 eV correspond to
the o cn (bonding) and oy, (antibonding) orbitals, respec-
tively. For ethyl on Pd(111), these orbitals do not interact
with the metal. The g-hydride elimination step involves an
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FIG. 1. DFT-computed reaction pathway for ethylene hydrogenation
to a surface ethyl species on Pd(111). (a) Di-o-bound ethylene and hydro-
gen on Pd(111); (b) transition state; (c) ethyl on Pd(111).

agostic stretch of the C-H bond. As the C-H bond is elon-
gated, the overlap between the carbon (sp® hybrid orbital)
and H (1s orbital) is reduced. Consequently, the energy gap
between the ocH and ocn-+ States is reduced, and these or-
bitals shift closer to the Fermi energy. At the transition state,
the o cy and o+ Orbitals begin to interact with the valence
s-, p-, and d-states of the metal, resulting in electron dona-
tion and backdonation interaction states (as is seen in the
second panel of Fig. 2). This interaction is stronger for the
oy state with the metal d-band, as compared to that for the
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o cy State. In other words, the C—H bond activation of ethyl
is primarily guided by the backdonation of electrons from
the metal into the antibonding ocy- state of ethyl (48). The
DFT-computed C-H bond distance at the transition state
geometry for this reactionis 1.7 A (refer to Fig. 1). The tran-
sition state is late along the reaction coordinate for ethyl
C-H bond activation. From Fig. 1, there appears to be a
significant level of Pd—H and Pd-C bond formation at the
transition state. These results are consistent with previously
reported theoretical results for the C-H bond activation of
species such as acetate on Pd(111) and methane and ethyl
on Ni (49-53).

1.3. Dehydrogenation of Ethylene to Vinyl on Pd(111)

The dehydrogenation of ethylene to vinyl is speculated
to be a single elementary step (25), although the vinyl sp-
ecies has never actually been identified on the Pd(111) and
Pt(111) surfaces (27, 38). This may be because species such

Pd(111) d-band

Transition State

- anti-bonding
states

Ethyl on Pd(111)

Gcy f\
4 A

E-E

fermi (CV)

FIG. 2. Frontier orbital interactions for C-H bond activation of ethyl
on Pd(111). Shaded areas indicate density of states (DOS) projected to
carbon 2p and hydrogen 1sstates of the 8 C—H bond. Solid line corresponds
to DOS projected to Pd d-band for the adsorbate-metal system. The bare
surface Pd d-band (dotted line) is shown for comparison.
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FIG.3. DFT-computed reaction pathway for ethylene dehydrogena-
tion to a surface vinyl species on Pd(111). (a) Di-o-bound ethylene on
Pd(111); (b) transition state; (c) #'n?-bound vinyl and 3-fold hydrogen on
Pd(111).

as ethylidyne and ethylidene are much more stable than
vinyl on the (111) hexagonal facets. Vinyl has been observed
to be stable, however, on the Pd(100) surfaces (25). It has
been speculated that di-o-bound ethylene is the reactive
intermediate for vinyl formation (25, 40).

Figure 3 shows the reaction pathway for the dehydro-
genation of ethylene to vinyl on a Pd(111) surface, as de-
termined using DFT calculations. The reaction coordinate
for C-H bond breaking of ethylene bears close semblance
to that of ethyl 8-hydride elimination. Similar to ethyl C-H
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bond activation, the dehydrogenation of ethylene involves
the interaction of the ocy and ocy+ orbitals of ethylene
with the metal. Following an agostic stretch of the C-H
bond, electron backdonation into the anti-bonding o* or-
bital causes weakening of the C-H bond, ultimately break-
ing it. C—H bond scission in this case also occurs over asingle
surface metal atom. Remarkably, the C-H bond distance
(1.75 A) at the transition state is nearly the same as that
found for ethyl C-H bond activation. The transition state
for this reaction is situated late along the reaction coordi-
nate for ethylene dehydrogenation. The primary difference
between ethylene and ethyl C-H bond activation involves
the concerted torsion of the C=C-Pd-Pd dihedral angle,
from 0° to 30°, during the C-H bond breaking of ethylene.
This torsion is necessary because the resulting vinyl species
is most favorably bound in the 75> mode (see lowermost
panel in Fig. 3).

2. COMPUTATIONAL DETAILS

Nonlocal gradient-corrected, density functional calcula-
tions were used to determine all the structural and ener-
getic results discussed in this paper. All calculations were
performed using a full, periodic slab geometry to repre-
sent the metal surface. In cluster calculations, the molec-
ular orbitals are generally localized to a finite region in
three-dimensional space. They are therefore approximated
by a linear combination of atom-centered Gaussian- or
Slater-type functions, which constitute the atomic orbital
basis set. In the periodic slab, the metal eigenstates close
to the Fermi level are best described by Bloch functions
(54, 55). The valence eigenstates are therefore approxi-
mated by a linear combination of a plane wave basis set
with a maximum kinetic energy of 40 Ry (56). For our cal-
culations, it was ensured in a few cases that the total en-
ergy of the system did not change by increasing the cutoff
energy beyond 40 Ry. The core orbitals are described by
frozen-core, scalar-relativistic, norm-conserving pseudopo-
tentials (57). The exchange-correlation potential used in the
local density approximation is of the functional form pro-
posed by Vosko, Wilk, and Nusair (58). Nonlocal contribu-
tions to the exchange-correlation energy were incorporated
self-consistently while the Kohn-Sham equations were
solved (59, 60), using the Perdew—-Wang (PW91) functional
(61).

For ethylene on Pd(111), a (/3 x 4/3) unit cell was found
to provide an optimal balance to minimize the size of the
unit cell without encountering strong adsorbate—adsorbate
repulsive interactions (50). Eighteen Chadi—Cohen special
k-points were found to be adequate for sampling the first
Brillouin zone corresponding to this (/3 x 4/3) super cell
in real space (62). Hydrogen adsorption was examined for
a (1 x 1) unit cell. Fifty-four Chadi—Cohen special k-points
were found to be adequate for the first Brillouin zone sam-
pling in this case (62).
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The description of wavefunctions, in the direction per-
pendicular to the slab by a finite number of plane waves,
requires the periodic repetition of the slabs normal to the
surface. The slab periodicity perpendicular to the surface
was chosen appropriately to eliminate interactions between
adjacentslabs. A vacuum region of thickness corresponding
to five metal layers was found to be adequate for this pur-
pose. Electronic occupations were Fermi-distributed with
an electronic kgT = 0.1 eV to stabilize the electronic con-
vergence scheme, but all final total energies were extrapo-
lated back to 0 K (63). Since the metal surfaces examined
here are nonmagnetic in the bulk, all slab calculations were
performed spin-unpolarized. Calculations were performed
using the DACAPO program developed at the Technical
University of Denmark (64, 65).

