Journal of Molecular Catalysis A: Chemical 139 (1999) 209-218

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

g

A theoretical study of dehydrogenation of cyclopentene on
Pt(111)

GracielaBrizuela ¢ *, Norberto Castellani °°

# Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, NY 14853-1301, USA
® plapiqui (UNS-CONICET), Km 7 Camino de la Carrindanga, 8000 Bahia Blanca, Argentina
¢ Departamento de Fisica, Univesidad Nacional del Sur, Av. Alem 1253, 8000 Bahia Blanca, Argentina

Received 4 March 1998; accepted 13 May 1998

Abstract

The dehydrogenation of cyclopentene (c-CsH ) to cyclopentadienyl (c-CHs) on Pt(111) is studied using a semiempiri-
ca molecular orbital method. Two possible mechanisms of reaction are considered. Results show that a sequential
mechanism is favored over a simultaneous one. We aso find a strong parallelism with previous theoretical results for
c-C4zH 4, dehydrogenation to benzene. A bonding mechanism dominated by electron donation from = orbitals of c-C5Hg
into metal orbitals is found. Similar results have been reported for benzene adsorbed on Pt(111). © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Hydrocarbon conversion chemistry over metal
surfaces represents an area of significant scien-
tific and technological interest because of its
importance in catalytic reforming. Platinum cat-
alysts possess high activity for the conversion of
aliphatic hydrocarbons to produce aromatic and
branched species [1].

At the present it is widely accepted that long
chain (> C;) skeletal isomerization and dehy-
drocyclization reactions both have the same in-
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termediate of C. cyclic nature [2,3]. A number
of studies have been undertaken to elucidate the
structure and chemistry of such molecules on Pt
[4-10] and other transition metal surfaces [10—
13]. The adsorption and dehydrogenation of cy-
clopentene (c-C-Hg) on Pt(111) has been con-
sidered for the first time by Avery [4] using
thermal desorption spectroscopy (TDS), work
function changes (WFC) and electron energy
loss spectroscopy (EELS). This molecule is eas-
ily dehydrogenated as the temperature of the
substrate increases. To explain the different
EELS spectra obtained during this heating pro-
cess Avery [4] suggests that c-CHg tilts out of
the surface, and that a cyclopentadienyl (c-
CH:) species is produced at nearly 250 K.
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This species is stable to temperatures near that
required for isomerization (T = 500 K) [4].

Later studies of Campbell et a. [8,10] based
on bismuth postdosing TDS, X-ray photo-
electron spectroscopic (XPS) and Auger elec-
tron spectroscopy (AES) support Avery’s pro-
posals. Moreover c-C;H ¢ has been identified as
a stable intermediate on Cu(100) and Rh(111)
arising from the dehydrogenation of either c-
CsHg or cyclopentadiene (c-CH ) [11,13].

Most of the studies of dehydrogenation of
cyclic hydrocarbons on transition metals are
devoted to C,4 ring compounds, using a variety
of surface analysis techniques [14—20]. In par-
ticular the dehydrogenation of cyclohexene (c-
Ce¢H,o) to benzene on Pt(111) has been the
subject of many studies as a model catalytic
system [21—-27]. This molecule, adsorbed to the
surface with a di-o-bonded geometry, begins to
dehydrogenate at 180—200 K [24]. In the case of
cyclohexane (c-C¢H,,), much of the interest
has stemmed from the observation of a low
C—H dtretching frequency, associated with a
molecule—surface interaction [14]. Originaly it
was supposed that dehydrogenation occurred in
a simple step at 200 K. Even though there is
now a growing body of evidence that a stable
intermediate is produced, the underlying mecha
nism remains a subject of intense debate
[17,24,25].

Kang and Anderson [28], using the atom
superposition and electron delocalization molec-
ular orbital (ASED-MO) method, studied the
dehydrogenation of c-CzH,, to benzene on
Pt(111). They suggest that the bonding to the
surface is caused by C—H o donation to the
metal, which also serves to weaken the C-H
bonds.

To the best of our knowledge no theoretical
studies have been performed on the dehydro-
genation of C; cycles. The objective of the
present work is to study the dehydrogenation of
c-C,Hg to c-C,H, on Pt(111) at low coverage
limit. For that purpose the ASED-MO formal-
ism is used. Theory and model are considered in
Section 2.

