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The cyclopentene (c-CsHg) dehydrogenation to cyclopentadienyl anion (c-CsHs~) on Ni (11 1) is studied
using density functional theory (DFT) calculations. The Ni (11 1) surface was modeled through a unit cell
of 64-atoms, while the preferred site and adsorption geometry corresponding to reactants and products
were taken from previous works. We analyzed two possible mechanisms of reaction: a simultaneous
dehydrogenation reaction, removing three hydrogen atoms at the same time, and a sequential dehy-
drogenation reaction, removing one hydrogen at a time. The geometry for each intermediate was also
optimized. Results show that the sequential mechanism is kinetically favored over the simultaneous one.
A bonding mechanism dominated by electron donation from H 1s orbital of cyclic intermediaries and
c-CsHs~ into the metal orbitals is also found.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The adsorption of cyclic hydrocarbons and their reaction on
transition metal surfaces is an intensively studied field [1-6]. The
importance of these systems results from the catalytic dehydro-
genation of hydrocarbons over, e.g., platinum and nickel. These
dehydrogenation reactions are frequently studied in laboratories
and used in high performance industrial applications, such as the
nickel-based petroleum reforming process [7].

Hydrocarbon conversion chemistry over metal surfaces repre-
sents an area of significant scientific and technological interest
because of its importance in catalytic reforming. At present it is
widely accepted that long chain (>Cs) skeletal isomerization and
dehydrocyclization reactions have the same intermediate of Cs
cyclic nature [8,9]. This topic has special interest in heterogeneous
catalysts for naphtha reforming[10]. Anumber of experimental and
theoretical studies have been considered to elucidate the structure
and chemistry of such molecules on Ni and other transition metal
surfaces [11-21].

Most of the experimental studies of dehydrogenation of cyclic
hydrocarbons on transition metal are devoted to Cg ring com-
pounds, using a variety of surface analysis techniques [5,22-27].
Tjandra and Zaera obtained results from temperature-programmed
desorption experiments aimed at the characterization of the
thermal chemistry of Cg cyclic hydrocarbons (cyclohexane, cyclo-
hexene, benzene, cyclohexadienes, 1-methyl-1-cyclohexene, and
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toluene) and halo-hydrocarbons (iodocyclohexane, iodobenzene,
and 3-bromo-cyclohexene) on Ni (100) surfaces. They found that
the dehydrogenation of cyclohexene always gives benzene in high
yields. This reaction proceeds via the formation of cyclohexadi-
ene, but quite likely involves the previous formation of a CgHg
allylic species. Indeed, this latter reaction is facile in organometal-
lic compounds, because the allylic C-H bond is quite weak, about
20 kcal/mol weaker than the vinylic C-H bond [26].

Papp et al. studied the interaction of cyclohexene with a Ni
(111) surface using in situ high-resolution X-ray photoelectron
spectroscopy at different temperatures and the thermal evolution
of the corresponding layers by temperature-programmed X-ray
photoelectron spectroscopy as well as temperature-programmed
desorption [28].

On the other hand, the structures and reactivities of various
cyclic G5 and Cg hydrocarbons (cyclopentene, cyclopentadi-
ene, cyclohexene, 1,3-cyclohexadiene, and 1,4-cyclohexadiene)
adsorbed on Pt (111) have been examined by means of
reflection-absorption infrared (RAIR) spectroscopy [29]. Delbecq et
al. studied the adsorption of cyclohexene (CgH1p) on Pt (111) and
two ordered PtnSn/Pt (11 1) surface alloys experimentally using
high-resolution electron energy loss spectroscopy (HREELS), low-
energy electron diffraction (LEED), and temperature-programmed
desorption (TPD) as well as theoretically by ab initio density
functional theory (DFT) calculations. The authors interpreted the
variations in the HREELS spectra when the flash temperature
increased by the formation of some dehydrogenated products. They
found hydrogen desorption peaks at temperatures which can eas-
ily be assigned to the stepwise dehydrogenation of cyclohexene to
benzene [30].
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Several years ago, Brizuela and Castellani studied the dehy-
drogenation of cyclopentene on Pt (11 1) using the semiempirical
ASED-MO theoretical method [20]. Recently, Tsuda et al.[31] inves-
tigated the cyclohexane dehydrogenation with transition metal
atoms by DFT and found that a Pt atom exhibited the highest activity
in breaking the C-H bond of the cyclohexane, the o donation dom-
inates for Pd and Cu atoms as compared with the Pt atom, and the
7 back-donation dominates for a Ni atom as compared with the Pt
atom. The results indicate that the excess charge transfer requires
more energy for breaking the C-H bond of the cyclohexane with
the Pd, Ni and Cu atoms.

