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Abstract

Ž . Ž . Ž .The dehydrogenation of cyclopentene c-C H to cyclopentadienyl c-C H on Pt 111 is studied using a semiempiri-5 8 5 5

cal molecular orbital method. Two possible mechanisms of reaction are considered. Results show that a sequential
mechanism is favored over a simultaneous one. We also find a strong parallelism with previous theoretical results for
c-C H dehydrogenation to benzene. A bonding mechanism dominated by electron donation from p orbitals of c-C H6 12 5 5

Ž .into metal orbitals is found. Similar results have been reported for benzene adsorbed on Pt 111 . q 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

w xbranched species 1 .
At the present it is widely accepted that long

Ž .chain )C skeletal isomerization and dehy-5

drocyclization reactions both have the same in-

) Corresponding author. Fax: q54-1-607-253-5524; E-mail:
gb40@cornell.edu

w xtermediate of C cyclic nature 2,3 . A number5

of studies have been undertaken to elucidate the
structure and chemistry of such molecules on Pt
w x w4–10 and other transition metal surfaces 10–

x13 . The adsorption and dehydrogenation of cy-
Ž . Ž .clopentene c-C H on Pt 111 has been con-5 8

w xsidered for the first time by Avery 4 using
Ž .thermal desorption spectroscopy TDS , work

Ž .function changes WFC and electron energy
Ž .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-

w xcess Avery 4 suggests that c-C H tilts out of5 8
Žthe surface, and that a cyclopentadienyl c-

.C H species is produced at nearly 250 K.5 5

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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This species is stable to temperatures near that
Ž . w xrequired for isomerization T (500 K 4 .

w xLater studies of Campbell et al. 8,10 based
on bismuth postdosing TDS, X-ray photo-

Ž .electron spectroscopic XPS and Auger elec-
Ž .tron spectroscopy AES support Avery’s pro-

posals. Moreover c-C H has been identified as5 5
Ž . Ž .a stable intermediate on Cu 100 and Rh 111

arising from the dehydrogenation of either c-
Ž . w xC H or cyclopentadiene c-C H 11,13 .5 8 5 6

Most of the studies of dehydrogenation of
cyclic hydrocarbons on transition metals are
devoted to C ring compounds, using a variety6

w xof surface analysis techniques 14–20 . In par-
Žticular the dehydrogenation of cyclohexene c-

. Ž .C H to benzene on Pt 111 has been the6 10

subject of many studies as a model catalytic
w xsystem 21–27 . This molecule, adsorbed to the

surface with a di-s-bonded geometry, begins to
w xdehydrogenate at 180–200 K 24 . In the case of

Ž .cyclohexane c-C H , much of the interest6 12

has stemmed from the observation of a low
C–H stretching frequency, associated with a

w xmolecule–surface interaction 14 . Originally 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
w x17,24,25 .

w xKang and Anderson 28 , using the atom
superposition and electron delocalization molec-

Ž .ular orbital ASED-MO method, studied the
dehydrogenation of c-C H to benzene on6 12
Ž .Pt 111 . They suggest that the bonding to the

surface is caused by C–H s 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 the5

present work is to study the dehydrogenation of
Ž .c-C H to c-C H on Pt 111 at low coverage5 8 5 5

limit. For that purpose the ASED-MO formal-
ism is used. Theory and model are considered in
Section 2.

2. Theoretical method and adsorption model

Our calculations were performed using the
ASED-MO method. In this quantum chemical

Ž .technique an Extended Huckel EH —like¨
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

w xa distance dependent expression 29 . In addi-
tion, a pairwise repulsive term is included to
take into account the repulsive interaction be-
tween screened cores, allowing the determina-
tion of equilibrium geometries for the adsorbed
species. This formulation, which can be ratio-
nalized applying the Hellmann–Feynman theo-

w xrem 29 , has been successfully employed for
the adsorption of CO and hydrocarbons on a
series of pure transition metals and inter-

w xmetallics 30–32 .
Regarding the atomic basic sets, a full va-

lence sqpqd for Pt, sqp for C and s for H
of the Slater type was employed. The atomic

Žparameters ionization potentials IP and Slater’s
.exponents of atomic orbitals are listed in Table

Ž .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

w xvalues 33 in order to minimize exaggerated
electron drifts.

