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Density Functional Study of Ethylene Adsorption on Palladium Clusters

A. Fahmi* and R. A. van Santen

Schuit Institute of Catalysis, Laboratory of Inorganic Chemistry and Catalysis, Eimsthbiniversity of
Technology, P.O. Box 513, 5600 MB Eindbka, The Netherlands

Receied: October 11, 1995; In Final Form: January 17, 1996

Fully optimized geometries and adsorption energies obtained from nonlocal density functional calculations
are presented for R(:Hs) (n = 1—6) clusters. The adsorption mode cansber di-o according to the
cluster size. The dir adsorption mode is characterized by a strong distortion for both the ethylene and the
metal cluster. The potential energy surfaces for thédGctivation show that the'ticonfiguration of palladium

is suitable for the formation of the molecular complexes, whereas tHs'dconfiguration is suitable for the
formation of theo bonds of the vinyt-hydride products.

1. Introduction the common approach that consists in freezing the cluster, which
is supposed to simulate a metal surface, and optimizing the
adsorbate. On one hand our approach will give information
about the magnitude of the local relaxation induced by the
adsorption of ethylene on the palladium surface. On the other

: . "hand, our calculations should describe the interaction of ethylene
hylene under hydrogenatitrydrogenation pr L . : .
ethylene undergoes dehydrogenatidiydrogenation processes with palladium clusters in the gas phase. The calculation

that lead to several 8y species on the surface. Despite various method is described in section 2. The molecular properties of

experimental studies, reaction mechanisms leading to thesethe bare Pdclusters are presented in section 3. Adsorption
species and their localization on the surface are not well P : P

determined. and activation of the €H bond by the palladium single atom

At low temperature (100 K), ethylene is molecularly adsorbed and .dlme'r are discussed in segtlons 4 and 5, respectlvgly.
on the metal surface. Two adsorption modes are often S§Ct|on 6is devot_ed to the evolution of the ethylene adsorption
discussed: the diadsorption mode where ethylene interacts with the cluster size.
with two metal atoms and theadsorption mode where ethylene
interacts with a single metal atom. High-resolution electron
energy loss spectroscopy (HREELS) experiments provide A density functional method is used to determine geometries,
vibrational spectra for adsorbed intermediates on the metal adsorption energies, and transition states for thés®d, (n =
surface. The comparison with the spectra gfi§Br, (a model 1-6) systems. We have performed quasi-relativistic spin-
for di-o bonded GH,4), Zeise's salt (a model forr-bonded unrestricted, frozen-core calculations using the Amsterdam
C,H,), and gaseous £, allow Stuve and Madikto introduce Density Functional (ADF) prograf. The program represents
a o parameter to characterize the adsorption gfiC The the molecular orbitals as linear combinations of atomic Slater-
mo parameter is zero for gaseousHz and unity for GH4Br. type orbitals and solves the Kheisham one-electron equations
For adsorbed ethylene, thes parameters for Pd(108Rd(111)7 using the Voske-Wilk —Nusair local spin density approxima-
and Pd(1106) surfaces are 0.78, 0.43, and 0.39, respectively. tion (LDA). To correct the overbinding inherent to LDA,
These values are attributed to the formation of a demplex nonlocal gradient corrections for the exchange (Becke func-
on Pd(100) and a complex on Pd(111) and Pd(110) surfaces. tionaF) and correlation (Perdew functiofpterms were com-
Extended Huckel calculatioh¥have shown that the adsorption puted self-consistently. Relativistic effects were taken into
mode of ethylene is controlled by a subtle balance between account by first-order perturbation thedfy.For the carbon
attractive two-electron interactions and repulsive four-electron atom, a frozen core potential is used for the 1s electrons; for
ones (the Pauli repulsion). the palladium atom, electrons up to the 4p shell are frozen. The

Ethylene behaves differently in the two adsorption modes. basis sets are of doubfguality except the palladium d orbitals
At 80 K, the two modes coexist on the Pd(100) surfad&/hile which are tripleg.
the n-bonded ethylene desorbs upon heating from 100 to 300 Adsorption energies have been calculated according to the
K, the di-o-bonded ethylene dehydrogenates into coadsorbed expression:
atomic hydrogen and vinyl species. The difference in reactivity
should be related to the difference in geometry and electronic Eaas= Ecpypq) — (Epg T Ec )
structure of ethylene in the two adsorption modes.

