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ABSTRACT

Using density functional calculations, we studied the conversion of methylcyclopentane to its ring-
opening products: branched hexanes [2-methylpentane (2MP), 3-methylpentane (3MP)], as well as
unbranched n-hexane (nHx). We employed flat Pt(111) and stepped Pt(211) to describe terrace-rich
large and defect-rich small Pt particles, respectively. On Pt(111), the barriers of all elementary steps
for the paths leading to branched hexanes lie below 90 k] mol~!, while the formation of nHx features a
barrier of 116 k] mol~! in its C-C bond scission step. This higher barrier impedes the formation of nHx
on Pt(111) and thus rationalizes the experimental observations that terrace-rich large Pt particles selec-
tively produce branched hexanes. However, on Pt(211), the barrier of C-C scission for the formation of
nHx decreases to 94 kJ mol~!, thus implying enhanced formation of nHx over the defects, in agreement
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with the essentially statistical product distribution observed with defect-rich small Pt particles.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Currently, there is a strong interest in reducing air pollutants
emitted during diesel combustion. These pollutants, such as nitro-
gen oxides, sulfur oxides, and particulate matter, are likely to have
harmful effects not only on human health but also on the environ-
ment as a whole. Therefore, it is expected that stricter requirements
will be imposed on diesel fuels regarding their content of sulfur and
polynuclear aromatics as well as cetane number (CN) [1].

The CN of diesel fuels can be improved with the help of modern
upgrading technologies, such as aromatics saturation and hydro-
cracking [2,3]. With the help of hydrodearomatization catalysts,
the aromatics are hydrogenated to saturated cyclic components
(naphthenes). Yet, even when most aromatics are saturated, the
CN increase is limited by the composition of the initial feedstock.
By comparison, hydrocracking improves the fuel quality by saturat-
ing aromatic rings and cracking the saturated naphthenic rings as
well as branched alkanes to lighter products. The main problem of
hydrocracking is that it is not easily controlled; extensive overcrack-
ing of the raw materials generates a large amount of lower-weight
products which cannot be used as diesel fuel. To yield a notably
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higher CN, ideally, naphthenes should be converted to more paraf-
finic compounds with a low degree of branching while preserving
the initial molecular weights. Therefore, finding approaches to
selectively open naphthene rings with minimum cleavage of side
chains is much desired for generating products that meet (or exceed)
the ever-tightening environmental regulations.

Selective ring-opening (SRO) of naphthenes generally requires a
bifunctional catalyst [4]: (i) highly dispersed noble metal particles,
e.g., of Pt, Pd, Ir, Ru, or Rh, for hydrogenation or dehydrogenation,
and (ii) an acidic support for cracking or isomerization. It is impor-
tant to note that five-member hydrocarbon rings open much easier
on metals than six-member rings [4-8]. Therefore, initial contrac-
tion of a six-member ring to a five-member ring, promoted by an
acidic function of the support of the metal, facilitates and acceler-
ates the overall hydrogenolysis process [9,10]. Subsequently,
isomerized C5 products can move through the gas phase to an ac-
tive site on a metal component and there undergo a ring-opening
reaction, the selectivity of which depends on the nature of the
metal.

As a model SRO reaction, ring-opening of methylcyclopentane
(MCP) on supported metal catalysts has extensively been studied
[11-16], for work until 2005, see an earlier review [4]. The distribu-
tion of the products, 2-methylpentane (2MP), 3-methylpentane
(3MP), and n-hexane (nHx), depends on the properties of the
metal catalyst. For example, over supported Pt catalysts, such a
distribution sensitively depends on the size of the Pt particles. A
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non-selective distribution (statistical scission of endocyclic C-C
bonds) is found on highly dispersed small Pt particles [17], whereas
branched products, 2MP and 3MP, are favored on large Pt particles
[18] or the flat Pt surfaces (111) and (100) [19,20]. In contrast, the
selectivity on other noble metals, like Ir [12,21] and Rh [22], is less
sensitive to the particle size. On both Ir and Rh, MCP hydrogenolysis
always yields branched 2MP and 3MP, which are not the desired
products with high CN. Other metal catalysts, e.g., Co [23] or Ru
[24], lead to extensive hydrogenolysis, producing a significant
amount of fragments. None of the above metal catalysts is selective
toward nHx, the preferred product, which features a larger CN than
the branched isomers 2MP and 3MP. Recent studies on bimetallic
catalysts, e.g., GePt [16] or RhPt [13], also did not show a promising
selectivity toward nHx.

Due to the complexity of the involved chemistry, the mecha-
nism of SRO has not clearly been proved experimentally and thus
far remained at a hypothetical level. On the other hand, computa-
tional studies based on methods of density functional theory (DFT)
provide tools to gain a better understanding of elementary reaction
steps of a complex reaction network [25-29]. The few theoretical
studies concerned with the chemistry of MCP and its derivatives
on metal surfaces mainly addressed the adsorption properties of
five-member rings such as MCP [30], cyclopentane [31-33], and
cyclopentene [32,34]. An early work [35] addressed at a semiem-
pirical level the dehydrogenation of cyclopentene, but did not
touch the ring-opening. In the present work, we explored the con-
version of MCP to its ring-opening products on the flat Pt(111) and
stepped Pt(211) surfaces. Our study shows how the selectivity is
controlled by the surface geometry and rationalizes the experi-
mentally observed particle size dependence of the selectivity on
supported Pt catalysts.

