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A model is presented to describe the dynamical processes of trapping/desorption as well as
direct and indirect inelastic scattering on single-crystal surfaces. Newton’s equations of motion
are integrated for a system consisting of a rigid rotor interacting with a slab of 19 surface
atoms. The surface atom which is closest to the center of mass of the molecule is permitted to
translate only along the surface normal. In turn, this mobile surface atom is harmonically
coupled to a microcanonical heat bath consisting of three subsurface atoms. This method is
much less computationally intensive than the typical generalized Langevin equation (GLE)
approach. Direct comparison is made between the predictions of this model and experiment for
the NO/Pt(111) system. In the case of trapping/desorption, the model accurately describes
the observed dependence of rotational alignment on rotational quantum number. For the
inelastic scattering regime, the model successfully reproduces the degree of rotational
excitation and qualitatively accounts for the observed rotational alignment. In addition, the
model predicts correlations between final state velocity and final state rotational angular
momentum (both direction and magnitude), as well as the effect of molecular orientation and
surface impact parameter on the overall trapping probability.

. INTRODUCTION

Over the past several years, an assortment of dynamical
models has been proposed to describe the interaction of mol-
ecules with solid surfaces.'~'® Utilizing various approxima-
tions of the surface, the molecule, and the surface—molecule
potential, these models treated the processes of direct and
indirect inelastic scattering, adsorption, desorption, diffu-
sion, dissociation and recombination. The earliest simula-
tions involved only a rigid surface'™ or a cubic mass.”"'°
However, more sophisticated classical trajectory treatments
now include surface motion by approximating the surface as

a simple harmonic oscillator,® a chain of harmonic oscilla-
11,12

tors, ' or a slab of mobile surface atoms coupled to a heat
bath [generalized Langevin equation (GLE) ap-
proach] 'S,Il—ls

The goal of a practical model is to provide an adequate
description of the observed physical phenomena with a mini-
mal amount of computation. The compromise between these
two aspects is determined by the number and severity of
approximations used to represent the gas—surface dynamics.
The processes of trapping/desorption and direct and indi-
rect inelastic scattering require both the inclusion of thermal
surface motion as well as the use of a realistic surface-mole-
cule potential.

We have constructed a relatively simple stochastic tra-
jectory model that combines the realistic surface potential of
a two-dimensional slab (as used in a GLE approach) with
limited surface motion (as approximated by a one-dimen-
sional harmonic chain model). Our simulations have clear
advantages over the simple cubic models which treat the
surface as a flat plane or those models which use a rigid two-
dimensional surface.

*) Current address: Department of Chemistry, University of Notre Dame,
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Our approach incorporates surface motion only in the
direction of the surface normal. This approximation is based
on the principle that surface phonon motion is dominated by
out-of-plane displacements of the surface atoms'® and that
translational-to-surface momentum transfer occurs primar-
ily in the direction of the surface normal. Indeed, experi-
ments which have examined the inelastic scattering of He
and Ne from surfaces have been sensitive to only those
phonon modes that include appreciable motion along the
surface normal.?® Furthermore, the transfer of normal to
tangential momentum is primarily mediated through sur-
face corrugation and not lateral motion of the surface atoms.
Additionally, the net force exerted on the molecule by the
surface, is most sensitive to the instantaneous out-of-plane
position of the nearest surface atom. The relative positions of
the other surface atoms, certainly affect the overall force.
However, energy transfer is dominated by the short-range
repulsive part of the potential. Therefore, we simplify our
description of the surface motion by permitting only the sur-
face atom closest to the NO molecule to translate, and then
only in the direction of the surface normal.

This mobile surface atom couples to a microcanonical
heat bath, represented by three mobile subsurface atoms.
Because the time scale of single or multiple collisions (0.2-2
ps) is comparable with a surface vibrational period ( ~ 1 ps),
the thermal bath need not be large. We use three subsurface
“ghost” atoms, harmonically coupled in a linear chain,''"?
to simulate energy exchange between the mobile surface
atom and the bulk crystal. The empirical surface-molecule
potential, adapted from the work of Muhlhausen, Williams,
and Tully,'® consists of a sum of pairwise—additive interac-
tions between the NO molecule and each of nineteen surface
atoms in the slab. Individual stochastic trajectories for this
system are numerically integrated on a VAX computer.

