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The addition of hydrogen to the carbon–carbon double bond of 2-butenes adsorbed on Pd(111)
was studied within the density functional theory (DFT) and using a periodic slab model. For that
purpose, the Horiuti–Polanyi mechanisms for both complete hydrogenation and isomerization
were considered. The hydrogenation of cis and trans-2-butene to produce butane proceeds via
the formation of eclipsed and staggered -2-butyl intermediates, respectively. In both cases, a
relatively high energy barrier to produce the half-hydrogenated intermediate makes the first
hydrogen addition the slowest step of the reaction. The competitive production of trans-2-
butene from cis-2-butene requires the conversion from the eclipsed -2-butyl to the staggered -2-
butyl isomer. As the corresponding energy barrier is relatively small and because the first of
these isomers is less stable than the second, an easy conversion is predicted.
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1. Introduction

The catalytic hydrogenation of unsaturated organic
compounds is a very important process with numer-
ous industrial applications.1 For example, the selec-
tive opening of carbon–carbon double bonds and
their saturation with hydrogen atoms from a gaseous
H2 source is the dominant process in the syn-
thesis of fine and specialty chemicals.2 The same
role has in the synthesis of food additives.3 The
selective hydrogenation of steam-cracking cuts con-
stitutes a very important petrochemical process,
which is used to eliminate most of the alkynes,
dienes, and other troublesome compounds in olefinic
streams.4

Early works in this field proposed several mech-
anisms for the addition of hydrogen to olefins.5 The
Horiuti–Polanyi mechanism considers the formation
of an alkyl intermediate from coadsorbed olefin
and atomic hydrogen to yield the corresponding
alkane. The mechanistic studies of olefin hydro-
genation profited from modern H–D exchange,
temperature-programmed desorption, and high-
resolution infrared spectroscopy experiments per-
formed for ethylene and propylene adsorbed on Pt.6,7

They showed that under vacuum conditions a step-
wise hydrogenation is present and that an initial half-
hydrogenated species (likely an alkyl) is produced.
During the hydrogenation, olefins can be converted
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by competing isomerization processes where also an
alkyl intermediate is likely to be involved.8 This
kind of processes is of high relevance in the edi-
ble oil industry because the conversion from cis
to trans geometrical isomer in a fatty acid is an
unwanted process for the human heath.9 Recent
high-vacuum studies have been performed for C4

olefins on Pt to elucidate the mechanism of double-
bond isomerization.10,11

Transition metals of the same column, like
platinum and palladium, show different catalytic
behavior. For example, the hydrogenation of the
1,3-butadiene on palladium catalyst is highly selec-
tive for the partially hydrogenate product (mainly
1-butene) while platinum catalyst is less active and
also less selective.12,13 Experiments for 1-butene and
cis-2-butene hydrogenation/isomerization reactions
show that the hydrogenation rate is insensitive to
the surface structures for Pt catalysts while the iso-
merization rate changes significantly on stepped plat-
inum surfaces.14

A few recent investigations have been published
where the adsorption energies of different unsatu-
rated C4 hydrocarbons on Pt(111) and Pd(111) sur-
faces were theoretically evaluated.15 One conclusion
was that the lower stability of the 1-butene on Pd
versus Pt may be a possible explanation for the
higher hydrogenation selectivity observed for Pd.16

A description of the possible ethylene hydrogena-
tion mechanism on Pd(111) using cluster and peri-
odic slab calculations was performed by Neurock
and van Santen.17 At low coverage surface the
ethylene hydrogenation follows the Horiuti–Polanyi
mechanism.5 Other study of catalytic hydrogenation
of the 1,3-butadiene on Pd(111) and Pt(111) was
also reported.18 On Pd(111), the formation of butane
species is favored but on Pt(111) the formation of
butane and butene species seems to be competitive.
In case of the acetylene hydrogenation on Pd(111)
surface, the reaction path was evaluated in two steps:
ethylene and ethane formations.19

The main goal of this work is to study from a
theoretical point of view the hydrogenation and iso-
merization reactions of monoolefins on a Pd surface.
Specifically, we are interested on the relative rele-
vance of the hydrogenation versus the isomerization

Horiuti–Polanyi mechanisms for cis-2-butene and
trans-2-butene on a Pd(111).