Saeys et al. analyzed an ab initio reaction path for benzene
hydrogenation to cyclohexane on Pt (11 1) [32]. In other work the
same authors studied the benzene dehydrogenation on Pt (111)
using density functional theory (DFT), considering the addition and
removal of the first two hydrogen atoms [33]. Morin et al. [34]
investigated the intermediates in the reverse reaction, hydrogena-
tion of benzene to cyclohexene,on Pt (111)and Pd (11 1)with DFT
calculations.

Tsuda et al. also investigated spin polarization effects on cyclo-
hexane dehydrogenation using a Ni atom as a test catalyst, by
performing DFT-based total energy calculations. They compared
the results with those of the well known catalyst Pt. Cyclohexane
is initially adsorbed on M (M: Ni and Pt), and then becomes dehy-
drogenated; i.e., the axial-H atom of the cyclohexane is extracted
towards the M. Unlike the singlet cyclohexane/Ni system, no energy
is required to separate cyclohexyl intermediate (CgHq1) from the
H-Ni system for the triplet cyclohexane/Ni system. Their results
suggest that the catalytic reactivity of spin-polarized Ni becomes
close to that of Pt, which is considered to be, up to now, the best
catalyst for cyclohexane dehydrogenation [35]. Recently Mitten-
dorfer and Hafner developed a DFT study on the hydrogenation of
benzene to cyclohexadiene on Ni(111) [36].

The objective of the present work is to study the dehydrogena-
tion reaction of cyclopentene (c-CsHg) to cyclopentadienyl anion
(c-CsHs7) on Ni (11 1) surface and to compare two possible reac-
tion pathways. analyzing at the same time the chemical bonding
between adsorbed intermediaries species.

2. Theoretical method and adsorption model

The adsorption geometry was determinate using the Ams-
terdam Density Functional 2000 package (ADF-BAND2000) [37].
Gradient-corrected density functional theory (GC-DFT) calcula-
tions were performed on a supercell containing 64 atomic sites in
a cubic FCC lattice to model the Ni surface by a two-dimensional
slab of finite thickness, so as to better simulate the semi-infinite
nature of the metallic surface. A four-layer slab was employed as
a compromise between computational economy and reasonable
accuracy, for the structures, the geometry optimization included
all degrees of freedom of the adsorbed molecule and of the two
uppermost metal layers. The molecule was adsorbed on one side
of the slab with a 4 x 4 x 4 reciprocal space grid in the supercell
Brillouin zone [38-40]. The molecular orbitals were represented
as linear combinations of Slater functions. We used the gradient
correction approximation of Becke [41] for the exchange energy
functional and the B3LYP [42] approximation for the correlation
functional. In order to increase the computational efficiency, the
innermost atomic shells of electrons are kept frozen for every atom
except hydrogen, since the internal electrons do not contribute sig-
nificantly to the bonding. We used a triple-zeta basis set (this means
three Slater-type functions for each atomic valence orbital occu-
pied) with polarization functions to express the atomic orbitals of
Ni. The basis set of Ni consisted of 3p-, 3d- and 4s-orbitals. The
k-points set were generated according to the geometrical method

of Ramirez and B6hm [43,44]. The adsorption energies have been
calculated with the following total energy difference:

AEqqs = E(CsHy /Ni) — E(CsHy) — E(Ni), (1= 5-8)

where E(CsHp/Ni), E(CsHp) and E(Ni) are the molecular energy on
the slab, the molecular energy and the bare slab energy, respec-
tively [18].

