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Using Effusive Molecular Beams and Microcanonical Unimolecular Rate Theory to
Characterize CH,4 Dissociation on Pt(111)
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The dissociative sticking coefficient for Gldn Pt(111) has been measured as a function of both gas temperature
(Ty) and surface temperaturg@s( using effusive molecular beam and angle-integrated ambient gas dosing
methods. The experimental results are used to optimize the three parameters of a microcanonical unimolecular
rate theory (MURT) model of the reactive system. The MURT calculations allow us to extract transition state
properties from the data as well as to compare our data directly to other molecular beam and thermal equilibrium
sticking measurements. We find a threshold energy for dissociatiBp=ef52.54- 3.5 kJ mot?. Furthermore,

the MURT with an optimized parameter set provides for a predictive understanding of the kinetics of this
C—H bond activation reaction, that is, it allows us to predict the dissociative sticking coefficient poCH
Pt(111) for any combination dfs and Ty even if the two are not equal to one another, indeed, the distribution

of molecular energy need not even be thermal. Comparison of our results to those from recent thermal
equilibrium catalysis studies on Glreforming over Pt nanoclusters 2 nm diam) dispersed on oxide substrates
indicates that the reactivity of Pt(111) exceeds that of the Pt nanocatalysts by several orders of magnitude.

Introduction dissociative sticking scales with the normal component of the

Methane, found in natural gas and methane hydrates, is theC|_|4 translational energy, they are stlll.un_able to answer some
very fundamental questions such as: (i) For a given metal

most abundant hydrocarbon natural resource. Nevertheless, the . . . L
exploitation of methane for energy and as a chemical feedstocksurfa.ce’ for example, Pt(111), what is trf dl_sso_uauve sticking
is hampered by the need to liquefy the gas prior to transport ascoefhment when gas a_t a temp_(_eratuf@— X IMpInges on a
well as the large energy of activation, which hinders the surface at temperatuiig =y, and (ii) what are the characteristics

transformation of Chlinto more valuable chemicals. The prime of the regcti\{e transition s;ate (e.g., dissociation threshold
industrial source of hydrogen is steam reforming of bl energy, vibrational freque_nmes, etc.) that could be compared
produce syngas (H+ CO). Syngas is also the starting material with the results of electronic structure theory calculations? Here,
for Fischer-Tropsch synt.hesis of higher order hydrocarbons. V¢ lllustrate how relatively easy-to-implement effusive molec-
These are some of the factors that lendHKCbond activation " ular beam experiments in conjunction with microcanonical uni-
its technical importance and have led to a significant body of tmhglse:l:lﬁzgrtneetrngfryufe“gtﬁjoip analysis can be used to address
work on catalytic G-H bond activatiod:2 More efficient q '

catalysts for the dissociation of GHre required to improve ~The number of models to explain the dynamics of .CH
steam reforming and to make the production of lss dissociation on metal surfaces is almost as great as the number

expensive. We report results here which show that nanoscaleofgr%“_pS that have studied the problem. Wirffetsand Rettner
catalysts underperform flat single-crystal surfaces by several &t aEIi. ch)nvesugated W surfaces. Ehrlich and co-workers studied
orders of magnitude and that, therefore, considerable headroonfR*~ - @s well as W surface8.Madix and co-workers have
for improvement of industrial processes may exist. investigated Ni, Ir, Pd, and P&272° Ir ar;(si Rh have been
Our understanding of reactivity at the gas/surface interface INvestigated by Weinberg and co-ngGrké?s. Ir has also been
has increased greatly in recent yehidolecular beam tech-  Studied by Mullins and co-wor!<e|3§. . Molecular beam work
niques>6 especially when coupled with laser detectidmave has been performed in Ceyer’s ¥t#*° on Ni, which has also

been particularly important in the development of this under- P€eN Stz‘ldjfd in thermal experiments b)grAGSoodman and co-
standing. The activation of the €4 bond in CH is no workers?#42 Chorkendorff and co-worket43-45 have studied

exception to this. Molecular beam experiments, particularly at Ni and Ru surfaces with molecular beam and .thermal techniques.
high translational energy, have been reviewed by Weaver, Luntz and co-workers have c.oncentrated mainly on Pt(‘f15E).
Carlsson, and Madi%The groups of Uz ! and Beck2- 14 have but also Pt(11G} Wher_eas_Kln_g fand co-workers haye studied
recently explored the quantum state specificity of the dissocia- ~{(110)?***A substantial kinetic isotope effect, that is, a lower
tion reaction. Nonetheless, what these supersonic moleculardissociative sticking coefficient for CPcompared with Chi
beam studies and related dynamical theories have failed to"@S Peen observed and has often been cited to invoke a quantum
provide is a predictive understanding of the reactivity of,CH mechanical tunneling mechamsm, though thl_s is not un|v_ers_ally
at a surface. That is, while these dynamical studies have accepted!3155Generally, translational energy increases sticking

. y H 34,35 3
identified instances of mode-selective chemistry and that the €XCept for low energies on Ir(11%)Jr(110)**and PY(110:

Likewise, vibrational energy always enhances sticking apart
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although the effect may be imperceptible under some experi- must be evaluated for collision complexes of the same total
mental conditions when the reactivity is already high. energyE* (defined below) as was done successfully by Beck
y y hig ‘as was don