2. Computational Details

A density functional theory (DFT) method that com-
bines the plane-wave expansion of electronic orbitals
and soft pseudopotentials (DACAPO codea) was
used to compute the energy of the system in the
different steps of hydrogenation mechanisms. The
generalized gradient approximation (GGA) was used
with the functional of Perdew and Wang.20,21 The 2D
Brillouin integrations were performed on a 3× 3× 1
Monkhorst–Pack grid. The fixed convergence of the
plane-wave expansion was obtained with a cut-off of
500 eV. This value is based on our previous tests,
which showed that the converged calculation error
was lower than 0.01 eV. The olefin/Pd system was
studied by representing the metallic surface with
a perfect smooth surface, namely the Pd(111) face
since this surface was one of the most experimentally
studied for the hydrocarbon conversion reaction.13,22

The Pd(111) surface was modeled with a slab con-
taining three atomic metal layers with nine Pd atoms
in each layer. In previous calculations, the effect
of the numbers of metal layers was examined.17,23

Three layers of Pd provide computationally efficient
results. The Pd–Pd interatomic distance for the three
layers was 2.751 Å, as the bulk experimental value.24

No relaxation of the first metallic layer was consid-
ered because earlier works showed minimal effects for
olefins adsorbed on Pd.25 A three-dimensional peri-
odic cell was constructed including a vacuum gap of
∼16 Å in the perpendicular direction to the metallic
surface. The adsorption of different species was eval-
uated. In order to minimize the interaction between
adsorbates in the hydrogenation–isomerization reac-
tions, a (3× 3) unit cell was selected. The adsorbate
species were placed in one side of the slab and were
allowed to optimize completely their geometry.

In the case of free 2-butene isomers the geometry
is planar, having internal angles of 120◦. The C=C
and C–C bond distances for both geometrical isomers
are almost the same, in agreement with the previous
theoretical study15 (1.36, 1.53 Å for cis-2-butene and
1.34, 1.53 Å for trans-2-butene, respectively).

aDACAPO is a free software developed at the Center for Atomic-scale Materials Physics (CAMPS) funded by the
Danish research council.
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The reaction energy (Ereact) between a C4Hy

moiety and x hydrogen atoms is defined as

Ereact = EC4Hy/sup + xEHads/sup − (1 + x)Esup

−EC4H8(g) − EH2(g) (1)

where EC4Hy/sup is the energy of the adsorbed C4Hy

moiety, EHads/sup the energy of the adsorbed H atom,
Esup the Pd surface energy, EC4H8(g) is the energy of
the 2-butene isomers in gas phase, and EH2(g) is the
energy of the H2 molecule also in gas phase; more-
over, x is the number of hydrogen atoms adsorbed
on the Pd surface (x = 0 − 2) and y = 8 − x. The
reference value for the energy profiles is that corre-
sponding to 2-butenes and two H adsorbed atoms
at infinite distance. On the other hand, the adsorp-
tion energies (Eads) of an adsorbate were calculated
by subtracting the energy of the gas-phase adsorbate
plus the energy of the bare metal surface from the
energy of the adsorbate–metal system:

Eads = Eadsorbate/metal − Eadsorbate − Emetal (2)

The evolution of molecular structure between
intermediate states was evaluated by changing the
interatomic distance between atoms A and B, con-
sidering equal spaced intervals. For each step of
A–B breaking, the other geometrical parameters
were optimized, except the C–H bond distance. In
this way, a local maximum in PES surface can be
obtained, enabling us to define a molecular struc-
ture whose energy gives a measure of the amount
of energy required to activate the molecule from
one intermediate state to the other. For a better

definition of the local maximum position smaller
intervals were used.

3. Results and Discussion

3.1. Intermediate species

Horiuti–Polanyi mechanism is the most accepted
mechanism for the hydrogenation reactions of unsat-
urated hydrocarbons chains on transition metal cata-
lysts. In case of monoolefins it comprises the opening
of C=C double bond and the formation of an alkyl by
inserting a coadsorbed hydrogen atom into the unsat-
urated adsorbed molecule. The subsequent addition
of another hydrogen atom to the half-hydrogenated
intermediate yields the corresponding alkane, which
easily desorbs from the catalytic surface.