The density of states (DOS) of both c-CsH;, and Ni surface and
the crystal orbital overlap population (OPDOS) curves between
atoms and orbitals were calculated in order to analyze the
adsorbate-substrate interactions. The DOS curve is a plot of num-
ber of orbitals per unit volume per unit energy. The OPDOS curve
is a plot of the overlap population weighted DOS versus energy.
Integration of the OPDOS curve up to the Fermi level (Er) gives the
total overlap population of the bond specified [45,46]. Looking at
the OPDOS, we may analyze the extent to which specific states con-
tribute to a bond between atoms or orbitals. The overlap population
(OP) shows the degree of bonding of two specified atoms. A posi-
tive number means a bonding interaction, while a negative number
means an antibonding interaction. When computing the DOS and
OPDOS the system is divided into two fragments, consisting of the
surface and adsorbate, respectively. This enables us to compare the
changes between the bare surface, the adsorbate, and the compos-
ite adsorbed system [47]. Integration of the OPDOS curve up to the
Fermi level gives the total OP.

A geometrical optimization of a cluster model for c-CsHg and
c-CsHs~ on Ni (11 1) was carried out previously using the ADF and
ASED-MO methods [48,49]. For each species, reactant, product and
intermediaries, the ring-surface distance (dcs_y;) and geometry was
optimized to get the total minimum energy and hence to establish
the adsorption site preference.

In the present work we considered two possible dehydrogena-
tion mechanisms. In the first one, three hydrogen atoms (H2, H4 and
H6, see Fig. 1) were abstracted sequentially. In the second one they
were abstracted simultaneously. During dehydrogenation reaction
we also considered that three abstracted hydrogen atoms (H2, H4
and H6) finally located on the nearest hollow sites on the metallic
surface.

In the case of the sequential mechanism we considered three
alternatives according to the order of hydrogen abstraction. In these
alternative routes we elongated different C-H bonds of the c-CsHg
molecule, adsorbed at the most favored site. At the same time
we optimized the geometry belonging to the c-CsH7 intermediary.
After that, we elongated other C-H saturated bonds of the opti-
mized c-CsH7 intermediate and at the same time we optimized
the geometry corresponding of the c-CsHg intermediary. Then, we
elongated the last C-H saturated bond of the optimized c-CsHg
intermediary and finally we optimized the geometry corresponding
to the product, c-CsHs ™.

In the case of the simultaneous mechanism of reaction, all
hydrogen atoms were transferred concurrently to the next hollow
sites, according to a procedure which involved at the same time
three C-H bond elongating, and angles optimizations for the Cs
ring.

3. Results and discussion
3.1. Adsorption geometries

The c-CsHg molecule adsorbed in the most favored site and
angles of the Cs ring can be seen in Fig. 1. The c-CsHs~ specie
presents a geometric orientation which is nearly parallel to the
Ni surface as displayed in Fig. 2. The equilibrium chemisorption
geometries for the reactant (c-CsHg) and the product (c-CsHs ~) and
also for intermediates during dehydrogenation at the Ni surface are
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Fig. 1. (a) Preferred adsorption site of cyclopentene on Ni (11 1) surface (three-coordinated hollow). (b) Side view of CsHg geometry after adsorption.
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Fig. 2. (a) Preferred adsorption site of cyclopentadienyl anion on Ni (11 1) surface (three-coordinated hollow). (b) Side view of CsHs~ geometry after adsorption.

listed in Table 1. Our results agree with those reported by Mitten-
dorfer and Hafner [36]. They found carbon atom-surface distances
for Cg-rings on Ni (111) between 1.81A and 2.74 A depending on
the intermediate and species adsorption geometry.

