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Microcanonical unimolecular rate theory at surfaces. Il. Vibrational state
resolved dissociative chemisorption of methane on Ni (100)
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A three-parameter microcanonical theory of gas-surface reactivity is used to investigate the
dissociative chemisorption of methane impinging on &180) surface. Assuming an apparent
threshold energy for dissociative chemisorptiorEgE 65 kJ/mol, contributions to the dissociative
sticking coefficient from individual methane vibrational states are calculdéiteds a function of
molecular translational energy to model nonequilibrium molecular beam experimen(s )aasl a
function of temperature to model thermal equilibrium mbar pressure bulb experiments. Under fairly
typical molecular beam conditior(s.g., E,=25 kJmol %, T;=475 K, T,<400 K), sticking from
methane in the ground vibrational state dominates the overall sticking. In contrast, under thermal
equilibrium conditions at temperatur&s=100 K the dissociative sticking is dominated by methane

in vibrationally excited states, particularly those involving excitation of thebending mode.
Fractional energy uptakds defined as the fraction of the mean energy of the reacting gas-surface
collision complexes that derives from specific degrees of freedom of the reag@tantsnolecular
translation, rotation, vibration, and surfaeee calculated for thermal dissociative chemisorption. At
500 K, the fractional energy uptakes are calculated tdbeld%, f,=21%, f,=40%, andfg

=25%. Over the temperature range from 500 K to 1500 K relevant to thermal catalysis, the incident
gas-phase molecules supply the preponderance of energy used to surmount the barrier to
dissociative chemisorptiorfy=f+f, +f,~75%, with the highest energy uptake always coming
from the molecular vibrational degrees of freedom. The predictions of the statistical,
mode-nonspecific microcanonical theory are compared to those of other dynamical theories and to
recent experimental data. @004 American Institute of Physic§DOI: 10.1063/1.1777221

I. INTRODUCTION just v3 must substantially contribute to the activated sticking
Increasing interest in the role of vibrational energy inobserved in_conventional molecular beanmand thermal

promoting gas-surface reactivityis being driven by elegant catal'y.3|é5. experiments. Very recently, vibrational mode-
new laser/molecular beam techniques that can measure iPecCific dissociative chemisorption was reported for,@9
brational  eigenstate-resolved  dissociative  sticking®" Ni(100 where the dissociation probability was observed
probabilities® for molecules impinging on surfaces. Super- {0 vary by as much as a factor of 5 when molecules were
sonic molecular beam studies of the activated dissociation direpared in two different rovibrational eigenstates with vir-
H, on CP7 and CH, on W (Refs. 8 and § Ni (Refs. 10 and tually identical energie¥’

11), Pt (Ref. 12, and Ru(Ref. 13 surfaces provided early Dissociative chemisorption of methane on(MI0 has
demonstrations that vibrational energy promotes reactivitjpeen subjected to particularly intense experimental and the-
when vibrational populations are moved, less surgically thamretical scrutiny because of its relevance to the large-scale
with a laser, using heated molecular beam nozzles. Semindustrial process of steam reforming of natural gas over
empirical analysi¥ of experiments to date has typically in- supported Ni catalystS. Several theoretical studies on re-
dicated that vibrational energy is similar to, or not quite asduced dimensionality potential energy surfaces have sug-
effective as, translational energy in promoting activated disgested that CE/Ni(100) dissociative chemisorption should
sociative chemisorption. Under the assumption that only th&e mode specific—displaying a dynamical propensity to re-
v3 antisymmetric C-H stretching vibrational mode is activeact from favored vibrationdt!® or rotationat’® quantum

in methane dissociative chemisorption, extrapolations obtates. Arguing against such mode specificity, a three-
methane molecular beam experiments to the thermal equiliparameter, full dimensionality, physisorbed compk®C)
rium conditions of catalysis, led to predictions that methanemicrocanonical unimolecular rate thediURT) applied to
vibrationally excited tov;=1 dominates the thermal disso- CH, and CD, on Ni(100) (Ref. 21 was able taqyuantitatively
ciative sticking on NiL00** while the ground state domi- predict the dissociative sticking of all the most recent
nates on R(D01).™* Later study of the eigenstate-resolved ejgenstate-resolvéd and heated-nozze molecular beam
dissociative sticking of Cli (13, J=2) on Ni(100 (Ref.  experiments, as well as millibar pressure thermal equilibrium
3) established that vibrationally excited modes other thanyp» experiments®® This set of roughly 100 nonequilib-
rium and equilibrium dissociative sticking experiments span-
dFax: (434) 924-3710. Electronic mail: harrison@virginia.edu ning eight-orders of magnitude in sticking probability, ten
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orders of magnitude in pressure, and a wide experimentasorbed complex state density is well above the typical onset
parameter spacée.g., rovibrational eigenstates, isotopesfor IVR (i.e., =10-100 state/cm') and access to the dis-
CH, and CDOy, E;, T,, T,) could all be predicted by the torted transition state region of the PES may lead to very
three-parameter PC-MURT with an average relative discrepstrong mode coupling and ultrafast IVR. As a microcanonical
ancy of 43%. Although methane dissociative chemisorptiortheory, the PC-MURT assumes that all PC states at an energy
has at various times been proposed to be dominated bl become equally probable and react with a common disso-
tunneling®??% or by translational or vibrational energy in- ciative sticking coefficientS(E), independent of how the
duced molecular deformationg.e., splat mechanispt®?*  system is initially preparede.g., using incident gas-phase
the PC-MURT is a conventional transition state theory thatmolecules in a single rovibrational eigensjatgccording to
assumes Cldissociative chemisorption occurs by over-the- Rice-Ramsperger-Kassel-Marcus RRKM)  theory  the
barrier passage of a transition state located along a C-lesorption-limited lifetime of a PC in the-20 kJ/mol
stretching reaction coordinate. In this paper, we employ th€H,/Ni(100) physisorption well is several picoseconds at
PC-MURT to explore the role of vibrational energy in the the reactive energies of interete., E>Eq= 65 kJ/mol).
dissociative chemisorption of methane on(100). The success of the PC-MURT in modeling experiments sug-
gests that a microcanonical distribution is being experimen-
tally approximated over the lifetime of the transient PC, pre-
sumably by virtue of rapid, ensemble averaged,
Arecurrent question has been whether or not a statisticaandomization of energy through the collisional excitation
theory with a few dynamical constraints, such as the PCprocess on a PES that promotes state miXimgd supports
MURT, can capture the essential chemical physics of methultrafast IVR at reactive energiéS.
ane dissociative chemisorption or is a fully dynamical treat-  Persistent collision complexes have been observed in
ment required:**2*=8Much of our most detailed knowledge crossed molecular beam studies of gas-phase reactions in
of gas-surface interactions derives from scattering rare gaseghich a potential well exists along the reaction pkath between
and diatomic molecules off surfaces at relatively low r
energie$—a domain in which low-dimensional dyna)r/nical reactants and productse.g., A+BCK:ABC—) AB
theories often excel. Statistical theories are more appropriatg C).3234 For long-lived collision con?plexes whose life-

to systems with many degrees of freedom, high state densityime exceeds a rotational period the measured reactive angu-
and sufficient mode coupling between the various degrees ¢, and translational energy distributions are generally found
freedom to support rapid exchange of energy. It is preciselyy pe consistent with linear and angular momentum conserv-
at reactive energies, where a system becomes capable of 4Ry, microcanonical theories that postulate that the available
cessing the distorted transition state region of its potentiatglision energy becomes randomized over the internal de-
energy surfacéPES, that mode couplings between different grees of freedom of the complex. For example, the barrier-
degrees of freedom should dramatically strengthen angss reaction Niv C,H,— NbC,H,+ H, was recently shown
thereby increase state mixing and rates of intramolecular Vit proceed through a long-lived intermedigb®und by 150
brational energy redistributiodVR). A measure of the dis-  kJj/mol) by virtue of its statistical reactive and nonreactive
tortion of the PES at the transition state for the/ZNi(100)  angular and translational energy distributions that were mea-
system is that the reaction threshold energy for C-H bongyred over a wide range of center-of-mass collision energies
scission drops tdE,=65 kJ/mol at the Ni surfac®,down  from 20 to 97 kd/mof® Clearly, considerable center-of-mass
from 432 kJ/mol for methane in the gas phase. Generallygollision energy can be transiently converted into internal
either at surfaces or in homogeneous phases, state densit@sgrees of freedom of the collision complex and statistically
in polyatomic molecules are too high at energies sufficient tanixed over the complex lifetime of at least a rotational pe-
rearrangecovalentbonds for spectroscopic assignment of in-riod of several picoseconds. The lifetime of the persistent
dividual quantum states—the spectra are simply too concollision complex of the Bt |, reaction has been directly
gested and appear chaotic because of strong mode couplifgeasured by femtosecond studies of photoinitiated reactions
and the high degree of state mixing of the zeroth-order norof HBr---1, van de Waals precursdfsand indirectly deter-
mal mode vibrational staté8.Indeed, for the extensive mix- mined by microcanonical theoretical analysis of crossed mo-
ing characteristic ofeactiveenergies each molecular eigen- lecular beam experimen%é_The lifetime of the Brll com-
state becomes essentially a microcanonical mixture of thglex (bound by~ 60 kJ/mol) wasr~44 ps at a center-of-
zeroth-order normal mode stat€sin the gas phase, IVR is mass collision energy of 1.7 kd/mol, droppingste 5 ps and
observed in polyatomic molecules at energies where vibra3 ps for collision energies of 52 kJ/mol and 87 kJ/mol, re-
tional state densities exceeell0—100 states/ciit. The PC-  spectively. Collision complex lifetimes decrease with in-
MURT assumes that dissociative chemisorption occurs comereasing energy and may eventually become too short for
petitively with desorption from a localized gas-surfacelVR to provide complete statistical mixing of the energy.
collision complex formed in the vicinity of the physisorption This limiting scenario is apparently achieved in the surface
potential well. Vibrational state densities for these transieninduced dissociation of some polyatomic ions at incident ion
“physisorbed complexes” consisting of an incident moleculebeam energies of 3000 kJ/mol¥82° The much lower colli-
interacting with several surface atom®scillatorg are  sion energies relevant to dissociative chemisorption of, CH
greater than 10states/cm® even at the threshold energy for on Ni(100) are comparable to those of the gas-phase reac-
dissociative chemisorption. At reactive energies, the phystions discussed above which form persistent collision com-

