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Direct dissociative chemisorption of alkanes on Pt „111…:
Influence of molecular complexity
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The direct dissociative chemisorption of ethane, propane,n-butane, isobutane, and neopentane on
Pt~111! was investigated as a function of the initial translational energy,ET , polar angle of
incidence,u i , initial vibrational temperature, and surface temperature using supersonic molecular
beam techniques. For each alkane, the initial probability for direct dissociative chemisorption scales
with the initial normal energy of the alkanes,En5ET cos2 ui , and is independent of both the surface
temperature and initial vibrational energy of the alkanes under the experimental conditions
employed. Above initial normal energies of approximately 125 kJ/mol, at constantEn , the
dissociation probability decreases with increasing chain length of the C2–C4 linear alkanes;
however, the dissociation probability of neopentane is greater than that of isobutane, and both
isobutane and neopentane are more reactive thann-butane. By assuming that cleavage of primary
C–H bonds is the dominant reaction pathway for all of the alkanes investigated here, the trends in
reactivity are best explained by considering the differences in the steric factors for primary C–H
bond cleavage for these alkanes. Secondary C–H bond cleavage does appear to contribute to the
reactivity of propane andn-butane but only at the highest energies examined. Additionally, the
reaction probabilities of each of these alkanes were estimated using a statistical model recently
proposed by Ukrainstev and Harrison@J. Chem. Phys.101, 1564 ~1994!#. Assuming cleavage of
only primary C–H bonds, the trends in reactivity for ethane, propane,n-butane, and isobutane were
qualitatively reproduced by the statistical model; however, except for ethane, which was used to
obtain the necessary parameters for the theory, there was poor quantitative agreement, and the
predictions for neopentane were significantly lower than the measured values. The model also
predicts that the dissociation probability is enhanced by increasing the energy in all vibrational
modes, which is inconsistent with the experimental results. Thus, we believe that direct alkane
dissociation would be better described using a dynamical rather than statistical approach. ©2000
American Institute of Physics.@S0021-9606~00!70801-4#
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I. INTRODUCTION

The dissociative chemisorption of alkanes onto transit
metal surfaces is the first step in a variety of heterogeneo
catalyzed reactions of considerable technological and e
nomic importance. In fact, it is believed that dissociati
chemisorption is the rate-limiting step in many met
catalyzed reactions that convert hydrocarbons to chemi
of greater value. For example, the dissociative adsorptio
ethane has been shown to be one of the slowest eleme
steps in the oxidative dehydrogenation of ethane on platin
gauze catalysts.1 Thus, in order to successfully predict th
overall surface reactivity of saturated hydrocarbons, it is
sential to develop a fundamental understanding of alk
dissociative chemisorption. The focus of the present mole
lar beam study is the direct dissociation of a homologo
series of alkanes onto Pt~111!. Since a number of
investigations2–10 suggest that all linear and branched
kanes dissociate by a single C–H bond cleavage, we v
this investigation as an opportunity to probe how alkane s
and structure affect reactivity.

Molecular beam techniques have been extremely us

a!Corresponding author.
3960021-9606/2000/112(1)/396/12/$17.00
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for investigating the roles of translational and vibrational e
ergy in direct alkane dissociation2,10–23and in the subsequen
development of models24–28 to account for the observe
behavior. In studies of the direct dissociative adsorpt
of alkanes, reaction probabilities have been shown
increase substantially with increasing beam translatio
energy.2,10–23 In addition, at low translational energies, b
low about 70 kJ/mol, both the vibrational energy of th
reactants2,11,12,16,23and the thermal energy of the surface16

promote the direct dissociation of methane on several tra
tion metal surfaces. However, neither increasing the vib
tional energy of the alkanes nor of the surface has b
found to produce a measurable enhancement in the d
dissociation probability of any perhydrido-alkane at hi
translational energies~. 100 kJ/mol!.17–20 These observa-
tions indicate that at high incident energies the apprecia
populated, lower frequency vibrational modes of the alka
and surface remain effectively uncoupled from the react
coordinate for direct dissociation. Since C–H bond stret
ing is the most likely reaction coordinate, it was propos
that the populations of excited states of C–H stretch mo
were too low to produce an observable effect at the vib
tional temperatures employed.17,19 Recently, detectable vi-
© 2000 American Institute of Physics
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brational enhancements in the direct dissociation of CD4 and
C2D6 on Ir~110! were reported,19 and found to be most con
sistent with excitation of C–D stretching motion. Hence, t
emergent picture of direct dissociation at highET is one in
which translational energy and only C–H stretching mod
measurably affect the reaction probability.

An investigation of the direct dissociation of a series
alkanes should provide some insights on the role of mole
lar size and structure. A few similar investigations have be
reported,13,14,21 but the results are controversial. For e
ample, in the first studies of direct dissociation of metha
ethane, propane, andn-butane on Ni~100! ~Ref. 13! and
Ir~110! ~Ref. 14!, it was found that higher translational ene
gies were required to produce the same initial reaction pr
abilities for hydrocarbons of increasing chain length. T
effect was attributed to energy dissipation out of the reac
coordinate due to impulsive energy transfer to surfa
phonons. More recently, however, in experiments of the
rect dissociative chemisorption of methane, ethane, prop
and cyclopropane on Ir~110!,21 reaction probabilities were
reported to be essentially independent of molecular wei
prompting those authors to suggest that energy losses to
lattice are unimportant, and that the dissociation probabili
are simply dictated by bond energetics. However, at
highest kinetic energies used in that study the reaction p
abilities for ethane and propanedo appear to diverge. Thus
the influence of alkane complexity on the probability of d
rect dissociative chemisorption remains a question that is
yet settled.

Recently, we have reported quantitative predictions
the trapping probabilities for a series of alkanes on sev
platinum surfaces.29–33 In order to achieve such accurac
with the simulations, it was necessary to realistically d
scribe the surface corrugation~potential!, the internal struc-
ture of the alkanes, and the vibrational properties of
solid; each physical property plays an important role in d
tating the adsorption dynamics. In contrast, a theoretical
culation that quantitativelypredictsthe probability for direct
alkane dissociation has never been reported. This is ma
due to the fact that limited information exists on the mu
dimensional potential energy surfaces for dissociation. F
thermore, given the complexity of quantum dynamical c
culations, it is understandable that fewer than four degree
freedom have been included in dynamical models for me
ane dissociative adsorption.25–28 For example, the direct dy
namical model of Luntz and Harris26 only includes coordi-
nates for the molecule–surface separation, the H–CH3 bond
length, and the displacement of a surface atom. More
cently, the molecular orientation of the pseudo-diatom R
was also incorporated into a direct dynamical model
methane dissociation on Ni~111!.28 Although these models
are simple, they qualitatively reproduce~within an order of
magnitude! most of the experimental features for metha
dissociation, suggesting that, perhaps, including the ‘‘imp
tant’’ degrees of freedom is enough to capture much of
essential physics. However, effects due to molecular c
plexity, which influence the dissociation of large alkanes,13,14

cannot be rigorously predicted by the reduce
dimensionality models. The only possible effect that co
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be predicteda priori by the three-dimensional model i
greater lattice recoil for alkanes of increasing molecu
weight.

