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Vibrationally Excited OD Radicals from the Reaction of Oxygen Atoms with Chemisorbed
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The possibility of producing highly excited OD radicals in the reaction of gas-phase atomic oxygen with
deuterium chemisorbed on a tungsten surface has been explored using classical trajectory procedures. The
many-body nature of the gasurface reaction is explicitly considered in constructing a potential energy
surface. Nearly all reactive events occur in a direct collision on a subpicosecond scale. The vibrational
population distribution of OD radicals is found to be inverted, with the highest population appearing at
vibrational level 6. The EleyRideal mechanism can account for these results. The calculations are carried
out at the gas and surface temperatures of 1000 and 300 K, respectively, where the probability of OD formation
is 0.12.

I. Introduction Il. Interaction Potentials and Numerical Procedures

The system of hydrogen atoms chemisorbed on a tungsten The interaction model and numerical procedures have already
surface is one of the most widely studied adatom moiéti&s. been reported elsewhere We recapitulate the essential aspects
Since chemisorption energies for hydrogen atoms on a close-here. The deuterium D is chemisorbed on the surface site W
packed metal surface lie in the range2eV81%here can be ~ Which is surrounded by eight top layer (001) atoms;, (W=
a large amount of energy released in the reaction of an energy-1—8) and four body-centered atoms (W= 1—4) of four unit
rich gas-phase reactant with such an adatsorface system.  cells. Then, the center atom ¢/ the atom common to all
For reactants such as hydrogen and oxygen, the bond formedour unit cells. These Watoms are ap = */4(i — 1)z around
between the gas atom and the adatom-i§ 4V, so the reaction ~ the adatomrsurface axis, and Yatoms are atp = Y/4(2] —
exothermicity is about 2 eV, which is distributed in various 1)7. Inaddition, the center atom yihteracts with theN-atom
modes of the product state. Therefore, a hydrogen-coveredchain that links the reaction zone to the heat bath such that the
metal surface is an attractive reactive site for producing chain provides a simple quasiphysical picture of energy flow
vibrationally excited product3?1013.1416 For the reaction between the reaction zone and the heat bath. The incident gas-
involving deuterium, the vibrational excitation of OD can be Pphase oxygen atom approaches the surface with an @nigle
high because of a lower frequency of the OD vibration compared and an azimuthal anglg around the B-Wy axis, which is
with that of OH27 thus reaction of O and D on a metal surface considered to be in the surface normal direction, at the impact
promises to be an attractive way of generating excited radicals. parametem. A total of six degrees of freedom is needed to
When such excited species are used in subsequent steps, théescribe the motions of G(Y,Z) and Dky,z) atoms on the
desired reaction can proceed at an enhanced rate, in which casgurface, wher&X = b cos¢, Y = b sin ¢, andZ determines the
metal-surface catalytic activity may be interpreted in terms of O-to-surface distance. For the adatesurface bond vibrating
not only the traditional concept of surface site specificity but in the direction of the surface normal, we takes the B-Wo
also the participation of energy-rich intermediates. bond distancezw,) andx =y = 0. The O-to-D distance is

The purpose of this paper is to study the possibility of Zoo = (Z — Zow)/cos6 and the O-to-W O-to-W distances are
generating vibrationally excited OD radicals in the reaction of dependent oiZ, zpw,, 6, and¢. The coordinate of the center
gas-phase atomic oxygen with deuterium chemisorbed on aatom is denoted b¥o and those of théN-chain atoms by,
tungsten surface, O(g) D(ad)/W— OD(g) + W. We solve &2, ..., En. All theseN-chain atoms and VWW, surface atoms
the equations of motion obtained by uniting the gas-phase interact directly with the reaction zone, which consists of O,
reaction dynamics approach and generalized Langevin ffery D, and W atoms. In the model, all these atoms belong to the
for the displacements and conjugated momenta of interactingpPrimary system. We then designate the remaining infinite
atoms in the primary system. We include the -gadatom number of solid atoms beyond tieatom chain as secondary
interaction, gas surface layer atom interactions, and vibrational atoms, which influence the dynamics of the primary system
motions of inner solid atoms in the formulation of a potential through dissipative and stochastic forces. These two forces
energy surface. The incident gas atom to adatom interaction isbalance, according to the fluctuatiedissipation theorem, so
under the influence of forces exerted by all these surface-layerthat the proper temperature is maintained in the primary 2bne.
atoms and a chain of many inner atoms that connects the reactiorf hus, we reduce the original many-body problem to a manage-
zone to the heat bath. We consider the reaction to take placeable size consisting of three reaction-zone atoms, 12 surface
at the gas temperature of 1000 K and the surface temperatureatoms, andN chain atoms, wherd is typically about 1G¢** Here,

of 300 K. the Nth atom is subject to dissipative and stochastic forces.
To construct a rigorous form of the potential energy surface,
T Theoretical Chemistry Group Contribution No. 1165. we include OD, DW, nine OW (includingi = 0), and four
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OW,; atom—atom interaction terms in the Londetkyring—
Polanyi-Sato formulation. An important modification to the
standard LEPS proceddréis the introduction of the Coulomb
Qos and exchangéos terms of many O-to-surface atom (OS)
interactions defined as

