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This paper reports the simultaneous internal state and translational energy resolved associative
desorption flux of N from Ru000) using two different experimental approaches. Both
experiments show that the nascentill formed with little vibrational excitation and that the total
excitation in all N, degrees of freedom accounts for oglpf the barrier energy. Rough¥yof the

energy necessary to surmount the barrier is lost to the surface in desorption. This behavior, as well
as the unusual behavior noted previously in direct measurements of dissociative adsorption, both
imply strong vibrational quenching in reactive trajectories passing over the high exit channel
(vibrationa) barrier. Adiabatic quasiclassical dynamical calculations based cabti@tio potential

energy surface and various models of coupling to the lattice are not qualitatively consistentwith N
vibrational damping to phonons. However, including a strong nonadiabatic coupling of the
vibrational coordinate to electron—hole pairs in the dynamics does vyield qualitative agreement
between experiments and calculated dynamics, and we suggest this as indirect evidence for strong
nonadiabatic coupling. We argue that the nonadiabatic coupling is strong in this case because of the
high vibrational excitation necessary to pass over the high exit channel barrier in the reactive
processes and the large charge transfer inherent in making or breakimgds. We believe that the

same factors will be important in most activated dissociations bbnded molecules on transition

metal surfaces, e.g., for QNO, N,, and CO, and if this scenario is correct then nonadiabaticity
should be important in the activated dissociation dynamics of these systems as we&lD020
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I. INTRODUCTION tronically adiabatic, i.e., that the dynamics can be described
by nuclear motion on the electronic ground steR&S and
Understanding the activated dissociative adsorption of2) that coupling to the latticéphonons is minimal and can
simple molecules on transition metal surfaces has been age generally ignored. Six-dimensional quantum dynamical
tively pursued for many years, in part because these are oftefyiculations on the DFT PES are in good agreement with
rate-limiting steps in important hetereogeneous catalytic prop,ost aspects of the experimental det&ilsEven two-
cesses. For example, the activated adsorption of BHhe  gimensional(2D) dynamical calculations on the 2D DFT
rate-limiting step in the steam reforming of natural g9as.pgg ahout the optimum impact site and orientation for dis-
Similarly, the dissociative adsorption of;Nis the rate-  gqiation do give a good picture of the translational and vi-

limiting step in the Haber—Bosch synthesis of NHo date, grational requirements for the dissociation/associatibe,,

most of_our fundamental concepts regardlng direct activateds i adiabatic barriev* (0) and of the vibrational efficacy
adsorption dynamics devolves from extensive experimenta

. . . The simple dynamic picture from the,HCu studies

and theoretical studies on the systems/Eu(111) and v 'mp y |'p|. ure (e R-u Studl
) . . also works well for a qualitative discussion of ¢Hissocia-

H,/Cu(100). This work has included detailed molecular,. " . .
beam studies of dissociative adsorptignjaser spectro- tion on trap sition metals, altlhoggh c.ouplllng o the lattice
scopic studies of the time-reversed process of associati\ft‘é"’mn_Ot be ignored eI/Sen qualitatively in this case due to the
desorptior’,* and inelastic scatterimy® multidimensional heawre]:r mkgss of CH 4 d _ ¢ Ndissociati
density functional theory calculationsDFT) of the The kinetics and dynamics of ;Ndissociation on

interactior® and many quantum and classical studies of the?U(000D has also beerjzgtctively studied for more than a de-
dynamics on model potential energy surfa¢@ES® and on cade by many group$.23 Much of the motivation for this

the DFT PES?12 The general picture that has emergedinterest is that supported Ru particles are an order of magni-
from this work is that the dissociation/association gf/Bu  tude more active for Nki synthesis than the conventional
can be well described by two important simplifying approxi- reduced Fe catalyst, and dissociative adsorptionofstill

mations:(1) that the dynamic process is approximately elec-the rate-limiting step. It has recently been shown, however,
that the barrier to the dissociation of,Mn Ru000) is

dpPresent address: Max-Planck-Instituir fiestkoperforschung, D-70569 d_ramanca_lly lowered at S.tepS/.de.feCtsf SO. that these minority
Stuttgart, Germany. sites dominate thermal dissociation kinetics and hence cata-
bElectronic mail: luntz@fysik.sdu.dk lytic activity.®” This is undoubtedly a very general aspect
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in catalysis* However, our motivation for the study of this ionization spectroscopy detectidREMPI) and two different
system is largely based on the fact that dissociation on  experimental methods of preparing associatively desorbing
Ru(000)) terraces represents another excellent example afl,; LAAD and dissociation of a Ngimolecular beam. Both
direct activated adsorption dynamics, with considerably dif-experiments show little vibrational or rotational excitation of
ferent qualitative topological features than the current wellthe associatively desorbing,Nand individual internal states
studied H/Cu “paradigm.” For the H/Cu system, the adia- (; J) haveE distributions similar to those measured previ-
batic barrierV*(0)~0.5eV,"* and it lies mostly in the oysly. Thus, there are two qualitative aspects to the associa-
entrance channe(By that we mean that the largest energy (e desorption that we consider extremely unus(@l;the
Change in cllmblng the barrier occurs in the translational|ow vibrational excitation in the desorbingzl‘given the hlgh
rather than the vibrational coordinate. For energy CONSUMPE 4 rier along the vibrational coordinate; a®l the fact that

tion and disposal, this is a more 'fun.damental property thal?he N, desorbs with only cag of the barrier energy, i.e., that
where the actual peak of the barrier is locat€n the other roughly 2 of the desorption energy is lost to the surface.

() o
hand, for Ny/Ru(0001),V*(0)~1.9eV, and it lies almost Finally, extensive ion time of flight REMPI studies of

exclusively in the exit channgli.e., along the vibrational . . . .
y e 9 the internal state and translational energy-resolved inelastic

coordinate.!#1%2%22|n addition, lattice coupling will cer- )
tainly be large for N/Ru because of the hr:aa\?y molecular scattering of N from Ru000)) have also recently been per-
med and will be reported in detail elsewhéfeMlost as-

mass. Thus, detailed studies of the dissociative adsorptioﬁ’?r - ) )
and associative desorption for, \Ru(0001) provide a seri- pects of this melaspc S,Ca“e“”g seem well b.ehgved.. How-
ous test for the generality of the dynamic lessons learne§Vver. we observe little if any vibrational excitation in the

from H,/Cu (and CH,/M, where M is a close-packed tran- Scattering, i.e.(AEv>§0 atE=2.7eV, and this also seems
sition metal surfade unusual to us since vibrational excitation of I¥ anticipated