A recent statistical model proposed by Ukrainstev a
Harrison24 has the advantage of easily including many ga
surface degrees of freedom in the calculation of dissocia
probability. Hence, the statistical model can predict, in a
vance, how the dissociation probability might change for
kanes of increasing size and with different structures. T
statistical model assumes that all vibrational modes of
molecule are able to provide energy to the reaction chan
for direct dissociation. This assumption can be tested
comparing the model calculations with experimental m
surements for the direct dissociative adsorption of a var
of alkanes.

In this study, we have used molecular beams to inve
gate the direct dissociative adsorption of ethane, propa
n-butane, isobutane, and neopentane on Pt~111! as a function
of initial translational energy, initial vibrational temperatur
angle of incidence, and surface temperature. Above an
ergy threshold of about 125 kJ/mol, differences in the dis
ciation probabilities of these molecules are clearly observ
The reaction probabilities decrease with increasing ch
length for the linear alkanes, but increase with molecular s
for isobutane and neopentane. The trends in reactivity for
alkanes investigated here are best explained by conside
steric effects and assuming preferential cleavage of prim
C–H bonds. Secondary C–H bond cleavage does appe
contribute to the reactivity of propane andn-butane but only
at the highest energies examined. Calculations using the
tistical model of Ukrainstev and Harrison24 qualitatively re-
produce the trend in reactivity for the C2–C4 alkanes; the
agreement is poor for neopentane, although it is still with
an order of magnitude for all energies.

II. EXPERIMENTAL DETAILS

The molecular beam scattering apparatus employed
this study has been described in detail previously.34,35 All
experiments were performed on a Pt~111! crystal cleaned by
well-established procedures34,35 which produced the ex-
pectedp(131) hexagonal LEED pattern. Carbon monoxid
temperature programmed desorption measurements ind
the defect concentration on this Pt~111! surface to be 3.7%.22

Once calcium was removed by sputtering, only oxyg
cleaning was used to remove carbon contamination that
cumulated during the adsorption experiments. Sputtering
only occasionally necessary to remove calcium that migra
to the surface from the bulk. When impurity concentratio
were less than the sensitivity of AES~, 0.01 ML!, the sur-
face was assumed to be clean.

Alkane translational energies were varied from arou
110 to 520 kJ/mol by seeding into either helium or hydrog
and varying the nozzle temperature. Research grade alk
~ethane, Matheson 99.99%; propane, Matheson 99.9
n-butane; Matheson 99.99%; isobutane, Matheson 99.
neopentane, Scott Speciality Gases 99.0%! were used in all
of the experiments without further purification. Mass spe
trometric analysis of the beam using modulation and s
chronous detection showed no impurities in the alka
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beams. Even though trace impurities may be present in
beam gases employed~, 1%!, the adsorption of such cont
animants, even with unit sticking probability, does not affe
the measurements of the initial dissociation probabilities
the alkanes under study, since the lowest alkane adsorp
probabilities reported here are 0.05. For example, assum
1% impurities with S051 and a total beam flux o
1014cm22 s21, the coverage of contaminants which wou
develop during the initial pressure drop in the King a
Wells trace could only be as high as about 0.0003 monola
for the 0.3 s typically required to complete the initial pre
sure drop. Such a small level of contamination would ha
no effect on measurements of the initial alkane adsorp
probability for S0 values of 0.05 and higher.

Translational energies were measured by modulating
beam at frequencies near 650 Hz and monitoring the prim
mass fragment of each alkane~ethane,m/q528; propane,
m/q529; n-butane,m/q543; isobutane,m/q541; neopen-
tane, m/q557) with the rotatable mass spectrometer in
phase-sensitive detection mode. The phase difference
tween the signals detected at the front and back of the ch
ber was used to calculate the alkane flight time across
chamber. For the translational energies used in these ex
ments, and for the nozzle conditions employed, the be
velocity distributions are expected to be very narrow36

reaching velocity spreads only as high as about 5%.
achieve high translational energies, the nozzle tempera
TN , was increased as high as 760 K. Even at the high
nozzle temperature, the composition of the beams, accor
to mass spectrometric analysis, was identical to the com
sitions of beams generated from a room temperature no
source, which indicates that the alkanes did not decomp
in the nozzle at high temperatures. It is also important to n
that the beams generated at the highest temperatures
seeded into hydrogen, which inhibits dehydrogenation.

The vibrational temperature of the alkanes in the be
was altered by changing the temperature of the gas in
nozzle source. Supersonic molecular beams were gene
by expanding a gas mixture of less than 20% alkane inhe-
lium or hydrogenthrough a nozzle with a diameterD of 55
mm at total pressuresp from 760 to 1140 Torr, which yields
pD ranging from 4.2 to 6.3 Torr cm. For similar expansio
conditions ~source pressure, nozzle diameter, and alk
concentration!, but usingargonas the beam dilutent, signifi
cant vibrational cooling has been reported by Mayeret al.37

for methyl formate, pentanol, andn-pentane, and by
Amirav et al.38 for large aromatic hydrocarbon
(C14H10,C18H12,C22H14,C32H14). However, whenhelium is
used as the carrier gas, laser-induced fluorescence spe
copy indicates that vibrational cooling is negligible even
low- frequency modes for large hydrocarbons at source p
sures of around 1 atm (pD511.4 Torr cm), and only be
comes significant at source pressures higher than 10
(pD5114 Torr cm).38 The authors suggest that velocity sl
between the large hydrocarbons and light carrier gases
sults in inefficient vibrational energy transfer during the e
pansion. Since we have only used hydrogen and helium
seed gases, it is reasonable to assume that for the rangepD
we employed vibrational relaxation is negligible for all of th
he
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beams used in our experiments, and that the vibrational t
perature of the alkanes is equal to the nozzle temperatu