8

QOS + AOS: DOS[ [e(Zei—Zi)/aos _ Ze(zei—zi)/zaos] +

i[ecﬂ)’aos - 2é2e4>’2a°ﬂ] (1a)
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Here the first sum in each equation contains the interaction
between the gas atom and nine @Woms in the top layer,
whereas the second sum is for that between O and foatdihs

in the body-centered layer. For OD and [@Witeractions, the
corresponding terms are

Qk + Ak — Dk[e(ze,rzk)/ak _ ze[Ze,k*Zk)/Zak]
Qi — A=

gl D — AY/(L+ Ak)][e(zevk‘zk)’alk + Do 2iag,
k= 0D, DW, (2b)

(2a)

In the exponential parts of eq 1 and 2, the subscript “e”
represents the equilibrium distance of the atom pair indicated.
These distances and other pertinent potential paramddgrs (
a) are given in ref 17. The Sato parametérs are adjusted
until they minimize the barrier height and the attractive well in
the product channel. The values are found to\g = 0.49,
Apw, = 0.54, andApos = 0.55. We introduce the above energy
terms in the LEPS expression

U=Qqp + QDW0 + Qos — [AOH2 + AHWOZ + AOSZ -
PooPow, ~ (Pon + Aow) Aod ™ (3)

In the present system, the gasurface vibration is directly
coupled to théN-atom chain, a fictitious nearest-neighbor linear
harmonic chain with the vibrational enery{,) = Y>2Mswer&r2,
whereMs is the mass of W ande, are the Einstein frequen-
cies. Because of coupling, the sum of solid interaction poten-
tial energies includes cross terms such &$1swcn?En-1&n,
YoMswent12Enén+1, €1C., Wherewe, are the coupling constants
characterizing the chain. The values®f andw., are knowre?
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m represents the corresponding reduced mass or moment of
inertia. In integrating the equatidad?d(t)/dt2 = —aU({q} {7},
{&})/96 for the rotation of OD, it is important to recognize that
OD forms after the turning points{) in a reactive event, where

| is the moment of inertia of OD. Thus we begin the integration
of the equation at this instance willittp), which is the solution

of the angular velocity equatiorf@)/dt = (2E/u)?b/zop(t)? at

t = trp. HereE is the collision energy ang is the reduced
mass of the collision system. Since the O-to-D distance is
strongly dependent on the interaction potential during the
approach of the gas atom toward the adatom, we use the angular
velocity equation rather than random sampling to deterréine
(trp). On the other hand, the initial azimuthal direction of the
gas atom toward the surface needed in solidfeg(t)/dt?> =
—oU({a} {7 {&})/9¢ is taken to bep = 2xl, wherel is a
random number with a flat distribution in the closed interval
(0,1). The initial conditions forZ and zw, are shown
elsewheré® In addition to these equations, we introduce a set
of equations describing the motions of all chain atoms=(
0—N) according to the generalized Langevin formulati$f?

MgEo() = — MgweZEo(®) + Moy 2E,() —
U o} {2 {E})/0E, (5a)

MSén(t) =

- MSLUenzgn(t) + MS‘”cnz‘Enfl(t) + Mswc,n+12§n+1(t)'
n=1,2 ..N-1 (5b)

MSQC,NZSN(t) + Mswc,Nng—l(t) -
MsBn+18n(t) + Mg (D) (5¢)

MSéN(t) ==

whereQy is the adiabatic frequency. Therefore, at short times
the nth oscillator responds like an isolated harmonic oscillator
with frequency wen, WhereasQy determines the long-time
response of the heat bath. The friction coefficiggt, governs

the dissipation of energy to the heat bath. The t&fsfin+1(t)

in eq 5c is governed by the fluctuatiedissipation theorem
[t a(t) fnra(0)O= (BKTs/Ms)Bn+16(t).2122 These friction and
random forces are introduced in the last equation to represent
the effects of the heat bath on the primary system. We solve
the set of all these equations simultaneously for specified initial
conditiong” using the parametetsen, wen, Bn, aNdQy for solid
vibrations shown in ref 16. The Debye temperature needed in
solving eq 2 is known to be 400 K. The collision energy
distribution is assumed to be Maxwellian at a gas temperature
of 1000 K. The surface temperature will be set at 300 K.