Before performing an analysis of the whole
hydrogenation mechanism of cis/trans-2-butene, the
adsorption of these molecules and their respective
alkyls were considered. From the previous pub-
lished results for the adsorption of ethylene on
Pd,26 it appears that the di-σ configuration has the
more relevant chemical interaction with the metal-
lic surface in comparison with the π configuration.
For this reason, the di-σ adsorption for cis/trans-
2-butene is considered in the present work. This
assumption is also supported by the interpretation
of high-resolution IR spectra obtained for ethylene
hydrogenation on Pt.27

In Table 1, the values of Ereact and geo-
metric molecular parameters for adsorbed cis/
trans-2-butene and 2-butyl isomers are summarized.

Table 1. Reaction energies (Ereact, kcal/mol) and more relevant geometrical parameters (distances in
Å, angles in degrees) of the reactants and the intermediate species for the hydrogenation and isomer-
ization mechanisms on Pd(111) surface.

Adsorbate Ereact d(Pd–C) d(C–C) d(H–Pd) ∠(C–Pd1–Pd2) ∠(C–C–Pd1)

cis-2-Butene −32.2 2.20 1.48 73.2 106.8

(−25.1)a (18.0)b

trans-2-Butene −29.3 2.20 1.45 72.8 107.2

(−23.0)a (29.0)b

eclipsed -2-Butyl −17.9 2.16 1.62 2.01 91.3 111.3

staggered -2-Butyl −24.1 2.16 1.55 2.02 90.5 112.4

eclipsed -2-Butyl + Hc −8.0 2.28 1.62 1.93 85.4 113.3

staggered -2-Butyl + Hc −18.9 2.29 1.55 1.94 85.2 113.6

aBetween parentheses, the Ereact values for coadsorption with a neighboring H atom.
bBetween parentheses, the θ angle shown in Fig. 2.
cFor coadsorption with a neighboring H atom.
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The calculated adsorption energies for cis-2-butene
and trans-2-butene are −10.03 and −7.06kcal/mol,
respectively. These values are in agreement with the
results obtained by Lee and Zaera28 for 2-butene
adsorbed on Pt(111). Indeed, the reported TPD
spectra showed a desorption peak at 230K due to
cis-2-butene and another peak at 200K due to trans-
2-butene, associated to desorption energies of 13.4
and 11.6 kcal/mol, respectively. On the other hand,
recent theoretical DFT calculations for 2-butene on
Pt(111) and Pd(111) obtained also the same trend
for Pt, but the magnitude of adsorption energies
is somewhat greater (≈ 6 kcal/mol) than the exper-
imental desorption energies.15 In case of Pd(111),
the adsorption energies are greater than our results
(≈ 5 kcal/mol).

Regarding the geometrical parameters of cis/
trans-2-butene isomers, we notice that their geome-
tries are modified with respect to the free molecules.
For both the isomers, the C2–C3 bond is parallel
to the surface (see Figs. 1(a) and 1(b)) and under-
goes an elongation with respect to the cis/trans-2-
butene free species (1.48–1.45 Å versus 1.36–1.34Å,
respectively). This stretching is slightly higher for
cis-2-butene, a result that follows the same trend as
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Fig. 1. 2-Butene reactants and 2-butyl intermediates
adsorbed on Pd(111): (a) cis-2-butene, (b) trans-2-
butene, (c) eclipsed -2-butyl, and (d) staggered -2-butyl.

revealed by X-ray absorption spectroscopy data.29

The C2 and C3 atoms adopt the sp3 hybridiza-
tion, proved by the H–C–C–CH3 torsion angle which
changes from 180◦, for the gas phase, to 134◦ for the
adsorbed species. This modification is higher than
that obtained for the ethylene molecule (from 180◦ to
143◦, Ref. 17), mainly due to the methyl groups. The
deformation of the molecule upon adsorption is also
evident because the β methyl groups point outwards
the metal surface, the molecule loosing its original
planarity (see angle θ in Figs. 1(a) and 1(b)). The
calculated C2–C3 and C–Pd interatomic distances
are very similar to the theoretical values reported
previously for ethylene and 2-butene on Pd.15,17 Par-
ticularly, our C2–C3 distances for cis/trans-2-butene
differ by +0.02/−0.01 Å and the C–Pd distance by
+0.05/+0.06 with the data reported by Valcárcel
et al.15