Transition states for C-H bond-breaking of ethyl and
ethylene were determined using reaction coordinate cal-
culations on a cluster model of the Pd(111) surface (45,
46). For the C-H bond-breaking reactions, the principal
component to the reaction coordinate is along the C-H
bond stretch. The C-H bond stretch was, therefore, cho-
sen as a starting reaction coordinate to locate the transi-
tion state. The first step in our transition state search pro-
cedure was to map out a series of structures, having C—
H bond distances intermediate to the reactant and prod-
uct. At each of these structures, the geometry was partially
optimized by minimizing the energy of the system along
all internal modes except the C-H bond distance, which
was kept constrained during the optimization procedure.
This constrained geometry optimization scheme provided
a series of structures and energies along the chosen trial
reaction coordinate. The point of maximum energy along
the trial coordinate provided a better guess for the tran-
sition state geometry. Detailed transition state search al-
gorithms were employed to refine the transition state ge-
ometry, such that the energy gradients along all internal
modes were close to zero. Vibrational frequencies were
computed at the resulting transition state structure, to ver-
ify the existence of a negative eigenmode, corresponding
to the reaction coordinate. Transition states for ethyl and
ethylene C-H bond breaking were re-optimized for all the
pseudomorphic, Pd(111) overlayer slabs, using the cluster-
optimized transition state as an initial guess structure. The
calculation of forces in the periodic slab geometry, using
the cluster-optimized transition state as a trial structure, in-
dicated that the forces on the atoms were very small in all
directions, except in the direction perpendicular to the slab.
The transition state geometry was therefore re-optimized
to minimize the forces along this direction. At the final slab-
optimized transition state structure, the forces in all direc-
tions were within the convergence threshold of 0.2 eV/A.
A comparison of the cluster-optimized geometries with the
periodic slab structures showed very little differences for
the adsorbate C-C and C-H bond distances. The metal-C
and metal-H bond distances in the slab calculations, how-
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FIG. 4. Pseudomorphic Pd overlayers examined in this study. The
lightly shaded elements on the periodic table indicate the substrate metals
studied in this paper.

ever, were observed to be consistently shorter (~0.1 A)
than the corresponding distances in the cluster optimized
geometry. This is most likely because of the different pseu-
dopotentials and basis functions used in the cluster and slab
calculations.

The surfaces examined in this study are depicted in Fig. 4.
Each slab is composed of three metal layers, the lower two
belonging to the substrate metal (Re, Ru, Pd, or Au) and
the top layer being Pd in all cases. Previously, we showed
that a three-layer slab model is adequate to predict reason-
able adsorption energetics for adsorbates such as ethylene
and hydrogen (23, 50). The substrate metals were chosen so
as to span a set of elements across the periodic table, which
have a different number of valence d-electrons. The choice
of surfaces was also motivated by the fact that these surfaces
have been studied experimentally under UHV conditions
(7,9, 10, 27, 66, 67). The surfaces examined are the close-
packed surfaces for the substrate metal. For hcp metals Re
and Ru, the (0001) plane has the highest surface atom den-
sity. Similarly, for fcc elements Pd and Au, the (111) facet is
most closely packed. The Pd overlayer was initially placed
at the idealized pseudomorphic position corresponding to
the substrate and was subsequently optimized. It has been
reported that the growth of the Pd overlayer, on all of the
substrates analyzed here, occurs in a layer-by-layer fashion
described by the Frank-van der Merwe mode (7, 10, 67).
Surfaces with a pseudomorphic monolayer of Pd on sub-
strates such as Re and Ru are observed to be thermally sta-
ble at high temperatures, with minimal alloying of the sur-
face and substrate layers (7). Pdy/Au(111), on the other
hand, is stable only at very low temperatures (9, 10). At
300 K, significant intermixing of the Pd overlayer and the Au
substrate is observed (9, 10). In this study, we only examine
the pseudomorphic overlayers. The metal-metal distance
within each layer was set to the experimental interatomic
distance for the substrate metal. For Re, Ru, Pd, and Au,
the interatomic distances are 2.76, 2.71, 2.75, and 2.88 A,
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respectively (54). All structural variables for the adsorbate
and the slab were optimized, with the exception of the low-
ermost layer of the slab, which was intentionally fixed to
the bulk lattice parameter.

3. RESULTS

3.1. Ethylene and Hydrogen Chemisorption

The (/3 x /3) periodic adsorption of ethylene was ex-
amined on the Pdy/Re(0001), Pdy /Ru(0001), Pd(111),
and Pdy/Au(111) surfaces using DFT-GGA slab calcu-
lations. Table 1 summarizes the DFT-optimized geomet-
ric parameters and binding energies for ethylene on all
the surfaces. The adsorption of ethylene is least favorable
on Pdm/Re(0001) with a very weak binding energy of
—10 kJ/mol. The computed adsorption energy for ethylene
on Pdy /Ru(0001) is —31 kJ/mol, which is slightly higher
than that on Pdy /Re(0001). Although we have not been
able to find experimental estimates for ethylene adsorp-
tion on these surfaces, Koel and co-workers have demon-
strated experimentally that ethylene binds more weakly
to Pd monolayers on the Mo(100) surface as compared
to Pd(111) (68). It is also well established that molec-
ular adsorbates, such as CO, bind more weakly on the
bimetallic Pdy /Re(0001) and Pdy/Ru(0001) surfaces in
comparison to monometallic Pd(111) (7, 8, 66). Campbell
et al. report that the CO desorption temperatures from the
Pdm/Re(0001) and Pdy /Ru(0001) surfaces are 110 and
125 K, respectively, lower than that from the monometal-
lic Pd(111) surface (7). XPS measurements indicate that
there is a shift in the energy of the Pd (3d°?) electron to
a higher binding energy due to the presence of the Re
or Ru bulk (7, 8, 66). Hammer and Ngrskov theoretically
demonstrate a corresponding shift in the valence d-band
for these pseudomorphic Pd monolayers (21, 69). This shift
to a higher electron binding energy indicates that there
are strong Pd-Re and Pd-Ru interactions, resulting in the
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weakening of the adsorbate interaction energy with the Pd
overlayer. A detailed analysis of the electronic factors de-
termining the changes in adsorption energies is presented in
Section 4.2.

In contrast to these surfaces, the adsorption of ethylene
on Pd(111) is significantly stronger, with a binding strength
of —62 kJ/mol. The DFT-calculated result is in good agree-
ment with previously computed theoretical values (—60
and —55 kJ/mol) (70, 71) and experimental TPD estimates
(—=59 kd/mol) (27, 72). Amongst all the surfaces examined
in this paper, the adsorption of ethylene is strongest on the
bimetallic Pdm/Au(111) surface, with a binding energy of
—78 kJ/mol. Koel and co-workers have studied the adsorp-
tion of CO on Pdy /Au(111) and have determined that the
binding energy of CO on the Pdy /Au(111) is comparable
to that on Pd(111) (9). At 300 K, however, the Pd over-
layer and the Au substrate begin to intermix, forming sur-
face alloys and rendering the experimental analysis difficult
(9, 10).

