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Abstract

The exchange of hydrogen for deuterium (H/D exchange) in cyclopentane (CP) is a promising test reaction for studying support eff
heterogeneously metal-catalyzed reactions, such as differences in stability and activity in, e.g., benzene or tetralin hydrogenation
In order to employ this test reaction, a full understanding of the H/D exchange mechanism is essential. However, clear insight in the obs
kinetics and selectivities is lacking in the literature. In this paper, a kinetic model that adequately describes the observed activity an
CP and D2 is developed. It is shown that the selectivity is determined in a series of reactions after the rate-determining step. To unde
observed selectivities a Monte Carlo model is developed which accurately simulates the observed exchange patterns and reveals
contributions of four competitive intermediates. One intermediate (aπ-bondedη2-cyclopentene) can rotate in a nonactivated mechanism
an allylic intermediate. The model reveals the number of rotations each intermediate experiences and can be as high as∼20, even if only
5 D atoms are observed in the product. This number of rotations is a better measure of the H/D exchange than the conventional “multiplicity
The H/D exchange of CP together with these insights can now be applied to investigate in detail the influence of the support on the
properties of supported metal particles.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Numerous reports have been made on the influenc
support materials on the activity of supported metal c
alysts. For example, activity and selectivity in benze
hydrogenation over zeolite-supported Pt particles largely
pend on the support material [1–5]. Another example is
large change in the activity of zeolite-supported Pt ca
lysts in hydrogenolysis with changing support acidity [
If the relation between support material and changes in
tivity/selectivity is well understood, it offers the prospect
tailor-made catalysts.

A large amount of work has been dedicated to rela
changes in catalytic properties to changes in the electr
properties of the Pt particles [5,7–11]. Work by our gro
has shown that the support results in an electron rearra
ment within the metal particle [12]. This rearrangemen
electrons consists of a change in the ionization potentia
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the Pt particles and of a shift in the location of the electr
within the Pt particle.

One of the clearest examples where it is shown
changes in the electronic properties influence the adsorp
of reactants on Pt particles is given by the chemisorptio
CO followed by infrared spectroscopy. It is observed t
CO adsorbs preferentially onto an atop site when the Pt
ticles are supported by an acidic support, but it adsorbs in
bridged site when basic supports are used [13–17]. In a
tion, a number of catalytic experiments trying to correl
the changes in electronic properties to the catalytic per
mance have been published. For example, De Graaf
speculated that the kinetics of neopentane hydrogeno
depends on the degree of dehydrogenation during the
sorption of neopentane on Pt particles. On acidic supp
neopentane adsorbs onto the Pt particle via a single P
bond, and the neopentane loses a single H atom. On
sic supports, however, the neopentane adsorbs via doub
triple bonds to the Pt clusters, losing an increased num
of hydrogen atoms, which could explain the observed va
tions in the order in H2 (−1.5 for acidic supports and−2.5
for basic supports). Moreover, the activity of the neop
tane conversion shows a compensation effect: an incr
eserved.

http://www.elsevier.com/locate/jcat
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in the activation energyEapp (which is observed when th
basicity of the support is increased) is compensated fo
an increase of the preexponential factorlnAapp [19]. Bond
et al. indicated that a likely cause of the compensation
fect is related to different coverages of the reactants on
Pt surface [19]. This indicates that the adsorption prope
of the reactants are influenced by the support acidity [18

However, there is a lot of discussion on the relations
tween support material and electronic properties on one
and the catalytic properties on the other. Thus, the nee
a good test reaction is obvious. An important requirem
for a proper test reaction is that it should be metal-cataly
only. Among the possible reactions are the conversio
neopentane [6,18,20,21] and neohexane [22–24] and th
topic exchange of hydrogen with deuterium in hydrocarb
(H/D exchange) [25–28].

The selectivity of the H/D exchange of cyclopentan
(CP) gives direct information about different adsorpt
modes during the reaction. During the H/D exchange of CP
the hydrogen atoms of cyclopentane are replaced by
terium atoms. Typically, the H/D exchange of cyclopentan
shows several maxima in the product distribution. The p
ucts show maxima at 1, 5, or 10 exchanged deuterium a
(the D1, D5, and D10 products), all resulting from diffe
ent, competing exchange mechanisms. The resulting pro
distribution is reported to depend strongly on the sup
material [29]. Basic supports show high selectivity tow
the D10 product [28]. In contrast, neutral supports sh
mainly the D5 product [30] and acidic supports show
large amount of the D1 product [28]. The dependence o
product distribution on the support is explained by differ
influences on the different adsorption modes by change
electronic properties [28]. In order to relate the electro
properties to observed activities and selectivities for dif
ent catalysts, it iscrucial to understand which processes le
to the different products.

The D1 product is produced by the exchange of a sin
hydrogen atom via aσ -bonded η1-cyclopentyl (further
referred to asσ -η1; see Fig. 1A). The involved reactio
mechanism is proposed to be similar for all D2–D5 produ
and to proceed via a facile interconversion between
σ -η1 intermediate and either a doubleσ -bondedα,β-η2-
cyclopentyl (di-σ -η2, Fig. 1B) [28,31,32] or aπ -bonded
η2-cyclopentene (π -η2, Fig. 1C) [33]. With the D6–D10
products, the cyclopentane has rolled over from one sid
the ring to the other, and also the atoms on the second
of the ring are exchanged. The reaction mechanism for
roll-over is proposed to proceed via a doubleσ -bondedη1-
cyclopentylidene (di-σ -η1, Fig. 1D) [34].

