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Reactions of size-selected platinum cluster iong’ Bt = 1-5), with small hydrocarbon molecules (GH

C:He, CH4, and GHy) 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 Rt and the absolute cross sections of the reactions depend critically on the cluster, size,

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? In practical catalysts, platinum is
frequently dispersed on a solid support as fine particles whose
reactivity depends critically on their diametér& 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#3which corresponds to the cluster size (the
number of the constituent platinum atoms)~e10. There has ® (0 (d) (U] (2 (h)
been no further study on the catalytic activity of platinum  rigyre 1. Schematic view of the apparatus: (a) xenon ion beam, (b)
particles with smaller sizes although dramatic size-dependentplatinum targets, (c) cooling cell, (d) octopole ion guides, (e) first
catalysis is expected in this size region, probably because ofquadrupole mass filter, (f) collision cell, (g) second quadrupole mass
difficulty of preparing and identifying such small particles filter, (h) ion conversion dynode, and (i) secondary electron multiplier.
accurately. To overcome this difficulty and unveil such size-
specific reactivity, a totally different approach should be mass spectrometé?.On the other hand, Morokuma and co-
contrived and introduced. In such an approach, it is desirable workers have calculated the geometric structures of platinum
that the reaction be conducted on a size-selected platinum clusteglusters (dimer and trimer) adsorbed with methane by using a
or its ion, which is free of any environmental effects due to density functional methodf:2°
liquid media, solid supports, etc. Studies of this kind are realized  In the present study, we measured the absolute cross sections
in a collision reaction of a size-selected platinum cluster ion for the reactions of size-selected,P{n = 1—5) with CH,,
with a reactant molecule in the gas phase. CzHe, CoHa, and GHo, under a single collision condition, to

Several groups have so far experimentally investigated investigate the initial catalytic processes induced by the collision.
reactions of Pt with hydrocarbon§:14 Reactions involving ~ We have found that one hydrogen molecule is liberated by the
platinum cluster ions, Rt, with small molecules also have been collision (the initial step of dehydrogenation on,Bt and the
explored!315-18 These reactions have been performed mainly dehydrogenation cross sections are extremely large and size-
under conditions that the cluster ions collide with reactant dependent.
molecules many times before the product ions are sampled, and
in some cases the rate constants of the overall reactions have. Experimental Section
peen obtained from the intensity decrease of the parention. For 14 apparatus employed in the present study is described
instance, Bondybey and co-workers have measured the ratg,iefly in this report (see refs 2423 for detailed descriptions).
constants of dehydro_genahon of methane by Bt = 1-9) in A schematic diagram of the apparatus is shown in Figure 1.
a Fourier transform ion cyclotron resonance (FT-ICR) mass e gpparatus consists of a cluster ion source, a cooling cell,
spectrometer; the rate constant generally increases and apg, adrupole mass filters, a collision cell, and a detector. Platinum
proache§ fto the coII|S|or} ratelas the cluster size increases, buEIuster ions were produced by xenon-ion sputtering on four
has a minimum at the sizé of*4 Michl an_d co-workers have platinum targets mounted circularly with respect to the xenon
mvestlgated dehydrogenation and crackingidfutane by Pt ion beam produced from a plasma ion so&t¢€ORDIS Ar25/
and Pt™ under a single collision condition in a triple-quadrupole 35¢, Rokion lonenstahl-Technologie); the energy of the xenon

. - . . ion is increased up to 18 keV. The cluster ions were cooled in
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Figure 2. Mass spectra of ions produced by the collision of Rtith a0 L i
(a) GH4 and with (b) GD4 at the collision energy of 0.15 eV. The

peak assignment is given.

then transported into the first quadrupole mass filter for size- 80 (@ CH, § §
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 40
platinum ion and a reactant molecule under controlled collision
0 1 1 1

energies take place. Commercially available reactant gasas, CH
CoHe, CoH4, CoDs, and GH,, were used without further

purification. A spinning rotor gauge (MKS, SRG-2) measured . .
the pressure in the collision cell. To fulfill the single-collision ~F9ure 3. Dehydrogenation cross sections of (a) £kb) CoHs, (c)

" . . L CzHa4, and (d) GH, on Pt* at the collision energy of 0.15 eV as a
condition, the pressure in the collision cell was maintained at function of the cluster size. The symbols (solid circles, solid squares,

~5 x 107> Torr. The product ions from the collision cell were  ggjig triangles, and solid diamonds) represent the experimental cross
mass-analyzed in the second quadrupole mass filter and weresections, and the solid lines are the calculated cross sections (see text).
detected by a detector consisting of an ion conversion dynodeThe error bars give one standard deviation of the cross sections
and a secondary electron multiplier (Murata Ceratron, EMS- €xperimentally obtained.

