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a  b  s  t  r  a  c  t

The  production  of  cis-2-butene  (cis-2B)  on  Pd/Ni(1  1  1) bimetallic  model  was  evaluated  considering  two
possible  reactions:  through  the  hydrogenation  of  1,3-butadiene  (13BD)  adsorbed  on  a cis-geometry  site
and  through  the  isomerization  of trans-2-butene  (trans-2B).  For  that  purpose,  density  functional  the-
ory (DFT)  calculations  were  performed  following  the  corresponding  Horiuti–Polanyi  mechanisms.  In the
hydrogenation,  two  competitive  pathways  produce  cis-2B  and  trans-2B  from  13BD  species  adsorbed  on
di-�-cis and  1,2,3,4-tetra-�  sites,  respectively.  The  cis-2B  is obtained  with  smaller  energy  requirements
than  the  trans-2B  isomer  in  spite  of  the  adsorption  of  13BD  on  the  di-�-cis  site  is 0.10  eV less  stable
than  on  the 1,2,3,4-tetra-�  site.  On  the  other  hand,  the  trans-2B  previously  formed  could  be isomer-
d Ni surface
eriodic DFT

ized  to cis-2B,  and  vice  versa,  trough  the  2-butyl  intermediates,  but the  elevated  energetic  barriers  to
hydrogenate/dehydrogenate  both  2B  isomers  would  avoid  these  processes.  In  fact,  the  dehydrogena-
tion  reaction  is the limiting  step  of the  isomerization  reaction.  From  these  results,  we  infer  that  on  the
Pd/Ni(1  1 1)  surface  the  cis-2B  isomer  is  easier  to be  formed  via  the  13BD  hydrogenation  on the di-�-cis
site  than  via  the  trans/cis  isomerization  of 2B.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The conversion of alkenes by transition metals (TM) is one of
he most studied catalytic reactions; nevertheless, some main top-
cs still remain unresolved [1–3]. Specifically, it is not clear yet what
ontrols selectivity toward the formation of cis-  or trans-olefins [4].
his issue is of interest in the food industry to reduce the trans-fatty
cids production during the partial hydrogenation of natural oils to
dible fats. The evidence of cardiovascular health risks caused by
rans-fatty acids is one of the most significant efforts to improve the
electivity toward the cis-formation [5]. In particular, the selective
ydrogenation of 1,3-butadiene (13BD) is considered as a reac-
ion test for probing the activity and electronic structure of metal
atalysts.

During the development of a chemical reaction of petrochemical
nterest, a lot of steps take place and some of them yield undesired
roducts by the so-called side reactions. In particular and accord-
ng to the Horiuti–Polanyi mechanism, during the 13BD partial
ydrogenation (see Scheme 1) their conjugated C C double bonds
an be hydrogenated through two different routes: 1,2-addition

∗ Corresponding author. Tel.: +54 291 4595141; fax: +54 291 4595142.
E-mail address: patricia.belelli@uns.edu.ar (P.G. Belelli).

ttp://dx.doi.org/10.1016/j.apsusc.2015.06.127
169-4332/© 2015 Elsevier B.V. All rights reserved.
to form 1-butene (1B) and 1,4-addition to form 2-butene (2B), as
primary products. Because 13BD has trans- and cis-isomers, the
hydrogenation will produce either the trans- or the cis-2B prod-
ucts. The ulterior isomerization of any of latter can be considered
as a side reaction if only one of them is desired. Moreover, all the
butene products can be converted to saturated species upon fur-
ther hydrogenation, which can be considered as another undesired
reaction.

Regarding the TM used as catalyst, the experiments show
that Pd provides higher selectivity in the 13BD partial hydro-
genation to 1B compared with Pt [6,7]. Initially, it was thought
that the selective partial hydrogenation on the surface of these
systems could be explained from the difference in desorption
energies between the 13BD and butene [1]. Subsequent studies
revealed that the nature of bonding on metal surfaces, i.e., di-
� bonding on Pd and di-� bonding on Pt, also strongly affects
the selectivity in 13BD hydrogenation toward 1B instead of
butane [8,9]. More recently, Katano et al. [10] findings indicate
that the hydrogenation of �-bonded 13BD on Pd(1 1 0) shows
significant selectivity to butenes. In particular, the high hydro-

genation activity of weakly �-bonded 13BD, combined with
the instability of butenes produced at the reaction tempera-
ture, are the main reasons for the high selectivity on Pd(1 1 0)
[11].

dx.doi.org/10.1016/j.apsusc.2015.06.127
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.06.127&domain=pdf
mailto:patricia.belelli@uns.edu.ar
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Fig. 1. Side view of the slab used as model for the Pd/Ni(1 1 1) bimetallic surface.

senting the (1 1 1) metallic surface was constructed containing four
cheme 1. Schematic representation of Horiuti–Polanyi mechanism for 13BD par-
ial  hydrogenation. Dot notation indicates radical and diradical species.