The half-hydrogenated intermediates produced
from cis and trans-2-butene are the eclipsed
and staggered -2-butyl isomers, respectively. These
adsorbed alkyls are less stable than the correspond-
ing 2-butene reactants. Looking the Ereact values at
Table 1, we observe that the effect is more notice-
able for the eclipsed than for the staggered isomer
(14.3 and 5.2 kcal/mol, respectively). Both radicals
adsorb in an on-top configuration, forming a C–Pd1–
Pd2 angle of 91.3◦ and 90.5◦ for eclipsed and stag-
gered -2-butyl, respectively (see Figs. 1(c)–1(d) and
Table 1). Two different interactions are formed with
the solid: a Pd–C bond and a less significant C–H–Pd
interaction mediated by the hydrogen of β-carbon.
The Pd–C distances shorten slightly with respect
to those of adsorbed 2-butene isomers and the C–H
bond is relatively long due to the interaction with
the surface Pd atom (1.13 Å). In general, the internal
geometrical parameters are very similar for both rad-
icals, excepting the C2–C3 distance which is nearly
0.1 Å longer for the eclipsed -2-butyl. This distance
takes a value very similar to that of free butane
(1.56 Å).

3.2. Horiuti–Polanyi hydrogenation
mechanism

In Figs. 2 and 3, the Ereact profiles for the hydrogena-
tion mechanism of cis and trans-2-butene, respec-
tively, are shown. The geometries for activated states
are shown in Figs. 4(a)–4(d). The respective Ereact
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cis- 
C4H8 + 2 H �   C4H8  H + H   AS1cis      C4H9  +  H            C4H9  H        AS2cis           C4H10(g)

Reaction Coordinate

7.1

15.6
9.9

9.6

-4.9

E (kcal/mol) 

14.3

Fig. 2. Reaction energy profile of cis-2-butene hydrogenation on Pd(111) following the Horiuti–Polanyi mechanism.
The grey steps correspond to activation barrier. The zero level corresponds to the adsorbed reactants infinitely
separated.

trans- 
C4H8 + 2 H   � �   C4H8  H + H   AS1trans     C4H9      C4H9 AS2trans         C4H10(g)

6.3

14.2

5.3

13.7

-5.0
Reaction Coordinate

E (kcal/mol) 

5.1

Fig. 3. Reaction energy profile of trans-2-butene hydrogenation on Pd(111) following the Horiuti–Polanyi mechanism.
The grey steps correspond to the activation barriers. The zero level corresponds to the adsorbed reactants infinitely
separated.
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Fig. 4. Activated states for 2-butenes hydrogena-
tion on Pd(111). For cis-2-butene hydrogenation:
(a) AS1cis , (b) AS2cis . For trans-2-butene hydrogena-
tion: (c) AS1trans , (d) AS2trans .

Table 2. Reaction energies (Ereact, kcal/mol) and
more relevant geometrical parameters (distances in
Å, angles in degrees) for the activated intermediates
in hydrogenation and isomerization mechanisms on
Pd(111) surface.

Activated Ea
react d(Pd–C) d(C–C) d(H–Pd) d(C–H)

state

AS1cis −9.5 2.40 1.58 1.57 1.74
(22.7)

AS2cis +1.6 2.79 1.64 1.73 1.65
(33.8)

AS1trans −8.8 2.32 1.51 1.56 1.73
(20.5)

AS2trans −5.2 2.81 1.55 1.70 1.66
(24.1)

AS2isom −15.3 2.14 1.64 2.11 1.12
(16.9)

aBetween parentheses, the Ereact values referred to the
initial state of the reaction path.

and more relevant geometrical parameters are sum-
marized in Table 2.