A. Applicability of a statistical treatment of
gas-surface reactivity
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plexes that react statistically. The PC-MURT model shouldare indeed this short then PC-MURT Kkinetics should apply
be applicable if, at reactive energies, IVR completes on theven before figuring in the additional energy randomizing
time scale of the several picoseconds that the (D 100)  and averaging influence of the initial gas-surface collisions.
PCs are calculated to persist. The vibrational structure of CHand CDO, naturally
Although direct and completely unambiguous experi-make these molecules relatively good candidates for IVR at
mental evidence for ultrafast IVR in gas-surface collisionhigher energies because the normal mode stretching frequen-
complexes formed at chemically significant energies is curcies (v;~wv3) are essentially twice the bend frequencies
rently lacking, an interesting example of ultrafast energy(v,~v,), leading to Fermi resonances and clumping of the
transfer is provided by the surprisingly efficient vibrationally zeroth-order normal mode states into polyad energy bands
inelastic scattering of v =0) from Cuf%*! at reactive en- characterized by a single polyad quantum numbyr,
ergies where access to the state-mixing transition state region2 (v, + v3) + v,+ v,4.°* The vibrational eigenstates can be
of the potential energy surface is possifidzor the H,/Cu  described perturbatively as mixtures of the different normal
scattering system, the large energy mismatch between thivodes:? The vibrational structure of Cfpi, is more com-
quanta of the relatively stiff molecular vibrations and thoseplicated because there are nine different normal mode fre-
of the softer surface phonoitise., v;,=4159 cmi ! and the  quencies and its energy level clumpings lead to two different
Debye phonon energy is 238 crhfor Cu) should make vi- polyad quantum numbers. Consequently, the,l@Dmeth-
brational energy transfer difficult according to the usual ex-ane isotopomer is not so favorable a candidate for IVR and
ponential energy gap laws based on weak anharmonic modacile mixing of the normal mode states at higher energies.
coupling®® The point worth making is that our intuition Reactive evidence that local modes can persist even when
about gas-surface collisions, even for those systems that @0 quanta of C-H stretch are excited comes from the vibra-
behave dynamically at low energies where state densities ariPnal mode-specific gas-phase reaction of CI atoms with
mode couplings are modest, may fail us at reactive energi€gD>H, to form HCI and CQH.> In this reaction, state re-
where state densities and mode couplings can be high. ~ solved experiments indicate that Cl preferentially attacks a
Dissociative sticking experiments are typically ensemblevibrationally excited C-H bond and the adjacent £Dacts
averaged over many gas-surface collisions without controRS & spectator species that largely preserves its initial vibra-
over the molecular orientation, phase of vibration, or colli-tional state. Gas-phase reaction rates for Cl atoms reacting
sional impact position across a surface unit cell. It has somevith vibrationally excited CHl in the (v;+v,) state versus
times been argued that similar collisional averaging in gasthe essentially isoenergetio'{+ ,) state were a factor of
phase unimolecular reactions might generate an ensembled* 0.5 highe?* suggesting that vibrational mode-specific
averaged random distribution of vibrational energy in theeffects on overall reaction rates may be relatively modest for
reacting species that would suffice for experimental mimicrythis direct reaction® Greater mode specificity was reported
of microcanonical RRKM kinetics without any requirement for the dissociative chemisorption of vibrationally excited
for additional IVR** For collisionless gas-phase unimo- CD2Hz on Ni(100® where the dissociative sticking prob-
lecular dissociation prompted by lasers, even for small mol@Pility was as much as five times higher for dmeO} state,
ecules such as NORef. 46 and D,CO, (Ref. 47 detailed with 2 quanta of C-H strchhmg exc_lted in a smgle C-H
adherence to RRKM kinetics is generally found and in thePond, as compared to the isoenergétid) state, with one
absence of collisions this must be based on rapid IVR afluanta in each of the two C-H bonds. In this paper, we show
reactive energie¥ Although rare, non-RRKM unimolecular PY comparison to experiments that the dissociative chemi-
decomposition kinetics on an electronic ground state PESOTPtion of methane on K00 can be quantitatively treated
can be observed in gas-phase polyatomic systems where V#§iNg the statistical PC-MURT for some methane isoto-
is sufficiently slow (e.g., HCQy).*® Similarly, the mode- POMers, Ck and CO,, butnot for CQH,.
specific dissociation of CPH, on Ni(100*® may occur be- Mqlegular bea}rr'l experiments measuring initial dissocia-
cause insufficient mode coupling within the PCs leads td!V€ Sticking coefficientsS are often fit based on the ansatz
slow IVR in comparison to desorption which competes withthat molecules with vibrational state , rotational state,
dissociation at the surface. and translational enerdy; incident on a surface at tempera-

The success of the PC-MURT in modeling Qi€D, ture T4 will dissociatively stick according to an “erf” func-

; 7
dissociative chemisorption cannot be taken as incontroverlt—Ional fornf
ible proof fpr ultrafast IVR in thg PCs because the gas- . Av;,d) E,—Eo(v;,J)
surface collisions themselves provide another avenue for en-  S(vi,J,E;Tg)=——— rf Wio, 370 )|’ @
1»v I's

ergy randomization. The relative importance of these two
mechanisms by which an ensemble averaged microcanonicahich has been remarkably successful when appliedo H
vibrational energy distribution in the transient PCs might bedissociative chemisorption on Cu. There are three free pa-
attained is currently unknown. As discussed at greater lengttameters for eachi( ,J) state: an amplitude&y(v;,J); center
elsewheré® the 100-500 fs and-10 ps IVR lifetimes at  point energyEq(v; ,J); and a width parametew(v; ,J;Ty).
relatively modest vibrational excitation energies for £ The sticking observed in molecular beam experiments with
(Ref. 49 and CHl,(,, (Ref. 50 respectively, are suggestive heated nozzles or in thermal equilibrium bulb experiments is
that IVR lifetimes for the 15 degrees of freedom the sum of contributions from all thermally populated (J)
CH,4/Ni(100) PCs at reactive energies will be shorter thanstates and must be averaged over the incident molecular
the PC desorption lifetime ofy~2 ps. If PC IVR lifetimes  translational energy distribution. Problematic for this mo-
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() in the absence of a rigorous theoretical basis for the Eq.

(1) ansatZ* it is difficult to ascribe any physical significance

to its modeling parameters aiid) to predict methane disso- X fo(E* —E,—E,—E,)dE,dE,dE; (5)
ciative sticking from molecular beam experiments with

heated nozzles or thermal equilibrium bulb experimentqs the probability distribution for creating a physisorbed

would require a great many state-of-the-art e'genStateéomplex atE*. f(E*) is formed by convolution over the

resolved experiments to define the necessary modeling Pistribution functions for the flux weighted translational en-

rameters fﬁr e;éhl\zbtg_? ':jhermally pof[;ulatr?ﬁ,o) staglas. In sﬂrgy, vibrational energy, and rotational energy of the incident
contrast, the PC- oes not suffer these problems an ethane, along with the surface energy distribution gor

requires only three parameters to make quantitative predicdscillators vibrating at the mean Ni phonon frequengy
tions for any conceivable experiment concerning methane_ 3/4k.T Jh, of 235 cntt '
dissociative chemisorption on (i00). In this paper, we de- b’ Debye % '

rive expressions for fitting or predicting the dissociative

lecular quantum state resolved description of sticking is that g* E* —E, E* —E,—E,
f(E*)=f ft(Et)fO fu(Ev)f0 f (Er)

The molecular beam studies of methane dissociative
chemisorption on NILOO) find that the dissociative sticking

the basis of molecular vibrational stat ved sticki "Loefficient scales with the translational energy directed along
© basis of molecuiar vibrationa| state resoed Sticking €4, grface normak,=E, cog 9. Discounting parallel mo-

efficients and compare the predictions of the PC'MURT ecular translational energy as a spectator or inactive form of
those_ made using the E{l) ansatz and other dynamical energy over the course of the reactive gas-surface collisions,
theories. we assume that only normal translation will contributeEto

in the expressions abovee., setE;=E, alone. Following
II. PC-MURT: THEORETICAL MODEL common practice, we further assume that the molecular

beam nozzle temperaturk, sets the vibrational and rota-

_We assume the_ metha_ne dissoc_iative chemisorption Kigona temperatures of the beam moleculesTas T, and
netics can be described microcanonicall$®as T,=0.1T,, respectively.