2. Theoretical method and adsor ption model

Our calculations were performed using the
ASED-MO method. In this quantum chemical
technique an Extended Huckel (EH)—Ilike
Hamiltonian is used for the calculation of va-
lence electron eigen-energies. The main modifi-
cation is the substitution of the Wolfsberg—
Helmholtz constant for off-diagonal elements by
a distance dependent expression [29]. In addi-
tion, a pairwise repulsive term is included to
take into account the repulsive interaction be-
tween screened cores, alowing the determina
tion of equilibrium geometries for the adsorbed
species. This formulation, which can be ratio-
nalized applying the Hellmann—Feynman theo-
rem [29], has been successfully employed for
the adsorption of CO and hydrocarbons on a
series of pure transition metals and inter-
metallics [30—32].

Regarding the atomic basic sets, a full va
lence s+ p+d for Pt, s+ p for C and s for H
of the Slater type was employed. The atomic
parameters (ionization potentials IP and Slater’s
exponents of atomic orbitals) are listed in Table
1. The IP for the light elements (H, C) have
been decreased by 1.0 eV and those of Pt
increased by the same amount from tabulated
values [33] in order to minimize exaggerated
electron drifts.

The dehydrogenation of c-C;Hg to c-CgHg
on Pt(111) was studied within the cluster ap-
proach. The Pt(111) surface was represented by
a 64 atoms cluster distributed in three layers of
27 (first layer), 19 (second layer) and 18 (third
layer) atoms. This cluster has the same geomet-

Table 1
Atomic parameters
Atom Orbital  Hj; (eV) ¢ I c [
C 2s —19.00 1.66
2p —-10.26 162
H 1s —-1260 1.20
Pt 6s —-11.00 255
6p —-79 225
5d —-11.60 6.01 240 0.6567 0.5715




G. Brizuela, N. Castellani / Journal of Molecular Catalysis A: Chemical 139 (1999) 209-218 211

Fig. 1. Adsorption geometry for c-CsHg/Pt(111).

ric periodicity of bulk Pt and no reconstruction
was included for the first layer.

Energy (E) values reported in Section 3 were
calculated making the following total energy
difference:

E=E(c-CsH, /Pts;) — Ex(c-C5H )

— Er(Ptes) (1)
where C,H_/Pts,, c-C.H, and Pty refer to
adsorbate-on-cluster system, the free c-CcH,
specie and the bare Pt cluster, respectively. The
ASED-MO calculations are not accurate enough
to predict reliable adsorption or dissociation
energies, but provide reasonable adsorption ge-
ometries. The method gives correct orders for
the site adsorption preference and for reaction
trends. More details of this method are given in
the literature [28-33].

A geometrical optimization of a cluster model
for c-C;Hg and c-C,H. on Pt(111) had been
carried out previousy using the ASED-MO
method [34]. For each species the ring-surface
distance (des_p) Was optimized to get the mini-
mum total energy (E,,) and hence to establish
the site preference. This optimization was per-
formed maintaining the other geometrical pa-
rameters fixed at the free molecule values
[35,36]. For the most favored site a full opti-
mization of interatomic distances and bond an-
gles was done. The c-C;Hg molecule adsorbed
in the most favored site and the angle of inclina-

tion of the Cg ring can be seen in Fig. 1. The
c-CgH 5 species was considered to have a geo-
metric orientation which is nearly paralel to the
Pt surface, as proposed by Avery [4] (see Fig.
2). In both cases the molecule was placed near
the center of the cluster to avoid undesirable
border effects. Nevertheless, calculations per-
formed with a smaller cluster of 25 atoms (dis-
tributed in three layers of 12, 7 and 6 atoms)
gave aimost the same trends as those obtained
with the bigger cluster.

In the present study we have considered two
possible mechanisms of dehydrogenation. In the
first one, three hydrogen atoms were abstracted
sequentialy. In the second one they were ab-
stracted simultaneoudly. In both mechanisms,
the hydrogen atoms were transferred to hollow
surface sites following linear trajectories. For
the sequential mechanism the chosen steps are

Fig. 2. Adsorption geometry for c-CsH5 /Pt(111).
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Fig. 3. Sequential mechanism of dehydrogenation of c-C5Hg/Pt(111).

shown in Fig. 3. In the first step of this mecha
nism we stretched the C—-H(a) bond of the
c-CgHg molecule, adsorbed in the most favored
site. At the same time and linearly with this step
we diminished the ring-C—H(d) angle, until this
bond was coplanar with the C ring (see Fig. 4).
In the second step we carried out the same
procedure with C—H(c) and C—H(f) bonds. The
ring-surface distance (d.s_p) Was continuously
optimized during the two mentioned hydrogen

Fig. 4. Lateral view of the mechanism of dehydrogenation of
c-CgHg /PH(111).

abstractions. During the third hydrogen abstrac-
tion the C—H(b) bond was stretched, while the
ring-C—H(e) angle () was linearly diminished.
In this step the angle of inclination of the Cg
ring ( B) and the ring-surface distance (des_p,)
were also optimized, as is shown in Fig. 5.