2. Models and computational details

We carried out DFT slab model calculations with the plane-
wave-based Vienna ab initio simulation package VASP [36,37]. We
used the generalized gradient approximation in the form of the
exchange-correlation functional PW91 [38]. The interaction be-
tween the atomic cores and electrons was described by the projector
augmented wave (PAW) method [39,40]. In the structure optimiza-
tions, the Brillouin zone was sampled using a Monkhorst-Pack [41]
mesh of 5 x5 x1 k points with first-order Methfessel-Paxton
smearing (smearing width of 0.15eV) [42]. Subsequently, the
energies were refined in a single-point fashion employing a
7 x 7 x 1 k point grid. The valence wave functions were expanded
in a plane-wave basis with a cutoff energy of 400 eV.

We represented the ideal Pt(111) and Pt(211) surfaces by
periodic slab models of five layers each, repeated in a supercell
geometry with at least 1-nm vacuum spacing between them. In
the case of the stepped surface Pt(211), a slab comprises five
layers of (111) orientation, but formally contains 15 layers
perpendicular to the surface normal. The three “bottom” layers
of each five-layer slab were kept fixed at the theoretical bulk-
terminated geometry (Pt-Pt=282pm), and the remaining Pt
atoms were allowed to relax during geometry optimizations,
together with the adsorbates, until the force on each atom was
less than 2 x 107%eV/pm. We used a (3 x3) unit cell for
Pt(111) and a (3 x 1) unit cell for Pt(211), both of them corre-
sponding to surface coverage 1/9. We also located transition
states at this coverage.

The binding energy (BE) of an adsorbate was determined from
BE = E1q + Esub — Eadjsup» Where Eaqjsup is the total energy of the slab
model, covered with the adsorbate in the optimized geometry; E.q
and Esy, are the total energies of the adsorbate in the gas phase
(ground state) and of the clean substrate, respectively. Calculations

on gas-phase hydrocarbon species with open shells were carried
out in a spin-polarized fashion. With the above definition, positive
values of BE imply a release of energy or a favorable interaction.

Transition states (TSs) of the reactions were determined by
applying the dimer method [43] or the nudged elastic band
(NEB) method [44,45]. In the latter case, we used eight images of
the system to form a discrete approximation of the path between
fixed end points. The TS structures obtained in this way were fur-
ther refined until the forces on atomic centers dropped below
2 x 10~* eV/pm. We checked each optimized transition state struc-
ture with a normal mode analysis to ensure that only a single mode
with an imaginary frequency exists.

3. Results and discussion

As stated in the introduction, MCP is mainly converted to the
branched products 2MP and 3MP on the Pt(11 1) surface or on large
Pt particles (e.g., of ~10 nm [46]). To rationalize this observation,
Maire et al. [18] proposed a mechanism in which the C-C bond
breaking of the five-member ring occurs via an oo, 3p-tetra-adsorbed
intermediate (Fig. 1). Only a di-secondary CH,-CH, cyclic bond can
be dehydrogenated to form such an intermediate, to be cleaved sub-
sequently. Due to the methyl substituent, the secondary-tertiary
CH,-CHMe bond can only form an o p-tri-adsorbed intermediate.
Owing to the steric hindrance, edge-wise adsorption of the second-
ary-tertiary C-C bond and its hydrogenolysis are expected to be un-
likely. The described mechanism involving dehydrogenative
chemisorption prior to C-C bond breaking is supported by the loss
of 3.5-5 hydrogen atoms on nickel and of 2-4 hydrogen atoms on
platinum per molecule of propane when the system is in the temper-
ature range where hydrocracking takes place [47]. DFT calculations
[48,49] also support this idea showing that the barrier for C-C bond
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Fig. 1. The reaction network studied in this work.
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cleavage of C, or C5 species on M(111) (M = Pd, Pt) decreases with
increasing the degree of dehydrogenation of the hydrocarbon.

Fig. 1 shows the reaction network investigated in this study.
Building on the ideas of Maire et al. [18], we propose a mechanism
with three global steps: (i) MCP is dehydrogenated to form an
oolBp-tetra-adsorbed (or an oof-tri-adsorbed) intermediate; (ii)
the C-C bond between the adsorbed C atoms is cleaved; (iii) the
resulting adsorbate is completely hydrogenated and then desorbs
from the surface. In the following discussion, we will address in
turn these three sequential steps.

3.1. Dehydrogenation reactions over Pt(111)

To form an oopB-tetra-adsorbed (or an oop-tri-adsorbed)
intermediate, four or three dehydrogenation steps are required in
the conversion from MCP to 2MP/3MP or nHx, respectively. In each
elementary step, one C-H bond of the ring structure is cleaved via a
transition state that exhibits a typical C-H-Pt three-member-ring
structure [50]. As an example, Fig. 2 illustrates the four dehydroge-
nation steps of the pathway to 3MP. Experimental studies [51]
showed that the diffusion of H atoms on Pt requires very low acti-
vation energies of about 12 k] mol~!. Therefore, we refrained from
studying the diffusion of H atoms between two dehydrogenation
steps. We assume that the dissociating H atom moves far away
from the adsorbate after each dehydrogenation step. Thus, in the
surface unit cells of our models, there is at most one co-adsorbed
H atom in each final (or initial, for hydrogenation reactions) state.

In the following, we will discuss the dehydrogenation reactions
step by step. For each dehydrogenation reaction, the geometry of
an adsorbate in the initial state is almost the same as in the final state
of the preceding dehydrogenation step, except that in the final state,
the dissociated H atom is still co-adsorbed on a surface close to the
hydrocarbon, whereas in the initial state of the next dehydrogena-
tion step itis no longer present in the model. Therefore, from the sec-
ond dehydrogenation step, we will skip describing the structure of
the initial state of a dehydrogenation reaction. When referring to
the position of the methyl group within the ring, we shall denote,
for convenience, the first C atom which binds to the metal surface
as C1, and the second as C2; the other three carbon centers are num-
bered from C3 to C5 along the direction from C1 to C2.

