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Dynamics of Gas-Surface Interactions: Reaction of Atomic Oxygen with Chemisorbed
Hydrogen on Tungsten

J. Reef Y. H. Kim, ¥ and H. K. Shin*
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The reaction of gas-phase atomic oxygen with hydrogen atoms chemisorbed on a tungsten surface is studied
by means of classical trajectory procedures. Flow of energy between the reaction zone and the bulk solid
phase is treated in the generalized Langevin equation approach. Most reactive events occur in small-impact-
parameter collisions, in which the incident gas atom undergoes only one impact with the adatom, producing
vibrationally excited OH radicals on a subpicosecond scale via the-Ha&leal mechanism. Short-time
calculations show that, in these collisions, the formation of the OH bond and subsequent dissociation of the
H—surface bond occur if100 fs. A small fraction of reactive events occurs in a multiple-impact collision,
forming a long-lived complex on the surface. As the impact parameter increases, both reaction probability
and vibrational excitation decrease, thus producing a population inversion. The dissipation of reaction energy
to the heat bath can be adequately described using a 10-atom chain with the chain end bound to the rest of
the solid. The probability of OH(g) formation is not sensitive to the variation of surface temperatures between

0 and 300 K, whereas it rapidly rises with the gas temperature up to 1000 K, above which it remains nearly
constant. A modified LEPS potential energy surface is used for the reaction zone interaction, whereas the
framework of harmonic representation is used in modeling chain atoms.

I. Introduction interpreted in terms of not only the traditional concept of surface
site specificity but also the participation of energy-rich inter-
There has been a surge of both experimental and theoreticalnediates.
resealri:sh activity in the fielql of gasgrface re_aptions in recent The gas atom to adatom collision is of primary importance
years. Among such studies are direct collisions O_f gas-phase j, determining the overall reactivity. However, the reactivity
reactanFs with adsorbates ona metal §urf§ce, Wh.ICh are of theg strongly influenced by the presence of many nearby surface
Eley—Rideal (ER) type. This mechanism is considered to be 515ms. The interaction of a gas atom with the adatom/surface
much less common than the Langmttinshelwood type (LH),  system is in many ways similar to the extensively studied gas-
in which reactions are believed to occur between chem|sorbed|ohase A+ BC type collision?”26 A major difference is that C
species that are in thermal equilibrium with the surface. s now a solid surface involving many atoms, so the mass of C
However, recent experimefit§ and calculation® '8 show is infinite. Through transfer of energy from the nascent gas
evidence of a number of gasurface reactions occurring more  gtom--adatom bond to the adatemnsurface vibration and in
or less directly as a gas-phase reactant interacts with anturn to the bulk solid phase, gasurface reaction can take place
adsorbate. Thus, understanding the dynamics of gadace efficiently. This is in contrast to gas-phase systems in which
collisions is of fundamental importance in studying reactivity atoms do not recombine. That is, the adatom to surface
of such gassurface systems. Hydrogen atoms chemisorbed interaction serves as a doorway for energy transfer between the
on a tungsten surface is one of the most widely studied adatomgas atort-adatom complex and the surface. Therefore, an
systemg:57.10.11,131517.19-24 Gince chemisorption energies for  understanding of energy transfer between the newly formed gas
H on a close-packed metal surface lie in the rang8 BV 2526 atom--adatom bond and the weakened adatesarface bond
there can be a large amount of energy released in the reactiorand energy redistribution among the various modes in the
of energy-rich gas reactants with the adatom. For reactants suctinteraction system is a prerequisite for a detailed appreciation
as hydrogen and oxygen, the bond formed between the gas aton®f reactive events that follow.
and the adatom is about 4.6 eV, and the exothermicity is close The purpose of this paper is to study the reaction of gas-
to 3 eV, which distributes in various modes of the product state. phase oxygen atoms with hydrogen atoms chemisorbed on the
Therefore, the Hmetal surface is an attractive reactive site for (100) tungsten surface. In the O(g) H(ad)/W(100) system,
producing highly excited molecules. The problem of such the pertinent interactions are those between the gas atom and
product excitation is important in studying any reaction. It is the adatom, between the adatom and the surface, and between
important to note that when such excited species are involvedthe gas atom and the surface. Since the gas atom is under the
in subsequent steps, the reaction can proceed at an increaseiifluence of forces exerted by surface atoms, the latter interac-

rate. Thus, in such reactions catalytic activity may have to be tion can contribute significantly to reactivity. We will include
top layer and body-centered cubic layer atoms of several unit

cells in the interaction model. Furthermore, we will introduce
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present collision system ai& 6, ¢, andzyw,, along with the

&'s, which describe the vibrational motions of the chain atoms
linking the reaction zone to the heat bath (see Figure 1b). The
O to H distance is determined togy = (Z — z4w,)/c0s 6.

The main interaction of the collision system is that which
operates between the O atom and the adatom. However, the
gas atom also interacts with nearby surface atomal W'.
Figure 1a shows the presence of &toms atp = (i — 1)z
and W atoms atp = Y4(2] — 1)z. The O-to-Wand O-to-W
distances are

z={z4" +9°+ CiZorZw, COSO —
20 yZon SiN O cost/,(i—1)m—¢l} Y4 i =1-8 (1a)

| Heatbath I z= {Zon + 60" + oy’ + 22049, €OSO —
Figure 1. (a) Top view of the arrangement of surface atoms of four 172 i i _4gnv2 i q_
unit cells on theXY plane: circles with Ware the (100)-plane atoms, 2" dyZon Sin 0 cosl (2 —Lyr—¢l} %, j=1-4 (1b)
and circles with W are the bcc atoms. Eight atoms surrounding the
center atom Win the (100) plane are numberéd= 1, 2, ..., 8, and For the O-to-Winteraction,gi = (z4w,?> + dww?? andc = 2
four bcc atoms j(= 1—4) are numbered = 1, 2, 3, and 4. The for i = odd, andg; = (ZHWOZ +2dWW2)l/2 andc = 232fori =
azimuthal angle is measured counterclockwise arourdWiich is even. For the O-to-Winteraction, @ = (zaw, + Y20ww). Here
common to all four unit cells. (b) Collision coordinates; the side view d is the length of the side of the bcc u%it cell. Wher=
(XZ plane) is shown. The chain atoms bound to the center atgn ( XVW . . . ’ .
are numbered 1, 2, .N, with the vibrational coordinates, &, ... , 0°, the Ia_st term in each expression vanishes and t_he distances
En. become independent of the azimuthal angle During the

collision, the gas atom becomes loosely bonded to the adatom,

London-Eyring—Polanyi-Sato potential energy surface and Whereas the adatom to surface bond becomes weakened. When

employ the molecular time-scale generalized Langevin equationWe refer to these weakly bound states, the corresponding
approach, which is a fusion of the gas-phase trajectory methoddistances will be designated by a dotted line as- and
with the theory of generalized Brownian moti#h32 While H---Wp in the complex &-H---Wo. Then, thed = 0° case

we are mainly concerned with the reaction taking place at the represents the collinear configuration of-@1---Wo. .

gas temperatureTg) of 1000 K and the surface temperature In addition to the surface atoms, we introduce a chain of W