Winters suggested a model for W surfaces involving tunneling €t al*>**Nonetheless, variations in efficacy from one mode to
from a vibrationally excited molecule bound in an equilibrated the next, above and below, = 1 (the prior expectation for
precursor staté® Rettner et al? demonstrated unequivocally ~Statistical theories of reactivity), may balance out such that, once
the strong dependence of the sticking coefficient on translational 2veraged over a thermal distribution, the variation may have
and vibrational excitation and posited that translationally a@n inconsequential influence on the overalllreactlon klne'tlcs.
activated tunneling through a one-dimensional (1D) barrier ~Not all forms of energy are equally effective at promoting
explained their molecular beam data. Ehrlich and co-wotkéts ~ chemical reactions, and it is the topology of the potential energy
proposed that sticking on Rh surfaces is controlled by a hypersurface (PES) that determines the relative efficacies of each
complicated combination of direct dissociation, thermally Mode. This is embodied in the Polanyi rufés® Ever since
activated precursor mediated dissociation, and a hot precursorthis recognition of the role of the PES, mode-selective chemistry
mechanism. On Ni, Lee et &.invoked vibrational excitation ~ has been something of a Holy Grail in chemical phy$i€$
and direct translationvibration energy transfer to faciltate ~and there is experlmeesntallewdence for it in the gas-phase
angular deformation as the crucial step in dissociation (the "eactions of metharfé:®> While the results of Utz, Beck, and
“splat” mechanism). They argued against tunneling as being co-workers present us with clear evidence for mode-selective
the sole contributor to the observed isotope effect but suggestecchemistry, they do not give us a method to evaluate its
that it might make some contribution. On Ir(11dP x 1), Seets ~ IMportance for arbitrary surface and gas temperatures. Our
et al34 argue in favor of a combination of precursor mediated objective here is to determine to what extent a statistical theory
trapping/dissociation at low translational energy with direct ¢an be used to predict reaction rates for_arbltrary combinations
dissociation at high energy. Having discarded their earlier Of 9as and surface temperature, to quantify to what extent mode-
model53 King and co-worker support a similar combination selective behavior leads to deviation from statistical behavior,
of dynamical channels on Pt(116(2 x 1). Goodman and co- and to show how far thermal effusive molecular beams in
workerg¢142and Chorkendorff and co-worké?<S agree that a combination with a statistical theory can advance a quantitative
direct channel dominates on Ni(111), and the latter group has Understanding gf dissociative chemisorption.
shown that a direct pathway rather than a precursor mediated Rettner et af® argued that a sigmoidal shape is expected to

one is important for Ni(100) under conditions appropriate to describe a state-resolved initial sticking coefficiestif a
industrial steam reforming of CH Luntz, Harris, and co- Gaussian distribution of barrier heights centered about a mean

workerd-52 argue that, while precursors may be important for value Ey(v,J) is encountered by the moleculle incident on thg
heavier alkanes, direct dissociation dynamics rules the day for Surface. Harri¥ latter suggested a tanh function to describe this
CH,. Regardless of whether tunneling is involved in crossing Shape, but Michelsen et &.determined that the sticking
the barrier or not, their work demonstrates unequivocally that COefficient data of numerous molecular beam experiments was
a surface temperature-dependent sticking coefficient is not anbetter fltteq by a state-resolved sticking function containing an
unambiguous signature of a precursor mediated mechanism€Or function according to

because the motion of surface atoms and phonon states strongly

influences energy exchange even in a direct mechanism. SE 0,00 T) = A(v,J)
Therefore, apart from Ir(111), Ir(118)Y2 x 1), and Pt(110y B 2
(2 x 1) at low translational energies, GHissociation is direct

and is enhanced by higher kinetic and vibrational energy as well jn which S depends on the translational enefgywhich with

as by increaseds; however, the degree of activation varies from  the angle of incidence determines the normal energy according

1+ erf

1)

e )
W(v,,TJ)

one metal surface to the next. to
Vibrational energy enhances the reactive sticking coefficient
of CHs on Ni®~14384344and PEL56 surfaces. Interestingly, E.,=E co< ¥ 2)

vibrational energy may be less or more efficient at increasing

reactivity than is a comparable amount of translational energy. Normal energy scaling for the dissociation of £éh Pt(111)
The vibrational efficacy;,, essentially the factor relating how 55 peen confirmed by supersonic molecular beam experi-
well vibrational energy in specific modes enhances reactivity mentss! S also depends offis and the rovibrational quantum
compared with translational energy, is used to quantify this nymbersy andJ. A(»,J) is the saturation sticking coefficient.
relationship. For Chi which has a variety of vibrational modes, g, J) is the normal translational energy at the center point of

some efficacies has been meﬁ‘sured‘ by the groups §fVtz  the sigmoidal(E;,) curve and is often estimated to be the mean
on Ni(100) and Ni(111), Beck™**on Ni(100), and Bernasé€k  threshold energy for dissociation of theJ) rovibrational state.

on Pt(111). Itis found thay,(1vs) = 1,7,(2vs) = 1, 7,(1v1) = Both A(v,J) andEq(v,J) appear to depend an probably onJ,
1.4, andy,(3v4) < 0.7 (though not yet fully characterized) on  and A(»,J) may also have & dependence. The width of the
Ni(100), whereas on Ni(111);,(1vs) = 1.25 andn,(3vs) = barrier distributiorlW depends om, J, andTsand is empirically