It is a well known fact that the catalytic properties of bimetallic
atalysts usually exceed the properties of one of the metal com-
onents. Some experimental studies reported the origin of this

nteresting effect using model surfaces [12–14]. One of the gov-
rning factors is the average metal–metal bond length, which is
ifferent to those of the corresponding pure metals and produces

 strain effect. The changes in orbital overlap are accompanied by
odifications of the electronic structure [15,16]. Besides the elec-

ronic effects, the activity and selectivity of bimetallic catalysts can
e improved due to the geometric effect at the surface, i.e., the
econd metal may  block sites of the first metal on the surface and
onsequently the average size and composition of the active sites
an be varied [17]. This is the case for the bimetallic Pt/Ni system,
here the Pt enriched surface over a Ni substrate is very active

or low temperature hydrogenation reactions [133–144, 155, 166,
18]].

In order to improve the sunflower oil hydrogenation, differ-
nt bimetallic Pt/Ni catalysts supported on mesoporous silica were
ecently synthetized [19]. Experimental results show that the addi-
ion of Ni on Pt/SiO2 catalyst produces a significant drop in the
rans-formation, compared to the corresponding Pt monometallic
atalyst. This behavior is explained trough the electronic and geo-
etric effects generated by the incorporation of the second metal

n the surface. In another case, the restructuring of the Pd/Ni(1 1 0)
urface was considered to explain the catalytic activity increase
f the 13BD hydrogenation, when palladium coverage exceeds
.5 mL  [20]. Recently, the 13BD selective hydrogenation to 1B was

nvestigated theoretically and experimentally over a Ni/Pd(1 1 1)
imetallic catalyst with good correlation between both points of
iew [21].

The theoretical study of a bimetallic TM catalyst for hydro-
enation was already addressed previously by us [22]. Specifically,
he partial hydrogenation of 13BD to 1B, 2B and butan-1,3-
iyl (B13R) on Pd/Ni(1 1 1) and Pd3/Ni(1 1 1) bimetallic surfaces
as investigated using a periodic method. According to the
oriuti–Polanyi mechanism, the overall process is exothermic on

he Pd/Ni(1 1 1) system and endothermic on Pd3/Ni(1 1 1). Con-
erning the Pd/Ni(1 1 1) catalyst model, the intermediates present
ore favorable adsorptions and lower activation barriers than

d3/Ni(1 1 1). The products would be mainly the butene isomers,
ith a slightly more selectivity toward 2B, in contrast to the pure

d(1 1 1) surface [23], and in agreement with experimental data
8,24–28]. Nevertheless, it is well known that 13BD is preferentially
dsorbed with trans-geometry of 1,2,3,4-tetra-� configuration on

everal transition metals [29–31], and for this reason the trans-2B
somer was always obtained. But there are opened questions about

hat happens with the cis-2B isomer and how it is formed.
White and gray balls correspond to Pd and Ni atoms, respectively. (For the interpre-
tation of the references to color in this figure legend, the reader is referred to the
Web  version of this article.)

The aim of this work is to study the cis-2B production during
the 13BD partial hydrogenation on a multilayered Pd/Ni(1 1 1) sur-
face following two possible reaction paths: (1) through the partial
hydrogenation of 13BD adsorbed with cis-geometry, in a di-�-cis
configuration, or (2) through the isomerization of trans-2B, pre-
viously formed from the partial hydrogenation of 13BD adsorbed
with trans-geometry.

