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Reactions of size-selected platinum cluster ions, Ptn
+ (n ) 1-5), with small hydrocarbon molecules (CH4,

C2H6, C2H4, and C2H2) were studied in a beam-gas cell geometry at collision energies less than 1 eV employing
a tandem mass spectrometer. It was found that dehydrogenation of the hydrocarbon molecules proceeds
exclusively on Ptn+ and the absolute cross sections of the reactions depend critically on the cluster size,n,
and the collision energy. The size- and the collision energy-dependent cross sections are successfully explained
in an RRK framework.

1. Introduction

Platinum is one of the most useful elements in many catalytic
reactions such as hydrogenation, dehydrogenation, and cracking
of various hydrocarbons.1,2 In practical catalysts, platinum is
frequently dispersed on a solid support as fine particles whose
reactivity depends critically on their diameters.3 It has been
reported, for instance, that the rate of hydrogenation of ethylene
on platinum particles increases as the particle diameters decrease
down to∼0.6 nm,4,5 which corresponds to the cluster size (the
number of the constituent platinum atoms) of∼10. There has
been no further study on the catalytic activity of platinum
particles with smaller sizes although dramatic size-dependent
catalysis is expected in this size region, probably because of
difficulty of preparing and identifying such small particles
accurately. To overcome this difficulty and unveil such size-
specific reactivity, a totally different approach should be
contrived and introduced. In such an approach, it is desirable
that the reaction be conducted on a size-selected platinum cluster
or its ion, which is free of any environmental effects due to
liquid media, solid supports, etc. Studies of this kind are realized
in a collision reaction of a size-selected platinum cluster ion
with a reactant molecule in the gas phase.

Several groups have so far experimentally investigated
reactions of Pt+ with hydrocarbons.6-14 Reactions involving
platinum cluster ions, Ptn

+, with small molecules also have been
explored.13,15-18 These reactions have been performed mainly
under conditions that the cluster ions collide with reactant
molecules many times before the product ions are sampled, and
in some cases the rate constants of the overall reactions have
been obtained from the intensity decrease of the parent ion. For
instance, Bondybey and co-workers have measured the rate
constants of dehydrogenation of methane by Ptn

+ (n ) 1-9) in
a Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer; the rate constant generally increases and ap-
proaches to the collision rate as the cluster size increases, but
has a minimum at the size of 4.13 Michl and co-workers have
investigated dehydrogenation and cracking ofn-butane by Pt+

and Pt2+ under a single collision condition in a triple-quadrupole

mass spectrometer.15 On the other hand, Morokuma and co-
workers have calculated the geometric structures of platinum
clusters (dimer and trimer) adsorbed with methane by using a
density functional method.19,20

In the present study, we measured the absolute cross sections
for the reactions of size-selected Ptn

+ (n ) 1-5) with CH4,
C2H6, C2H4, and C2H2, under a single collision condition, to
investigate the initial catalytic processes induced by the collision.
We have found that one hydrogen molecule is liberated by the
collision (the initial step of dehydrogenation on Ptn

+), and the
dehydrogenation cross sections are extremely large and size-
dependent.

2. Experimental Section

The apparatus employed in the present study is described
briefly in this report (see refs 21-23 for detailed descriptions).
A schematic diagram of the apparatus is shown in Figure 1.
The apparatus consists of a cluster ion source, a cooling cell,
quadrupole mass filters, a collision cell, and a detector. Platinum
cluster ions were produced by xenon-ion sputtering on four
platinum targets mounted circularly with respect to the xenon
ion beam produced from a plasma ion source24 (CORDIS Ar25/
35c, Rokion Ionenstahl-Technologie); the energy of the xenon
ion is increased up to 18 keV. The cluster ions were cooled in
the first octopole ion guide filled with helium gas having a
pressure of 10-3 Torr and a temperature of 300 K, and were
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Figure 1. Schematic view of the apparatus: (a) xenon ion beam, (b)
platinum targets, (c) cooling cell, (d) octopole ion guides, (e) first
quadrupole mass filter, (f) collision cell, (g) second quadrupole mass
filter, (h) ion conversion dynode, and (i) secondary electron multiplier.
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then transported into the first quadrupole mass filter for size-
selection of the cluster ions. A size-selected platinum cluster
ion from the mass filter was admitted into the octopole ion guide
surrounded with a collision cell in which reactions between the
platinum ion and a reactant molecule under controlled collision
energies take place. Commercially available reactant gases, CH4,
C2H6, C2H4, C2D4, and C2H2, were used without further
purification. A spinning rotor gauge (MKS, SRG-2) measured
the pressure in the collision cell. To fulfill the single-collision
condition, the pressure in the collision cell was maintained at
∼5 × 10-5 Torr. The product ions from the collision cell were
mass-analyzed in the second quadrupole mass filter and were
detected by a detector consisting of an ion conversion dynode
and a secondary electron multiplier (Murata Ceratron, EMS-
6081B). The signal from the detector was processed in an
electronic circuitry based on a personal computer. The spread
of the translational energy of the parent cluster ions was
determined to be typically 5 eV in the laboratory frame by
applying a retarding voltage to the octopole ion guide mounted
in the collision cell. This energy spread gives rise to the
uncertainty of about(0.1 eV in the center-of-mass frame in a
collision involving a platinum tetramer ion.