Direct and indirect inelastic scattering are simulated in
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the usual manner. Initial conditions for each trajectory are
randomly chosen from a distribution, characterized by the
experimental conditions reported by Jacobs et al.*' Those
trajectories which approach the surface once and then re-
treat are considered “direct,” more than once are called “in-
direct,” and those that do not escape within the integration
period are termed “trapped.”® Instead of trying to simulate
desorption, which requires very large integration times, we
utilize microscopic reversibility**** to deduce information
about the desorption dynamics from simulations of the ad-
sorption process.

Recently, Jacobs et al.** have measured the rotational
alignment distributions of NO(v = 0) subsequent to its de-
sorption from Pt(111). Their results indicate that molecules
desorbing with a large amount of rotation (J> 15) preferen-
tially rotate in the plane of the surface. In a separate study,*'
they measured the rotational population and alignment dis-
tributions for the NO/Pt(111) system in the regime of direct
and indirect inelastic scattering. They observed a significant
amount of energy transfer from both the initial beam energy
and surface vibration into nuclear rotation of the scattered
molecules. The corresponding rotational alignment data
showed a strong preference for the scattered molecule to
rotate in a plane normal to the surface. These intriguing ex-
perimental observations stimulated interest in the develop-
ment of classical trajectory simulations that could be run on
a minicompter, such as a VAX, rather than on a supercom-
puter. The proposed model not only emulates the experi-
mental data but it succeeds in revealing additional details
about the mechanisms of inelastic scattering, trapping and
desorption.

. 24

Il. THEORY

The fcc(111) substrate is represented by a slab contain-
ing nineteen surface atoms (eighteen stationary atoms and
one “active” atom) with three subsurface atoms located di-
rectly below the active surface atom (Fig. 1). The one active
surface atom and the three subsurface atoms are allowed to
translate only in the direction normal to the surface. The
four mobile atoms are coupled to each other through a linear
harmonic chain. The chain is terminated by a connection to
a stationary substrate block. The four spring constants are
chosen to be identical and have been selected to yield a realis-
tic surface phonon frequency,'”* on the order of 10'* Hz.
The equilibrium positions of the nineteen surface atoms are
fixed according to the known structure of the Pt(111) sur-
face. The equilibrium positions of the three subsurface
ghost'” atoms need not be specified within the equations of
motion. It should be noted that the three subsurface atoms
are not meant to represent those found in the real surface.
Instead, they merely simulate a thermal bath to which the
mobile surface atom is coupled.

The active surface atom is defined to be that which is
closest to the center of mass of the molecule at any given
instant in time. When the molecule leaves its current “active
zone” (as indicated by the shaded area in Fig. 1), the model
switches the substrate such that the molecule finds itself en-
tering a new active zone, surrounded again by eighteen sta-
tionary surface atoms.”® Throughout the entire trajectory,

3197

FIG. 1. Schematic of Pt(111) slab. (a) Surface planar and (b) cross-sec-
tional views of the slab show the 18 static surface atoms, the one mobile
surface atom and the three mobile subsurface atoms. The hexagonal shaded
area defines the active zone which is defined relative to the position of the
NO molecule (drawn to scale).

the active zone tracks the molecule. The relative positions
and velocities of the mobile solid atoms are preserved during
a switch of active zones. This simplification simulates the
fact that surface motion is coupled in the X-¥ plane, and

X

FIG. 2. Molecular coordinate system. The center of mass is specified in
Cartesian coordinates while the molecular orientation is defined with re-
spect to the angles & and ¢.
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therefore neighboring surface atoms will assume similar ex-
tensions in the Z direction at a given instant in time.

The molecule is represented by a rigid rotor. The exclu-
sion of vibrational motion not only permits larger integra-
tion time steps, i.e., shorter computation time, but it also
eliminates the problem associated with constraining the tra-
jectory to be characteristic of the molecule in a particular
vibrational quantum state. The rigid rotor approximation
appears valid, in that zero-point vibration is much faster
than the timescale of the collision, and vibrational excitation
in nonreactive scattering has been shown to be quite small
for NO/Pt(111)."®?" Despite the classical treatment of rota-
tional motion, both initial and final rotational states are
binned into rotational quantum levels, N. The populations in
the rotational bins are divided by (2N + 1) in order to cor-
rect for the scaling of bin widths with rotational energy.

The system can be completely described by nine equa-
tions of motion:
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where z,, — z,, represent the out-of-plane positions of the

four mobile solid atoms (S1-S3 are subsurface while S4 lies
on the surface); X, ¥, and Z are the center-of-mass coordi-
nates for the NO molecule; and ¢ and ¢ are the angles that
define the projection of the internuclear axis onto the y axis
and the orientation of the internuclear axis in the x—z plane,
respectively (Fig. 2).2® M, m, I, and w are the surface atom’s
mass, the molecule’s mass, the molecule’s moment of inertia,
and the vibrational frequency constant of the surface, re-
spectively.