2. Computational details and surface models

Total energy DFT calculations reported in this work were
performed using VASP code [32–34] and the projector augmented-
wave method (PAW) developed by Blöch was applied [35]. The
PAWs of ten valence electrons for Ni (3d84s2) and for Pd (4d10)
were considered. For the exchange–correlation effects we  adopted
the generalized gradient approximation (GGA) using the proposed
Perdew–Wang (PW91) functional [36,37]. The kinetic energy cut-
off for the plane wave expansion of the electronic wavefunction
was 450 eV. A (3 × 3 × 1) Monkhorst–Pack k-point mesh was  used
[38]. The convergence of the k-point mesh was checked until the
energy had converged with a precision better than 1 meV/atom. The
Methfessel–Paxton technique [39] with a smearing factor of 0.2 eV
was applied to determine how the partial occupancies are set for
each one-electron wave function electronic levels. The criterion for
the self-consistent convergence of the total energy was  0.1 meV.
The calculations were performed at the spin polarized level.

A FCC stacking layered structure was assumed. The slab repre-
layers of atoms (one Pd layer over three Ni layers) separated in the
normal direction by a vacuum region (Fig. 1). This gap was opti-
mized and a value of ∼15 Å was adequate to avoid the interaction
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etween slabs. The structural, electronic and magnetic properties
f Pd/Ni(1 1 1) was previously analyzed considering the ferromag-
etic condition acquired by the Pd overlayer epitaxially deposited
n the Ni(1 1 1) surface [40]. The Pd Pd interatomic distances in
he first layer were optimized to 2.57 Å. The geometries of adsor-
ates together with the two uppermost layers of the surface were
ully optimized.

The transition states (TS) and the activation energy barriers
�ETS) were determined using the Nudged Elastic Band Method
NEB) [41]. This was performed until a negligible value of the forces
as achieved. The transition states were validated by checking the

ull vibrational frequency analysis achieved by calculating the Hes-
ian matrix, followed by a diagonalization procedure to obtain the
igenmodes. All the corresponding transition states had only one
egative force constant. Afterward, the eigenvector associated with
his negative force constant was related to the reaction pathway
onsidered. This procedure allowed us to obtain accurate transition
tates and activation barriers.

As it will be seen in Section 3, the red arrows of Schemes 1 and 2
nd their corresponding explanations, given in the successive para-
raphs, describe the routes used in the NEB calculation. From a
echnical point of view, a systematic searching of the minimal
nergy configuration was performed for each situation. For exam-
le, in the case of C4Hx (x = 6 or 7) species co-adsorbed with a H
tom, several geometrical configurations neighboring the C atom
o be hydrogenated were evaluated; but only the most stable was
elected to build the reaction pathway. These minimal energy
onfigurations were used as starting and end points in the NEB
alculation.

Energy profiles associated with the reaction pathways were cal-
ulated assuming certain energy as reference. Specifically, to obtain
he relative hydrogenation energy, EHYDROG rel, the sum of ener-
ies of isolated 13BD and H2 molecules in gas phase was taken as
eference. EHYDROG rel was calculated according to the equation:

HYDROG rel = EC4Hx/surf + (8 − x)EH/surf − (9 − x)Esurf

− EC4H6(g) − EH2(g) (1)

here C4Hx corresponds to 13BD, to 13BD in co-adsorption with H,
o one of the possible intermediates as well as to the latter in co-
dsorption with another H; EH/surf is the adsorption energy of an
solated hydrogen atom and Esurf is the energy of the bare surface;
C4H6(g) and EH2(g) are the energies of 13BD and H2 molecules in
as phase respectively; finally, x is the amount of H atoms in the
eaction (x = 6, 7, 8).

In the case of the isomerization reaction the corresponding rel-
tive energy, EISOM rel, was  calculated with respect to the sum of
nergies of isolated trans-2B and H2 molecules in gas phase, EC4H8(g)
nd EC4H8(g), respectively:

ISOM rel = EC4Hx/surf + (9 − x)EH/surf − (10 − x)Esurf

− EC4H8(g) − 1/2EH2(g) (2)

here C4Hx corresponds to 2B isomers and to 2B in co-adsorption
ith H and x is the amount of H atoms in the reaction (x = 8, 9).

or both reactions, negative values indicate the exothermicity of
he reaction process. Non Zero Point Energy (ZPE) corrections were

ade because the ZPE contributions to reaction energies and the
ctivation energies were below 0.01 eV.

. Results and discussion
As it was previously mentioned, the cis-2B product could be
btained from the 13BD partial hydrogenation or from the isom-
rization reaction of trans-2B, with the last one being previously
ormed from the 13BD partial hydrogenation. It is important to
cience 353 (2015) 820–828

emphasize that both hydrogenation and isomerization reactions
are expected to occur during the experimental reaction. The 13BD
geometry is always associated with a trans-isomer because it is
more stable than that for the cis-isomer in the gas phase. For this
reason, it is expected that the trans-2B would be the more favorable
2B product.