0.72. The average of these vibrational efficacies on the Ni gefined in terms of the range of barriers presented by impact at
surfaces igj, ~ 1. On Pt(111), only;,(2vs) = 0.42 has been  various molecular orientations at different points in the surface
measured. unit cell. Lunt#® has presented a derivation of eq 1 that gives
Interpretation of vibrational efficacy is ambiguot/$8First, it justification beyond the empirical, in whicW is defined as
7, Might not be a constant but may vary with other parameters the sum of two terms: one representing the range of barriers
such as the translational energy afd This should be and a second representing a distribution in energy transfer to
particularly pronounced for translational energies near the the lattice. However, the correspondence betw&gnJ) values
dissociation threshold energy. Second, to determine whetherderived from fits to eq 1 for HICu and the transition state barrier
efficacy parameters have a bearing on the observation of mode-height derived from ab initio calculations may be fortuitous
specific chemistry, the efficacies of various degrees of freedom because analysis of vibrationally resolved £ sticking data
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does not reveal a similar level of agreem&hfThus, a full three transition state parameters:the effective number of
dynamical description of the dissociative sticking within this surface oscillators involved in the collision compley,a mean
type of model demands knowing three parameters (at least onevibrational frequency, anHy the threshold energy for reaction.
of which has aTs dependence of arbitrary fornfpr each The mean vibrational frequency represents a composite of four
quantum state of the molecule vibrational modesthree frustrated rotations as well as the
In a thermal bulb experiment only two parameters are derived Vibration normal to the surface of the Ghinolecule at the
from an Arrhenius analysis, denotdg, and A though the transition state. Consequently, by setting three experimental
preexponential factok here has a different meaning thav,J) variables, we obtain three parameters that allow us to predict
above. In addition, it should be noted tH&gis related to but ~ With startling accuracy *80"%."the dissociative sticking coef-
not equal to the reaction threshold eneEgyof transition state f.ici(.ents for arbitrary conditions, either equilibrium or nonequi- .
theory5” The bulb experiment delivers no dynamical information librium, quantum-state averaged or quantum-state resolved. This
as to which degrees of freedom are important for reaction and Parameter set contains only one more element than an Arrhenius
allows no prediction to be made for dissociative sticking under @nalysis, which has no predictive capacity for nonequilibrium
nonequilibrium circumstances. Hence, there is a driving need OF quantum-state-resolved measurements and significantly fewer
to perform molecular beam experiments to gain insight into the than a catalog of error function parameters for each quantum
reaction dynamics and the underlying PES. In a fully state- State as necessitated by a dynamical model. Furthermore, the
resolved supersonic molecular beam experiment, at least sixPrésence of strong and systematic deviations from MURT
variables [EL] the translational temperatulg 9, v, J, andTs, predictions-as opposed to random fluctuatiensrovides con-
seven if the azimuthal angle is included) must be specified ~ clusive evidence for when kinetically relevant deviations from
and such experiments provide opportunities to identify the roles Statistical behavior arise and lays a benchmark for determining
of molecular degrees of freedom with great precision. For When dynamical restrictions significantly affect reaction rates.
prediction of dissociative sticking coefficients using a dynamical ~ Our value ofEq can be compared directly with the results of
description, however, these specified variables yield three €lectronic structure theory and the transition state barrier derived
parameters A(v,J), Eo(v,Jd), and W(»,J,T9] and (if we are therefrom. In addition, MURT allows us to calculate the sticking
fortunate) the functional form of theffs dependence foeach coefficient dependence on any dynamical varigiig’>and,
quantum state. Sticking calculations can be made for either hence, determine activation energies. For instance, we can
equilibrium or nonequilibrium conditions, but we require a calculateSas a function off for a gas in equilibrium with the
virtual phonebook of parameters (a minimum of 3 times the surface and thereby derive the thermal activation en&gy
number of relevant quantum states) for edgh appropriate to dissociative sticking in thermal bulb experiments.

One of the reasons for the proliferation of models to describe  In the MURT modek’-%87>we assume that CHlissociation
CH, dissociation dynamics is that they only allow for quantita- ¢an be described microcanonically within the following scheme
tive predictions over very limited ranges of experimental data,
if at all. Bukoski, Blumling, and Harrisd¥ demonstrated that F(E") ke(E)
a three-parameter MURT canuantitatively describe the CH,g) ko(E¥) CHy) CHy+ He ©)
supersonic molecular beam sticking data of Luntz and co-
workers for CH and CD on Pt(111y°5! Therefore, the  The zero of energf* (= E, + E, + E, + Eg occurs at 0 K
dynamics described in the MURT model must contain the with infinite separation between the surface and,(#ethane
essence of the dissociation dynamics of methane on Pt(111).incident on the surface forms a transient gas/surface collision
Similarly, good quantitative descriptions have since been complex consisting of the molecule and a few adjacent surface
demonstrated for methane/Ni(106Y,°7t CH4/Ir(111),2 and atoms. This local hot spot is an energetic, transient intermediate
SiH4/Si(100)73 Worth pointing out is that extraction of the GH  species, which isotin thermal equilibrium with the remainder
Ni(100) MURT parameters from excellent fits to the high signal- of the substrate. Energy in this transiently formed physisorbed
to-noise (23, J = 2) eigenstate resolved and heated nozzle complex (PC or Chip in eq 3) is assumed to be microcanoni-
molecular beam data of Beck et'dlled directly to accurate  cally randomized in an ensemble-averaged sense either through
(ca. 33%) predictions of the Nielsen et 4l.thermal bulb the collision process itself or through rapid intramolecular
sticking at millibar pressures without resorting to any kind of vibrational energy redistribution (IVR). A PC formed with total
data scaling* MURT is able to explain and make quantitative energyE* subsequently either competitively desorbs or reacts
predictions about the translational energy, vibrational energy, with RRKM rate constantky(E*) and kr(E*). The ultrafast PC
rotational energy, ands dependence @, as well as the isotope  desorption rates§ ~ 2 ps) at reactive energies lead to negligible
effect. However, the supersonic molecular beams used in theenergy exchange with the surrounding substrate.
methane/Pt(111) experiments of Luntz and co-workers were By applying the steady-state approximation to the coverage
rotationally cold, and their data does not directly allow any of CHap), We obtain
inferences to be made about the importance of rotational energy
in the dissociative chemisorption of methane.