In this work, we present a density functional study of the
interaction of ethylene with palladium. Clusters of@ metal
atoms are used. The two adsorbed ethylene specesl dio
are described. The activation of the-@ bond of ethylene is
analyzed for the single atom and the dimer. One of the main
aspects of our calculations is a full geometry optimization of _q_
the whole system £14/Pd,. This approach is different from 3. Bare Pd, (n = 1-6) Clusters

In recent years, numerous experimental and theoretical
investigations of chemisorption of ethylene on a variety of
transition metal surfaces have been carried out utilizing a wide
range of techniques. Upon adsorption on a metal surface

2. Method of Calculation

whereEpq, and Ec,y, are total energies of the bare cluster and
ethylene, respectively, arfflc,1, pq,) iS the total energy of the
adsorbate/substrate system. A negaliy@value corresponds
to a stable adsorbate/substrate system.

3.1. The Palladium Single Atom. As a reference point,
® Abstract published ilAdvance ACS Abstractdfarch 1, 1996. we have calculated the splitting between the two lowest states
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TABLE 1: Molecular Properties for the Triplet and Singlet TABLE 3: Adsorption Energies (kcal/mol) Relative to Free
States of the Palladium Dimer Species and Geometries (A and deg) for the Molecular

Pd  binding energy Pd—Pd frequency Mulliken populations: S?O”c]ﬁgxéft?ﬁe%?aﬁf:)‘ ggar;emg;d the Vinyl-Hydride

3.2. The Palladium Dimer. In agreement with previous PdC2H4

theoretical calculations (Hartree-Fdéland DFT3), we found

the ground state of the palladium dimer to be triplet. The
calculated molecular properties are summarized in Table 1 for
the triplet and the singlet states. Bonding energies are relative
to two Pd(d% atoms. The triplet state is more stable by 4 kcal/
mol. The estimated experimental bonding energy for the dimer (a) (b)
is between 16 and 26 kcal/mblaccording to the technique of

evaluaion, The Mullken popuiation analysis shows hat the FOUEL PO iy suacs o e acielor detions
singlet state is composed of wo mteracun@ dtoms. The . for adsorption energies (in kcal/mol) corresponds to free hwolecules (Pd
Pd—Pd bond length is shorter and the vibrational frequency is . c,1, or P + C,Ha) in their equilibrium geometries. For the

higher for the triplet state. transition states the barrier heights (relativertand dio adsorption
3.3. The Pq (n = 3—6) Bare Clusters. For the Pd (n = for Pd and Pg respectively) are indicated. TS1, TS2, and TS3 for
3-6) bare clusters, only compact structures were investigated.PObCsz correspond to the '_side-on parallel, side-on perpendicular, and
A density functional analysis of the structure of small palladium €"d-0n approaches (see Figure 3).
clusters show that compact structures are more stable than open o
structures, and states of triplet spin are more stable than state®' the comple%?and the activation of the €H bond of ethylene
of singlet spint5 Our calculations show that for Bdthe by the palladium single atoff. , .
triangular geometryl¥s) is more stable by 29 kcal/mol relative Durmg the interaction of ethylene with a transition metal'
to the linear geometryDwr). For small clusters, the atomic _donatlon and back-donation processes take place. The donation
arrangements are controlled by local bonding and orbital involves a transfer qf electrpns from the ethylenerbital to _
overlapping rather than long-range interaction as it is in the bulk the metal unoccupied orbitals, whereas the back-donation
structure. Cluster geometries are cluster size dependent andPulates the ethylene™ orbital with electrons from the
experimental structure determinations often proceed via indirect °cCupied metal orbitals. This is the well-known Dew&hatt-
methods (for instance Nadsorption for the determination of Duncanson mechanistfh. Both donation and back-donation are

the structures of Niclusterd®). The other investigated geom- attractive interactions. The repulsion (Pauli repulsion) is due
etries are Pg(Tq), Pd (D3,), and Pd (O). The calculated to the interaction between the occupied orbitals of ethylene and
properties are sﬁown in Téble 2. All these clusters presentthe transition metal. The first consequence of the donation and
ground states of spin triplet, previous DFT, or Hartréeck ~ Pack-donation processes is the weakening of theCond
studies of Pgl” and PdZ8 clusters have shown that these clusters strength, the bond length increases from 1.34 A'in the gas phase
are indeed triplet. The optimized P@d bond remains close  © 1.40 A in the complex. The formation of the @ bonds

to the bulk value, 2.75 A The Pd-Pd bond strength decreases nduces a small rehybridization of the carbon atom fror sp
with the cluster size but is still far from the experimental value, foward sp (see Table 3). The dihedral angle between the HCC
15 kcal/molt® The Mulliken populations (fon= 3, 4, 6) show  Plane and the CCPd plane increases from @098'; for a