The 13BD partial hydrogenation to obtain 2B isomers and the
cis/trans-2B isomerization were analyzed following the mecha-
nisms proposed by Horiuti–Polanyi [42,43]. In Scheme 1, the
whole Horiuti–Polanyi mechanism for hydrogenation is displayed,
where the addition of an H atom into one of the C C double
bonds of 13BD produces two C4H7 intermediates: 1-buten-4-
yl (CH2 CHCH2CH2

•, 1B4R) and 2-buten-1-yl (CH2
•CH CHCH3,

2B1R), when H atom is added on C2 (or C3) and C1 (or C4), respec-
tively. The subsequent incorporation of another H atom yields
the C4H6 products: 1-butene (1B), 2-butene (2B) and the dirad-
icals butan-1,3-diyl (B13R) and butan-1,4-diyl (B14R). All these
steps were studied in our recently published paper [22], but in the
present work only the pathway forming the 2B product, through the
2B1R intermediate, will be considered (red arrows in Scheme 1).
This choice was  taken considering that this pathway constitutes
the only one to obtain the 2B product as well as that the 2B1R
intermediate has a higher stability than the 1B4R one, due to its
allylic character [22]. Thus, the hydrogenation reaction will occur
through a 1,4-addition of H. The radical (1B4R, 2B1R) and diradicals
(B14R, B13R) species of different intermediates (C4H7 and C4H8) are
indicated in Scheme 1 using dot notation.

In the Horiuti–Polanyi isomerization mechanism [42], the C4H9
moiety is formed through the insertion of a H atom into the C C
double bond of one the C4H8 species and an ulterior dehydrogena-
tion produces the other C4H8 isomer. In Scheme 2, the H atom added
to the trans-2B isomer produces the trans-2-butyl partial hydro-
genated intermediate. The easy rotation around the central C C
simple bond forms the cis-2-butyl. The following dehydrogenation
of the C atom previously hydrogenated forms the cis-2B isomer. In
this simple scheme, the selectivity is explained by the removal of a
hydrogen atom from the �-position of the alkyl intermediate.

3.1. 13BD hydrogenation

In our earlier work, the 1,2,3,4-tetra-�  site was obtained as
the preferable adsorption mode of 13BD on Pd/Ni(1 1 1) surface,
while the di-�-cis site was only 0.1 eV less stable [22]. In these
two sites the 13BD molecule has different geometry: on 1,2,3,4-
tetra-� site the diene is adsorbed with trans-geometry (see Fig. 2a),
while on di-�-cis site the 13BD has cis-geometry (see Fig. 3a).
Therefore, it is largely expected that cis-2B and trans-2B yielding,
obtained as products of 13BD partial hydrogenation, would depend
on the initial 13BD geometry on the adsorption site. Comparing the
adsorption energies for both 13BD geometries on Pd/Ni(1 1 1) with
respect to Pd(1 1 1) [29], we  observed that di-�-cis site is ∼0.20 eV
favored in our Pd/Ni(1 1 1) model [31]. This suggest a higher propor-
tion of 13BD adsorbed on this site of Pd/Ni(1 1 1), compared with
Pd(1 1 1).

Firstly, the partial hydrogenation of 13BD adsorbed on
1,2,3,4-tetra-� and di-�-cis of Pd/Ni(1 1 1) catalyst through 2B1R
intermediate to form trans-2B and cis-2B, respectively, were eval-
uated. In Figs. 2 and 3 the optimized structures achieved along the
whole reaction path are shown, from the adsorbed 13BD to the final
products cis- and trans-2B, respectively.

In addition, the most important geometrical parameters of
13BD, 2B1R and cis/trans-2B species adsorbed on Pd/Ni(1 1 1), and

their respective relative energies (EHYDROG rel) are summarized in
Table 1. The Erel values indicate the slightly high stability of 13BD
adsorbed on 1,2,3,4-tetra-�  with respect to di-�-cis sites, as it was
previously mentioned. Their energy difference can be associated
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Scheme 2. Schematic representation of Horiuti–Polanyi mechanism for trans-2B isomerization. The curved arrow indicates the easy rotation around the central C C simple
bond  of the trans-2butyl partial hydrogenated intermediate to form the cis-2butyl.

