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Abstract: DFT-GGA periodic slab calculations were used to examine the adsorption and hydrogenation of
ethylene to a surface ethyl intermediate on the Pd(111) surface. The reaction was examined for two different
surface coverages, corresponding te &2 [low coverage] andy3x+/3)R 30° [high coverage] unit cells. For

the low coverage, the di-adsorption of ethylene<62 kJ/mol) is 32 kJ/mol stronger than theadsorption

mode. The intrinsic activation barrier for hydrogenation obddonded ethylene to ethyl, for a X3) unit

cell, was found to bet88 kJ/mol with a reaction energy of25 kJ/mol. There appeared to be no direct
pathway for hydrogenation of-bonded ethylene to ethyl, for low surface coverages. At higher coverages,
however, lateral repulsive interactions between adsorbates destabilize dhaddorption of ethylene to a
binding energy of—23 kJ/mol. A favorable surface geometry for thé3x+/3)R 30° coverage is achieved

when ethylene ist-bound and hydrogen is bound to a neighboring bridge site. At high coverage, the
hydrogenation of diz bound ethylene to ethyl has an intrinsic barrier&2 kJ/mol and a reaction energy of

—5 kJ/mol, which is only slightly reduced from the low coverage case. Fof3x@/3)R 30° unit cell, however,

the more favorable reaction pathway is via hydrogenation-bbnded ethylene, with an intrinsic barrier of

+36 kJ/mol and an energy of reaction ofL8 kJ/mol. This pathway is inaccessible at low coverage. This
paper illustrates the importance of weakly bound intermediates and surface coverage effects in reaction pathway
analysis.

Introduction also supported by Zaera and co-workers, who demonstrated that
) ) ) the hydrogenation of ethylene to ethyl on Pt(111) is favored at
The analysis of nearly every catalytic mechanism centers pjoh coverage, where the transition fromadbonded ethylene

around the spectroscopic identification of plausible reaction ;" ;1 ded ethylene is relatively eady The weakly bound
intermediates. It has long been suggested that what is Oﬁe”ethylene species has also been proposed as the reactive

observed by spectroscopic methods are the most stable surfacg,iermediate for hydrogenation on other metal surf&cgsch
intermediates, which may or may not be the active species in ¢ Fe(100)and Pd®
the mechanism. In many cases, these indeed are kinetically  tege results present an interesting challenge for ab initio

important, but there is now compelling evidence that, under yheqry Most of the theoretical efforts to date have focused on
some conditions, these intermediates may merely be spectatorsygiaishing the most stable surface species and then computing
Using Sum Frequency Generation (SFG) techniques at highery,q 4ctivation barriers from this state. Theoretical calculations

pressures, Somorjai and co-workerhave recently shown that 5 aimost always carried out for the ideal low surface coverage
while the dio bound ethylene species is energetically the most ¢ itions. Herein, we demonstrate that the more reactive

f_avorable adsorption state on Pt(ll_l)' m‘?””d ethylene is species can be one that is relatively weakly bound to the surface.
likely the precursor for hydrogenation. This was deduced by Thege species are found to be reactive only at higher coverage
following the changes in intensity of the &1 stretching  qngitions. At lower coverage, they desorb or are converted

frequencies of ethylidyne and di-and z-bound ethylené.it into the more stable surface intermediates before they react.
was found that increasing the surface coverage of ethylidyne zithough the results discussed here were carried out for ethylene

shuts (_Jlown the adsorption sites foralibound ethylene, but hydrogenation over Pd(111), they likely have important con-
hardly influenced the surface coverage ofthbonded ethylene  goqences to a large number of other reaction systems that are
intermediate. Since the ethylene hydrogenation turn-over rate .o ried out at higher surface coverage.

was found to be independent of the surface ethylidyne coverage;

it was argued that di*bound ethylene is unlikely to be the key gg éggg’ T:'(?hjegr]]'s?:hslgif’ 35’ 3\?,&;’%5623'&1” Sci. 1996 368
intermediate for ethylene hydrogenation. This observation was 371-376. Lo e e e
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In this paper, we perform first-principle density functional (a)
(DFT) calculations to demonstrate that at low surface coverages,
ethylene distinctively hydrogenates from the more stable di- G y A
bound ethylene surface intermediate. At higher surface cover- VAl
ages, however, the-bound mode provides a more favorable
reaction channel for ethylene hydrogenation.