The dehydrogenation of c-C H to c-C H5 8 5 5
Ž .on Pt 111 was studied within the cluster ap-

Ž .proach. The Pt 111 surface was represented by
a 64 atoms cluster distributed in three layers of

Ž . Ž . Ž27 first layer , 19 second layer and 18 third
.layer atoms. This cluster has the same geomet-

Table 1
Atomic parameters

Ž .Atom Orbital H eV z z c ci j 1 2 1 2

C 2s y19.00 1.66
2p y10.26 1.62

H 1s y12.60 1.20
Pt 6s y11.00 2.55

6p y7.96 2.25
5d y11.60 6.01 2.40 0.6567 0.5715
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Ž .Fig. 1. Adsorption geometry for c-C H rPt 111 .5 8

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

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

EsE c-C H rPt yE c-C HŽ . Ž .T 5 n 64 T 5 n

yE Pt 1Ž . Ž .T 64

where C H rPt , c-C H and Pt refer to5 n 64 5 n 64

adsorbate-on-cluster system, the free c-C H5 n

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

w xthe literature 28–33 .
A geometrical optimization of a cluster model

Ž .for c-C H and c-C H on Pt 111 had been5 8 5 5

carried out previously using the ASED-MO
w xmethod 34 . For each species the ring-surface
Ž .distance d was optimized to get the mini-C5– Pt

Ž .mum total energy E and hence to establishads

the site preference. This optimization was per-
formed maintaining the other geometrical pa-
rameters fixed at the free molecule values
w x35,36 . For the most favored site a full opti-
mization of interatomic distances and bond an-
gles was done. The c-C H molecule adsorbed5 8

in the most favored site and the angle of inclina-

tion of the C ring can be seen in Fig. 1. The5

c-C H species was considered to have a geo-5 5

metric orientation which is nearly parallel to the
w x ŽPt 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-

Žformed with a smaller cluster of 25 atoms dis-
.tributed in three layers of 12, 7 and 6 atoms

gave almost 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
sequentially. In the second one they were ab-
stracted simultaneously. In both mechanisms,
the hydrogen atoms were transferred to hollow
surface sites following linear trajectories. For
the sequential mechanism the chosen steps are

Ž .Fig. 2. Adsorption geometry for c-C H rPt 111 .5 5
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Ž .Fig. 3. Sequential mechanism of dehydrogenation of c-C H rPt 111 .5 8

shown in Fig. 3. In the first step of this mecha-
Ž .nism we stretched the C–H a bond of the

c-C H molecule, adsorbed in the most favored5 8

site. At the same time and linearly with this step
Ž .we diminished the ring-C–H d angle, until this

Ž .bond was coplanar with the C ring see Fig. 4 .5

In the second step we carried out the same
Ž . Ž .procedure with C–H c and C–H f bonds. The
Ž .ring-surface distance d was continuouslyC5– Pt

optimized during the two mentioned hydrogen

Fig. 4. Lateral view of the mechanism of dehydrogenation of
Ž .c-C H rPt 111 .5 8

abstractions. During the third hydrogen abstrac-
Ž .tion the C–H b bond was stretched, while the

Ž . Ž .ring-C–H e angle a was linearly diminished.
In this step the angle of inclination of the C5

Ž . Ž .ring b and the ring-surface distance dC5– Pt

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

Ž .which involved at the same time: C–H a,b,c
Ž .bonds stretching, ring-C–H d,e,f angles de-

Fig. 5. Geometrical rearrangement for the last hydrogen abstrac-
tion.
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Ž .creasing, angle of inclination of the C ring b5
Ž .and ring-surface distance d optimizations.C5– Pt

In Section 3 the adsorption of the reactant
Ž . Ž .c-C H and the product c-C H are dis-5 8 5 5

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
Ž .optimization of c-C H and c-C H on Pt 1115 8 5 5

are given in Table 2. We can observe that the
Ž .adsorption energy E for c-C H is rela-ads 5 8

Ž .tively small sy0.120 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 al.
w x Ž .9 show that at low exposures -0.23 l the
amount of c-C H undergoing dehydrogenation5 8

is at least 12 times greater than that which
w xdesorbs. Kang and Anderson 28 in a theoreti-

cal study, report E for c-C H of aboutads 6 12

y0.42 eV, which is also a weakly adsorbed
Ž .molecule on Pt 111 . Furthermore experimental

Ž .results also found that the reactant c-C H is6 12
Ž .weakly bonded to the Pt 111 surface, when

comparing with the adsorption of the dehydro-
Ž . w xgenation product benzene 21–25 .