In the simultaneous mechanism of reaction
hydrogen atoms were transferred concurrently
to the hollow sites, according to a procedure
which involved at the same time: C—H(ab,c)
bonds stretching, ring-C—H(d,ef) angles de-

Fig. 5. Geometrica rearrangement for the last hydrogen abstrac-
tion.
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creasing, angle of inclination of the C, ring ( B)
and ring-surface distance (d.5_p,) Optimizations.

In Section 3 the adsorption of the reactant
(c-CcHg) and the product (c-C.H.) are dis
cussed and afterwards, the analysis of our dehy-
drogenation models are considered.

3. Results and discussion
3.1. Reactant and product adsorption

The results corresponding to the geometrical
optimization of c-C;Hg4 and c-C;H on Pt(111)
are given in Table 2. We can observe that the
adsorption energy (E,) for c-C.Hy is rela
tively small (= —0.120 eV), indicative of an
interaction of physical nature between molecule
and surface. We are in the presence of a weakly
adsorbed molecule, which further dehydro-
genates. Experimental results from Henn et a.
[9] show that at low exposures (< 0.23 1) the
amount of c-CzHg undergoing dehydrogenation
is at least 12 times greater than that which
desorbs. Kang and Anderson [28] in a theoreti-
ca study, report E, for c-C4H,, of about
—0.42 eV, which is also a weakly adsorbed
molecule on Pt(111). Furthermore experimental
results also found that the reactant (c-C4H,,) is
weakly bonded to the Pt(111) surface, when
comparing with the adsorption of the dehydro-
genation product (benzene) [21-25].

The high coordination side, designed as 3CO
(three-fold octahedral), is only dightly more
favored than the other ones considered for c-
C:Hg [34]. Notice that for this geometry the
double C=C bond is placed just above a Pt

atom (see Fig. 1). The dgs_p distance is rela-
tively large (= 3.5 A) in comparison with those
corresponding to other unsaturated hydrocar-
bons (such as ethylene), in good correlation
with a weaker ring-surface bonding. When the
C-H, C=Cand =C-H distancesfor thec-C;H4
free molecule are compared with those for the
adsorbed molecule, no significant differences
are observed, while the C—C distance undergoes
asmall relaxation of about 0.05 A. These results
are also an indication of a weak adsorbate—sub-
strate interaction. An observation to be under-
lined is the fact that the molecule has an inclina-
tion angle B with respect to the Pt plane (see
Fig. 5). Notice that the value obtained for this
angle increases the ~ C—C—Pt angle (¢ in Fig.
1) from 90 (without inclination) to 104°, which
is close to the value of 107.8° reported for the
saturated c-C-H ;, molecule [34]. Although there
are no direct experimental evidences of an in-
clined geometry for the c-C;Hg molecule, the
interpretation given by Avery [4] to its EELS
spectra is coherent with the existence of two
inclined species (inferred by geometrical model-
ing) at angles of 30 and 70° with respect to the
surface. Another indirect evidence of this incli-
nation is the fact that c-C;Hg attains a maxi-
mum surface coverage higher than c-CH,, ad-
sorbed on Pt(111), where a plane geometry was
proposed [6]. The ensemble requirement for the
adsorption on the Pt(111) surface can be ob-
tained combining TDS data with XPS measure-
ments, as well as using the bismuth postdosing
technique, indicating in both cases that 4 Pt
atoms are necessary to adsorb one c-CgHg
molecule, while near 4.5 Pt atoms are necessary
for c-C5H,, [9,10].