The total surface-molecule potential ¥ is composed of
pairwise interactions, ¥;, summed over all nineteen surface
atoms. The form of the pairwise interaction potential is iden-
tical to that developed by Muhlhausen, Williams, and Tul-
Iy'®:

V.=Aexp( —ary,) +B{exp(—2B[roi —r.])

—B[roi—r.])} (2)

— 2 cos? 77, exp(

where
rai = {(X — x; — Ry sin @sin ¢)?
+ (Y —y, — Ry cos 6)*
+ (Z — z; — Ry sin 6 cos ¢)*} (3a)

roi = {(X — x; + R, sin @sin ¢)?
+ (Y —p; + Rq cos 6)*

+ (Z —z; + R, sin 8 cos ¢)?}'72, (3b)
and
P e, — 12
cos 7, = Ni + NO O . (3C}
2rni "o

Here, ry;; 7ois 'no» Ry, and Rq correspond to the absolute
magnitudes of the distances between the nitrogen atom and
surface atom i, the oxygen atom and surface atom i, the NO
bond distance, the nitrogen atom and the molecule’s center
of mass, and the oxygen atom and the molecule’s center of
mass, respectively. The coordinates x;, y;, and z; identify the
position of the surface atom £, where the origin is located at
the equilibrium position of the active surface atom S4. The
variable 7; defines the angle between r; and ry;. The mole-
cule-surface potential contains an exponential repulsion
term between the oxygen atom and the surface atom 7, and an
attractive Morse potential (with both isotropic and orienta-
tion-dependent components) between the nitrogen atom
and the surface atom /. The values of the interaction poten-
tial parameters are listed in Table I. Because our model sur-
face is unable to relax to the same extent as that of Muhlhau-
sen et al.,'® we were required to increase the B parameter by
5% in order to arrive at a similar binding energy for the atop
site. Using these parameters, the calculated well depth is 105
kJ/mol and the equilibrium bond distance between the NO
center of mass and the atop Pt atom is 2.3 A. The potential
energy hypersurface does not distinguish between the two
fine-structure components of NO. It has a strong depend-
ence on molecular orientation and favors linear bonding
through the nitrogen atom via an atop site. The potential’s
predicted preference for bonding at an atop site appears to be
inconsistent with recent experimental evidence which sug-
gests that only the bridge site is occupied at low cover-
age.?? However, these same experimental studies do find
that at higher coverage the atop site is preferentially occu-
pied. Our calculations intend to simulate rotational dynam-
ics in the low coverage limit and may thus be biased by the

TABLE I. Interaction potential parameters.

A 61224 kJ/mol
B 96 kJ/mol

a 3.366 A~

B 1.683 A~

r. 1.50 A

Toim 2.75A

i LI15A

R, 0.54 A

Ry 0.61 A

@ 3.5ps~!
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model potential’s inaccurate description of the surface cor-
rugation.
All trajectories start with the NO center of mass located

6 A from the surface.?® The initial orientation of the mole-

cule’s internuclear axis as well as the orientation of the mole-
cule’s rotational angular momentum are randomly selected
for each trajectory (see Appendix). The two-dimensional
impact parameter, i.e., the point on the surface lattice where
the molecule’s center of mass would strike in the absence of
any attractive potentials, is also stochastically varied for
each trajectory. The surface temperature is established by
randomly selecting initial mobile surface and subsurface po-
sitions and momenta from a Boltzmann distribution at the
specified surface temperature. The inelastic scattering re-
gime is studied using the following initial conditions: the
rotational state distribution is chosen to be Boltzmann at
40 K (identical to that measured experimentally),?! and the
translational energy distribution is characterized by a super-
sonic expansion®* directed at normal incidence. For the case
of simulating trapping/desorption, the total angular mo-
mentum of the incident molecule is preselected so that the
dynamics of a single rotational quantum state can be exam-
ined. However, the translational energy distribution is Max-
wellian at the surface temperature T, with an incident angu-
lar distribution of cos 6.