(To of 0 K, the study will be extended further to consider the atoms that couples the reaction zone to the bulk phase and thus
dependence of reaction probabilities on bdgand Ts. serves as a doorway for energy flow between the reaction zone

and the bulk. The chain atoms € 1 — N) are linked to the
center atom r{ = 0), and their vibrational coordinates are
denoted by&,, &, ..., &n; the coordinate of the center atom is
The interaction coordinates and arrangement of W atoms in &, (see Figure 1b). The motions of these chain atoms are
the body-centered-cubic (bcc) system are shown in Figure 1.responsible for dissipation of part of the reaction energy into
We include eight (100) atoms (W = 1—8) and four bcc atoms  the bulk solid phase. Thus, the chain is considered to provide
(Wj", j = 1—4) of four unit cells, which surround the center a simple quasiphysical picture of energy flow between the
atom W in the model. The hydrogen atom is chemisorbed on reaction zone and the heat bath. All thésehain atoms and
the center atom, which is commonly shared by the four unit Wi, W;" surface atoms interact directly with the gas atom. Thus,
cells. The relative positions and elevations of theseavd we consider that these atoms and the reaction zone atoms
W," atoms vary periodically around the center atom. While the (O,H,Wp) constitute theprimary system. We then designate
overall gas-surface interaction is dominated by the O to H the remaining infinite number of solid atoms ascondary
attraction, the interactions of the gas atom with these adjacentatoms. It is certainly interesting to consider additional chains
surface atoms are important since they may direct the gas atomwhich begin with adjacent Y\and W* surface atoms, but energy
toward the reaction site. The incident gas atom sees periodicdissipation through such chains is far less efficient than that
features of the surface, so it is necessary to incorporate thesghrough theN-chain atoms which are directly bound to the center
features in the gassurface interaction energy. A total of six atom W, Secondary atoms influence the dynamics of the
degrees of freedom is needed to describe the motions of O andprimary system through dissipative and stochastic force terms.
H atoms on the surface; they areXQX,2) and H,y,z2). The O These two terms balance, according to the fluctuation
atom approaches a point on t& plane of the surface with  dissipation theorem, so that the proper temperature is maintained
the impact parametds. The topology of theXY plane around in the primary zoné*32 Thus, we reduce the original many-
the center atom experienced by the gas atom can be convenientlypody problem to a manageable size, which includes three
described by the azimuthal angfe which ranges from 0 to  reaction zone atoms, 12 surface atoms, ldiethain atoms, where
2. This angle is related to théandY distances aX = b sin N is typically about 132 Here, the chain portion replaces the
¢ andY = b cos¢ for a given impact parametér During the bulk solid with a fictitiousN-atom nearest neighbor harmonic
approach, the gas atom interacts with the adatom, and the anglehain 1, 2, ...N, where theNth atom is bound to the rest of
between the ©-H axis and the surface normal is represented solid (the heat bath) and is subject to dissipative and stochastic
by 6 = tanm[b/(Z — zw,)], Where zuy, is the H--Wq bond forces.
distance. Here the center atomy Wthe top atom of theN+1)- The incident atom with collision enerdy becomes trapped
atom chain. This angle varies from O%ex. For the adatom at the adatom site via inelastic interactions with the repulsive
coordinate Xy,2), it is reasonable to assume the adatom to part of the O to H potential energy. The trapped atom undergoes
undergo vibration in the normal direction such tlaat zyw, an interaction with H on the surface, causing energy flow from
andx =y = 0. Thus, the pertinent coordinates needed for the the O--H vibration to the H--Wy bond in the complex

Il. Interaction Potentials
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O-+-H---W,. When the H--W, bond gains sufficient energy, = TABLE 1: Interaction Parameters
|(t) ?ssqmat::‘)s t(|)| fobrm (gH in hthe gash phase_,hl.e., OH(g). interaction i =O0-H H—W, O—surface

therwise, O will rebound into the gas phase without reaction. D (V)" .624%0 > 301D 01
The gas atom is in interaction with the adatom (H) and surface o (e 37383 18201
(S), which we characterize by chemisorption and physisorption 7. (A) 0.97034 1.6735) 4.00
types, respectively. We describe each at@tom interaction a (A) 0.218 0.306 0.40'
energy in the reaction zone by the Morse function and model ~ ©p = hwp/k = 400 KE6®
the interaction in tglle%form of the Londetkyring—Polanyi— aD = DY + Yhwo, where DO is taken from the reference.
Sato (LEPS) typ#2!-*as b Parentheses include referenceSalculated frone; = (Di/2u)Ywi.

) ) ) dSee text® The Debye temperature is needed in using wen, Qn,
U = Qo + Quw, + Qos — [Aon T Alw, T Aos — andg, given in ref 18.
12
AOHAHWO — (Aon t+ AHWO)Aos] (2)
5 L
For the O:-H and H--W, interactions, the Coulomb and
exchange terms are, respectively,
_1 2/ 4

Q= TdDd(L+ AJIIB + AJee I — :

(2 + 6A )%= 22 (3q)

A= Y,[DJ(L + AL + 3A,)e%e 2/ax —
(6+2A k)e(zk.e_zk)/zak] (3b)

H-W Distance (A)

wherek = O---H or H---W,. In the exponential part, the
subscript €’ represents the equilibrium distance of the atom
pair indicated: See Table 1 for the values of these and other
constantd1.17.3436 We note that Qx + Ay) = Dyel@e—2a — |
2e#e—2d2a], which is simply the potential energy &fin the

Morse form. Therefore, the ©H and H-W, energies can be

expressed a&,x = (Qx + A) + YmeZ, wherem is the 0 ] > 3 T4 5
reduced mass of theh pair. Since the coordinate of the center .
atom W is displaced by, from its equilibrium position, we O-H Distance (A)

take the displacement of -HWo from the equilibrium bond Figure 2. Potential energy contours in the directionséof= 0. The
distanceziw,e 10 be @uwee — zHw, — o) and use it in the labeled contours are in eV and in a 0.5 eV interval.

exponents of)x andA for the H--Wj interaction as expfo +

Zniw, — ZHwoe)anw]. For the O-surface physisorption interac-  related metal surfaces suggests that is in the range 0.10
tion, we have many O-to-Wand O-to-W terms. One ofthem  0.15 eV. For example, the well depih for the physisorbed
is the gas atom to the normal direction of the surface and O/Iris 0.14 eV37 Assuming the rati® giatom/surfacDatom/surface
determines the collision trajectod; and the rest represents the = 1.2 to hold in this casé® we estimateDos = 0.12 eV and
gas to 12 surface atom interactions<{1—8,j = 1—4). Thus, takeZose = 4 A andaps = 0.4 A to reflect the characteristics
the modified Coulomb and exchange terms for the gas atom- of physisorption. We adjust the Sato parametsfsuch that

to-surface atom interaction are the resulting potential exhibits reaction channels and minimizes
the contribution of the activation energy barrier as well as the
Qos = 1a[Dod(1 + A K{[(3 + Age® P25 — attractive potential well over all O-to-Wand O-to-W* direc-
8 tions. The result i®\on = 0.49,Apw, = 0.54, andAps= 0.55.
(2 + 6A g% D/20s 4 Z[(s + Agele Afaos Figure 2 shows the potential energy surface calculated with these
= Sato parameters in the direction ®f= O.