Table 2

Equilibrium chemisorptive properties for c-CsHg and c-CsHg/Pt(111)

Species St depm A @) B dec B dey A dec A dey (A Eg(eV)
c-CsHg 3CO 35 - 15 167 1.20 1.44 118 —-0.121
c-CsHs 3CT 20 27 0 155 115 - - —2.936

#Ring-C—H angle (see Fig. 2).
PAngle of inclination of the C; ring (see Fig. 5).
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It should be mentioned that for the c-
CHg/Pt(111) system the XPS spectra of Cls
level has a binding energy which is indicative of
a preponderant sp® hybridization [9]. According
to this, we note that both the monolayer and the
multilayer of c-CsHg present Cls-binding en-
ergy values which are very close to those corre-
sponding to the monolayer and the multilayer of
c-CgH,,, respectively [9,37].

Table 2 also summarizes the results concern-
ing the geometrical optimization of c-C;H; on
Pt(111). The E, value is one order of magni-
tude greater than that corresponding to c-CgHg,
pointing out that in this case an interaction of
chemisorptive nature is present between
molecule and surface. This observation is in
agreement with the fact that c-C;H; is a stable
species up to 480 K. The adsorption site 3CT
(three-fold tetrahedral) is the most favored one
[34]. The des_p distance is notably shorter (=
2.0 A) than that of c-CgHyg, in concordance with
our reasoning of a stronger adsorbate—metal
interaction. Although at the present no experi-
mental information relative to the geometrical
equilibrium parameters for adsorbed c-C H; is
available, a parallelism with the unsaturated six
carbon rings could be made. Anderson et al.
[33] studying the adsorption of benzene on P,
Ni and Ag(111) find that the most favored site
is that of highest coordination and that the
adsorption energy is an increasing function of
the coordination number. Equilibrium benzene-
surface distances obtained for these geometries
are very close (within = 0.1 A) to our result for
c-CH; (des_p). Moreover, theoretica studies
of c-C4H4/Ni(111) allow to conclude a gener-
alized preference for the tricoordinated sites
[38—40]. Experimental studies of benzene on Fx,
Ni and Ag(111) performed by Avouris and De-
muth [41] and Lehwald et a. [42] show that
benzene adsorbs on tricoordinated sites, dispos-
ing its molecular plane parallel to the metallic
surface.

Jing and Whitten [40] in a theoretical ab
initio study of the adsorption of benzene on
Ni(111) report that the C—H bonds present an

important bending-away angle of 8.5° with re-
spect to the molecular plane. Experimental stud-
ies suggest the same behavior when benzene is
adsorbed on Rh(111) [43]. An important bend-
ing-away angle (= 20°) has also been reported
by Anderson et al. [33] for benzene on Pt(111).
These authors give an explanation of this
molecular distortion which takes into account an
optimization of the overlapping between the
benzene w(e,,) orbital and the d metallic or-
bitals. In our calculations for c-C¢H the bend-
ing-away angle is even greater (with a value of
27°).

In order to reveal a possible rehybridization
of c-C;Hg4 and c-C;H 5 species the overlap pop-
ulation (o.p.) of C-C, C-H and C-Pt bonds
and the net electronic charge are compared with
those of the free species [34]. The results show
that for the c-C;Hg molecule all these bonds
undergo negligible modifications. Moreover the
C—Pt bond is of no bonding character, in agree-
ment with a negligible charge transfer between
molecule and surface. On the other hand for
c-C;H; the C-C o.p. undergoes an important
decrease (= 8.6%), a situation indicative of a
significant weakening in C—C bonds. The C-H
bond turns out more strengthened (= 3.2%).
Both observations might be considered as a
clear evidence of the hybridization of c-CgHg
valence molecular orbitals. Furthermore, this
fact can be verified in the large o.p. value of
bonding character between C and Pt atoms. A
significant electron transfer (= 0.5 e~) from the
c-CgH; molecule toward the surface has also
been obtained [34].

The study of the electronic structure of c-
CcHg and c-CsHg on Pt(111) using the elec-
tronic local density of states (LDOS) reveds
that while c-C;H, molecular orbitals hybridize
very dlightly, those of c-C;H: undergo a much
more important hybridization, as it can be ap-
preciated in Fig. 6 [34]. These observations are
in complete correlation with the o.p. analysis
performed for C—Pt and C—C bonds.

Theoretical studies concerning benzene ad-
sorbed on transition metal surfaces show that
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Fig. 6. Projected LDOS curves of 1E; and 1E," orbitas for
c-C5H5 and LDOS of the Pt atom nearest to the ring.

benzene molecular orbitals also present an ex-
tended coupling with the d atomic orbitals of
the metal [33,38—40]. In agreement with this
observation, Campbell et al. [8] report that the
binding energy value found for the Cls level of
c-C¢H; on Pt(111) is very close to that obtained
for benzene on the same metal.