a decrease of the s electrons and increase of the d electron§oMplete sp hybridization, this angle should be 120 The
with the cluster size. The energy band calculation for the 9round state of the complex is singlet with a bonding energy

palladium bulk structuf® gives 0.37 and 9.63 electrons for the ©Of —39 kcal/mol. This value is close to that calculated by
valence s and d orbitals, respectively. Blomberg et al2? —31 kcal/mol. The overall charge transfer

is a back-donation of 0.07 electrons to ethylene. The donation
to the metal is small, 0.01 electrons.
4. The Pd(GH,) Complex The potential energy surface for the activation of theHC
The Pd(GH,4) complex was first synthesized by Ozin and bond is shown in Figure 1. The most interesting aspect of this
Powe?! using GH4/Xe matrices. This complex has also been potential is perhaps that the transition state is below the-Pd
subject of theoretical investigations. Blomberg et al., using an C;H4 asymptote; the energy difference to the asymptote is 3
ab initio Hartree-Fock method, calculated the bonding energy kcal/mol. The barrier height is 36 kcal/mol and the energy

di-sigma

state (kcal/mol) A (cm™) s/p/d —
riplet 29 256 213 0.55/0.02/9.43 Pd(GHs)  transitionstate  HPd-CoHs
singlet —-25 2.74 187 0.17/0.02/9.80 Eads —39 —6
c-C 1.40 1.32 1.34
TABLE 2: Molecular Properties of the Pd, Bare Clusters Pd-C 2.20 2.00 1.98
Mulliken Pd-H 2.72 1.68 1.57
atomic populations: Pd-Pd Pd—-Pd bond H=Pd-C 106 54 8
Pd, coordination s/p/d A strength (kcal/mol) a For the transition state, the barrier height relative tosttemplex
1 0/0/10 is 36 kcal/mol.
2 1 0.55/0.02/9.43  2.56 29.2
3Dsp 2 0.66/0.03/9.31 2.76 27.2
4T, 3 0.54/0.04/9.42  2.75 26.2 153 60
5Dz 3 (top) 0.42/0.04/9.56  2.79 23.9 o S— _
4 (base)  0.52/0.04/9.42 Free = TS2 +48 Reaction Path
60, 4 0.46/0.04/9.50  2.78 236 = _
HPdC2H3 TS1 +36
of the palladium single atom. The calculated energy difference _ a8 | '
between théS(d'% ground state and th#(d°s!) excited state 2 e b -
is 26 kcal/mol; the experimental value is 22 kcal/rHpl. g o - PazoaHa
&

Pd2C2H4
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CH2 H2C ————— CH2 pseudo-square planar structure (Figure 2c, the vinyl plane is
\/ / perpendicular to the plane containing the two Pd atoms and the
Pd hydrogen atom), the trans (Figure 2d) and the cis (Figure 2e)
Pd Pd structures. The optimized parameters are given in Table 5. The
Pd square structure is the most stable structure, therefore the-vinyl
a b hydride H-Pd&,—C;H3 presents a square geometry equivalent
to that of H-Pd,—CHs resulting from CH activation!” On

Pd the other hand, because of the steric repulsion, the cis structure
' N is less stable than the trans structure by 4 kcal/mol.

H The potential energy surface for the activation of thetC
Pd bond by the palladium dimer is presented in Figure 1 together
with that of the single atom. The comparison of the stability
of thesr complexes and vinythydride products of Pdgl, and
Pd.C,H,4 (see Figure 1) shows that thé%configuration (the
H2C=CH— Pd palladium single atom) is optimal for the formation of the
} complex, whereas thé?st configuration (that of Pglis d®43%%-59)
Pd_H should be optimal for the formation of thebonds of the viny+
d hydride product. Indeed, the Pg; m-complex is stable by
39 kcal/mol relative to free molecules in their ground states,
H2C=CH__ Pd whereas the R€,H, 7-complex is stable only by 23 kcal/mol.
‘ On the other hand, the vinyhydride H-Pd—C;H3 is stable
only by 6 kcal/mol, whereas HPd,—C,H, is stable by 38 kcal/
H—Pd mol.