Starting with an adsorbed 2-butene molecule and
an adsorbed H atom infinitely separated on the
Pd surface, one H atom is placed on a threefold
fcc hollow site close to the C2 atom of adsorbed

butane. The interaction with the H atom produces
a destabilization of ∼6.5 kcal/mol of 2-butene iso-
mers, with no significant change in their geometries
(see Table 1). This observation is in agreement with
recent TPD results for 2-butene adsorbed on a H2-
predosed Pt(111) surface, which reveal a significant
shift in desorption peaks to lower temperatures.10

Similar theoretical results have been reported for
butadiene adsorbed on Pt and Pd.18 Afterwards,
the coadsorbates react to produce the eclipsed and
staggered -butyl intermediates, coming from cis and
trans-2-butene, respectively. This first H atom addi-
tion comprises the rupture of Pd–C2 and Pd–H
bonds and the creation of C2–H bond. The geome-
try of the corresponding activated state (AS1cis and
AS1trans for cis and trans-2-butene, respectively)
shows a three-center C–H–Pd interaction, with the H
atom more strongly linked to the Pd of original Pd–
C2 bond than to the C2 atom of isomer (see Figs. 4(a)
and 4(c) and Table 2). The Pd–H bond can be viewed
as the nascent C–H–Pd interaction of 2-butyl inter-
mediate (see Sec. 3.1). The energy barrier for the
first H addition on cis-2-butene is 15.6 kcal/mol and
on trans-2-butene 14.2 kcal/mol, making the AS1cis

state less stable than the AS1trans state. The energy
balance for the production of intermediate radicals
is endothermic (7.2 kcal/mol) for cis-2-butene and
exothermic (1.2 kcal/mol) for trans-2-butene.

The second H atom addition entails the interac-
tion of another H atom adsorbed on the threefold
fcc hollow site close to the C3 atom of adsorbed
2-butyl. This interaction is repulsive, giving an
energy destabilization (9.9 and 5.3 kcal/mol, for
eclipsed and staggered -2-butyl, respectively). Fur-
thermore, this interaction is accompanied by a mod-
ification in adsorbed alkyl geometry: a significant
elongation of Pd–C bond and a marked decrease in
C–Pd1–Pd2 angle can be observed (see Table 1). The
reaction of H and alkyl coadsorbates gives the butane
molecule in gas phase and the bare metallic sur-
face. The corresponding activated state (AS2cis and
AS2trans for eclipsed and staggered -2-butyl, respec-
tively) implies a three-center C–H–Pd interaction
as in the first H atom addition. Nevertheless, these
activated states are less stable than the AS1cis and
AS1trans states (11.1 and 3.6 kcal/mol, respectively).
Moreover, the Pd–C and Pd–H interatomic dis-
tances for AS2 activated states are larger than those
for AS1 ones (0.4–0.5 Å and 0.15 Å, respectively),
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as it can be observed in Figs. 4(b) and 4(d) and
in Table 2. The hydrogenation energy barrier for
eclipsed -2-butyl is 9.6 kcal/mol and for staggered -2-
butyl 13.7 kcal/mol. The energy balance for the final
production of butane and bare Pd surface is exother-
mic for both the eclipsed -2-butyl and staggered -2-
butyl (29.1 and 15.4 kcal/mol, respectively).

Regarding the whole hydrogenation for the
2-butenes isomers, we notice that they are exother-
mic (nearly 5 kcal/mol). The intermediate states pro-
duced during the cis-2-butene hydrogenation are
in general less stable than those of the trans-2-
butene hydrogenation. Moreover, the energy bar-
rier for whole cis-2-butene hydrogenation is higher
(9.7 kcal/mol) than that for whole trans-2-butene
hydrogenation. It is noteworthy that in both cases
the energy barrier for the first H atom addi-
tion is larger than that for the second (15.6/9.6
and 14.2/13.7kcal/mol for cis and trans-2-butene,

respectively). This observation is in agreement with
the experimental evidence for ethylene and propy-
lene hydrogenation on Pt, arguing an initial half-
hydrogenation slow step.6,7 Analogous theoretical
results have been obtained for the hydrogenation of
ethylene on Pd.17

In order to rationalize the different behaviors
of 2-butene isomers during their hydrogenation on
Pd(111), the densities of electronic states projected
(PDOS) on selected atomic orbitals of the adsor-
bate/surface system were calculated. Looking at the
geometries in Figs. 4(a) and 4(c), we observe that the
most relevant link between the AS1cis and AS1trans

activated states and the Pd surface is the C2–Pd
bond. The atomic orbitals with the appropriate sym-
metry along the axis of this bond are the pz orbital
of the C2 atom and the d2

z orbital of nearest surface
Pd atom. Figure 5(a) shows the PDOS of C2(pz)
and Pd(d2

z) orbitals for the AS1cis/Pd system and

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

bare Pd(dz2)