The theory of detailed balance relates desorption rota-
tional state populations and alignment moments to trapping
probabilities through the following identities:

M, Pcapping (NoVi» @)

P desorption (J) « M
— BN(N + l))
xXexp| ——m8m88M——|, 4
p ( *T (4)
and
Alf)zd) i (N) — i=1 Ptrapping(N’uf) ¢;)(30032¢i - 1)
esorption s
Ef’: 1 P(rnpping (N,U“ ¢J’)
(3)
where for flux-weighted probabilities
0 for trajectories which scatter,
P, ing (N, Wil = s s .
wopping (V¥ 1) 1 for trajectories which trap, (62)
and for number density-weighted probabilities
0 for trajectories which scatter,
Picapping (N0, 1) =1 1 for trajectories which trap. (6b)

i

Here, the trajectory index, 7, runs from 1 to M, where M is
the total number of trajectories. The initial angle between N
and the surface normal is represented as @;, while v, corre-
sponds to the initial velocity. The equilibrium temperature
of the system (both gas and surface) is 7, and B is the rota-
tional constant of the molecule.

Newton’s equations of motion are integrated using stan-
dard numerical techniques (fourth-order Runga—-Kutta
with adaptive stepwise control).?* The integration time step
(1 fs on average) is adjusted within each trajectory calcula-
tion to minimize computation time without sacrificing accu-
racy. The trajectory is terminated either when the molecule
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scatters beyond 6 A or when the trajectory has run for as
long as 6 ps without the molecule escaping from the surface
(at which time the molecule is considered trapped). Al-
though great care has not been taken to optimize the com-
puter code, one thousand trajectories consume four hours of
CPU time on a VAX 8550 or eight hours on a MicroVAX
3600.

lll. RESULTS
A. Direct and indirect inelastic scattering

Simulations of direct and indirect inelastic scattering
were performed for a neat supersonic expansion of NO (9
kJ/mol translational energy) directed at normal incidence
to a Pt(111) surface, at temperatures of 375 and 450 K.
Those trajectories which escaped the surface were sorted ac-
cording to their initial and final states. A total of 12 000
trajectories were run for each surface temperature simula-
tion.

Figure 3 shows a Boltzmann plot of the calculated rota-
tional excitation probabilities for inelastic scattering at 375
and 450 K. The inset presents the rotational alignment dis-
tribution (displayed by the quadrupole moment, 4 {*’)*°asa
function of the final rotational quantum number N. The pre-
dicted rotational populations are in good agreement with the
experimental curves representing the data of Jacobs ez al.?!
The low J region of the experimental data has a significant
background contribution from the incident molecular beam.
This effectively dilutes the alignment measured at low J and
produces anomalously high rotational populations for
J < 5.5. The vertical dotted line marks the total energy of the
incident molecular beam. If there were no transfer of energy
from surface thermal motion to nuclear rotation, then rota-
tional excitation beyond this value would be impossible.
However, both experiment and theory indicate that a sizable
fraction of the scattered molecules contain more rotational
energy than imposed by the rigid surface limit.

Figure 4 shows the calculated correlation between final
average translational energy and final rotational energy. As
seen in other scattering experiments,®’" the translational
energy is anticorrelated with rotational energy. Additional-
ly, the average total energy of the scattered molecules rises
steadily with increasing molecular rotation. It implies, how-
ever, that for most final rotational states, the average total
energy of the molecules that scatter from the surface is
greater than the initial beam energy of 9 kJ/mol. Thermody-
namically, this is reasonable since the temperature of the
surface exceeds the equivalent temperature of the beam, i.e.,
the temperature of the beam when its energy is equally parti-
tioned among all of the molecule’s degrees of freedom. Mole-
cules that forfeit energy to the surface are more likely to be
trapped.

To understand the role of multiple “bounces” in the
scattering process, we sorted the trajectories by the number
of bounces the molecule makes with the surface before es-
caping. A bounce is defined as a negative-to-positive change
in the normal component of the molecule’s linear momen-
tum. Figure 5(a) shows the dramatic reduction of rotational
alignment which accompanies additional bounces on the
surface. The initial alignment produced by the first impul-
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FIG. 3. Boltzmann plot of the simulated rotational distribution resulting from inelastic scattering of NO from a Pt(111) surface. The inset shows the
dependence of the quadrupole alignment moment on N. (Curves correspond to experiment at the listed temperatures, (O) 375 K calculation, (®) 450 K

calculation.)
20
1 O Translational Energy
1 @ Total Energy
15+
—
@ 4
o
E
—
= 10 4
S’ o
h -
i=] L
L3
g L
w L)
0 —TT T -

s L T e v —
Rotational Energy (kJ/mole)

FIG. 4. The calculated variation of final translational energy and total ener-
gy with final rotational energy for NO molecules scattering from a 450 K
Pt(111) surface. The dashed line represents the initial beam energy (9 kJ/
mol).