Direct sticking probability~DSP! measurements wer
conducted with the stationary mass spectrometer using
reflectivity method of King and Wells.39 A moveable, gold-
plated flag was placed in front of the Pt~111! crystal which
blocks the beam. The flag was assumed to be inert to r
tion over the entire range of kinetic energies studied. Si
carbon accumulation is known to passivate surfaces tow
direct collisional activation of alkanes, even if there is som
initial reactivity, the flag must be inert to reaction with th
molecules in the beam, since the experimental results w
reproducible over long periods of time, separated by wee
A reference background partial pressure of alkane is p
duced when the beam strikes the flag, since none of th
alkanes adsorb on the gold-plated surface. Rapid remova
the flag from in front of the crystal results in a transie
decrease in the alkane partial pressure due to adsorption
the Pt~111! surface, which provides an absolute measu
ment of the adsorption probability in the zero coverage lim
S0 . Alkane partial pressures in the UHV scattering cham
were measured by monitoring the intensity of the larg
alkane mass fragment. The error in determination of adso
tion probability using this method is about60.02. For al-
kane beams seeded in hydrogen it was necessary to per
experiments at surface temperatures of 500 K and highe
order to avoid significant amounts of hydrogen accumulat
on the surface. It is noted that trapping-mediated reaction
Pt~111! was not observed for ethane and propane at any
cident condition, and that the trapping-mediated reaction
the larger alkanes only occurs to an appreciable extent
ET,100 kJ/mol.22 Thus, contributions from trapping
mediated reaction are negligible in measurements ofS0 at
ET.100 kJ/mol andTs.500 K.

III. RESULTS

Shown in Fig. 1 is the initial probability of direct disso
ciative adsorption for C2H6, C3H8, n-C4H10, i -C4H10, and
neo-C5H12 as a function of the initial normal energy,En

5ET cos2 ui , at T25500 K, whereET is the initial transla-
tional energy of the alkane andu i is the angle of incidence
with respect to the surface normal. For each alkane, the
tial probability of direct dissociative adsorption increas
monotonically withEn . This is not surprising, since norma
energy scaling has been observed for all alkanes directly
sociating on most transition metal surfaces,2,10–17,19–23in-
cluding previous measurements reported for CH4,

15,16

C2H6,
17 and neo-C5H12 ~Ref. 22! dissociation on Pt~111!.

The dependence ofS0 on the initial normal energy indicate
that molecular translation directed along the surface nor
is highly effective at promoting direct alkane dissociatio
whereas parallel translation remains uncoupled from the
action coordinate. Interestingly, the initial probability ofmo-
lecular adsorption exhibits a much weaker dependence
the incident angle for each of these alkanes,33,40,41indicating
that parallel momentum conversion to surface vibrations
other molecular motions influences molecular trapping.
though parallel momentum exchange is significant in non
active collisions, it appears to have a negligible effect on
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direct dissociative adsorption of alkanes. Further, disso
tion probabilities shown in Fig. 1 exhibited no measura
surface temperature dependence for 500,Ts,1000 K, also
in agreement with other investigations.2,10–15,17–22

Increasing the initial vibrational energy of the alkan
with the nozzle temperatures employed~Table I! does not
lead to an observable enhancement in the probability of
rect dissociation beyond that produced by translational
ergy for any of these alkanes within the experimental er
limits (60.02) over the entire range ofEn . Assuming that
vibrational relaxation in the molecular beams is negligib
for our experimental conditions,38 the average vibrational en
ergy of the alkanes is computed from a Boltzmann distri
tion characterized by the nozzle temperature. As seen
Table I, the nozzle temperatures used for each alkane
duced a wide range of initial vibrational energies. The n
pentane data have been replotted in Fig. 2 to explicitly sh
the variation inTN for a representative set of data poin
Notice that the reaction probabilities measured at the s

FIG. 1. Initial probability of direct dissociative chemisorption of etha
~l!, propane~* !, n-butane~m!, isobutane~s!, and neopentane~h! on
Pt~111! as a function of initial normal translational energy,ET cos2 ui , at a
surface temperature of 500 K. Incident angles ranging from 0° to 45° w
used in these measurements for each alkane. Energy is given in un
kJ/mol.

TABLE I. Total energy in all excited states of all vibrational modes for ea
alkane for the lower and upper limits of nozzle temperature employed.

Nozzle temperature,TN(K) ^Ev& (kJ/mol)

Lower Upper Lower Upper

ethane 770 920 24.2 36.2
propane 385 665 8.5 31.4
n-butane 285 710 7.4 54.0
isobutane 435 710 19.0 54.7
neopentane 285 760 10.5 83.8
a-
e

i-
n-
r

-
in
o-
-
w
.

e

En but differingEv are identical within the error limits of the
measurement~Fig. 2!. For example, at an incidentEn of 200
kJ/mol there is no difference inS0 for neopentane having
vibrational energies of 10.5 and 55.0 kJ/mol~Fig. 2!. Many
of the overlapping data points in Fig. 1 were also measu
at the sameEn but different TN . Thus, vibrational modes
that are appreciably populated under these experimental
ditions must be relatively uncoupled from the reaction co
dinate during the time scale for direct dissociation for all
these alkanes. Tables with the populations of vibrationa
excited states for methane and ethane at similar tempera
as those used here are documented in Refs. 17 and 19
these temperatures, C–H stretch modes are too weakly p
lated for them to enhance the reaction probability.17–20

Below normal translational energies of about 125
mol, whenS0 is less than 0.10, the reaction probabilities a
constant energy are indistinguishable for different alkan
Similar observations were made by Kellyet al.21 for the di-
rect dissociation of methane, ethane, and propane on Ir~110!
for kinetic energies up to 105 kJ/mol. However, above n
mal translational energies of 125 kJ/mol there are disti
differences in the direct dissociation probabilities of the
kanes under study~Fig. 1!, and these differences becom
more discernible with increasing energy. Specifically, a
constantEn , S0 decreases in the order C2H6;neo-C5H12

.C3H8; i -C4H10.n-C4H10. Similar differences in reactiv-
ity were most likely undetectable in the experiments of Ke
et al.21 since their comparisons were limited toEn

,105 kJ/mol.

re
of

FIG. 2. Initial probability of direct dissociative chemisorption of neopenta
on Pt~111! as a function of initial normal translational energy,ET cos2 ui , at
a surface temperature of 500 K. As indicated in the figure legend, the v
ous symbols correspond to beams generated at the specified nozzle tem
tures. Filled symbols are for vibrationally hot beams and open symbols
for the colder beams.
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IV. DISCUSSION

A. Energy dissipation

The general trend of reactivity of the linear alkanes
Pt~111! agrees qualitatively with previous measurements
alkane direct dissociation on Ni~100! ~Ref. 13! and Ir~110!
~Ref. 14!. Specifically, we observe here that linear hydroc
bons of increasing molecular weight require higher trans
tional energies to exhibit the same initial dissociation pro
ability on Pt~111!. In contrast, the dissociation probabilitie
of isobutane and neopentane do not continue this trend
dicative of more complex structural effects. Previously,
was suggested that the apparent dissociation barriers inc
with molecular weight due to greater energy dissipation
of the reaction coordinate and to the surface.13,14 It was
shown that theS0(En) curves for the linear alkanes could b
reasonably well collapsed to a universal curve when the
ergy axis was rescaled toEn2D, whereD is the energy loss
to the surface predicted by the hard--cube model.42 Although
these were logical arguments, the increases inS0 for isobu-
tane and neopentane~Fig. 1! relative ton-butane~at a fixed
kinetic energy! clearly defy such a simple explanation.
different interpretation is required to explain the observ
behavior for all of the alkanes investigated.