4 In the present system, the dynamics of the4tOH/W,

(2 4 6A e WZ0q 4 Z [(3 + Aggel% 3faos — interaction and in turn energy transfer from-@ to H---W,

= are influenced by inner atoms. We assume a set\of1(

2+ 6A, S)e(éeﬂ)/Zaoﬂ} (4a) coupled equations of motion, including that &y for a fictitious
nearest neighbor collinear harmonic chain with the vibrational

—1 (Ze~2)l20s _ energyV(&,) = Y-Mw? £.2, whereM is the mass of W ande,

Aos= TDod(1+ Aod{[(1 + 3Aog)e are the Einstein freqargncié%.Because of the cross terms, the

sum of solid interaction potential energies includes terms such

as YoMw? En-1&n, YoMw?, . Enénra, €tC., Wherewe, are the

4 coupling constants chzi/racterizing the chain. Thus, with the
(6 + 2A Qe 2205 |- Z [(1 + 3Aog)e@ Peos LEPS function given above, we can express the overall
=

interaction potential in the form

8
6+ ZAOS)G(ZQ_Z)IzaOﬂ + Z[(l + 3Aos)e(zie—2)/3os _
=

(6 + 2Ao9€% P20} (4b) B )
U(Z,Z4w,0.9{&}) = {Qont Quw, T Qos — [Aon +
There are no data on the physisorption of oxygen atoms on the 2 A2 _ + uz
tungsten surface, but such interactions are characterized by a Aw,  Aos = Ao, ~ (Bor + Auw)Aod 3
shallow potential well and large values of the range parameter Z(llewérgnz + Y M En 1+ ToM0E i 1ErEny) (B)
a and equilibrium distance. The information available for n
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where the notation{&,} denotes the set of chain atom
coordinates &y, &1, &2, ... &n) and Qos and Aps represent the
modified forms given by eqs 4a and 4b.

lll. Equations of Motion

Ree et al.

coefficient Sn+1 governs the dissipation of energy to the heat
bath, which occurs a long time after the reacti®nThe term
Mfn+a(t) in eq 6i is governed by the fluctuatierdissipation
theoremif+1(t) fn+1(0)0= (BKTYM)Bn+10(t).31 These friction
and random forces are introduced in the last equation to mimic

In the absence of interaction between the incident atom and the effect of the heat bath. We stress that while many surface
the adatom (i.e., at a large distance from the surface), the angle?t0ms are included in the model, we are considering a single

0 is related to the impact parameteras 6 = tam[b/(Z —
Ziw,)]. When the O-+H interaction sets in as the gas atom
approaches the surfadgnow varies according to the angular
velocity equation @(t)/dt = (2E/u)2b/zon(t)2, wherezoy = (Z

— Znw,)/cos8 andu is the reduced mass of the collision system.
However, once ©-H is formed on the surface after the impact
(or the first impact in a multiple-impact collision)f now
describes the rotational trajectory of-€H and its time evolution

is governed by the equation of motiokypd20(t)/dt?
—U(Z,z4w,,0,0,{ En} )16, whereloy is the moment of inertia.
Therefore, the rotational trajectoét) starts withd(to) = tarr2-
{bl[Z(to) — zuw,(to)]} at initial time to and evolves according
to the angular velocity equation from the initial tinketo the
time terp (i.e., the time at the first turning point), and then
according to thdond?6(t)/dt? equation fromterp to +c. In a
multiple-impact collision, an active complex-GH---Wj is
formed after the first impact, stond?0(t)/dt? describes the
hindered rotational motion of ®H on the surface from the
first turning point to the final turning point and then the rotation
of the desorbing OH. A united set of the equations of motion
for the reaction zone and chain atoms can then be written as

uZ(t) = —U(Z zqn,0.0{ E})6Z (6a)

i Zew () = —0U(Z 24 0.0 E})/0z4,  (BD)

0 = (Eu)"DIZy(1), ty<t<tep  (60)

16() = —0U(Z, 24w, 0.0 E})I00, terp <t <40 (6C)
(1) = —AU(Z .z, 0.0 L &} )09 (6d)

MEq(t) = —MaZ&(D) + M &,(t) —
0U(Z Zw 004 ED)0E, ()

ME,(t) = —MaZ &) + MaZ &) + MaZE(l)  (6f)

ME,(t) = —Mw2E,(t) + MaZE, (1) + MaZE(l) (69)

MéN—l(t) = _thza,N—lgN—l(t) + MwiN—lEN—Z(t) +
Mawgpén(®) (6h)

MEN(®) = ~MQRE(D) + MorgnEn-1(0) — MBy.adn(®) +
Miy4(t) (Bi)
whereunw, is the reduced mass associated with thedhd.

We integrate these equations frdm= ty to +c with eq 6¢
switched to eq Bcatt = trrp. Equations 6e6i for n =0, 1,

chain with nearest harmonic interactions connecting the reaction
zone to the bulk solid phase. Despite these simplifications, the
approach of the effective equations of motion toward determin-
ing the coupling of the primary system to the heat bath is
intuitive and treats the effects of the many-body problem on
the gas-surface reaction in detail. Therefore, with computa-
tionally convenient friction kernels and fluctuating forces, eq 6
offers an approximate but realistic way of handling many-body
coupling of the reactants to the solid atoms in the primary zone
and then the primary zone to the heat bath.

Gas atoms were initially located above the surfacagto)
=15 A. The gas atom approaches any location orXifiplane
with bandE. We describe the initial direction of the gas toward
the surface by = 2x1, wherel is a random number with a flat
distribution in the closed interval (0,1). Next we sample
collision energies afTy in accordance with the Maxwell
distribution functionf(E,Tq) O e ®<Ty, instead of taking the
average energiECat Tg. In sampling impact parameters, we
note thathww is 3.03 A39 whereasoye is 0.970 A4 50 1504,
is very close to the halfway point between two adjacent surface
atoms. (For convenience, we will express e by z. throughout
this section). Thus, we only consider gas atoms approaching
the surface with an impact parameter in the range Bz <
1.5 and interacting with the H atom chemisorbed on the center
surface atom W The presence of other adatoms will not be
considered in the present model. This situation corresponds to
a low surface coverage where the interaction of the gas atom
with other adatoms can be neglected. Otherwise, the interaction
of the gas atom with other adatoms will have to be included in
setting up the potential energy surface. Our results will show
that reactive events are confined to the close range of the adatom
under consideration such that the effect of other adatoms does
not appear to be important.

The initial positions and momenta of the chain atof)
= A Sinerto + 0n) and &n(te) = wed A2 — En(to)4¥2, where
A2 = 2kTJMwZ, and the phase), were chosen for each
trajectory at random from a Boltzmann distributionTat The
values of all pertinent coefficien®en, wen, Rn, andpgy in the
generalized Langevin part of the equations of motion are given
elsewherd® Random forces at each integration step were
selected from a Gaussian distribution that rigorously satisfies
the fluctuation-dissipation theorem. The initial condition for
solving eq 6¢ i9(to) = tam Y b/[Z(t)) — zaw,(to)]}, and that
for eq 6¢ is Orrp, Which is the solution of eq 6¢ &t= terp. The
initial conditions forZ(to) and zaw(to) are given elsewheré.
Note thaIZHWO(to) = ZHWO(tO,Eg,HWOICSHWg)y whereéHWO and E Hwo,
are the initial phase and the initial energy of the adatom-to-
surface atom vibration, respectively. We take the initial
vibrational energy of 0.113 eV corresponding to the zero-point
energy¥hwpw, With these initial conditions, we integrate
the equations of motion for the interaction energy described by
eq 5 using an algorithfA41with a time step of 0.30 fs or 1/30th

2, ...,N are the chain representations of many-body dynamics the vibrational period of OH, the shortest period in the reaction
and correctly describe short-time (Einstein limit) processes. In system. Therefore, we can treat dynamics of-gasface

the latter equationgyenandwcn are the short-time scale effective
harmonic frequencies an®y is the adiabatic frequency.
Therefore, at short times theth oscillator responds like an
isolated harmonic oscillator with frequeney,, whereasQy

interaction and dynamics of chain atoms with equal rigor down
to a subpicosecond scale with relatively modest computers. Note
that Q«x + A given in egs 3a and 3b is simply the potential
energy ofk in the Morse form. For the most part of this study,

determines the long-time response of the heat bath. The frictionwe take the gas temperatufig of 1000 K and the surface
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a) Vibrational (b) Translational (c) 8-Rotational . (d) ¢-Rotational

Energy (eV)

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 1.5

Impact Parameter (A)

Figure 3. Dependence of (a) the vibrational energy, (b) the translational energy, (é)rbtational energy, and (d)-rotational energy of the
gas-phase product OH(g) on the impact parametdg at 1000 K andTs = 0 K.

temperaturdsof 0 K. However, we will extend the temperature oo T
ranges to 30& Ty < 2500 K and 0= Ts < 300 K to establish

the temperature dependence of reaction probabilities. We
sample 10 000 trajectories at each seTpandTs in the impact
parameter range of & b < 1.5 A throughout this study.