3.1.1. First dehydrogenation reaction (D1)

We considered three adsorption modes of MCP corresponding
to the three possibilities for the first dehydrogenation step accord-
ing to the position of the methyl group which is attached to either
of C1, C2 (C5), or C3 (C4). These three pathways have nearly iden-
tical geometries of the initial state; MCP is weakly adsorbed via an
H atom attached to C1 so that a linear fragment Pt—-H-C1 is formed
in the direction normal to the surface (Fig. 2), with H-Pt=210-
211 pm. This weak H-Pt interaction also leads to an elongation
of the corresponding C-H bond, to 114 pm, compared to 110 pm
for the other C-H bonds. The binding energies of the three physi-
sorbed intermediates are very similar, 14-16 kJ mol~"'. It should
be noted that the GGA functional used is not able to describe such
weak interactions in a quantitative way [52].

The three transition states of the first dehydrogenation step
differ only by the position of the methyl substituent. In these tran-
sition states (see Fig. 2 for an example), the adsorbate tilts toward
the surface so that the C1 atom arrives at the top site originally
occupied by the dissociating H atom, while the leaving H atom is
pushed to a bridge site of Pt(111). Due to the steric hindrance,
the dissociating C-H bond of the transition state stretches
significantly, to 161 pm, when CHjs is attached at the C1 position.
This distance is 13 pm longer than in the cases where the CH;
group is at the C2 or C3 positions. This steric hindrance also leads

Intermediate

Transition state

Fig. 2. Optimized structures corresponding to the four dehydrogenation steps
(D1-D4) of the reaction path to 3MP. The intermediate and TS structures involved
in the corresponding dehydrogenation steps on the way to 2MP and nHx (not
shown) are quite similar to these structures, only the position of the methyl group
is changed.
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to a slight increase in the total energy of the transition state struc-
ture, by ~11 k] mol~! with respect to the most stable TS structure
where the CH; substituent is at the C3 position (Fig. S1).

In the final state (Fig. 2), the C-H bond totally breaks and the
hydrocarbon is chemically adsorbed at a top site via a single C-Pt
bond. When the methyl group is located at the C1 position, the
steric hindrance not only elongates the C1-Pt bond length to
219 pm compared to the value of 212-213 pm when CHj is at
the C2 or C3 positions, but also strongly pulls the Pt atom out
of the surface, by ~50 pm. This latter value is twice as large as
in the final states with the CHs group at the C2 or C3 position.

The activation energies of these three dehydrogenation reactions
are rather similar: 97, 89, and 85 k] mol~! (Fig. S1), when the methyl
group is bonded to the centers C1, C2, or C3, respectively. When the
methyl group is bonded to C1, the barrier is 8-12 k] mol~! higher
due to the steric hindrance just mentioned. However, the difference
between the reaction energies is larger. In the sterically hindered
case, the dehydrogenation is endothermic by ~36 kJ mol !, whereas
the two alternative reactions are essentially thermoneutral (Fig. S1).

3.1.2. Second dehydrogenation reaction (D2)

There are several possible pathways to form the oopB-tetra-ad-
sorbed or aaB-tri-adsorbed intermediates from MCP. Our calcula-
tion shows that the dehydrogenation barriers are similar (within
10 k] mol~!, Table 1) irrespective of whether the methyl group is
connected to the centers C2, C3, C4, or C5. Therefore, we chose the
pathways with the lowest barrier in the first dehydrogenation step;
these are the routes starting with the CHs substituent at the C3 posi-
tion (or at C4) on the way to 2MP (3MP) or at the C2 position on the
way to nHx, with the barriers of 85-89 k] mol~! for the first step (Ta-
ble 1). Furthermore, for a selected initial state, at least two dehydro-
genation reactions, o-elimination or B-elimination, compete with
each other. Thus, two final states are possible, ao-diadsorbed or
aB-diadsorbed intermediates. Experimental evidence [53] suggests
that in general g-H elimination reactions of a hydrocarbon fragment
on Pt(111) are preferred over a-elimination reactions. These obser-
vations were corroborated by theoretical studies on Pt(111) [50]
and Pd(111) [54] surfaces, which determined (at 1/9 coverage)
barriers for p-elimination to be 10-25 k] mol~! lower than for o
-elimination. Hence, in this step, we considered only the pathways
involving B-H elimination to form af-diadsorbed intermediates.

Table 1

In the initial states, the dehydrogenated MCP ring is adsorbed at
a top site as described in the previous section. In the transition
states (Fig. 2), center C2 is already attached to the surface and
the dissociated H atom moves to a top site. Steric hindrance again
is at work when CHs binds to C2. This is reflected not only in a
longer C-Pt distance, by 14 pm, of the bond to be formed but also
in a higher energy (by 8-15 k] mol~!) compared to the TS struc-
tures with the CHs substituent at C3 or C4 position. In the final
states of this reaction, the dissociated H atom moves to the neigh-
boring threefold hollow site. The adsorbate is adsorbed in p-#?
fashion via two ¢ bonds at a bridge site. All three reactions consid-
ered for this step are exothermic, by 17-31 k] mol~! (Table 1). The
reaction barriers of the second dehydrogenation step fall into the
range of 55-65 k] mol~!; thus, they are 24-30 k] mol~! lower than
the barriers calculated for the first step D1 (Table 1).