Table 1 tabulates the optimized structural parametersim-
portantin ethylene di-o chemisorption on each of the metal
surfaces. Although the direct interaction of ethylene is with
the Pd overlayer in all cases, there are noticeable differences
in the Pd-carbon (Pd-C) bond distances for the different
surfaces. The Pd—C bond distances appear to correlate here
with the metal adsorbate bond strengths. For instance, the
Pd-C bond distance is shortest (2.14 A) on Pdy/Au(111),
where ethylene is most strongly bound. The same bond
is about 0.15 A longer on Pdy /Re(0001), which ex-
hibits the weakest interaction with ethylene. The calculated
C-C bond distance for vapor-phase ethylene and ethane
are 1.34 and 1.54 A, respectively. The C=C bond length
for di-o-bonded ethylene is observed to increase on sur-
faces that exhibit stronger adsorption energies (Table 1).
This is commensurate with a decreasing C=C bond order
due to rehybridization of the valence orbitals on carbon
from sp? to sp® during di-o adsorption. The longer C-C
bond distance on Pdy /Au(111) may also be partly due

TABLE 1

Geometric Parameters and Energies for Ethylene and Hydrogen Chemisorption on Pd(111)
and Pseudomorphic Monolayer of Pd(111) on Re(0001), Ru(0001), and Au(111)

Lateral
Binding interaction
AEags CoHy Pd-C C=C energy (H) AEqags Ha Pd-H energy
Surface (k3/mol)? A) (A) (kJ/mol) (kJ/mol)® A (kd/mol)®
PdmL/Re(0001) -10 2.30 1.39 —217 +2 1.85 +12
Pdm/Ru(0001) -31 2.25 1.41 —221 —6 1.80 +18
Pd(111) —62 2.19 1.45 —257 —78 1.80 +18
Pdm/Au(111) -78 2.14 1.45 —260 -83 1.83 +15

2Binding energy of ethylene on bare metal surface for (/3 x /3) adsorption.
b Energy for dissociative adsorption of H,. Coverage = 100% fcc sites.
¢Based on ethylene and hydrogen (/3 x 4/3) coadsorption. Lateral interaction energy is per C;H;—H pair.
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to the increased lattice Pd-Pd distance for this surface
(2.88 A).

The binding of atomic hydrogen was also examined on
all the surfaces of interest in this paper. Atomic hydrogen
prefers the 3-fold fcc site on Pd(111) (23, 73-75). The ad-
sorption of hydrogen was studied at 100% coverage of the
3-fold fcc sites. The lateral interactions between adsorbed
hydrogen atoms on Pd are rather weak. At 100% coverage
of H on Pd(111) the repulsive interactions were found to be
within 20 kJ/mol and were predominantly due to through-
space interactions between the hydrogen atoms (23, 74).
The through-space adsorbate—adsorbate interactions are
less dependent on the nature of the surface and are, there-
fore, very easy to correct, to calculate the low-coverage
adsorption energies. The calculated trends in the binding
energy at 100% coverage, reported here, are also expected
to be valid for a lower surface coverage of hydrogen.

The DFT-calculated binding energy of atomic hydrogen
on Pdm/Re(0001), Pdy /Ru(0001), Pd(111), and Pdwy./
Au(111) are —217, —221, —257, and —260 kJ/mol, respec-
tively. Accounting for the H-H bond dissociation energy
in the vapor phase (+436 kJ/mol) (76), the energy of dis-
sociative adsorption of H, on the Pdy./Re(0001), Pdm./
Ru(0001), Pd(111), and Pdym/Au(111) surfaces are esti-
mated to be +2, —6, —78, and —83 kJ/mol, respectively.
The DFT-computed adsorption energy for hydrogen on
Pd(111) isin good agreement with previously reported the-
oretical (73, 75, 77) and experimental (78) values. It is in-
teresting to note that the dissociative adsorption of H, on
PdwmL/Re(0001) and Pdwm /Ru(0001) is almost thermoneu-
tral. Hammer and Ngrskov have shown that the activation
barriers for dissociative chemisorption of H, on surfaces ap-
pear to correlate with the overall chemisorption energies
(69, 79, 80). For surfaces such as Cu(111), where H, dis-
sociative chemisorption is weakly exothermic, the adsorp-
tion process is activated with a barrier of about 50 kJ/mol
(79, 80). Based on this observation, it is likely that the ad-
sorption of H is also activated on the Pdy /Re(0001) and
Pdm/Ru(0001) surfaces.

DFT calculations indicate that the dissociative adsorp-
tion of H, on the Pd(111) and Pdy/Au(111) surfaces are
exothermic by —78 and —83 kJ/mol, respectively. Disso-
ciative hydrogen chemisorption is known to be nonacti-
vated on Pd(111) (79). Since atomic hydrogen is slightly
more strongly bound to Pdm /Au(111), it is unlikely to
have a barrier on this surface. Table 1 shows the optimized
metal-hydrogen (M-H) bond distance for the binding of
a single hydrogen atom to the 3-fold fcc site. The M-H
bond distance is roughly 1.8 A for all the surfaces stud-
ied here. It is slightly longer on the Pdy /Re(0001) surface,
which is consistent with the weaker interaction of hydro-
gen on this surface. The slightly longer M—H distance on
the Pdm/Au(111) surface is most likely due to the larger
lattice parameter for this surface (2.88 A) as compared to
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that of Pd(111) (2.75 A). It is important to note that the
trends in ethylene adsorption energies and atomic hydro-
gen chemisorption energies on all the surfaces examined in
this paper are very similar. Both ethylene and hydrogen are
very strongly bound on the Pdy /Au(111) surface and most
weakly bound on the Pdy /Re(0001) surface.

The hydrogenation of ethylene to a surface ethyl interme-
diate requires the coadsorption of ethylene and hydrogen
at adjacent sites, by the sharing of surface metal atoms. Lat-
eral interactions between the two adsorbates are likely to
influence the adsorption energies of both species. To esti-
mate the lateral interaction energies between C,H, and H,
the coadsorption of these two species was examined for a
(4/3 x 4/3) coverage on all the surfaces. For a (/3 x +/3)
structure, each di-o-bound ethylene species has two near-
est neighbor hydrogen atoms. The lateral interaction en-
ergy per ethylene-hydrogen pair was therefore estimated
as half the difference in the adsorption energy of ethylene
on the surface, with and without preadsorbed hydrogen.
The lateral interaction energies thus calculated are listed
in Table 1. It appears that the interaction energies between
ethylene and hydrogen are 12-18 kJ/mol repulsive and show
relatively weak dependence on the nature of the substrate.

3.2. Hydrogenation of Di-o-Bound Ethylene to Ethyl

In section 1.2 we described the reaction pathway for the
hydrogenation of ethylene from the di-o-adsorbed mode.
In this section, the reaction energetics for the hydrogena-
tion of ethylene to ethyl on the various pseudomorphic
Pdm/M(111) (M=Re, Ru, Pd, and Au) surfaces are
discussed. Table 2 summarizes the activation barrier and
energy of reaction for the hydrogenation of ethylene to
ethyl on the Pd overlayer with different substrates. DFT
calculations indicate that the hydrogenation of ethylene
to ethyl is almost thermoneutral on the Pd(111) surface.
The same reaction is exothermic by —48 kJ/mol on the
PdmL/Re(0001) surface and exothermic by —34 kJ/mol on
the Pdy /Ru(0001) surface. Interestingly, the hydrogena-
tion reaction is endothermic on the Pdy /Au(111) surface
with an energy of reaction of +32 kJ/mol.