In this manuscript, we expand on the use of a three-parameter
MURT and describe an alternative approach to obtaining and
optimizing the required parameters that define the reactive where
transition state. An effusive molecular beam has well-defined
vibrational, translational, and rotational energy distributions that VV;(E* - Ey
allow us to probe the effects of all three molecular degrees of SE*) =
freedom on the dissociation dynamics. We measure dissociative VV;(E* = WE(E*)
sticking coefficients while specifying three experimental vari-
ablesv, Ty, andTs of the effusive molecular beam experiments. is the microcanonical sticking coefficien®y* is the sum of
By analyzing the data obtained with a MUR38.75we obtain states for transition state Eo is the apparent threshold

S= /" S(E"f(E*) dE* (4)

(5)
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energy for dissociation, and a saturation layer. Therefore, we describe in some detail how
we calibrated our Auger data.
H(E") = LE* f (E.) LE*_EH f(E) Scanning tunneling microscope (STM) studfesave shown

T that graphite may be formed on Pt(111) by heating adsorbed
j& " T f(E)f(E* — E,— E, — E,) dE, dE, dE, (6) ethylene. At 100 K, ethylene adsorbs molecularly to the surface,
forming an ordered structure with a coverage of 028.02

is the flux distribution function for creating a physisorbed ML, as determined by nuclear reaction studfemd supported
complex aE*. One strength of the MURT analysis is that once Dby LEED analysis® At 230 K, ethylene begins to convert
the transition state characteristics have been defined by fits toirreversibly to ethylidyne (CCE) by the loss of one hydrogen
experimental data or (in principle) by electronic structure theory atom?®' Between 430 and 700 K, the adsorbed ethylidyne
calculations, the dependence of an experimental sticking coef-undergoes further stepwise dehydrogenation, forming small
ficient for any dynamical variableT¢ E, E,, etc.) can be islands of carbidic C on the surface. Annealing the surface above
predicted on the basis of eq 4 by averaging the microcanonical 800 K converts the carbidic islands to graphite. Graphite flows
sticking coefficient over the probability for creating a phys- over steps in the Pt surface like a blanket, and therefore, the
isorbed complex aE* under the specific experimental condi-  positioning of individual C atoms bears little relation to the

tions of interest. underlying Pt latticé® Monolayer graphite may also be formed
on Pt(111) by exposure to alkane beams at Hig#
Experimental Section We used three methods to create saturated graphitic layers.

The Pt(111) crystal, oriented to within 6,avas cleaned using ~ First, ethylene was used in repeated cycles of dosing at 300 K
standard procedures involving Asputtering and annealing in  then flashing to 1100 K to convert the adsorbed ethylidyne into
O,. Repeated cycles of Arsputtering were performed at 800 graphite. The second and third methods involved exposure of
K, oxidation at 800 K in an @atmosphere of 5 1078 Torr, the Pt(111) crystal afs = 1100 K to a high flux of methane or
and annealing to 1250 K. Research purity methane (99_999%),ethane. In all three cases, stepwise Auger data were acquired
ethane (99.995%), and CP grade ethylene (99.5%) wereand the C signal was found to saturate at a level that was
purchased from Matheson Tri-Gas and used without further identical within experimental uncertainty. This confirms that
purification. A lack of impurities was confirmed by mass once a full monolayer was formed, no more ethylene, methane,
spectrometry measured in the experimental apparatus with aor ethane adsorbed and that the saturation C coverage in all
doubly differentially ion pumped quadrupole mass spectrometer three cases was the same. Given the known areal density of a
(QMS). This QMS was also used for temperature programmed graphite layer (3.835< 10' cm™2) and the experimentally
desorption (TPD) measurements. Methane exposures weredetermined Auger intensity for that layer, we were able to
chosen in order to deposit0.04-0.15 ML C on the surface in  calibrate our Auger signal quantitatively.
any given run. The lower limit was selected so that activity at  The main chamber was pumped by a 210%tsrbomolecular
defect sites does not dominate (the particular Pt(lll) crystal pump, a 240 | sl ion pump, and a Cryogenica”y cooled Ti
used has a defect density 0.002 ML as determined by CO  syblimation pump (TSP). The base pressure was in the upper
titration), and the upper limit was chosen in order to make our 10-11 Torr range. The ion gauge, ion pump, and TSP filaments
measurements an accurate approximation of the initial sticking were turned off during dosing of the crystal to prevent alkanes
coefficient. All coverages are reported in monolayers (ML) from being cracked and forming potentially reactive radicals
calculated with respect to the number of surface Pt atoms.  or jons. Gas pressure in the chamber was measured either with

Carbon coverage was determined by Auger electron spec-an jon gauge or with a bakeable Baratron (MKS model 615
troscopy. To enhance the reproducibility and reliability of Auger \yiip Type 670B signal conditioning electronics). Gas pressure

electron spectroscopic determination of C coverage, all Auger i, ihe gas handling manifold was measured with an MKS model
data was collected at 500 K. Thig ensured that any CO that 1598 Baratron.

may adventitiously adsorb during an experiment desorbed and
that the decomposition of GHragments to C was completé.