3.1.3. Third dehydrogenation reaction (D3)

There are two choices for the loss of the third H atom in the
reaction paths to 2MP or nHx: either from C1 or C2. As shown
above, the position of the methyl group does not significantly af-
fect the activation energy; therefore, we chose to remove the third
H atom from center C1 in all the three paths considered for step D3.
In the transition state (Fig. 2), the carbon atom involved forms a
second bond to a Pt center in bridging fashion, while the dissociat-
ing H atom interacts with both centers, Pt (162 pm) and C (155-
156 pm) (Table 1). In the final state (Fig. 2), the H atom moves to
a neighboring hollow site. The aaB-dehydrogenated hydrocarbon
adsorbate remains attached to the surface in us-#? fashion as in
the transition state. This reaction step is endothermic, by
21-26 k] mol~!; the corresponding activation energies are 84-
88 k] mol~! (Table 1). In view of the relatively high calculated bar-
rier for step D3, we checked the possibility of C-C bond cleavage in
the of-dehydrogenated intermediate. Test calculations gave a
higher estimate for the barrier, 148 k] mol~!. This value is signifi-
cantly above the third dehydrogenation barrier and also much
higher than the barriers for C-C bond activation of tri- and tetra-
dehydrogenated intermediates (see below).

3.1.4. Fourth dehydrogenation reaction (D4)
After the three dehydrogenation steps, the intermediates are at-
tached to the surface by two adjacent carbon centers, C1 and C2, of

Optimized geometries® (pm) and energy characteristics (k] mol~!) of the transition states pertinent to the MCP ring-opening reactions over Pt(111) for various locations of the

methyl (Me) substituent.

Reaction step® 2MP as product (Me at C3)

3MP as product (Me at C4)

nHx as product (Me at C2)

C-H¢ H-Pt © AE ¢ E,® C-H¢ H-Pt © AE Y E,® C-H*¢ H-Pt © AEY E,®
D1 148 167, 214 0 85 148 167, 214 0 85 148 167,213 0 89
D2 157 160 -31 55 155 160 -30 57 165 159 -17 65
D3 155 162 21 84 155 162 24 88 156 162 26 86
D4f 144 163 -18 60 144 163 -20 58
Migration 60 61 60 61
cC -21 15 -21 14 -19 116
C-shift1 f -71 14 -73 15
C-shift2 f -12 50 -10 52
H1f 144 164 66 80 142 165 55 76
H2 158 161 -4 56 155 161 -12 59 158 161 12 65
H3 156 170, 204 —43 66 150 168, 217 24 72 161 175, 185 -57 52
H4 ¢ 136 166 78 83 135 167 78 81
H5 ¢ 157 162 -18 64
H6 ¢ 152 166, 221 -12 63

¢ A-B, distance between atoms A and B in the transition state.
b
¢ Bonds that are breaking/forming during a reaction.
d Reaction energy.

Activation energy.

The reaction path to nHx does not contain this step.

e
f

D1-D4 denote the first to fourth dehydrogenation steps; CC stands for the C-C bond scission step; H1-H6 refer to the first to sixth hydrogenation steps.

& The fourth to sixth hydrogenation steps for 2MP and 3MP are expected to have very close energy profile as the respective hydrogenation steps for nHx.
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the backbone of the ring. For the intermediates finally converting
to 2MP or 3MP, one H atom is still to be removed from one of these
two carbon centers. However, on the pathway to nHx, the position
of this H atom is occupied by the methyl substituent. Therefore,
only the two pathways, leading to 2MP or 3MP as final products,
are addressed in step D4. In the transition state (Fig. 2), C1 and
C2 occupy two bridge positions of the same hollow site of
Pt(111) with two C-Pt bonds per C atom. The C-C distance, only
142 pm, is shorter than in the initial state, 149 pm. The dissociated
H atom migrates over a top site. The whole ring is oriented almost
perpendicular to the Pt surface. The structure of the final state
(Fig. 2) is very close to that of the transition state, except that
the C-H bond is totally broken and the dissociated H atom has
moved to a neighboring hollow site. This reaction is exothermic
by 18-20 k] mol~!, and the barrier of this reaction is not very high,
58-60 kj mol~! (Table 1).

3.2. C-C bond breaking reactions over Pt(111)

Via the sequence of dehydrogenation reactions just described, we
arrive at three intermediates: aoBp-tetra-adsorbed 3-methylcycl-
opentyne and 4-methylcyclopentyne as well as aop-tri-adsorbed
2-methyl-1-cyclopenten-1-yl. The former two intermediates ulti-
mately convert to 2MP and 3MP, respectively, whereas the latter
intermediate converts to nHx. The C-C bond breaking reactions of
the ooBp-tetra-adsorbed (tetra-dehydrogenated) intermediates
and of the oo p-tri-adsorbed (tri-dehydrogenated) intermediate rep-
resent two types of reactions each of which will now be discussed.