Previous molecular beam studies of the dissociative addue to the strong curvature inherent in the 2D PES because
sorption of N on RuU000) have been recently of the exit channel barriéf Such curvature generally gives
summarized® At high incident kinetic energieg, the disso-  Strong translational to vibrational coupling and accounts for
ciation probabilityS, is dominated by dissociation on the strong vibrational excitation of Hin inelastic scattering
terrace<’ However, there are two aspects to this dissociatiorfrom Cu surfaces at high incidence energiég?
behavior that seem quite unusual relative tg/@u or Thus, there are aspects to all reactive dynamic experi-
CH,/M dynamics. First,S,~0.01 atE>V*(0), while for =~ ments for N on RU000)) that seem unusual based on our
both H,/Cu and CH/M Sy~1 atE>V*(0). Second, there experience of K/Cu (and CH,/M) dynamics. All of the
is only a weak dependence on the initial vibrational state  unusual aspects for the ,/Ru(0001) reactive dynamics
equivalently nozzle temperatuiig,) for N,/Ru, while there  seem to imply strong quenching of the vibrational excitation
is a strikingly large dependence fop HCu and CH/M. This  in N,. 3D and 4D quasiclassical dynamical calculations
is especially strange since there is an almost pure exit chaftranslation, vibrational, and phonon coordir{afgbased on
nel (vibrationa) barrier for N,/Ru, while the barriers for the DFT PE$® and various models of lattice coupling are
H,/Cu and CH/M are more in the entrance channel. It wasreported here. We have tested many forms of reactive cou-
suggested previousiy that a mechanism of energy 10ss t0 pling to phonons, both Rayleigh and parallel surface modes,
the lattice(phonons prior to encountering the exit channel pyt do not find that any of these result in significant vibra-
barrier could rationalize thel,~0.01 atE>V* (0), but not  tional quenching of B in reactive(or near reactivetrajec-
the weak dependence 8f on the initial vibrational state. In  (ories. We therefore conclude that phonon coupling in elec-
this paper, we will suggest that the energy loss prior 0 eNggnically adiabatic dynamics is unlikely to account for the
countering the barrier is to electronic degrees of freedom Ofy ational quenching and unusual behavior observed in the
the substrate rather than phonons and that this rat'onal'zee&periments.

both unus_ua_l aspects o_f the sticking behaV|or._ . On the other hand, introducing a nonadiabatic coupling
Associative desorption of Nfrom Ru000)) is the time _— : S .
of the vibrational coordinate to electron—hole pairs via a fric-

reverse of the dissociative adsorption and probes the same : ) . .
; . . t|Pn and fluctuating force in the 3D quasiclassical calcula-
reactive PES. Extensive measurements of the translation

energyE resolved associative desorption flbx(E, Ts) have |ons| cti.oes lfetid o quer:chlng (:f th(/ewaratlotpal gtates and
been presented previously using the technique of lasefES0ution ot Ihé unusual aspects 0fRu reactive dynam-

assisted associative desorptidhAAD).?? These results 'cS: This does, however, require quite strong nonadiabatic
showed that, on average, only roughlgf the barrier energy coupling. We suggesti that.st.rong nongdlabatlc_ coupling is
ends up in translation. It was originally suggeftiat the ~réasonable for BRu dissociation dynamics by simple anal-
low translational energy partitioning was due to strong vibra-29Y t0 the Persson and Persson model of nonadiabatic vibra-
tional inversion in the desorbingN resulting from release tional damping in chemisorbed molecufsie also suggest

of the barrier energy along the vibrational coordinate, as anthat strong nonadiabatic coupling is likely to be generally
ticipated for an exit channel barrier, although this explanaimportant whenever the dissociation involves a moderate
tion was later recanted. In this paper, we report simulta- (1-2 e\) exit channel barrier and dissociation afbonded
neous internal state and translationally resolvedmolecules on transition metals. This includes a wide variety
measurements of the associative desorption fluyof important dissociation processes, e.g., dissociation,of O
D¢(E,v,J,Ts) using laser resonantly enhanced multiphotonNO, CO, and N on many transition metal surfaces.
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Il. EXPERIMENT used in these experiment will be described in detail
elsewheré®

All associative desorption experiments reported here are  The (2+1) REMPI spectrum of B consists of a set of
performed in a molecular beamsurface science machine deeasonably well rotationallyJ) resolved Q-branch transi-
scribed in detail previousk:?>The RY(0001) surface was of tions for each vibrational state. Since this REMPI is rela-
very high quality, with a defect density of only 0.25%. tively insensitive to orientation and alignment of the, R
Cleaning procedures for this sample and its characterizatiothe REMPI intensityl (v,J) is directly proportional to the
were also described befof&?2 state-resolved population density or desorption derBity

LAAD procedures are similar to those discussed earlieby 1(v,J)=D(v,J)I5,, Where |5, is the REMPI laser
as well?®> A given N coverage ®\~0.6) is established on intensity?®3! This analysis was confirmed by measuring the
the RU000Y) surface by exposingota N atom beam. The REMPI spectrum of a hot thermal beam of, Nf known
LAAD is induced by a T jump from a pulset~100 ng (v,J) distributions. With the laser set to a particular
Alexandrite laser. Since nearly all of the associative desorpQ-branch transition, translational energy distributions normal
tion occurs at the peak of the T jump, the LAAD is well to the surfacgE) for individual internal statesu,J) were
described as occurring at a fixdd, of the peak in the T obtained by measuring the time of flight from the surface to
jump. This T, is controlled by the intensity of the LAAD the focused REMPI laser beam by varying the defaybe-
laser and is measured as the Boltzmann temperature chardeeen the pulsed REMPI laser and the LAAD pulsed laser
terizing the translational energy distribution of CO that isinducing the T jump and associative desorption. The small
laser-induced thermally desorbed from the surface with dime lag(ca. 30 n$ between the peak of the associative de-
similar laser pulsé? sorption and the T-jump laser was estimated from model

Typically, the LAAD induced by a few laser pulses was calculations?? but introduced minimal changes in the energy
averaged at each spatial spot of diameter ca. 1 mm on th@stributions. Since the REMPI detection measures densities
surface for a given experimental condition, and then the suP,(dt,v,J,Ty), the results were converted to internal state
face moved so that LAAD probed another spatial spot. Thénd translational energy-resolved desorption fluxes as
data from several spatial spots were ultimately averaged to
obtain results. Some bleaching of the LAAD was observed Di(E,v,3,Tg)(8)*D( 80,3, T).

over the scale of typically 50 laser pulses at a given spatial Considerable evidence was presented earlier that LAAD
spot, so the bleaching rate with pulse number was measurgfleasures associative desorption from terraces rather than
and data corrected for this bleaching, as appropriate. Thgom lower barrier defect site. The inherent low defect
very first ca. two laser pulses on a given spatial spot oftegjensity of our R(0001) surface, the high® used in LAAD,
showed an anomalously high desorption intensity. Since thighe highT, in LAAD (relative to TPD features at a given
may originate from associative desorption of N adsorbed a@,)) and the highN atom diffusion barrier all minimize the
residual defectéwhere the barrier is lowgrdesorption from  role of defects in the LAAD experiment. It is also possible
these laser pulses was discarded in the data averagingat residual CO adsorption and dissociation at the defects
Slightly different schemes for data taking were employed induring the course of the experiments decorates them and ren-
the various results presented in Sec. lll, all chosen to miniders them inactive. Because the first couple of laser pulses at
mize any systematic errors due to the variation of LAAD a given spatial spot could induce desorption from N residing
intensity with a spatial spot, or due to bleaching in a givenat low barrier defect sites, the first laser pulses were always
spot with repeated laser pulses. neglected in the averaging procedure.