In the literature, a clear understanding of the H/D
exchange of cyclopentane involving all possible excha
mechanisms, dependencies on D2 and CP partial pressure
and temperature is missing. There still is debate in
literature regarding the D2–D5 products, which are belie
to consist of cyclopentane with deuterium atoms all loca
on a single side of the ring. H/D exchange of CP resul
-

-

t

Fig. 1. Different adsorbed intermediates, leading to different produ
(A) σ -bondedη1-cyclopentyl (further referred to asσ -η1), leading to D1,
(B) a doubleσ -bondedα,β-η2-cyclopentyl (di-σ -η2), and (C)π -bonded
η2-cyclopentene (π -η2) both leading to D2–D5 products, and (D) doub
σ -bondedη1-cyclopentylidene (di-σ -η1), leading to rollover.

in maxima at D1 and D5. It is important to note that it
therefore impossible that the D5 product is produced
a mechanism which involves the same intermediate
results in the D1 product [35].

This paper will focus on understanding the obser
activities and selectivities. A subsequent paper deals
an understanding of support effects on the H/D exchange
of CP. As will be shown in this paper, not all exchan
mechanisms as proposed in the literature can explain
product distributions as observed for different Pt cataly
A Monte Carlo-based method that allows for the simulat
of exchange patterns has been developed. In additio
detailed kinetic model, that is able to explain the obser
orders and activation energies for the H/D exchange o
cyclopentane will be presented.

2. Experimental methods

2.1. Catalyst preparation

A sample of 5 g vacuum-dried SiO2 (Engelhard, BET sur
face area 400 m2/g, pore volume 1.1 ml/g) was impregnate
with 5.5 ml of an aqueous solution of [Pt2+(NH3)4](NO3

−)2
(Aldrich, 18.0 mg/ml, resulting in 1 wt% Pt/SiO2) using
the incipient wetness method. The impregnated support
dried in a water-free nitrogen flow for 1 h at room tempe
ture and for 18 h at 80◦C. The resulting catalyst precurs
was dried in He for 1 h at 150◦C (ramp 5◦C/min), calcined
in 30% O2/He at 250◦C (ramp 1◦C/min) for 2 h, and re-
duced at 400◦C for 30 min in H2 (ramp 1◦C/min) before
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the sample was cooled down in He and stored for further
in ambient atmosphere.

The resulting metal particles were analyzed us
H2 chemisorption, high-resolution electron microsco
(HRTEM), and EXAFS. Details are given elsewhere [36,3
All techniques indicated a similar dispersion. The H2 chemi-
sorption resulted in H/Pttotal= 0.87 and H/Ptstrong= 0.43.
HRTEM revealed an upper limit of the metal particle s
of 1.7 nm. EXAFS showed a Pt–Pt coordination num
(first shell) of 7.8.

2.2. H/D exchange of cyclopentane

A continuous down-flow fixed-bed microreactor (wi
a diameter of 4 mm) was loaded with 10 mg of t
catalyst and diluted with 60 mg of SiO2, both with a
sieve fraction of 90< dp < 150 µm. The catalyst that wa
previously reduced and stored in ambient atmosphere
again dried at 150◦C in Ar for 1 h and prereduced for 1
at 400 ◦C (ramp 5◦C/min) in pure hydrogen. All flows
were 30 ml/min, resulting in a gas hourly space velocity
GHSV= 7200 s−1 and a contact time ofτ = 0.5 s. After
the reduction at 400◦C, the H2 was switched to D2 and the
catalyst was cooled down in 50% D2 in Ar to 75 ◦C. Typical
H/D experiments were performed at 75◦C at atmospheric
pressure, withPD2 = 0.45 bar,PCP= 0.025 bar (resulting
in an atomic ratio of D/H = 20) andPAr = 0.475 bar. The
cyclopentane was brought into the feed by flowing part of
Ar through a saturator filled with cyclopentane. Conversi
were kept below 10%. No side reactions were observed

The products were analyzed online by a quadrup
mass spectrometer (Balzers QMS 420) that was conne
via a capillary to the outlet of the reactor. The monito
intensities of CP were corrected for the natural abunda
of 13C.

Reaction orders in CP and D2 were determined by vary
ing the pressures (0.022< PCP< 0.036 and 0.33< PD2 <

0.63), while the total flow was kept constant. Activation e
ergies were determined by heating the catalyst over a r
of 15 ◦C with a ramp of 1◦C/h, followed by cooling down
over (part of) the same temperature range.

The conversion is defined as the total amount of
changed cyclopentane divided by the total amount of
clopentane. Selectivity is defined as the amount of a spe
product divided by all products,

(1)C = 100∗
∑i=10

i=1 IDi∑i=10
i=0 IDi

,

(2)SDi = 100∗ IDi∑10
i=1 IDi

,

with i—the amount of deuterium atoms in the product a
i = 0 the unreacted product.C—the conversion (in %)
IDi—the amount of productDi (e.g., D3, CP containing thre
deuterium atoms) detected, after correction for the nat
abundance of13C, andSDi—the selectivity (in %) toward
productDi.

In literature, also the “multiplicity” is commonly use
to describe the product distribution. This multiplicityM
is defined as the average deuterium content in the rea
cyclopentane species according to [35]

(3)M = 0.01∗
i=10∑
i=1

i ∗ SDi,

with M—multiplicity, i—number of exchanged deuteriu
atoms, andSDi—selectivity (%) towards productDi.

3. Results

3.1. Experiments

3.1.1. Influence ofD2 and CP partial pressures
A typical product distribution for the H/D exchange in

cyclopentane over a Pt/SiO2 catalyst, recorded at 73◦C with
10.4% conversion, is shown in Fig. 2. Clearly, three disti
maxima are visible in the selectivity towards the D1, D5, a
D10 products.