3.2.1. C-C bond breaking in the tetra-dehydrogenated intermediates

In the initial state (Fig. 3), the ring structure is almost normal to
the surface and the C-C bond is located above a threefold hollow
site so that one Pt atom forms bonds to both C atoms and the
two other Pt atoms form one C-Pt bond each. Our attempt to find
a TS for C-C bond breaking directly from this intermediate led to a
second-order TS, 130 k] mol~! above the reactant, with the imagi-
nary modes corresponding to C-C bond stretching and to a migra-
tion of the whole molecule in the direction of an adjacent threefold
hollow site. Thus, the lowest energy pathway for C-C scission
passes through an intermediate. Before the C-C bond is broken,
the whole structure of the adsorbate rotates by ~30° about the sur-
face normal and is shifted in the direction of the C-C bond so that
at the new location two C atoms occupy two adjacent threefold
hollow sites (Fig. 3) with C-C = 148 pm. This change in adsorption
site, which we further refer to as migration, is strongly endother-
mic by about 60 k] mol~! with a very low reverse reaction barrier,
1Kk mol~! (Table 1). It should be noted that multiple adsorption
modes were also reported for acetylene adsorbed on transition me-
tal surfaces [55].

After the migration step, the C-C bond breaks easily. In the tran-
sition state, the C-C distance is elongated by 28-30 pm, to 176-
178 pm. In the final state, C-C = 237 pm. A surprisingly low barrier,
only 14-15 k] mol ™!, is calculated for this elementary step. The reac-
tion is exothermic by 21 k] mol~! (Table 1). However, due to the ex-
tremely low reverse barrier (1 k] mol~!) for the preceding migration
step, the total barrier should be calculated relative to the most stable
configuration of the tetra-adsorbed cyclic species; it thus includes
the energetic cost of the migration step, 60 k] mol~!. Therefore, the
overall barrier to overcome the combined migration and C-C bond
scission amounts to 74-75 k] mol~! (Table 2).

3.2.2. C-C bond breaking in the tri-dehydrogenated intermediate

In contrast to the tetra-dehydrogenated intermediate, the C-C
bond breaking of the adsorbate attached to one threefold site in
us—n? fashion (Fig. 4) can proceed directly. In the initial state, the
C-C distance is 150 pm. As shown in Fig. 4, in the transition state,

Migration

o

CC scission

B

C-shift2

e

Fig. 3. Optimized initial and final structures and a schematic illustration of the
adsorption modes for the migration, C-C bond scission, and C-shift steps on the way
to 3MP. C1 and C2 denote the two C atoms which are directly bound to Pt(111). The
intermediate structures of the corresponding steps involved in the pathways to
2MP (not shown) differ mainly by the position of the methyl group.

the C atom to which the CH; group is attached migrates to a neigh-
boring top site while the other adsorbed C center moves only
slightly toward the center of a threefold site, whereby the C-C
bond elongates to 212 pm. In the final state, the former C atom
moves over a top site and attaches at a bridge site, while the latter
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Table 2

Optimized geometries® (pm) and energy characteristics (k] mol~!) of the transition states for the C-C scission step in MCP ring-opening reactions over Pt(111) and Pt(211).

Surface 2MP as product 3MP as product nHx as product
c-ch AE ¢ E, 9 c-cP AE © E, ¢ c-cP AE© E,¢
Pt(111) 178 =21 75 176 =21 74 212 -19 116
Pt(211) 189 33 98 191 40 102 203 12 94
2 A-B, distance between atoms A and B in the transition state.
" Bonds that are breaking/forming during a reaction.
¢ Reaction energy.
d

Activation energy.

carbon center occupies the threefold hollow site which initially
hosted both C atoms (Fig. 4). With C-C =303 pm, the C-C bond is
completely broken. This reaction is exothermic by 19 k] mol~! (Ta-
ble 2). Unlike the tetra-dehydrogenated intermediate, the tri-dehy-
drogenated ring cleaves with a notably higher barrier,
116 k] mol~'. This barrier is at least 27 k] mol~! higher than the
barriers of the preceding dehydrogenation reactions (Table 1).

3.3. Hydrogenation reactions over Pt(111)

The C6 species resulting from C-C scission has to undergo re-
hydrogenation before the final product, 2MP, 3MP, or nHXx, is formed.
Similar to the dehydrogenation reactions of MCP considered in Sec-
tion 3.1, the order in which the H atoms can be added to the two
unsaturated C centers is not unique. One has two major choices for
this sequence of reactions: (i) first total hydrogenation of one termi-
nal carbon center, followed by the total hydrogenation of the second
carbon center, or (ii) alternating hydrogenation steps at the two ter-
minal carbon centers. Our earlier theoretical study [50] on the trans-
formations of C,H, (x =2-5) species on Pt(111) showed that the
activation energy of the hydrogenation of the carbyne species
CCHs3, 89 k] mol~!, is 21 k] mol~! higher than the barrier for hydro-
genating the carbene species CHCH;. When hydrogenating a carby-
nic terminal C atom in the present work, we calculated here a
similarly high barrier, 76-97 k] mol !, whereas the activation ener-
gies are only 56-72 k] mol~! for the hydrogenation reactions of car-
benic or monoradical carbon centers considered in this study.
Furthermore, the hydrogenation of a carbynic C is strongly endo-
thermic, by 55-78 k] mol~!; in line with that, the barrier for the

Intermediate

Transition state

Fig. 4. Optimized structures for the C-C bond scission step on the reaction path to
nHx at Pt(111).

reverse reaction is very low, only 5-21 k] mol~!, rendering this
hydrogenation step slow. Therefore, in the energetically preferred
hydrogenation variant, one of the two terminal C atoms is com-
pletely hydrogenated and detached from the surface before the
hydrogenation of the other one starts due to the high activation
energies for hydrogenating of the carbyne center (H1, H4). In the fol-
lowing, we will separately discuss the chains of hydrogenation reac-
tions that lead to each of the final products. Figs. 5 and 6 show
characteristic structures on the hydrogenation pathways to nHx
and 3MP, respectively.