Internal states of associatively desorbing Were de- Because the LAAD experiments measure associative de-
tected via(2+1) REMPI induced by pulsed laser radiation at sorption at high®,, we have also measuré(E,v,J,T,)
ca. 203 nnt! The laser radiation was produced by frequencyby dissociating NH on RU0001) at T;=900K and used ion
tripling a commercial frequency doubled Nd:Yag pumpedtime of flight REMPI(TOF-REMP) to measure the associa-
dye laser. The resulting REMPI radiation was ca. 1 mdively desorbing N. The basis of the ion TOF-REMPI is to
pulses, 5 ns, duration, ca. 0.1 chresolution and focused to use the ion flight time following laser ionization to determine
a~0.1 mm diam beam parallel to the surface at distdgge the initial velocity and hence translational energy of the neu-
from the LAAD spot on the surface. The REMPI laser wastral molecule away from the surface. In our application, the
aligned to the center of the LAAD spot on the surface bydominant component of the ion TOF is traversal through a
translating it parallel to the surface while monitoring the linearly accelerating potential. With a small angular aperture
REMPI intensity from N formed by LAAD. The distance of ion detector,ét, the ion TOF relative to that of the peak in
the REMPI laser beam from the LAAD spot on the surfacebackground N({E)=0) is Stec\JE. The proportionality con-
|, Was then set at typically 2.7 or 4.7 mm by translating thestant relatingst to E is calibrated by using seeded super-
REMPI laser beam away from the point where the REMPIsonic beams of Nincident on the surface, with measured
laser strikes the surface. Overall alignment uncertainties ithy conventional chopped beam-TOF techniques. Details of
I, are estimated as 0.3 mm, and this limits the accuracy othe ion TOF-REMPI detection system and its application to
the E scale. Because of the higher sensitivity B}  inelastic scattering of Nfrom Ru0001) will be described
=2.7mm, this distance was used in most of the measureelsewheré® Becausestx+/E, a different Jacobian is neces-
ments reported her@.g., comparing =1 tov=0), despite  sary for the flux—density transformation abd(E,v,J,Ts)
the smaller accuracy in thE scale. The REMPI detector «D,(ét,v,J,Ts).

Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Evidence for strong nonadiabatic coupling 5021

Oy . The noise aE~O0 is due to convolution noise in trans-
forming from D,(t,Tg) to D¢(E,Tg). It was shown
previously?>**and has been discussed theoreticZf? that
the barrier height to dissociation is a strong functior®qf,
although its location in the translation—vibrationat,d)
plane is largely unaffected b§, . SinceV*(0)~2.9eV at
®,=0.6, the average translational energy normal to the sur-
face(E) only accounts for ca; of the available barrier en-
ergy. We initially suggestéfl that most of the remaining en-
ergy ended up in the vibrational excitation of Nsince this
was consistent with anticipated dynamics on the DFT
PES!9n a subsequent more extended publication of our
results?®> we acknowledged that this original interpretation
was incorrect, principally because high vibrational excitation
was not observed in the state-resolved studies that will be
reported below. This means that significant energy must be
lost to the surface. In that extended paffewe also dis-
cussed various possibilities for energy loss to the surface to
NT T account for the lowE) observed in associative desorption.
It was also shown previousi§that the shape d(E,T,) is
independent ofl ;. This confirms that the lowWE) and the
distribution does not result from Nassociative desorption
from a static distribution of low barrier sites, i.e., defects.

Figure Xb) showsD:(E,v,J, Ts~1000K), obtained in
LAAD with REMPI detection as outlined previously for two
different v, J states:v=0, J=8 andv=1, J=6 for O
~0.6. Each point on the curves results from a measurement
of the state-resolved REMPI intensity for different delays
between the LAAD laser and the REMPI laser.

Two striking qualitative features immediately stand out:
. , . . D¢(E,v,J,Ts=1000K) is similar in shape toD¢(E,Ts
0 05 1 15 2 25 =875K) and thatD{(E,v=1,J=6)<D¢(E,v=0, J=8),

E{ey) i.e., there is no vibrational inversion. Measurements also
FIG. 1. (a) Associative desorption fluR(E,T) of N, from Ru0002) at a show thatD¢(E,v=2,J=8)<D(E,v=1,J=6) and that
N coverage®,=0.6 as a function of normal translational enefgyat T, no higherv states were detectable. Therefore, in the release
~875 K. From Ref. 22(b) Associative desorption fluR(E,v,J,Ts) of N, of 2.9 eV energy in associative desorption oWér(0), the
from Ru000) at a N coveragé)~0.6 atT;~1000K as a function of  ayerage energy partitioned into, Nibration is very small,
SZT""J'EZ’_]S""‘“O”""' enerds for the specific internal states=0, J=8 and (E,)<0.15eV. This is clearly an unexpected result given the
almost pure exit channéVibrationa) barrier in the PES.

Rotational state distributions were measured at a fixed

The N|—!3 was Supp”ed as a Seeded Supersonic nozzlg)r v=0 by measuring relative REMPI intensities for vari-
beam of NH in H, with incident normal translation energy ©Ous J states at fixedst at Ts~1000K. The results were
E;=1.3eV. At thisE;, NH; dissociates on the terraces with a@pproximately described as Boltzmann distributions with a
Sy~0.15%* At T;=900K, both H and N formed in the dis- given rotational temperaturg;. We find thatT;~700K at
sociation of NH associatively desorb. With an estimate of E~0.3eV, T;~1000K atE~0.9eV andT,;~1500K atE
the initial NH; flux and the known associative desorption ~1.8eV. Because of limited Sensitivity, detailed rotational

kinetics for H, and N,, we estimate that in steady state State distributions were not measured for1 andv=2,
0,<0.01 and®,<0.05. although these appeared qualitatively similar to thosevfor

=0.

Despite the fact thal; depends slightly of, the main
qualitative conclusion is that the average rotational energy
(Ej)=(kgT;)<0.1eV. Thus, very little of the 2.9 eV barrier

Figure Xa) showsD;(E, Ts=875K) obtained previously energy ends up in rotation of,N Within experimental error,
by LAAD into a mass spectrometer detector for an initialall T; at fixed E were the same for desorption di
®y=0.622 In this experiment, the results are summed over~1400K as afl ¢~ 1000 K. Hence(E;) was also indepen-
all internal states produced in the associative desorption andent of T.
the E scale is accurately determined. These results show a Although detailed angular distributions were not mea-
broad distribution peaking at ca. 0.7 eV, but with a tail ex-sured forD(E,v,J, Ts~1000K), it was clear that the angu-
tending up to high energies, essentiallptb(0) at the given lar distribution was strongly peakdda. 209 normal to the

D(ET)

D(E v, J, T

I1l. ASSOCIATIVE DESORPTION: RESULTS
AND QUALITATIVE DISCUSSION
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v FIG. 3. Associative desorption flu3;(E,v,J,Ts) of N, from Ru000)) at a

N coverage® y=0.05 produced by dissociating a high-energy beam of NH
FIG. 2. Associative desorption fluR¢(v,Ts) of N, from RU000) ata N atT,=900 K. Specific internal states=0, J=8 andv=1,J=6, as in Fig.
coverage®~0.6 atT,~1000 K as a function of vibrational state Re- 1(b).
sults represent summirig;(E,v,J,Ts) over normal translational energy and
rotational states.