Fig. 3 shows the influence of the D2 partial pressure on
activity and selectivity. The activity decreases whenPD2 is

increased (Fig. 3A). Using the power rate law,r = kPα
CPP

β
D2

,
and keepingkPα

CP constant, the order of the activity in D2
was determined atβ =−0.85.

In addition to the activity, also the selectivity depen
on PD2 (Fig. 3B). WhenPD2 was increased, the selectivi
toward D1 and D5 increased. D2 was unaffected,
the selectivity towards D3–D4 decreased. The change
selectivity are also reflected in the multiplicity. It decrea
from M = 4.1 at low D2 pressure toM = 3.7 at high
D2 pressure.

Fig. 4 shows the influence of the CP partial press
on the activity and product distribution. The reaction r
is increased by increasingPCP, whereas the selectivit
is almost unaffected. KeepingPβ

D2
constant, and usin

the power rate law, the order of the activity inPCP was
determined to beα =+0.87.

Fig. 2. Typical exchange pattern for Pt/SiO2 recorded at 73◦C, with 10.4%
conversion.
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Fig. 3. Influence of the D2 partial pressure on (A) activity and (B) selecti
ity.

3.1.2. Effect of temperature
The activity is strongly influenced by the temperature.

Arrhenius plot of the activity as a function of temperatu
is given in Fig. 5A. Using the Arrhenius law [38], th
(apparent) activation energy was determined to beEapp=
55 kJ/mol.

Fig. 5B shows the influence of the temperature on
selectivity. Increasing the temperature in steps of 1◦C

Fig. 4. Influence of the CP partial pressure on (A) activity and (B) sele
ity.
Fig. 5. The influence of temperature on (A) activity and(B) selectiv
(A) Blocks: activity measured during heating from 66 up to 81◦C; triangles:
activity during cooling down from 81 down to 71◦C. (B) Distribution
normalized for each T at 100%. Left bars: 66◦C; each consecutive ba
+1 ◦C up to 81◦C.

from 66 to 81◦C results in a decrease of the D1, D2, a
D3 products and an increase for D6–D10. The select
toward D6–D10 increases from 19.1% at 66◦C to 28.8%
at 81 ◦C. D4 and D5 are unaffected. In line with the
observations, also the multiplicity increases fromM = 4.4
at 66◦C toM = 4.9 at 81◦C.

3.2. The development of a Monte Carlo model:
understanding H/D exchange patterns

As described in literature, a typical exchange pattern
in Fig. 2, with maxima for D1, D5, and D10) is the result
several competing mechanisms, each resulting in diffe
products.

The mechanisms, as proposed in the literature, pro
via [28,31,34,39,40]:

(1) A singleσ -bondedη1-cyclopentyl intermediate (σ -η1,
Fig. 1A), leading to the D1 product,

(2) A double σ -bondedα,β-η2-cyclopentyl intermediate
(di-σ -η2, Fig. 1B), leading to D2,

(3) A π -bonded η2-cyclopentene intermediate (π -η2,
Fig. 1C), responsible for a rotation mechanism and le
ing to D2–D10, and

(4) A doubleσ -bondedη1-cyclopentylidene intermediat
(di-σ -η1, Fig. 1D), responsible for rollover and leadin
to D6–D10.

3.2.1. The mechanism leading to D1
In the D1 product only one hydrogen atom is exchan

for a deuterium atom. Thus, only one C–H bond is diss
ated during adsorption of CP on the Pt. After dissociat
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Pt–C and Pt–H bonds are formed. The most likely fo
of this Pt–C species is theσ -η1 intermediate (Fig. 1A)
[34,39]. In a competing mechanism, D2 will be dissocia-
tively chemisorbed on the Pt. This reaction is known to
an easy and fast reaction, with no activation energy [41–
Hence, the chemisorbed H-atom on the Pt surface, orig
ing from the cyclopentane, will quickly recombine on the
surface with a chemisorbed D-atom to form HD(g). Theσ -
η1 intermediate can then recombine with chemisorbed D
the Pt surface, and C5H9D1 is formed. This is detected as th
D1 product.

3.2.2. The mechanism leading to D2–D5
3.2.2.1. Literature The D2 product itself can easily b
formed via the di-σ -η2 intermediate (Fig. 1B). In addition,
is generally assumed that the D2–D5 products are forme
a stepwise exchange of the D-atoms. Therefore, any m
anism leading to these products must include an adsorp
followed by dissociation and a rotation mechanism, dur
which the probability of desorption is small compared to
probability of rotating to an adjacent C–C bond.

The mechanism for the rotation reaction has been
posed in literature to involve an alternation between theσ -η1

intermediate (Fig. 1A) and either a di-σ -η1 (Fig. 1D) [31,40]
or a π -η2 intermediate (Fig. 1C). However, also D1 is b
lieved to be formed via theσ -η1 intermediate (Fig. 1A)
and thus the amount of D1 observed indicates the des
tion probability of theσ -η1 intermediate. Since generally
(local) maximum for D1 is observed, this desorption pro
ability is relatively high. Therefore, a rotation mechani
involving thisσ -η1 intermediate should show intensities
the order D1> D2> D3> D4> D5. Since this is not the
case, the rotation mechanism cannot include aσ -η1 interme-
diate. In addition, since the selectivity towards D5 is mu
higher than the selectivity to D4, the rotation mechan
must have a low activation energy.

Therefore, another process must be involved in the r
tion mechanism which fits the requirements described ab
We propose an allylic-like rotation mechanism of aπ -
bonded species (Fig. 6). This would meet these requirem
and is proposed as the mechanism for rotation. In this m
anism, theπ -η2 intermediate is the intermediate molecu
which can rotate. The rotations proceed via the formatio
an allylic intermediate, and this allylic intermediate brea
-
,

-

.