The total reaction cross section,σr, is expressed as

whereIr andΣIp represent the intensity of a parent ion passing
through the collision region and the sum of the intensities of
the product ions, respectively,P andT are the pressure and the
temperature of a sample gas, respectively,l () 120 mm) is the
effective path length of the collision region, andkB is the
Boltzmann constant.

3. Results

Figure 2 shows typical mass spectra of Pt2
+(C2H2) and Pt2+-

(C2D2) produced by the collision of Pt2
+ with C2H4 (panel a)

and C2D4 (panel b) together with intact Pt2
+ passing through

the collision cell. The peaks of the mass spectra are broad
because (1) the mass resolution is traded off with the peak
intensity and (2) each peak consists of possible combinations
of stable isotopes of Pt. It is evident from the mass spectra that
dehydrogenation is the only process that takes place on Pt2

+.
The mass spectra of the other product ions show that all the
hydrocarbon molecules studied undergo dehydrogenation in the
entire size and collision energy range studied. It has been

reported also that the dehydrogenation is the dominant process
in the collision of a platinum ion and platinum cluster ions with
hydrocarbons.6,11-14 The dehydrogenation is expressed as

The mass peaks were assigned by taking advantage of the fact
that the width and the shape of a peak assigned to a given
product ion are practically the same as that assigned to the
corresponding parent ion. Then, the mass difference of the parent
(Ptn+) and the product-ion peak gives the mass of an extra
species attached to Ptn

+. For instance, the product ions due to
the reactions of Ptn

+ with C2H4 and C2D4 are assigned to Ptn
+-

(C2H2) and Ptn+(C2D2), respectively, because the masses for the
peaks of the product ions are larger by 26 and 28, respectively,
than that of the parent cluster ion (see Figure 2).

Figure 3 shows the cluster size dependence of the cross
sections for the dehydrogenation of CH4, C2H6, C2H4, and C2H2

at the collision energy of 0.15 eV in the center-of-mass frame;
the cross sections were obtained from the parent- and the
product-ion intensities by using eq 1. In the present experiment,
the cross sections for the saturated hydrocarbon molecules are
not sensitive to the cluster-size change except for methane,
whose cross section at the cluster size of 2 is exceptionally high.
On the other hand, the cross sections for the unsaturated

Figure 2. Mass spectra of ions produced by the collision of Pt2
+ with

(a) C2H4 and with (b) C2D4 at the collision energy of 0.15 eV. The
peak assignment is given.
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Figure 3. Dehydrogenation cross sections of (a) CH4, (b) C2H6, (c)
C2H4, and (d) C2H2 on Ptn+ at the collision energy of 0.15 eV as a
function of the cluster size. The symbols (solid circles, solid squares,
solid triangles, and solid diamonds) represent the experimental cross
sections, and the solid lines are the calculated cross sections (see text).
The error bars give one standard deviation of the cross sections
experimentally obtained.
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hydrocarbon molecules increase rapidly with the cluster size.
Figure 4 shows the collision-energy dependence of the de-
hydrogenation cross section for Pt3

+ + C2H4. The cross section
decreases with the collision energy similarly to the cross sections
for the other reactions studied in the present experiment.

The present cross sections can be compared with those
obtained by other groups. Armentrout and co-workers have
measured the reaction cross sections for Pt+ + CH4 and CD4

collisions;14 the cross sections given in ref 14 are twice as large
as ours at the collision energies less than 1 eV, probably because
Pt+ used in the present experiment has a larger energy width.
Bondybey and co-workers have measured the rate constants of
the Ptn+ + CH4 reaction in a FT-ICR mass spectrometer.13 It
is not possible to directly compare our data with theirs because
ours are cross sections and theirs are rate constants. The cross
sections were converted to our reaction efficiencies defined as
the ratio of the reaction cross sections to the Langevin cross
section (see Section 4 for the definition of the Langevin cross
section) for the comparison with their reaction efficiencies. It
was found that the size dependence of our reaction efficiency
agrees fairly well with their reaction efficiency except for the
size of 3; it is reasonable that the absolute values of ours and
theirs do not agree because of the difference of the collision
energy used.