F(E*) Kg(E*) Once the transition state characteristics have been de-
CHyg) & CHyp)—— CHz)tH)» (20 fined through iterative simulation of varied experimental data
kp(E*) or by electronic structure theory calculations, any experi-

where theE* zero of energy occurs with methane at infinite mental sticking fzoeffICIent. can b_e predlcted using 8.0
verage the microcanonical sticking coefficient over the

separation from the surface when all species are at 0 I@robability for creating a physisorbed complext under

Methane incident on the surface from the gas phase is a%] o ! L : .
. - e specific experimental conditions of interest. Given that
sumed to form a transient gas/surface collision complex con_

sisting of a molecule, in the neighborhood of the physisorp—S(E*) is_simply Fhe rat|o_9f the available exit channels
tion potential well r'ninimum that interacts with a few thr_ough the react_|ve transition st_ate to the tot_al number of
. . . ' . exit channels available through either the reactive or desorp-
immediately adjacent surface atoms. These coII|S|0naIIy[ive transition statefEq. (4)], the PC-MURT provides a sta-
formed PCs or “local hot spots” are energetic and transientt Y
intermediate species that are not in thermal equilibrium with
the surrounding substrate. Physisorbed complexes formed g%ru
some total energf* [i.e., CH,(, in Eq. (2) where surface
coordination numbers are suppresseah go on to desorb or

react dissociatively with the surface to yield chemisorbe

istical description of the chemisorption kinetics.

In the absence of definitive guidance from electronic
cture calculations, and in the spirit of employing a sur-
face kinetics theory with a minimum number of adjustable
Oparameters, we assume the transition states for desorption
and dissociation are loose and share as many common mode

i * *
f“”.‘gmef“s W.'th. RRK.M .rate con_st_ank%(E ) and l.(R(E ): frequencies with each other as possible. The transition state
Initial dissociative sticking coefficientS are experimentally o .
for desorption is taken to occur when methane is freely ro-

derived from the ratio of the deposited C coverage, typically, .. L
.~ . “tating and vibrating in the gas phase, far from the surface.
measured by Auger electron spectroscopy, to the incide . I - : . .
he dissociation transition state is characterized by the nine
fluence of methane molecules, extrapolated backwards to, =~ . . S
T . Vibrational modes of methane in the gasjibrational modes
zero net fluence. The steady state approximation applied to

. of the surface oscillators, four vibrational modes at a single
g;stfH‘(p) coverage of Eq(2) yields a PC-MURT that pre lumped frequency representative of the three frustrated

rotations and the vibration along the surface normal of meth-

N . o ex ane at the dissociation transition state, and one of the triply
S= fo S(E*)f(E*)dE, ) degenerate antisymmetric C-H stretching vibrations
[ v3(CH,) =3020 cm 1] of methane is sacrificed as the reac-

where tion coordinate. The resulting PC-MURT has only three ad-
WE(E*—Eo) justable parameters;y, vp, ands, that can be fixed by
S(E*)= (4)  comparison of simulations to varied experimental data. An

Trex ¥ *
WR(E™ —Bo) +Wp(E") optimal parameter set o= 65 kJ/mol, vp=170cm !, s

is the microcanonical sticking coefficier\;l\/i¢ is the sum of =2) was recently fourd by simulating the eigenstate re-
states for transition staie E, is the apparent threshold en- solved molecular beam data of Schretlal® As shown in
ergy for dissociation, and Fig. 1, this parameter set successfylgdictsthe results of
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FIG. 1. (i)—(iii ) Comparison of the most recent experimentally derived initial dissociative sticking coeffigiemntss for CH, impinging on N{100) with the
theoretical predictions of the PC-MUR(ines) based orE,= 65 kJ/mol, vp=170 cni’ %, ands=2. (i) Molecular beam experiments fdt,~400 K and for
single vibrationally excited eigenstatesigl,J=2)% and (2v3,J=2).5 The Juurlinket al. sticking coefficients have been divided by 5i9) Molecular beam
derived sticking coefficients of Holmblagt al!! have been divided by 4.9, values have been recalculat®dccording to calibration experimehtsand in
frame(a) are given beside each experimental sticking pdiiid. Thermal equilibrium bulb experimerifsat 3 mbar pressuréiv) Activation energies for Ci
dissociative chemisorptior, , derived experimentally®*7%2and apparent threshold energi&s, (=E, at 0 K), derived fromab initic®”">"*or density
functional theory®~"® electronic structure calculations are compared to the predictions of the PC-MURT.

the other recent molecular beam and thermal equilibriunio assess in the absence of a well agreed upon theoretical
bulb experiments and the apparent threshold energiy,of model that can predict the results of such nonequilibrium
=65 kJ/mol is consistent with the &7 kJ/mol value calcu- experiments. Although experimental reproducibility from a
lated by ab initio electronic structure theory. The E, particular laboratory may be excellent, precise calibration of
=65 kJ/mol parameter set will be used in all further PC-absolute sticking coefficients is undoubtedly very difficult to
MURT calculations below. achieve, especially when sticking coefficients are siead).,
Rescaling of the experimental data of Juurletkal®and ~ S<10~3). Consequently, the introduction of scaling factors
Holmblad et al! in Fig. 1(i) and Xii) was optimize& for ~ to renormalize sticking coefficients derived from some labo-
best agreement with the predictions of the PC-MURT. Cur+atories, in an effort to recover a common “absolute” stick-
rently, this experimental rescaling seems appropriate. Ordeng scale is not unreasonable. In Figue) £ssentially iden-
of magnitude differences in dissociative sticking coefficientstical experimental measurements 8{E;; T,~400 K, T,
as a function oE, [i.e., S(E;;T,.,T<)] reported by different =475K) versusE, were made by Schmict al® with
molecular beam laboratories are not uncomrtoalthough 373 K<T,<473K and(T,)=409 K and also by Juurlink
almost invariably there are differences in thg and T ex- et al. with T,=400 K. Division of the sticking coefficients,
perimental conditions that makes direct comparisons difficulpublished by Juurlinlet al. by a factor of 5.9 can be seen to
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Energy [kJ/mol]

lead to good agreement between tBE;T,~400 K, T The success of the PC-MURT in describing the
=475 K) values derived from both experimental laboratories(2v3, J=2) eigenstate resolved sticking is noteworthy be-
and with the predictions of the PC-MURT. Discussionscause methane’s highest frequency vibrational mode
amongst the leaders of the different molecular beam laborgshould be the most difficult one to relax through energy ex-
tories investigating dissociative chemisorption of £bh  change with lower frequency physisorbed complex vibra-
Ni(100) suggest that the sticking coefficients reported bytional modes or surface phonons according to conventional
Juurlink et al. and Hombladet al. should be reduced by fac- €xponential energy gap laws. However, as can be seen in Fig.

tors near 5 based on recent experimental and cross-laboratody at reactive energies the physisorbed complex density of
calibrations® states is high ¥ 10° state/cm ') and there is always a large

Figure 2 provides a comparison of the physisorbed combath of isoenergetic states of different mode character with
plex energy distributions for the highest energyE;)  Which to undergo rapid IVR. Consequently, an energy gap
=91 kJ/mol, (5, J=2) eigenstate] =475 K] molecular ~ between the normal mode fundamentals is not the key issue
beam experiment of Fig.(i) and the thermal equilibrium restraining IVR, it is only the degree of mode coupling at
bulb experiment of Fig. (i) at the same surface tempera- these reactive energies. The success of the PC-MURT ap-

ture. The(E*)=169 kJ/mol mean energy of the beam ex-
periment compares t0E* )= 17 kJ/mol for the bulb experi-

ment that was performed at ten orders of magnitude higher 101 4 r 107

pressure. Averaging the microcanonical sticking coefficient ) ] E o
over the energy distributions of these experiments according 10 101
to Eq.(3) yields experimental sticking coefficients that differ 108 101 e
by eight orders of magnitude. Although the high energy . _ 107 106 §
(2v3, J=2) single eigenstate beam experiment is very far ; : —
from thermal equilibrium(i.e., T=T;=475K) in both its g 10° 3 0 %
translational and internal energy distributions, the PC- g 105 ;107 g
MURT, which assumes that energy becomes microcanoni- r10°
cally redistributed within the transiently formed physisorbed g 10° 3 P10 @
complexes, performs well. Defining the average relative dis- @& 103 104 g,
crepancy(ARD) between the PC-MURT predictions and ex- - ] 102 '§
periment as 1 Domain of IVR : :102 a

ARD=< |Stheory_ Sexptl > " . 17 10

MIN(Stheorys Sexpt) | 10° e e 100

0 50 100 150 200

the ARD for both the Fig. @) Schmidet al® and Fig. Ziii)
Nielsenet al!® data sets is 33%. The ARD for the rescaled

Energy, E* [kJ/mol]

Juurlink et al data of Fig. 1i) and Homblacet alll data of FIG. 3. The sum of states for the desorption and reaction transition states are
shown along with the density of states for the physisorbed complex. At

. S o o .
Fig. Lii) IS_ 64% and 43 /0_’ reSpeCtlvely: T_he overaII_ARD for reactive energie€* =65 kJ/mol, the physisorbed complex density of states
the 96 varied nonequ'“b”um and equ'“b”um experiments Ofis =10 states/crn?, well above the typical 10 states/ch onset for in-