In Fig. 3 we can see a top and side view corresponding to the
optimum geometry for the adsorbed intermediaries on Ni (111)
for the different alternatives routes during dehydrogenation.

The product of the dehydrogenation reaction, c-CsHs—, binds to
the surface with its five C atoms above mainly three Ni atoms. The
interaction between c-CsHs~ and Ni (11 1) is very strong. The ring
lays parallel to the surface, while the C-H bonds bend away 17°
from the metal. This H-bending makes the Cs carbon ring closer
to the Ni (111) surface. The preferred site for the adsorption is
3CT (three-coordinated tetrahedral), with a ring-surface distance
equal to 1.83 A. The Ni-Ni bond of the surface and the C-C bonds
of the cyclopentadienyl anion are weakened after adsorption when
compared with the free molecule in the gas phase and the bare

surface. We found that Ni d,2 orbitals and C p, orbitals (normal to
the surface) play animportant role in the bonding between c-CsHs ™~
and the surface [48]. Recently, Becker et al. [50] pointed out the
importance of surface relaxation during adsorption of ethane and
cyclopentene on Pt and Pt-Sn surfaces. The values of the vertical
(out of plane) displacement of the Ni atoms due to chemisorption
are given in Fig. 1.

On the other hand, c-CsHg attaches to the surface on a 3CT
(three-coordinated tetrahedral) site, with a minimum C-Ni (C5 and
C4, both from the C=C) distance equal to 1.83 A. This adsorbed
molecule adopts a tilted structure in which the olefinic carbon
atoms are closer to the surface than the other carbon atoms, estab-
lishing an angle equal to 160° between the non-equivalent carbon
atoms. A decrease in the C=C, C-H and Ni-Ni bonds strength
was observed, and the formation of =C-Ni and H-Ni bonds was
detected after adsorption, describing the basic interactions during
chemisorption. We also found that the Ni s, p, and d,? orbitals, the

Table 1

Equilibrium adsorption geometries for intermediaries during dehydrogenation.
Species Site deni (A) dy-ni (A)

C1 Cc2 c3 C4 5 H1 H2 H3 H4 H5 H6 H7 H8

c-CsHs 3CT 2.18 225 217 1.83 1.83 3.19 1.31 3.36 1.44 3.21 1.30 2.07 2.07
c-CsH7 (H2)? 3CT 2.05 225 217 1.83 1.83 2.64 - 3.36 1.44 3.21 1.30 2.07 2.07
c-CsHy (H4)P 3CT 2.18 2.06 2.17 1.83 1.83 3.19 1.31 2.71 - 3.21 1.30 2.07 2.07
c-CsHg (H2, H6)C 3CT 2.05 225 2.06 1.83 1.83 2.64 - 3.36 1.44 2.70 - 2.07 2.07
c-CsHg (H2, H4)d 3CT 2.00 1.98 217 1.83 1.83 2.67 - 2.66 - 3.21 1.30 2.07 2.07
c-CsHs~ 3CT 1.93 1.91 1.96 1.83 1.83 2.63 - 2.63 - 2.66 - 2.07 2.07

2 Geometry of c-CsHj7 after abstracting H2.
b Geometry of c-CsHjy after abstracting H4.
¢ Geometry of c-CsHg after abstracting H2 and H6.
d Geometry of c-CsHg after abstracting H2 and H4.