We recorded Auger spectra in integral mode from 200 to 300
eV usirg a 3 keV beam energy, encompassing both the; Pt

and Grzlines to lessen any differences in quantitation between
carbidic and graphitic C. The program CasaXPS was used to Pt(111) surface was heated to 1100 K and exposed 1o Ti@ir

perform a Shirley background subtraction on the interval from Ar for 1_0 min. Thus no C-c_ontamlng contaml_nants were released
210 to 280 eV and to fit the peaks to a mixed Gaussian/ from either the gas handling system or main vacuum chamber
Lorentzian line shape. due to competitive adsorption, outgassing, or leaks. No C was

The calibration of the absolute value of C coverage is detected by Auger when the Pt(111) crystal was heated to 1100

somewhat problematic on Pt(111). The ambiguity stems from K @nd exposed to 16 Torr CO or CQ for 10 min. Thus, no

the fact that C can adopt either a carbidic or graphitic phase C deposition resulted from decomposition of CO or £O
and that the phase depends on the thermal history of the sampleEManating from background gas. No C deposition occurred
The carbidic phase has a saturation coverage at or below 1 ML, When the Pt(111) surface, cooled to 100 K, was exposed® 10
whereas the saturation coverage of the graphitic phase is muchf Of CHa for 10 min. This experiment eliminated the possibility
greater than 1 ML since the areal density of graphite is much ©f @ high-sticking coefficient impurity in the gas bottle (such
greater than that of Pt. Furthermore, the phase of adsorbed C2 €thylene) substantially contributing to the measured C
depends ofTs during adsorption and any subsequent annealing. deposition. Controls were also performed to ensure thétom

The method of Biberian and Somofarequires prior knowl-  the background gas was not removing deposited C from the
edge of the saturation value of C atoms to Pt surface atoms tosurface.

quantitatively specify the C coverage; otherwise it only yields  The pressure during dosing was maintained low enough that
a value relative to the unspecified areal density of C atoms in no equilibration of the gas t®s occurred. A lack of pressure

To exclude the possibility that some of the C deposited during
the adsorption experiments originated from a source other than
dissociative chemisorption of methane, several control experi-
ments were performed. No C was detected by Auger when the
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dependence in the sticking coefficients was confirmed for that is intercepted by the crystalthe time, andrp; = 1.50 x
pressures below 1 Torr. 10% cm2 is the areal density of Pt(111). For the molecular
The effusive doser was heated & W wire wrapped around  beam experiments, the valu#g oy must be corrected for a
a ceramic tube encasing the final 7.5 cm of the doser tubing. contribution due to molecules that have left the nozzle, bounced
The temperature of the stainless steel tube never exceeded 700ff of the crystal, and then equilibrated with the chamber walls
K so as to avoid cracking of CHwithin the nozzle; however,  before striking the crystal again. This background contribution
the W wire was heated to substantially higher temperatures. was measured directly by turning the crystal away from the

Control experiments indicated that the heated W wire did not nozzle for nozzle temperatures 295K T, < 680 K. It can

result in an additional background contribution to the C also be calculated by determining the sticking coefficient of

deposition. When heated over the range of-4000 K, the 0.05 295 K gas and calculating the contribution resulting from the

cm diameter orifice in the doser increased by 0.65%, which measured background pressure attained during an experiment.

resulted in a negligible change in the effusing gas flux. This correction was crucial because, for the lowest values of
Another phenomenon that could adversely affect the accuracythe sticking coefficient measured here, this background contri-

of dissociative sticking coefficient measurements is diffusion bution can amount to up to half of the total C coverage. After

of C into the bulk of the Pt crystal. If such diffusion occurred, subtracting the background contribution, the initial sticking

then the calculated sticking coefficients would be artificially ~coefficient was determined from

low, since the amount of C measured by Auger would be smaller

than the total amount of C deposited. On Ni(1&03ignificant 005

C diffusion into the bulk begins above 475 K, and on Pt(2£0), S= 7 1 (8)

it begins above 1100 K. We found no data in the literature, w

however, on C diffusion into the bulk on the less reactive Pt(111) . . .

surface. Therefore, we performed a variety of experiments to For the angle-integrated experiments, no background correction

investigate the effect ofs and the phase of C, that is, graphitic was required an§was determined directly from eq 8. ”.1 both
vs carbidic, on diffusion of C into Pt(111). casesfc was kept low enough that we need not consider the

Carbon was deposited on the surface either by dosing ethyleneeﬁeCt of coverage on the sticking coefficient. This assumption

at 100 K followed by flashing to high temperature to dehydro- was checked by direct measurement of the C uptake curve due

genate the adsorbed ethylene or by dissociative chemisorptiont0 progressively higher exposure of GBt elevatedTs, which

of CH; at elevatedr. When ethylene was dosed at Idwand eventually led to saturation of the surface. These measurements

dehydrogenated by quickly flashing to 1100 K, the C formed confirmed that all reported value_s of the _sticking coefficient_
was primarily carbidic. Depositing C by dissociative chemi- qorrespond to the coverage region in which the coverage is
sorption of methane at 1100 K resulted in a mixture of carbidic linearly depeno_lent on the exposure. .
and graphitic C, since rapid diffusion allowed by the hiGh _ To characterize the degrt_ee of agreement betwe_,en the predic-
permitted individual C atoms to “find” each other and begin tions of the MURT analysis (theory_) an(_j experimental dgta
forming graphite island@ After an annealing procedure, Auger (exp), we introduce the average relative discrepancy as defined

was used to determine if the C coverage had changed due to
diffusion into the bulk. The two different methods used to
deposit C on the surface produce different initial states of C. ARD = |Stheory ~ Sexpl D (9)