Internal excitation of alkane vibrations is expected to
significant at the high energies which produce direct dis
ciation. For example, in recent trajectory calculations of
kane trapping on Pt~111!,33 collisional excitation ofC–C–C
bending modes is appreciable even for incident energies
than 100 kJ/mol; excitation of the skeletal torsional mode
n-butane is very facile at these energies. Since our meas
ments indicate that alkane vibrations remain uncoupled fr
the reaction coordinate for direct dissociation, it is conce
able that collisional excitation of low-frequency vibration
reduces the energy available for bond cleavage. Howeve
produce the differences in reactivity for the alkanes inve
gated here, the collisional energy transfer to vibration wo
need to be significantly different for each alkane. For e
ample, the initial normal energies required to produceS0

50.5 for both neopentane andn-butane differ by more than
100 kJ/mol~Fig. 1!. This energy difference is certainly muc
greater than any difference in vibrational excitation for the
species. Thus, even if vibrational excitation influences
reaction probability, it cannot solely account for the trends
reactivity of the alkanes currently under study.

B. Selective bond scission

To better understand the observed trends in reactivit
is useful to review what is known about selective bond sc
ion in alkane dissociation. It is very reasonable to assu
that cleavage of a single C–H bond is the initial reaction s
in the direct dissociation of each of the alkanes we h
investigated. First, several experiments indicate that C
bond cleavage is more energetically favorable than C
bond cleavage in the trapping-mediated dissociation of lin
and branched alkanes on transition metal surfaces.3–7 Addi-
tionally, results based on direct spectroscopic iden
cation2,9,10 and kinetic isotope effects8,19,20 strongly support
the notion that a single C–H bond breaks in the direct d
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sociation of noncyclic alkanes. In particular, using reflectio
absorption infrared spectroscopy, Chesterset al. have ob-
served that ethyl10 and neopentyl9 groups, respectively, are
formed at low surface temperatures in the direct dissocia
adsorption of ethane and neopentane on Pt~111!. There is
also a strong possibility that certain C–H bonds are se
tively broken, i.e., 1° vs. 2° or 3° C–H bonds. In trappin
mediated dissociation,3–5 the activation energies for C–H
bond scission appear to decrease in the order suggeste
bond energetics, i.e., 1°.2°.3°. However, contrary to pre
dictions based on bond energetics, a single molecular b
investigation employing propane isotopes indicates that
C–H bond cleavage is highly favored over 2° C–H bo
cleavage in the direct dissociation of propane on Ir~110!.8

Apparently, steric effects favor cleavage of 1° C–H bonds
direct alkane dissociation.

C. Theoretical descriptions

In order to fully understand how molecular size a
structure influences alkane reactivity, it would be most de
able to have detailed dynamical information on the dissoc
tion process. Unfortunately, a complete dynamical desc
tion would require complicated multi-dimensional calc
lations which account for the ‘‘inactive’’ degrees of freedo
in the molecules. More tractable approaches for compu
dissociation probabilities are the reduced dimensionality
namical models25–28 and the statistical model of Ukrainste
and Harrison.24 Since the dynamical and statistical mode
offer fundamentally different viewpoints of the dissociatio
process, we consider interpretations of our current res
from each perspective.

The original surface mass model of Luntz and Harri26

includes three degrees of freedom which describe
alkane–surface separation, the displacement of a sur
atom, and the bond distance of the pseudo-diatomR– H,
whereR represents an alkyl group. Assuming a similar p
tential hypersurface for each alkane, the three-dimensio
~3D! model could only predict greater lattice recoil for a
kanes of increasing molecular weight, which our current
sults indicate is not the primary cause of differences in
reactivity of large alkanes. Recently, steric effects have b
empirically accounted for in dynamical calculations by co
puting the dissociation probabilities of methane using the
model and then averaging these values over a Gaussian
tribution of barrier heights.27 Although this approach ha
produced better agreement with experimental measurem
it does not differentiate between the possible steric effe
i.e., molecular orientation, impact site, etc.

Dynamical calculations which explicitly include the mo
lecular orientation of the R–H diatom have recently be
reported by Jacksonet al.28 for the dissociative adsorption o
methane on Ni~111!. The orientational dependence of th
potential energy function that they used was based onab
initio calculations of the transition state configuration f
methane dissociation on Ni~111!,43 which indicated that the
saddle point region of the reactive methane–Ni~111! poten-
tial is narrow with respect to the polar orientation of th
molecule. Consequently, at high kinetic energies the dis
ciation probability of methane is very sensitive to the init
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orientation of the diatom (R– H), differing by as much as a
factor of 2 for molecules with different initial bond
alignments.28 For larger alkanes, we expect that the react
gas–surface potentials are similar to that for methane,
that the probability for dissociation also depends on the b
alignment during the gas–surface collision. Moreover, if p
mary C–H bond cleavage is the dominant reaction pathw
for large alkanes, the probability of an alkane encounter
the surface in a reactive orientation would depend sign
cantly on the molecular structure of the alkane.

The transition state configuration for methane dissoc
tion on Ni~111!, predicted in several, independent theoreti
investigations,43–46 may provide justification for assumin
that primary C–H bond cleavage is the favored react
pathway for large alkanes. In the computed transition s
geometry~Fig. 3!, the reactive C–H bond is stretched to
length of 1.53 Å and forms an angle of 55° with the surfa
normal, two of the nonreacting C–H bonds are in a pla
which is tilted by 80° from the surface normal, and the
maining C–H bond is directed away from the surface. Al
the C3v axis of the nonreacting methyl group is rotated
30° from the reactive bond due to deformation of the m
ecule. For a large alkane, if a CH2 or CH group is placed in
this transition state configuration, one or more of the non
acting CHx groups of the alkane would be very close to t
surface, at a distance where the gas-surface repulsion is
~positions II and III, Fig. 3!. In contrast, if a methyl group o
an alkane (R-CH3) adopts this transition state configuratio
the repulsive gas–surface interaction would be minimiz
when the larger, inactive side-group~R! is in the position
farthest from the surface~position IV, Fig. 3!.