sive collision with the surface becomes increasingly scram-
bled with each successive bounce the molecule makes with
the surface. Figure 5(b) illustrates the effect of multiple
bounces on the final average rotational energy of the scat-
tered species. Trajectories which incur multiple bounces
tend to have more average rotational energy with less rota-
tional alignment. This effect might explain the drop in rota-
tional alignment observed experimentally for the highest ro-
tational states, i.e., indirect inelastic scattering dominates at
high J.%° Although the model’s predicted alignment distri-
bution does not exhibit the same dramatic effect, this may
only indicate that the model has underestimated the fraction
of multiple bounce trajectories contributing to the popula-
tions in the highest rotational states. Somewhat more sur-
prising is the increase is translational energy with multiple
bounces [Fig. 5(b) ]. Examination of the trajectories reveals
that the tangential component of the translational energy
increases at a greater rate, with increasing bounces, than the
decline in the normal component of the translational energy

J. Chem. Phys., Vol. 81, No. 5, 1 September 1989
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FIG. 5. Effect of multiple bounces in inelastic scattering at 450 K: (a) aver-
age rotational alignment (as measured by the quadrupole moment ) and (b)
final average rotational, translational, and total energies vs the number of
bounces incurred prior to scattering.

[see Fig. 6(a) ]. This behavior is consistent with the scatter-
ing angular distributions [see Fig. 6(b) ]. The angular distri-
bution broadens with each additional molecular bounce that
occurs in the scattering process.

The increase in energy accommodation which accompa-
nies multiple molecular bounces on the surface suggests that
the trapping probability should also rise in the same fashion.
Indeed, Fig. 7(a) confirms this conjecture. The escape prob-
ability, i.e., the probability that a molecule escapes the sur-
face on its nth bounce, falls monotonically with n. A slightly
different perspective [Fig. 7(b) ] reveals the fraction of total
scattered molecules that bounced 7 times before departing
from the surface. After three collisions, 90% of those mole-
cules that will scatter from the surface have already done so.
For both surface temperatures, the predicted trapping prob-
ability is 0.60 4 0.2, somewhat less than the measured val-
ues of 0.65,*' 0.85,*? and 0.9*° but equivalent to the calcula-
tions of Muhlhausen et al.,'® who constructed the potential
used here. Hence we attribute the discrepancy to the form of
the potential and not necessarily to our physical description
of the surface.

10
e Total Trans. Energy
o Normal Trans. Energy (a)
4 Tangential Trans. Energy
a.
@
E
5 6
X
5 o
= I ot el - ) O nsaaa
g 4 ° R
w et
."é---
24 &
0 T T L T
1 2 3 24

Number of Bounces

(b)

Total

23

FIG. 6. Velocity distributions for scattering at 450 K: (a) tangential, nor-
mal and total translational energy components vs number of bounces and
(b) velocity angular distributions in which the NO molecule makes 1, 2, or
3 (or more) bounces with the surface before escaping. The heavy line shows
the total angular distribution averaged over all bounces.

The trapping probability for a trajectory also depends
on its two-dimensional surface impact parameter. Figure 8
gives both a three-dimensional plot and a contour plot of the
trapping probability as a function of the surface impact pa-
rameter. The highest probability for scattering occurs at the
high symmetry sites—the atop and the bridge sites. The
highest probability for trapping occurs when the molecule is
directed toward the side of a surface atom. It is this type of
collision that most effectively transfers normal momentum
into tangential momentum; loss of normal momentum leads
to multiple bounces, which in turn favors trapping. A similar
phenomenon has been reported in calculations of the trap-
ping dynamics of Ar on Pt(111).'¢

B. Trapping/desorption

The trajectories reported in this section are representa-
tive of an initial 550 K Maxwellian velocity distribution of
NO molecules incident on the 550 K model surface. Initial
rotational levels were preselected, but the spatial direction of

J. Chem. Phys., Vol. 91, No. 5, 1 September 1989



3202 D. C. Jacobs and R. N. Zare: Simplified trajectory method

(a)
- WaT5 K
§ B 450 K
30
o
3
2
e 20
(-8
°
&
o 10
@
w
5 6 7 8 9 10

Number of Bounces

9.4%

ENEDEDS@EOO
—~ 0@ ND e W

19.5%
61.0%

Bounces before Scattering

FIG. 7. The (a) probability of escape on the nth molecular bounce with the
surface and (b) the fraction of the total scattered molecules that escaped on
the nth bounce.