The high coordination side, designed as 3CO
Ž .three-fold octahedral , is only slightly more
favored than the other ones considered for c-

w xC H 34 . Notice that for this geometry the5 8

double C5C bond is placed just above a Pt

Ž .atom see Fig. 1 . The d distance is rela-C5– Pt
˚Ž .tively large s3.5 A in comparison with those

corresponding to other unsaturated hydrocar-
Ž .bons such as ethylene , in good correlation

with a weaker ring-surface bonding. When the
C–H, C5C and 5C–H distances for the c-C H5 8

free molecule are compared with those for the
adsorbed molecule, no significant differences
are observed, while the C–C distance undergoes

˚a small 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-

Žtion angle b with respect to the Pt plane see
.Fig. 5 . Notice that the value obtained for this

Žangle increases the /C–C–Pt angle w in Fig.
. Ž .1 from 90 without inclination to 1048, which

is close to the value of 107.88 reported for the
w xsaturated c-C H molecule 34 . Although there5 10

are no direct experimental evidences of an in-
clined geometry for the c-C H molecule, the5 8

w xinterpretation given by Avery 4 to its EELS
spectra is coherent with the existence of two

Žinclined species inferred by geometrical model-
.ing at angles of 30 and 708 with respect to the

surface. Another indirect evidence of this incli-
nation is the fact that c-C H attains a maxi-5 8

mum surface coverage higher than c-C H ad-5 10
Ž .sorbed on Pt 111 , where a plane geometry was

w xproposed 6 . The ensemble requirement for the
Ž .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-C H5 8

molecule, while near 4.5 Pt atoms are necessary
w xfor c-C H 9,10 .5 10

Table 2
Ž .Equilibrium chemisorptive properties for c-C H and c-C H rPt 1115 8 5 5

a b˚ ˚ ˚ ˚ ˚Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Species Site d A a 8 b 8 d A d A d A d A E eVC5 – Pt C – C C – H C 5 C 5 C – H ads

c-C H 3CO 3.5 – 15 1.67 1.20 1.44 1.18 y0.1215 8

c-C H 3CT 2.0 27 0 1.55 1.15 – – y2.9365 5

a Ž .Ring-C–H angle see Fig. 2 .
b Ž .Angle of inclination of the C ring see Fig. 5 .5
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It should be mentioned that for the c-
Ž .C H rPt 111 system the XPS spectra of C1s5 8

level has a binding energy which is indicative of
3 w xa preponderant sp hybridization 9 . According

to this, we note that both the monolayer and the
multilayer of c-C H present C1s-binding en-5 8

ergy values which are very close to those corre-
sponding to the monolayer and the multilayer of

w xc-C H , respectively 9,37 .6 12

Table 2 also summarizes the results concern-
ing the geometrical optimization of c-C H on5 5
Ž .Pt 111 . The E value is one order of magni-ads

tude greater than that corresponding to c-C H ,5 8

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 stable5 5

species up to 480 K. The adsorption site 3CT
Ž .three-fold tetrahedral is the most favored one
w x Ž34 . The d distance is notably shorter sC5– Pt

˚ .2.0 A than that of c-C H , in concordance with5 8

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 is5 5

available, a parallelism with the unsaturated six
carbon rings could be made. Anderson et al.
w x33 studying the adsorption of benzene on Pt,

Ž .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

˚Ž .are very close within (0.1 A to our result for
Ž .c-C H d . Moreover, theoretical studies5 5 C5– Pt

Ž .of c-C H rNi 111 allow to conclude a gener-6 6

alized preference for the tricoordinated sites
w x38–40 . Experimental studies of benzene on Pt,

Ž .Ni and Ag 111 performed by Avouris and De-
w x w xmuth 41 and Lehwald et al. 42 show that

benzene adsorbs on tricoordinated sites, dispos-
ing its molecular plane parallel to the metallic
surface.