Fig. 2. Optimized geometries of species involved in the reaction path of 13BD partial hydrogenation on Pd/Ni(1 1 1) surface, to obtain the trans-2B product: (a) 13BD adsorbed
on  1,2,3,4-tetra-� site, (b) transition state 1 (TS1), (c) 2B1R, (d) transition state 2 (TS2) and (e) trans-2B.
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Fig. 3. Optimized geometries of species involved in the reaction path of 13BD partial hydrogenation on Pd/Ni(1 1 1) surface, to obtain the cis-2B product: (a) 13BD adsorbed
on  di-�-cis site, (b) transition state 1 (TS1), (c) 2B1R, (d) transition state 2 (TS2) and (e) cis-2B.

Table 1
Relative energies (EHYDROG rel), in eV, and more relevant bond distances, in Å, of the involved species in the 13BD hydrogenation on Pd/Ni(1 1 1) surface.

Product trans-2B

Species EHYDROG rel Pd C1 Pd C2 Pd C3 Pd C4 C1 C2 C2 C3 C3 C4

13BD −1.04 2.16 2.34 2.43 2.16 1.43 1.43 1.43
13BD  + H −0.80 2.20 2.55 2.45 2.18 1.42 1.43 1.42
trans-2B1R −1.35 2.14 2.58 2.20 3.22 1.43 1.42 1.51
trans-2B1R  + H −1.34 2.13 2.43 2.10 3.05 1.41 1.44 1.51
trans-2B  −1.42 3.14 2.22 2.23 3.16 1.50 1.40 1.51

Product  cis-2B

Species EHYDROG rel Pd C1 Pd C2 Pd C3 Pd C4 C1 C2 C2 C3 C3 C4

13BD −0.95 2.20 2.28 2.27 2.21 1.41 1.46 1.41
13BD  + H −0.75 2.23 2.29 2.28 2.21 1.40 1.46 1.41
cis-2B1R  −1.43 2.15 2.30 2.12 2.96 1.42 1.45 1.51
cis-2B1R  + H −1.30 2.14 2.34 2.11 2.95 1.42 1.45 1.51
cis-2B  −1.32 3.18 2.24 2.25 3.20 1.50 1.40 1.50
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Table  2
Transition state barriers (�ETS), in eV, and more relevant bond distances, in Å, of the intermediate and H co-adsorbed species and TS geometries in the 13BD hydrogenation
on  Pd/Ni(1 1 1) surface.

Products cis-2B trans-2B

Species �ETS Pd H C H Pd C �ETS Pd H C H Pd C

13BD + H – 3.06 2.95 2.23 – 1.87 2.57 2.18

w
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t
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t
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t
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13BD  + H → 2B1R (TS1) 0.47 1.87 1.64 

2B1R  + H – 2.98 3.47 

2B1R  + H → 2B (TS2) 0.51 1.76 1.58 

ith the surface interactions: in the first case, both C terminal
toms are more strongly linked with Pd than the central ones, hav-
ng all C C bonds the same lengths. For 13BD adsorbed on di-�-cis
ite, the C atoms are slightly farther away from the surface and
he C C double bonds are less lengthened. On the other hand, the
B1R intermediates have two different geometries depending on
he initial 13BD adsorption site (see Figs. 2c and 3c). Notice that
he cis-2B1R intermediate has a higher stability than trans-2B1R.
his fact could be related with the shorter Pd C bonds, making
he cis-2B1R radical slightly more activated than the trans-2B1R
ne. Besides, it is remarkable that the trans-2B has a more suit-
ble geometry to adsorb on an fcc surface than the cis-2B, with the
ormer product giving the shorter Pd C distances. This feature is
eflected in their respective Erel values.

The geometry of the transition states (TS), basically established
y a three centers structure (Pd C H), is formed when the co-
dsorbed H atom begins to bind with the C atom of the 13BD,
hereas at the same time the Pd H and Pd C bonds begin to be

roken. In Table 2, these three distances of transition state geome-
ries and their transition state energies (�ETS) are presented. The
d C distance and the C H and Pd H bonds of TSs are longer
nd more shorten, respectively, than those of the corresponding
o-adsorbed species (13BD + H for TS1 and 2B1R + H for TS2). Con-

ersely, the Pd H distances are shortened in TS geometries because
he H atom adsorbed in the fcc hollow site moves away from two
djacent Pd atoms, approaching to the Pd atom where the C is