e Three transition states were investigated (Figure 3). In the
Figure 2. Adsorption modes of ethylene on £da) = and (b) dio, end-on approach (TS3), the PBd axis is perpendicular to the
and various geometries for the vimftydride product, () pseudo-square  ¢_H hond and only one Pd atom is involved in the interaction.
planar, (d) trans, and (e) cis. The other Pd atom is kept far from ethylene. In the side-on
perpendicular approach (TS2), the two molecules are parallel
and the Pe-Pd axis is kept perpendicular to the-8& bond.
For the side-on parallel approach (TS1), the-Pd axis is kept
parallel to the G-H bond. When only one Pd atom of the dimer
activates the €H bond (TS3), the calculated barrier relative
to &r adsorption is very close to that of the single atom (37 vs
5. Interaction of Ethylene with the Palladium Dimer 36 kcal/mol). The_barrier relative to di-adsorption is Ia_rger,
60 kcal/mol, and is a consequence of the energy difference
Two kind of complexes can be formed (Figure 2, parts a and petweens and dio adsorption modes. The side-on perpen-
b): 7 and dio complexes. The molecular propgrties of the gicular approach was found for the activation gfhand CH?
two complexes are presented in Table 4. The demplex is by Pd. The transition state (TS2) is characterized by a long
more _stable and is characterized by_a large charge tran;fer fromp4—pd distance (2.92 A). While the vinyl group is attached to
the dimer to ethylene (back-donation). Theodadsorption 6 o Pd atoms, the hydrogen atom is attached to the vinyl
mode gives a strong interaction and a strong distortion of 5. t5 one Pd atom. The barrier is 48 kcal/mol. The side-on
ethylene toward the $fnybridization, whereas the adsorption parallel approach was suggested by Nakatsuji &f fdr the
mode gives a small interaction and a small distortion. The Same 4 ctivation of H by Po. Then the final product HPd—Pd—H
trend was found by Extended Huckel calculations for the presents a cis configuration. Blomberg et’ahave found that
adsorption of GH, on Pd(111) and Pt(111) surfacesTable 4 the square configuration, where each hydrogen is attached to

:iiolj:gzvvistht?hee gﬁg?pﬁﬁg'ﬁl rt]egc:ir(])en ér:::acﬁfgeig;rggsgg the two Pd atoms, is more stable by 26 kcal/mol. Therefore
Y ) ay P the side-on parallel approach is not necessarily the optimal

in three contribution® the Pauli repulsioAEy, the electrostatic pathway for H-H activation on Pgl The transition state (TS1)

interactionAEgeq and the orbital interactioNEy,. The Pauli . . .
repulsion arises from the interaction between occupied orbitalsfor CZH“/ sz. side-on parallel approach gives th_e lowest barrier
relative to die adsorption, 36 kcal/mol. The main reason seems

of C;Hs and Pd; the electrostatic interaction corresponds to to be th ficinati £ th d b i in th
the interpenetrating charge distributions; and the orbital interac- 0 P€ € participation of the second carbon atom in the
tion represents the energy change upon the formation of themtera_tc?tlon with the dimer, which is miSsINg I the_other
molecular orbitals of the EJ/Pd system. This energy transmqn states..The topplogy of the transmonl state is close
calculated with the Ziegler transition-state mett@dor the to the dio adsorption. The inactive Gigroup remains attached

optimized adsorbate/substrate system corresponds to the interad® One Pd atom, while the activation takes place on the other

tion between two distorted fragments and is not the adsorption Pd aom. Here again the activation is ensured by only one Pd
energy that refers to free molecules in their equilibrium &M therefore, the barrier is equal to that of the single atom.

H20=CH/
AN

c

difference between the transition state and the vitmyldride
product is small, 6 kcal/mol. Our results are in good agreement
with Siegbahn et &8 calculations, which found a barrier height
of 31 kcal/mol and an energy difference of 3 kcal/mol between
the transition state and the vinyl hydride product.

geometries (the SUNE + AEegiec+ AEor is not equal tEaqg). Our calculations show clearly that the palladium single atom
The Pauli repulsion is stronger for the ali-adsorption. and dimer activate the ethylene-El bond. This result supports
However, the compensation by the other contributions is large molecular beam experiments from Fayet efathere palladium
enough to favor the dir adsorption mode. clusters with up to 25 atoms were found to activate ethylene.
We have also analyzed the activation of thek bond of However, while in these experiments the dimer is more reactive

ethylene by the palladium dimer. Three structures for the than the single atom, in our calculations,Rad Pd present the
vinyl—hydride product (H-Pd,—C;H3) were investigated: the  same barrier height.
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TABLE 4: Adsorption Energies (in kcal/mol) Relative to Free C;H,4 and Pd, Species, the Decomposition of the Interaction
Energy between GH, and Pd; for the Optimized C,H4/Pd, Geometry2 Overall Charge Transfer (a Back-Donation to Ethylene),
and Geometries (A and deg) forz and di-e Complexes of Pd(C,H,4)P

adsorption mode  Eags AEp AEelec AEorm charge transfer PdPd Pd-C c-C hydrogen dihedral angle
g -23 +161 —141 —56 0.09¢e 2.86 2.22 1.40 99
di-o —51 +231 —195 —-111 0.14 € 2.74 212 1.44 107

a AE,, Pauli repulsionAEgeq €electrostatic interactiomd\Eqr; orbital interaction® The hydrogen dihedral angle is the angle between the HCC
and the CCPd planes.