During the collision, the gas atom is loosely bound to the
adatom, whereas the adatom to surface bond becomes weakened,
forming G---H---W,. In each collision, the reaction is consid-
ered to have occurred and produced OH in the gas phase, if the
O:---H distance stabilizes to a well-defined vibrational motion
of OH and the H--W, distance diverges. In a multiple-impact
collision, the rebounding OH can be attracted back to the surface
even after reaching a long distance from the surface. In such
a collision, we follow the trajectory beyond the last turning point
to establish the divergence of the-HV, distance. For this 0 L AT , o
purpose, we extend the integration time-t&0 ps. In some 06 08 10 12 14 16 18
collisions, O--H produced on the surface can be stabilized to Bond Distance of OH(g) (&)
the trapped state permanently, i.e., OH(ad). We confirm this Figure 4. Plot of the OH(g) vibrational energy versus the OH(g) bond
process by foIIowmg such trajectories for 8 ns. Thus, _c_oII|S|on .digtance in the product state tat- +50 ps:T, = 1000 K andT, = 0
events that occur in the present system can be classified as (i)
those producing OH(g) in a single-impact collision on a

subpicosecond scale, (ii) those producing OH(g) in a multiple- o ameter. First, OH radicals produced in sntadellisions

impact collision on a picosecond scale, (iii) those producing 56 yiprationally highly excited. Second, the vibrational energy
OH(ad) which are permanently trapped on the surface, and (V) jecreases with increasitig and OH formation ceases for>
those producing no reaction. 1.3 A. Hydroxyl radicals produced in largecollisions are only
slightly excited or not excited at all. Third, there are many
collisions in which significant conversion of vibrational to
Before discussing the results, we consider the effects of chaintranslational energy is evident. This energy conversion occurs
length on the reaction to establish the optimum valu®l ébr at the final turning point where the trapped OH distributes its
convergent results. For representative trajectories, energyinternal energy among various degrees of freedom. Rotational
transfer to the surfaceEf) is found to level off to a constant  excitation in thed-direction in smallb collisions is very small,
value forN = 8, indicating that we can do a realistic calculation but it becomes significant in large-collisions. In the latter
of the gas-surface reaction with a relatively small number of collisions, ¢-rotational excitation is significantly larger. In
chain atoms. Throughout this work, we will therefore use the smallb collisions, the torque developed is weak anet-B
10-atom chain (i.eN = 9). However, the effect of chain length  passes through the turning point and escapes before any
on the model can be made arbitrarily precise by increaking  substantial acceleration df can occur. In general, these
The results show that energy transfer to the solid is small, rotational motions are ineffective in promoting OH(g) formation.
indicating that in this reaction, where a light atom is adsorbed On the other hand, in lardgecollisions O--H is usually formed
on a solid with a large Debye frequenay, it is not easy to with an orientation close to side-on, in which case OH(g)
pump in energy from the reaction zone to chain atoms which desorbs with a significant amount of tiferotational energy.
are restored by a stiff spring. In the following sections A and The comparison of the energy distributions shown in Figure 3
B, we present the global aspects of the ensemble of all reactiveindicates that most of the energy released in the reaction is
trajectories. We then take representative trajectories of thecarried by the gas-phase OH in the form of vibration.
ensemble for the details of collision dynamics in section C.  Highly excited OH radicals undergo a large-amplitude
Finally, a brief discussion on nonreactive collisions will be vibration. A clear picture of such motion is seen in Figure 4,
presented in section D. where the OH vibrational energy is plotted against the OH bond
A. Energy Distribution. In Figure 3, we show the distribu-  distance for all reactive collisions @ = 1000 K andTs = 0
tion of the vibrational, translational, and rotational energies of K. We follow all these reactive trajectories for a sufficiently
OH between 0< b < 1.5 A for all reactive events afy = long time of 50 ps, at which all product radicals are stabilized
1000 K andTs = 0 K. The figure shows several significant in their respective vibrational states. The OH bond distance
results on the dependence of these energies on the impacties within the range of its vibrational amplitude at a given

Vibrational Energy of OH(g) (eV)

IV. Results and Discussion
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Figure 5. (a) Dependence of the reaction probabifp) on the impact
parameter afl; = 1000 K andTs = 0 K. For comparison, thé
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corner the O atom can rapidly rebound from the sphere of
influence before @-H has had time to transfer its energy to
the H--Wp bond. Thus, only a small fraction of such collisions
will survive during the round trip and produce OH(g). As the
impact parameter increases, both reaction probability and
vibrational excitation decrease, and the reaction finally ceases
forb > 1.3 A. At such a largé, the closest approach that the
gas atom can make toward the adatom is when it is near the
surface with the incident angle at 9t the normal axis of H

to Wo shown in Figure 1b. In this case, the gas atom not only
is very far from the adatom but is also in a repulsive interaction
region of W and W* surface atoms. The variation of the
vibrational energy and the reaction probability in the intermedi-
ate ranges of the impact parameter is particularly interesting.
Figure 5a shows that the reaction is most efficient fear0.5

A. In this b range, the incident atom can readily maintain its
distance to the adatom close to the equilibrium valueAnother
range of impact parameters occurs, where the reaction prob-
ability is again large, neds = 1 A, which is very close to the
equilibrium distancg. = 0.970 A. The probability in this range

05 | % . is not as high as that in tHe= 0.5 case, but is far greater than
v /% that of theb = 0 case. Although the probability is still large,
" D = O case h the prob:

%%% %7 lower excitation begins to dominate in this largeange. A
%é%%%% much smaller fraction of reactive events with low excitation
0.0 |= %é%%// 1 occurs neab = 1.2 A, Whenb > z, O--H has a low

Vibrational Energy of OH(g)

vibrational energy and a long bond distance as it turns around
the corner of the (final) turning point, but this configuration is
unfavorable for &-H to stabilize as OH(g).

The results shown in Figure 5a indicate that the large number

dependence of the OH(g) vibrational energy is reproduced from Figure of highly excited OH radicals at one end of the vibrational

3a. (b) Relative intensity of the vibrational population distribution for
the product OH(g). The abscissa is displayed from the right to left to

reflect the production of higlk, on in smallb collisions.

vibrational energy. Figure 4 shows a clear picture of this range
and the distribution of OH(g) bond distance. The distribution
of bond distances for highly excited OH(g) radicals is very wide
around the equilibrium value. There is a large concentration
of vibrational amplitudes of high-lying OH(g) radicals near the
outer turning point. The shape of the envelope boundary reveals
a strong anharmonic vibration of excited OH radicals. This type
of information is particularly useful in mappinigtramolecular
potential energy from experimental data. The measurement of
vibrational energies and corresponding bond distances wil
determine the envelope, from which the intramolecular potentia

energy spectrum and the small number of ground-state or low-
excitation OH radicals at the other end create conditions for a
vibrational population inversion (see Figure 5b). Figure 5b
shows the distribution of all reactive trajectories over the range
of OH vibrational energy from 0 to 3 eV. Here we have
displayed the abscissa froBy oy = 3.0 eV to 0 eV to reflect
the situation that smaly-collisions produce highly excited OH,
whereas largé-collisions produce unexcited or low-excitation
OH. The maximum population occurs wh&poy = 2.3 eV,
which is close to thes = 5 energy value calculated using the
eigenvalue expressioR,in(v) = howe(v + Y2) — howexe(v +

1/5)2, with we = 3738 cnT! andwexe = 84.88 cntl.3* A similar
vibrational population inversion has been found in;@@duced

| from the reaction of oxygen atoms with chemisorbed CO on a

platinum surfack¥“2and in K produced from the recombination

energy curve can be constructed.