At temperatures up to 1100 K, both carbidic and graphitic C iN(Sheory Sexp)
are stable on Pt(111) and do not diffuse into the bulk. Therefore,
no depletion of C coverage is observed for C deposited either Ragyits
from C;H4 dehydrogenation or from CHdissociative chemi- ) ] ] )
sorption atTs = 1100 K. At 1200 K, carbidic C does diffuse Previously?” a MURT analysis was used to fit the supersonic
into the bulk, while graphitic C does not. We find that, for ¢H ~ Molecular beam results of Luntz and co-work&s. This
sticking experiments afs = 1200 K, the surface coverage is analysis, however, did not use ARD to quantify the goodness
minimally reduced by diffusion into the bulk because graphite ©f fit. Recalculating the fit and using the ARD to quantify when
formation competes favorably with bulk diffusion. the parameters are optimized, we arrivd & = 56 kJ mot,

We report the sticking coefficient of methane incident on a S= 3, o = 125 cn} with an ARD of 34%. This parameter
Pt(111) crystal measured either (i) from a variable temperature Set differs slightly from that obtained befof&o = 59 kJ mot*,
molecular beam or (ii) from an isotropic ambient gas exposure. S= 3:vpo = 110 cnT} but does provide an improved fit (ARD
In both casesTs can be chosen arbitrarily in the range 30k~ ©f 34% Vs 38%) compared with that shown in Figures 3 and 4
T, < 1200 K. The temperature of the nozzle used to form the of ref 5_7. The results fo_r both our effusive mok_ecular beam and
molecular beam was varied over the range 295 R, < 680 angle-lntegratgd expenment; are presgnted in Figure 1..Also
K. Time-of-flight measurements confirmed that the translational Presented in Figure 1 are solid lines, which depict the predicted
temperature of the molecules in the beam corresponded to thev@lues ofS derived from the MURT analysis for the effusive
T,. Because of the low pressure in experiments of type (2), molecular bean_1 experiments, and_ a dashed line, wh|_ch_dep|cts
which we refer to as angle-integrated experiments, the gasthe MURT prediction for the angle-integrated data. Optimization

temperature was fixed af, = 295 K. of the Ml_JRT parameters relative to our _rnolecular beam data
The total carbon coverage on the surface is related to the€Sulted in an ARD of 41% and an optimized parameter set of
incident flux by {Eo = 49 kJ mof, s = 2, vp = 330 cnT%}. This optimized
parameter set also yields a very satisfying fit of the room-
Z,t temperature angle-integrated sticking data. The thermal sticking
Oc tota1 = Sorr (_) (7 coefficient appropriate to angle-integrated experiments With
' Opt = Ty = Ts at room temperature was measuredsg295 K) =

1.65 x 10710, which compares well with the PC-MURT
where S is an effective sticking coefficien®y is the flux prediction of 1.45x 1071° (ARD = 14%).
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Michaelides and H& from density functional calculations on
small Pt clusters. Anderson and Malofegalculatedey = 43

kJ moi~t with the atom superposition and electron delocalization
molecular orbital method. Shustorovich and Seffecalculated

75 kJ mot?® with a bond-order conservation Morse potential
method. Previous experimental estimates of the barrier height
(121 kJ mot?, ref 88, and 244 kJ mol, ref 89) were derived
from models based on tunneling. Since tunneling is not the
primary means of barrier crossing, we disregard these estimates.

Discussion

The PC-MURT analysis describes the results of dissociative
chemisorption experiments with an accuracy of roughly-34
41%. The parameters derived from this analysis{&g= 52.5
+ 3.5 kJ mot?l, s = 2-3, vp = 227.54+ 102.5 cnm'}. The
measured barrier height falls within the considerable scatter of
values derived on the basis of electronic structure theory
calculations and it would appear that significant improvement
could be made in these calculations.

Luntz and Harri¢—50 developed a reduced dimensionality,
guantum mechanical model that incorporates surface motion and
allows for tunneling in dissociation. They have argued that this
model of thermally assisted tunneling (TAT) can account for
all available dissociative chemisorption data. Figure 2 compares
the ability of the PC-MURT and TAT to match experimental
data. While it should be noted that Harris et al. did not attempt
to fit their model for quantitative agreement, nevertheless, the
ARD for their CH, predictions in Figure 2c is 2793% (cf., the
PC-MURTs 34% ARD for all the experimental data). While
the generally decreasing value &f with decreasingTs is
confirmed in their model, the agreement is not overwhelming
regarding the slope of the dependence. This is particularly true
when one realizes that the TAT lines in Figure 2d are calculated
for normal translational energies that are much different than
the values of, for the experimental data points that lie nearest
to each TAT curve. Furthermore, Figure 2c demonstrates
unequivocally that TAT does not properly predict the depen-

symbols refer to the angle-integrated data from ambient gas dosing atdence of CH and CD, on E,. TAT does noteproduce the
Ty = 295 K. Open symbols correspond to the effusive molecular beam jsotope effect in dissociative chemisorption of methane, whereas

experiments where the nozzle temperature is taken to spegifyC-
MURT predictions for the angle-integrated (dashed line) and effusive
molecular beam (solid lines) data are indicated. For clarity, single
measurements at = 600 and 1200 K appearing in (a) are not replotted

in (b).