I1l. Results and Discussion

Gas atoms were initially located above the surfac&g) =

Thus, with the LEPS function given above, we can express the 15 A, During the collision, the reaction-zone atoms form a weak

overall interaction potential in the form
URaH {2 &) = U+ Y (1M, &7 +
n

l/ 2 M Sa) cnzgn— 1§n + l/ 2 M Sa) c,n+ 12§n§n+ 1) (4)

where we use abbreviatiofs]} = (Z,zow,,0,9), {Z} = (z,2)
forj=0,1,..8j=1,2, 3,4, and &} = (&, &1, &2, ..., EN)-

We set up the equations of motiond?qg/dtz2 = —aU({q},
{Z {&})/aq for g1 = Z, g = Zpw,, Gz = 6, andags = ¢, where

O-:-D bond, while the B-W, bond weakens. Here, a dotted
line is used between ©D to emphasize the nascent nature of
the newly formed bond between O and D in the short-lived
complex Q--D—W,. When the B-W, bond receives an energy
exceeding its dissociation thresholdby, from the O to D
interaction and wherD does not return to the surface after
traveling into the gas phase at least 10 A, we consider bond
dissociation to have occurred. We will follow the rebounding
O---D for a sufficiently long time to confirm that it has stabilized
to the final product OD without trapping or redissociation.
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L ‘ (Ey pw,Tises from the initial value determined by the Boltzmann

tor o ] distribution atTs = 300 K to the dissociation threshoRpw,
2os - : @ | In Figure 1c, we show the time evolution of ensemble-averaged
2 ] energy transfer to the surface, which indicatesNkFetom chain
% 0.6 . gaining about 0.15 eV of the reaction energy and transferring
N " 1 it to the bulk phase. This dissipation process is very slow,
7 04r ] continuing long after the reaction has completed. The result
‘T‘j 02; ] that the solid shares only a small fraction of the reaction
& | ] exothermicity is a consequence of the large discrepancy between
0.0 L& SEizx e the masses of D and W. In fact, in O(¢) CO(ad)/Pt, where
00 05 10 N 20 mco/Mpr = 0.144> mp/my = 0.011, the amount of energy
Reaction Time (ps) transfer is as large as 0.60 eV everiTgt= 300 K andTs = 0
T T T T T T T S

K.24 We note that the Boltzmann sampling of-@V, vibrational
energies afs = 300 K gives 99.8% of the total population in
thewpw, = O state. Thus, in the Boltzmann sampling of 30 000
initial conditions affs = 300 K, essentially all B-W vibrations
are in the ground state with enerlfj,gl,DV\,O = Y:xiwpw, = 0.080
| , 1 eV. In the following discussion of the calculated results
1L DWW, / i obtained for the B-Wj vibration atTs = 300 K, we thus regard
I / ] settingupw, = 0 (i.e.,Epw, = 0.080 eV) as equivalent to the
b N R R S Boltzmann sampling of the initial BW, vibration.
‘ | Figure 2a shows the dependence of the OD vibrational energy
© Eyop of all product radicals on the impact parameter for the
Energy Transfer to Surface | initial D—W, vibrational energy fixed aE,°pw, = 0.080 eV
] (i.e., at thevpw, = O state). A remarkable result seen in the
0.2 - T figure is the complete absence of vibrationally low-lying radicals
s 1 at the impact parameter below 1 A. I~ 0 collisions, no
P et R S OD with vibrational energy less than 2.2 eV is produced. From
05 00 05 10 15 the eigenvalue expressi@in(vop) = htwe(vop + ) — haneXe-
Time (ps) (vob + Y2)2, with we = 2720 cnT! and wexe = 44.05 ¢t 25
Figure 1. (a) Distribution of reaction times for the ensemble of single- We find that the OD vibrational energy of 2.2 eV corresponds
impact collisions, (b) the ensemble-averaged-& interaction and to level 7. As the impact parameter increases, the vibrational
D—W, vibrational energies, and (c) the ensemble-averaged energy energy of OD decreases, but the excitation remains significant
transfer to surface. In b, after reaction, the-D curve remains at the until b reaches 1.0 A, where low-energy radicals suddenly
ggsgégg‘ggqﬁlreiug%" whereas the—W, curve remains at the  annear  Including the latter range, there are three distinct ranges
DWo: of b for OD formation. Also plotted in Figure 2a is the
b-dependent probability of OD formatioRop(b), which is
highly structured, with the peaks corresponding to the three
regions. This probability is defined as the ratio of the number

OD formationPop, defined as the ratio of the number of reactive of reactive trajectories to the number of trajectories sampled at

trajectories to the total number of trajectories sampled (30 000), 2 givenb. . o

is 0.120 affy = 1000 K andTs = 300 K. Some general features In b~ 0 collisions, where the gas atom is incident more or
of the reaction under these thermal conditions are summarized!€ss on top of the adatom atom, the product OD is in a highly
in Figure 1. Figure 1a shows that near|y 95% of all reactive excited state, but the extent of reaction is very small. The
events occur at reaction times Shorter than 1 ps in a Single_ perturbation Of the |Ongitudina| Vibration iS effiCient in SUCh a
impact collision. The reaction time measures the duration from collinear or near-collinear configuration {&D—W), causing