into phonon modes or into electronic excitations of the sur-

surface by moving the REMPI laser parallel to the surfacdace. This is also clearly unanticipated based g Gu (or
relative to the LAAD spot irradiated on the surface. This is inCH, /M) dynamics.
complete agreement with measurements of the total associa- Because the LAAD-REMPI experiments showed some
tive desorption angular distribution using a mass spectromvery unexpected results, we have also studig@dsociative
eter detectot! Thus, very little of the 2.9 eV barrier energy desorption formed by Niidissociation affs=900 K. In this
ends up in translational energy parallel to the surfd&g) case,0y is small so that we can check whether the unusual
<0.leV. aspects of the LAAD-REMPI results occur because of the

Assuming that the rotational state distribution is thehigh ® used in that technique. Results b (E,v =0, J
same for allv states, the relative desorption flux for each =8,T,=900K) and D{(E,v=1,J=6,T;=900K) from
state, summed over th& and J distributions, D¢(v,Ts NH, dissociation are shown in Fig. 3. The results are quali-
~1000K), is given in Fig. 2. This emphasizes graphicallytatively similar to those from LAAD-REMPI, although both
that very little of the barrier energy ends up ip Mbration.  (E) and the extent of vibrational excitation are somewhat
Within an admittedly somewhat large statistical uncertaintysmaller than in the LAAD experiments of Fig. 1. This is
there was no dependence of the ratio;(E,v=1Ts anticipated since there is significantly less energy for dis-
~1000K)D{(E,v=0,T¢~1000K) with E. On the other posal withV*(0)=1.9eV at low® rather than 2.9 eV at
hand, there was a definite measurable increase in the extei,=0.6 used in the LAAD. It was shown previou&hthat
of vibrational excitation withT;. Combining several differ- D;(E,Ts) distributions shifted up considerably iB with
ent measurement sequences, we find tBa{E,v=1J On. There is also little rotational excitation witfT;

=6,Tg)/D;(E,v=0,J=8T,) [and henceD;(v=1,Ty)/ ~830K. Thus, the unusual results from LAAD, i.e., that
D{(v=0,T¢)] increases withTg, with the ratioD{(v=1Ts (E,)<0.15eV and tha{E+E,+E;+E)<V*(0) are fully
=1400K)/D¢(v=0,Ts=1000K)=2=*1. confirmed in these experiments at Idy as well.

In summary, the LAAD-REMPI(and previous LAAD Murphy et all® also previously used N{dissociation

experiments provide rather complete information on the dison RU000)) to study N associative desorption by ion TOF-
posal of energy into the desorbing Bs a result of release of REMPI techniques similar to those described here. Ehe
the energy of the barrier in associative desorption. There idependence observed by themDn(E,v,J,Ts) is qualita-
little rotational excitation(E;)<0.1eV and little transla- tively similar to that of Fig. 3, although it peaks at somewhat
tional excitation parallel to the surfa¢€&)<0.1eV. Both lower E than that in Fig. 3. On the other hand, they assert
results are as anticipated. However, there is also little vibrathat there is a vibrational inversion betwees 0 andv =1
tional excitation with(E,)<0.15, and this seems strange to (dominated by the lovE part of D¢). Our experiments, both
us given the high exit channel barrier in the PES. Furtherthose from LAAD and NH dissociation, are in complete
more, although both the translational and rotational partitiondisagreement with this statement. Murpky al. unfortu-

ing in associative desorption, i.eD;(E,T;) and(E;), are  nately do not provide the original TOF data for batlstates
independent ofl ¢, the extent of vibrational excitation, i.e., to see how they obtained this conclusion. It has been sug-
(E,), increases moderately withi. This fact also seems gested that the dominance of lo# in D; is evidence for
unusual to us. Summing the channels of energy disposal intassociative desorption at lower barrier defect sife€er-

N,, the averagdE+E,+E;+E;)~1eV<V*(0)~2.9eV. tainly the lower®y, lower T (relative to TPD peaks at the
Thus, on average, roughfof the energy released in asso- given ®) and longer time scale for desorption make the
ciative desorption must be deposited into the surface, eithedH; dissociation experiment more sensitive to defects than
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LAAD.?2 It is possible(but by no means certairthat the
NH; experiments of Murphet al. are more affected by de-
fects than ours. We have no idea of the inherent defect
impurity levels in the surface used by Murpbyal., but our
surface had a quite low level of defec25%. We believe
another difference in the two experiments is in the way the
NH; dissociation was effected. Murptst al. used thermal
energy NH adsorption that principally dissociates at defects
through a precursor-mediated process, while we used NH
adsorption atE=1.3eV, which principally dissociates
through a direct mechanism on the terrates.

FIG. 4. Schematic diagram of the 3D model used in the quasiclassical
dynamics calculations of Nassociative desorption from and dissociative

V. COMPARISON OF DYNAMICAL MODELS adsorption on R{®001). The left side of the figure gives the adiabatic
TO EXPERIMENTS model, while the right side shows the coupling of vibration to electron—hole
pairs that is added in the nonadiabatic model.

The observations that in associative desorpt{d),)
<0.15eV and depends ofg and that(E+E,+E;+E,)
<V*(0) are clearly unexpected results for dynamics on anodifies the 2D dynamics by shifting the “S”-shaped 2D
PES with a high exit channel barrier like that for excitation functions to differenE, increasing the width of
N, /Ru(0001). In addition, it is difficult to rationalize based the “S” functions and making therT, dependent. Also, be-
on this PES topology that in dissociative adsorption there isause the shift of the excitation functions, e.g., “dynamic
only a weak dependence &, on nozzle temperature or recoil,” scales withE or inversely withv, 7, increases and
equivalentlyp and thatS,~0.01 atE>V*(0).?® Finally, in ~ can in fact be greater than unity.
state-resolved inelastic scattering experiments, it is also dif- Since the unusual features in the fRu(0001) experi-
ficult to understand the lack of vibrational excitation&t mental results are qualitative in nature, we focus only on a
>V*(0) given the high exit channel barrier in the PES. Inqualitative, i.e., low-dimensional theoretical description of
order to quantify this intuition, we describe below model the dynamics. In addition, the associative desorption experi-
dynamical calculations based on thk initio PES and qua- ments reported in Sec. Il show that little of the barrier en-
siclassical dynamics, and compare these with experiment€rgy is partitioned in associative desorption into rotation or
We believe that quasiclassical dynamics is an adequate tredtanslational energy parallel to the surface. Therefore, we
ment of the N dissociation/association/scattering on neglect those coordinates necessary to describe orientation
Ru(0001) since it corrects approximately for a vibrational and corrugation in the qualitative description and we are left
zero point and we do not anticipate that other quantum efwith only the two external coordinateg,(l). The 2D PES
fects, e.g., tunneling, are important for the heawy. N around the optimum impact site and orientation for
N,/Ru(0001) dissociation is available from DFT
calculations® However, because Nis heavy, we must ac-