Fig. 7. Schematic representation of the rotation mechanism leadin
D3–D5.Prot: probability of rotating either clockwise or counterclockwis
andPdes: probability of desorbing. After the first rotation, desorption wou
yield the D3 product. After the second rotation, desorption can yield
the D3 and D4 products.

a C–H bond and forms a C–D bond on the other side of
allylic bond.

3.2.2.2. Statistics of the rotation mechanismDuring the
initial formation of this rotating intermediate, with a surfa
coverageθ , two C–H bonds are broken (Fig. 7). Th
molecule can either recombine with an adsorbed D atom
desorb, or rotate to an adjacent C–C bond. If the mole
would desorb, it would be detected as a D2 product.
desorption probability is given byPdes. Now the amoun
of D2 formed via thisπ -η2 intermediate is given byID2 =
θPdes. If the molecule rotates, a D atom is attached to on
the C atoms (carbon atom #1 in Fig. 7) and another C a
loses a H atom (C atom #3). Again, the molecule can ei
desorb or rotate to an adjacent C–C bond. If the mole
desorbs, atoms C1, C2, and C3 have a D atom attached
them and, hence, the molecule would be detected as
D3 product. The adsorbed molecule can also rotate, to e
the next C–C bond (the bond between atoms C3 and C4
in Fig. 7) or the previous C–C bond (C1–C2). The rotation
probability in each direction is given byProt= 1(1− Pdes).
2

bine with
Fig. 6. The rotation mechanism occurs via an allylic intermediate. (a) The hydrogen attached to C3 can either bond to a surface Pt atom or recoma
chemisorbed D atom to form gaseous HD.
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Scheme 1. Statistical approach to the formation of D2–D5 product. (a) The product D2 is formed in a concentrationID2 = θ ∗ Prot with θ = surface
concentration (in %) of the rotating species and (b):Pdes= fractional probability on desorption. (c): Species I is bonded at the C–C bond (A). (d): Ads
species has a fractional probabilityProt of rotating right and an equal probabilityProt of rotating left;Prot= (1−Pdes)/2. After the first rotation, the specie
rotated to the left and right are equal. Species VI has been through the following route: adsorption on bond A→ B→ A→ E and desorption would result i
the D4 product. The route for species VII has been: A→ B→ A→B.
to
d as

ith

ed:

the
es a
s is

n in

e 1,
on-
the
[B]
ter
ould
on.
uish
om
ota-
e 1)

es
lity

d
us
ld
this
om,
gh it
ies is
gone

cule
gh
that
the

f
,
-

ted
use

f a
) of
le,
In the first case (adsorbed on the C3–C4 bond), desorption
would lead to a CP molecule with D atoms attached
carbon atoms 1, 2, 3, and 4 and it would be detecte
a D4 product. In the latter case (adsorption on the C1–C2
bond), however, the C1–D bond is broken and a C3–D bond
is formed. Desorption then leads to the D3 product w
D atoms bonded to C1, C2, and C3. In this D3 molecule
four times a C–H or C–D bond has been broken and form
twice the C1–H(D) and once the C2–H and C3–H bond.
This example illustrates that the number of D atoms in
product (three) does not represent the number of tim
C–H bond is broken and reconstructed (four times), a
normally assumed in the literature.

A schematic representation of these concepts is show
Scheme 1. First, a CP molecule is adsorbed as aπ -η2 in-
termediate, containing 8 H atoms (species I in Schem
adsorbed onto the C–C bond [A]) with a surface c
centrationθ . This species can either desorb (giving
D2 product) or rotate to an adjacent C–C bond (bond
or [E] in Scheme 1). It is important to realize that af
the first rotation, desorption of the adsorbed species w
yield the D3 product regardless of the direction of rotati
This means that both adsorbed species are indisting
able: adsorption via C–C bond [B] is indistinguishable fr
adsorption via C–C bond [E] and, therefore, after one r
tion the surface concentration of this species II (Schem
is 2∗ θ ∗ Prot.

After the first rotation, the adsorbed molecule go
through a similar mechanism with again the probabi
Pdesof desorption (giving an intensity ofID3= 2θProtPdes)
-

and the probabilityProt of rotating to the next C–C bon
(bond [C], giving species III in Scheme 1) or the previo
C–C (bond [A], species IV) bond. If the molecule wou
rotate to the previous bond in its second rotation,
molecule would exchange a D-atom for another D-at
and therefore still be detected as a D3 product, althou
would have undergone four exchange steps. This spec
depicted in Scheme 1 as species IV, which has under
adsorption on C–C bondA → B → A. Species IV in
Scheme 1 is comparable to the bottom left CP mole
in Fig. 7. When this statistical analysis is followed throu
(part of which is shown in Scheme 1), it becomes clear
the intensities resulting from the rotation mechanism for
D2 and D3 products are described by

(4)ID2= θ ∗ Pdes,

(5)ID3= 2θPdes

∞∑
n=1

Pn
rot= 2θPdes

∞∑
n=1

(
1− Pdes

2

)n

,

with IDi—the intensity ofDi, θ—surface coverage (in %) o
the rotating species,Pdes—fractional desorption probability
Prot = 1

2 ∗ (1− Pdes)—probability of rotation, either coun
terclockwise or clockwise, andn—number of rotations.