Figure 2a demonstrates unambiguously that the PC-MURT
correctly describes the isotope effect. Similarly good treatment
of the kinetic isotope effect by the PC-MURT is seen for
methane dissociation on Ni(108)7%71Since tunneling is not
involved in the PC-MURT model, we can rule out the

Comparisons of quantitative kinetics data are notoriously significance of tunneling in the dissociation of methane on
fraught with difficulties in absolute calibration of surface Pt(111).

experiments. An order of magnitude or more variation in

Because of its superior predictive capacity and ability to

absolute rates or dissociative sticking coefficients is not uncom- address all aspects of the dependenceSoén dynamical
mon! When we compare the results of the two independent parameters, including the isotope efféttye believe that the

fits (supersonic molecular beam vs effusive molecular beam), MURT contains the essence of the dissociation dynamics.
we find that both sets capture the general shapes of the otherFurthermore, its combination with the data from angle-integrated
set. All trends are reproduced. However, a rigid shift by a factor and effusive molecular beam measurements gives us insight into
of about 8.5 is required to make the data sets overlap. Thereforethe dissociative chemisorption dynamics for equilibrium as well
within the range of possible calibration errors, the reported setsas nonequilibrium conditions. Molecular beams have the
of fit parameters should be treated as most probable bounds oradvantages of being able to vary the beam energy independent

the individual values. HencéEp = 52.54 3.5 kJ motf'l, s =
2—3, vp = 227.5+ 102.5 cntl}. As we shall see in the
comparison to previous values Bf below, this represents a
significant advance in defining the value B§, even though
there is still uncertainty within a factor of 8.5 in the absolute
value of the sticking coefficient as determined by experiment.
We can now compare to prior results for the fIPt(111)Eq
derived from electronic structure theory and experimefis=
81 kJ mot?! was predicted by Au et &' and 64 kJ moi! by

of Ts and of significantly increasin® to a high information
content regime. With an effusive beam, we are able to access
the effects of all molecular degrees of freedeimmcluding
rotation—as well as the surface temperature. With MURT
analysis, we are able to deconvolute the importance of each
degree of freedom in the dissociation dynanic®:7> By
combining the two, we are able to perform this deconvolution
without the need to perform molecular beam experiments for
each individual quantum state. While such extensive measure-
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Figure 2. Comparison of the methane/Pt(111) supersonic molecular beam experiments of ref 50 (solid points) to the predictions of the PC-MURT
(lines of (a) and (b)) and the thermally assisted tunneling (TAT) n¥®dihes of (c) and (d)). (a) PC-MURT correctly accounts for the mean
normal translational energig,, molecular beam nozzle temperatufg,and isotope dependence of the dissociative sticking. (b) PC-MURT accurately
predicts theTs dependence of the dissociative sticking. (c) TAT does not correctly predict the magnitude of dissociative sticking nor its dependence
on E, or the isotope. (d) Despite initial appearances, TAT does not accurately prediti dependence of the dissociative sticking because the

TAT lines are calculated foE, values very different from those of the nearby experimental points (see the legend of (b) for the expeimental
values).

ments may be feasible for ¥ over 1400 vibrational states experiments spanning some 9 orders of magnitude in sticking
must be considered to describe the thermal sticking of e+ coefficient and 10 orders in pressure. Similarly, we find that
Ts= 1000 K38 The pragmatic advantage of combining effusive the PC-MURT successfully predicts dissociative sticking coef-
molecular beam data with MURT analysis is apparent. ficients for the CH/Pt(111) system.

Previous work 14?1 has suggested a degree of mode specific- The PC-MURT is able to characterize the results from our
ity in the dissociation of methane on Ni surfaces but has been experiments performed at thermal equilibrium or Tar= T,
unable to ascertain its relevance to thermally state-averagedin either a thermally averaged or quantum-state-resolved man-
kinetics. For instance, the excitation of the antisymmetric stretch ner8.7> The calculated sticking coefficients differ from our
vz enhances reactivity more efficiently than translation on effusive beam data on average by 41% for 295 K < 1200
Ni(111), but the excitation of thev3 level is less efficienteven K and 295=< Ty < 680 K. While the details of the dissociation
though it lies at higher energy. Such results have led to reaction may require a dynamical description in which some
statements such as “statistical models cannot correctly describespecific modes are more important than others, when looking
the chemisorption of Cii'* which is certainly true if “correctly” at the overall kinetic process for an ensemble of molecules
means to “completely” describe all the molecular details of the interacting with a metal surface, much of these quantum state
chemisorption dynamics on the 436 dimensional reactive  variations may average out and a statistical approach provides
potential energy surface that must be further coupled to the a good description of the mean chemical interaction and the
surrounding surface heat bath. On the other hand, the three-overall dynamics. Furthermore, the success of the “over-the-
parameter, full dimensionality PC-MURT approximation has barrier” MURT precludes an important role for tunneling in
proven capable of quantitatively predicting the dissociative the dissociative chemisorption of methane under ordinary
chemisorption of Cilon Ni(1009871and Ir(111)2 for diverse experimental conditions.
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Dating back to the early work of Winte#8,® and Ehrlich Temperature, T [K]
and co-workerdé-20 much debate has centered on the relative 000 %09 83 769 714 667
roles of molecular excitations vs surface excitations in the 102 ) L L s
activation of CH over metal surfaces. What the MURT analysis T~~e_ T=T,=T,
shows is that all of the molecular degrees of freedom as well o 10° g: \‘\~\\
asTsare important for determining the dissociation probability. < 3 Ao ~=—
Furthermore, the role of a particular degree of freedom in 2 10% 5 =
determiningSvaries with the energy distributions of the specific “'a:, ] T
experiment. (e.g., see egs 4 and 6). In the supersonic molecular o 10 3 E, = 68 kI mol”
beam experiments of Figure 2b, if the mean translational energy £ 106 E, = 60 kJ mol”
is already near or well in excess of the dissociation threshold g .\I~§E3=78k~lmol’1
energy (52.5 kJ/mol), then the relative importance of the surface = 107 4 .
temperature is reduced. At lower mean translational energies, = ] == Eo=36kimol’; PIlD)
the sensitivity ofS to the surface temperature is increased = 10%  — E,=49 kI mol’; P(111)
because of the greater need to draw energy from the surface in 109 ] = Wei&lglesia; P/Z1O,