Repulsive energies were computed for propane
Pt~111! for molecular configurations consistent with 1° a
2° C–H bond cleavage. The pairwise-additive Morse pot
tial which was used in these calculations treats the Cx

groups of propane as single interaction centers and use
same parameters for both CH2–Pt and CH3–Pt atom interac-
tions. Since this single potential energy function quant
tively simulates the molecular adsorption dynamics

FIG. 3. Geometry of the transition state configuration of methane
Ni~111! as reported in Refs. 42–45. Distances are given in angstroms.
e
nd
d

-
y
g
-

-
l

n
te

e
e
-
,

-

-

rge

d

n

-

the

-
f

ethane, propane,n-butane, isobutane, and neopentane
Pt~111!,33 it is believed to be an accurate representation
thephysicalalkane–Pt~111! interaction. Indeed, the most en
ergetically favorable configurations for both primary a
secondary C–H bond cleavage of propane are those w
maximize the distance between the surface and the inac
alkyl side groups~Fig. 4!. For the minimum energy configu
ration for primary C–H bond cleavage@Fig. 4~a!#, the dis-
tance between the carbon atom of the ‘‘reacting’’ CH3 group
and the surface plane was set at 1.02 Å in the model ca
lations in order to yield a repulsive energy of 69.9 kJ/m
i.e., exactly the energy at the transition state for meth
dissociation on Ni~111!.43 For a distance of 1.02 Å betwee
the CH2 group and the surface, the repulsive energy w
determined to be 125.0 kJ/mol for the minimum energy co
figuration for secondary C–H bond cleavage@Fig. 4~b!#; this
energy is 55.1 kJ/mol greater than that for primary C–
bond cleavage. Thus, based on the transition state config
tion computed for methane dissociation, 2° or 3° C–H bo
cleavage of alkanes is expected to be less energetically
vorable than 1° C–H bond cleavage due to greater repul
between the surface and the inactive alkyl side groups.

The trends in reactivity for the alkanes investigated h
may arise from differences in the steric factors for dire
primary C–H bond cleavage, i.e., the probability of a
C–H bond being appropriately oriented at the surface at
pact. In order to test this idea, a nonreactive molecular
namics~MD! model was used to compute ‘‘steric factors
for each alkane, which were then compared to the rela
dissociation probabilities of the molecules under investi
tion. For simplicity, the steric factor47 was defined as the
probability ~P! of a CH3 group of the alkane being closest
the surface at impact, i.e., the classical inner turning poin
the molecular center of mass. The MD model used for t
analysis is the same as that mentioned above; the CHx groups
of the alkanes are treated as point masses, and a single,
wise CHx–Pt Morse potential was used for all alkanes.33 For

n
FIG. 4. Minimum energy configurations for~a! primary C–H bond cleavage
and~b! secondary C–H bond cleavage of propane on Pt~111!, based on the
computed transition state geometry for methane dissociation on Ni~111!
~Refs. 42–45!. The repulsive energies indicated for these configuratio
were computed using a Morse potential as described in the text an
previous work~Ref. 33!.
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a fixed initial energy and angle of the alkanes, ea
molecule-specific steric factor was computed from 2000
jectories, each initiated at random molecular orientatio
impact sites, and vibrational phase of the surface atoms

To better illustrate how the steric factors were det
mined from this analysis, the distribution of orientatio
angles at the inner turning point is shown in Fig. 5 for
trajectories~white bars! of isobutane initially with 200 kJ/
mol translational energy, and for only those molecules wh
impact with a methyl group closest to the surface~shaded
bars!. The orientation angle for isobutane is defined as
angle between the C3v axis and the surface normal. AtET

5200 kJ/mol, the steric factor is found to be 0.85 for isob
tane, i.e., 85% of the isobutane molecules impact with
methyl group closest to the surface, which corresponds
nearly all of the isobutane orientations fora,160° ~Fig. 5!.

Interestingly, the orientational distributions at impa
with the surface are predicted to be nonrandom for all of
alkanes investigated here. This behavior originates from
sudden rotational excitations experienced by molecules
versing therepulsivepart of the potential. In general, mo
molecules only rotate through a small angle~,10°! before
reaching the inner turning point since the repulsive inter
tion occurs on a very short time scale. However, the ang
displacements are significant~up to 50°! for molecules which
experience a large torque. Consequently, the distribution
orientations at the inner turning point is more highly pop
lated with orientations for which the torque on the molec

FIG. 5. Distribution of orientation angles at the inner turning point
isobutane initially with 200 kJ/mol translational energy and at normal in
dence with Pt~111!. White bars are for all trajectories and shaded bars
only for molecules that reached the inner turning point with a methyl gr
closest to the surface. Sample configurations of isobutane are shown i
lower panel to indicate that the orientation anglea is defined as the angle
between the C3v axis and the surface normal.
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is balanced, and is depleted at orientations which initia
subject the molecules to a large torque. For example, iso
tane has a tendency to reach the inner turning point with
symmetry axis parallel to the surface normal~Fig. 5!. Both
the orientational distributions and the steric factors w
found to be independent of the initial translational energy
ET575 to 350 kJ/mol; this is also a consequence of the sh
time over which the repulsion is operative. In contrast,
steering effect previously reported by Grosset al.48 for H2

dissociative adsorption diminishes with increasing incid
kinetic energy, and is only important at energies less th
about 20 kJ/mol. In H2 steering, the attractive forces of th
reactive gas–surface potential guide impinging molecu
along low-energy pathways for dissociation. Indeed,
gentle steering produced by a reactive gas–surface pote
is fundamentally different from the sudden molecular reo
entation caused by the physical gas–surface repulsion.
nally, it is noted that steric factors evaluated from rando
molecular orientations differed by only up to 20% from tho
at the inner turning point; however, the latter do provide
more consistent description of the experimental trends.