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

Cluster Size (n)

reported also that the dehydrogenation is the dominant process

in the collision of a platinum ion and platinum cluster ions with
hydrocarbong:1*14 The dehydrogenation is expressed as

in the collision cell. This energy spread gives rise to the Ptn+ +CH,—~ Ptn+(CH2) T H; @)
uncertainty of about-0.1 eV in the center-of-mass frame in a
collision involving a platinum tetramer ion. Pt,” + C,Hg — Pt,"(C,H,) + H, 3
The total reaction cross sectian, is expressed as
keT I, +31 Pt" + CH, = Pt (CHp) + H, (4)
o, = ﬁ|n|—” 1) N .
r Pt"+ CH,—PiC,” + H, (5)

wherel, andZl, represent the intensity of a parent ion passing
through the collision region and the sum of the intensities of
the product ions, respectivell,andT are the pressure and the
temperature of a sample gas, respective(ys 120 mm) is the
effective path length of the collision region, arkg is the
Boltzmann constant.

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
(Pt,") and the product-ion peak gives the mass of an extra
species attached to Pt For instance, the product ions due to
the reactions of Rt with C,H4 and GD, are assigned to Pt

3. Results (CzHy) and Pt™(C2Dy), respectively, because the masses for the
Figure 2 shows typical mass spectra of P€,H>) and P$*- peaks of the product ions are larger by 26 and 28, respectively,

(C2Dy) produced by the collision of Pt with C;H,4 (panel a) than that of the parent cluster ion (see Figure 2).

and GD, (panel b) together with intact £t passing through Figure 3 shows the cluster size dependence of the cross

the collision cell. The peaks of the mass spectra are broadsections for the dehydrogenation of Gi€,Hs, CoHy, and GH»
because (1) the mass resolution is traded off with the peak at the collision energy of 0.15 eV in the center-of-mass frame;
intensity and (2) each peak consists of possible combinationsthe cross sections were obtained from the parent- and the
of stable isotopes of Pt. It is evident from the mass spectra thatproduct-ion intensities by using eq 1. In the present experiment,
dehydrogenation is the only process that takes place gn Pt the cross sections for the saturated hydrocarbon molecules are
The mass spectra of the other product ions show that all thenot sensitive to the cluster-size change except for methane,
hydrocarbon molecules studied undergo dehydrogenation in thewhose cross section at the cluster size of 2 is exceptionally high.
entire size and collision energy range studied. It has beenOn the other hand, the cross sections for the unsaturated
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) ) ) ) coordinate for the dehydrogenation ofH; on Pt*. The energy
Figure 4. Dehydrogenation cross sections fog'Pt CzHa as a function minimums noted as A, B, and C correspond to the physisorbed, the
of the collision energy. The solid circles exhibit the experimental cross chemisorbed, and the dissociatively chemisorbed states, respectively.

sections, and the broken line shows the calculated cross sections (se@ee text for the definition of the energy barrieh&; andAE,, and the
text). The error bars give one standard deviation of the cross sections,ate constants.

experimentally obtained.

the reactant system changes into the product system by
surmounting the energy barriers AE; and AE;, lying along
the reaction coordinate between the physisorbed and the

decreases with the collision energy similarly to the cross sectionschem'sor_bed states, and between the c_hemsorbed and the
for the other reactions studied in the present experiment. dissociatively chemisorbed states, respectively.