Pd(dz2)

C(pz)

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

bare Pd(dz2)

Pd(dz2)

C(pz)

(a) (b)

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

bare Pd(dz2)

Pd(dz2)

C(pz)

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

bare Pd(dz2)

Pd(dz2)

C(pz)

(c) (d)

Fig. 5. Projected density of states (PDOS) onto C2(pz) and Pd(d2
z) atomic orbitals: (a) TS1cis , (b) TS1trans ,

(c) eclipsed -2-butyl, and (d) eclipsed -2-butyl on Pd(111). Energies are expressed in eV and PDOS in au.
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Fig. 5(b) for the AS1trans/Pd system. For compari-
son, the PDOS of d2

z orbital for the clean Pd surface
was also included. It is noteworthy the modifications
undertaken by the d2

z band due to the interaction
between AS1cis and Pd surface, in comparison with
the bare surface. This band broadens exhibiting a
significant decrease in the number of occupied states
near the Fermi level, an enlargement of PDOS at
the bottom of the band and the appearance of new
states above the Fermi level. This observation can
be related to the presence of an important coupling
between the C2(d2

z) and Pd(pz) orbitals, by compari-
son of respective PDOS profiles. This d2

z band broad-
ening is more noticeable in the case of AS1trans/Pd,
implying a stronger interaction than that obtained
in the AS1cis/Pd system. The last observation is in
agreement with the relative stability of these acti-
vated states, as commented above.

Figures 5(c) and 5(d) show the PDOS of C2(pz)
and Pd(d2

z) orbitals for the eclipsed -2-butyl/Pd and
staggered -2-butyl/Pd systems. The electronic struc-
ture of these systems reveals the same general prop-
erties as those observed in the previous activated
state: a d2

z band broadening and an important

coupling of these atomic orbitals. The d2
z band

broadening is more noticeably in the case of stag-
gered -2-butyl/Pd system, in agreement with the
greater stability obtained for the latter intermediate.

3.3. Horiuti-Polanyi isomerization
mechanism

In the hydrogenation process of olefins, the
hydrogenation and isomerization reactions elapse
simultaneously. In the case of 2-butenes, the isomer-
ization implies the production of trans-2-butene from
cis-2-butene or, vice-versa, that of cis-2-butene from
trans-2-butene. The formation of 1-butene could be
another alternative, but it has not been reported
for transition metal catalysts.14 Within the Horiuti–
Polanyi mechanism, the same half-hydrogenated
intermediate (alkyl) is present for both reactions.
After the conversion of one 2-butyl isomer to the
other stereospecific radical, a later dehydrogenation
gives the corresponding unsaturated hydrocarbon
isomer.

In Fig. 6, the Ereact profile for the isomerization
mechanism of cis-2-butene is shown. The geometries

  cis- eclipsed- staggered- trans- 
C4H8  +  H  � � � � � � � �  C4H8  H    AS1iso      C4H9 AS2iso       C4H9 AS3iso   C4H8  H        C4H8  +  H 

7.1

Reaction Coordinate

E (kcal/mol) 

15.6

2.6

15.2

14.3

5.4
6.5

Fig. 6. Reaction energy profile of 2-butene isomerization on Pd(111) following the Horiuti–Polanyi mechanism. The
grey steps correspond to the activation barriers. The zero level corresponds to the adsorbed reactants infinitely
separated.
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2.16 

1.62 

2.01 2.14

1.64
1.12

2.11

(a) (b)

2.16 

1.55 

2.02
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Fig. 7. Activated states for 2-butene isomerization on
Pd(111). (a) AS1iso, (b) AS2iso, and (c) AS3iso.

for activated states are shown in Figs. 7(a)–7(c).
The respective Ereact and more relevant geometri-
cal parameters are summarized in Table 2. In order
to compare the Ereact profiles of the isomerization
mechanism with that of the hydrogenation mecha-
nism an extra hydrogen atom had to be included in
the evaluation of Ereact values.