It is generally anticipated that dissociative adsorptioncount for lattice coupling in any qualitative description of the
and associative desorption are well described within an eledN, /Ru(0001) dynamics. We include this via coupling to a
tronically adiabatic framework. Thus, dynamics consists ofsingle Einstein oscillator, as in many previous model studies
nuclear motion on the electronic ground state, i.e., on a mulef lattice coupling in dissociation dynamig%:“°with only
tidimensional PES. For example, this description works exthese three coordinates,(l,q), the 3D model for the
tremely well for describing the many experimental studies ofN,/Ru(0001) dynamics is given on the left side of Fig. 4. In
activated dissociation of Jon metals, e.g., ffCu(111) and the results presented here, we take this lattice coupling as
H,/Cu(100)* Even two-dimensionalz d) dynamical cal- given by the “dynamic recoil” model of Hand and Harr$,
culations on the 2D PES about the optimum impact site ande., V3p(z,d,q) =V,p(z—q,d)+3kg?, where the second
orientation for dissociation give a good qualitative picture ofterm is the harmonic lattice energl.is chosen to give a
the translational and vibrational requirements for theharmonic frequency of the surface oscillatofwg,
dissociation/associatiohi.e., of the adiabatic barriev* (0) =0.02eV for a surface mass of one Ru atom.
and of the vibrational efficacy, . V,.p was obtained by a “fit” of the DFT PES using an

For direct dissociation/association of heavier speciesanalytic form developed previously to describe exit channel
e.g., CH and N,, the same dynamic description is generally barriers* The analytic PES for dissociative adsorption had a
thought to be applicable, although the coupling to the lattice2.0 eV exit channel barrierd®"=1.80A) and was a good
cannot be ignored at the outset for these heavier species. Thispresentation of thab initio PES throughout the barrier
coupling to the lattice can, at present, only be included irregion. No attempt was made in the analytic PES to represent
dissociation dynamics via some model, e.g., “dynamicthe small feature corresponding to the metastable molecular
recoil”®® or as a “modified surface oscillator®*° For ex-  state in the entrance channel since this small feature will not
ample, CH dissociation on transition metals can be qualita-affect the high-energy dynamics. Because the LAAD experi-
tively described by 3D adiabatic models, including coordi-ments were done & y~0.6, whereV*(0) is significantly
natesz,d as for H, dynamics plus a single lattice coordinate higher?> two repulsion parameters in the analytic PES
g% In this case, the inclusion of lattice coupling merely (Vn,-ry a@nd Vy_n) were modified slightly to give

A. Adiabatic models
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a barrier of 2.9 eV to represent the LAAD associative de- 1, e o8
sorption experiments. This modified PES had essentially the 0% a <
identical topology to the original one, except for the higher =i 6 g g e
barrier. _ oms} E, 2 ©
With this PES and the dynamic model outlined on the § ) z o o
left side of Fig. 4, the quasiclassical dynamics are given by g 3
solving the coupled classical equations of motion for the ", C T el o o
system with total energy E.=3M,Z+ Myd’+ MG ';: 05y
+V;3p(z,d,q) and with initial conditions that satisfy quantum Eo o)
boundary conditiongi.e., zero point M,=28 AMU, M n g z:f:g::g:::g o
=7 AMU, and M =101 AMU. 0.25 A v=0 non-adiabatic
Dissociation probabilities are calculated for this model 2l ohAelabitie
by integrating Newton’s equations of motion for initial con- ° X
ditions representing a 10 A asymptotic molecule incident at . 5 o888 a8 o A A ]

the surface with translational enerd@y vibrational energy o 1 . 2V 3
ﬁwNz(u+%), vibrational phase ¢N2, surface oscillator (a¥)

energy fiwg,(n+3) and vibrational phasegdg,. hoy, FIG. 5. Model calculations of dissociation probabilities of 6h RU0007)
=0.288 eV andi wg,= 0.02 eV. These initial conditions cor- Sy(E,v) forv=0 andv=1 as a function of translational energy Results

.. . . . for both the adiabatic and nonadiabatic models are presented as labeled in
respond to those of traditional quasiclassical trajectory ap;

. . - the legend. The inset shows the same calculations presented &g \agf.
proaches and many “mindless” trajectories are averaged to

give final dissociation probabilitiesS,(E,v) is obtained as

the fraction of all trajectories witt= 10 A after a significant

interaction time. For a givert and v, PN, and ¢g, are

chosen from a random distribution, whités chosen accord-
ing to a Boltzmann distribution &t;=600 K using Metropo-

lar results to those using dynamic recoil, but with down-
shifted classical thresholds. Thus, independent of the details,
we do not believe that this model can qualitatively rational-
i | i ize the unusual behavior observed in dissociative adsorption
is Monte Carlo sampling. experiments. This conclusion disagrees with our earlier sug-

The a§somat|ve des_o_rptlon D (E,v,Ts) is c_:alculated estion that phonon coupling with an exit channel barrier
by assuming that transition state theory describes the assa/-

» Lo . ) > TI® 4SS%ould account for the low value &, at highE.?8
ciative desorption, i.e., by starting with a thermal distribution We have also calculated the extent of Wbrational ex-
of all initial conditions along the seam separating+N\Ru

, , : . Ccitation in scattering from the surface by analyzing nonreac-
and ZN_RU regions of the PES and2|ntegrat|ng _the equationg, e trajectories. AE=2.7 eV, we predict significant vibra-
of motion into the N+ Ru asymptoté” The seam in the PES tional excitation,P(v=1)/P(v=0)~0.5, as anticipated for

is defined as the line in thez(d) plane perpendicular to the 5 high exit channel barrier and in qualitative disagreement
reaction path and passing through the transition state. SinGgiih the experimental observatidhHowever, this disagree-
the transition state location dependsan is first chosen 10 ent must remain somewhat qualified since the nonreactive
represent a Boltzmann distribution®{, i.e., with Metropo-  gcattering samples all of phase space, i.e., all orientations of
lis Monte Carlo sampling of surface oscillator stateand  the molecule at impact and all impact sites, while the reac-
random sampling of the vibrational phagf,. Givenq, tive trajectories presumably sample principally the minimum
both the starting location on the seaat (d*) and the initial  parrier configuration defined by the PES. Nevertheless, since
velocities ¢*,d*) on the seam are chosen by Metropolis H,/Cu exhibits strong vibrational excitation Bt=V* (0)>°
Monte Carlo simultaneous sampling of all initial conditions gnd its barrier is considerably more toward the entrance
so that the total initial energy into the,M Ru asymptote is a channel than that of NRu(0001), we do consider the lack
Boltzmann distribution atTs. v quantum numbers and of significant vibrational excitation in NRu(0001) scatter-
discrete values oE are assigned in the asymptotic desorp-ing inconsistent with the 3D adiabatic model.
tion channel by conventional binning procedures of the  D{(E,T,=1000K) andD(v,Ts=1000K) predicted by
N, vibrational and translational energy. For comparisonthe adiabatic 3D model are given in Figs@6and 7a),
with experimentsP¢(E,Tg)=2, D¢(E,v,Ts) andD¢(v,T) respectively.D¢(E,T=1000K) peaks aE<V*(0) due to
=2 D¢(E,v,Ty). the preferential partitioning of the released barrier energy
So(E,v) from the above 3D dynamical model is given in into vibration. The predictedD(v,T,=1000K) shows
Fig. 5 forv=0 and 1. The results show a sharp classicaktrong vibrational inversion, peaking at=6. In addition,
threshold forv=0 atE~2.5eV and a vibrational efficacy this model predicts thdd;(v,T) is independent of ;. The
7,~1.7. Without lattice coupling$y(E,v) has a threshold at average energy loss to the lattice in the calculated desorption
E~2.0eV forv=0 and »,~1.0. The 3D adiabatic model is only (AE,)~0.15eV. This small value results from the
predicts thatSp~1 at E~3.5e\>-V*(0) and that there preferential population of vibration in desorption, which
should be an enormous effect of initial vibraticor T,) due  couples only weakly ta.
to ,~1.7. The experimental observation in Fig(al is in reason-
Calculations using the “modified surface oscillator able qualitative accord with the predicte®(E,Ts
model”*° to describe lattice coupling give qualitatively simi- =1000K) of the 3D adiabatic model in Fig(& and it was
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) o FIG. 7. Model calculations oD¢(v,Ts) for N, associative desorption from
FIG. 6. Model calculatlon_s de_(E,TS= 1000 K) for N, gsso_CIatNe desorp-  Ru(0001) at T,=1000K andT.=1400K. (a) Adiabatic model and(b)
tion from RuY(0002). (a) Adiabatic model andb) nonadiabatic model. nonadiabatic model. There is g dependence iD(v,T) for the adia-
batic model.