Fig. 1 is 43%. tramolecular vibrational energy redistributidivR) in gas-phase molecules.
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plied to CH, and CDO, in Fig. 1 argues for strong mode 10° g

coupling and ultrafast IVRi.e., faster thanry~2 ps). ] ° ) ¢
Although Juurlinket al3* and Schmidet al® have spe- 07 e A

cifically argued that their ClHeigenstate-resolved molecular 10_2_: AT o

beam results rule out a statistical model for Ossociation ‘é e e et -

on Ni(100, Fig. 1 demonstrates that the PC-MURT is en- ‘S 103 - ot &5

tirely compatible with their experiments. These exclusionary % n

claims were based on the notion that values of a semi- 8 10 5

empirically defined “translational efficacy,”[e.g., B; o 3

=3(INS/XEY], and “vibrational efficacy” [e.g., B, £ 1073

= 9(In 9/KE,)] should be numerically identical if a statisti- 8 7 T, =413K

cal theory applies. However, as analytically derived else- ¢ 10 1 ]

where in the context of the PC-MUR¥ 8, and 3, are func- :g 107 4 CH,_ CDH,

tions of the experimental specifics and are not generally £ 3 T,=423K  —fl— T, =423K

especially diagnostic of whether a statistical or dynamical 1o»8=; ——— 2y, —@- — |20> State

theory applies. A statistical theory only requirg|gx 3 ceha. |11>State

= B,|e+ where both efficacies are evaluated precisely when 14— 77

the physisorbed complexes being formed have the same total 40 50 60 70 80

energy(i.e., E* =E+E,+E,+EJ). Arranging such a com- Translational Energy [kJ/mol]

parative scenario using molecular beams has not been spe-

- . FIG. 4. Comparison of experimentglointg and PC-MURT(heavy line$
cifically pursued in the past, and at best may only be a‘pderived initial dissociative sticking coefficients for @, incident on

proximated in an averaged sense because the molecular aghio0. The COH, sticking is shown for a thermally populated molecular
surface distribution functions over the various kinds of en-beam withT,=423 K and for different rovibrational eigenstates with two

ergy can not all be simultaneously preparedsafsinctions  duanta of C-H stretching excitedil 1)=(1v,,1v;J=1) and [20)

(see Fig. 2 _=(2V1;J_=1). Thin Iines_ giye PC-MURT predictions for comparable stick-
A (2v3, J=2) eigenstate-resolved molecular beam dis-" experiments for Chlincident on N(L0O.

sociative sticking measurement at a single translational en-

ergy for CH, on P{111) at Princeton has also been cited as

evidence that a statistical model of gas-surface reactivity i

inadequaté. The dissociative sticking coefficient for GH

impinging on P{l1)) in the (2v3, J=2) eigenstate aE; falls onl .

n N "4 . y about threefold on going from GHo CD,H,. The
=5 kd/mol wasS=1.8x10 *, a relatively modest 30-fold b \yRT underestimates the GB, dissociative sticking
enhancement over'®,=295 K beam at the same energy. In ¢, ye T _ 453 K beam|1 1) state (6000.2 cmt), and the
contrast, sticking of the CH(2»3, J=2) eigenstate on |2 0) state (5879.8 cm') by factors of about 4, 20, and 50,

: - N 0 e
Ni(100 at Et& 12 k/mol wasS=5x10 ,_beheved tobea | oqnectively. Surprisingly, in light of the kinetic isotope ef-
more than 10fold enhancement over &,=400 K beam at fect, the CH dissociative sticking for the 2 state

the same energy[see Fig. 1)]. The Princeton group pio- (004,69 cm1) is less than that for either of the two GB,

neered tW(? Ee;'," ang unusual teghmques to make tthIr ME&tates at comparable levels of vibrational excitation. As dis-
surements: helium beam scattering to measure surface caleceq above, the failure of the PC-MURT to accurately pre-

bon_ deposited by methane_ and the use of a cw laser buiId-_u(mct the CQH, sticking might be caused by overly slow IVR
cavity for overtone pumping of the methane beam. The'rwithin the PCs formed involving this molecule.

conclusion that a statistical model is inadequate is surprising Given that the PC-MURT appears to accurately predict
because the PC-MURT has previously been used quite SUfe dissociative sticking for CHand CD, on Ni(100), but

cessfully to model dissociative sticking of methane on.q o cp,H,, we will pragmatically restrict our calcula-
PY(111 Yd over ? wide rangt]e of Iexplerm;ental coré%%%ons tions and analysis below to just the €HNi(100) system.
measured using two separate molecular béam machimes  tnq regyits should be broadly illustrative of the kinetics for

at IBM. o any gas-surface dissociative chemisorption system that be-
Nevertheless, as shown in Fig. 4, the PC-MURT Cerhaves statistically.

tainly cannot predict the vibrational mode-specific dissocia-

tive sticking reported for CEH, on Ni(100.'® The PC-

MURT calculations for CDH, assumed that dissociation

could occur by breaking either a C-H or C-D bond and that]ll VIBRATIONAL STATE RESOLVED DISSOCIATIVE
all molecular orientations with respect to the surface arpSfICKING FROM MOLECULAR BEAMS

equally probable. The PC-MURT predicts that the dissocia-

tive sticking for aT,,=423 K molecular beam should be re- According to Eqs(3)—(5), the dissociative sticking co-
duced about 11-fold on going from GHo CD,H,. This  gfficient can be calculated as

reduction in sticking stems primarily from the increase in

available desorption states open to L) because of its S= fo(E*)f (E*)dE*

smaller rotational constants and smaller symmetry number 0 ors ’

?e.g.,a=2, down from 12, and secondarily from the kinetic
isotope effect. Experimentally, the thermal beam sticking
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(B sticking measurements, one must average over the flux

® E* E* _E To make contact with conventional molecular beam
Joset )y et
weighted translational energy distribution,

x{fE ED 5 = [
0 \=(S.(E)= | S/(EQT(E)AE,

(10

* * 0 <]
x f(E* —E,—E, Er)dEr]dEt]dEv]dE . (8 szf U S(E, + E+E, o) f1o(Ero) dE,q L, (EQdE,
If the vibrational and translational energy distributions of the o 7o
molecules incident on the surface in an idealized moleculafo yield the vibrational energy resolved sticking coefficient
beam experiment aré functions, f,(E,)=4&(E,—E;) and S, and then average over the thermal vibrational energy dis-
fy(Ey) = 8(E;—E{), then only the integration of Eq6) over tribution,
dE* with E* >E+E/ contributes to the sticking after inte-

grations overdE, anddE; pick up theé functions. Conse- S=(S,) :jmsuf (E,)dE :2 f.(E,)S,,
quently, v o viEn) TR T e Tl
oo E*fEle’ (11)
S=f S(E* f v Y (E o
el )[ 0 = $=2 fu(E)) fo S,(E)fu(E)dE ),
x fs(E*—E, —E{—E,)d Er] dE*. (7)  where the beam vibrational temperature is typically given by
the nozzle temperatur&, =T, . As usual, because the vibra-

Noting that E*=E+E/+E,, where E;=E,+E, and tonal states are discrete,

dE* dErs. -
; [ REGREEED SRR AR SR
j * 0 Energy levelss, Statesy; i
S:f : /S(E*)[J' fr(Er)fS(Ers_Er)dEr]dE*’ ” e.g.,(ogz)oz)
EUJrEt 0 (12)

B ., ® one can keep track of them in several ways. It is convenient
S= S(E +E{ T Eis)fis(Ers)dErs. to label the CH vibrational statesy;, by the vibrational

The stlcklng is an average of the microcanonical stlckmgquanta in the normal modes {,v,,v3,v4). The probability
energyE* given specific values o, andE,. This is cal- Strike the surface in vibrational statg is

culated by an appropriate averagingS{E*) over the con- g —E
volved rotational and surface energy distributions of the par-  p = iexp( “i) (13)
ticular experiment of interest. bQ, KpT

Let us now introduce a simpler, less formal style forwhereg andE, are the vibrational state’s degeneracy and
manipulating and thinking about these sticking equations ang nergy, aan,, |s the vibrational partition function. Recog-

again calculate the sticking for a hypothetical mOIeCUIarnlzing that the PC-MURT is not vibrational mode selective,
beam experiment witlé function distributions irg, andE;, Eq. (11) can be rewritten as

and with rotational and surface distributions charactenzed by
temperature§,=0.1T,, and Ty,

Su(Et;TnyTs):<S(Ev!Et)>rs
=FS(E*)f(E*;EU,Et)dE*, => PUiSui=2 oS, (14)

0 vj Uj

-3 P[ f;svxEt)ft(EodEt}

" where the sums are over vibrational states,
Sv(Et):JO S(E*:Ev+Et+Er+Es) -
S, (E)~(S(E, ) | SE,+E

X JE*_E”_E‘f E
0 r( r) +Ers)frs(Ers)dErsa (15)

S,, is a vibrational state resolved sticking coefficient, and
XF(E* —E,—Ei— Er)dEr] dE*, ©) S, is the vibrationally resolved contribution to the overall
sticking from statev; under the particular experimental con-
ditions of interest.

Figure 5 shows how the GHNIi(100) dissociative stick-
ing for the thermally populated molecular beam experiments
S, (E,) = fo(EvJFEtJFErS)er( JdE, of Fig. 1(i) can be decomposed into contributions from dif-

ferent CH, vibrational states. The first 15 vibrationally re-

sU<Et>=f:aE*ms(E*—Ev—EodE*,
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10"
102 B Schmid, et al.
10 1 A Juurlink, et al.
— =38,
10 + )
m>- 105 4 )
< )
E;‘ 106 4 )
.g 107 4 ) FIG. 5. PC-MURT predictions of vibrationally resolved
£ 10° ) sticking contributionsgsS,,, relevant to the thermal mo-
8 10° ] ) lecular beam experiments of Fig(iLwith T,,=400 K
o “ ( ) and T,=475 K. In these beam experiments, sticking
2 107 (0011) from methane in the «;,v,,v3,v4)=(0000) vibra-
% 104" ( ) tional ground state dominates the sticking f(E,)
B g W g |Grovndstte |t (1001) =24 kJ/mol.
5 3 . — (1100)
10724 g £ 50 * Vibrationall —
&3 . y (0020)
1014 = ] e ®  Excited State — (1010)
1015 : ° 200 400 600 800 1000  **°** (2000)
: T IK]
10'16 T T T T T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120

Translational Energy [kJ/mol]

solved sticking contributionsS,, are shown as a function of in the limit of sufficiently highE,. As shown in Eq.(14),

the mean translational energy of the incident methaneaveraging aS, (E;) curve over the flux weighted transla-
Closed symbols represent molecular beam data taken Wjonal energy distribution of the molecular beam and weight-
Schmidet al® and Juurlinket al2 while the lines give pre- ing the result by the Boltzmann probability of finding the
dictions of the PC-MURT. Summing ovals, vibrationally  vibrational state in the beam yields the vibrationally resolved
resolved sticking contributions recovers the experimentaflissociative sticking contributiodS, of the kind plotted in
sticking shown in Fig. @) and Fig. 5. The inset graph within Fig. 5.