Computational Methods

All calculations were carried out using periodic DFT methods. The |
surface was modeled using three layers of Pd to mimic Pd(111) along
with a vacuum region of 11.25 A above the surface. Subsequent
calculations on 45 layer slabs indicate that the energies changed by A
less than 1 kcal/mol, by increasing the number of metal layers beyond :
threel® Both the (/3x+/3)R 30° and (2«3) unit cells were used to Sy v >
model ethylene and hydrogen surface coverages. All calculations were
performed using self-consistent Perdew Wang 91 generalized gradient
(GGA) corrections to the Vosko-Wilk-Nusair LDA exchange-correlation
energy!!~13 Scalar relativistic calculations were incorporated through < 8,
the use of Vanderbilt ultrasoft pseudopotentidiEhe plane wave basis g
set used to expand the valence eigenstates had a maximum kinetic
energy of 30 Rydberg. Eighteen Chadi-Cohen special k-points were
used to sample reciprocal space in the first Brillouin z&rEhe top
two layers of the palladium surface were allowed to relax whereas the ‘
bottom layer was constrained to the bulk structure of Pd. The activation , AN W14
barriers were found using the nudged-elastic band approach, whereby 2 f Xl N
a finite number of points are chosen along the reaction coordinate and W\
the energy minimized along all directions normal to the reaction
coordinate. Further information on the calculation procedure can be
found elsewheré®

Results and Discussion Figure 1. Periodic DFT-computed transition state geometry for the

Low coverage adsorption of atomic hydrogen on Pd(111) was hydrogenation of (a) di bound ethylene on Pd(111) and ¢ppound
modeled by optimizing hydrogen in the 3-fold fcc hollow site ethylene to the surface ethyl intermediate on Pd(111),$@x+/3)R
for a (2x3) unit cell. Subsequently, the adsorption of ethylene 30" surface coverages.
in a neighboring site was examined for both theand dio L )
adsorption modes. Both binding modes of ethylene are energeti-Of the low coverage situation. It also helps verify that the plane-
cally stable on Pd(111). For the low coverage case, the di- Wave basis and pseudopotentials used in the periodic slab
adsorption state{62 kJ/mol) was found to be 32 kJ/mol more calculations provide structural and energetic results comparable
stable than ther-bound state €30 kJ/mol)!617 The DFT- to the traditional Gaussian orbital basis sets used in the cluster
computed adsorption energy for dibound ethylene<62 kJ/ calculations. The three-center (P@—H) transition state in-
mol) at low coverage is in good agreement with the experimental VOIVes breaking of the metahydrogen and metaicarbon
estimate £59 kJ/mol) based on Temperature-Programmed- bonds, along with the c_oncerted insertion o_f hydrogen into the
Desorption (TPD) experiments of ethylene on Pd(1£1). meta_l—carbon _bond (Figure 1a). The _TS is early along the
The transition state (TS) for ethylene to hydrogenate from react|.onlcoord|nate for €H bond formation. A more Complete
the diw bound mode for the low coverage x3) surface description of.the structural fgatures and theztglectronlc factors
structure is shown in Figure la. The transition state geometry _that govern this step are provided elsewHeér: Atte.mpts to
and the activation barrier for-€H bond activation of ethyl{63 isolate the transition state fo_r ethylene hydrogeng_tlon from the
kJ/mol), reported here using periodic slab calculations, were ﬁ-?jound mode, hovr\]/eger,hfealkl)ed t?j Iocﬁt? a transition sltate. IAS
found to be quite similar to those we previously determined ydrogen approache the-bound ethylene, strong latera
using DFT cluster calculationsH69 kJ/mol)161719This indi- repulsive interactions between ethylene and hydrogen forced

cates that the (23) super-cell provides a good representation ethylene into the diz ad;orption state. At low surface coverage,
m-bound ethylene easily translates along the surface to form

(10) Pallassana, V.; Neurock, M.; Hansen, L. B.; Hammer, B.; Ngrskov, the energetically more stable di-surface complex without