4. Discussion

It is conceivable, by analogy to the reaction of Pt+ with a
methane molecule,6,8-10,12-14 that dehydrogenation proceeds as

Figure 5 shows a schematic reaction potential, which is simple
enough to represent this reaction scheme. Initially, a hydrocarbon
molecule, CxHy, is captured weakly on a platinum cluster ion,
Ptn+, by a charge induced-dipole interaction (physisorption) and
is then transferred to a chemisorbed state (chemisorption). The
CxHy-chemisorbed platinum cluster ion changes into the final
product ion via a platinum cluster ion with dissociatively
chemisorbed species attached. Along the reaction coordinate,

the reactant system changes into the product system by
surmounting the energy barriers of∆E1 and∆E2, lying along
the reaction coordinate between the physisorbed and the
chemisorbed states, and between the chemisorbed and the
dissociatively chemisorbed states, respectively.

The dehydrogenation cross sections were estimated by a
procedure in which the physisorption cross section is approxi-
mated by the Langevin cross section for Ptn

+ capturing CxHy in
the charge-induced dipole field, and the subsequent reactions
are given in the RRK scheme.25 Suppose that a physisorbed
hydrocarbon molecule is either desorbed or chemisorbed by
surmounting the energy barrier,∆E1, with the rate constants of
k1 andk2, respectively. Further, the chemisorbed hydrocarbon
molecule either returns to the physisorbed one with a rate
constant ofk3 or proceeds to the dissociatively chemisorbed
species with a rate constant ofk4 by surmounting the energy
barrier,∆E2. It is assumed that the energetics determines the
rate of the dissociatively chemisorbed species into the final
product.

The cross section of the physisorption is given by the
Langevin cross section,σL,

whereR is the polarizability of CxHy (2.59 Å3, 4.47 Å3, 4.25
Å3, and 3.33 Å3 for CH4, C2H6, C2H4, and C2H2, respectively)26

andEcol is the collision energy in the center-of-mass frame.27

The largest dehydrogenation cross section studied, which is
observed for Pt4

+ + C2H2 collision, is predicted well by the
Langevin cross section, which should be the upper limit of the
physisorption cross section. The cluster size dependence of the
dehydrogenation cross section is introduced solely from the rate
constants,k1, k2, k3, andk4 but is not from the Langevin cross
section which does not depend on the cluster size,n. The
dehydrogenation cross section is calculated from the rate
equations for the physisorbed intermediate, the chemisorbed
intermediate, and the dehydrogenated product based on the
reaction scheme shown in Figure 5. In this scheme, the number
density of the chemisorbed intermediate is considered to be
sufficiently low that the steady-state approximation is applied.
The reaction time (80∼ 250 µs) in the present experiment is
sufficiently long that the exponential term turns out to be zero.
Furthermore, it is considered that eitherk1 . k2 or k3 , k4 is
true because neither the physisorbed intermediate nor the
chemisorbed intermediate was observed. By solving the rate
equations under these conditions, one obtains the cross section

Figure 4. Dehydrogenation cross sections for Pt3
+ + C2H4 as a function

of the collision energy. The solid circles exhibit the experimental cross
sections, and the broken line shows the calculated cross sections (see
text). The error bars give one standard deviation of the cross sections
experimentally obtained.

Ptn
+ + CxHy f Ptn

+‚ ‚ ‚(CxHy) (physisorption) (6)

Ptn
+‚ ‚ ‚(CxHy) f [Ptn

+CxHy]
† (chemisorption) (7)

[Ptn
+CxHy]

† f [Ptn
+(CxHy-2)(H2)]

†

(dissociative chemisorption) (8)

[Ptn
+(CxHy-2)(H2)]

† f Ptn
+(CxHy-2) + H2 (H2 release) (9)

Figure 5. Schematic potential energy curve along the reaction
coordinate for the dehydrogenation of CxHy on Ptn+. The energy
minimums noted as A, B, and C correspond to the physisorbed, the
chemisorbed, and the dissociatively chemisorbed states, respectively.
See text for the definition of the energy barriers,∆E1 and∆E2, and the
rate constants.