3.3.1 Pathways to form nHx (H2-H6)

The precursor of nHx, formed after C-C bond cleavage, is 1-meth-
ylpentan-1-yliden-5-ylidyne. This species of carbene/carbyne type,
briefly introduced in Section 3.2, is bound to four Pt atoms, three
of which belong to a same threefold site. In the structure of this
adsorption complex, one of the unsaturated C atoms occupies that
hollow site while the other one (with a CHs substituent attached
to it) binds in bridge mode to two Pt atoms (Fig. 5). As discussed
above, the carbenic C atom is hydrogenated first, by two H atoms,
to complete saturation (Fig. 5; reactions H2, H3). Subsequently,
the carbynic C atom is hydrogenated to complete saturation
(Fig. 5, reactions H4-H6). Finally, the alkane molecule desorbs from
the surface. Energetically, nearly all hydrogenation reactions (H2,
H3, H5, H6) on the pathway to nHx are exothermic or slightly endo-
thermic (12 kJ mol~!) with activation energies of 52-65 k] mol~!
(Table 1). The only exception is the first hydrogenation of the carby-
nic C atom (H4 in Fig. 5), which is strongly endothermic, by
78 k] mol~! (Table 1), with an extremely low backward barrier of
only 3 k] mol~!. Similarly, low barriers had also been calculated in
our earlier studies [50,56] on the hydrogenation of CCHs,
19 k] mol~! over Pt(111) and 25 k] mol~! over Pd(111).

3.3.2. Pathways to form 2MP and 3MP

3.3.2.1. C-shift reactions (C-shift1, C-shift2). After C-C bond break-
ing, the two products, 2-methylpentan-1,5-diylidyne and 3-meth-
ylpentan-1,5-diylidyne, are characterized by the same adsorption
mode: two terminal C atoms are adsorbed at adjacent threefold
hollow sites (Fig. 3). The CH3 group is attached to the C3 or C4 atom
of the intermediate on the reaction paths to 2MP or 3MP, respec-
tively. This adsorption mode, however, is not energetically the
most stable one. As Fig. 3 illustrates, a shift reaction (C-shift1)
leads to a less strained configuration in which two carbynic C
centers occupy threefold sites further apart. The corresponding en-
ergy gain is ~70 k] mol~!, and the barrier is very low, 15 k] mol~!
(Table 1), i.e., much lower than the typical barrier of a hydrogena-
tion reaction (~50-100 k] mol~1).

Now, the two terminal C atoms are adsorbed at two threefold
hollow sites that are separated by another threefold hollow site
(Fig. 3). The activation energy for a direct hydrogenation of the
C-shift1 product was calculated rather high, 95-97 k] mol~! for
both reaction paths to 2MP and 3MP. Therefore, another shift step
for the adsorbed C atom is added, which moves one C atom to its
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Intermediate

Transition state

Fig. 5. Optimized structures corresponding to the second to sixth hydrogenation
steps (H2-H6) on the reaction path to nHx. The intermediate and TS structures of
the corresponding hydrogenation steps involved in the pathways to 2MP and 3MP
(not shown) differ mainly by the position of the methyl group.

neighbor threefold hollow site so that finally the two carbynic C
atoms are positioned diametrically opposite to each other in a
hexagon (Fig. 3). The second shift reaction is slightly exothermic,

Intermediate Transition state

&

Fig. 6. Optimized structures for the first hydrogenation step (H1) on the reaction
path to 3MP. The intermediate and TS structures of the corresponding hydrogena-
tion steps involved in the pathways to 2MP (not shown) differ mainly by the
position of the methyl group.

by 10-12 k] mol~!, with an activation energy of 50-52 kj mol™!
(Table 1). After this additional rearrangement, the barrier of the
next hydrogenation step was calculated notably lower than after
C-shift1, 76-80 k] mol~! (Table 1). This finding can be rationalized
by a less strained structure than that of the corresponding TS after
the first C-shift; for a detailed discussion see Supplementary data.

3.3.2.2. Hydrogenation reactions to 2MP and 3MP (H1-H6). In total,
there are six hydrogenation steps on the way to 2MP or 3MP.
Fig. 6 shows the characteristic structures for step H1 on the path-
way to 3MP. The structures for the subsequent hydrogenation
steps H2-H6 are analogous to those shown for the pathway to
nHx (Fig. 5). In the case of the 2MP precursor, which is asymmetric,
there are two possibilities for adding the first hydrogen. As the
energetics of dehydrogenation/hydrogenation reactions is not sen-
sitive to the position of the methyl group at C3-C5 (as shown
above in our discussion on the dehydrogenation reactions), we
chose the reaction path with the terminal C atom close to the
methyl group to be hydrogenated first.

The hydrogenation of the carbynic C atom (reaction H1) is
strongly endothermic, by more than 55 k] mol~!, with relatively
low reverse barriers, 21-24 k] mol~! (Table 1). The other two reac-
tion steps, H2 and H3, are exothermic, with reaction energies rang-
ing from —4 k] mol~! to —43 kJ mol~! and the activation energies
of 56-72 k] mol~! (Table 1).

After the first three hydrogenation steps, 3-methylpentylidyne
or 4-methylpentylidyne are adsorbed on the surface in the same
way as the carbynic precursor of nHx, hexylidyne, discussed in
the preceding section. The total energies of the initial, transition,
and final state for the hydrogenation of 4-methylpentylidyne are
calculated only about 3-5 k] mol~! lower than the corresponding
states in the hydrogenation step of hexylidyne. Therefore, we as-
sume the three hydrogenation steps (H4-H6) to have the same
barrier as the analogous hydrogenation steps of the path to nHx.