the instant of impact to the time at which the-B, bond has ~ an efficient flow of energy from the @D interaction to the
displacel 5 A from its equilibrium bond distance in a reactive D—Wo vibration. However, when the gas atom rebounds from
event. Such direct mode reactive events can be understood irfhe adatom, it also efficiently takes back part of the energy from
terms of the Eley Rideal (ER) mechanism, where incident gas the D—Wp vibration before the BW, bond had a chance to
atoms interact with adsorbed atoms and the gas reactant is noflissociate. The amount of energy retaken by the rebounding
in equilibrium with the surface. The maximum intensity of the atom is large enough to lower the energy of the\W, bond
distribution of these short reaction times occurs near 0.3 ps. Pelow its dissociation thresholdpw,, thus preventing the bond
The exothermicity of O+ D — OD is 4.45 V25 which is the dissociation. In a small fraction of these collisions occurring
primary driver for D extraction from the surface. Then the depth in & short reaction time, however, the energy-rich\llp bond

of the well for OD is 4.45+ Yiwop = 4.62 eV, where the has a chance to dissociate before the energy flows back to the
OD fundamental is 2720 ctd.25 The D—W, interaction energy rebounding gas atom, in which case the reaction occurs and
is taken to béDpw, = 2.30 eV1” The ensemble average of all OD now recedes from the surface with a large amount of
these subpicosecond events gives the value of 1.78 eV for thevibrational energy.

vibrational energy deposited in product radicals (see Figure 1b), In the intermediate range = 0.4—0.8 A, where the extent
indicating that most of the reaction energy is deposited in the of reaction is very large, vibrational excitation is still significant,
product vibration. Figure 1b shows a rapid decrease of the especially at the lower end of the range (see Figure 2a). At the
ensemble-averaged-GD energyllE, opldfrom Dop to 1.78 eV instant of a gassurface impact in this range, where the gas-
as the time increases, whereas the\l), vibrational energy to-adatom direction is oriented by the angle= tan[b/(Z —

Energy (eV)
<

0.4 -

Throughout this work, we take the 10-atom chain, the length
that we have established from a convergence test of energy
transfer to the surface as a functionf The probability of
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Figure 2. Dependence of the OD vibrational energy (open circles) on the impact parameter for the il \Bbrational energy corresponding
to (a) vbw, = 0 and (b)upw, = 3. Also shown is the dependence of the reaction probatitityb) on the impact parameter (see the curve). The
left-ordinate scale indicates the OD vibrational energy, and the right-ordinate scale is the reaction probability.

Zow,)] from the D—W, axis, the O--D distance is somewhat energy transfer from €D to D—W,. Another interesting result
shorter than the equilibrium bond distancezgbp = 0.97 A. is that the extent of reaction is large over the wide rabge
Sincezepw, is 1.67 A, the equilibrium position of the adatom 0—0.8 A, where theb-dependent reaction probability is es-
from the surface is about 2.6 A, which is significantly shorter sentially constant. Beyond this range, theb-dependent
thanzeus = 4.0 A. Therefore, the gas atom is likely to turn reaction probability varies similar to that of thgw, = 0 case,
around from the surface at a distance significantly larger than although the highs end is now pushed toward a large value of
2.6 A due to the repulsive potential wall created by many surface b= 1.5 A. Some reactive events occur at an impact parameter
atoms. In such an oriented O-to-D interaction, energy flow to larger than 1.5 A, but the number of such events is insignificant
the D—W, vibration and then the return of energy back to the and not shown in the plot. We note that the above result of the
O---D interaction are less efficient than the collinear case. D—Wg bond retaining its initial vibrational energy suggests the

Consequently, a lesser amount of energy goes into th&/p difficulty of collisionally deexciting the vibrational motion of

vibration, but the energy resides in the-B/, bond for a longer chemisorbed atoms by gas-phase atoms.

period, favoring its dissociation. Figure 2 indicates that the reaction is dominated by those
In the rangeb = 1.0-1.2 A shown in Figure 2a, the -©D collisions in which the gas atom is approaching the adatom at