The present cross sections can be compared with those The dehydrogenation cross sections were estimated by a
obtained by other groups. Armentrout and co-workers have Procedure in which the physisorption cross section is approxi-
measured the reaction cross sections for PtCH, and CD mated by the Langevin cross section fof'Rtapturing GHy in
collisions4 the cross sections given in ref 14 are twice as large the charge-induced dipole field, and the subsequent reactions
as ours at the collision energies less than 1 eV, probably becausé@re given in the RRK schenfe.Suppose that a physisorbed
Pt" used in the present experiment has a larger energy width. hydrocarbon molecule is either desorbed or chemisorbed by
Bondybey and co-workers have measured the rate constants ofurmounting the energy barriekE,, with the rate constants of
the P + CH, reaction in a FFICR mass spectrometét |t ki andky, respectively. Further, the chemisorbed hydrocarbon
is not possible to directly compare our data with theirs because molecule either returns to the physisorbed one with a rate
ours are cross sections and theirs are rate constants. The croggpnstant ofks or proceeds to the dissociatively chemisorbed
sections were converted to our reaction efficiencies defined asspecies with a rate constant kf by surmounting the energy
the ratio of the reaction cross sections to the Langevin crossbarrier, AE,. It is assumed that the energetics determines the
section (see Section 4 for the definition of the Langevin cross rate of the dissociatively chemisorbed species into the final
section) for the comparison with their reaction efficiencies. It product.
was found that the size dependence of our reaction efficiency The cross section of the physisorption is given by the
agrees fairly well with their reaction efficiency except for the Langevin cross sectiom
size of 3; it is reasonable that the absolute values of ours and
theirs do not agree because of the difference of the collision o (Za)lIZ

L

hydrocarbon molecules increase rapidly with the cluster size.
Figure 4 shows the collision-energy dependence of the de-
hydrogenation cross section forPt- C,H4. The cross section

=7|g (20)

energy used.
ay col,

4. Discussion
wherea is the polarizability of GHy (2.59 A3, 4.47 &3, 4.25

It is conceivable, by analogy to the reaction of Rtith a A3 and 3.33 & for CHs, C;Hs, CoHa, and GH,, respectively®
methane molecul@?~1012"14 that dehydrogenation proceeds as  and E, is the collision energy in the center-of-mass fra&he.
The largest dehydrogenation cross section studied, which is
Pt," + C,H,— Pt,"- - «(C,H,) (physisorption) ~ (6)  observed for Rt + C;H, collision, is predicted well by the
Langevin cross section, which should be the upper limit of the
ptn+. . ‘(CxHy) - [Ptn+CxHy]T (chemisorption)  (7) physisorption cross section. The cluster size dependence of the
dehydrogenation cross section is introduced solely from the rate
constantsk, k, ks, andk, but is not from the Langevin cross
[Ptrfcx|'|y])r_'[l:)tr1+(C:><|'|y—2)(HZ)]Jr section which does not depend on the cluster sizeThe
(dissociative chemisorption) (8) dehydrogenation cross section is calculated from the rate
equations for the physisorbed intermediate, the chemisorbed
[Ptr1+(CxHy,2)(H2)]T—> Ptn+(CXHy,2) + H, (H, release) (9) intermediate, and the dehydrogenated product based on the
reaction scheme shown in Figure 5. In this scheme, the number
Figure 5 shows a schematic reaction potential, which is simple density of the chemisorbed intermediate is considered to be
enough to represent this reaction scheme. Initially, a hydrocarbonsufficiently low that the steady-state approximation is applied.
molecule, GHy, is captured weakly on a platinum cluster ion, The reaction time (80~ 250 us) in the present experiment is
Pt,", by a charge induced-dipole interaction (physisorption) and sufficiently long that the exponential term turns out to be zero.
is then transferred to a chemisorbed state (chemisorption). TheFurthermore, it is considered that either> k, or ks < k4 is
CHy-chemisorbed platinum cluster ion changes into the final true because neither the physisorbed intermediate nor the
product ion via a platinum cluster ion with dissociatively chemisorbed intermediate was observed. By solving the rate
chemisorbed species attached. Along the reaction coordinate gquations under these conditions, one obtains the cross section
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of the dehydrogenation, as

k. k
%”hjgngm (1)
RRK theory gives the relations
k= Al( Evip T Ecol )N_l (12)
Evib + Ecol T Epny,
@=&EM+%ﬁEWfAﬂWl (13)
Evio + Ecol T Epnys

whereEib, Epnys Ecol, andAE; represent the vibrational energy
of the parent cluster ion considered to ben{B)ksT, the
physisorption energy of &l, on P", the collision energy, and

the energy barrier between the physisorbed and the chemisorbed

states, respectively (see Figure A),andA; are the frequency
prefactors related to the Pt-CH, dissociation from the
physisorption and the transfer to the chemisorption from the
physisorption, respectively, ard is the total number of the
vibrational modes of Rt CyHy less the internal modes of/8,.