E. Germdn et al. / Journal of Molecular Catalysis A: Chemical 314 (2009) 28-34 31
-, -'— s -, -'_ -
- ® T & L] " b » L]
t t
-\/ \/ _9 -\/ A a2 o
W \ T\ e 50000
e
f s ™
Ay, )* ¢-CH, (H2) %, c-C.H, (H2, H6) N\
"\ Yot e EANPAL
. s i . =i ¢
00’0
2
-C.H, N ?.H,, ..{., ¢-C.H, (H2, H4, H6)
ML, — AN
\_'_ / w7\
o e o on oW
¢-CH, (H4) ¢-C.H, (H2, H4)

Fig. 3. Three different routes for c-CsHs — c-CsHs~ sequential dehydrogenation mechanism: route 1 (H2, H4, H6); route 2 (H4, H2, H6); and route 3 (H2, H6, H4). We have

indicated which hydrogen is abstracted following the labels in Fig. 1.

C s and p; orbitals (normal to the surface) and the H 1s orbital play
an important role in the bonding between c-CsHg and the surface
[49].

Both cyclopentene and cyclopentadienyl anion are adsorbed on
the surface at the same site (3CT) and at the same C-Ni final dis-
tance (1.83 A). In fact, the location of the carbons of the double bond
(C5=C4)remains at the same minimum C-Ni distance during all the
dehydrogenation reaction, as shown in Table 1.

3.2. Dehydrogenation reaction

As mentioned before, we considered two different reaction
mechanisms: simultaneous and sequential. For the simultane-
ous dehydrogenation reaction, we abstract three hydrogen atoms
bonded to saturated carbon atoms (H2, H4 and H6 in Fig. 1) from
the cyclopentene ring and locate them on the nearest tetrahedral
or octahedral hollow. For the sequential dehydrogenation mecha-
nism we explored three possible sequential routes: 1 (H2, H4, H6);
2 (H4, H2, H6); and 3 (H2, H6, H4), as shown in Fig. 3. The main
difference among the three alternatives is based on the intermedi-
ary geometries during reaction. The energy vs. reaction coordinate
curves obtained for each mechanism are displayed in Fig. 4 and the
computed activation energies are listed in Table 2.

The dotted line in Fig. 4 shows the energy vs. reaction coordinate
curve for the simultaneous dehydrogenation reaction mechanism.

= = = =Simultancous

—#— Route | (H2, H4, H6)

1.00 |

—%— Route 2 (H4, H2, H6)
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c-CH,

Fig.4. Energy vs.reaction coordinate curves for simultaneous and sequential mech-
anisms.

The reactant and product adsorption energies are very close,
cyclopentadienyl anion being more stable, so therefore the reac-
tion becomes exothermic. Fig. 4 also shows the energy vs. reaction
coordinate plot for the route 1 (H2, H4, H6) during the sequen-
tial mechanism. The abstraction of the first hydrogen (H2) presents
an activation energy barrier of 0.69eV and is finally located in
a tetrahedral hole. The abstraction of the second hydrogen (H4)
has a much lower energy barrier (0.02eV) and is located in an
octahedral hole. The last abstracted hydrogen (H6), which is geo-
metrically equivalent to H2, requires an energy of 0.44eV and is
located in a tetrahedral hole. In the case of route 2 (H4, H2, H6), the
mechanism starts with the abstraction of H4 having an activation
energy barrier of 0.14 eV. H4 is moved to an octahedral hollow site
and then H2 and H6 are moved towards tetrahedral hollow sites
with activation energies barriers of 0.48 eV and 0.44 eV, respec-
tively. Finally, for route 3 (H2, H6, H4), the hydrogen abstraction
scheme is similar to those for routes 1 and 2. However, the acti-
vation energy barriers for H2 and H6 are the highest for this step
(see Table 2), while H4 abstraction has almost no activation energy
barrier. As can be noted from Fig. 4, the behavior of the geometri-
cally equivalent hydrogens (H2 and H6) and the non-equivalent
hydrogen (H4) is similar for the three routes of the sequential
mechanism.