The energy independence of the steric factors gre
simplifies the present analysis, since a unique steric facto
each molecule can be defined for all energies. The st
factors were determined to be the following; 1.0 for etha
and neopentane, 0.85 for isobutane, 0.72 for propane,
0.64 forn-butane. Remarkably, the steric factors decreas
essentially the same order as the reaction probabilities of
alkanes. In fact, for energies less than about 275 kJ/mol
reaction probabilities of all of these alkanes nearly collap
onto a universal curve~Fig. 6! when scaled by the steri
factors given above, i.e.,S0

15S0 /P, whereP is the steric
factor. However, at energies greater than 275 kJ/mol the

-
e
p
the

FIG. 6. Initial probability of direct dissociative chemisorptionS0 divided by
the steric factorsP reported in the text.
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action probabilities of propane andn-butane exceed thos
predicted by the steric factors for primary C–H bond clea
age. This may indicate that secondary C–H bond cleav
also contributes to the reactivity of propane andn-butane at
high energies. Overall, the trends in reactivity for the alka
under investigation appear to be primarily attributable to
differences in the steric factors for primary C–H bond clea
age.

D. Description and application of the statistical model

The statistical model24 for direct dissociative adsorptio
circumvents the difficulties inherent in dynamical calcu
tions, and it is important to assess its utility as a se
empirical predictive model of the reactivity for a homol
gous series of reactants. As will be discussed,
applicability of the statistical model necessitates a very
ferent physical interpretation of the reaction process co
pared to that inferred from dynamical considerations.

The statistical model for direct dissociative adsorption
based on the Rice–Ramsperger–Kassel–Marcus~RRKM!
theory for unimolecular reactions. There are two related,
distinct, assumptions in RRKM theory. The first conside
that the states of the energized reactants can be repres
by an equilibrium microcanonical ensemble, i.e., for a giv
energy each state is equally probable. The other assump
is that each member of the ensemble has an equal opp
nity of reacting. These criteria for statistical behavior will b
met if the rate of intramolecular vibrational energy redist
bution ~IVR! in the energized reactant is much faster th
any reaction rate, since under this condition the reactants
explore all of the available phase space, including the
gions that connect the reactants and products. It is impor
to note that the normal translational energy must be invol
in the energization process according to this theory.

In order to describe direct dissociative adsorption,
RRKM postulates were applied to a ‘‘collision complex
composed of the alkane and a local cluster of surf
atoms.24 Since gas–surface collisions occur at random
pact conditions, the ensemble of collision complexes sam
a relatively large region of configurational phase space p
to intramolecular energy exchange. If, in addition, vibr
tional excitation is efficient in alkane-surface collisions, th
the distribution of states of the collision complex might
nearly ergodic. However, if appreciable reaction probabilit
only occur for specific molecule-surface configurations, it
unlikely that every trajectory will have an equal opportun
to react during the collision time. Furthermore, even if
microcanonical ensemble gives a close approximation to
actual distribution of states, statistical decay from this po
lation via reaction or desorption requires that intramolecu
energy exchange throughout the collision complex be v
rapid, occurring on a time scale that is less than the cha
teristic time for a gas–surfacecollision (;10213s). Esti-
mates of typical IVR times in gas-phase alkyl radicals
very close to but not shorter than gas–surface collis
times.49,50 For example, Rabinovitch and co-workers50 have
shown that the time for intramolecular energy exchange
excited sec-butyl radicals is at most 2310213s. Nonethe-
less, in order to invoke a purely statistical description
-
ge

s
e
-

-
i-

e
-
-

s

t
s
ted

n
ion
tu-

n
an
-
nt
d

e

e
-
le
r

-

s
s

e
-
r
y
c-

e
n

n

f

alkane chemisorption, the IVR rates may need to be m
faster than the values indicated in gas-phase results.

We now briefly review the statistical model of Ukrain
stev and Harrison and describe our application of this
proach for the molecules we have investigated. For a for
derivation of the statistical theory of direct dissociati
chemisorption the reader is referred to the original Ref.
and to more general texts on RRKM theory.49,51–54An ex-
pression for the initial probability of dissociative chemisor
tion was formulated by considering that the collision co
plex can decompose through one of two channels, desorp
~D! or reaction~R!. Desorption indicates that the alkane mo
ecule and surface-cluster separate, and reaction means
an alkane C–H bond is broken. The general expression
the initial probability of dissociative chemisorption derive
from the statistical model is the following;

S0~E!5
aRWR~E2ER!

aRWR~E2ER!1WD~E2ED!
, ~1!

whereaR is the reaction path degeneracy andER andED and
WR(E2ER) and WD(E2ED) are the energy barriers an
sum of states of the activated complex for reaction and
sorption, respectively. For these systems, the reaction
degeneracy is equal to the number of equivalent bonds
can break in a particular alkane molecule. The energyE is
referenced to the bottom of the physisorption well and,
such, is given byE5En1Ei1ED , whereEn is the normal
translational energy of the alkane andEi is the total internal
energy of the complex, both of which are assumed availa
for reaction. The total internal energy is given byEi5Ev
1Er1Ez , whereEv are Er are the initial vibrational and
rotational energies of the alkane andE2 is the thermal energy
of the surface cluster.

The semi-classical approximation of Whitten an
Rabinovitch52 is used to compute the sum of states, lead
to the following working formula for the dissociation prob
ability for a reactant withv ‘‘active’’ degrees of freedom in
the collision complex;

S0~E!5F11
vD~En1Ei1aDEz,D!v21

aRvR~En1Ei1aREz,R2E0!v21G21

, ~2!

whereaDEz,D andaREz,R are the products of the Whitten
Rabinovitcha-factors and the zero-point energies of the a
tivated complexes for desorption and reaction, respectiv
The values of the empiricala-factors are increasing function
of the total freely exchangeable energy of the complexes1,52

and determine the fraction of the zero-point energy to
used in computing the sums of states for the desorption
reaction complexes at a given total energy. The frequen
of modes associated with the reaction coordinates for des
tion and reaction are given byvD andvR . Generally,vR is
taken to be a normal mode of the reactant. In principle, t
expression contains only three adjustable parameters:~1!
vD , the vibrational frequency associated with the react
coordinate of the activated complex for desorption,~2! E0 ,
the critical energy required to break a specified bond in
alkane, and~3! v, the number of active degrees of freedo
of the complex. The active degrees of freedom~DOF! are
motions that can freely exchange energy prior to disso
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TABLE II. Parameters used in the statistical calculations as defined in the text. The number of active d
of freedom,v, is v53N11, whereN is the number of atoms in an alkane. ThevR are asymmetric CH3
stretching frequencies and are taken from Refs. 56 and 57. The reaction path degeneracy,aR , is the number of
1° C–H bonds in an alkane, and are assumed to be the only reactive bonds. The parameters not show
table areEo andvD , which were set at 56.0 kJ/mol and 130 cm21, respectively, for each alkane.