3.2.2.3. The development of the Monte Carlo modelSuch
formulas for the D4 and D5 products are very complica
to derive. Therefore, another approach is chosen: the
of Monte Carlo techniques. Since the contribution o
molecule that has undergone a large number (e.g., 20
rotations to the formation of the D3 product is negligib



M.K. Oudenhuijzen et al. / Journal of Catalysis 214 (2003) 153–164 159

3

can
ode
mly
om

the
valu
les
be
en

een
ven
rage
this
bed
ct,
tep
H o

nd

of
ller

it is
m
ism

ust

that
eeds

nt of

k-
ect,
en
d a
ich
ac-

ew
olve
–D
ffect

es,

he

n

).

oms
ucts
oses
10
that
me

n
that
f

ich
d

ives
1].
ring

ame
g.
the

one
uld
ond
ism
.
5

he

ge
ding

ect
cular
not
t is
ver
θ ∗ Pdes can be determined from a known intensity of D
via formula (5). With the known value ofθ ∗ Pdes, both θ
and Pdes can be estimated separately. The estimation
be checked with the use of a computer code: in this c
a CP molecule is virtually adsorbed and rotated rando
until it is desorbed again. With the use of this rand
generator, the molecule is rotated a number of times and
average number of rotations depends on the estimated
of Pdes. When the adsorption of a high amount of molecu
(>106) is simulated, a complete exchange pattern can
simulated. In an iterative process toward best agreem
between theory and experiment the best values ofθ and
Pdes are determined. In Table 1, a comparison betw
experiment and theory is given. As becomes clear, e
though a molecule might be detected as D5, the ave
number of rotations this molecule has experienced in
particular example is as high as 18.3. Since the adsor
unrotatedπ -η2 intermediate already yields the D2 produ
the average number of exchange steps (one exchange s
defined as a subsequent cleavage and formation of a C–
C–D bond) is as high as 18.3+ 2= 20.3. This gives a good
measure for the exchange activity via rotation.

The high amount of D5 product that is (generally) fou
shows that rotating is easier than desorption. Therefore,Pdes

must be much smaller thanProt (Pdes	 Prot). From formu-
las (4) and (5) it follows that in this case the contribution
this rotation-mechanism to the D2 product must be sma
than the total amount of the D3 product formed. Since
generally found that D2> D3 (Fig. 2), a second mechanis
must contribute to the formation of D2. Such a mechan
must include the exchange of two hydrogen atoms and m
exclude the possibility of a easy rotation. The di-σ -η2 inter-
mediate (Fig. 1B) is such a species, and it is proposed
the second mechanism leading to the D2 product proc
via this di-σ -η2 intermediate.

In summary, the assumptions made in the developme
the Monte Carlo model are:

• The probabilities of rotating clockwise or countercloc
wise are always equal. Due to the kinetic isotope eff
these probabilities are in reality not entirely equal wh
a C–D bond has to be broken in one direction, an
C–H bond has to be broken in the other direction, wh
is the case only in the initial steps of the exchange re
tion. The respective bond strengths differ by only a f
percent, and the majority of the exchange steps inv
a fully exchanged side of the CP ring where only C
bonds are present. Therefore the kinetic isotope e
can be safely ignored.
• Already after the initial formation of the rotating speci

two D-atoms are exchanged.
• The desorption probability is not influenced by t

number of D-atoms in the product.
e

t

,

is
r

Table 1
Comparison between theory and the results of the statistical simulatio

D1 D2, D2, D2 D3 D4 D5 >D5
di-σ -η2 a π -η2 b total

Experiment 18.4c 9.0 7.4 8.8 31.9 24.4
Theory 18.6 2.3 4.6 6.9 7.6 8.9 33.6 24.4
(Number of (3.9) (6.6) (18.3)

rotations)d

a The amount of D2 produced via the doubleσ -bondedα,β-cyclopentyl
(Fig. 1B).

b The amount of D2 produced via theπ -bonded cyclopentenyl (Fig. 1C
c Selectivity in %.
d The average number of rotations the molecule has experienced.

3.2.3. The mechanism leading to D6–D10
The products D6–D10 have exchanged deuterium at

on both sides of the cyclopentane ring. These prod
must have undergone a rollover mechanism which exp
both sides of the ring. The relative intensities D7–D
and D3–D5 show a similar pattern. This suggests
the formation of the D6–D10 species involves the sa
intermediate that is responsible for the rotation: theπ -η2

intermediate. Thus, it is theπ -η2 intermediate that ca
rollover. Therefore, the total amount of the mechanism
proceeds via theπ -η2 intermediate is given by the sum o
all products D3–D10 and that part of the D2 product wh
is formed via theπ -η2 intermediate (Fig. 1B) as calculate
with the Monte Carlo model. The activityRrollover for this
rollover mechanism is then given by:

(6)Rrollover=
∑

D6-D10

D2π -species+∑
D3–D10

.

The observation that D6 is more abundant than D7 g
important information on the rollover mechanism [3
When the intermediate adsorbed species is formed du
the rollover, the cyclopentane can either roll back to the s
side of the ring or roll forward to the next side of the rin
The relatively high abundance of D6 suggests that
formation of the intermediate involves the cleavage of
C–H bond on the unexchanged side of the ring: if it wo
roll back, than only one atom would be present on the sec
side of the ring. This indicates that the dominant mechan
for the rollover is via a di-σ -η1 intermediate (Fig. 1D) [31]
The D7–D10 product distribution is similar to the D2–D
distribution, which indicates that for the formation of t
D6–D10 products the rollover occurs starting from theπ -
η2 (Fig. 1C), via the di-σ -η1 intermediate (Fig. 1D) toward
again theπ -η2 intermediate. Via this mechanism a lar
number of H atoms can be exchanged for D atoms, lea
to the D6–D10 products.