Regarding a kinetic analysis, we can assume that the reaction
follows an Arrhenius law for each step of the sequential process
and also for the simultaneous mechanism. Hence, the rate-limiting
step for each sequence will be the one with the highest barrier,
because steps with lower barriers are fast. By comparison of acti-
vation energies specified in Table 2, it can be seen that routes 1 and
3 corresponding to the sequential pathway have the same rate-
determining step, i.e., the first hydrogen abstraction and formation
of c-CsHy, with an energetic barrier of about 0.70 eV. The activation
energy for the same step is 0.56 eV smaller in route 2, and in this
sequence the rate-determining step can be identified as the sec-
ond dehydrogenation step, i.e., the formation of the c-CsHg, with
an energetic barrier of 0.48 eV.

The simultaneous mechanism has an activation energy of
0.77 eV. By looking at Fig. 4, it is obvious that the total barrier for
routes 1, 2 and the simultaneous process are nearly identical. How-
ever, in the sequential mechanism, each intermediate forgets about
its past once it is formed, and as a consequence the activation bar-
rier for the rate-determining step in each sequential route becomes
smaller than the barrier for the simultaneous process. In other
words, from a kinetic point of view the activation energy for the
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Table 2
Activation energies for simultaneous and sequential mechanisms.

Step AEa (Ev)

Sequential mechanism

Simultaneous mechanism

Route 1 (H2, H4, H6)

Route 2 (H4, H2, H6)

Route 3 (H2, H6, H4)

Formation of c-CsH5 0.69 0.14
Formation of c-CsHg 0.02 0.48
Formation of c-CsHs~ 0.44 0.44

0.70 0.77
0.69 -

simultaneous mechanism constitutes the highest barrier involved
during c-CsHg dehydrogenation reaction and thus represents the
least probable alternative.

Finally, as route 2 has the rate-determining step with lowest
activation barrier, we can assume that this pathway is kinetically
favored over the other sequential routes and the simultaneous
process. Thus, the dominant reaction path seems to follow the for-
mation of the c-CsHy (H4) surface intermediate. The low energy
barrier for this step can be explained because the abstracted H4
is located in an octahedral hole, while H2 and H6 are located in
tetrahedral hollows which are less favorable. The removal of a lat-
eral hydrogen atom (H2 or H6) from adsorbed c-CsH;, species is the
slowest step during the dehydrogenation processes.

The values of activation energies listed in Table 2 are comparable
with that obtained by Mittendorfer and Hafner [36]. These authors
found that the rate-determining step is the first hydrogenation step,
with an energetic barrier of 0.7 eV. Our activation energy values
are also comparable with the results obtained for the sequential
dehydrogenation of cyclohexane to benzene on Ni (100) using
temperature-programmed desorption (TPD) [26], whose values are
between 0.32eV and 0.44eV.

The present DFT study does not include temperature and cov-
erage effects on kinetics. Such type of considerations have been
taken into account by Gokhale et al. to model reaction kinetics [51]
and by Mei et al. who published a DFT-based kinetic Monte Carlo
simulation [52].
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3.3. Analysis of selected bonds during dehydrogenation reaction

Considering the hydrogen atom which is abstracted, we iden-
tified four different intermediates in the three alternatives for the
sequential dehydrogenation reaction: c-CsH; (H2), c-CsHy (H4), c-
CsHg (H2, H4), c-CsHg (H2, H6). Table 3 shows the changes in the
OP values for selected bonds of the intermediaries adsorbed on the
surface.

The OP for the C-C bonds presents different values from =C-C:
0.686 to C=C: 0.971 in the reactant molecule, but after dehydro-
genation to c-CsHs ™ all the C-C bond are almost equivalent with a
mean OP value of 0.823. Similarly, the C-H bonds in c-CsHg present
OP values from -C-H: 0.577 to =C-H: 0.751, while the product c-
CsHs~ has similar OP values for all the C-H bonds, with a mean
value of 0.774. Considering the surface, the Ni-Ni bond decreases
its OP value from 0.142 to 0.127 (about 10.6%) during the dehydro-
genation process. In the case of C4 and C5, the C(sp?)-Ni OP remains
almost constant while the C2(sp?)-Ni bond increases its OP from
0.104 to 0.396. This value reveals a higher interaction of the final
product c-CsHs~ with the surface, which is considered the driving
force for dehydrogenation.