w xJing and Whitten 40 in a theoretical ab
initio study of the adsorption of benzene on

Ž .Ni 111 report that the C–H bonds present an

important bending-away angle of 8.58 with re-
spect to the molecular plane. Experimental stud-
ies suggest the same behavior when benzene is

Ž . w xadsorbed on Rh 111 43 . An important bend-
Ž .ing-away angle s208 has also been reported

w x Ž .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

Ž .benzene p e orbital and the d metallic or-1g

bitals. In our calculations for c-C H the bend-5 5
Žing-away angle is even greater with a value of

.278 .
In order to reveal a possible rehybridization

of c-C H and c-C H species the overlap pop-5 8 5 5
Ž .ulation o.p. of C–C, C–H and C–Pt bonds

and the net electronic charge are compared with
w xthose of the free species 34 . The results show

that for the c-C H molecule all these bonds5 8

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 important5 5

Ž .decrease (8.6% , a situation indicative of a
significant weakening in C–C bonds. The C–H

Ž .bond turns out more strengthened (3.2% .
Both observations might be considered as a
clear evidence of the hybridization of c-C H5 5

valence molecular orbitals. Furthermore, this
fact can be verified in the large o.p. value of
bonding character between C and Pt atoms. A

Ž y.significant electron transfer (0.5 e from the
c-C H molecule toward the surface has also5 5

w xbeen obtained 34 .
The study of the electronic structure of c-

Ž .C H and c-C H on Pt 111 using the elec-5 8 5 5
Ž .tronic local density of states LDOS reveals

that while c-C H molecular orbitals hybridize5 8

very slightly, those of c-C H undergo a much5 5

more important hybridization, as it can be ap-
w xpreciated 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 1EY and 1EY ) orbitals for1 2

c-C H and LDOS of the Pt atom nearest to the ring.5 5

benzene molecular orbitals also present an ex-
tended coupling with the d atomic orbitals of

w xthe metal 33,38–40 . In agreement with this
w xobservation, Campbell et al. 8 report that the

binding energy value found for the C1s level of
Ž .c-C H on Pt 111 is very close to that obtained5 5

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.

Ž .The activation energies E calculated foractiv

our proposed mechanisms are shown in Table 3.
It can be appreciated that the sequential mecha-

Ž .nism ÝE s5.143 eV has lower combinedactiv

activation barrier than the simultaneous one
Ž .E s7.089 eV . We can also observe that,activ

when the second and third hydrogens are re-
moved, the E becomes progressively lower.activ

The E values for the first and second hydro-activ

gen abstractions are close because they have
Ž Ž . Ž . .similar symmetry see H a and H c in Fig. 3 .

However when the third hydrogen is removed
the E diminishes even more. This loweractiv

value might be due to a s donation from the
C–H bond to the metal through a three center

Fig. 7. Total energy vs. reaction coordinate for the sequential
Ž . Ž . Ž .mechanism of reaction. From i to ii : C–H a bond stretching,

Ž . Ž .decreasing of the ring-C–H d angle and d distance opti-C5 – Pt
Ž . Ž . Ž .mization. From ii to iii : C–H c bond stretching, decreasing of

Ž . Ž .the ring-C–H f angle and d distance optimization. FromC5 – Pt
Ž . Ž . Ž . Ž .iii to iv : C–H b bond stretching, decreasing of the ring-C–H e

Ž .angle, d distance optimization and angle of inclination ofC5 – Pt
Ž .the C ring b optimization.5

C–H–Pt bond, also proposed by Kang and An-
w xderson for C rings 28 . During the third C–H6

bond-breaking a direct interaction is possible
with a Pt atom, located just below the hydrogen

Ž .pathway towards a three-fold site see Fig. 3 .
In addition, the ring has a lower d distanceC5– Pt

˚Ž .s2.2 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.
Another reason the lower E for the lastactiv