To discuss the dependence of the vibrational energy of OH- of gas-phase hydrogen atoms and chemisorbed hydrogen atoms

on the impact parametbrin detail, we superimpose Figure " atungsten surfadé. Note that the total reaction cross section
gg;) and the rgactign probability & = 1000?( andlql'S = 0?( corresponding td(b) at Tq = 1000 K andTs = 0 K is found
as shown in Figure 5a. The reaction probability is defined as to beog = 27/7,P(b)b db = 0.859 &.
P(b) = Ngr(b)/N(b), whereNg(b) and N(b) are the number of As noted in section IlI, the incident atom approaches the
reactive trajectories forming OH(g) and the total number of surface with the O-to-H direction at the angle= tan*[b/(Z
trajectories sampled for a given valuemfrespectively. The — — Zaw,)] from the surface normal. When the €H interaction
probability shows a structured dependencédptaking several sets in, however@ varies according to the angular velocity
maximum values. This dependence demonstrates that theequation d(t)/dt = (2E/u)Y?b/zon(t)? until t = terp, wherezon
reaction takes place in different ranges of impact parametersis dependent on the interaction potential. At the instant of the
and gives useful information about the origin of product first impact, this equation gives the solutigrp, which can
excitation. The presence of such ranges has been noted alreadpe considered as the “true” incident angle toward the adatom.
in the recombinative desorption ofldn Cu(111)® To discuss For all reactive collisions, the distribution of this angle varies
the b dependence, it is illustrative to imagine a “sphere of approximately linearly with that of the impact parameter (see
influence” with the radiuze around the adatom. Near= 0, Figure 6a). Reactive events are confined to the angle range
where the incident gas atom is on top of the adatom and the between 0 and 6Qand the linear relationship holds particularly
O-to-H distance is close g, vibrational excitation is very high, ~ well in smallb collisions. The appearance of four regions in
but the reaction probability is low. In such a collinear or near- the distribution reflects the corresponding peaks in Figure 5a.
collinear collision, the initial impact tends to form-GH in a Figure 6a suggests that the dependendg, ef; on 6¢rp should
compressed state with a large amount of energy accumulatedbe similar to that on the impact parameter shown in Figure 5a.
in it. However, in such a compressed state, after turning the The smooth dependence of the vibrational energggpshown
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energy onferp.
in Figure 6b reflects this situation, as far less scatter occurs in 0
Ev,on at a givenferp than thek, oy —b plot shown in Figure 00 05 10 15 20 25 30
3a. This remarkable dependence indicates that the distribution Vibrational Energy of OH(g) (V)

of the vibrational energies of OH radicals is strongly dependent Figure 7. Vibrational population distribution for the product OH(g)
on the incident angl® and furthermore, at a given incident atTg= 300-2500 K andTs= 0 K. The number of reactive trajectories
angle, the vibrational energy of OH(g) is distributed over a is plotted as a function df,on. The total number of trajectories sampled
narrow range. In a smali-collision, the incident atom will &t €ach temperature is 10 000.
have to approach within the close range of the surface in orderis plotted fromTs = 0 to 300 K for the fixed value offy =
to have a large value d@f-rp, but it is less likely for the incident 1000 K. The reaction probability plotted in this figure is defined
atom to approach such a range in the presence of strongas the ratio of the number of reactive trajectories to the total
repulsive forces originating from many surface atoms. In these number sampled (10 000) over the entire range of impact
near head-on collisions, energy flow from-@H to H:--Wy can parameters at a giveliy and Ts. It is then a total reaction
be efficient, as noted above, taking place in a short duration of probability and is different froniP(b) = Ng(b)/N(b) presented
the impact. On the other hand, in a latgesllision, the incident above (Figure 5a), which is the probability at a given impact
atom does not have to approach the close range of the surfacgarameter. Figure 8a shows that the total reaction probability
in order to maintain a largéerp. However, in the latter is essentially independent of the surface temperature between
collision, which occurs in a distant region from the adatom, 0 and 300 K, reflecting the situation that the reaction energy
the reaction is less likely to occur. comes primarily from the incident atom, which is the essential

B. Temperature Dependence of Reaction Probability. feature of the ER mechanism. To understand such a weak
The above results are obtained for the reaction occurrifig at  temperature dependence, we note that theWy vibrational
= 1000 K andTs = 0 K. We now look into the temperature  energyhwnw, is 0.226 eV and the fraction of adatoms in the
dependence of reactive events. Figure 7 shows the distributionH---Wj vibrational energy state corresponding to the first excited
of reactive trajectories as a function of the vibrational energy state affs = 300 K is less than 0.02%. Thus, the contribution
for various gas temperatures. Here we keep the surfacecoming from excited H-W, states is not important. The weak
temperature at 0 K. To show the effect of gas temperature on Ts dependence of these probabilities indicates that the principal
the distribution, we have plotted the number of reactive features of the reaction dynamics discussed abovésferO K
trajectories as a function of the vibrational energy. (Note that remain unchanged. On the other hand, the dependence of the
Figure 5b shows the relative population.) Figure 7 shows that total reaction probability on the gas temperature is strong (see
population inversion occurs at all gas temperatures considered Figure 8b). For this plot, we have fixeh = 0 K and varied
The general shape of the distribution of reactive trajectories Ty from 300 to 2500 K. There is a significant increase in the
remains essentially unchanged as the temperature is loweredeaction probability when the gas temperature is raised from
from 2500 K to 1000 K. Below this temperature range, the 300 to 1000 K, but beyond this temperature range the probability
distribution tends to become flat and the maximum shifts toward increases only slightly. The reaction cross sections are found
a lower vibrational energy. to be 0.385, 0.651, 0.859, 0.839, 0.844, and 0.802t4T; =

The dependence of the reaction probability on the surface 300, 500, 1000, 1500, 2000, and 2500 K, respectively, when
temperature is shown in Figure 8a, where the reaction probability the surface temperature is kept at 0 K. As in the reaction
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. ) ) Figure 9. Reactive event representative of the ensemble of single-
Figure 8. Temperature dependence of reaction and trapping prob- jmpact collisions. Plot of the evolution of (a) the collision trajectory
abilities. (a) Dependence on the surface temperature for the fixed gasang the H--W, distance, (b) the ©-H distance, (c) the ©-H
temperature of 1000 K and (b) dependence on the gas temperature fokiprational energy, (d) the ++Wj, vibrational energy, and (e) the surface
the fixed surface temperature of O K. energy afly = 1000 K andTs = 0 K. In part ¢, when OH is separated

- ~_ from the force field of the surface atoms, the-®l energy represents
probability, the temperature dependence of the cross section isthe vibrational energy of OH(g). In part d, after dissociation, the\Mo
weak between 1000 and 2500 K, but the cross section risesenergy remains at 2.30 eV, the dissociation threshold.
sharply as the gas temperature increases from 300 to 1000 K.