3.2.4. Implications for interpretation of the selectivity
In the literature, the multiplicity has been used to refl

the average number of exchange steps leading to a parti
exchanged product. However, the multiplicity does
reflect the full magnitude of changes in the selectivity. I
an overall parameter which is most sensitive for the rollo
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Table 2
The influence of the D2 partial pressure on the selectivity and on the aver
number of rotations, as calculated with the Monte Carlo method

PD2
a Contribution (in %)b Average number Md

of rotationsc
σ -η1 di-σ -η2 π -η2 di-σ -η1

(D1) (D2) (D2–D10) (D6–D10)

0.34 24.3 3.4 72.3 18.1 12.5 4.
0.43 25.5 3.7 70.9 16.7 12.9 4.
0.52 26.7 3.7 69.7 14.2 14.2 3.
0.62 28.7 3.8 67.5 11.4 15.9 3.

a Partial pressure of D2.
b For a description of the intermediate species, see Fig. 1.
c The average number of rotations eachπ -η2 intermediate experiences
d Multiplicity.

mechanism leading to D10 and, for example, it only refle
theobservednumber of exchange steps, not thetruenumber
of exchange steps leading to D5.

It is very likely that the different adsorption mod
shown in Fig. 1 are influenced differently by changes
temperature and partial pressure of reactants. The
holds for the influence of support-induced changes in
electronic properties of the metal on the adsorption
the various intermediates. Instead of using the multiplic
one should carefully analyze the observed selectivities
extract the contribution of the different adsorption mo
in the exchange reaction. D1 represents the contributio
theσ -η1 intermediate. By using the developed Monte Ca
model, the contribution to the formation of D2 of the di-σ -η2

intermediate can be calculated, as well as the total am
of the π -η2 intermediate formed and the average num
of rotations that eachπ -η2 intermediate experiences. Th
contribution of the rollover mechanism, with the di-σ -η1

intermediate, follows from Eq. (6).
In order to further illustrate this very important poin

the data presented in Table 2 are considered. By increa
the D2 partial pressure, the multiplicity was decreas
by 10%, from 4.1 to 3.7. This is mainly caused by
strong decrease in the rollover activity, from 18.1 to 11.4
However, the average number of rotations each adsorbeπ -
η2 intermediate undergoes is increased by 25%, from
to 15.9.

4. Discussion

4.1. Orders in D2 and cyclopentane

By varying the partial pressure of CP while keepingPD2

constant, and assuming the power rate lawr = kPα
CPP

β
D2

, our
results show that the order in CP isα = 0.87. Remarkably
the selectivity to a particular product is—within accura
limits—hardly affected byPCP. The observation that a
D1–D10 products are unaffected byPCP suggests that a
reaction mechanisms leading to the different products h
similar rate-determining steps and that the selectivity
e

t

the D1–D10 products is only determinedafter the rate-
determining steps. This argument and the consideration
a molecule of CP can only be deuterated and obse
after a dissociation step of a C–H bond in the CP mole
suggest that the rate-determining step is a dissociation.
first step in a catalytic reaction is always an adsorp
of the reactant onto the catalytically active surface. T
adsorption step might even precede the rate-determ
step. For the adsorption of a hydrocarbon adsorption suc
CP onto a Pt surface, the first step adsorption can be e
dissociative or molecular adsorption.

Dissociative adsorption can proceed in different wa
Dissociative adsorption during which both CP and a H a
are adsorbed onto the catalytically active surface,

C5H10(g)+ 2∗ ⇔C5H9(
∗)+H(∗),

and a dissociative adsorption onto a site which is filled wi
deuterium atom, during which immediately the gaseous
is formed

C5H10(g)+D(∗)⇔C5H9(
∗)+HD(g).

During this dissociative adsorption atomically adsorbed
is also involved. If this reaction took place, the presenc
D2 would be expected to be beneficial to the reaction r
However, the order in D2 for conversion of cyclopentane
any product was determined atβ =−0.85 (see Fig. 3A): the
H/D exchange is inhibited by D2. This is in agreement with
reported literature values [45]. Because the order in D2 is
negative, a dissociative adsorption on a site containing D(∗)
can be excluded.

Also a molecular adsorption in the first step can take p

C5H10(g)+ ∗ ⇔C5H10(
∗).

This is in agreement with a study reported by Camp
and Campbell [46], who showed that, initially, cyclopenta
is molecularly adsorbed before it dissociates. The nega
order for the activity in D2 also indicates that both cyclope
tane and deuterium adsorb onto the same adsorption si

Based on the molecular adsorption in the first s
a series of reactions can be postulated that can explai
observed kinetics:

(I)C5H10(g)+ ∗ K1←→C5H10(
∗),

(II)D2(g)+ 2∗ K2←→ 2D(∗),

(IIIA)C5H10(
∗)+ ∗ k+3−→C5H9(

∗)+H(∗),

(IIIB)C5HnD9−n(∗)+D(∗) k−3−→C5HnD10−n(∗).

As argued above, all exchange mechanisms, leadin
D1–D10, are assumed to originate from the same,
sociatively adsorbed molecule via a series of excha
mechanisms. This is depicted in an energy scheme w
is shown in Fig. 8. The highest activation energy is in
rate-determining step, the dissociation of CP. From this
sociated molecule the CP can further react to, for exam
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Fig. 8. A schematic energy scheme for the HD exchange of CP. The rate-determining step isK3, the dissociation of molecularly adsorbed CP to C5H9(
∗),

the (a)σ -bondedη1-cyclopentyl intermediate. From this dissociated CP the other intermediates are formed, for example (b)π -bondedη2-cyclopentene. This
intermediate can easily rotate with a low activation energy.Eapp is the apparent (or observed) activation energy,Etrue the true activation energy.
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π -η2 with a relatively low activation energy. Theπ -η2 inter-
mediate can then easily rotate with an even lower activa
energy.