J. K. Phys. Re. B 1999 60, 6146-6154. undergoing hydrogenation. This process is unlikely to have a
(11) Perdew, J. P.; Chevery, J. A.; Vosko, S. H.; Jackson, K. A,; . ..g 9 y. 9 ) p . . y
Pederson, M. R.. Singh, D. J.; Fiolhais, Bhys. Re. B 1992 46, 6671. significant barrier as the lateral re_pulswe mFeractlons at low
(12) Vosko, S. J.; Wilk, L.; Nusair, MCan. J. Phys.198Q 58, coverage alone drive the change in adsorption mode. Hydro-
12?%)%11- L BoH B Norskov. J. BACAPO. genation from the diz adsorption state therefore appears to be
ansen, L. b.; Hammer, B.; Ngrskov, J. I8« -plane-wae H H H
pseudopotential implementatioBenmark Technical University: Lyngby, the o_nIy reaction path avall_able_‘ atlow coverage. The energet_lcs
Denmark, 1998. for this process are shown in Figure 2a. Ethylene hydrogenation
gl4g Vﬁngerbilt, D.ths. Re. B 1h99<1 41, 7892-7895. is favored at low coverage wherein tlapparent actvation
15) Chadi, D. J.; Cohen, M. LPhys. Re. B 1973 8, 5747. ; i i ;
(16) Neurock, M.: van Santen. R. AJ, Phys, ChemSubmitted for bz_arrler for hydrogenatl_on is only-26 kJ/mol. For a Langmuir
publication. Hinshelwood mechanism, at low surface coverage of ethylene
(17) Neurock, M. InDynamics of Surfaces and Reaction Kinetics in
Heterogeneous Catalysisroment, G. F., Waugh, K. C., Eds.; Studies in (19) Neurock, M.; Pallassana, V. Ifiransition State Modeling for
Surface Science and Catalysis, No. 109; Elsevier Science: Amsterdam, TheCatalysis ACS Symp. Ser. No. 721; Truhlar, D. G., Morokuma, K., Eds.;
Netherlands, 1997. American Chemical Society: Washington, DC, 1999; Chapter 18.
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Figure 2. DFT-computed reaction energy profiles for ethylene
hydrogenation to a surface ethyl intermediate on Pd(111): (aB)2
periodic adsorption of ethylene and atomic hydroglew (coverage
and (b) ¢/3x+/3) periodic adsorption of ethylene and hydroghigk
coveragg. The solid lines depict the pathway viadbonded ethylene.
The dashed lines correspond to ethylene hydrogenation vialtiomded

intermediate.

Chart 1

the energy of adsorption—62 kJ/mol) serves to lower the
intrinsic barrier from the surfaceH88 kJ/mol) to an apparent

barrier of +26 kJ/mol.

The coadsorption of ethylene and hydrogen at high coverage2°
was modeled using a/3x+/3)R 30° unit cell. In the presence

Reaction Coordinate

Neurock et al.

interactions between di-bound ethylene and hydrogen weaken
the di-o binding energy of ethylene-(62 kJ/mol) by 39 to-23
kJ/mol. These repulsive interactions, albeit smaller in magnitude,
are also present for-adsorption of ethylene. Tha-bound
species, however, require only a single metal atom adsorption
site making it more flexible than the diintermediate which
requires two metal atom sites. At the3x+/3)R 30° coverage,

the repulsive surface interactions force hydrogen into the bridge
site (see Chart 1). In this configuration, there is no metal atom
sharing between hydrogen anebonded ethylene and therefore
no lateral repulsive interactions. In fact, thebinding energy

of ethylene on a surface covered by'3x~/3)R 30° bridge-
bound hydrogen was determined to bd2 kJ/mol, which is

12 kJd/mol stronger than the isolateebound state. This can be
described in terms of simple bond order conservation, which
indicates that if two adsorbates sit at nearest-neighbor sites
without sharing the same metal atoms the through-metal lateral
interactions are likely to be attractive. Fot/8x+/3)R 30°
coverage, it is not possible to coadsorbodBound ethylene
and bridge (or 3-fold) bound hydrogen without sharing surface
metal atoms. Metal atom sharing by adsorbates usually leads
to lateral repulsive interactions, resulting in a weaker chemi-
sorption energy for both adsorbates.

The reaction coordinate for hydrogenation ofedbound
ethylene was reanalyzed for the high coverage scenario i.e.,
(v/3x+/3)R 30° unit cell. The transition state geometry for
hydrogenation of diz bound ethylene is almost identical with
the one determined for the low coverage<@ unit cell, as
depicted in Figure la. There are, however, noticeable differences
in the energetics of this step. As there are fewer metdsorbate
bonds at the product state as compared to the reactant state, the
lateral adsorbateadsorbate repulsive interactions are highest
at the reactant state and minimal at the product ethyl state, for
the higher {/3x+/3)R 30° coverage. As a consequence, the
overall reaction energy for coupling of ethylene and hydrogen
to form ethyl becomes much more favorable as the reaction
energy shifts from being-25 kJ/mol endothermic for the low
coverage (23) case to—5 kJ/mol exothermic for the high
coverage {/3x+/3)R 30° case. Since the metaéthylene bond
strength is weaker at high coverage because of repulsive
interactions, the insertion of hydrogen into the metarbon
bond has a slightly lower intrinsic activation barrief&2 kJ/
mol) as compared to the low coverage scenati8g kJ/mol).

The more dominant reaction pathway at higher coverage,
however, is via hydrogenation abound ethylene. At higher
coverages, ethylene becomes pinnedintzound state between
hydrogen and other surface intermediates and therefore cannot
translate to a neighboring site to convert to the ditermediate.