TABLE 5: Ethylene Dissociation on Pg?

structure Eagsor barrier height Pd-Pd, Pd—C/Pg—C Pd—H/Pd—H C—H c-C

HP&.C,H3

square —38 2.78 2.10 1.73 1.73 1.36

trans -13 2.66 1.96 1.56 1.56 1.36

cis -9 2.67 1.96 1.54 1.54 1.34
transition state

end-on 60 2.81 2.00 153 1.53 1.32

side-on perpendicular 48 2.92 2.12/2.13 1.63/2.44 1.60 1.36

side-on parallel 36 2.81 2.16/2.30 1.61/3.53 1.65 1.40

a2 The adsorption energies (in kcal/mol) for the viaylydride product are relative to freeld, and Pd species; the barrier heights (in kcal/mol)
for the transition states are relative to theodinolecular complex; and the distances are in A.

H,/// ~H n, JH
Hc -4l s cag
TS3 / \
Pd 772 Pd Pd - i » Pd
Pd

TS2
& )
W
Figure 4. Cluster distortion under the @i-adsorption mode (distances
Ts1 in A).
d TABLE 6: Structures of & and Di-e C,H4Pd, Complexe$
Figure 3. Various transition states for the—& activation by Pegt . _hydrogen
TS1, side-on parallel approach; TS2, side-on perpendicular approach; spin Pd-Pd c-C dihedral angle
and TS3, end-on approach. Pd, « di-e a« di-e a  di-o 7 di-o
6. Adsorption of Ethylene on Pd, (n = 3—6) Clusters 1 s S 1.40 98
) ) . 2 T S 286 274 140 144 99 107
In this section, we present the results for the adsorptionof 3 T s 277 422 139 143 98 109
ethylene on Pg(n = 3—6) clusters. The two adsorptonmodes 4 T S 282 336 138 146 97 114
s and dio are studied. The most surprising resultisthechange 5 T S 281 304 139 146 99 113
T T 2.83 282 139 142 98 105

in the cluster structure associated with therdidsorption mode.
For Pd, (n = 3—5) clusters, the bond between the two Pd atoms 2 Spin (S for singlet and T for triplet), PePd distance (A) of atoms
involved in the adsorption is broken (see Figure 4). Ethylene involved in the adsorption and the geometry of adsorbed ethylene (A
induces a reconstruction of the clusters: from the triangle toward and deg).

the linear structure for Band from the tetrahedron toward the and metal atoms involved in the adsorption are often pulled
planar structure for Rd Such effects were already suggested out from the surface.

by Parks et al® for N, adsorption on Nj clusters. In their For the distortion of adsorbed ethylene (Table 6), we found
investigation of the structure of nickel clusters, they have found the same trend as for the dimer, a higher distortion (rehybrid-
that in some cases nitrogen causes a change in the clusteization) for the die adsorption mode. The-€C bond length
structure. In Figure 4 we notice that the-Ped distance and  is longer when @H, is di-o. A comparison can be made with
therefore the distortion decreases with the cluster size. Thereforethe benzene adsorption on Rh(111), LEED anad§sias shown

this effect will be weak on the palladium surface and will that the benzene is adsorbed on a 3-fold position, and then, half
correspond to a local relaxation of the surface. The structural of the C-C bonds are on top positions and the other half are
effect associated with the adsorption mode is smaller, and on bridge positions. In correlation with our results, the©
there is an increase of the bond length between the atombond on top (equivalent to @ adsorption) is shorter than the
involved in the adsorption and its first neighbors. This is a C—C bond on bridge (equivalent to a diadsorption). The
general trend for the adsorption on a transition metal surface, experimental value of the-©C bond for adsorbed ethylene on
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52 il is appropriate for ther interaction, whereas thé?st configu-
e ration is appropriate for the di-interaction (the dimer is
d9.4350.5%_

(2]
©o
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