Fig. 4. 13BD hydrogenation energy profiles on Pd/Ni(1 1 1) follow
2.45 0.65 1.63 1.65 2.38
2.14 – 1.79 2.78 2.13
2.29 0.60 1.66 1.59 2.24

linked. In both reaction paths, the H atom is added to a primary
C atom, provoking significant geometrical transformations on the
13BD and 2B1R species because the C atom changes its hybridiza-
tion from sp2 to sp3. In spite of this situation for both pathways, the
TS1 geometries have no extremely enlarged Pd C distances and
retain the planarity (see Fig. 2b and 3b). For the second transition
states TS2, a similar behavior was observed (see Fig. 2d and 3d).
These features indicate the presence of the early transition state
geometries according to the Hammond Postulate [44].

In Fig. 4, the 13BD hydrogenation energy profiles on 1,2,3,4-
tetra-� and di-�-cis active sites of Pd/Ni(1 1 1) are shown. The
optimized geometries of different species and the transition states
(TS1 and TS2) considered for both adsorption structures of 13BD
correspond to those previously shown in pictures of Figs. 2 and 3. In
the first and second steps of corresponding reaction pathways, the
13BD and H species are independently adsorbed and co-adsorbed
on the metallic surface, respectively. The co-adsorption processes
require approximately 0.2 eV, which is in agreement with previ-
ous values reported by other authors [23,45,46]. In general, the
co-adsorptions produce instability with respect to the species inde-
pendently adsorbed (see Table 1).

The production of the 2B1R intermediates (Figs. 2c and 3c) is a
process highly favored thermodynamically with respect to the co-

adsorbed species, i.e., this step is a largely exothermic process for
both 13BD geometries, demanding −0.68 eV and −0.55 eV for cis-2B
and trans-2B products, respectively. Simultaneously, it is necessary

ing through 2B1R intermediate, to obtain cis-  and trans-2B.
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Table 3
Transition state barriers (�ETS), in eV, and more relevant bond distances, in Å, of intermediates and H co-adsorbed species and TS geometries in the trans-2B to cis-2B
isomerization on Pd/Ni(1 1 1) surface.

Species �ETS Pd H C H Pd C C C

trans-2B + H – 1.83 2.97 2.15 1.45
TS1  (trans-2B + H → trans-2butyl) 0.98 1.59 1.83 2.78 1.43
trans-2butyl – 2.37 1.11 3.26 1.52
TS2  (trans-2butyl → cis-2butyl) 0.10 2.23 1.11 3.23 1.52

2.86 

1.59 

1.87 
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cis-2butyl – 

TS3  (cis-2butyl → cis-2B + H) 1.16 

cis-2B  + H – 

o overpass the transition state barriers TS1 of 0.47 eV for cis-2B (see
ig. 3b) and 0.65 eV for trans-2B (see Fig. 2b), making kinetically
ore feasible the cis-2B production than the trans-2B isomer. In

he next step of both reaction pathways the 2B1R intermediates are
o-adsorbed with H atoms. While the cis-2B1R + H co-adsorption
equires an amount of energy of 0.13 eV, the trans-2B1R + H co-
dsorption is thermodynamically neutral. The production of butene
rom 2B1R is also an exothermic process but with an energy
equirement of lower magnitude than the first hydrogenation one,
emanding −0.40 eV and −0.31 eV for cis-2B and trans-2B path-
ays, respectively. Again, the transition state barrier TS2 to obtain

rans-2B is slightly higher than for the cis-2B product (Fig. 2d and 3d,
espectively). In other words, in spite of the fact that 13BD adsorbed
n the di-�-cis site is 0.09 eV less stable than on the 1,2,3,4-tetra-�
ite, the TS1 and TS2 transition state barriers are lower by 0.18 and
.09 eV, respectively. Moreover, the trans-2B desorption is slightly
avored with respect to the cis-2B.

In general, the experimental results scarcely evaluate the
is/trans-2B ratio and, in almost all the cases where this ratio is
nalyzed, its value is lower than the unit. This is valid for dif-
erent catalysts, especially Pd- and Pt-based catalysts [11,47–51].
he production of a specific isomer can be useful to know which
actors are essential in order to obtain the desired selectivity in
artial hydrogenation reactions. Recently, Yang et al. [52] using
ombined experimental and theoretical investigations, found that
old catalysts have an unusual selectivity for 13BD hydrogenation
oward cis-2B. In their theoretical approach, the di-�-cis and di-�-
rans adsorption modes of 13BD on Au(1 1 1), Au(1 0 0) and Au19
luster were evaluated. The calculations indicated that the di-�-
is mode was energetically more favorable than di-�-trans mode.
hese authors considered that this result explains the behavior
xperimentally observed.