In c-CsHg, H atoms interact with the Ni surface with an OP of
0.303 for H2 and H6, and 0.122 for the non-equivalent hydrogen H4.
This is reasonable because H4 distance to the closer Niis 1.78 Aand
while the others are 1.46 A. The strength of a multicentre bonding
appears to be dependent upon the H-Ni distance: when this dis-
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Fig. 5. OPDOS curves for H-Ni bonds between —25 eV and Er during dehydrogenation. The dotted lines represent H-Ni on a bare Ni cluster.
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Table 3 Table 4

OP for selected bonds during dehydrogenation reaction (route 2). Percent change in Ni orbital population with respect to the bare cluster.
Bonds c-CsHg c-CsHy c-CsHs c-CsHs™ s B Py P2 d,?
C1-C2 0.704 0.723 0.753 0.824 CsHy (H2)?
C1-C5 0.686 0.698 0.750 0.815 Nil —26.16 —-19.44 —27.73 —14.54 —19.88
C4-C5 0.971 0.972 0.970 0.836 Ni2 -19.23 —27.05 —-39.45 -9.40 —16.86
C3-C4 0.686 0.697 0.698 0.815 Ni3 -14.76 —-16.39 -8.76 18.61 —19.49
C2-C3 0.704 0.722 0.720 0.824 Ni4 -31.13 —38.40 —28.84 —34.75 —20.95
C5-H8 0.751 0.752 0.749 0.781 CsHy (HAY

517

Cromt 0601 0734 0752 0765 Nio1935 243 2ot 950 1817
C1-H2 0577 0570 _ _ N{Z -18.90 —24.13 —40.90 -10.26 —16.52
C2-H4 0.629 B B B N¥3 —-14.28 -17.51 —7.47 18.82 —19.66
C2-H3 0.605 0.762 0.760 0.777 Ni4 —28.38 —66.78 —34.94 -1.36 —26.55
C3-H5 0.601 0.743 0.735 0.765 CsHs (H2, HA)
C3-H6 0.577 0.579 0.572 = Ni1 —-26.93 —~19.93 —-28.95 —-18.17 -19.57
Ni1-Ni5? 0.142 0.139 0.138 0.127 Ni2 -18.47 -26.39 -39.57 -10.07 -17.01
Ni1-Ni4b 0.142 0.146 0.144 0.127 Ni3 ~14.61 ~17.99 -8.33 18.82 ~19.46
Ni1-Ni2¢ 0.144 0.144 0.147 0.136 Ni4 —28.89 —46.63 -35.73 -0.48 —25.74
C5-Ni2 0.356 0.358 0.316 0.353
C4-Nil 0356 0360 0363 0353 CsHs (H2, HE)!
C2-Ni4 0.104 0.336 0334 0.396 Nil —25.86 —20.03 —27.33 —14.54 —19.72
H6-Ni5 0.303 0.307 0.307 0.607¢ Ni2 —25.49 —-21.33 —25.08 -13.72 -18.19
H4-Ni4 0.122 0.189 0.181 0.5944 Ni3 -12.94 -8.49 -12.22 8.12 -3.09
H2-Ni2 0.303 0.307 0.181 0.607¢ Ni4 -30.11 —18.66 —26.64 —32.08 —20.32

2 Total value for the Ni-Ni OP in the free surface: 0.234.

b Total value for the Ni-Ni OP in the inner Ni: 0.170.