Also shown in Figure 8 is the trapping probability, which is  of a reactive event by following the trajectory for 50 ps, which
defined as the ratio of the number of trajectories for permanently is a sufficiently long time for OH(g) to recede from the influence
trapped OH(ad) to the total number sampled (10 000) over the of surface interaction. Then we trace the reactive trajectory
entire range of impact parameters at a givgrand Ts. This backward to find the time at which the-+HW, separation has
trapping probability represents the extent of OH(ad) radicals reached Zw,e + 5.00) A. We define this time at. In a
formed on the surface but unable to gain sufficient kinetic energy multiple-impact collision, it is the time at which the-H+HW,
to escape into the gas phase. Although it is not shown in Figure separation has reached this distance after the final turning point.
2, there is a shallow well in the exit channel, where the product Of the ensemble of 10 000 trajectories sampled m B < 1.5
OH can be trapped. The trapping probability is low and remains A at T = 1000 K andTs = 0 K, 1494 have produced OH(g).
essentially constant when the surface temperature is raised fronSome of these reactive events occur Wit 1 ps, and nearly
0 K to 300 K atTy = 1000 K (see Figure 8a). However, its all of them involve two impacts. There are few trajectories that
dependence on the gas temperature is significant. As shownhavetg several picoseconds or longer. In such long-time events,
in Figure 8b, the trapping probability is significant at low gas the gas atom undergoes many impacts before forming OH in
temperatures, and in fact, it is larger than the probability of the gas phase. We consider the detailed dynamics of these
OH(g) formation afTy = 300 K, where low-energy &-H can collision processes in the following sections.
become trapped in the attractive well. The trapping probability 1. Single-Impact Collisions.To examine details of the
decreases rapidly as the gas temperature increases and therollision dynamics, we select a trajectory that is representative
remains nearly constant aboV¥g = 1000 K. It is interesting of the ensemble of single-impact collisionsTgt= 1000 K and
to note that the sum of the reaction and trapping probabilities Ts= 0 K and plot the evolution of pertinent quantities in Figure
is fairly constant over the entire gas temperature range, varying9. In Figure 9a we show the collision trajectory anet-M/q
from 0.173 atTg = 300 K to 0.195 afly = 2500 K. distance. Note that the oscillatory variation of the-#,

C. Dynamics of Reactive Collisions. Nearly all reactive distance after dissociation is due to the<B vibration and has
events occur in a single-impact collision, a direct reaction that no significance. The evolution of the-©H distance is shown
is favored at high gas temperatures but is only very weakly in Figure 9b. In order for the gas atom to interact with the
affected by the surface temperature. Tt= 1000 K andTs = adatom to form ©@-H on the surface and then desorb from the
0 K, nearly 98% of the reactive events occur at a reaction time surface as OH(g) in a direct fashion, it must have sufficient
of less than 1 ps in a single-impact collision following the kinetic energy to scatter inelastically from the repulsive part of
“classic” ER mechanism of direct reaction between gas atomsthe O-to-H interaction energy and be able to redirect sufficient
and adatoms. The distribution of these single-impact collisions energy along the H-W; vibration. The incident gas atom first
closely follows the logarithmic law of lodj(tr)/Ng] O tr, with decelerates, forming a loosely bound state-B in the upper
the slope yielding a rate constant of 4.6010'2 s™1, wheretgr region of the potential well (i.e., slightly below the zero of the
is the reaction timeN(tr) is the number of single-impact O---H interaction potential), and exchanges energy with the
trajectories, and\p is the total number of trajectories sampled. H---W;, bond. OH(g) will form when the amount of energy
To define the reaction timty, we first confirm the occurrence  transfer to the latter bond exceeds the dissociation threshold
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Drw, Otherwise, either the O atom rebounds from the surface
(no reaction), or it becomes trapped on the adatom site
permanently, forming OH in the adsorbed state (see sections
IVC.3 and IVD). Figure 9a,b shows that the vibration of the
loosely bound ®-H bond is in near resonance with the vibration
of the weakened H-Wy bond during the period of a brief
encounter neat = 0. This situation is shown by the three
maxima of the H--Wj vibration and the corresponding three
minima of the O--H vibration in this period in Figure 9a,b.

Figure 9c,d shows energy flow between-® and H--W,
and the subsequent buildup of the-#V, energy toward the
dissociation threshold. Thus, the outcome of each collision is
dependent on the initial translational energy, the impact
parameter, the strength of the-HN bond, the initial phase of
the H--Wy vibration, and the process of energy transfer from
O---H to H---Wj in the complex. The O-to-H interaction
energy, which starts out witboy, represents the vibrational
energy of the short-lived @H during the collision and then
the vibrational energy of the desorbing product OH(g) after
collision (see Figure 9c). On the other hand, the H-tpehergy
starts out with the initial vibrational energy of the HWond
E’nw, and then represents the vibrational energy of the
weakened H-W; bond during the collision. When the bond
dissociates, the H-to-W energy levels off to the constant value
Drw,- The sharp rise and fall of these vibrational energies
during the impact indicate an efficient flow of energy from the
newly formed energy-rich €-H bond to H--W; in the complex
O---H---Wj on the surface as a result of a “strong collision”
between the O and H atoms. The energy-rich-B© bond
formed in the upper region of the potential well then descends
to the lower region of the well. This process corresponds to a
cascade of ©-H transitions between the bound states of the
potential. The evolution dE, oy Shown in Figure 9c indicates
that the deactivation of this high-energy-&H occurs in a few
steps, losing a large amount of energyk{l) to the H--W,
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Figure 10. Short-time behavior of the collision trajectory, the-®
distance, and the +W, distance affy = 1000 K andTs = 0 K. Data
in =80 fs < t < 120 fs are taken from Figure 9a,b.

in the upper region of the potential well rapidly cascades down
to the intermediate region, transferring its energy to the\M,
bond for bond dissociation. Here the-@H distance executes
the final compression toward the surface, turning the attractive
O---HWj interaction into a repulsive interaction of the OV,
These processes and the production of the vibrationally excited
OH take place in the short-time range of 60 fs. There is no
evidence of OH attracted back to the surface beyond this range.
In this reactive event, the displacement of the OH bond from
its equilibrium value reaches a distandé&d from the surface

at tg = +370 fs. Therefore, OH is completely out of the
influence of surface attraction &t = +370 fs, but the decision

for reaction is made long before this time.

vibration at each step. Figure 9c,d clearly shows a near-resonant Tpe O--H atiractive energy at the beginning of collision is

energy flow between these two bonds as the complexHd-W,
rapidly proceeds down the exit channel. During this process,
the O--H interaction is still strongly attractive (see the variation
of the energy contour near the OH distané& @ in Figure 2),

so that after the H-Wy bond dissociation, a considerable
amount of the initial O-to-H interaction energy remains in the
vibration of the newly formed ©-H bond as it moves toward
the exit channel. This situation results in the production of a
vibrationally excited OH(g) accompanied by some translational
energy in the present exothermic reaction with an early-downhill
surface®® The H-to-W vibrational energy reaches its limiting
value of 2.30 eV as the ++W, bond dissociates (see Figure
9d). Figure 9e shows the energy buildup in the solid chain on
the O--H impact and its slow dissipation into the heat bath.
All other plots for reactive events taking place in a single-impact
collision look qualitatively like those shown in Figure -9a.

From short-time calculation, we can clock the dynamics of
the OH formation and the ++W; dissociation during the
lifetime of the complex ©@-H---Wj in the reaction region (see
Figure 10). A disturbance in the collision trajectory occurs near
t = 0, where energy transfer to the-+HWy begins. The
discontinuities of the collision trajectory occurring between
= 0 and+60 fs correspond to the three minimum values of the
O---H distance and in turn the three maximum values of the
H---W; distance. In this reaction time range, the reaction
coordinates ®-H and H--W; are strongly coupled to each
other, resonating at a frequency near 2100&nA significant
amount of acceleration of the -HW; distance occurs after
turning the corner near= +60 fs, where the H-W; excitation
becomes strong. During this time interval, the® formed

4.624 eV, and after dissociating the-HW, bond, the remaining
energy and the collision energy for the representative trajectory
considered in Figures 9 and 10 are distributed among various
motions of the product OH &s, o4 = 2.199 eV,E; on = 0.161
eV, Egon = 0.085 eV, andeg o4 = 0.205 eV. The amount of
energy transfer to the surface in this case is daly= 0.025
eV. This result indicates that nearly all the energy liberated in
the reaction is carried by the gas-phase OH. The vibrational
energyE, on = 2.199 eV is very close t&,p(5) = 2.230 eV
calculated from the eigenvalue expression. It is important to
mention the energy disposal for the entire ensemble of single-
impact collisions. Nearly 98% of the reactive events occur in
a single-impact collision, and the ensemble-averaged vibrational,
translational, and rotational energies of all these single-impact
collisions are 1.892, 0.322, and 0.140 eV, respectively. These
values again show the dominant role of the vibrational motion
in the sharing of reaction energy. The amount of energy
transferred to the solid through tiNeatom chain is only 0.024
eV. However, this does not mean that the effect of the chain
is negligible or even uninteresting. In fact, the motions of the
first several chain atoms are strongly coupled to the reaction
zone through the H-W; bond, and energy transfer to these
atoms can be large enough to deny the-¥W, dissociation,
when the H:-Wj vibration is near the dissociation threshold.
2. Double-Impact Collisions.Some reactive events occur
in multiple-impact collisions on a picosecond scale. Most of
these collisions involve double impacts. Although the number
of such collisions is very small compared with that of single-
impact collisions, these collisions represent an important class
of gas-surface reactions. They are trapping-mediated reactive
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Figure 11. Reactive event representing double-impact collisions. (a) the vibrational energy of OH(g).