interaction is not very strong and only those gas atoms with a a small impact parameter. For the surface with the Boltzmann
large translational energy can reach the impact region, wheredistribution of D-W vibrational energies at 300 K, all reactive
O-+-D is in a near-flat configuration on the surface. In these events occur inside a cone with the radiusaf.2 A around
largeb collisions, the &+D direction is nearly perpendicular  the center atom on which the D atom is chemisorbed. The
to the D-W, direction, but this configuration is not very distribution is particularly heavy around 0.7 A. The radius is
efficient for vibrational energy transfer. Consequently, the significantly shorter than the halfway distance between the
extent of reaction is significantly lower than that in the adjacent surface atoms (1.58 A). This result indicates that as
intermediateb range. In reactive events taking place at such a the gas atom approaches the surface, it tends to move toward
largeb, a significant portion of the reaction energy now deposits the adatom site for reaction under the influence of surface atoms,
in the OD rotation. As shown in Figure 2a, the reaction finally which produce a repulsive wall and steer the incident atom in
ceases fob > 1.5 A, which is about halfway between the two the direction of the adatom. The model thus recognizes the
surface sites (i.eaY,0ww). The nearest tungstettungsten presence of a strong attractive interaction between the gas and
distancedww is known to be 3.16 A. adsorbed atoms, while the gas to surface atom interaction is
If initially the D—W;, bond had a larger amount of the dominated by weak attraction at long range, but strong repulsion
vibrational energy, the reaction probabiliBsp can be large at short rangeQos = 0.12 eV)Y’
even inb ~ 0 collisions because the-B/N, bond now requires As noted above, the reaction probability for OfgD(ad)/W
a smaller amount of energy from the incident atom for — OD(g)+ W at the thermal conditions dfy = 1000 K and
dissociation. Figure 2b for the initial BW; vibrational Ts = 300 K is 0.120. However, the OD can bind to tungsten
excitation of 0.560 eV corresponding to thew, = 3 state as well; that is, the formation of a bound state on the surface is
clearly shows this result. The general features of this case arepossible: O(g)}+ D(ad)/W— OD(ad)/W. In fact, at the thermal
significantly different from those of thepw, = 0 case shown conditions, the probability of OD/W formation is 0.034. We
in Figure 2a. Furthermore, the reaction probabiiys is now have followed trajectories representing these bound cases and
0.204, which is about 1.7 times thew, = 0 value. Thus, the  found that they are trapped even at times as long=as8 ns,
influence of increasing the vibrational energy of the adatom which we may regard permanently bound to the surface (i.e.,
surface bond on the OD formation in the present exothermic adsorption).” The rest of the collisions are the nonreactive case
reaction over an early barrier is significant. However, a more in which the adatom remains in the D(ad)/W state throughout
interesting result is that the extent of product vibrational the collision. On the LEPS potential energy surface used for
excitation is now increased approximately by the amount of the present study, no evidence exists of other channels, such as
the vibrational energy initially present in the-{W, bond over the direct binding of O to an adjacent surface site. Although
the upw, = 0 case. This result clearly indicates that the initial the present work is devoted to the reaction taking place at the
excitation of the B-W, vibration remains in the bond during  fixed thermal conditions ofy = 1000 K andTs = 300 K, we
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Figure 3. Relative intensity of the vibrational population distribution
for the product OD for (ayow, = 0 and (b)upw, = 3. Note that the
OD vibrational energies correspondingugs = 5, 7, and 9 are 1.69,
2.22, and 2.71 eV, respectively.
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Figure 4. (a) Plot of the OD rotational energy as a function®for
vow, = 0. (b) Distribution of ® for vpw, = 0. Here® is the angle
between the axis of rotation and the surface normal.

very strong for the initial D-Wy excitation corresponding to
vpw, = 3. The maximum intensity occurs app = 9. The

+ W and— OD(ad)/W processes on the gas temperature. The plot shows the excitation of product OD to the vibrational level

probability of formation of the OD(ad)/W bound state is as high
as 0.140 affy = 300 K, but rapidly decreases to 0.035Tgt=
900 K, beyond which the probability varies slowly. On the
other hand, the probability of OD formation rises slowly from
0.066 atTg = 300 K to 0.120 at 900 K. Above 900 K, the
increase is very slight. ATy = 1500 K, the probabilities of

as high as 11. Such high vibrational excitation is a characteristic
of the ER mechanism. We note that if the Langmuir
Hinshelwood (LH) mechanism operates, the incident oxygen
atom will also have to be chemisorbed, in which case the surface
yields the chemisorption energy for O so the molecules formed
could not be vibrationally excited. Since setting the initial

OD(g) and OD(ad)/W formation are 0.130 and 0.020, respec- D—W, vibrational energy of all 30 000 trajectoriesE)pw, =
tively. A weak temperature dependence of the OD(g) formation 0.080 eV affs = 300 K is equivalent to the Boltzmann sampling,
indicates the presence of a low barrier on the potential energy the generation of such highly excited OD radicals at a convenient
surface. It is interesting to note that the activation energy for thermal condition offers important possibilities, such as utilizing

the OD(g) formation calculated from the plot of I&gp versus
1/T is only 0.025 eV.

The distribution of OD vibrational energies and the variation

of b-dependent reaction probabilities shown in Figure 2 indicate

that the distribution of a large number of highly excited OD

excited OD in further reactions, which can then proceed at a
greatly enhanced rate, or exploiting the population inversion
for developing a chemical laser.