Fig. 5 shows the boundary between vibrational ground and Holmbladet al! employed Eq(14) with a rotationally
excited state dominance in the CHissociative sticking as a averaged form of Eq1),

function of both mean translational energy and nozzle tem-

perature. As i_IIustrated by this i_nset, the crossoiey), or S, (E)= ﬁ 1+ erf E:—Eo,, , (16)
mean translational energy at which the ground state becomes 2 in(Ts)
the predominant mode governing the dissociative sticking,
increases as the beam nozzle temperature increases. For the . L
400 K nozzle temperature of the Fig(ijLmolecular beam Cumulative Contribution to S [%]
experiments the predicted crossover energy is 24 kJ/mol, an 7 el 98.5 99.7 99.9
energy which is marked as the dotted vertical line in Fig. 5. 100 —
For incident mean translational energies below 24 kJ/mol, _ | Ts=475K -
the sticking is dominated by vibrational states with excited & Tn = 400K -
bending modes. > 807 ——- (0000) pid

Figure 6 depicts the fractional sticking contributions of { — — (ooo1) /
the five vibrational states most important to the overall stick- & 0l — (0100) //
ing of Fig. 5, along with the sum of their fractional contri- = —— (0002) /
butions as a function of translational energy. The ground vi- 2 1 ——- (o101 /
brational state generally contributes most to the dissociative £ 40 - /
sticking. However, at translational energies below 24 kJ/mol, & 7/
vibrationally excited states of the, bending mode become E 1 //,/, ~
particularly important contributors to the overall sticking be- £ 5, | .//./ N
cause of the especially low energy and high degeneracy of § = ———— ~.
these State@.g., E(OOOl): 1305 Cm_l, g(OOOl):B)' © -’&ﬁ_\\\\ \\\\\\

Vibrationally resolved sticking curvesji(Et) calculated 0 e T TS—,,
using Eq.(15) are depicted in Fig. 7 for the first 15 vibra- 20 40 60 80 100
tionally excited states of methane. These vibrational states Translational Energy [kJ/mol]

are energy bunched into five polyad bands with polyad quan-
tum numberN= 2(V1+ V3) + vyt vy, ranging from O to 4. FIG. 6. PC-MURT predictions of the most important vibrationally resolved
Given the narrow energy bandwidth of each polyad thesticking contributions relevant to the thermal molecular beam experiments

. h i of Fig. 1(i), displayed as fractions of the overall sticking. Cumulative con-
Svi(Et) curves for vibrational states within each polyad ar€yiputions to the overall sticking derived by vertically summing ﬁ’&i are

very similar. TheS,,i(Et) curves ares shaped and approach 1 given on the uppex axis.
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3801

FIG. 7. PC-MURT predictions of the
Sul(Et) vibrationally resolved sticking
curves for T,=400K and T
=475K.

to model conventional molecular beam experiments probings having only a single vibrational mode, a fourfold degen-
CH, dissociative chemisorption on (00 in which the
CH, vibrational state distribution was modulated by varying 625 K—980 K, they reasoned that only thevs'” =0, 1, 2
the beam’s nozzle temperature. Tﬂg(Et) erf sticking an-
satz as written in Eqg16) and employed in Eq(14) has
seen increasing use in modeling methane dissociativé,, =1 in the Eq.(16) erf form of S, (E;), Holmbladet al.
chemisorptiort!113141759and jts inverse, methyl radical arrived at a six free parameter model. These fBegEy)
hydrogenatior/ In these studies, Eq14) was used as a parameters were fixed by fitting the variaflg sticking data
flexible form that admits the possibility of state selective of Fig. 1(ii)(c) using Eq.(14) and are listed in Table I. When
reactivity through the erf form oSUi(Et) that has several
free parameters. An experimental difficulty with conven-dict the dissociative sticking of CHin thermal equilibrium
tional molecular beams with variable temperature nozzles ifigh pressure bulb experimefftshe agreement with experi-
that the relative contributions to the observable net dissociament was encouragingly good. Their model predicts that
tive sticking from the many different vibrational states aremolecules in thevz=1 vibrationally excited state should
expected to vary strongly with the beam translational energglominate the thermal sticking. More recently, the eigenstate-
(e.g., Figs. 5 and)6and the nozzle temperatufe.g., Fig. 5

insed.

erate C-H stretch. Given their nozzle temperature range of

states would be sufficiently thermally populated to be impor-
tant contributors to the overall sticking. Further assuming

Holmblad et al. employed their six-parameter model to pre-

resolved dissociative sticking of GH(lvs, J=2) on

Ni(100 was found to be badly overestimatée.g., ARD

Fig. 1(ii)(c) & (d) reproduce the Holmbladt al! mo-

lecular

CH,/Ni(100) dissociative sticking as a function @f,. To

employ the erfSU (E;) curves in Eq(14) to fit their variable

T, sticking data, Holmblact al. made the simplifying as- Molecular beam and thermal bulb experiméhts.
Schmidet al® used the erf form 08, (Ey) to directly fit

CH, dissociative chemisorption and modeled the moleculesheir (2v5, J=2) eigenstate-resolved and thermal molecular

sumption that only the C-H stretching modes were active in

~4600% in Fig. 8 using the HolmbladSyo10(E;) erf pa-
beam measurements of the variation of theameters and this was taken as evidence that vibrationally
excited modes other than jusg must substantially contrib-
ute to the CH dissociative chemisorption in both thermal

TABLE |. Best fit parameters used in erf form Q,i(Et) and ARD comparison to PC-MURBUi(Et) for

molecular beam experiments wilh =

40 K, T4=475 K, andE,< 150 kJ/mol(see also Fig. B

Vibrational state EOU in ARD
Reference (v1,02,03,04) AU‘ (kJ/moI) (kJ/mo) (%)
Hombladet al. (0000 1.0 136.7 29.6 477
(0010 1.0 78.7 23.5 1810
(0020 1.0 32.0 15.0 1.810°
Schmidet al. (0000 0.0238 121.0 30.3 275
(0020 0.1128 63.0 28.3 75
Abbott et al. (0000 0.092 1314 29.4 25
(this work) (0010 0.123 97.5 29.5 26
(0020 0.313 96.0 45.9 11
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beam data of Fig. (1). They avoided the use of E¢l4) to  tions of the PC-MURT for thg0000, (0010, and (0020
calculate the sticking as an average over different vibrationabibrational states of ClHwith our best ervai(Et) fits to

states and to average over the beam’s translational energyese predictions and to the e8f (E,) curves reported by
distribution. The dissociative sticking frof,=400 K ther- Holmblad et al*! and Schmidet all.5 Parameters for all the

mal molecular beam was attributed entirely to Cifl the  iterent erfS, (E,) curves appear in Table I, along with the
ground vibrational state. This may be a poor approximation '

because Fig. 6 predicts that the ground vibrational state cor’1°—‘RD between the erfand the PC'MUFSEi(Et) curves. The

tribution to the sticking varies from 35% to 80% over the y5three PC'MURTSUi(Et) curves could be closely fitted using
kJd/mol to 75 kJ/mol range of mean translational energy thathe erfS, (E;) functional form to achieve ARDs in the 11%-—
they fitted. Within the PC-MURT, the (&, J=2) 26% range. The resulting erf fitting parameters do not appear
eigenstate-resolved molecular beam sticking can be calciue bear any obvious relationships to physical parameters of
lated directly via Eq(3), or along the lines of Eq14) with-  the reacting Cl/Ni(100) system such as the threshold en-
out the need to average over different vibrational or rotaergy for dissociative chemisorptiotk,=65 kJ/mol, or vi-
tional states, brational energy quanta. The Schmid &f(E,) fits to the
SZU3,J=2:S2U3,J=2(<EI>;T'[’TS) (2v3, J=2) eigenstate-resolved and thermal molecular
beam sticking can be seen to represent the experimental data
o very well. Interestingly, Table | shows that the Schmid and
- fo S2v31312(Et)ff(Et)dEt' PC-MURT ervai(Et) parameters for th€0020 vibrational
state are surprisingly different given that both &fi(Et)

where curves provide a good representation of thev{2J=2)
S204.3-2E0) =(S(E2y 5 E5-2,E0)s eigenstate-resolved experimental data. The PC-MURT
B S,,(Ey) curve for the(0000 vibrational ground state lies
= fo S(Epy,+Ej—pt+ Ei+ Eo)f(Eq)dEs. beneath thd ,=400 K thermal molecular beam sticking data

in Fig. 8 as expected based on Fig. 6 that indicates that the

Clearly such eigenstate-resolved molecular beam sticking:ound state contributes only fractionally to the sticking of
data are subject to relatively little averaging and are welthe thermal beam. The e§, (E,) curves reported by Holm-
suited for testing theoretical ideas. The Schmicl. best fit ~ blad differed considerably from all the PC-MURS, (E,)
erfS, (E,) parameters for th€0000 and(0020 states states curves, and from the er§, (E;) curves of Schmid. Ulti-
are listed in Table I. mately, we are not able to attribute any special physical sig-