The rate constant&s andks, are given by

Evib + EcoI +E

— AE\N-1
k.= A phys 1) 14
3 s Evib + Ecol + Echem ( )
K =A (Evib + EcoI + Echem_ AEZ)N_l (15)
‘ * Evib + Ecol + Echem

whereEchemandAE; represent the chemisorption energy gf¢
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Figure 6. The parametechem— AE;, for the dehydrogenation of (a)
CHys, (b) GHe, (c) GHa4, and (d) GH; as a function of the cluster size
(see text for the definition dEcremandAE,). The errors were estimated
from the uncertainties in the fitting.

value; the dehydrogenation cross section is large when the
parameterEchem — AE, is large. In other words, the dehydro-

on Pt and the energy barrier between the chemisorbed andgenation proceeds more readily when the barrier heitygp,

the dissociatively chemisorbed states, respectiviélyand A4
are the frequency prefactors related to the PCHy dissocia-
tion from the chemisorption and transfer to the dissociative
chemisorption from the chemisorption, respectively, &his
the total number of the vibrational modes of,FH,.
Throughout the calculation, the prefactols and A4, are
assumed to be the frequencies of the @tstretching vibration
(470 cn?) and the G-H stretching vibration (2940 cm) of
an ethylene molecule adsorbed on Pt(111) suf&cespec-
tively.

Using egs 16-15, one obtains the dehydrogenation cross

is lower.

It is not obvious whether (1, at the chemisorbed state is
molecularly chemisorbed asi@,(a), chemisorbed as8y-1(a)
+ H(a), or otherwise. The calculations of the potential energy
surface of the Pt + CH, reaction have shown that the
intermediate is expressed as-At"—CHz.91012.14.29\]orokuma
and co-workers have computationally shown thaty©H P4 3
is chemisorbed as GHand H on different Pt atom$:2°0On the
other hand, studies on the adsorption ofHE on Pt(111)
surfacé®3! have revealed that 8, is at first molecularly
adsorbed as-bonded species below 50 K and then changes

sections at different collision energies at a given cluster size into another adsorbate having two o bonds. Finally above

and internal temperature. Figure 4 shows the experimental (solid240 K, the adsorbed ethylene decomposes to ethylidyne
circles) and the calculated (broken line) cross sections for (=C—CHs) on the surface. These findings suggest that the
dehydrogenation of £, on Pg* as a function of the collision  hydrocarbon molecules studied are also chemisorbed ¢n Pt
energy. In this calculation, the dependence of the reaction crossas GHy-1(a) and H(a), taking into account that the internal
section of P#" on the collision energy observed was fit to that temperature of the chemisorbed intermediates rises as a result
of the calculated cross section with three adjustable parameterspf the redistribution of the chemisorption energy. Seemingly,

Epnys — AE1, Echem — AEz, and AJ/Ay; the best-fit values of
Epnys — AE1, Echem — AEp, and AJ/A; were obtained to be
—0.011 eV,—0.015 eV, and 0.33, respectively. It is likely that
Echem— AE; is most sensitively size-dependent becatigg is
related to the decomposition of the hydrocarbon molecule
chemisorbed on Rt, which is sensitively influenced by the
electronic structure of Rt. Therefore, the fitting for the other
sizes was performed with a single adjustable paramEtgsy

— AE;, while Epnys — AE1 andAdA, were fixed at the best-fit
values obtained fon = 3. Figure 3 depicts the cross sections
thus calculated at the collision energy of 0.15 eV. Figure 6
shows the parameteE:em — AE,, obtained in the calculation

as a function of the cluster size. There is a strong correlation

between the dehydrogenation cross section anédhe — AE;

the larger barrier heightAE,, between the chemisorbed
(Pt(CHy-1)(H)) and the dissociatively chemisorbed states
(P&t (CiHy-2)(Hy)) is attributed to difficulty in the abstraction
of two hydrogen atoms from,Ely on the cluster.
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