3.4. C-C bond breaking reactions over Pt(211)

To check how surface defects may affect the selectivity, we also
considered the ring-opening of MCP at the stepped surface
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Pt(211), which is a model system with line defects. Experimental
evidence suggests that the activity toward C-C bond scission
increases at stepped or kinked Pt surfaces [57]. Focusing our
computational effort, we refrained from exploring the pathways
for the relevant hydrogenation and dehydrogenation reactions
over the stepped surface; such reactions are considered insensitive
to the surface structure [58]. Earlier computational studies on the
decomposition of propane [49] and ethane [59] also showed that
activation energies of dehydrogenation reactions analogous to
those discussed in the present work over stepped surfaces
Pt(211) and Pt(110) lie in range of 20-70 k] mol~'. Hence, we ad-
dressed only the C-C bond scission steps over the surface Pt(211).

This stepped surface offers more possibilities for adsorption
sites and the relative orientation of the dehydrogenated C6 species
undergoing C-C bond scission. Here, we only report on the path-
ways with relatively low activation energies for C-C bond scission;
see Supplementary data for details of alternative reaction routes.
The initial states, tri- or tetra-dehydrogenated intermediates, are
characterized by the hydrocarbon adsorbed at a hollow site close
to the edge (Fig. 7). The structures of the initial states of all three
routes (to 2MP, 3MP, and nHx) are very similar to those of the cor-
responding stationary points over the flat surface Pt(111). The
transition state structure on the path to nHx is very similar to
the corresponding TS over the Pt(111) surface (Fig. 4), whereas
the paths to 2MP/3MP proceed without a migration step, at vari-
ance to the reaction routes over flat Pt(111). This difference prob-
ably is due to the fact that Pt atoms at a terrace edge bind the
adsorbate rather strongly and prevent its migration away from
the edge. In the final state structures (Fig. 7), the terminal C atoms
bonded at the terrace edge are sp? hybridized, manifesting an addi-
tional 7 interaction with the metal atoms at the step edge. This is
reflected both by the planar geometry of the interacting C centers
and shorter C-Pt bonds (less than 200 pm). Such a 7 interaction,
which is not observed over Pt(111), results from free bonding
capacities offered by undercoordinated Pt atoms at edges.

The activation energies change noticeably. The barrier of C-C
bond cleavage in the tri-dehydrogenated precursor of nHx decreases
from 116 k] mol~! to 94 k] mol~!, whereas the barriers for the ring-
opening of the tetra-dehydrogenated intermediates on the reaction
paths to 2MP and 3MP even increase, from 74kjmol~! to
102 k] mol~! (2MP) and from 75 k] mol~! to 98 k] mol~! (3MP).
We also checked the possibility for ring-opening of tri-dehydroge-
nated intermediates on the reaction paths to 2MP and 3MP (i.e.,
analogous to the C-C bond cleavage in the tri-dehydrogenated pre-
cursor of nHx discussed above, except that the methyl group is now
attached to C3 or C4). The barriers were calculated slightly higher
than for the ring-opening of the tetra-dehydrogenated intermedi-
ates, 113 k] mol~! (2MP) and 111 k] mol~! (3MP).

3.5. Particle size effects on the selectivity of the ring-opening of MCP

Experimental studies on the ring-opening of MCP over sup-
ported Pt catalysts clearly show that the selectivity is strongly af-
fected by the size of the Pt particles. Large particles [18,46] or
flat Pt single crystal surfaces [19,20] favor branched products,
2MP or 3MP. When the particle size becomes smaller (~2 nm)
[46], a statistical distribution of the products is obtained [17]:
2MP:3MP:nHx = 0.4:0.2:0.4. Thus, all five C-C bonds in the five-
member ring have an equal chance to be broken. With our model
results, one can suggest a rationalization of these observations.
Note in particular that the calculated activation energy for C-C
bond scission on the way to nHx over the Pt(111) terraces,
116 k] mol~, is quite a bit higher than the barriers for C-C scission
in the precursors of 2MP and 3MP, 74-75 k] mol . In fact, that bar-
rier for C-C cleavage over Pt(111) is rate determining on the path
to nHx because it is also higher than the activation energies of the

Intermediate Transition state

(a) 3MP

Fig. 7. Optimized structures of the C-C bond scission step over Pt(211): (a) on the
reaction path to 3MP. The intermediate and TS structures of the corresponding
steps of the path to 2MP (not shown) differ mainly by the position of the methyl
group; (b) on the reaction path to nHx.

hydrogenation and dehydrogenation reactions, which are less than
89 k] mol~! (Table 1, Fig. 8). In contrast, over steps, the barrier of
C-C scission to form nHx, calculated at 94 k] mol !, is slightly low-
er than the barriers of C-C cleavage on the way to branched prod-
ucts, 102 k] mol~! (2MP) and 98 k] mol~! (3MP).