Trapping Probability

FIG. 8. Surface impact parameter dependence for trapping: (a) three-di-
mensional and (b) contour plots of the trapping probability for a neat su-
personic beam of NO at normal incidence to a 450 K Pt(111) surface.
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FIG. 9. (a) N-dependence of the trapping probability at 550 K and (b)
Boltzmann plot of the predicted rotational distribution for desorption at
550 K.

both the rotational angular momentum and the molecular
orientation were randomly selected from an isotropic distri-
bution. Approximately 1500 trapped trajectories were com-
puted for each initial rotational level examined. As ex-
plained in Sec. II, the calculated probability of trapping, as a
function of initial conditions, is easily converted into final
state distributions for the process of desorption.

The rotational state-specific trapping probability is plot-
ted in Fig. 9(a). The overall trend indicates that a decrease
in trapping accompanies an increase in rotational angular
momentum. This phenomenon is indicative of an efficient
transfer of rotational angular momentum to linear momen-
tum along the surface normal, which assists the molecule in
escaping the attractive potential well. In addition, one ob-
serves that the trapping probability is slightly higher for
N = 10 than it is for ¥ = 0. Analogous to gas-phase reactive
collision dynamics,** this effect may be associated with a
steric barrier to reaction for certain approach geometries. A
small amount of rotational angular momentum allows the
molecule to sample a variety of approach geometries which
increase the probability of a reactive encounter, i.e., trapping
in the present case. The J-dependent trapping probability is
readily converted to a Boltzmann plot for desorption [see
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FIG. 10. Trapping probability vs (a) molecular orientation of the rotation-
less state, N = 0, and (b) rotational orientation of the N = 10 and N = 30
rotational states.

Fig. 9(b)]. The desorption rotational temperature is calcu-
lated to be 485 K, more than 60 K cooler than the surface
temperature. It is interesting to compare this with the NO/
Pt(111) scattering experiments of Segner ez al.*> which re-
vealed a rotational temperature of 410 + 30 K for a surface
temperature of 7, = 550 K.

Figure 10(a) shows the dependence of the trapping
probability on molecular orientation for the rotationless
state, N = 0. It is seen that molecules that approach the sur-
face ““nitrogen end down” (nitrogen end pointing toward the
surface) have twice the probability of trapping as those
which approach the surface “oxygen end down”."®*¢ This is
a direct manifestation of the orientational anisotropy of the
surface-molecule potential. On the other hand, a rotating
molecule can no longer be identified as having a unique mo-
lecular orientation with respect to the surface. Instead, the
direction of the angular momentum vector, N, is fixed (in
the absence of fields) and the surface effectively samples a
distribution of molecular orientations. Figure 10(b) shows
the dependence of trapping on the direction of the rotational
angular momentum vector for N = 10 and 30. The model
indicates that the low N state (J = 10, E,,, = 2.4 kJ/mol)
exhibits almost no preferential alignment dependence for

0.20

® Flux
&  Number Density

0.15{ |l Experiment

-0.05 — T ™ —

FIG. 11. Predicted alignment for NO molecules desorbing from a 550 K
Pt(111) surface. The experimental data, including error bars, are represent-
ed by the shaded region while the calculated points are shown for flux-sensi-
tive detection (@) and number-density-sensitive detection (A).

trapping. This is a consequence of the odd symmetry in the
orientation-dependent trapping probability shown in Fig.
10(a). Regardless of the direction of N, an ensemble of rotat-
ing molecules will sample an equal number of molecular ori-
entations less than 90° (favoring nitrogen end down) as
those greater than 90° (favoring oxygen end down). Thus,
the ensemble-averaged trapping probability will appear con-
stant, independent of the direction of N. In contrast, the high
N state (N =30, E,,, = 20.5 kJ/mol) shows a preferential
alignment, which can be attributed to a dynamical effect:
rotational angular momentum is more efficiently converted
to linear momentum along the surface normal for molecules
rotating in a plane perpendicular to the surface (N parallel
to the surface) than for molecules rotating in a plane parallel
to the surface (N perpendicular to the surface). It is normal
linear momentum that assists the molecule in escaping the
attractive well. Hence, molecules striking the surface with
rotational motion resembling that of a cartwheel have a low-
er chance of trapping than those that approach with a heli-
copter motion. This latter effect only becomes important for
molecules having a significant amount of rotational angular
momentum. Figure 11 depicts the predicted rotational align-
ment of the desorbing NO molecules as a function of rota-
tional angular momentum. The model’s results are in excel-
lent agreement with the experimental data measured by
Jacobs et al.** They indicate that molecules desorbing with
large amounts of rotational angular momentum will prefer
to rotate in a plane parallel to the surface.