order to attain a pooled PC total energy sufficient to react.
Similarly for the effusive beams, the dependence of sticking
on Tsbecomes less dramatic for increasiigas seen in Figure 1000/T [K']

la. Likewise, the sensitivity dbto Ty decreases with increasing  Figure 3. Comparison of the high-pressure thermal reactivity of,CH
Ts, as seen in Figure 1b. These trends are consistent with theover a supported Pt nanocatalyst from ref 95 with the thermal

experiments of Luntz and Bethune on Pt(£tBnd Luntz and predictions of the PC-MURT for Ci#Pt(111) using (i) the Figure 1
Winters on Pt(100j2 parameter set of E; = 49 kJ mot?, s = 2, vp = 330 cnt?} (solid

. line) and (ii) the parameter set derived from the supersonic molecular
Frequently, any sign of & dependence has been taken t0 paam data of Luntz and BethufiE, = 56 kJ mot?, s= 3, vp = 125

be evidence for precursor mediated adsorption. The thermally cp13 (dashed line).
assisted tunneling modé€rs° demonstrated that this need not . . . .
tbe more reactive than bigger clust&sA similar superiority

be the case, and in this respect, the MURT agrees. Note thal - . o

the MURT comes to this conclusion without invoking any form for the rea}ctwny ofa st;ngle c;y;sta!ﬂc”gr?spfrlgkd \lN'th hllgh-sgrface-
: . : area catalysts was observed for4flf3: ikely explanation

of tunneling dynamics, which, upon later reflecti&¥rdoes not for this finding is that at steady state, C plays a role in

seem fo be that important for barrier crossing even within the deactivating the catalyst. Wei and Iglesia were very careful to
thermally assisted tunneling model. In the PC-MURT, the initial g th yst 9 y .
: measure reaction rates on a per exposed Pt surface atom basis
thermal energy of the local cluster of surface atoms involved . X
and were able to rule out any build over coverage of unreactive

in the collision complex can be pooled with the active molecular species. Therefore. the deactivation of the nanocatalvsts ma
energy to aid in passage over the transition state barrier. It is; P : ' y Y

through this over-the-barrier path, rather than through the ef‘fectsmVOIVe both C atomabsorbed in thsubsu.rfa'cefegl'on and C
. atomsadsorbed on the surface. On the optimistic side, however,
of tunneling, thafTs affectsS.

this points toward a possibility for substantial improvement in

Our results are not influenced by steps for the coverage rangeihe reactivity of industrial reforming catalysts if a method for
0.04-0.15 ML, for which we find a linear relationship between suppressing the deactivation can be found.

exposure and coverage. This is not inconsistent with the
measurements of Gee et®ain that it appears that C atoms are  Conclusions

|rr_1mob|I|zed at the step. From the work of Egeberg et*ain For a polyatomic molecule such as gHt is impossible to
Ni(111) and Ru(0001), it does not appear that steps and defect§yeasyre individual sticking coefficients for all quantum states
are particularly more active than terrace sites, especially if a glevant to thermal sticking. With a combination of micro-
small coverage of C is allowed to build up as is the case for -5nonical unimolecular rate theory (MURT) and an effusive
our measurements. molecular beam, we access all of these states and, more
In light of the apparently minor role of defects in determining importantly, we can deconvolute their dynamical relevanég’>
the dissociation dynamics of GHon metal surfaces, it is We have demonstrated the ability of the MURT analysis to
interesting to compare our results with those derived from quantitatively describe nonequilibrium dissociation data fos/CH
experiments on dispersed nanoclusters of Pt on oxide substratespt(111), regardless of whether dissociation results from exposure
These steam and dry reforming catalysts have been studiedo a supersonic or effusive molecular beam or from an ambient
extensively by Wei and Iglesiaunder thermal equilibrium and  thermal gas. Thus, even if there are some mode-specific
at high pressure. Their steady-state reaction rates on a peicorrections to the dissociative sticking for individual quantum
exposed metal atom basis for a 1.6 wt % Pt/Zoatalyst (-2 states, these are not of great kinetic significance either because
nm diam Pt nanoclusters) are plotted in Figure 3 along with they are not large or because they compensate for one another.
the predictions of the PC-MURT for Pt(111). The data exhibit Neither is tunneling found to be important for dissociation. The
comparable effective activation energies. Wei and Iglesia report dynamics of CH dissociation on Pt(111) are essentially

1.0 1.1 1.2 1.3 1.4 1.5

78 kJ moi'l. We observe some curvature in the $rvs 1T described by an over-the-barrier process, competitive with
data, but using the same temperature range, we calculate alesorption, in which the determining factor is the total active
thermal activation energy in the range 60 kJ niaok E, < 68 energy of the complex that is formed when a Qidolecule

kJ mol 1. As expecteds, exceeds,. Somewhat surprisingly, interacts with two to three surface atoms upon collision.
the reactivity of the smooth, flat Pt(111) single-crystal surface Consistent with this picture, the surface temperature as well as
exceeds that of the nanoscale Pt clusters dispersed ont¥rO  the translational, vibrational and rotational excitations of the
over 2 orders of magnitude even though smaller clusters, which molecule are all important in determining the dissociative
presumably expose a greater fraction of coordinatively unsat- sticking coefficient and overcoming a dissociation threshold
urated surface Pt atoms than flat surfaces, have been shown t@nergy of 52.5+ 3.5 kJ mot?.
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