this expectation that originally encouraged us to erroneously
sugges? the existence of strong vibrational inversion in.N based onV,4(z,d,q,q,) (and adding the corresponding
However, the extensive vibrational inversion predicted by%MSQf term to the kinetic energy One such model takes
the 3D adiabatic model in Fig(&) is in qualitative disagree- Vaq(z,d,q,0;) =Voq(z— q,d = £(2)q)+ 3kq?+ 3kg?, with 0
ment with the experimental results in Fig. 2. Hence, the un<¢(z) <1 being a function that falls off exponentially with
usal behavior in associative desorption, i.e., t&,)  and levels off to unity within the surface. Thgéz) accounts
<0.15eV and thafE+E,+E;+E;)<V*(0) [as well as for the loss of coupling betweedh and g, as the molecule
the fact thatD¢(v=1,T;)/D;(v=0,T¢) changes withl¢] are  leaves the surface. This form ®f;4 was motivated to repre-
all qualitatively inconsistent with adiabatic 3D dynamics. sent the fact that the electron structure in the transition state
All of the unusual experimental results in associativelooks final-state-like and if lattice atoms move, they could
desorption/dissociative adsorptidand scattering suggest drag N atoms at the transition state with them, i.e., couple
that vibration is strongly quenched in a reactive interactiordirectly tod. This form also represents an attempt to include
with the surface, and this is not present in the 3D model:vibrational recoil.” We have also tried several 4D adiabatic
Certainly, one possibility for the qualitative disagreement ismodels of the form V,4(z,d,q,q;)=Vaqe(z,d,q)+Aq
that the lattice coupling is not well enough described in the+ %kqf, where\ is a function that depends both arandd.
3D model. For example, the 3D model focuses on RayleigiA variety of forms for N were tested, i.e.,A=\p¢
(perpendicular to surfagephonon coupling to the transla- Xexp(—aqd), A =\gexp(—ag/d?+2z%) and X =\,¢, where
tional coordinate, as this is the term that normally dominatea., and ay are constants ang is as before. These are all
energy transfer to the lattice. However, phonon modes parakssentially versions of “modified surface oscillator” linear
lel to the surfacey;, could, in principle, also couple directly coupling to the parallel phonon mod&They account for a
to the vibrational coordinate along the reaction path andj, modulation of the barrier heighiand location. Such a
cause vibrational quenching. We have investigated severahodulation is possible due to the effects of strain on barrier
reasonable coupling mechanisms in 4D adiabatic modelseight§® and the overall coupling strength {) was chosen
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to be consistent witlistatig strain-induced barrier shifts in brates inv=1, the center of the adsorbate resonamrge
DFT calculationd® Dynamic predictions of Sy(E,v),  moves up and down relative to the Fermi lewgl by an
D:(E,Ts) andD¢(v,Ts) based on all adiabatic 4D models amount§e, and induces charge transfer into the molecule
showed absolutely no differences to the 3D model. Vibra-6n,~ — p.(€p) Se,, Wherep,(eg) is the adsorbate density of
tional excitation ofq, in both dissociative adsorption and states akr andn, is the charge transfer over the vibrational
associative desorption was insignificastD.03 eV, so that amplitude ofv =1. The net result is a damping inte—h
the inclusion of this mode does not result in any vibrationalpairs of adsorbate vibrational state=1 with harmonic fre-
quenching in the reactive trajectories. The finding in the 3Dquencyw with a rate 1#~2mw(6n,)?. For damping from
and 4D adiabatic models is fully consistent with the generahigher v states, the result is simply generalized tor 1/
expectation that high-frequency vibrationsy, are only ~2mwv(8ny)?%. Strong damping occurs for high,~ wv
weakly damped into low-frequency phonon modes due to th@nd largesn, . The latter is particularly large whenever there
high order of coupling required by the frequency mismatchis a sharp structure in either the adsorbate or metal density of
Thus, we do not believe that coupling to phonons is thestates. While the approximatiofe.g., single adsorbate reso-
cause of the M vibrational quenching that seems necessarynance, flat metal density of states, stable chemisorbed mol-
to account for all unusual features of the reactive experieculg to derive the Persson and Persson formula above are
ments. unlikely to be valid for N/reactive dynamics, we believe the
conditions for strong nonadiabatic coupling, i.e., highand
large 6n,, will be the same.
B. Nonadiabatic model We introduce nonadiabatic couplings into the quasiclas-

If coupling to phonons does not account for the vibra-Sical 3D dynamics model described previously by including
tional quenching in reactive trajectories, then it is reasonablglectronic frictions and fluctuating forces in a manner iden-
to suspect that coupling to electron—hde—h pairs ac- tical to that discussed by Head-Gordon and Tefliffhis is
counts for it. Nonadiabatic coupling of molecular vibrations demonstrated schematically on the right side of Fig. 4. We
to e—h pairs is a well-known phenomenon in surface physicsjndude in the equations of motion a vibrational frictibpd
It is implicated in the damping of molecular stretching to represent damping of the vibration to e—h pairs and a
vibrations of adsorbates on metal surfaces, e.g.fandomly fluctuating forcdRy(t) to represent the excitation
CO/CU100*%44%5and G /Pt(111) %6 Nonadiabatic damping of vibration from thermally excited e—h pairs. In order to
of vibration to e—h pairs has also been suggested as the rieep the surface temperaturgfixed, the amplitude oR(t)
tional for the strong multiquantum vibrational loss on scat-is chosen to satisfy the fluctuation-dissipation theorem, i.e.,
tering NO@ =15) from a Au111) surface?’ In addition, the  (R4(0)R4(t))=(2kgTsI'4/My) 5(t). Because of the ran-
excitation of vibration from e—h pairs is the general basisdomly fluctuatingRy(t), the calculation ofSy(E,v) and
suggested for substrate-mediated photochemistry an@(E,v,Ts) now involve averaging stochastic trajectories
photodesorptiofi® DIMET,*® fs-induced chemistr3?"** and  over the appropriate initial conditiori.