From our present results we can conclude that once the 13BD is
dsorbed on 1,2,3,4-tetra-�  or di-�-cis active sites of Pd/Ni(1 1 1),

he hydrogenation reaction will produce trans-2B and cis-2B,
espectively, with the latter isomer more favored than the first
ne. For this reason, the cis/trans-2B ratio would be increased on
d/Ni(1 1 1), compared with the experimentally obtained result on

ig. 5. Transition state structures of the trans-2B isomerization on Pd/Ni(1 1 1): (a) from t
o  cis-2B (TS3).
1.10 3.59 1.52
1.83 2.86 1.43
2.47 2.17 1.44

Pd(1 1 1). This observation, valid for a low H precoverage, can be
associated with experimental studies at low H pressure.

The comparison of theoretical results for the 13BD hydrogena-
tion reaction produced on Pd/Ni(1 1 1) and Pd(1 1 1) surfaces could
give us evidence about the role played by the lattice constants
at surfaces. Despite that here this reaction was not evaluated on
Pd(1 1 1) with the 13BD adsorbed in di-�-cis site, nevertheless we
could to appeal to the results previously published work for the par-
tial hydrogenation of 13BD adsorbed on 1,2,3,4-tetra-�  site, where
a reaction barrier of 1.01 eV was  obtained [23]. As it was outlined
in the last work, the shortening of lattice parameter from Pd(1 1 1)
to Pd/Ni(1 1 1), from 3.97 to 3.64 Å, produces the decrease of sur-
face Pd Pd interatomic distances from 2.82 to 2.57 Å [29,40]. The
smaller interatomic distance on Pd/Ni(1 1 1) is compatible with a
more stresses structure and a higher destabilization of 13BD, com-
pared with Pd(1 1 1), and it is possible that for this reason the 13BD
molecule is more activated on Pd/Ni(1 1 1) than on Pd(1 1 1) surface.

3.2. Trans-2B/cis-2B isomerization

In this section, the cis-2B isomer obtained from the trans-2B
isomerization on Pd/Ni(1 1 1) is evaluated (Scheme 2) and the
results are summarized in Table 3. In Figs. 5 and 6 are shown the
corresponding optimized geometries of activated complexes and
the energy profile, respectively.

In the TS1 geometry, from trans-2B + H co-adsorption to trans-
2-butyl, the molecule is tilted toward the opposite side to the
incoming H atom, preserving the CH3 C C angle (see Fig. 5a). The
Pd C bond is enlarged, while the Pd H, C H and C C distances are
shortened with respect to the previous reacting trans-2B and H co-
adsorbed species. As it was  observed for the H additions described
in section 3.1, the Pd H bond becomes shorter in comparison with
the earlier species because the H atom gets closer to the Pd where
the C atom is linked, while it moves away from the other two Pd

atoms of the neighboring fcc hollow site. The increase of Pd C dis-
tance is accompanied by a shortening of the C C bond.

The trans-2-butyl clearly shows the stretching of the C C dou-
ble bond after the H addition into the secondary C atom. The C

rans-2B to trans-2butyl (TS1), (b) trans-2butyl to cis-2butyl (TS2) and (c) cis-2butyl
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Fig. 6. trans-2B isomerization energ

ybridization changes from sp2 to sp3 giving a length of 1.52 Å
or the C-C distance. In the TS2 geometry, from trans-2butyl to
is-2butyl species, the Pd-H distance is relatively short due to the
otation through the C C central simple bond. In this situation, the

 atom is pointing to the surface, while the methyl group is chang-
ng its position to the same side of the other methyl group (see
ig. 5b).

The TS3 geometry, which comprises the dehydrogenation of cis-
butyl intermediate, has similar distances than those reported in
he TS1 geometry, excepting for the Pd C bond (see Table 3). This
ond is more elongated due to the tilting of whole species in the
pposite direction to the incoming H atom, as well as the higher
istance from the surface (Fig. 5c).