¢ Total value for the Ni-Ni OP in the bulk Ni: 0.148.

d Total values for the H-Ni OP at 3 fold location (H bonded to three Ni atoms,
dni-n: 1.69A).

tance decreases, multicentre bonding increases, and the C-H bond
lengthens. The electrons in the C-H bond are attracted by the deep
Ni 3d potential and delocalize into the region between the three
atoms, holding them in a constrained environment. The Ni surface
transfers electron density into the bonding region and is in fact
slightly positively charged after adsorption. The C-H bond can be
viewed as an electron donor [53].

After dehydrogenation H is finally located in three-coordinate
hollow sites interacting with three Ni atoms with OP 0of 0.254, 0.200
and 0.153 for H2 and H6, and 0.225, 0.225 and 0.145 for H4, respec-
tively. The overall H-Ni is increased to a value of 0.607 and 0.594,
which means a strong interaction with the Ni’s at 1.69 A. The final
H-Ni surface distance is 0.90 A, which is similar to that reported in
Ref. [36].

o

After H2 abstraction.
b After H4 abstraction.
¢ After H2 and H4 abstraction.
4 After H2 and H6 abstraction.

We also studied the changes in the bonding during reaction by
means of OPDOS curves, shownin Figs. 5 and 6. Those curves display
the evolution of H-Ni OPDOS during dehydrogenation according
to the intermediaries described in Fig. 3. In all plots the H-based
main peaks are above —14.6 eV, revealing some interaction with the
closer Cs intermediary if we compare this value with the OPDOS for
asingle H on a clean Ni surface where this peak appears at —15.5eV.
After abstractions, the bonding interaction at above —14 eV-E is
lost. The OPDOS curves for C1-C5 and C2-Ni4 bonds are shown in
Fig. 6. As mentioned before in Table 3, the OP increases from c-
CsHg to c-CsHs~. C2-Ni4 bond OP also increases, as can be seen in
the increased OPDOS areas between —15 eV and the Ef, and in the
decreased antibonding peak at 23 eV.

Finally, Table 4 presents the percent contribution of the Niatoms
to the chemical bond with the different intermediaries. The main
contribution is made by Ni 4s, 3p and 3d,2 orbitals. The negative

c-C;H, ¢-C,H, c-C.H, c-CH;
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Fig. 6. OPDOS curves for C1-C5 and C2-Ni4 bonds corresponding to sequential reaction mechanism route 2.
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values mean a decrease in Ni-Ni bond as already mentioned in
Table 3. In a related study, Ostrém et al. studied the case of octane
adsorbed on Cu (110) and Ni (110) and found that the position of
the metal d band is important for the bonding. In effect, the interac-
tion with the 3d band contributes to the bonding, which brings the
molecule closer to the surface, thus increases the rehybridization
of the molecular orbitals and allows for C-H bond activation. This
is what makes Ni a better dehydrogenation catalyst. The Ni d band
crosses the Fermi level, giving rise to a strong adsorbate-substrate
bond [54].

4. Conclusions

In this work we studied the c-C5Hg to c-CsHs ™~ dehydrogenation
reaction on Ni (11 1). The results indicate that the three sequential
reaction mechanisms studied are kinetically favored over a simul-
taneous process. In the sequential mechanism, the intermediate
forgets about its past once it is formed, and as a consequence the
barrier for the following step is smaller than the barrier for the
simultaneous process. The reaction probability for each step will
obey an Arrhenius law and the rate-limiting step will be the one
with the highest barrier. Hence from a kinetic point of view the
route 2 (H4, H2, H6) is the most probable sequential route. The
three hydrogen atoms abstracted from saturated carbon atoms are
located in hollow sites on the surface. The reaction is exothermic
and the driving force to dehydrogenation seems to be the strong
H-Nibond, and the increase in the C-Cand C-H bond strength in the
reaction product (c-CsHs ). From the OPDOS curves, the abstracted
Hs’ still present some interaction with the intermediaries when
compared to a single H on a clean surface.
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