STM-induced desorption and dissociatinWhile many of The friction I'y and hence also the fluctuating force
these phenomena are often described qualitatively within &4(t) are implicit functions oz andd. Since we do not have
diabatic picture, i.e., of transitions between ground and exab initio calculations of the nonadiabatic coupling for this
cited negative ion staté§ most quantitative treatments de- system and its dependence and), we simply take a func-
scribe nonadiabatic couplings in terms of fricticasid fluc-  tional form that is consistent with the physics implied by the
tuating forcey added to the adiabatic dynamits* In  Persson and Persson motfel,e., that scales roughly with
principle, the two approaches should yield equivalent resultshe charge transfer into the molecule and its variation with
and merely represent a different “basis” to describe thethe coordinatesz,d). This can be inferred qualitatively by
nonadiabatic effects. the magnitude of the induced dipole momeifiz,d) in DFT

The nonadiabatic coupling between electronic states calculations:* The form assumed in the calculations here is
and ¥ induced by the intermolecular stretch coordindtis  TI'y(z,d) =I"oé(z)exg—(d—dg)%20?], where &(z) is the
oc{is|alad| ;). The ab initio calculation of these nonadia- same function used in the definition ¥y andT'y, dy ando
batic terms is a formidable task and has to date only beeare constants. The overall strength of honadiabatic coupling
possible for limiting models of molecule—surface systemsjs determined by',. Thez dependence ensures that the cou-
e.g., H/jellium®3°5% and CO/Cu cluster¥:*® However, pling falls off essentially exponentially from the surface and
these fewab initio calculations do support the physics origi- yet saturates as the,Ns fully imbedded in the metal. The
nally suggested in a simple model by Persson and Petssordependence centers the strength of the nonadiabatic coupling
as to the basis of strong vibrationally nonadiabatic couplingnidway between the equilibrium ;Nbond length and the
in the vibrational damping of chemisorbed molecules. Thebond length in the transition state. This is consistent with the
mechanism suggested by them involves dynamical chargerge change int(z,d) along the reaction path as the mol-
transfer between the metal and the adsorbate as the molecwdeule stretches and approaches the transition %tdiee de-
vibrates, with the retarded electron transfer due to the breakailed (z,d) dependence of the friction is largely an educated
down of the Born—Oppenheimer approximation causingguess in the absence alf initio calculations of this quantity.
electron—hole pair excitation. Persson and Persson usedHowever, we believe the assumed form does have the right
Newns—Anderson model of the adsorbate—metal system tasymptotic properties and shape to scale with the charge
describe the dynamic charge transfer. As the molecule vitransfer implied in the DFT calculations @f(z,d), i.e., to
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gualitatively agree with the physics described by Persson angualitative agreement with the experiment. The origin of this
Persson. For a fixedz(d), the vibrational damping rate from T dependence in the model is the teRyg(t), which de-
v=1 to v=0 is related to the friction term as (@/ scribes vibrational heating due to thermally excited-h
=[T4(z,d)/M4]. pairs. Because the nonadiabatic coupling teas more than
Becauseu(z,d) in the DFT calculations also shows that an order of magnitude smaller than thatddn the model,
some charge transfer occurs into the molecule as it app¢(E,Ts) was predicted to be nearly independentTgf in
proaches the surface, but before thebond is significantly —agreement with experimeft.We also note that calculated
extended, we also include a smaller friction tefiyg and  values ofD¢(v,Ts) were completely independent of whether
corresponding fluctuating fordg,(t) in the equations of mo- or not damping was present aloag
tion as well.I',(z,d) was taken to have the samgd) form We wish to emphasize that the model developed here is
asI'y, but with three times smaller amplitude. Both becausevery different in spirit and physics to the diabatic model
of the smaller amplitude and the fact thslt,=4M,, the  proposed by Kosloff and collaboratdi$Their model treats
damping rate from the coordinate was more than an order the “nonadiabatic” coupling between a molecular phys-
of magnitude smaller than that from thlecoordinate. isorbed PES and a dissociated atomic PES. It is a fully elas-
So(E,v) from the nonadiabatic model far=0 andv tic theory that does not account for any damping of energy
=1 are given in Fig. 5. It was not feasible to calcul&gat  into either the lattice or into e~h pairs. This model was con-
lower E because averaging over too many trajectories is restructed to account for the fact thg§<1 at highE. How-
quired to obtain the smalB, values. Even at highE  ever, the diabatic PES and the seam between them that they
~3.5eV,S,<0.02. In addition, the role of incident vibration found necessary to fit the sticking results bears little resem-
is modest in determining,, despite the smal§, values. blance to the DFT PES, i.e., it is dominated byeantrance
Both of these qualitative results are very different from thechannel seanfbarriey.
predictions of the adiabatic model and are in qualitative
agreement with the experimental observations. The qualita¥. IMPLICATIONS OF THE NONADIABATIC
tive interpretation for both results is that significant nonadia-COUPLING

batic damping of vibration occurs as the molecule climbs the | summary, we cannot obtain qualitative agreement of
barrier. Hence, the role of the incident vibration is dimin- any adiabatic dynamic model with the unusual experimentaj
ished. Similarly, because of the almost pure exit channel baregyits forD¢(v,Ts) andSy(E,v), while the model incorpo-
rier, dissociation principally occurs by transferriig~v by  rating nonadiabatic coupling of the vibrational coordinate to
curvature along the reaction path. Wheris also simulta-  (e—h pairs gives good qualitative agreement. We take this as
neously damped as Nries to surmount the barrie§, ap-  indirect evidencethat N, associative desorption from and
proaches unity very slowly with increasirig and it is still  dissociative adsorption on R2001) is dominated by nona-
small atE=3-4 eV. Neglect of the damping term in the diabatic effects. However, to achieve agreement between the
nonadiabatic model does shift the upturnSg with E to  nonadiabatic model and experiment requires that the magni-
slightly lower E. For exampleS,~0.1 atE=3.5eV without  tude of the nonadiabatic couplifigy be extremely strong, so

z damping. We also suspect that inclusion in the model dythat (1/7~4 fs~ %, with ( ) representing averaging the reac-
namics of an angular coordinate of the &kis relative to the tive trajectory from the entrance channel to the transition
surface would also decreaSg at highE as well, especially  state, orvice versa This strong coupling is required to ex-
for the high exit channel barrier of MRu(0001)?** tensively damp the vibrational coordinate on its reactive path

Vibrational excitationf P(v>0)] in scattering at higie  to/from the transition state. This coupling is, in fact, so
is also fully quenched in the nonadiabatic model, in qualita-strong that a friction approximation may not be quantita-
tive agreement with the experimental result. he-v exci-  tively appropriat€* However, since it is virtually impossible
tation caused by reaction path curvature in the scattering trae go beyond such an approximation and we are primarily
jectory is simultaneously damped via excitation @-H  concerned with a qualitative explanation for the unusual re-
pairs. Of course, a quantitative treatment of scattering musictive N,/Ru(0001) behavior, we neglect this potential dif-
go beyond a 3D dynamic model. ficulty.