The final state velocity distribution for NO molecules
desorbing from the Pt(111) surface at 550 K is predicted by
the model to be 465 + 10 K, regardless of the final rotational
state. This translational temperature is lower than that mea-
sured by Guthrie et al.*’ (530 4 40 K) for the same surface
temperature. The predicted independence of final velocity
and final rotational state has been measured for the related
case of NO desorbing from an oxidized germanium sur-
face.”” In addition, the model predicts for NO/Pt(111) a
negligible correlation between rotational alignment and ve-
locity. Taken together, these two predictions suggest that the
translational and rotational degrees of freedom separate to
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good approximation in describing trapping followed by de-
sorption. However, the model does imply that the magni-
tude of rotational alignment associated with desorption will
decrease for increasing surface temperature. Specifically, the
quadrupole moment for N = 301is calculated tobe 0.21,0.17,
and 0.14 for surface temperatures of 350, 550, and 750 K,
respectively.

IV. DISCUSSION

A simple classical trajectory method has been put forth
to model the dynamics of inelastic scattering and trapping/
desorption. The model is appealing in that the comprehen-
sive information revealed by a trajectory analysis is realized
with the use of conventional computational facilities. As a
first test, the model was applied to the NO/Pt(111) system.
The quality of agreement between experiment and theory
surpassed our expectations. Although the results of the mod-
el are consistent with a collection of experimental measure-
ments, we can only speculate on whether the model’s pre-
mise is accurate or fortuitous.

The model included limited surface motion. Specifical-
ly, the surface atom closest to the molecule translated only in
the direction of the surface normal. The mobile platinum
atoms were harmonically coupled and described with a sin-
gle spring constant. However, variation of the spring con-
stant by a factor of two had little effect on the resulting dy-
namics. Additionally, we sorted trajectories according to
their two-dimensional surface impact parameter. Trajector-
ies that were directed toward the atop site yielded similar
final state distributions as those trajectories that were direct-
ed towards the bridge site.*® We conclude that while surface
motion is essential for an accurate description of this system,
the details of that motion play a secondary role in modeling
the rotational dynamics. The same conclusion has been
reached previously by Tully'” based on his complete GLE
studies.

We utilized the empirical NO/Pt(111) potential devel-
oped by Muhlhausen, Williams and Tully.'® Great care on
their part went into determining the parametrization and
general features of this potential hypersurface. Although we
did not vary the surface-molecule potential, it appears that
the potential’s large anisotropy with respect to molecular
orientation plays a major role in the transference of initial
translational energy and surface vibrational energy into final
rotational energy. The corrugation of the surface, as mani-
fested by the surface-molecule potential, contributes to the
imperfect degree of rotational alignment calculated in the
regime of direct and indirect inelastic scattering. This is be-
cause a corrugated surface exerts forces, on the scattering
molecule, that do not necessarily lie along the surface nor-
mal. These forces may lead to rotational excitation outside of
the limiting case of pure cartwheel motion.

The predictions of the model, along with a variety of
experimental observations, help to construct a dynamical
picture of the interactions of nitric oxide with a clean
Pt(111) surface. An incident nitric oxide molecule begins to
sense the attractive part of the potential approximately 5 A
from the surface. As the molecule accelerates toward the

surface, it experiences a torque which attempts to swing the
nitrogen-end of the molecule toward the surface. At the
deepest part of the potential (approximately 2.3 A from the
surface) the system has gained as much as 105 kJ/mol of
additional kinetic energy, in the form of translation, rotation
and surface vibration.

The repulsive part of the potential serves to transfer en-
ergy efficiently between the different degrees of freedom in
the system. As seen in the simple case of scattering ellipsoids
off of hard cubes,'? translational <> rotational energy trans-
fer can be very strong for certain molecular orientations.
More specifically, it has been shown that scattering of a rota-
tionally cold, translationally hot beam of molecules from a
surface produces a distribution of rotationally excited states
that are highly aligned (with a propensity toward cartwheel
motion).>***-5! Of course, this rotational excitation occurs
at the expense of translational energy. Note that the converse
must also be true, i.e., a rotationally excited beam of mole-
cules (favoring cartwheel motion) will gain translational en-
ergy at the cost of rotational energy upon scattering from a
surface. If during the collision the surface atom closest to the
NO molecule is moving into the bulk, then, in general, the
molecule will lose energy and momentum to the surface. If,
however, the same surface atom is translating out of the
bulk, the NO molecule will gain translational and/or rota-
tional energy. The surface corrugation assists in converting
linear momentum along the surface normal into tangential
momentum for those trajectories that strike the surface on
the side of an atop site.