The amounts of energy deposited in the translational and
rotational motions of OD are small, especially in the latter

radicals at one end of the energy spectrum and the distributionmotion. Figure 4a displays the rotational energy as a function
of a small number of OD in low-lying vibrational states at the of ®, where® is the angle between the axis of rotation and the
other end create conditions for a vibrational population inver- surface normal at the turning point. The distribution of these

sion. Figures 3 shows the relative intensity of vibrational
population distributions that are strongly inverted. Here, to
mimic the quantum vibrational distribution, we have used a

angles provides the information on the rotational alignment of
OD radicals receding from the surface. From the solution of
the equations of motion we can determine this inclination angle

binning procedure of assigning quantum numbgp corre-
sponding to the calculated OD vibrational enekgyp through
the relationvop = int[Ey,on/Evin(vop)], Where the eigenvalue
expression forEyip(vop) is given above. For the BW,

O at the instant of impact (i.e., at the turning point). In a single-
impact collision taking place on an extremely short time scale,
we regard the angle at this instant to determine the rotational
axis of the outgoing OD radical. The plot clearly shows that
vibration initially in the ground state, the maximum distribution rotations, in contrast to vibrations, take up only a small fraction
occurs atvop = 6, which corresponds to the OD vibrational of the energy released in the reaction, but a more interesting
energy of 1.96 eV. The population is significant even for the resultis a high distribution of angles in the range of3® <
vibrational level as high as 8 (see Figure 3a). Figure 3b shows 70. Figure 4b shows the relative intensity of tBedistribution

that both the vibrational excitation and population inversion are peaking at~60° for a near cartwheel-like rotation. Although
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Figure 5. Plot of the OD vibrational energy versus the OD bond distance for the initidMgvibrational energies corresponding to (&, =
0 and (b)UDWO =3.

its intensity is low, there are OD radicals whose rotational axis
is actually parallel to the surface (see the distributio®at
90° in Figure 4a). Itis important to note the complete absence
of OD with their rotational axis perpendicular to the surface,
i.e., rotating like helicopters when they leave the surface.

The plot of the OD vibrational energy versus the OD bond
distance reveals another interesting aspect of the present reaction
system (see Figure 5). Again, we take the initial-\,
vibrational energies corresponding #gw, = 0 and 3. Then
we determine the OD bond distance of all reactive events at
the instant when the receding OD radical has reached the fixed
value of 30 A from the surface. At such a large distance, the
OD vibrational energyE, op in @ given reactive event is fixed
at its final value, but its bond distance can take any value
between the two turning points around the equilibrium bond
distance of 0.97 A. The plots clearly display the occurrence of
an inverted product vibrational distribution. An intriguing
feature of this plot is the concentration of bond distances near
the turning points, especially at the outer turning point. The
concentration is particularly high for thew, = 3 case, where
the product excitation is stronger. This is an important feature
predicted by classical mechanics in that the classical particle
has a zero velocity at the tuning point and therefore, on average,
spends more time in the neighborhood of the turning points than
in any other region. Because of the nature of anharmonicity of ‘
molecular vibration, the rebounding atoms spend more time near 0 Lﬁ",”f"J e J
the outer turning point, where the CD intramolecular interaction 02 -01 00 01 02 03 04
is “softer”. Hence, a larger number of reactive events are
distributed at the outer turning point than the inner point. £ 6 D s of th i . ing th o

. . . ljgure ©. namics o € reactive event representin e ensembple

To discuss the dynamlcs of energy flow and OD formation, of%ingle-impyact collisions. Plot of the time evoFI)ution of (g) the collision
we take a representative trajectory from the ensemble of yyjectory, the ®-D distance, and the BWi, distance and (b) the ©D
subpicosecond reactive events gy, = 0. Figure 6a shows  and D-W, vibrational energies. After reaction, the--€D energy
the evolution of the ®-D and D-W, distances along with the  represents the vibrational energy of OD(g). After reaction, théAly
collision trajectory. Here the collision trajectory is the-8ur- vibrational energy remains at 2.30 eV, the dissociation threshold.
face distanceZ, which correctly describes the gasurface
distance before the impact, but after the impact it representssomewhat earlier time (see Figure 6b). The first minimum of
the distance between O of the receding OD and the surface.the O:-D distance represents the gemurface impact, after
The oscillation of the outgoing portion is due to the OD which the trapped O atom undergoes a somewhat irregular
vibration. In this and all other subpicosecond reactive events, vibration for a brief period before exhibiting a well-organized
the D—W), distance diverges after the impact, reaching a value vibrational motion. Part of the energy supplied by the strong
between 5 ath 7 A in about 0.3 ps. Although the BWy O-:-D interaction flows back and forth between-€D and
distance diverges after the impact (see Figure 6a), th&Vp D—Wj in the short-lived complex ©-D—W, before settling
vibrational energy does not settle to the dissociation threshold in the D—Wy bond for its dissociation (see Figure 6b).
until the time has reached0.3 ps, although the CD vibrational An important time scale in a molecular collision is the
energy has leveled off to the final value of 2.16 eV at a collision time (i.e., the duration of collision). However,

o
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Energy (eV)