In Fig. 5, we plotted the DFT-computed binding energy of
atomic hydrogen, ethylene, and surface ethyl on the differ-
ent surfaces examined here. It is interesting to observe that
the binding energies of all three species show very similar
trends. They are all strongly bound on the Pdy /Au(111)
surface and weakly adsorbed on the Pdy/Re(0001) sur-
face. The hydrogenation reaction involves the coupling of
surface-bound ethylene and hydrogen to form a surface
ethyl intermediate. It follows that the differences in the
overall reaction energies for the hydrogenation of ethylene
to surface ethyl are, therefore, likely to follow the changes
in the adsorption energy of ethylene, on the various pseu-
domorphic overlayers.
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TABLE 2

Activation Barriers and Energy of Reaction for Ethylene Hydrogenation to Ethyl on Poll((lll) and Pseudomorphic
Monolayers of Pd(111) on Re(0001), Ru(0001), and Au(111) (C,Hj + H* ?f CoHE +7)

Geometric parameters

at transition state
AEZ (kJ/mol)

AEp (kJmol) AE!, (k3/mol) B-hydride C-H Pd-H Pd-C

Surface hydrogenation hydrogenation elimination (A) (A (A)
Pdm/Re(0001) —48 +78 +126 1.74 1.59 244
Pdm/Ru(0001) —34 +77 +111 1.72 1.59 244
Pd(111) 0 +82 +82 1.69 1.56 231
Pdw/Au(L11) 432 +104 472 1.66 1.55 233

Activation barriers for hydrogenation were determined
by optimizing the reactant, transition state, and products for
ethylene hydrogenation individually on each of the surfaces
and computing the difference in the total energy between
the transition state and the reactant state. The activation
barriers for the microscopic reverse reaction of g-hydride
elimination of the surface ethyl intermediate are also listed
in Table 2.

The geometric parameters along the reaction coordinate
for ethylene hydrogenation to ethyl were observed to be
fairly similar for the different pseudomorphic Pd/M(111)
surfaces (Table 2). The C-H bond distances at the transi-
tion state are between 1.66 and 1.74 A over the different Pd
pseudomorphic overlayers. The C-Pd and H-Pd bond dis-
tances, however, are slightly longer on the Pdy./Re(0001)
and Pdy /Ru(0001) overlayers as compared to those on
Pd(111), consistent with the weaker interaction of the
fragments with the bimetallic Pdy /Re(0001) and Pdm./
Ru(0001) surfaces. The activation barriers and overall reac-
tion energies for both ethylene hydrogenation and ethylde-
hydrogenation are shown in Table 2. The activation barri-
ers for ethylene hydrogenation on Pdy /Re(0001), Pdm./
Ru(0001), and Pd(111) are fairly similar (ca. 80 kJ/mol).
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FIG.5. DFT-computed binding energies of ethylene (#), ethyl (A),

and atomic hydrogen (H) on Pdy,/Re(0001), Pdy/Ru(0001), Pd(111),
and Pdw/Au(111) surfaces.

The activation barrier for hydrogenation is about 20 kJ/mol
higher on the Pdy /Au(111) surface. The reverse step, i.e.,
ethyl C—H bond activation, however, shows a more system-
atic trend in the activation energy. This barrier is highest on
the Pdy/Re(0001) surface (ca. +126 kJ/mol) and lowest
on the Pdy/Au(111) surface (ca. +72 kJ/mol). The DFT-
computed activation barrier for C-H bond activation of
ethyl to ethylene on Pd(111) (482 kJ/mol) is slightly higher
than the experimental estimate for ethyl C—H bond activa-
tion on Pd(100) (40-62 kJ/mol) (40). The barrier measured
onthe Pd(100) surface is most likely lower because itis more
coordinatively unsaturated than the close-packed Pd(111)
surface.

The structural features related to the reaction pathway
are similar on the different pseudomorphic overlayers that
were examined. This is an ideal situation for the develop-
ment of structure-reactivity relationships. The changes in
surface reactivity may be correlated either to changes in
the overall thermodynamics for the reaction, such as the
development of the Evans—Polanyi relationship, and/or to
changes in the metal surface electronic structure. We exam-
ine both types of relationships. We first examine the results
along the lines of energy differences. In the analysis sec-
tion, we probe the correlation of activation energies with
the electronic structure of the metal surface.

Linear free energy relationships. Based onempirical ob-
servation, Evans and Polanyi postulated that the activation
energies for a series of reactions with structurally similar
reactants are likely to correlate to the overall energies of
reaction (81). This postulate is analogous to the Brgnsted
relation and is one of a series of linear free energy rela-
tionships (LFER) that correlate reaction rate constants to
overall free energies of reaction. Another well-known con-
cept in organic chemistry relates to the Hammond postu-
late, which states that for highly exothermic reactions the
transition state structure and energy are similar to those of
the reactant state (82). Conversely, for endothermic reac-
tions, the transition state geometry and energy should be
more product-like. While there is no rigorous foundation
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in theory, the Hammond postulate has held in the analysis
of a fair number of experimental systems. The Hammond
postulate suggests that, for reactions where the transition
state is more product-like, the forward activation barrier
should correlate to the overall forward energy of reaction.
Analogously, for reactions with an early transition state, the
activation barrier for the reverse reaction should correlate
with the overall energy. This is illustrated in Scheme 1.

The results of plotting the forward activation barrier (for
C-H bond formation) and the reverse activation barrier
(for B-hydride elimination) as a function of the overall en-
ergy for hydrogenation of ethylene, on different metal sur-
faces, are shown in Figs. 6a and 6b, respectively. Figures 6a
and 6b show that there is a near linear dependence between
the activation barrier and the overall energy of reaction,
consistent with expectations based on the Evans—Polanyi
postulate. The activation barrier for g-hydride elimination
of surface ethyl to ethylene is lower on surfaces where the
overall energy for g-hydride elimination is more exother-
mic. Similarly, the activation barrier for ethylene hydro-
genation to ethyl is lower on the surfaces, where the hy-
drogenation reaction is more exothermic. The slope for the
activation barrier as a function of the overall energy for
B-hydride elimination of ethyl is 0.65, which is within the
range (0 < slope < 1) expected on the basis of the Evans—
Polanyi postulate (83).