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-C H and c-C Ha

5 8 6 12

Adsorbate c-C H c-C H qH c-C H q2H c-C H q3H5 8 5 7 5 6 5 5

Ž .E eV y0.121 1.168 2.115 1.670
˚Ž .d A 3.5 3.5 2.2 2.2C5 – Pt

b Ž .E eV – 2.014 1.880 1.249activ

Adsorbate c-C H c-C H qH c-C H q2H c-C H q3H6 12 6 11 6 10 6 9

c˚Ž .d A 3.23 3.13 2.68 2.01C – Pt
Ž .E eV – 1.25 1.16 0.74activ

a w xc-C H dehydrogenation results reported by Kang and Anderson 28 .6 12
bE s7.089 eV for the simultaneous mechanism, ÝE s5.143 eV for the sequential mechanism.activ activ
cShortest C–Pt distance.

hydrogen transfer could be the stronger interac-
tion between the surface and the product, c-
C H . Indeed, as we mentioned above, this5 5

species undergoes an extended rehybridization
of its p orbitals.

w xDemuth et al. 14 in an EELS study observe
a softening and broadening of the C–H bond
stretching frequency upon adsorption of c-C H6 12

Ž .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

w xsubstrate 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 s 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
w x44 .

The E s corresponding to the sequentialactiv

dehydrogenation of c-C H , reported by Kang6 12
w xand 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-C H .5 8

However E s become lower with the progressactiv

of both reactions. Relative values, referred to
the first hydrogen abstraction, are similar to

Žeach other for C and C species (7 and 43%5 6

for second and third hydrogen abstractions, re-
.spectively .

On the basis of their results Kang and Ander-
w xson 28 propose a mechanism for dehydrogena-

tion where not all the six C–H bonds are simul-
taneously broken. The initial removal of a hy-
drogen atom from adsorbed c-C H is the6 12

slowest step in the dehydrogenation process,
followed by the formation of a partially dehy-
drogenated intermediate, c-C H , which loses6 9

three more hydrogen atoms in a relatively easy
way. Once the loss of the first three hydrogen
atoms has been completed the c-C H molecule6 9

approaches very close to the surface to form
three C–metal bonds. At this point the chair-
shaped C ring will begin to flatten in shape,6

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 s donation to the surface
through C–H–Pt bonds, previously mentioned.

Experimental studies find that c-C H is6 10

formed as a surface intermediate in the dehydro-
Ž . w xgenation of c-C H on Pt 111 45 . The short6 12

lifetime of this intermediate is consistent with
the idea that the initial dehydrogenation of c-
C H is the slowest step. Rodriguez and6 12

w xCampbell 24 report that the dehydrogenation
Ž .of c-C H on Pt 111 follows a mechanism in6 10

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 sequential dehy-
drogenation process, passing through species of
stoichiometry between c-C H and c-C H ,6 9 6 7

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-C H a new intermediate, with stoichiom-6 10

etry between c-C H and c-C H , is formed6 9 6 8

and stabilized at 350 K. Indeed, several experi-
mental studies of c-C H and c-C H dehy-6 12 6 10

Ž .drogenation on Pt 111 propose a sequential
mechanism, and the formation of an intermedi-

w xate of c-C H composition 17,18,20,25 .6 9
w xHenn et al. 9 determine the E for theactiv

dehydrogenation of c-C H to c-C H on5 8 5 5
Ž . Ž .Pt 111 13.3 kcalrmol . This value is very

similar to that determined for the conversion of
Žc-C H to benzene on the same metal 13.46 12

.kcalrmol . This similarity is consistent with the
fact that the C–H bonds being broken in each
case belong to sp3-hybridized carbons and in

Žcontrast with the higher E ( 28–33activ
. 2kcalrmol , required for C–H breaking in sp -

hybridized systems, such as adsorbed benzene
or c-C H . Our theoretical results of the E5 5 activ

Žfor the dehydrogenation of c-C H 405 8
.kcalrmol 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 H to c-C H adsorbed on Pt5 8 5 5
Ž .111 at low coverage limits. The calculations
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-C H dehydrogenation6 12

to benzene. Moreover, there are considerable
experimental analogies between the dehydro-
genation of C and C cyclic hydrocarbons. A5 6

sequential mechanism is supported for c-C H6 12

and c-C H dehydrogenations, while no con-6 10

clusive experimental evidences have been re-
ported for C cyclic molecules. Calculations for5

Ž .benzene and c-C H adsorbed on Pt 111 sug-5 5

gest a bonding dominated by electron donation
from p 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 alternate 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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