3.2. Dehydrogenation reaction

For the sequential and simultaneous mecha-
nisms of reaction considered in the present study
the curves of energy vs. reaction coordinate are
displayed in Figs. 7 and 8, respectively. From
these curves we observe that in both cases the
overall energetic balance is endothermic.

The activation energies (E,,) calculated for
our proposed mechanisms are shown in Table 3.
It can be appreciated that the sequential mecha-
nism (L E_;, = 5.143 €V) has lower combined
activation barrier than the simultaneous one
(E,y, = 7.089 eV). We can aso observe that,
when the second and third hydrogens are re-
moved, the E_, becomes progressively lower.
The E.;, Vvalues for the first and second hydro-
gen abstractions are close because they have
similar symmetry (see H(a) and H(c) in Fig. 3).
However when the third hydrogen is removed
the E,;, diminishes even more. This lower
value might be due to a o donation from the
C—-H bond to the metal through a three center

50—~ e
4.0
‘ Hie) H(b)
3.0f -
. |
e He \
2201 \\
g (iii)
2 —
\ i)
1.0 (i)
‘ Step 1 Step 2 Step 3
0.0 - :

Fig. 7. Tota energy vs. reaction coordinate for the sequential
mechanism of reaction. From (i) to (ii): C—H(a) bond stretching,
decreasing of the ring-C—H(d) angle and (ds_p,) distance opti-
mization. From (ii) to (iii): C—H(c) bond stretching, decreasing of
the ring-C—H(f) angle and (dcs_p,) distance optimization. From
(iii) to (iv): C—H(b) bond stretching, decreasing of the ring-C—H(e)

angle, (des_p) distance optimization and angle of inclination of
the Cs ring ( ) optimization.

o

Reaction Coordinate

C—H-Pt bond, also proposed by Kang and An-
derson for C4 rings [28]. During the third C—H
bond-breaking a direct interaction is possible
with a Pt atom, located just below the hydrogen
pathway towards a three-fold site (see Fig. 3).
In addition, the ring has a lower ds_p, distance
(= 2.2 A). Consequently, this hydrogen atom is
geometrically more favored than the others to
generate a three center C—H—Pt bond, achieving
a greater stabilization for the transition state.
Anocther reason the lower E_, for the last

6.0

4.0

Energy, eV

2.0

0.0
|
20k

Reaction Coordinate

Fig. 8. Total energy vs. reaction coordinate for the simultaneous
mechanism of reaction.
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Table 3

Adsorption energies, ring-surface distances and activation energies for the sequential dehydrogenation of c-CsHg and c-CgH%,
Adsorbate c-CsHg c-CgH, +H c-CsHg +2H ¢-CsHg +3H

E (eV) —-0.121 1.168 2115 1.670

des_p (A) 35 35 22 22

E2, (V) - 2,014 1.880 1.249

Adsorbate c-CgHyo c-CgHyy +H c-CgHyp +2H c-CgHg + 3H
de_p (A)° 3.23 313 2.68 201

Eciv (€Y) - 1.25 116 0.74

8c-C4H, dehydrogenation results reported by Kang and Anderson [28].

bEBctiv =7.089 eV for the simultaneous mechanism, L E;, = 5.143 eV for the sequential mechanism.

“Shortest C—Pt distance.

hydrogen transfer could be the stronger interac-
tion between the surface and the product, c-
CsHs. Indeed, as we mentioned above, this
species undergoes an extended rehybridization
of its w orbitals.

Demuth et al. [14] in an EELS study observe
a softening and broadening of the C—H bond
stretching frequency upon adsorption of c-CgH 4,
on Pt(111) at 140 K. They suggest that this shift
is associated with an attractive bonding interac-
tion between hydrogen atoms and the surface.
Other authors explain the softening in terms of
the geometric match between C—H bonds of the
adsorbate and high coordination sites of the
substrate [44]. The exact fitting of C—H bonds
on the hexagonal surface lattice gives the en-
hanced lower energy peak intensity, because the
C-H to metal o donation is maximized when
the C—H bonds are aimed directly at the surface
metal atoms. They suggest that the C—H mode
softening results from an interaction of lower
axial C—H bonds with three-fold hollow sites
[44].