From Fig. 6, it is observed that the linear relationship
between the activation barrier and the overall reaction en-
ergy is slightly better for 8-hydride elimination as opposed
to ethylene hydrogenation. This is rationalized on the ba-
sis of the reaction pathway for ethyl g-hydride elimination
(see Fig. 1). The transition state (TS) is late along the re-
action coordinate for g-hydride elimination of ethyl. The
C-H bond distance of 1.7 A at the transition state is signifi-
cantly longer than that in the reactant ethyl species (1.1 A)
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(Fig. 1). In other words, the transition state for g-hydride
elimination of ethyl is structurally more product-like than
reactant-like. Therefore, the stabilization of the transition
state for B-hydride elimination on the different surfaces
should be analogous to that of the product state. One would
therefore expect a stronger dependence of the activation
barrier for g-hydride elimination on the reaction energy, as
compared to the activation barrier for C-H bond formation
on the reaction energy. Our results are consistent with this
expectation.

Figure 7 shows the activation barrier for ethylene hydro-
genation and ethyl 8 C-H bond activation as a function
of the ethylene adsorption energy on the surface. Earlier,
we indicated that the trends in the overall energy for ethy-
lene hydrogenation are very similar to those of ethylene
adsorption. Figure 7 suggests that ethylene hydrogenation
is slightly more favorable on surfaces where both ethylene
and hydrogen are relatively weakly bound. The correlation
of the activation barrier with the energy of adsorption of
ethylene, however, is better for the reverse reaction of C-H
bond breaking. The reverse C-H bond-breaking reaction
appears to be more facile on surfaces where the dissociation
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FIG. 6. Evans-Polanyi relationship for ethylene hydrogenation over
pseudomorphic monolayers of Pd on Re, Ru, Pd, and Au. (a) DFT-GGA-
calculated activation barrier for ethylene C-H bond formation versus
AEx, for hydrogenation; (b) DFT-GGA- calculated activation barrier for
ethyl C-H bond breaking versus AEx, for hydrogenation.
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products, i.e., ethylene and hydrogen, are more strongly
bound. This is not an unexpected result. Hydrogenation of
ethylene to ethyl involves the breaking of metal-adsorbate
bonds and the formation of adsorbate-adsorbate bonds.
One would therefore expect it to be easier to combine
fragments on surfaces that have relatively weaker metal—
adsorbate bond strengths. The DFT results appear to con-
form to this expectation, based on the Sabatier principle.

3.3. Dehydrogenation of Di-o-Bound Ethylene to Vinyl

To study the role of the metal in adsorbate bond break-
ing, the dehydrogenation of di-o-bound ethylene to vinyl
was examined for all the surfaces of interest in this paper.
The DFT-computed reaction pathway for the formation of
vinyl from ethylene was discussed in section 1.3. The DFT-
optimized structures for the reactant, transition state, and
product on Pd(111) are depicted in Fig. 3. The energetics for
C-H bond activation of ethylene to vinyl on the different
surfaces are tabulated in Table 3. The dehydrogenation of
ethylene to vinyl at (/3 x 4/3) coverage is at least 70 kd/mol
endothermic for all the Pd-based surfaces studied here.
The reaction is most endothermic on the Pdy /Re(0001)
surface with a AE, of +139 kJ/mol. In comparison, the
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TABLE 3

Activation Barriers and Energy of Reaction for Ethylene
Dehydrogenation to Vinyl on Pd(111) and Pseudomorphic
Monolayerls( of Pd(111) on Re(0001), Ru(0001), and Au(111)

(CoHi +7 52 CoH3 +H)

AEL, (kd/mol)

AEpn (kI/mol) AEf (kd/mol) vinyl

Surface dehydrogenation dehydrogenation hydrogenation
PdmL/Re(0001) +139 +188 +49
PdmL/Ru(0001) +120 +172 +51
Pd(111) +73 +151 +78
Pdm/Au(111) +77 +143 466

reaction is slightly more favorable on the Pd(111) and
Pdmi/Au(111) surfaces that have energies of reaction of
+73and 477 kJ/mol, respectively. The energy of reaction on
the Pdnm/Ru(0001) surface is +120 kJ/mol, which is inter-
mediate to that on the Pd(111) and Pdy /Re(0001) surfaces.

The binding energies of atomic hydrogen, vinyl, and
ethylene for the different pseudomorphic Pd overlayers
are shown in Fig. 8. It is observed that the binding en-
ergy of all intermediates are stronger as we move from the
Pdmi/Re(0001) surface toward the Pdwm/Au(111) surface.
The graph also shows that there is a somewhat stronger
variation in the vinyl binding energy as compared to the
ethylene and hydrogen binding energies. One would there-
fore expect the overall reaction energy for vinyl formation
to follow the changes in the vinyl binding energy.

Table 3 shows the DFT-computed forward and reverse
activation barriers for ethylene C-H bond activation to
vinyl. The results indicate that vinyl formation has an acti-
vation energy of +151 kJ/mol on the Pd(111) surface. The
reaction is slightly favored on the Pdy/Au(111) surface,
where the barrier is +143 kJ/mol. The dehydrogenation re-
action has relatively higher activation barriers of +172 and
4188 kJ/mol on the Pdy /Ru(0001) and Pdy, /Re(0001)
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FIG.8. DFT-computed binding energies of ethylene (#), vinyl (A),

and atomic hydrogen (H) on Pdy./Re(0001), Pdu/Ru(0001), Pd(111),
and Pdy /Au(111) surfaces.
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surfaces, respectively. Experimental estimates of the ac-
tivation barrier for vinyl formation are not available for
the above-mentioned surfaces. However, Zaera and co-
workers report that vinyl hydrogenation to ethylene occurs
at about 200 K on Pt(111) (38). Based on this observation,
the activation barrier for vinyl hydrogenation on Pt(111) is
estimated to be about 40-50 kJ/mol. Our calculated value
for vinyl hydrogenation on Pd(111) is 70 kJ/mol, which is
about 20 kJ/mol higher than the estimated experimental
activation energy on Pt(111).

Similar to the analysis for ethylene hydrogenation, the
activation barriers for vinyl hydrogenation and ethylene
C-H bond breaking are plotted as a function of the overall
energy of reaction for ethylene dehydrogenation (Figs. 9a
and 9b). This graph provides a test of the Evans—Polanyi
postulate for this particular step. Again, we find that the
activation barrier for C-H bond-breaking decreases as the
energy of reaction for C—H bond activation becomes less
endothermic. The activation barrier for the reverse step,
vinyl hydrogenation to ethylene, also decreases as the reac-
tion energy for hydrogenation becomes more exothermic.
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FIG.9. Evans-Polanyi relationship for ethylene dehydrogenation
over pseudomorphic monolayers of Pd on Re, Ru, Pd, and Au. (a)
DFT-GGA calculated activation barrier for vinyl C-H bond formation
versus AE, for dehydrogenation; (b) DFT-GGA-calculated activation
barrier for ethylene C-H bond breaking versus AE, for dehydrogena-
tion.
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FIG.10. DFT-calculated activation barrier for (a) vinyl hydrogena-
tion and (b) ethylene C-H bond breaking, as a function of ethylene ad-
sorption energy on pseudomorphic Pd overlayers.

Remarkably, the slope of the Evans—Polanyi plot for C-H
bond activation of ethylene and ethyl are almost identical,
with a value of 0.65. This is most likely because the reaction
mechanism for C—H bond activation and the location of the
transition state along the reaction coordinate for ethyl and
ethylene are very similar.