Collision trajectory and H+W, distance and (b) the ©H distance . . o
e J y o ! () I The O-to-H energy varies sharply during the first impact, and

are shown affy = 1000 K andTs = 0 K. The inset of part b is the ) T B _
power spectrum of the ®H vibration after the first impact. The main it variation is in resonance with that of the H-toy\&hergy.

peak appearing at 2756 cthis for the product OH(g), whereas the  The final peak of the O-to-H energy at the end of the impact
peak at 2691 crmt is the O--H vibration of the complex state  represents the situation that as the O atom rebounds from H in
O-++H-+-Wo. the loosely bound ©-H, there is an efficient flow of energy
events, but unlike the LangmuiHinshelwood mechanism, the  from O---H to H---W,. Because of this energy loss to the
gas atom is now trapped on the adatom instead of an adjacent---Wy bond, the O atom fails to escape from the adatom site.
surface atom site. The lifetime of the complex-®i---W, The peak height represents oq = 3.8 eV, but it decreases
formed on the surface in a multiple-impact collision is typically rapidly to 2.2 eV as the energy flows into the-FV, bond.
2 ps. However, afflg = 1000 K andTs = 0 K, we find the The O--H motion is stabilized aE, oy = 2.2 eV for nearly 1
lifetime as long as 12 ps. The gas atom forms an energy-rich ps in the O--H---W, state until the second impact occurs.
O---H bond, and it has numerous opportunities to sample a During this period, while ®-H undergoes a highly regular
suitable path for stabilization of the-©H bond and dissociation  vibration as shown in Figure 11b, the weakened-W, bond
of the H--Wy bond. The dynamics of such a reactive event vibrates at a large distance from the surface (see Figure 11a).
that represents the ensemble of two-impact collision;at This bond attempts to dissociate, but its energy is slightly below
1000 K andTs = 0 K is shown in Figure 11. The lifetime of  the threshold (see Figure 12b). Therefore, the dynamics near
the trapped ©-H in this double-impact collision is about 1.3  the first turning point is dominated by the approach of the gas
ps. The trajectory for the trapped portion of interaction is atom to the adatom site (€HW,), whereas the dynamics near
radically different from the single-turning-point (STP) trajectory the second turning point (and all subsequent turning points in
considered above. Figure 11a shows that the reboundinglO  a multiple-impact collision) is dominated by the downward
spends a relatively long time near the apex of the barely trappedmotion of O--H toward the surface (OHW,;). At the second
state—where the kinetic energy vanisheand fails to escape.  impact, the weakened -HW, bond gains a small amount of
In this trapped state, ©®H undergoes a well-organized vibra- energy from the @-H motion, but this amount is sufficient to
tional motion (see Figure 11b) with the frequency 269T&m  bring the H--W; energy just above the threshold. Figure 12a
which is slightly red-shifted from the 2756 crhfor OH shows that the ©-H motion transfers about 0.1 eV to the
produced in the gas phase. H---Wj bond at the second impact. Although there is rapid
The near-resonant variation of the--@d and H--Wj intramolecular energy flow between&H and H--W, during
distances at the first turning point shown in Figure 11a,b is very the second impact, the energy gained by the\W, bond at
similar to that of the STP case. At the first impact, the gas the first impact is very close to the threshold energy, indicating
atom becomes trapped in the upper region of the potential well that HW, gains essentially all the energy needed to dissociate
and the O--H bond transfers a large portion of its energy to during the brief period of the first round trip. The reaction
the H--W; bond, bringing the H-Wq bond energy up to near completes neat = +1.5 ps, where OH desorbs with the
the dissociation threshold of 2.30 eV (see Figure 12a,b). vibrational energy 2.117 eV. Figure 12c shows the evolution
Efficient energy flow occurs between the-eH and H--W, of the surface energy. Although the magnitude is small, energy
bonds during this initial encounter, as in the one-impact case. transfer to the surface chain atoms occurs rapidly at each impact,
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distance, (b) the H-W, distance, (c) the ©-H vibrational energy,
and (d) the H--W vibrational energy aly = 1000 K andTs = 0 K.

B | and H--Wy distances is shown in parts a and b of Figure 14,
© respectively. Even in such nonreactive collisions, there is a
i 7 rapid flow of energy buildup in the H-Wq bond, as in the
. reactive cases considered above. However, at the final stage
L of the impact, the rebounding atom takes back essentially all
the energy from the H-W, bond. During the impact, the
) A X variation of Fhe three minime_t in _the ‘OH dis_tance is in
: resonance with the three maxima in the MV, distance, and
0 1000 2000 3000
Frequency (cm™) the correspondence bgtwegn these peaks and the energy flow
. peaks is clearly seen in Figure 14c,d. Note that during the
Figure 13. Permanently trapped case. (a) Long-time<{@ < 2 ns) impact the decrease in the-&H energy is greater than the
portion of the. G-H distance of the wapped case, and () power NCIe35€ I the H-Wo energy, and this difference is due o
i oo i , W
spectum ofhe Of(e) viraton e spoed i~ 10001 01107 FESIr 1o e OF Berd 1 ofer Todes such 2
andTs = 0 K. The time scale for part a is displayed at the top. o
the surface. Note that the saw-toothed variation of the\W,
energy after collision is due to energy flow between the W,
bond and the surface atoms.

Relative Intensity
T

but dissipation into the heat bath is very slow, as in the single-
impact case considered in Figure 9c.

3. Adsorbed OH.A significant fraction of gas atoms are
trapped on the surface at lower temperatures. We have followed
many such trajectories and found that they are trapped even at We have studied the reaction of O(¢)H(ad) on a tungsten
times as long as= +8 ns. Both O--H and H--W; bonds in surface by solving the effective equations of motion for the
such collisions are found to undergo highly regular vibrational reaction zone atoms and tNeatom chain of the primary system.
motions over the entire period, suggesting no likelihood of the The model consists of the incident gas atom interacting with
H---Wy bond dissociating at a later time. Therefore, we consider the adatom, 13 surface atoms, and the atom chain connecting
such O--H to be permanently trapped (or adsorbed) on the the reaction zone to the bulk heat bath. We have used a
surface. As shown in Figure 8, the trapping probability is as modified LEPS potential energy function for the reaction zone
large as 0.112 &a; = 300 K andTs = 0 K, whereas the reaction  interactions and harmonic representation for the vibrations of
probability is only 0.061. As the gas temperature increases, solid chain atoms. The reaction is treated at randomly sampled
the probability decreases rapidly. Ay = 1000 K, it is only impact parameters, azimuthal directions, and collision energies.
0.023. The evolution of the trapped trajectory for 2 n3 gt Both the probability of OH formation and the probability of
1000 K andTs= 0 K is shown in Figure 13a. Figure 13b shows OH trapping are essentially independent of the surface temper-
the evolution of the ®-H distance during the early stage of ature between 0 and 300 K at a given gas temperature.
trapping. The vibrational frequency of-GH in the trapped However, the probability of OH formation increases sharply
state shows a well-defined peak of 987 €mindicating that when the gas temperature increases from 300 to 1000 K, but
O---H is stabilized to OH(ad) in a highly excited state (see beyond this temperature range the probability remains nearly
Figure 13c). This localization of the reaction energy in the constantat 0.16. On the other hand, the extent of OH trapping
vibrational motion of OH(ad) prevents the +W, bond from increases significantly when the gas temperature is lowered
gaining sufficient energy for dissociation. below 1000 K. At a given surface temperature, the sum of the