The E.,S corresponding to the sequential
dehydrogenation of c-C4H,,, reported by Kang
and Anderson [28], are included in Table 3 in
order to compare with our results. It can be see
that these energies are lower than those corre-
sponding to the dehydrogenation of c-CoHg.
However E_;, S become lower with the progress
of both reactions. Relative values, referred to
the first hydrogen abstraction, are similar to

each other for C and C4 species (= 7 and 43%
for second and third hydrogen abstractions, re-
spectively).

On the basis of their results Kang and Ander-
son [28] propose a mechanism for dehydrogena-
tion where not al the six C—H bonds are simul-
taneously broken. The initial removal of a hy-
drogen atom from adsorbed c-C4H,, is the
slowest step in the dehydrogenation process,
followed by the formation of a partially dehy-
drogenated intermediate, c-C;Hg, which loses
three more hydrogen atoms in a relatively easy
way. Once the loss of the first three hydrogen
atoms has been completed the c-C;H4 molecule
approaches very close to the surface to form
three C—metal bonds. At this point the chair-
shaped Cq ring will begin to flatten in shape,
and the last three hydrogen atoms will come off
with low barriers, leading to a planar benzene.
These authors consider that barriers are low
because of C—H o donation to the surface
through C—H—Pt bonds, previously mentioned.

Experimental studies find that c-CzH,, is
formed as a surface intermediate in the dehydro-
genation of c-C4H,, on Pt(111) [45]. The short
lifetime of this intermediate is consistent with
the idea that the initial dehydrogenation of c-
CsH,, is the slowest step. Rodriguez and
Campbell [24] report that the dehydrogenation
of c-C¢H,, on Pt(111) follows a mechanism in
which four C—H bonds are broken before 350
K. It is not obvious whether this mechanism
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involves a simultaneous breaking of four C—H
bonds in a concerted step or a sequentia dehy-
drogenation process, passing through species of
stoichiometry between c-CqH, and c-CH-,
which further decomposes. However, on the
basis of the extremely low pre-exponential fac-
tor, the concerted mechanism can be considered
unlikely. On the other hand for large exposures
of c-C4H,, a new intermediate, with stoichiom-
etry between c-CqH, and c-C4Hg, is formed
and stabilized at 350 K. Indeed, several experi-
mental studies of c-C4H,, and c-CzH,, dehy-
drogenation on Pt(111) propose a sequential
mechanism, and the formation of an intermedi-
ate of c-C4H, composition [17,18,20,25].

Henn et a. [9] determine the E., for the
dehydrogenation of c-C;Hg to c-CgHg on
Pt(111) (13.3 kcal /mol). This vaue is very
similar to that determined for the conversion of
c-C¢H,, to benzene on the same meta (13.4
kcal /mol). This similarity is consistent with the
fact that the C—H bonds being broken in each
case belong to sp3-hybridized carbons and in
contrast with the higher E,,, (= 28-33
kcal /mol), required for C—H breaking in sp*
hybridized systems, such as adsorbed benzene
or c-C¢H.. Our theoretica results of the E_y,
for the dehydrogenation of c-C,Hg (40
kcal /mol) are higher than the experimental
value. The limitations of the ASED-MO method
to predict absolute values for energies were
mentioned in Section 2. However we think that
our results reproduce well the catalytic behavior
of the studied system and contribute to under-
stand the dehydrogenation reaction mechanism.

4. Conclusions

In the present paper we studied the dehydro-
genation of c-C;Hg4 to c-C;H adsorbed on Pt
(111) at low coverage limits. The caculations
show that in our model of reaction a sequential
mechanism is favored over a simultaneous one.
We also find a strong parallelism with previous
theoretical results for c-C4H,, dehydrogenation

to benzene. Moreover, there are considerable
experimental analogies between the dehydro-
genation of C, and C4 cyclic hydrocarbons. A
sequential mechanism is supported for c-C4H 4,
and c-C4H,, dehydrogenations, while no con-
clusive experimental evidences have been re-
ported for C cyclic molecules. Calculations for
benzene and c-C H adsorbed on Pt(111) sug-
gest a bonding dominated by electron donation
from 1 orbitals of the dehydrogenated species
into metal orbitals of the surface.

The mechanisms discussed in this paper re-
quire a large ensemble of free Pt atoms. We
cannot rule out aternate mechanisms but com-
paring the two studied mechanisms, which in-
volve similar molecular rearrangements, the se-
quential one results are preferred.
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