Given the long standing practice of fitting Ghholecu-  nificance to the experimentally derived &f (E,) fitting pa-
lar beam sticking using the e§, (E,) functional form, par-  rameters. This is unfortunate because Schetiel® use the
ticularly for states involving thev; antisymmetric C-H centerpoint energie€ o 0020y @nd Eg (o000), Of their erf fit-
stretching mode, it is worth exploring if the erf form can be tings to calculate a type of vibrational efficacy factor sug-
used to adequately represeBjt(E,) calculated by the PC- gested by LuntZ that they claim is relevant to whether the
MURT using Eq.(15), especially if there is hope of gaining dissociative chemisorption dynamics are statistical or mode
some insight as to the physical significance of the erf fittingselective. Based on Fig. 8 and Table |, it appears that this
parameters. Accordingly, Fig. 8 contrasts Bg(E,) predic-  kind of vibrational efficacy analysis based on erf fitting pa-
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Temperature [K] under thermal equilibrium conditions where an ambient gas
1000 500 333 250 impinges on a surface sharing a common temperature. The
10° 4 ' ' T m Newen ota changes required are only to set all the temperatures equal
- ] - 355, (e.g., T=T,=T,=T,=T,) and to recognize that the angle
2 10° 3 _ (ooo1v) integrated, flux-weighted, normal translational energy distri-
é o ] — (0002) bution,
E E X ——- (0101 1 F(_Et
= o] X 000 eseees 0000 [ N
§ 108 —; E0100; ft(Et) kaeX ka (17)
€004  NKy U (0010) for molecules strikin f ilibri
S 3 _ g a surface at thermal equilibrium
2 ] (0200) should be used in Eq15).%% Note that here we continue in
5 1073 our tradition, initiated after Eq(5), of usingE; and “trans-
g ] lational energy” as shorthand f&,= E, cog & and “normal
£ 1073 translational energyli.e., we've setE,=E, alone.
] An Arrhenius plot of the CH/Ni(100) thermal dissocia-
1012 — T tive sticking coefficientS;, along with its breakdown into
10 15 20 25 30 35 40 contributions from the seven most important vibrational

1000/T [K] states is given in Fig. 9. Vibrational states with excited bend-
FIG. 9. PC-MURT prediction of some of the most important vibrationally ing modes dominate the S“Ckmg atall the temperatures illus-
resolved sticking contributions to the thermal equilibrium bulb experimentstrated. The slopes of théSUi versus 1000/T curves can be
of Fig. (iii). The the_rmf" Tti‘i';]ing is_gor‘lﬂi_”nated b}’t"tTetnhaf;e in ‘gbfgﬁg”a”y seen to vary somewhat with vibrational state. Because no
‘renxcftljt:.d Tﬁfeaz)‘arz’ef gfrt\ll(i:tl)JthrignalcS:tels\i/r? ;Ir:egleg)éﬂdar:eoﬂecc:s ttﬁf irﬁpo:tagnce ane \_”bratlonal state has a frac.tlonal Conmbu“o,n to, the over-
their contributions to the sticking at 500 (¢ee also Table )i all sticking greater than 25%, it takes the contributions from
a great many vibrational states to sum to even just 95% of
R ) ) . _ the total experimental sticking. For example, summing the
rameters is difficult to experimentally implement with preci- contributions from the first 47 vibrational states is required to
sion and cannot be theoretically justified based on the PGeacover 95% of the thermal sticking coefficient at 100 K,
MURT. 1435 vibrational states are required at 1000 K.

Figure 10 shows the fractional contributions to the ther-
mal sticking from the first 15 vibrational states plotted
against temperature. Table Il provides a listing of the various
parameters relevant to calculating the vibrational state re-

The formalism defined in Eq$14) and (15) for calcu-  solved contributions to the thermal sticking at 500 K, a tem-
lating vibrational state resolved dissociative sticking fromperature on the low side of the 500-1500 K range most
molecular beams is easily adapted to the case of stickingelevant to industrial catalytic processes but one that remains

IV. VIBRATIONAL STATE RESOLVED DISSOCIATIVE
STICKING FROM AN AMBIENT GAS AT
THERMAL EQUILIBRIUM WITH A SURFACE

Cumulative Contribution to S; [%] Cumulative Contribution to S [%]
81 57 53 48 43 38 33 28 24 21 11 12 14 14 14 14 14 13 12 11
25 1 " | 1 1 1 1 n 101 - 1 1 1 1 1 n 1 1
N —.— (0001) ]
{1 ——  (0002) ]
20 N
_ 1 N ——- (@101) —_ 100
x 1. '\ ...... (0000) X E
s 1 N —-— (0100) o ]
e 15 ] - . =] E
§ § 1073
= J - 3
3 10 3 : .
| = ]
,.‘=: ] ] 1 '... ...... (0010) +veee- (1001)
8 ] S 102 .,/ s —— (0200) —-— (1100)
5 1 E : —:-= (0011) —— (0020)
. ] ——= (0110) —--= (1010)
] ) == (1000) +++s=- (2000)
0 ———— 7 102 —— 7
200 400 600 800 1000 200 400 600 800 1000
(a) Temperature [K] (b) Temperature [K]

FIG. 10. PC-MURT predictions of the fractional contributions to the thermal sticking of Kitj) from the first 15 vibrational states in energy. As the
cumulative contributions on the upprraxes indicate, these 15 vibrational states account for less than 75% of the overall thermal sticking. The order of
vibrational states in the legends reflects the importance of their contributions to the sticking at(56@ &so Table )I
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TABLE Il. Vibrational state resolved dissociative sticking under thermal equilibrium conditions for 0, 1, and 2
vibrational quanta at 500 Ksee also Figs. 9, 10, and (£, St_sq x=1.01X10"".

Vibrational state Energy Maxwell-Boltzmann Contribution to

(v1,02,03,04) 9y, (cm™ b probability, P, (%) S, thermal sticking(%)
(0000 1 0 90.75 1.0x10°8 9.09
(0001) 3 1305 6.37 218107 13.60
(0100 2 1520 2.29 352107 7.97
(0002 6 2610 0.30 3.9%10°° 11.52
(0101 6 2825 0.16 6.1%10 © 9.79
(1000 1 2915 2.06¢10°2 7.45x10°° 1.52
(0010 3 3020 4.5&10 2 9.27x10° 8 4.20
(0200 3 3040 4.3%X10 2 9.66x 106 4.13
(1001 3 4220 1.45%10°8 9.71x10°° 1.39
(0011 9 4325 3.2K10°° 1.17x10°* 3.73
(1100 2 4435 5.2x 1074 1.43x10™* 0.73
(0110 6 4540 1.1%10°3 1.71x10* 1.96
(2000 1 5830 4.7x10°8 1.22x10°3 0.06
(1010 3 5935 1.0410°° 1.40x10°3 0.14
(0020 6 6040 1.5410°° 1.60x10°3 0.24

easily accessible using surface science techniques. The cdissociative chemisorption dynamics because the rotational
mulative contribution from the first 15 vibrational states atdegrees of freedom are largely frozen out by strong rota-
500 K is 57% of the tota;. The vibrational state resolved tional cooling in the molecular bearfi’sAs shown in Figs. 5
sticking coefficients,SUi, can be seen to rise rapidly with and 6, conventional molecular beam experiments tend to be
vibrational energy but the Maxwell-Boltzmann weighting dominated by the sticking contribution from the vibrational
factorsP,, fall off even faster. As can be seen in Table Il and ground state, promoted by the very high normal translational
Fig. 10, the optimal compromise betwee;)i and P, is  energies, as compared to sticking at thermal equilibrium

: . . where many more vibrational states make significant contri-
struck for the(0001) and (0002 vibrational states which butions to tr):e stickinge.g.. Fig. 10 Conseque?]tly conven-
contribute most to the overall thermal sticking. These Stateﬁonal molecular beam.e;periheﬁts tend 1o rep(,)rt most di-
based onv, bending mode excitations have relatively high ectly on translational energy enhancement effects in
degeneracy and low excitation energy. Other vibrationa

states built offv, and v, bending mode excitations, along aCtI\'/rsrt:gdeCIS-iﬂoljsgvgs(s:zfnrglss?gtlogtational enerav is full
with the vibrational ground state, are also important con- gy y

tributors to the thermal sticking. The C-H stretching mode active in the CH/Ni(100) dissociative chemisorption and,

. L . “based on theH,=65 kJ/mol, v, =170 cm !, s=2) param-
contribute more modestly o the sticking with €010 ter set fixed by fitting the molecular beam experiments of

o 0 . . o
fgzt(elgggtr;?;:;ngottzr ig)u?i:d rlag&ngnsgx;[zr:sir;mFt)(e):;n;eisﬂcgchmid et al, manages to predict the thermal equilibrium
gL 9 sticking of Nielsenet al. very well (e.g., Fig. liii) ARD

rtan K. . -
portance at 500 . =33%). To determine which degrees of freedom are most
The mean normal translational energy for molecules

striking the surface at thermal equilibrium (&)= k,T. At Important to dissociative chemisorption at thermal equilib-
1000 K, (E,)=8.3 k/mol which is towards tr:e IO\?v énd of rium, it is useful to calculate fractional energy uptakes de-
[l t/— ©-

the translational energies typically examined in molecularflned as
beam sticking experiments. Figure 6 shows a different order- (Ej)r
ing of the vibrational states contributing most to the molecu- f; :m' (18

lar beam sticking aE;= 10 kJ/mol as compared to the vibra-

tional states contributing most to the thermal sticking at 1000vhere(E;)r is the mean energy derived from thth degrees