Ethane Propane n-butane Isobutane Neopentane

Active DOF,v 25 34 43 43 52
vR(cm21) 2985 2977 2968 2958 2975
aR 6 6 6 9 12
i-
pi

na
co

s

d
o

r

l
om

o

b
sl
le
rr
te

io
th

-
on
ns
-

t
n
n
er
si

e

m
d
m
es

s

d

s

ap-

ber
e

ig.
u-

.

i-

as a

alcu-
tion. The frequencyvD corresponds to a perpendicular v
bration of the alkane in the physisorption well and has ty
cal values ranging from 50 to 200 cm21. The initial
rotational energy of the molecule and normal translatio
energy are considered as exchangeable energies of the
sion complex, and are assigned frequencies ofvD for the
sums of states calculations. They contribute four degree
freedom to the total number of active DOF. All 3N-6 vibra-
tional degrees of freedom of theN-atom alkane are assume
to be active in contributing to dissociation, and the cluster
surface atoms contributess degrees of freedom, yielding fo
the total number of active degrees of freedomv53N-614
1s. For methane dissociation on Pt~111!,24 s was set equa
to three to correspond to the vibrations of three surface at
in the direction perpendicular to the surface, since, based
the observation that the reaction probability scales with n
mal energy, parallel modes are considered inactive.24

In a molecular beam experiment, the measured proba
ity for dissociative adsorption is an average over the tran
tional and internal energy distribution of the beam molecu
and surface-cluster. Since a molecular beam has a na
velocity distribution, a delta function is used to approxima
the translational energy distribution. A Gaussian distribut
is used to represent the internal energy distribution of
collision complex. Thus, the values ofS0(En) are computed
by averagingS0(En1Ei) over the internal energy distribu
tions as specified by the surface temperature and vibrati
and rotational temperatures for each measurement. Co
tent with Ukrainstev and Harrison,24 the vibrational tempera
ture is assumed to correspond to the temperature of
nozzle, and since substantial rotational cooling occurs i
supersonic expansion the rotational temperature is take
10% of the nozzle temperature. The average internal en
and variance of the Gaussian distribution are computed u
heat capacity data55 and spectroscopic data56,57 for the vibra-
tional frequencies of the alkanes and surface. It has b
pointed out by Engstrom and co-workers58 that the frequen-
cies of the transition state for dissociation might differ fro
those for the isolated alkane molecule, and, hence, coul
treated as adjustable parameters. Lacking detailed infor
tion on the transition state configurations for each of th
alkanes, the vibrational frequencies56,57 of the gas-phase
molecules were used in the computations.

The parametersv and vD were maintained at value
consistent with Ukrainstev and Harrison,24 v53N11 and
vD5130 cm21. We assume that only primary C–H bon
cleavage contributes to direct dissociation and setvR at the
values of asymmetric stretching frequencies of CH3 groups
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for each molecule.56,57 The best fit of the ethane data wa
found using the parameters specified above withE0

556.0 kJ/mol. Since primary C–H bond energies are
proximately the same in these alkanes,59 the same value of
E0 was used in all the calculations ofS0 for the larger al-
kanes in order to examine the effect of increasing the num
of vibrational degrees of freedom. Table II lists all of th
parameters used in the computations.

E. Predictions of the statistical model

The predictions of the statistical model are shown in F
7 for each of the alkanes investigated with each point sim
lated at the values ofET and TN used in the experiments
Additionally, the computed values ofS0 for each molecule
are compared with the experimental data~Fig. 8!.

FIG. 7. Predictions of the initial probability of direct dissociative chem
sorption of ethane, propane,n-butane, isobutane, and neopentane on Pt~111!
using the statistical model described in the text. The data is shown
function of initial normal translational energy,ET cos2 ui , and the surface
temperature is constant at 500 K. The parameters used in the model c
lations are given in Table II for each molecule.
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Qualitatively, the overall agreement illustrated in Fig.
is very good. However, there is significant spread in t
graph ofS0 versusEn ~Figs. 7 and 8! for points simulated
with similar normal translational energies but different init
vibrational energies, since the model predicts a vibratio
enhancement from all modes; this effect isnot observed ex-
perimentally. Also, asEn decreases,S0(stat) falls below
S0(exp) ~Fig. 8!, and, consequently, the model consisten
underestimates the dissociation probability for all molecu
but ethane at all but the highest energies. The steep ris
the dissociation probability withEn predicted by the mode
is highly sensitive to the energy dependence of the te
aREzR in Eq. ~2!, i.e., the product of the Whitten–
Rabinovitch factor and the total zero-point energy of the
action complex. Since increasing the incident energy fr
100 to 500 kJ/mol is accompanied by a sizeable incre
~;30%! in aREzR for all molecules, a more significant en
ergy dependence of the reaction probability is predicted t
if the sum of states for the reaction complex were evalua
using a constant fraction of the zero-point energy for all to
energies. However, since the Whitten–Rabinovitch appro
mation has been shown to yield accurate sums of ene
states for various molecules,52 the strong energy dependen
of S0(stat) compared withS0(exp) is probably not due to a
error in the sum of states calculation, but is simply an ad
tional manifestation of the problems associated with us
the statistical treatment to describe direct alkane dissocia

To better illustrate thetrendspredicted by the statistica

FIG. 8. Comparison of the dissociation probabilities predicted using
statistical model~s! along with the experimental data for ethane~l!, pro-
pane~* !, n-butane,~m!, isobutane~d!, and neopentane~h!. The data is
shown as a function of initial normal translational energy,ET cos2 ui , and
the surface temperature is constant at 500 K. The parameters used
model calculations are given in Table II for each molecule.
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model, the computed values ofS0 for each molecule shown
in Fig. 7 were simply fit by sigmoidal curves which ar
shown in Fig. 9 without the experimental data. Remarkab
the predictions are in goodqualitative agreement with the
experimental trends inS0 for ethane, propane,n-butane, and
isobutane. However, the prediction is poor for neopenta
its values forS0 lying very close to those ofn-butane.