The mechanism starts from an adsorbed cis-2-
butene molecule and an adsorbed H atom infinitely

separated on the Pd surface. The following two
steps of the isomerization are equivalent to those
of the first H atom addition. The produced half-
hydrogenated intermediate, the eclipsed -2-butyl rad-
ical, presents an easy rotation of the β-carbon with
sp3 hybridization, giving a subsequent intermedi-
ate, the staggered -2-butyl isomer. The geometry of
the corresponding activated state AS2iso shows a
substantially larger distance between the H of β

carbon atom C2 and the nearest Pd atom of the sur-
face in comparison with the adsorbed 2-butyl isomers
(2.11 Å versus 2.01–2.02Å). The energy barrier for
converting the eclipsed -2-butyl into the staggered -
2-butyl is 2.6 kcal/mol. The later two steps of the
isomerization mechanism are equivalent to the two
initial steps in the trans-2-butene hydrogenation, but
performed in the opposite sense. The last step of the
isomerization mechanism finishes with the adsorbed
trans-2-butene and the hydrogen atom are infinitely
separated.

Figure 8 shows the PDOS of C2(pz) and the
Pd(d2

z) orbitals for the AS2iso/Pd system. The
electronic structure of this system reveals greater
d2

z band broadening and coupling of these atomic
orbitals than those observed for the AS1cis/Pd and
AS1trans/Pd systems. This result is in agreement
with the greater stability obtained for the AS2iso

activated state.
The isomerization reaction for the cis-2-butene

is slightly endothermic (0.2 kcal/mol) and the
production of trans-2-butene can be considered

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

bare Pd(dz2)

Pd(dz2)

C(pz)

Fig. 8. Projected density of states (PDOS) onto C2(pz) and Pd(d2
z) atomic orbitals: AS2iso on Pd(111). Energies are

expressed in eV and PDOS in au.
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as thermodynamically equilibrated. Nevertheless,
comparing the Ereact values for 2-butene molecules
in interaction with a neighboring H atom, a
0.6 kcal/mol energy gain is obtained. From this,
we infer that the isomerization from cis-2-butene
to trans-2-butene can be considered as a thermo-
dynamically feasible process. Moreover, the energy
required to activate the eclipsed -2-butyl intermedi-
ate (2.6 kcal/mol), across the AS2iso state, is much
lower than that to activate the staggered -2-butyl
(11.5 kcal/mol), making easier the path for produc-
ing trans-2-butene.

Once the eclipsed -2-butyl intermediate is pro-
duced, we have two competitive reactions: the above
discussed isomerization or a second H atom addi-
tion. The former continues by the easy produc-
tion of staggered -2-butyl. At this stage, the energy
barrier required to complete the isomerization is
15.2 kcal/mol. On the other hand, the energy for
the direct addition of a second H atom to the
eclipsed -2-butyl intermediate is 19.5 kcal/mol. As a
consequence, the isomerization would be the fastest
reaction. However, in actual working conditions of
catalysts, the presence of H atoms in the neighbor-
hood of eclipsed -2-butyl (for example, due to higher
pressures) must push up its Ereact, reducing the bar-
rier for the second H addition to 9.6 kcal/mol. In
these conditions a fast hydrogenation reaction would
be expected. Another alternative is a second H atom
addition mediated through the staggered -2-butyl. In
this case, the energy barrier required for the comple-
tion the hydrogenation is 19.0 kcal/mol.

4. Conclusions

The Horiuti–Polanyi mechanisms for 2-butene hydro-
genation and isomerization on Pd(111) were studied
by using periodic DFT calculations. The hydro-
genations of cis and trans-2-butene comprise the
sequential addition of two hydrogen atoms and a
half-hydrogenated intermediate. The alkyl interme-
diate for cis-2-butene hydrogenation (the eclipsed -
2-butyl) is less stable than that for trans-2-butene
hydrogenation (the staggered -2-butyl). In both cases,
a relatively high energy barrier to produce the half-
hydrogenated intermediate makes the first hydro-
gen addition the slowest step of the reaction.
The isomerization of cis-2-butene to give trans-2-
butene comprises the conversion from eclipsed to

staggered -2-butyl intermediates. The activated state
between them is much stable than the other activated
states of the reaction path. Our results indicate that
the energy barrier for isomerization would depend
markedly on the hydrogen coverage.
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