K in Fig. 10. For example, th€0001) state dominates the of freedom of the molecules or surface oscillators forming
molecular beam sticking while th€002 state dominates Physisorbed complexes that successfully react @iy is

the thermal sticking. These differences arise simply becaugée mean total energy of the successfully reacting phys-
of the nonequilibrium nature of the molecular beam experiisorbed complexe¥. Figure 11 illustrates how(E;)g,
ment where the temperatures of the surfige 475K, vi-  (E*)g, and thef;’s vary with temperature under thermal
brationsT,=T,=400 K, and rotationd,=0.1T,=40 K, all  equilibrium conditions. Also marked in Fig. @ is the
severely lag their counterparts in thie=1000 K thermal threshold energy for dissociatiof,,= 65 kJ/mol, which is

equilibrium comparison experiment. the thermal activation energy @ K according to the Tolman
Although vibrational state resolved sticking information relation,
is available through molecular beam experiments employin
: " oYY Ea=(E*)r—(E*), (19

variable temperature nozzles or direct laser pumping of
single vibrational eigenstates, it has remained difficult to di-where(E*) is the mean total energy for all the physisorbed
rectly evaluate the contribution of rotational energy to thecomplexes formed. Figure 11 indicates that the energy re-
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FIG. 11. PC-MURT predictions df) the mean energies of the reacting physisorbed complexes that derive from different gas and surface degrees of freedom,
and (b) the fractional energy uptakes from the different degrees of freedogn, f,=(E,)r/(E*)g) and the effective temperatufié of those species that
successfully react. In thermal catalysis, about 75% of the energy required to surmount the barrier for dissociative chemisorption derivesafrGm.the g
fo="f,+f +f~75%).

g v r t

quired to surmount the thermal activation barrier to dissociafreedomf; g(E;) of the gas or surface are easily calculated.

tion derives primarily from the vibrational degrees of free- For example, the translational energy distribution of the suc-

dom, followed by the surface, rotational, and, finally, cessfully reacting methane is

translational degrees of freedom. That molecular translation

is the least important reactant degree of freedom in thermal S(E) (B — S(E) (B
JoS(ENf(EDdE; S

dissociative chemisorption may be a counter-intuitive result
based on familiarity with molecular beam experimefelg., where Sy is the thermal sticking coefficient;(E;) is given
by Eq. (17), and the thermal sticking coefficient for mol-

Fig. 5. At 500 K, 75% of the total energy necessary for
ecules with translational enerds; is

fi r(Ep) =

(20

dissociative sticking derives from the gas with=14%, f,
=21%, f,=40%, andf,=25%. Interestingly, there are
relatively few experimental or theoretical studies that ac-
tively and explicitly explore the roles of the molecular rota-
tional or surface degrees of freedom in dissociative chemi-
sorption. The PC-MURT calculations of Fig. 11 suggest that
under the thermal equilibrium conditions most relevant towhere
catalysis both the rotational and surface degrees of freedom
are vitally important.

Table Il shows that the mean energies of the species that
successfully react under thermal equilibrium at temperature
T=500K, (E;(T))r, closely resemble the energies for a
thermal ensemble of species at a considerably higher tem-
perature,T* = 1493 K. The variation of this “effective tem-
perature” T* descriptive of the reacting species &tas if

S(E)=(S(ED s [ SECHE) (Bl 0Ers,
2

Ervs Ervstr
frsBr= [ HED [T ED

X f(E,,—E,—E,)dE,dE, . (22)

For thermal dissociative chemisorption &t=500 K,
Fig. 12 compares the reacting physisorbed complexes’ en-
ergy distributions deriving from different gas and surface
they were a thermal ensemble &t is plotted along the degrees of freedom with the energy distributions for a ther-
right-hand axis of Fig. 11. mal ensemble at an elevated effective temperaturd “of

At thermal equilibrium, the energy distributions of the =1493 K. The reactive energy distributions are fairly well
successfully reacting species deriving from jltedegrees of described by thermal distributions at an elevated effective

TABLE lll. Energetics of the successfully reacting species under thermal equilibridi 800 K compared to
the energetics of a thermal ensemble of species at an effective temperaliire- 293 K (see also Fig. 12

(E:(T)}w (kdimo) 8t T=500K (E;(T*)) (kd/mo) at T* =1493 K
]

Mode fi (%) [{E*(T))gr=289 kd/mol (kJ/mol) k,T*
Translation,t 14 12.4 12.4 1.0
Rotation,r 21 18.6 18.6 15
Vibration, v 40 35.9 38.0 2.9
Surface,s 25 22.1 22.1 1.8
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FIG. 12. For dissociative chemisorption at 500 K, the reacting physisorbed complexes’ energy distributions deriving from different gas adegnedace
of freedom,f; o(E; ; T=500 K), are compared with the energy distributiohgE; ; T=1493 K), for a thermal ensemble at 1493($ee also Table I)I

temperature, particularly, for the reactive distributions withV. DISCUSSION

quanta much smaller thak,T* such that equipartition ap-

plies (see Table Ill. The reactive molecular vibrational en- A three-parameter formulation of the PC-MURT applied
ergy distribution shows the most differences from a thermato the CH,/Pt(111) (Refs. 25 and 28and CH,/Ni(100)
distribution atT* but this is not so surprising based on the (Refs. 21 and 56dissociative chemisorption systems has
large molecular vibrational quanta(e.g., vmn=vs been able to quantitatively predict a varied set of nonequilib-
=1306 cm  or T,,=1879K) and hence relatively choppy rium molecular beam and thermal equilibrium high pressure
interaction betweenf,(E,;T=500 K) and S,E,) as bulb sticking experiments. The PC-MURT parameters of
f, r(E, ;T=500 K) is calculated similarly to Eq20). Nev-  (Eo=59 kJ/mol, vp=110cn7*, s=3) for CH,/Pt(111)
ertheless, Fig. 12 shows that the simple description of thelefine a 16 active degrees of freedom métiehd the E,
reacting species as a thermal ensemble with an elevated 65 kJ/mol, vp=170cm ', s=2) parameters for
fective temperature is fairly accurate at 500 K. CH,/Ni(100) define a 15 degrees of freedom motehl-

By detailed balance, the energy distributions of Fig. 12ternative quantum dynamical models of methane dissociative
are the CH product state distributions predicted for thermal chemisorption have treated 4 degrees of freedom or less.
CHj; radical hydrogenation on K00 at 500 K in the limit ~ Such reduced dimensionality modeling has typically led to
of zero coverage and no side reactiéh&®3Unfortunately,  qualitative, rather than quantitative, theoretical predictions of
there are side reactions on Ni surfaces and adsorbeg CHexperimental results. Early three dimensiof&D) quantum
radicals thermally decompose upon heating in the zero cowdynamical models include a thermally assisted tunneling
erage limit® theory’® that treated methane as a quasidiatomic molecule,
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R-H, and semiclassically incorporated a surface oscillator ussording to electronic structure theory calculations, the

ing a surface mass mod® A 3D multiconfiguration time- mode was found to correlate adiabatically to a localized os-
dependent Hartree mo&&kept the surface rigid and treated cillation of the C-H bond closest to the surface. By contrast,
the R-H bond length, distance from the surface, and on¢he v; mode was found to adiabatically correlate to C-H
orientation angle of the incident R-H “methane.” To simu- oscillations localized in the CHgroup pointing away from
late the effects of a higher-dimensional potential energy surthe surface. To the extent that the reaction is vibrationally
face, Luntz semiempirically extended the thermally assiste@diabatic these results suggest that excitation oitheode
tunneling model by first introducing a Gaussian distributionmight be more effective thamw; excitation because ulti-

of reaction threshold energf@sand, later, an additional mately energy must be accumulated in the bond that breaks,
Gaussian distribution of energy transfers with the surtdce. namely, the C-H bond closest to the surface and not those
Recently, Carreand Jacksof! and Zhang and co-workéfs ~ within the CH; group pointing away from the surface.
made 4D quantum simulations of GHlissociative chemi- Analysis of Haloneret al. went further and considered the
sorption on N{111) that included two molecular orientation likelihood of vibrationally nonadiabatic processes on their
angles to better explore the reactivity of different methangnodel potential. They calculated a Massey velocityvgf
rotational states. Jackson’s work additionally accounted for 1440 m/s for thev,(A;)/v3(A;) avoided crossing occur-
surface temperature effects through the surface mad#ng 2.6 A from the surface. This Massey velocity corre-
model® These 4D quantum simulations on R-H methanesponds to a methane translational energy of 17 kJ/mol, on the
claim qualitative agreement with Holmblad’s decompositionlow side of the translational energies examined by the mo-
of the thermal molecular beam sticking of ¢ldn Ni(100) lecular beam sticking experiments of Fig. 1. Given that adia-
into erfS, (E;) sticking curves fov;=0, 1, and 2. However, batic behavior should dominate if the molecular approach
as was cloncluded earlier by Juurliek al,? the Holmblad velocities are much smaller thar, and vibrationally nona-

S, (E,) curves for thevs states are only approximatsee diabatic behavior(i.e., hopping across adiabatic curves at
|

Fig. 8) because sticking contributions from many more statesawo'ded crossings should dominate at velocities much

are important to thermal beam sticking experiments as can b%reater thaw,, , Halonen concluded that it is hard to justify