The best agreement between the model and experime
trends resulted by assuming that only primary C–H bo
cleavage occurs in direct alkane dissociation. For exam
by using the same activation energies for 1°, 2°, and 3° C
bonds, the statistical model predicts nearly identical val
of S0 for isobutane andn-butane, which is contrary to the
experimental results. In addition, if the activation energ
for 2° and 3° C–H bond cleavage are reduced by any amo
from the value used for 1° C–H bonds, the trends predic
by the statistical model deviate even more from experime
Thus, along with previous experimental findings f
propane,9 the predictions from the statistical model suppo
the idea that 1° C–H bond cleavage is the dominant reac
pathway in the direct dissociation of the alkanes investiga
The differences in reactivity predicted by the model for the
alkanes are primarily attributable to two factors;~1! the num-
ber of active degrees of freedom, and~2! the reaction path
degeneracyaR , i.e., the number of 1° C–H bonds. Th
higher value ofS0 for isobutane compared withn-butane is
due entirely to isobutane having more reactive bonds (aR

59 vs. 6!. In addition, the sums of states for both the d
sorption and reaction complexes are much greater for
larger alkanes.However, since all energy above the vacuu
zero is available for desorption, whereas only energy in
cess of the barrier height is available for reaction, the sum
states for desorption increases more substantially with

e

the

FIG. 9. Sigmoidal curves fit to the statistical predictions. The data is sho
as a function of initial normal translational energy,ET cos2 ui , and the sur-
face temperature is constant at 500 K. The parameters used in the m
calculations are given in Table II for each molecule.
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kane size than that for reaction. Thus, increasing the degree
of freedom favors desorption over reaction, since less of
total phase space corresponds to reactive conditions,
lowersS0 at a givenEn . However, even with the increase
value of aR , the predicted values ofS0 for neopentane are
much lower than the experimental values, indicating that
effect of increasing the degrees of freedom is overestima
for neopentane by this approach.

F. Dynamical versus statistical interpretation

The statistical model assumes that, during the time s
of a single gas–surface collision, energy in any molecu
mode of motion can flow into and activate a C–H bond d
to rapid energy exchange among all molecular vibratio
Under this assumption, all forms of energy~translational,
vibrational, surface! are equally effective in promoting dis
sociation. However, in our experiments, only translatio
energy directed along the surface normal enhances the p
ability for dissociation, and neither initial vibrational energ
nor surface temperature measurably affects the reac
probability. Thus, it appears that direct alkane dissociat
cannot appropriately be explained in terms of a strong c
pling model in which all internal vibrational modes are ab
to provide energy to the reaction coordinate during the c
lisional lifetime. Rather, the probability for direct alkane di
sociation depends only on the energy in specific motio
namely, perpendicular translation, and possibly C–H stre
ing.

In addition, since the statistical model is based on a u
molecular decomposition that is independent of spatial
entation, the steric conditions of the gas–surface collision
not properly accounted for in the model. Moreover, the ba
of the RRKM theory is that prior to reaction each trajecto
has sufficient time to explore all of the momentum and p
sition coordinates that are consistent with a given ene
Thus, in applying the RRKM postulates to a theory of dire
dissociative adsorption, it is implied that every trajectory c
explore all of the configurational space during a single ga
surface collision. In reality, molecules will only sample
limited range of configurations during the collision tim
Moreover, for direct gas–surface reactions with string
steric requirements, a significant fraction of trajectories w
be essentially prohibited from accessing the dissocia
channel, suggesting that it is particularly unreasonable fo
theoretical treatment to neglect the influence of bond ali
ment in the direct dissociative adsorption of large molecu

Although the predictions of the statistical model are
qualitative agreement with the trends in reactivity for the2
to C4 alkanes, we believe that this agreement arises bec
the competing effects which determine the probability
dissociation in the statistical model, the sums of states
reaction path degeneracies, qualitatively change in the s
way as the geometrical factors for these alkanes. The
that the effect of initial vibrational energy predicted by t
model disagrees with our measurements is convincing
dence that the assumptions of the statistical model over
plify the actual physical mechanism for direct alkane dis
ciation. The discrepancies between the calculations of
e
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model and the experimental results for neopentane lend
ther support to this conclusion.

As discussed in Sec. IV C, the trends in reactivity for t
alkanes investigated here are best explained by conside
how geometrical factors for each molecule determine the
tributions of favorable orientations for primary C–H bon
cleavage. Our conclusion is based on previous findings fr
both ab initio and dynamical calculations of CH4 dissocia-
tion on Ni~111! which indicate that the reaction probability
very sensitive to the initial bond alignment.28,43–46In addi-
tion, experimental findings for propane dissociation
Ir~110! indicate that 1° C–H bond cleavage is favored ov
2° C–H bond cleavage.8 Furthermore, preferential cleavag
of primary C–H bonds on Pt~111! is consistent with the tran
sition state configuration for C–H bond cleavage predic
for methane dissociation on Ni~111!.43–46 Finally, this con-
clusion appeals to our intuitive notion that a gas–surfa
reaction is a highly directional process.

V. SUMMARY AND CONCLUSIONS

Supersonic molecular beam techniques were emplo
to measure the translational and vibrational energy dep
dence of the direct dissociative chemisorption probabilit
of ethane, propane,n-butane, isobutane, and neopentane o
a Pt~111! surface. For each alkane, the dissociation proba
ity scales with initial normal energy and is insensitive
changes in the initial vibrational energy of the reactants a
the surface temperature. Differences in the reaction pr
abilities of different alkanes are observed for initial norm
energies exceeding approximately 125 kJ/mol. Specifica
the dissociation probability at a constant normal energy
creases in the following order; C2H6;neo-C5H12.C3H8

;i-C4H10.n-C4H10.
Based on previous experimental8 and theoretical

studies,43–46 we contend that primary C–H bond cleavage
the preferred reaction pathway for the alkanes investiga
here. Secondary C–H bond cleavage only appears to con
ute to the reactivity of propane andn-butane at the highes
energies examined. Overall, the trends in reactivity for th
alkanes are best explained by considering the difference
the steric factors for primary C–H bond cleavage. This
terpretation is also consistent with the results of previo
studies of direct alkane dissociation on both Ni~Ref. 13! and
Ir ~Refs. 14 and 21! surfaces. Since in those studies on
linear alkanes were examined, mass and steric effects w
not separable,13,14 and the effect was attributed to mass e
fects. The arguments presented in the present study are
lieved to be general for alkane direct dissociation on diff
ent transition metal surfaces.

A statistical model24 for direct dissociative chemisorp
tion was used to estimate the alkane reaction probabilit
The best agreement between the model predictions and
perimental results was found by assuming preferential cle
age of 1° C–H bonds. With this assumption, the model qu
tatively reproduces the trends in reactivity for ethan
propane,n-butane, and isobutane. However, the model s
nificantly underestimates the dissociation probability of ne
pentane, and predicts that increasing the initial energy in
vibrational modes facilitates reaction, which is contrary
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our experimental measurements. Given the discrepancie
tween the predictions of the statistical model and the exp
mental results, we favor a dynamical interpretation of o
current results based on preferred orientations for disso
tion. Thus, we believe that direct alkane dissociation wo
be better described by a dynamical rather than statistical
proach.
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