Figure 10 shows the activation barrier for ethylene C-H
bond activation as a function of the ethylene binding en-
ergy. The figure suggests that C—H bond activation of ethy-
lene is easier on surfaces where ethylene is more strongly
bound. Again, this is consistent with our expectation based
on metal-adsorbate bond strengths. Since vinyl formation
results in more metal-adsorbate bonds than the reactant
(di-o-bound ethylene), surfaces that form stronger metal-
adsorbate bonds appear to favor C-H bond breaking of
ethylene.

4. ANALYSIS

4.1. Electronic Factors Determining Ethylene Adsorption
and Reaction Energetics on Pdy /M(111) (M = Re, Ru,
Pd, and Au) Surfaces

In the results presented so far, we have shown that
ethylene and hydrogen are very weakly bound to the
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Pdw/Re(0001) surface and strongly bound to the
Pdmi/Au(111) surface. This result is somewhat surprising
since it seems to suggest that Pdy, /Re(0001) is relatively
inert for ethylene and hydrogen adsorption as compared
to both Pd(111) and Re(0001) surfaces. In contrast, the
Pdm/Au(111) surface appears to be more reactive than
both the Pd(111) and Au(111) surfaces for ethylene and
hydrogen adsorption. In the following section, we analyze
the adsorption characteristics of the surface based on the
changes in the electronic properties of the metal surface
layer, in an attempt to explain the nonlinearity in the ad-
sorption strengths on bimetallic pseudomorphic overlayers.

In section 3.2 we showed that the hydrogenation of ethy-
lene has a lower barrier on the surfaces to which ethylene
and hydrogen are weakly bound. Conversely, the dehydro-
genation of ethylene to surface vinyl showed the opposite
trend; i.e., the dehydrogenation reaction was more favor-
able on surfaces where ethylene, vinyl, and hydrogen were
more strongly adsorbed (section 3.3). From a catalysis per-
spective, it would be interesting to examine how structural
and electronic changes of the metal surface affect the ac-
tivation barriers for these two opposite reactions, hydro-
genation and dehydrogenation.

In the reactions studied in this paper, the elementary C—
H bond breaking (vinyl formation) or C-H bond formation
(ethyl formation) processes take place over the Pd over-
layer atoms, without direct participation by the substrate
metal. However, from the results presented in this paper, it
is evident that the metal substrate plays animportantrole in
perturbing the electronic structure and chemical reactivity
of the surface Pd atoms. In the remaining sections, we will
analyze the intrinsic electronic properties of the surface that
influence surface reactivity. The DFT-predicted trends are
rationalized on the basis of a simplified model from formal
chemisorption theory that was proposed by Hammer and
Ngrskov (69, 79, 80, 84). The Hammer-Ngrskov model is
an extension of the Newns—Anderson chemisorption model
(2, 69, 85-87).

4.2. Adsorption of Ethylene on Pd(111) and Bimetallic
Pd(111)/M(111) (M =Re, Ru, and Au)

The di-o adsorption of ethylene on a metal surface in-
volves the interaction of the frontier 7- (HOMO) and 7 *-
(LUMO) orbitals of ethylene with the s-, p-, and d-band of
the metal. Figure 11 shows the x- and = *-orbitals of vapor-
phase ethylene (see lowermost frame of Fig. 11). Follow-
ing the Hammer-Ngrskov procedure (69), the interaction
of the n- and w*-states with the valence sp-band of tran-
sition metals was determined by performing DFT calcula-
tions for ethylene on Al(111). The interaction of the - and
sw*-orbitals with the sp-band results in a broadening and
slight downshift of the frontier orbital states of ethylene.
The renormalized rr *-state is located very close to the Fermi
energy, while the renormalized r-state is located about
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FIG. 11. Frontier orbital interactions in the di-o adsorption of ethy-
lene on Pd(111). Dark shaded regions indicate density of states (DOS)
projected to the carbon 2p orbital state. Lightly shaded areas correspond
to DOS projected to the surface Pd d-band. The bare Pd(111) surface
d-band (dotted line) is shown for comparison.

6.0 eV below the Fermi energy. The renormalized =- and
7*- states also couple with the valence d-band of the metal,
resulting in bonding and antibonding overlap orbitals. Since
the w*-state is closest to the Fermi energy, the coupling of
the w*-state of ethylene with the metal d-band is stronger
than the interaction of the -orbital with the d-band.

Following the procedure of Hammer and Ngrskov, the
interaction energy of ethylene with a metal surface may be
approximated by the expression (69)

Eads = Esp + Ed-hyba [1]

where Egp is the contribution to the total chemisorption
energy (Eags) of the interaction of ethylene with the sp-band
of the metal. Eqy.nyp, is the contribution due to the interaction
of ethylene with the valence d-band. As an approximation,
the Eqg.nyn term may be written in terms of coupling of the
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renormalized - and 7 *-states of ethylene with the d-band.
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where f is the d-band filling, V2 and V2 are the d-band cou-
pling matrix elements for interaction with the renormalized
7-and m*-states, respectively, S, and S« are overlap matrix
elements related to the coupling elements V by the expres-
sion S=—aV (« is a constant for the metal-adsorbate sys-
tem), ¢4 is the location of the metal d-band center relative
to the Fermi-energy, and ¢, and ¢,~ are the renormalized
energies of the 7- and r*-orbitals of ethylene, with respect
to the Fermi energy, after interaction with the sp-band.

The first term of Eq. [2] corresponds to the hybridization
gain and orthogonalization cost associated with the inter-
action of the = *-state of ethylene with the metal d-band. In
frontier orbital theory, this term is referred to as electron
backdonation. The second term of Eq. [2] is the hybridiza-
tion gain and orthogonalization cost related to the interac-
tion of the rr-orbital of ethylene with the metal d-band. This
interaction is traditionally referred to as electron donation.

Figure 12 shows the valence sp- and d-bands projected
to the surface Pd layer for all the surfaces examined in this
paper. It is observed that the sp-band projected to the sur-
face Pd atoms is broad, diffuse, and almost identical for all
the surfaces. It is therefore reasonable to assume that the
interaction energy of ethylene with the sp-band is almost
the same for the surfaces of interest here (69). There are no-
ticeable differences, however, in the d-band projected to the
Pd overlayer. The projected d-band is located between +-0.5
and —5.0 eV of the Fermi energy for the different surfaces
(Fig. 12). However, as the substrate is changed from Re to
Au, the fraction of the d-band which is close to the Fermi
level increases substantially. Table 4 summarizes the elec-
tronic properties for the bare metal surfaces. The d-band
filling for the surface Pd layer is determined by integrat-
ing the area under the projected d-band from —co to +o0
and calculating the fractional area that is located below the
Fermi energy. Table 4 shows that there are negligible differ-
ences in the d-band filling for the surface Pd atoms as the
substrate is changed from Re to Au. The Pd d-band filling
is approximately 0.96 for all the surfaces studied here.