D:(E,T,=1000K) predicted by the nonadiabatic model Whether such a strong nonadiabatic coupling is physi-
is given in Fig. &b). This is narrowed slightly relative to the cally reasonable is, of course, the key question and cannot be
adiabatic model, but is still in good qualitative agreementanswered until there is aab initio calculation of the nona-
with the experimental results of Fig. 1. Neglect of thediabatic coupling orl'4(z,d) for this system. In general,
z-dependent damping term shifts the peak of this distributiorknowledge of the strength of nonadiabatic couplings between
~0.25 eV to highelE. vibration and(e—h pairs is quite limited for all systems. A

D¢(v,Ts) from the nonadiabatic model is given in Fig. few examples exist for the vibrational damping rate from
7(b) for Ts=1000 K andT;=1400K. In contrast to the adia- =1 of stable molecular adsorbates, e.g., from direct fs mea-
batic model,(E,) is now very small because of the strong surement of the vibrational lifetinfe or indirectly inferred
nonadiabatic damping of vibration as the molecule descendga the vibrational linewidtt#**® For example L~y fst
the barrier and desorbs. This is in very good agreement witfor CO(v=1)/Cu(100f° and 1lk~s; fs 1 for O,(v
the experimental results presented in Fig. 2. In addition, the=1)/Pt(111)*® The O,/Pt(111) analogy is probably closest
extent of vibrational excitation in the desorbed N pre- to N,/Ru(0001) reactive trajectories since this adsorbate
dicted to depend moderately ofg, again in very good also represents a-bonded molecule parallel to the surface
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as in the N/Ru transition state. The overall vibrational Cu(111),°*®? all modes of N excitation €,v,J,E;) have
damping rate necessary to rationalize thg Ru reactive dy- been measured via techniques similar to those described
namics is, however, even an order of magnitude larger thahere. In this case(E+E,+E;+E)<V*(0) as well
that of O,(v=1)/Pt(111). While it is impossible to really Evidence of unusual reactive behavior for other molecular
compare nonadiabatic damping in reactive trajectories witlsystems is far less persuasive at this time. However, we
that of chemisorbed species, we note that the Persson ami note that it does not seem possible to dissociate directly
Persson model of vibrational damping gives 71/ (at low T;) many -bonded molecules with exit channel
~2mwv(dn,)%. For O,/Pt(111) vibrational damping, barriers(except at steps and defecteven withE>V*(0),
fw=0.1 eV,v=1, and Sn,~0.1% from the above model e.g., Q/Pt(111)% 0O,/Ag(111) and Ag100,°4°°
equation to fit the measured decay rateefl. For N,/Ru,  CO/RU0001),°° etc. We suggest that part of the difficulty in
dissociative adsorption or associative desorptizn0.29 eV direct dissociation of these systems results from vibrational
and(v)~6. Thus, ifén, is comparable to that in JPt, then =~ damping caused by nonadiabatic coupling.
the vibrational damping rate of a,Nnolecule hypothetically If the nonadiabatic coupling and vibrational damping is
frozen midway through the dissociation/association shoulds generally strong as we suggest, then this mechanism could
be an order of magnitude larger in, N\Ru reactive trajecto- also be important in inhibiting dissociation efbonded mol-
ries than for Q(v=1) stably adsorbed on @i.1). A rough  €cules on large metal catalyst particles. However, on small
estimate ofén, is available from the dipole moment change metal particles(ca. <2.5 nm), the nonadiabatic vibrational
upon stretching the molecule along the reaction path, damping is likely to be ineffective due to the low density of
~&n,(Z), where(Z) is the distance of charge transfer, i.e., e=h pair state®” The variation in the importance of this
the distance between the center of the Morbital and the mechanism with particle size may prove to be another aspect
image plane. Taking the latter as half a lattice spacing give8f the particle size dependence in catalysis.
(2)~0.2 A. SinceAu~0.10 D (over a distance comparable ~ The activated dissociations of,HCu and CH/M seem
to thev = 1 vibrational amplitudgfrom the DFT calculations well described within an adiabatic framework. This is en-
as the molecule climbs the activation barfiérnve obtain  tirely consistent with the factors suggested above as to what
5n,~0.1Ce, roughly as large as for the @Pt(111) case. Causes strong nonadiabatic vibrational couplings. The barri-
While this estimate is very heuristic, it does suggest tha€rs for H/Cu and CH/M are largely in the entrance rather
there is significant charge transfer inherent in dissociativéhan the exit channel. Hence, only modest vibrational exci-
adsorption/associative desorption of lRu as evidenced by tation is requiredproduced in adsorption(desorptiof. Sec-
the largeAx and smalkZ) in the DFT calculations. ondly, the breaking/making of a singlebond relatively far
There are many factors that we believe conspire to mak&rom the surfacgbecause of the entrance channel character
the nonadiabatic coupling strong in, KRu reactive trajecto- of the barriey involves only modest charge transfer. Thus,
ries. First, the high exit channel barrier means that high vi\We believe that nonadiabatic effects for the activated disso-
brational excitation must be involved in the dissociation/ciation of m-bonded molecules may well be more than an
desorption, and1/7) scales with this excitation. Second, order of magnitude larger than that fop FCu and CH/M
there is significant charge transfer involved in stretching tha&lissociations, despite the smaller vibrational reduced masses
bond, i.e., climbing the barrier, because the dissocigiea Of the latter.
sorption breaks(make$ multiple = bonds when the Nis
parallel to and very close to .the sprface. We anticipate tha\tll_ SUMMARY AND CONCLUSIONS
exactly these same factors will be important for a large class
of other molecular dissociations as well, i.e., whenever the In this paper we present internal state and translational
dissociation of7-bonded molecules has a significant exit energy-resolved measurements of &ssociative desorption
channel barrier. Thus, we suggest that nonadiabatic couplingom Ru0001) using the technique of LAAD with REMPI
could be important in reactive dynamics for these systems agetection. These experiments measure the partitioning of en-
well. This dynamic scenario describes a wide class of imporergy into N, as it descends the barrier from the transition
tant molecular dissociation process; ONO, CO, and N  state. We find that little energy is partitioned into rotation
activated dissociations on many transition metals, sincé&;, translational energy parallel to the surfdgg and sur-
when barriers exist, they are invariably almost pure exitprisingly even vibratiorE, . The state-resolved translational
channel barriers’ We therefore suggest that the inclusion of energyE distributions are broad, with a high-energy tail ex-
nonadiabatic couplings in a qualitative description of the retending to the barriev* (0). There are three aspects to these
active dynamics of these systems may be necessary. Clearhgsults that we consider unusual based on anticipated dynam-
difficult ab initio calculations of the nonadiabatic coupling ics on the PES, i.e., thdE, )<0.15eV, thatE,) depends
terms will be necessary to prove or disprove this suggestioron T¢, and that(E+E,+E,+E;)~3V*(0). The latter
Although the most extensive experimentahd theoret- means that nearly of the energy released in descending the
ical) results are now available for,N-eactive dynamics on barrier is lost to the surface. Because LAAD studied associa-
Ru(0001), other N/metal systems to do show evidence of tive desorption at higl®,, we have also produced,Nisso-
unusual dynamic behavior as well. For example, vibrationatiative desorption at low by dissociating a high-energy
excitation seems rather low in,Nassociative desorption beam of NH at highTs. lon TOF-REMPI detection mea-
from all transition metals given the high exit channelsuresE, E,, andE; in the associative desorption and con-
barriers?®® In associative desorption of N from  firms the unusual results observed in LAAD. In addition to
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