σL ) π ( 2R
Ecol

)1/2
(10)
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of the dehydrogenation,σ, as

RRK theory gives the relations

whereEvib, Ephys, Ecol, and∆E1 represent the vibrational energy
of the parent cluster ion considered to be (3n-6)kBT, the
physisorption energy of CxHy on Ptn+, the collision energy, and
the energy barrier between the physisorbed and the chemisorbed
states, respectively (see Figure 5),A1 andA2 are the frequency
prefactors related to the Ptn

+-CxHy dissociation from the
physisorption and the transfer to the chemisorption from the
physisorption, respectively, andN is the total number of the
vibrational modes of Ptn

+CxHy less the internal modes of CxHy.
The rate constants,k3 andk4, are given by

whereEchemand∆E2 represent the chemisorption energy of CxHy

on Ptn+ and the energy barrier between the chemisorbed and
the dissociatively chemisorbed states, respectively,A3 andA4

are the frequency prefactors related to the Ptn
+-CxHy dissocia-

tion from the chemisorption and transfer to the dissociative
chemisorption from the chemisorption, respectively, andN is
the total number of the vibrational modes of Ptn

+CxHy.
Throughout the calculation, the prefactors,A3 and A4, are
assumed to be the frequencies of the Pt-C stretching vibration
(470 cm-1) and the C-H stretching vibration (2940 cm-1) of
an ethylene molecule adsorbed on Pt(111) surface,28 respec-
tively.

Using eqs 10-15, one obtains the dehydrogenation cross
sections at different collision energies at a given cluster size
and internal temperature. Figure 4 shows the experimental (solid
circles) and the calculated (broken line) cross sections for
dehydrogenation of C2H4 on Pt3+ as a function of the collision
energy. In this calculation, the dependence of the reaction cross
section of Pt3+ on the collision energy observed was fit to that
of the calculated cross section with three adjustable parameters,
Ephys - ∆E1, Echem - ∆E2, and A1/A2; the best-fit values of
Ephys - ∆E1, Echem - ∆E2, and A1/A2 were obtained to be
-0.011 eV,-0.015 eV, and 0.33, respectively. It is likely that
Echem- ∆E2 is most sensitively size-dependent because∆E2 is
related to the decomposition of the hydrocarbon molecule
chemisorbed on Ptn

+, which is sensitively influenced by the
electronic structure of Ptn

+. Therefore, the fitting for the other
sizes was performed with a single adjustable parameter,Echem

- ∆E2, while Ephys - ∆E1 andA1/A2 were fixed at the best-fit
values obtained forn ) 3. Figure 3 depicts the cross sections
thus calculated at the collision energy of 0.15 eV. Figure 6
shows the parameter,Echem- ∆E2, obtained in the calculation
as a function of the cluster size. There is a strong correlation
between the dehydrogenation cross section and theEchem- ∆E2

value; the dehydrogenation cross section is large when the
parameter,Echem- ∆E2, is large. In other words, the dehydro-
genation proceeds more readily when the barrier height,∆E2,
is lower.

It is not obvious whether CxHy at the chemisorbed state is
molecularly chemisorbed as CxHy(a), chemisorbed as CxHy-1(a)
+ H(a), or otherwise. The calculations of the potential energy
surface of the Pt+ + CH4 reaction have shown that the
intermediate is expressed as H-Pt+-CH3.9,10,12,14,29Morokuma
and co-workers have computationally shown that CH4 on Pt2,3

is chemisorbed as CH3 and H on different Pt atoms.19,20On the
other hand, studies on the adsorption of C2H4 on Pt(111)
surface30,31 have revealed that C2H4 is at first molecularly
adsorbed asπ-bonded species below 50 K and then changes
into another adsorbate having two Pt-C σ bonds. Finally above
240 K, the adsorbed ethylene decomposes to ethylidyne
(tC-CH3) on the surface. These findings suggest that the
hydrocarbon molecules studied are also chemisorbed on Ptn

+

as CxHy-1(a) and H(a), taking into account that the internal
temperature of the chemisorbed intermediates rises as a result
of the redistribution of the chemisorption energy. Seemingly,
the larger barrier height,∆E2, between the chemisorbed
(Ptn+(CxHy-1)(H)) and the dissociatively chemisorbed states
(Ptn+(CxHy-2)(H2)) is attributed to difficulty in the abstraction
of two hydrogen atoms from CxHy on the cluster.
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