As shown in Appendix A, reactions (I)–(III) lead to
reaction rate given by

(7)R = k−3K1K3PCP(
1+K1PCP+ K1K3PCP√

K2PD2
+√

K2PD2

)2
.

Reaction (II) involves the dissociation of deuterium on
Since this reaction is known to be fast and nonactivated [
it is very likely that the equilibrium in this reaction is fa
to the right side. Moreover, since this reaction is fast,
adsorbed H(∗) formed from the dissociation of CP immed
ately recombines with D(∗) to form HD(g). Also, H(∗) and
D(∗) are chemically equal and thus H(∗) in reaction (IIIA)
can be replaced by D(∗), and similarly C5HnD9−n(∗) can
be replaced by C5H9(

∗). As a consequence, reactions (IIIA
and (IIIB) are in equilibrium and in a steady stater+3= r−3.

Reaction (I) only involves nondissociative adsorpti
Therefore, it is expected thatK2�K1 and the denominato
in Eq. (7) is dominated by the termK2PD2. In that case, the
observed order in deuterium will be near−1 and the orde
in CP will be close to+1. This is indeed observed in th
experiment, with an order of−0.82 in D2 and+0.87 in CP.

In addition to the activity, the selectivity is also influ
enced byPD2 (Fig. 3B). The selectivities to D1 and D
increased, D2 was unaffected, and D3, D4, and D6–
decreased in intensity with increasingPD2. These selectiv
ities were analyzed with the Monte Carlo model, and
results are given in Table 2. The contribution of theσ -η1 in-
termediate (Fig. 1A) increased, whereas the contributio
theπ -η2 intermediate (Fig. 1C) decreased. In contrast,
average number of rotations which theπ -η2 intermediate
experiences increases from 12.5 at low D2 pressure to 15.9
at higher D2 pressures. This increase in the average num
of rotations suggests that the rotation mechanism is fa
tated by an adsorbed D-atom. This is in agreement with
proposed allylic mechanism (Fig. 6): in order to rotate
the resonant mechanism, a deuterium atom must be ads
onto an adjacent adsorption site. With higherPD2 the cover-
age with deuterium is expected to be higher and, hence
rotation is more facile.

The contribution of the di-σ -η1 intermediate decrease
from 18.1 to 11.3% with increasing D2 pressure. This mean
that the rollover, which results in D6–D10, is strong
inhibited by D2. With higher D2 pressures, the surfac
coverage of D on the Pt will be higher and fewer em
sites will be available. The inhibition of the rollover by D2

therefore implies that an extra (empty) adsorption site
required for the rollover mechanism.

In summary, a positive first order in CP and a negative
der of−0.85 in D2 were found. The selectivities were ind
pendent of the CP partial pressure, and a kinetic model
corresponding reaction rate was developed. Increasing2

pressures lead to an enhanced rotation of theπ -η2 intermedi-
ate, which is in agreement with the proposed rotation me
anism (Fig. 6). In addition, a decreased rollover selectivit
observed, which implies that the rollover mechanism via
di-σ -η1 intermediate requires an empty adsorption site.

4.2. Effect of temperature

The Arrhenius plot shown in Fig. 5A represents a ra
determining step during the H/D exchange with an appare
activation energy ofEapp= 55 kJ/mol. According to the
mechanism proposed above, the selectivity is determine
the subsequent mechanisms following the adsorption.

As shown in Fig. 5B, the effect of increasing the temp
ature on the selectivity is a decrease for D1 and D2 acc
panied by an increase for D6–D10. The relative amount
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Table 3
The effect of temperature on the exchange selectivity. Where the data
are based upon the Monte Carlo model (only the two extreme tempera
are given, the other temperatures are shown in Fig. 5B)

T (◦C) Selectivity (%) towards intermediatea

σ -η1 di-σ -η2 π -η2

(D1) (D2) (D2) (D3) (D4) (D5) di-σ -η1

(>D6)

66 22.6 3.3 4.8 8.0 9.1 33.1 19.1
81 16.2 1.9 4.3 7.3 8.4 33.2 28.8

a For a description of the intermediates: see Fig. 1.

D3–D5 are unaffected. This is similar to what is observe
the literature [32,39].

The large number of rotations (∼18 for the D5 prod-
uct, Table 1) and the observation that the selectivity towa
D3–D5 is unaffected by temperature indicate that the r
tion mechanism is virtually nonactivated.

The selectivity for the rollover, leading to D6–D1
increases from 19.1% at 66◦C to 28.8% at 81◦C (see
Table 3 and Fig. 5B). This increase shows that the rollo
mechanism is an activated mechanism. As explained ea
it is theπ -η2 intermediate (Fig. 1C) that rolls over via the d
σ -η1 intermediate, and the activity is given by formula (
Since this activity is as high as 28.8/81.2= 35%, the activity
for rollover is no longer differential. This can be correc
by assuming that 35% of the rolled-over molecules rollo
again and then the activity is approximately (35% from 35
+35%= 47%. By constructing an Arrhenius plot of th
corrected fraction as a function of temperature the activa
energy for rollover can be estimated (Fig. 9). The appa
activation energy for rollover was estimated at 24 kJ/mol.