D. Nonreactive Collisions. The total probability plotted in probabilities of OH(g) formation and OH(ad) trapping remains
Figure 8 indicates that most incident gas atoms lead to no fairly constant over the gas temperature changes of 300 to 2500
reaction. The data show that 83% of all trajectories sampled K.
are nonreactive afy = 300 K andTs = 0 K. Even at a gas Nearly 98% of all reactive events occur in a single-impact
temperature as high as 2500 K, nonreactive collisions constitutecollision via the Eley-Rideal mechanism. Even in such events,
81% of all trajectories. The dynamics of an event representative the collision produces a short-lived complex with the lifetime
of the ensemble of nonreactive collisionsTgt= 1000 K and of about 100 fs or less, during which period there is an efficient
Ts = 0 K is shown in Figure 14. The evolution of the -+ flow of energy between the gas-to-adatom and adatom-to-surface

V. Concluding Comments
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bonds. In multiple-impact collisions, reactions occur on a (6) Schermann, C.; Pichou, F.; Landau, M.; Cadez, I.; Hall, R. 1.

) ) . . hem. Phys1994 101, 8152.
picosecond scale, during which the weakened adatom-to-surfacé” (7) Kuipers, E. W.: Vardi, A.: Danon, A.: Amirav, #2hys. Re. Lett.

bond undergoes a large-amplitude motion. 1991, 66, 116.
The energy liberated in the reaction deposits preferentially  (8) Rettner, C. T.; Auerbach, D. $ciencel994 263 365.
in the vibrational motion of the desorbing OH. This accumula- (9) Rettner, C. T.; Auerbach, D. J. Chem. Phys1996 105 8842.

tion is particularly large in small-impact-parameter collisions. 19%0)17EZ<§§"'tZ' A. B.; McCreery, J. H.; Wolken, G., JEhem. Phys.

The reaction probability takes maximum values at some (11) Kratzer, P.; Brenig, WSurf. Sci.1991 254, 275.
intermediate impact parameters between 0 and 1 A. The (12) Tully, J. C.J. Chem. Phys198Q 73, 6333.

formation of a large number of highly excited OH(g) in small- 8‘3& ?:::rll'sg'ri KE-;J_- g;i?dnprg%ﬁ%g%r?fi%gz 96, 2378
collisions and a small number of low-excitation OH(g) in latge- (15) Jackson, B. Persson. 18urf. Sci1992 269, 195.

collisions results in a vibrational population inversion, with the (16) Jackson, B.; Persson, NI. Chem. Phys1995 102, 1078.

maximum population appearing at the vibrational energy  (17) Shin, H. K.Chem. Phys. Lettl993 244, 235.
corresponding t@ = 5. (18) Ree, J.; Kim, Y. H.; Shin, H. KJ. Chem. Phys1996 104, 742.

. S (19) Tamm, P. W.; Schmidt, L. Dl. Chem. Physl971, 54, 4775.
The amount of reaction energy transferred to the solid is (20) Anders, L. W.; Hansen, R. S.: Bartell, L. $.Chem. Phys1973

small, and dissipation of the reaction energy into the heat bath 59, 5277.

is very slow compared with the time scale of the reaction. The  (21) McCreery, J. H.; Wolken, G., Jd, Chem. Physl977 66, 2316.
model of the 10-atom chain subject to frict_ion and random forces g%g Ei{?ne;’, '\é'_ $ ‘Q’QL"VSV‘EEJ,PE_V?_;R &'ulﬁi(;t;lgas_‘l(l:'hgnz.gﬁhys.
appears to be adequate for representation of the role of heat-9gq 90, 3800.

bath atoms. The present procedure based on a union of the (24) Xu, W.; Adams, J. BSurf. Sci.1994 319, 45.

gas-phase equations of motions with generalized Langevin __(25) Nordlander, P.; Holloway, S.; Norskov, J. 8urf. Sci.1984 136

theory provides a useful framework for reducing the many-body '(26) Christmann, KSurf. Sci. RepL988 9, 1.

dynamics problem of gassurface reactions to equivalent few- (27) Shin, H. K. InDynamics of Molecular CollisionaMiller, W. H.,
body problems, revealing details of the dynamic behavior of Ed.; Plenum; New York, 1976; pp 13210.
the O(g)+ H(ad)/W reaction. (28) Yardley, J. T.ntroduction to Molecular Energy TransfeAca-

demic; New York, 1980; Chapter 4.
. . (29) Adelman, S. A.; Doll, J. DJ. Chem. Phys1976 64, 2375.
Acknowledgment. The computational part of this research (30) Adelman, S. AJ. Chem. Phys1979 71, 4471.
was supported by a NSF Advanced Computing Resources grant (31) Adelman, S. AAdv. Chem. Phys198Q 44, 143.

_ ; ; (32) Tully, J. C.J. Chem. Phys198Q 73, 1975.
(CHE-890039P) at the Pittsburgh Supercomputing Center. J.R. (33) Lee, C. Y. DePristo, A. EJ. Chem. Phy<1986 84, 485.

and Y.H.K. gratefully acknowledge the financial support from  (34) Huper, K. P.; Herzberg, @onstants of Diatomic Moleculg¥an
Chonnam National University and Inha University, respectively. Nostrand Reinhold: New York, 1979.
(35) Hugichi, I.; Ree, T.; Eyring, Hl. Am. Chem. S04957, 79, 1330.

(36) Gray, D. E., EdAmerican Institute of Physics Handbodd ed.;

References and Notes McGraw-Hill: New York, 1972; p4—116.

(1) Rettner, C. T.; Ashfold, M. N. R., Ed®ynamics of Gas-Surface (37) Kelly, D.; Verhoef, R. W.; Weinberg, W. Fsurf. Sci 1994 321,
Interactions Royal Society of Chemistry: Thomas Graham House, L157.
Cambridge, England, 1991. (38) Vidali, G.; lhm, G.; Kim, H. Y.; Cole, M. WSurf. Sci. Repl991,

(2) Brivio, G. P.; Grimley, T. BSurf. Sci. Rep1993 17, 1. 12, 133.

(3) Somorjai, G. Alntroduction to Surface Chemistry and Catalysis (39) Girifalco, L. A.; Weizer, V. GPhys. Re. 1959 114, 687.
Wiley; New York, 1994. (40) MATH/LIBRARY IMSL: Houston, 1989; pp 640, 1113.

(4) Hall, R.l; Cadez, |.; Landau, M.; Pichou, F.; SchermanrRI®s. (41) Gear, C. W.Numerical Initial Value Problems in Ordinary
Rev. Lett. 1988 60, 337. Differential Equations Prentice-Hall: New York, 1971.

(5) Eenshuistra, P. J.; Bonnie, J. H. M.; Los, J.; Hopman, HPhys. (42) Kori, M.; Halpern, B. L.Chem. Phys. Lett1984 110, 223.

Rev. Lett. 1988 60, 341. (43) Polanyi, J. CAcc. Chem. Red972 5, 161.