The d-band center for the Pd overlayer was calculated by
taking the first moment of the projected density of d-states
about the Fermi energy. The d-band center of monometal-
lic Pd(111) is located 2.0 eV below the Fermi energy. When
the substrate is a metal such as Re or Ru that is to the left
of Pd in the periodic table, the d-band center shifts farther
away from the Fermi energy. On the other hand, a pseu-
domorphic overlayer of Pd on a noble metal such as Au
has a d-band center which has moved closer to the Fermi
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FIG. 12. Electronic density of states (DOS) projected to the sur-

face Pd layer of pseudomorphic Pdy /Re(0001), Pdm /Ru(0001), Pd(111),
and Pdm/Au(111) surfaces. Thin line indicates projection to the valence
d-band. Thicker line corresponds to the sp-band. Arrow indicates location
of d-band centers (gg).

level. Ruban et al. have compiled an extensive database of
d-band center shifts for pseudomorphic overlayers of one
transition metal over another using linearized muffin tin or-
bital (LMTQO) calculations (22, 69). The shifts in the d-band
centers reported here are consistent with Ruban et al.’s

TABLE 4

Surface Electronic Properties of Bare Pdy/Re(0001),
PdmL/Ru(0001), Pd(111), and Pdm/Au(111) Slabs

d-Band coupling  d-Band d-Band Work

element® V2 filling®  center®sy  function
Surface (eV)? f (eV) (eV)
Pdm/Re(0001) 2.78 0.9601 2.7 5.00
Pdm/Ru(0001) 2.78 0.9566 —2.47 5.09
Pd(111) 2.78 0.9621 —-2.01 5.30
Pdmi/Au(111) 2.78 0.9623 —1.69 5.36

2 Indicated electronic properties are for the surface Pd layer.
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calculated values. Koel and co-workers have experimen-
tally determined that the valence d-band of Pdy_/Au(111)
is located about 1.6 eV below the Fermi level (9). Our com-
puted value of 1.69 eV is in excellent agreement with their
experimental measurement.

The projected d-band centers for the surface Pd layer
over different substrates are located between —1.5 and
—2.7eV of the Fermi energy. Earlier, we said that the renor-
malized 7 - and 7 *-states of ethylene after interaction with
the sp-band are situated approximately —6.0 and 0 eV, re-
spectively, relative to the Fermi energy. This implies that
the d-band center is in better resonance with the = *-state
than with the w-orbital of ethylene. Coupled with the fact
that the d-band filling (f) for all the surfaces is close to unity,
Eq. [2] may be simplified to
. V2

Eqxx — &d

+ SV + 1+ 1) S Ve |

3]

The d-band coupling element is an intrinsic property of the
surface metal atom and is assumed to be independent of the
substrate. If we further assume that the orthogonalization
cost is roughly the same for all the surfaces examined here,
in the perturbation limit, Eq. [3] may be rewritten as
V2,

(&x+ — €4)?
where 8§Eqgnyb is the change in the adsorption energy of
ethylene due to the 84 shift in the surface d-band cen-
ter. Equation [4] is very similar to the analysis of Hammer
and Ngrskov for CO adsorption on metal surfaces (84).
Equation [4] predicts that changes in the adsorption en-
ergy of ethylene should correlate linearly with shifts in the
surface metal d-band center. In Fig. 13, we have plotted
the di-o adsorption energy of ethylene as a function of the
surface metal d-band center. The plot shows a near linear

Eg-nyp ~ —2-

8Ed-hyb ~—2- |:f :| - 8¢eq, [4]
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FIG.13. DFT-GGA-predicted ethylene adsorption energy as a func-

tion of the Pd d-band center of the bare metal surfaces of Pdy /Re(0001),
Pdy/Ru(0001), Pd(111), and Pdy /Au(111).
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correlation between the ethylene adsorption energy and
the bare surface d-band center, confirming the predictions
based on the Hammer—Ngrskov model. Figure 13 shows
that ethylene binding energies are higher on pseudomor-
phic Pd overlayer surfaces, where the Pd d-band center is
closer to the Fermi energy. The weaker ethylene adsorp-
tion energy for Pd monolayers on Re(0001) and Ru(0001)
are due to the weaker backdonation interaction between
the surface Pd d-band and the ethylene =*-orbital. In an-
alyzing the adsorption of ethylene on Pdy./Mo(100), Koel
and co-workers argued that the weaker adsorption of ethy-
lene on the Pdw /Mo(100) surface, relative to Pd(111), was
due to rehybridization of the Pd d-band to lower energies,
causing decreased backdonation to the ethylene *-orbital
(68). Our theoretical calculations are consistent with the
speculations of Koel and co-workers.

4.3. C-H Bond Activation of Ethyl and Ethylene on
Pd(111) and Bimetallic Pd(111)/M(111) (M =Re, Ru,
and Au) Surfaces

In the previous section, we showed how the Hammer—
Ngrskov analysis allows the correlation of the ethylene di-o
adsorption energy to an intrinsic electronic property of the
bare metal surface. In this section, the analysis is extended
to the correlation of activation barriers for the hydrogena-
tion/dehydrogenation of ethylene to the bare surface elec-
tronic properties.

Although the transition state is a short-lived species, the
electronic interactions of the transition state with a metal
surface are not fundamentally different from the interac-
tions of molecular and atomic adsorbates with metals. The
coupling of the transition state to the metal is often con-
trolled by electron donation and backdonation interactions
with the metal surface. Since the Hammer—Ngrskov analy-
sis correlates metal-adsorbate binding strengths to frontier
orbital interactions, it is easily extended to the analysis of
transition states. To accomplish this, Hammer and Ngrskov
introduced an approximate reactivity measure to examine
trends in the activation barrier for H, adsorption on met-
als (69, 80). This reactivity measure is based on estimating
the strength of interaction between the adsorbate and the
metal, at the transition state.

In section 1.2, we analyzed the electronic interactions be-
tween the transition state and the metal for ethyl C-H bond
activation. By following Hammer and Ngrskov’s analysis
(80), we can approximate the interaction energy (§Egs) at
the transition state for ethyl and ethylene C-H bond break-
ing by the expression

V2
(SEIS =-2- lf& + f 'STCH*VUCH*

Eocr — €d

2

VO'
—2. [(1_ fy——oom
&d

— CocH

+ (1 + f) : STCHVO'CH [5]
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This expression is very similar to the one written earlier for
adsorption (i.e., Eq. [2]), except that the frontier orbitals
of interest, at the transition state, are the ocnq and ocp>
orbitals. Since the d-band of the Pd overlayer is in better
resonance with the antibonding oc+ state and the d-band
filling for the surface Pd layer in all cases is close to unity,
we can simplify Eq. [5] to

2
OCH*

EGCH* — &d

SETS =-2- |:f + f. STCH*VO'CH*

+@Q+f)- s,CHvUCH} [6]

If we assume that the orthogonalization cost is nearly the
same for all the surfaces studied here, as an approximation,
the shift in the interaction energy at the transition state can
be correlated to the d-band center through the expression