4.3. Implications for the H/D exchange experiments

In the older literature, the selectivities as measured w
used to describe the experiments. It has been shown tha
is not adequate. If one wants to investigate the relative
tributions of the four competing exchange mechanism
the selectivity, it is essential to carefully investigate the
served selectivity. For example, when a molecule contai
5 D atoms is observed, in reality it has undergone as muc

Fig. 9. Arrhenius plot of the influence of temperature on the select
toward rollover.
,

s

∼20 exchange steps, 15 of which are D/D exchanges. Th
developed Monte Carlo model is essential to calculate
true number of exchange steps based upon the observe
lectivity. Each exchange step is associated with a rotatio
theπ -η2 intermediate to an adjacent C–C bond in CP. T
rotation mechanism cannot proceed via an interconver
of theσ -η1 intermediate (Fig. 1A) on the one hand and
σ -η2 (Fig. 1B) andπ -η2 (Fig. 1C) intermediates on the oth
hand. Instead, the rotation mechanism is hardly activ
and proceeds via an allylic-like mechanism (Fig. 6). Al
two different exchange mechanisms proceeding via the
σ -η2 (Fig. 1B) andπ -η2 (Fig. 1C) intermediates result i
the D2 product. The relative contributions can only be ca
lated with this Monte Carlo model. This Monte Carlo mod
is also essential in determining the true rollover activity.

5. Conclusions

The H/D exchange of CP leads to a product distrib
tion with maxima for the D1, D5, and D10 products. T
observed exchange patterns can be simulated by a n
developed Monte Carlo-based model. At least four dif
ent mechanisms lead to the observed product distribut
The Monte Carlo model reveals that the real number for
change steps cannot be directly extracted from the meas
exchange pattern. For example, the D5 product indicates
five exchange steps have occurred. In reality, however
number of exchange steps can be as high as 15–20
mechanism leading to the D5 product is proposed to pro
via a rotation mechanism involving a allylic mechanism a
a π -η2 intermediate. Careful considerations regarding
observed selectivity inevitably lead to the conclusion that
is produced via two different intermediates, whose rela
contributions are given by the Monte Carlo model. In ad
tion, it is concluded that the rollover leading to the D6–D
products can only occur when the CP first is adsorbed a
π -η2 intermediate, followed by a rollover via the di-σ -η1

intermediate. Again the Monte Carlo model is essentia
obtain the true activity for this rollover. In addition to a
understanding of origins of the selectivity, a kinetic mo
describing the activity and orders in reactants was also
veloped. The exchange pattern, or selectivity, is determ
in a series of reactions occurringafter the rate-determining
step.

Appendix A

The reactions considered are:

(I)C5H10(g)+ ∗ K1←→C5H10(
∗),

(II)D2(g)+ 2∗ K2←→ 2D(∗),
(IIIA)C5H10(

∗)+ ∗ k+3−→C5H9(
∗)+H(∗),

(IIIB)C5HnD9−n(∗)+D(∗) k−3−→C5HnD10−n(∗),
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with ∗, an empty adsorption site, and D(∗), an adsorbed atom
of deuterium (D2). Since H2 and D2 are chemically similar
H(∗)=D(∗) and C5HnD9−n(∗) = C5H9(

∗), and thusk+3
andk−3 are equal in a steady state. Between reactions (I
and (IIIB), the cyclopentane can exchange a lot of D ato

The accompanying reaction rates are

(A.1)R1= r+1− r−1= k+1PCPθ∗ − k−1θC5H10

(A.2)R2= r+2− r−2= k+2PD2θ
2∗ − k−2θ

2
D

(A.3)R3= r+3− r−3= k+3θC5H10θ∗ − k−3θC5H9θH

with θx , the fractional coverage of speciesX; k the reaction
constants with the equilibrium constantKn = k+n/k−n.

Since H2 and D2 are chemically similar, H(∗)=D(∗).
Substituted intoR3, this gives

(A.4)R3= r+3− r−3= k+3θC5H10θ∗ − k−3θC5H9θD.

Furthermore, the total coverage is 1:

(A.5)1= θ∗ + θC5H10+ θC5H9 + θD.

Since all measurements are performed in steady state
coverages are constant in time:

dθC5H9

dt
= 0= k+3θC5H10θ∗ − k−3θC5H9θD,

(A.6)→ θC5H9 =
k+3θC5H10θ∗

k−3θD
= K3θC5H10θ∗

θD
,

dθC5H10

dt
= 0= k+1PCPθ∗ − k−1θC5H10− k+3θC5H10θ∗

(A.7)+ k−3θC5H9θD,

(A.8)
dθD

dt
= 0= k+2PD2θ

2∗ − k−2θ
2
D + k+3θ∗θC5H10

− k−3θC5H9θD.

Substitution of (A.6) into (A.7) leads to

(A.9)θC5H10 =K1PCPθ∗;
substitution of (A.7) and (A.9) into (A.8) leads to

(A.10)θD = θ∗ ∗
√
K2PD2;

and substitution of (A.6), (A.9), and (A.10) into (A.5) give

(A.11)θ∗ = 1

1+K1PCP+ K1K3PCP√
K2PD2

+√
K2PD2

.

Since all cyclopentane which dissociates on the surfac
detected as a D1–D10 product, the reaction rate is give
r+3 or r−3

R = r−3= k−3θC5H9θD = k−3
K3θC5H10θ∗

θD
θD

= k−3K1K3PCPθ
2∗

= · · · = k−3K1K3PCP(
1+K1PCP+ K1K3PCP√

K2PD2
+√

K2PD2

)2 .

(A.12)
e

Estimation of reaction constants:

1. Reaction (I) is easy and fast, withK1= k+1/k−1 > 1;
2. Reaction (II) is very fast,K2� 1;
3. Reaction (III) is the rate-determining step, thus(k−3,

k+3)	 (k+1, k−1, k+2).

Thus, if K2 � K1K3, Eq. (A.12) can be simplified b
ignoring several terms

R = k−3K1K3PCP(
1+K1PCP+ K1K3PCP√

K2PD2
+√

K2PD2

)2

≈ k−3K1K3PCP

K2PD2

.
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