The energy profile shows that the formation of trans-2butyl
ntermediate needs 0.98 eV to overcome the TS1 (Fig. 5a), while
he rotation of methyl group through the C C central bond to
btain the cis-2butyl intermediate requires only 0.10 eV (TS2) (see
ig. 5b). Besides, cis-2butyl is 0.10 eV more stable than trans-2butyl
pecies. Finally, the third step (TS3) barrier with 1.16 eV implies
he most important energy requirement of the overall reaction
Fig. 5c). Notice that the greater energetic barriers correspond to
he dehydrogenations of both butyl isomers: 1.10 and 1.16 eV for
rans-2-butyl and cis-2butyl, respectively. In cis/trans-2B isomeri-
ation on Pd(1 1 1) [53], the energy barriers for cis/trans-2B partial
ydrogenation are lower than on Pd/Ni(1 1 1) and the butyl inter-
ediates have lower stabilities than on Pd/Ni(1 1 1), which leads to

maller barriers for the dehydrogenation step. The isomerization
rom cis-2B to trans-2B on Pd(1 1 1) is a more feasible process than
n Pd/Ni(1 1 1).

In a recently work published by Li et al. [54], the cis/trans isom-
rization on Pt(1 1 1) was theoretically studied considering two
ydrogen precoverages. At a H surface coverage of 0.11, the first
ctivated energy barriers are similar than those obtained here
0.92 eV and 0.93 eV for cis-2B and trans-2B hydrogenation, respec-
ively) and the butyl intermediate dehydrogenation requires also
ower energy to form the trans-2B. Although the TS energy differ-

nce for the first hydrogenation is small, these authors considered
hat the isomerization from cis-  to trans-2B isomers is an easier
rocess than the inverse reaction and that the limiting step is the
ydrogenation.
file to obtain cis-2B on Pd/Ni(1 1 1).

In our Pd/Ni(1 1 1) catalytic model, the isomerization from cis-
2B to trans-2B is also a slightly more feasible reaction than the
reverse process, with their hydrogenation barriers of 0.89 eV and
0.98 eV, respectively. In addition, the energy required to form cis-
2B from the butyl isomer, 0.27 eV, is higher than that to form
trans-2B, 0.12 eV, with the corresponding energy barriers of 1.16 eV
and 1.10 eV, respectively. In this bimetallic surface the energy
demanded for dehydrogenate the butyl isomers constitutes an
energetic limitation due to the better stabilities of intermediates
than the 2B isomers. Anyway, it is possible to conclude from these
results that the geometric isomerization from trans-2B to cis-2B,
and vice versa, requires a high energy cost to be overcome at low
hydrogen coverage and that, for this reason, the reaction would be
unlikely on this surface.

It is to be outlined, as it was previously mentioned by other
authors, that the hydrogen coverage could change the isomeriza-
tion mechanism and decrease the activation barriers [52,54]. In
the present work, our interest is focused to study the competi-
tion of two  possible mechanisms to obtain the cis-2B isomer on
Pd/Ni(1 1 1) surface at low H coverage.

4. Conclusions

Two  different reactions to produce cis-2B isomer on Pd/Ni(1 1 1)
bimetallic surface by the direct hydrogenation of adsorbed 13BD
on an appropriated cis-geometry site and by the isomerization of
trans-2B were studied using periodic DFT calculations. In the first
reaction, two  competitive pathways produce cis-2B and trans-2B
from the 13BD species adsorbed on di-�-cis and 1,2,3,4-tetra-�
active sites of Pd/Ni(1 1 1), respectively. The energetic profiles indi-
cate the slightly favored cis-2B production, compared with the
corresponding trans-species, especially in the first hydrogenation
step. For this reason, an increase of the cis/trans-2B ratio on a
Pd/Ni(1 1 1) catalyst, compared with the experimentally obtained
on Pd(1 1 1), is expected.

The isomerization process from trans-2B to cis-2B could be feasi-

ble once the trans-2B isomer is formed. The hydrogenation energy
barriers are almost twice the energy obtained in the first step of
the hydrogenation reaction. The dehydrogenation barriers are even
higher than the hydrogenation ones, because of the bigger stability
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f partial hydrogenated 2-butyl intermediates than the dehydro-
enated counterparts. For this reason, the geometric isomerization
rom trans-2B to cis-2B would be unlikely in this surface, in com-
arison with Pd(1 1 1) and Pt(1 1 1) surfaces.

The main conclusion of the presented results is that the cis-2B
somer would be produced on Pd/Ni(1 1 1) by the partial hydro-
enation of 13BD adsorbed with appropriated cis-geometry site
nstead of the isomerization of trans-2B previously formed.
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