2

V(f %
%1 N [7]
(€oc — &d

ASE = —2.- [f

If it is further assumed that the activation barriers are in
some respect proportional to the reactivity measure, a lin-
ear correlation would be expected between the activation
barrier and the d-band center of the pseudomorphic Pd
overlayer. In Fig. 14, we have tested the model by plotting
the DFT-computed ethyl and ethylene C-H bond activa-
tion barrier as a function of the bare metal d-band center.
The excellent correlation between these two parameters
demonstrates the effectiveness of the Hammer-Ngrskov
analysis for correlating the activation barrier to an intrin-
sic surface electronic property (i.e., the d-band center).
Figure 14 shows that the C-H bond activation barriers for
ethyl and ethylene decrease as the surface Pd d-band center
shifts closer toward the Fermi energy. This is because the
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FIG.14. DFT-GGA-computed C-H bond activation barriers for
ethylene (O) and ethyl (H) versus the Pd d-band center of the bare metal
surfaces of Pdy /Re(0001), Pdy /Ru(0001), Pd(111), and Pdy /Au(111).
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C-H bond activation process on these surfaces is primar-
ily controlled by backdonation into the ocy+ orbital and is
more favored as the d-band of the metal is in resonance
with this antibonding state.

An interesting observation from Fig. 14 is that the slopes
of the C-H bond activation barrier as a function of the
d-band center are almost identical for ethyl and ethylene.
The results we present here are actually an extension of
the ideas originally introduced by Hammett in analyzing
the electronic effect of substituents (—X) on the reactivity
of substituted benzenes (88). Hammett’s equation is tradi-
tionally written as (89)

Kx
logy, <E> = po, [7]

where the ratio (k«/ko) is the enhancement in the reaction
rate due to the presence of the substituent (X), in compari-
son to ahomologous reference molecule. o issome measure
of the electron-withdrawing nature of the substituent X. p
is the measure of the influence of the electron-withdrawing
substituent (X) on the reaction rate (89). Hammett sug-
gested that if alinear correlation is obtained for log;o(kx/ko)
plotted as a function of the o parameter, it implies that the
position of the transition state is not changing as a result of
changing the substituent and that the reaction mechanism
is invariant (89). In our work, the d-band center is some-
what analogous to the o parameter because it is a measure
of the electron-backdonating capability of the metal sur-
face to the reacting entity. Since the C—H bond activation
mechanism remains the same, the linearity in the activation
barrier vs the d-band center should be preserved. A close
comparison of the slopes for C-H bond activation of ethyl
and ethylene as a function of the d-band center (Fig. 14)
demonstrates that the electronic influence of the metal sur-
face on C-H bond breaking is very similar in both cases. In
analogy to Hammett’s equation, this is tantamount to hav-
ing an identical “p” parameter for ethylene and ethyl C-H
bond activation on the various pseudomorphic Pd overlay-
ers. The changes in the intercept as one changes the reac-
tant should correlate with the electronic properties of the
reactant. Developing such correlations could have an im-
portant impact on the design of new systems, whereby the
electronic structure of the surface and the reactant could be
easily computed independently to tailor optimal reactant—
substrate reactivity.

5. CONCLUSIONS

The (/3 x 4/3) periodic adsorption of ethylene was ex-
amined on pseudomorphic overlayers of Pd on Re(0001),
Ru(0001), Pd(111), and Au(111) substrates, using DFT-
GGA slab calculations. The adsorption energies for ethy-
lene on Pdy./Re(0001), Pdy /Ru(0001), Pd(111), and
PdmL/Au(111) were estimated to be —10, —31, —62, and
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—78 kJ/mol, respectively. The DFT-computed dissociative
adsorption energies for H, on these surfaces were 42, —6,
—78, and —83 kJ/mol, respectively, for 100% surface cov-
erage on each surface. The calculated trends in adsorption
energies are in good agreement with experimental obser-
vations for adsorption of CO on the pseudomorphic over-
layers (7, 9). The weaker adsorption energy for ethylene on
PdwmL/Re(0001) and Pdy /Ru(0001), relative to Pd(111), is
because of the weaker backdonation interaction between
the metal d-band and the ethylene 7*-orbital. This is iden-
tical to the arguments used by Koel and co-workers to
explain the weaker adsorption strengths of ethylene on
PdmL/Mo(100) as compared to those on Pd(111) (68).

In addition to chemisorption, the surface reactions of
ethylene hydrogenation to ethyl and ethylene dehydro-
genation to vinyl were examined on all the surfaces. Based
on the DFT-computed results, it appears that the hydro-
genation of ethylene to ethyl and the hydrogenation of
vinyl to ethylene have lower activation barriers on sur-
faces to which the adsorbates are weakly bound. The ac-
tivation barrier for hydrogenation is, therefore, low on
the Pdm/Re(0001) surface and high on the Pdy /Au(111)
surface. On the other hand, dehydrogenation reactions of
ethyl and ethylene are favored on surfaces with stronger
metal-adsorbate bond strengths. 8-Hydride elimination of
ethyl and vinyl formation have lower activation barriers
on Pdyi/Au(111) as compared to Pdy /Re(0001). In all
cases, the activation barriers are observed to correlate lin-
early with the overall reaction energy, consistent with the
Evans—Polanyi relationship and the Hammond postulate.
The correlation between the C-H bond activation bar-
rier and overall reaction energy is most evident for the
B-hydride elimination of both ethyl and ethylene, which
have slopes of 0.65. This is within the range (0 < slope < 1)
expected on the basis of the Evans—Polanyi postulate. The
identical slopes for ethyl and ethylene C-H bond activa-
tion on the Evans—Polanyi plot are likely because of the
very similar mechanism for both reactions and the anal-
ogous location of the transition state along the reaction
coordinate.

Finally, we have analyzed the DFT-predicted trends in
ethylene adsorption energy and the activation barriers for
hydrogenation/dehydrogenation based on frontier-orbital
theory and the Hammer—Ngrskov model (2, 69, 87, 90,
91). It appears that the d-band center of the surface metal
atom is an important parameter that helps to determine the
strength of adsorption of ethylene and hydrogen on the sur-
face. Ethylene and hydrogen are more strongly bound on
surfaces where the d-band center is closer to the Fermi level.
Activation barriers for C-H bond breaking of ethyl and
ethylene also appear to correlate to the surface Pd d-band
center. The C-H bond activation process is primarily gov-
erned by the backdonation of electrons from the metal into
the antibonding o *-orbital of the adsorbate. Surfaces where
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the d-band center is closer to the Fermi energy are there-
fore more reactive for dehydrogenation. The Pdy /Au(111)
surface, which has the d-band center closest to the Fermi
level, amongst all the surfaces examined here, has the low-
est barrier for C-H bond breaking. On the other hand, the
Pdm/Re(0001) surface, which has the d-band center far-
thest from the Fermi level, favors ethylene hydrogenation.
The trends are consistent with the ideas of Hammett which
suggest that the slope of the correlation will hold for other
molecules, provided that the mechanism remains the same.
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