As the bridge bound hydrogen approaches#mund ethylene
species, it encounters slight repulsive interactions. The repulsive
interactions, however, are not strong enough to force ethylene
off the surface. The reaction proceeds via the “slip” mechanism,
whereby ethylene slides upward to form a “five-center like”
transition state between the central metal atom,dhend
carbon atoms, the hydrogen atom, and two adjacent Pd atoms
(see Figure 1b). This “slip” mechanism was first proposed by
Thorn and Hoffman# for ethylene hydrogenation over a HPt-
(PHs)2 homogeneous complex. Siegb&hand Morokumé: later
extended these ideas using ab initio calculations to compute
the barriers for the ethylene slip mechanism for single metal

(21) Thorn, D. L.; Hoffmann, RJ. Am. Chem. S0d.978 100, 2079~
89.

(22) Siegbahn, P. E. Ml. Am. Chem. S0d.993 115 5803-5812.
(23) Koga, N.; Jin, S. Q.; Morokuma, K. Am. Chem. S0d.988 110,

of (v/3x+/3)R 30° coverage of hydrogen, lateral repulsive 3417-3425.
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atom complexes. The “slip” mechanism, however, has never Conclusions
been discussed for hydrogenation of ethylene on a metal
surface? It is important to note that the TS described here (see
Figure 1b) is somewhat different from the TS proposed by
Siegbah# for hydrogenation ofi-bound ethylene over a single
metal atom center, in that three metal atoms are involved in
stabilizing the TS. We explicitly examined the “four-center”
TS proposed by Siegbahn for the single metal atom #dH
cluster??2 and found it to be highly unfavorable on Pd(111), for
both high and low surface coverage. We find a much lower
barrier if we allow neighboring metal atoms to participate in
the reaction ensemble by stabilizing the hydrogen atom inserting
into the olefin. This is seen in Figure 1b whereby the classical
transition state proposed for the homogeneous mechanism i
now different because it is stabilized over three surface Pd

atoms. Note that the PeH dista_nce of 214 Ais signif_icantly for C—H bond breaking of ethyl to form diethylene. At the
longer than the normal PeH distance of 1.8 A, making the lower (2x3) coverages, the barrier is onk63 kd/mol as

TS somewhat different from the “four-center” transition state compared to+87 kd/mol for the highery3x +/3)R 30° surface
proposed by SiegbaPfhfor olefin hydrogenation over a single coverage [see Figure 2, a and b]

n?.Etr?ll at%m cen:]er. Trtwe de:bdiste:jncehalt the Tspszilf1A)2isé The results presented here illustrate the importance of surface
Zlthhy shorter than that cwr-] oun et“?( ene on I'(k . ) ( .h coverage effects on the intrinsic activation barriers and hence
)- The transition state is thus more “five-center like” on the 0 onirolling reaction mechanism. It suggests that caution must

per'ﬁd'E.Pﬁ(lll) surfac?. hv d hvd into | be exercised in determining catalytic reaction pathways based
The higher coverage forces ethylene and hydrogen into 1essq, jntormation collected for the most stable adsorption inter-

favorablexr and bridge adsorption sites, respectively. Hydro- o jiates alone. The less stable surface species may in fact be

genation of .ethylene from thlg-bounq state at h'.gh COVerage  ihe kinetically significant reaction intermediates and must not
on Pd(111) is much more facile. The intrinsic activation barrier be discounted during mechanism elucidation

calculated here is now onkt36 kJ/mol, which is significantly
lower than that determined for the high coverage hydrogenation = Acknowledgment. We thank Mr. Eric Hansen for insightful
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well-defined surfaces, foils, and supported metal particles are
all within the range of 36 to 50 kJ/m8&g*+26 This pathway is
only accessible for high surface coverage conditions. In addition, JA992723S

it requires at least three metal atom centers and is therefore (27) Kratzer, P.; Hammer, B.; Ngrskov, J. K.Chem. Phys1996 105

; ; ; 5595.
inaccessible for the single metal atom homogeneous catalysts: (28) Burghgraef, H. Jansen, A. P. J: van Santen, RCHAem. Phys.

In this paper, we have demonstrated that strong repulsive
interactions between the adsorbates at high coverage weaken
the metat-C and metat-H bonds, allowing for facile insertion
of H into the metat-C bond, thus lowering the activation barrier.
We see the same effect for hydrogenation over Pd(111) in the
presence of subsurface hydrogen. Subsurface hydrogen weakens
the interaction of adsorbates with the metal surface, thus
lowering the intrinsic activation barrier for hydrogenation. The
general conclusion is thateakening the metaladsorbate bond
strength will lower the intrinsic actiation barrier for hydro-
genation as well as other coupling reactioiifie converse holds
true for bond dissociation processes wheteengtheninghe
Sadsorbatemetal bond generally lowers the activation bar-
rier.2027-31 This is evident if we examine the reverse barriers

(24) Sekitani, T.; Takaoka, T.; Fujisawa, M.; Nishijima, NI Phys. 1993 177, 407.

Chem.1992 96, 8462-8468. (29) Burghgraef, H.; Jansen, A. P. J.; van Santen, Rl. £&hem. Phys.
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