In this context, several relevant experiments deserve to be men-
tioned. Garin et al. [19] compared the selectivity of MCP ring-open-
ing on the flat Pt(111) and the stepped Pt(557) surfaces. On
Pt(111), the distribution of the products 2MP, 3MP, and nHx was
0.6:0.3:0.1. Compared with the statistical ratio, 2MP:3MP:nHx =
0.4:0.2:0.4, 2MP, and 3MP are clearly preferred. Over the stepped
surface Pt(557), the relative yield of nHx increased from 0.1 to
0.16, which nevertheless is much less than the statistically
expected branching fraction 0.4. These results are not surprising
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Fig. 8. The energy profiles (k] mol~!) of the MCP ring-opening reactions over
Pt(111): reaction path to 3MP - solid (black) bars; reaction path to nHx - dashed
(red) bars. Energies are calculated relative to MCP(g) and the clean 3 x 3 Pt(111)
slab. For a system containing x H atoms in the unit cell with energy Epjtcen, the
relative energy is defined as E = Eunitcenn + (12 — X) (Enypec111) — Epei11)) — Emcrg) —
Ept(111)- Enjpe(111) Emcp(gy and Epyc111) are the total energies of H adsorbed on Pt(111)
at 1/9 coverage, of MCP (in the gas phase) and of the clean 3 x 3 Pt(111) slab,
respectively. The energy shifts between two hydrogenation | dehydrogenation steps
reflect the differences between a co-adsorbed H atom in the unit cell and an H atom
at large distance (i.e., calculated separately on Pt(111) at 1/9 coverage). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

because (111) terraces encompass 86% of the Pt(557) surface
atoms; thus, 2MP and 3MP are still preferentially produced over
the terrace part of the stepped surface.

Zaera et al. [20] did not find an increase in the fraction of nHx
produced on the stepped Pt(557) surface. The difference to the
observations of Garin et al. [19] may be rationalized by the lower
H,/MCP ratio used in the work of Zaera et al. [20]. Hence, under
these latter experimental conditions, steps and other defects were
blocked by carbonaceous deposits, as the authors confirmed by CO
titration and Auger electron spectroscopy. Thus, carbon residues,
which preferentially stick to undercoordinated surface sites
[60,61], were found to inhibit the formation of nHx over the steps.

In contrast, a statistical distribution of the branched products
2MP and 3MP as well as straight-chain nHx is observed on small
Pt particles [46]. One expects the difference to the results of large
particles to be associated with the increased fraction of defect sites
compared to regular terrace sites. The activation energies of C-C
scission of all the three products (2MP, 3MP, and nHx) are quite
similar when the reaction occurs close to edge sites. Thus, the dis-
tribution of the products is expected to be closer to a statistical one
when the particles are smaller and the ratio of edge sites to ter-
races sites increases.

4. Conclusions

We studied the conversion of methylcyclopetane (MCP) to its
ring-opening products: 2MP, 3MP, and nHx over the catalyst
surfaces Pt(111) and Pt(211). In our model, the conversion entails
three major steps: (i) dehydrogenation of MCP to an ooBp-

tetra-adsorbed cyclic intermediate (as previously suggested by
Maire et al. [18]) or an aap-tri-adsorbed cyclic intermediate, (ii)
endocyclic C-C bond scission, and (iii) rehydrogenation. We calcu-
lated the transition state structures and activation energies for all
these elementary steps on the Pt(111) surface and the activation
energies for C-C bond cleavage on the stepped surface Pt(211).

The results of our calculations show that the activation energies
of pertinent hydrogenation-dehydrogenation steps considered on
the reaction paths to the various products over the Pt(11 1) surface
fall in the range of 60-90 k] mol~'. However, the barrier for the C-
C bond breaking step varies notably: from 74kjmol~! to
116 k] mol .

These calculated results shed some light on the effect of particle
size on the product distribution of ring-opening if we take the flat
surface Pt(111) as a model of large Pt particles and the stepped
surface Pt(211) as a model of edge sites on small Pt particles. Pre-
vious experimental studies noted that the branched products, 2MP
and 3MP, were favored for large Pt particles or Pt single crystals.
This observation is supported by the results of our calculations,
which predict the activation energies of the C-C bond scission step
on the pathways to 2MP and 3MP to be notably lower (at most
75 k] mol~!) than the barrier of C-C bond scission on the reaction
path to nHx, 116 k] mol~'. In fact, this latter barrier is ~27 k] mol '
higher than the barriers of all other elementary steps (dehydroge-
nation, hydrogenation), including the steps on the path to 2MP and
3MP. With such a higher rate-limiting barrier on the path to nHx
one is able to rationalize the lower yield of nHx compared to
2MP and 3MP. However, this barrier of C-C cleavage on the way
to nHx drops to 94 k] mol~! on the Pt(211) surface and thus falls
in the range of barriers of the dehydrogenation-hydrogenation
steps. In contrast, the barriers of C-C bond scission on the path-
ways to 2MP and 3MP on the stepped surface are raised to about
100 k] mol~'. Combining all these results, one is able to rationalize
why the product distribution becomes close to statistical on small
defect-rich Pt particles.

Although our study already answers important mechanistic
questions, we would like to comment on three further aspects,
which are beyond the goals of the present work, but may affect
the overall selectivity at certain experimental conditions. First,
other intermediates of MCP ring-opening have previously been dis-
cussed. For example, apy-tri-adsorbed intermediates were sug-
gested to be responsible for the statistical rapture of the C-C
bonds [18]. Gault postulated an oy-di-adsorbed species, which
participates in the formation of a metallocyclobutane [5]. A similar
mechanism was theoretically studied [62] in the context of olefin
metathesis catalyzed by transition metal complexes. We expect
this type of intermediates to play a secondary role, but we are cur-
rently exploring them and a corresponding alternative mechanism
in a separate work. Second, the selectivity toward nHx was sug-
gested to increase at a phase boundary [63]. Third, a recent study
also reported that the shape of the Pt nano particles may affect
the product distribution of MCP ring-opening [12]. The current
study focused on the change in product selectivity due to steps/
edges exposed by the metal component of the catalyst. The role
of phase boundaries and the particles’ morphology warrant further
exploration.
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