Time (ps)
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evaluation of this time scale is not a trivial task because it is
often difficult to determine when the interaction begins and ends.
As shown in Figure 5a, it does not appear possible to determine
the start of collision from the time evolution of the collision
trajectory, QG--D distance, or B-W; distance. On the other
hand, the start of collision is clearly noticeable in the evolution
of the O--D and D-W; interaction energies shown in Figure
6b. The G--D interaction energy begins to decrease from the
initial value of Dop neart = —0.1 ps and then decreases very
rapidly neart = 0 where the impact occurs, while the-W,
vibrational energy rises sharply. In all collisions, we find the
O---D interaction energy starts to decrease frDgp at a time
very close t0—0.10 ps. After the initial flow of energy from
O---D to D—Wy, energy hops rapidly between the two bonds
until the D—W, bond finally reaches its dissociation threshold
neart = +0.3 ps, at which the BW, bond dissociates and the
O---D distance undergoes a well-organized vibration (see Figure
6a). Note that at this instant, the-W, bond distance reaches
(5+ zepw) A =6.67 A. In this representative case, therefore,
the time spent by the gas atom in the interaction region from
the start of collision at = —0.10 ps to the end of interaction
att = +0.30 ps when the reaction is complete is 0.40 ps, which
measures the duration of reaction. However, the reactive event
really begins on impact, which occurs neéar 0, so the reaction
time is 0.30 ps for this case. Figure 6b shows an efficient energy
flow between the ®-D and D-W;, bond over the period of
about 0.1 ps following the impact, with the net result of a large
amount of energy accumulating in the-Wy bond. We have
checked many reactive trajectories and found that although time
scales differ for different trajectories, the qualitative picture of Figure 7. Dynamics of the reactive event representing multiple-impact
time evolution for all subpicosecond trajectories remains collisions. The curves are displayed as in Figure 6.
unchanged with the reaction beginning near 0 and ending of distances and energies differs significantly from that of the
some time betweeh= 0.2 and 0.4 ps. direct-mode case displayed in Figure 6. The four-impact case
At the beginning of collision, an incident gas atom carrying representing such long-time events is shown in Figure 7. The

a large amount of the ®D interaction energy in addition to  variation of the O--D and D-W, distances indicates the

the collision energyE impinges on the surface and meets a collision lasting about 2 ps. We first notice that the collision
chemisorbed D atom in the potential well. It first undergoes trajectory between the first and second turning points undergoes

inelastic interaction with the adatom on the repulsive wall of a smooth OSC'”"?""On cpmpargd to the remaining portion after

the O--D interaction potential. When the-€D interaction the second turning point. This smooth variation is due to the

loses energy to the DWW, vibration, the incident gas atom falls situation that the deuterium is still rather tightly bound to the

into the O--D potential well. Whén ©-D stabilizes to OD, it surface, gaining c.)nly. a small amo“r.“ of ‘energy from the gas

desorbs with an available energy Bbo + ES T E ' atom. As shown in Figure 7b, there is efficient energy transfer
D ,DWo -

. 0 from O---D to D—W, on the initial impact near= 0, but unlike
Dow,). SinceE,pw, and E are normally much smaller than 4,0 single-impact case, the-W, bond now returns most of
other energy terms in the available energy, the maximum energyii« vibration energy to ©-D and remains in a low-energy state
available for desorbing OD is largely determined by the

aiff b h . 4 the chemi until t ~ +0.7 ps, during which the O atom undergoes a large-
ifference between the attractive enef@yp and the chemi- 55l e excursion into the gas phase but fails to escape.
sorption energyDpw,.

During this period, the B'Wj is nearly free from the gas atom,

In the representative case considered in Figure 6, after a briefywhich is at a large distance from the surface. The rebounding
pause at the upper region, the gas atom falls into near theg atom spends a relatively long time near the apex, where the
halfway depth of the well. The sharp rise and fall of the-O kinetic energy vanishes, of the barely trapped trajectory and
and D-W, energies during the impact clearly indicate an then becomes attracted back to the adatom atom, suffering a
efficient flow of energy from the newly formed energy-rich  second impact near= +0.7 ps. At this impact, the BW,
O---D bond to the Weakening BVVO bond in a short-lived bond in O-.D—WO gains a |arge amount of energy. ThUS, 0n|y
transitory state ©-D—W, on the surface as a result of a strong  after pounding the adatom twice, the gas atom is able to transfer
collision between O and D. That is, at the impact, the transfer a Signiﬁcant amount of energy to the—mjo bond and begins
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of a large amount of energy>KT) occurs in a single-step
process rather than a ladder-step process in which théO
interaction would lose its energy to thedW, bond in a series
of small steps.

We now consider a representative reactive event for multiple-
impact collisions taking place on a longer time (picosecond)
scale. Although only about 5% of the reactive events occur
through such collisions, their trajectories reveal some interesting
aspects of the complex-mode collision, whose time evolution

a serious negotiation with the -BNy vibration for bond
dissociation. Figure 7a clearly shows that the vibrational motion
of O---D in the time range between the second and third impacts
is well organized, representing a rather stable D state (see
the O--D distance in Figure 7a and theD energy in Figure
7b). Now O--D instead of D alone tends to recede from the
surface, and the receding-D undergoes a large-amplitude
excursion from the surface, but it just fails to escape. ThelD