L o . either a fully adiabatic or a diabatic description of the vibra-
seen explicitly in the PC-MUR®S, predictions of Figs. 5 tional dynamics of methane dissociative chemisorption. Of

and 6. Even for the most sophisticated 4D quantum simulagqrse vibrationally nonadiabatic collision behavior near the
tions of methane dissociative chemisorption by Carel g rtace would mix initially prepared vibrational states of
Jackson, qualitative agreement with experiment is SOmetiméfethane and make mode specific chemistry unlikely to be
lacking. For example, a very much smaller kinetic isotopegpseryable. Both the Milot and Jandrand the Halonen
effect is theoretically predicted than is observed in Fig.qt 5119 studies that were suggestive of mode specific chem-
1(ii)(a) and predictions of rotational state selective stickingistry examined only the entrance channel for Cissocia-
(i.e., very large variations in sticking with) are not consis-  tjye chemisorption and made no explicit calculations of dis-
tent with eigenstate-resolved experimefitanfortunately,  sociative sticking coefficients of any kind. Although
increasing the dimensionality of the quantum dynamicS,iprational state specific dissociation has been experimen-
simulations to the full 15 degrees of freedom the PC-MURTa1ly observed for CkD, on Ni(100),'® the vibrational mode
emplpys. for the CI;|/N|(100) 'dlssoua'F'Ve_ chemi-  nonspecific PC-MURT has sufficed to quantitatively predict
sorption is not computationally feasible at this time. the dissociative chemisorption behavior of Cahd CD, on

Ten dimensional quantum wave packet simulations OfNi(loo) as illustrated in Fig. 1.

the inelastic scattering of methane from a flat rigid sufface Classical trajectorymolecular dynamigssimulations of

for three specific collision orientations found that vibrationalmethane dissociative chemisorption on Pd surficéiad
excitation of the incident methane enhanced translational tﬂ']at trans'ational energy iS genera”y more effective than Vi-
vibrational energy transfer with an efficiency that scales agrational energy in activating methane towards dissociative
v1>v3>v,> ground state. Without performing additional chemisorption. In an analysis of nearly 150 trajectories, dis-
calculations admitting the possibility of dissociative chemi-sociation was best facilitated by different vibrational modes
sorption (i.e., their potential had no reactive exit channel that depended on the methane orientation and collision site
Milot and Janself argued that vibrational state resolved dis- on the surface. Paavilainen and Niemiffepoint out that
sociative sticking coefficients should scale with this effi- considerable statistical averaging of classical trajectory cal-
ciency of translational to vibrational energy transfer. Theyculations is required to make contact with experimental
suggested that methane dissociative chemisorption should Rgicking coefficients. For example, Fig. 3 indicates that the
mode selective WithS(1000y> S(0010> S(0001y™> S(o000) (N-B.,  number of open channels for desorption at the threshold en-
E (10007~ E (0010 - In other work hinting thav; mode excita-  ergy for dissociative chemisorptioklys(E* =E,), for CH,

tion might promote dissociation more efficiently thapex-  on Ni(100) is more than 18 a number representative of the
citation, Halonenet al® performed 4D variational calcula- number of possible initial conditions for classical trajectories
tions to diagonalize the methane normal modes as thef dissociative chemisorption. All of these trajectories at
molecule approaches the surface and is perturbed by a sUf* =E, would have equal Boltzmann weighting in a simu-
face potential similar to the one described by Came Jack- lation of sticking at thermal equilibrium. The trajectory study
son. When the molecule was brought as close as 2.2 A frorof Paavilainen and Nieminen found that dissociative sticking
the surface, in the optimal orientation for dissociation ac-is activated by both bending and stretching vibrations. For
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the CH,/Pd molecular beam experiments, they qualitativelythe reaction threshold enerdgp) ** Indeed, after once fixing
argued that bending excitations are most important to théhe PC-MURT parameters, the theory makes definite predic-
sticking at low nozzle temperatures while stretching excitations about the outcome of any conceivable dissociative
tions become increasingly important at higher nozzle temsticking experiment, even ones with full quantum state reso-
peratures. lution. As discussed above, the PC-MURT in its three-
As can be seen in Fig.(il), a specification of even the parameter formulation assumes that methane at the transition
major distinguishing feature of the reactive potential energystate has the same intramolecular vibrational frequencies as
surface for CH/Ni(100), the threshold energy for dissocia- gas-phase methane, and that the three frustrated rotations and
tion, Eq, has been a difficult problem for electronic structure the molecular vibration normal to the surface at the transition
theory. Given that dynamical theories require chemically acstate can be approximated as vibrating at the same low fre-
curate potential energy surfaces to quantitatively predict disquency, vp . As electronic structure theory at surfaces im-
sociative sticking coefficients or to assess and model the coproves, it may be possible to accurately calculate all 12 of
pling and energy flow between vibrational modes near thdhese transition state frequencies &ddirectly. This would
transition state it is difficult to use the results of dynamicalleave only the number of surface oscillatoss effectively a
studies to justify the use of either the PC-MURT or the flex-dynamical energy exchange parameter, to be determined by
ible erf S, (E,) fitting approacf to modeling experiments. experiments in order to complete the specification of a one
Nevertheless, the latter two approaches have been the ongdrameter PC-MURT. Conversely, with sufficient input from

most successfully applied to experiments to date and watate-resolved sticking experiments it might be possible to fix
shall contrast them briefly below. a (Eq, 12 transition state frequencie9, B4-parameter PC-

Figure 8 shows that a three-parameter E4g) erf MURT that would better define the potential energy surface
S, (E,) fit to the (2vs, J=2) rovibrational eigenstate- at the transition state as a benchmark for electronic structure
i L

. . theory calculations. However, the fact that a three-parameter
resolved molecular beam data of Schneidal. can provide . ' . : )
P PC-MURT can predict all the varied experiments of Fig. 1

an accurate representation of eigenstate-resolved stickinsqu ts that i i1abl ; tal inf tion i
data. Unfortunately, neither Holmblad’s procedure of fitting ggests that currently available experimental information 15

thermal molecular beam data using E4) and including ins.uffi(.:ient to justify a theoretical model with more param-
erf S, (E;) curves from only a small number of vibrational etnzayon. . .

at '( ~0.1, 2 Schmid’ d . Given the theoretically transparent formulation of the
Stales(e.g.,v3=5, 1, 4 Nor SChmids Procecure assuming three-parameter PC-MURT, the prescription for making
sticking in thermal beams derives entirely from the vibra-

. ; L sticking coefficient predictions for other methane isoto-
tional ground state, provides an accurate description of th%omers based on a Ghparameter set is straightforward. For
S,,i(Et) curve for the vibrational ground state according the

) . . example, theE barrier is adjusted according to the appro-
PC-MURT calculations of Fig. 8. As discussed above, thepriate C-HO) zero-point shift,vp is adjusted according to

PC-MURT further indicates that to accurately describe thpe jsotopomer mass, and the desorption transition state at

thermal equilibrium sticking coefficient relevant to catalysisinﬁnity is adjusted according to the gas-phase spectroscopy
at 1000 K via Eq.(14) would require evaluation of three- ¢ o isotopomer.

parameter erfS, (E,) curves for more than 1400 different  Aqguming that the three-parameter PC-MURT is captur-
vibrational states—a task that would require a great manyng the essential chemical physics of the dissociative chemi-
state-of-the-art eigenstate-resolved molecular beam experdprption of CH on Ni(100), what has our modeling re-
ments to fix some 4200 free parameters. The erf fitting payealed? Most importantly, the reaction appears to occur
rameters are functions of the surface temperature accordirgatistica”y[i_e., Eq.(4)] and is mode nonspecific such that
to Eq. (16) and would need to be reevaluated for each therthe microcanonical sticking coefficient is a function of en-
mal temperature and methane isotope of intef@stl possi-  ergy alone. Consequently, there can be no Polanyi Rifes

bly rotational state as well according to H4)]. There ap-  thjs high dimensional reactive system that might relate pref-
pears to be no physical significance that can be currentlgrential reactivity by translational energy to an early barrier
ascribed to the erf parametefsee Table I\, primarily be-  on the potential energy surface and preferential reactivity by
cause the erf fitting procedure and parameters have nevgprational excitation to a late barrier on the potential energy
been rigorously derived from theoW.Con;equentIy_, having - gyrface. The fractional energy uptakes calculated in Fig. 11
a set of erfS, (E) parameters for a single rovibrational o gissociative chemisorption under thermal equilibrium
eigenstate at a specific; provides no insight as to what the conditions remain interesting to consider. Over the tempera-
erf parameters might be for another eigenstatg, or iso-  ture range from 500 K to 1500 K relevant to thermal cataly-
tope. Nor do the er, (E;) parameters provide any insight sis, the incident gas-phase molecules supply the preponder-
as to features of the reactive potential energy surface foance of energy used to surmount the barrier to dissociative
dissociative chemisorption. chemisorption,f,=f+f +f,~75%, with the highest en-

In contrast, after the three parameters of the PC-MURTergy uptake always coming from the molecular vibrational
for CH,/Ni(100) were fixed by fitting the Schmiek al.data  degrees of freedom. Perhaps surprisingly, molecular rota-
of Fig. 1(i), it was possible to quantitatively predict all the tional energy is predicted to be more important than transla-
other varied experiments of Fig. 1 and provide a clear andional energy in overcoming the thermal activation energy.
guantitative connection between the results of experiment Ceyer has pointed out that when gas-phase molecules,
and electronic structure theory calculatiofi®., determine and not the surface, supply most of the energy required to
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