is attracted back to the surfacetat +1.2 ps and suffers a
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' w , T in the single-impact case. In the product state (i.e., after the
fourth impact), OD vibrates at a well-defined frequency of 2193
71 cm™1, which is very close to thegp = 6 — 5 frequency. The
1345 em latter spectrum is the Fourier transform of the © vibration
fort > 2.2 ps, when OD has receded a large distance from the
surface. The broadness of the first three peaks (see Figure
O | ! 8a,b,c) is the result of sampling a limited number of-D
vibrations between the turning points in the Fourier procedure.
(b) , The appearance of a low-intensity peak for the overtone
2090 cm vibration is seen in each case. The gradual blue-shift of
frequency displayed in Figure 8 presents a clear picture of the
“birth” of a chemical bond in multiple-impact collisions where
the lifetime of a gasadatom complex on the surface is
s L . reasonably long. Although they constitute only about 5% in
the present system, multiple-impact collisions are therefore both
(c) important and interesting as they reveal subtle aspects of the
dynamics of reaction taking place at the gasrface interface.
In the present complex-mode collision, unlike in the direct-mode
collision considered in Figure 6, the gas atom stays on the
surface for a considerable duratiorX ps), forming a gas
L 4 . . adatom complex, a precursor stéteHowever, its residency
is no more than several picoseconds, which is not long enough
(d) 2193 em’! for the incident gas atom to equilibrate to the surface so it cannot
be considered to follow the LH type. In fact, Pedan and co-
workers have considered a gasurface reaction to follow the
ER mechanism as long as its time scale is less than 20 ps.

(a)

Relative Intensity

2149 cm’”

: ' : — IV. Concluding Comments
0 1000 2000 3000 4000 5000

Frequency (cm™) - We have _shown the production qf highly excit_ed oD ra_ldicals
Figure 8. Power spectra of the ©D vibration (a) between the first in the _react|on of gas-phase atomic oxygen with Chemlsorbed
and second turning points, (b) between the second and third turning deuterium ona room-temperature tungsten.surface tqklng place
points, (c) between the third and fourth turning points, and (d) after ON @ potential energy surface constructed using a modified LEPS
the fourth turning point (i.e., for the free OD). procedure. The temperature of incident gas atoms is maintained
at 1000 K. Nearly 95% of the reactive events occur on a
third impact. From the third impact to the fourth (and final) Subpicosecond scale through a single-impact collision of the
impact, O--D repeats the time evolution which is nearly gas atom with the adatom. A major portion of the reaction
identical to that in the previous range. At the last two turning €nergy goes into the product vibration. The distribution of
points, there is a rapid flow of energy between-<D and product vibrational energies is nonstatistical, showing a strong
D—W,, with the latter vibration making a small net gain of pPopulation inversion, with the maximum intensity appearing at
energy at each impact, thus progressing toward the dissociatiorthe vibrational energy corresponding to vibrational level 6. Some
threshold. After the fourth impact, the fW, vibrational energy reactive events lead to excitation as high as level 8. Such high
finally reaches the threshold at +2.2 ps, where the @D vibrational energy and inverted population distribution suggest
energy levels off to the final OD vibrational energy of 2.43 that the D extraction reaction by O on a tungsten surface can
eV, corresponding to CD vibrational level 8. Thus, the reaction be used to initiate further reactions involving OD radicals, in
time of this representative case is about 2.2 ps. TheDD which case the reaction can proceed at an enhanced rate.
energy curve plotted in Figure 7b shows that the-D bond Furthermore, these results suggest that such a surface-catalyzed
after the second impact ne= +0.7 ps is essentially identical ~ reaction can be developed as the basis for an OD chemical laser.
to the latter energy, indicating that the extent of the product The results of vibrational energy distribution, vibrational
excitation of OD has already been decided at an early stage ofpopulation inversion, and time evolution of energies during the
the reaction course. course of reaction are important in elucidating the fundamental
Finally, we note the vibration of the-®D distance after each ~ role played by the metal surface in the OD formation. Since
impact as shown in Figure 7a. Even between the first and the problem of vibrational population inversion is of practical
second impacts, @D undergoes a low-frequency vibration, importance in reaction dynamics, designing new experiments
while the oxygen atom makes a large-amplitude excursion. The for further studies of this aspect is desirable.
Fourier transform of the ©-D distance in this time interval Although the number of complex-mode collisions is small,
(t = 0—0.7 ps) gives a vibrational frequency of 1345 ¢m such reactive events that occur on a picosecond scale show a
which indicates the ©-D interaction lying near the top of the  clear picture of the dynamic behavior of a weakly bounetD
potential well (see Figure 8a). But the:D vibrational on the surface and gradual strengthening of the@bond
frequencies for the trapped state between the second and thirdbefore forming a stable OD radical.
impacts { = 0.7—1.2 ps) and between the third and fourth
impacts { = 1.2—1.8 ps) are 2094 and 2149 cirespectively, Acknowledgment. The computational part of this research
which correspond to the energy states near the halfway of thewas supported by a NSF Advanced Computing Resources grant
well depth. Therefore, the latter two states represent a large(CHE-890039P) at the Pittsburgh Supercomputing Center. |
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