Together, these effects prepare the molecule for its at-
tempt to escape the attractive potential well of the surface. It
is only linear momentum along the surface normal and nu-
clear rotation®? that are capable of being converted into the
potential energy required to surmount the barrier to desorp-
tion. If these two forms of energy are deficient, then the mol-
ecule is forced to collide with the surface once again. Each
additional collision with the surface increases the chance of
trapping. On average, those molecules that are able to escape
on the first few bounces have gained energy from the surface.
As shown, the effect of increased bounces on trajectories that
scatter is a decrease in rotational alignment, an increase in
rotational energy, a decrease in normal translational energy
and a broadening of the scattered angular distribution.

The process of trapping is most dramatically inhibited
in cases where (1) the incident molecule is highly rotational-
ly excited (This is especially true if the rotational motion is
aligned similar to that of a cartwheel. ), (ii) a slowly rotating
or nonrotating molecule strikes the surface oxygen end first

(this samples a shallower potential well and it leads prefer-
entially to cartwheel motion that facilitates escape), or (iii)
the molecule is directed toward an atop site or bridge site on
the surface (here translational energy along the surface nor-
mal is not efficiently converted to tangential translational
energy).

The process of desorption occurs over a much longer
timescale. However, the desorption dynamics are deter-
mined by the last few encounters the molecule makes with
the surface. We speculate that the molecule undergoes hin-
dered rotation on the surface prior to desorption. On the
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surface, rotation resembling that of a cartwheel is more
strongly hindered than that resembling a helicopter. There-
fore, the molecule is most likely librating with the oxygen
end precessing around the nitrogen end, which is pinned to
the surface by the strong chemisorption bond. Breakage of
the Pt—NO bond in this transition state preferentially leads
to desorbates whose rotational motion resembles that of a
helicopter.™

It is difficult to comment on the generality of these con-
jectures. Further experiments and calculations on various
other molecule-surface systems are certainly required.
However, we feel that many heteronuclear diatomic mole-
cules will exhibit similar dynamics for interactions with a
variety of metal surfaces for which the interaction potential
is strong and anisotropic.
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APPENDIX

This appendix provides a few of the pertinent equations
required to perform similar trajectory calculations. We give
a brief overview of the stochastic selection of initial condi-
tions and the reduction of final state coordinates and mo-
menta into a more useful form.

The initial coordinates and momenta are stochastically
selected at the beginning of each trajectory. The following
equations utilize a uniform deviate, x;, which is a random
number between 0 and 1. The computer selects a uniform
deviate for each variable / within each trajectory.

The choice of surface impact parameter begins with

X= l’3rFl—Pt [xl_%]: (Ala)
Y= reep 1% — 41, (Alb)

where rp,_p, is the platinum—platinum atom equilibrium sep-
aration on the surface. After X and Y are selected, they are
tested to insure that they lie within the shaded region of Fig.
1. If they do not, then uniform deviates are rechosen until
this condition is met.

The positions and momenta of the mobile surface and
subsurface atoms are selected individually:

2 =Z3h_ 1 +l —ZEIn x4 cos[2mx,],
M
(A2a)
(A2b)

d ’ kT .
Zzs,- = —Zylnx3 sin[27x,],

where i = 1-3 for the subsurface atoms and i = 4 for the
surface atom. Although the calculation of the position and
the momentum for a single atom utilizes the same two devi-
ates (x; and x,), each atom receives a fresh pair of uniform
deviates during each trajectory initialization.

For the case of inelastic scattering, the selection of the
rotational state, /V, in the incident molecular beam is a two-

3205
step process. First, the probability factors, X(NV '), are calcu-

lated: -
— BN(N + l))
kT

—BN(N+1))
kT ’

%
X(N)= 3 (2N+ l)exp(
N=0

i (2N + l)exp(
N=0

(A3)

Next, a uniform deviate, xs, is used to find the value of one N’
that satisfies the following inequality:

X(N'—1) <xs<X(N"). (A4)

The initial state N is preselected for the case of trapping/
desorption simulations.

In both modeling regimes, selection of the direction of N
as well as the orientation of the internuclear axis requires the
use of three random Euler angles:

a=cos '(2x,— 1), (AS5a)
B=2mx,, (A5b)
¥ = 27Xy, (AS5c)

which in turn uniquely define the spherical angles and angu-
lar velocities:

(A6a)

— sin S cos ¥ — cos a cos B sin ¥ }
3

6 = cos ™ '{cos B cos ¥ — cos a sin Bsin ¥},

QS:tan_'l

sin & sin ¥
(A6b)
’ZBN(N+1) [smasmﬁ T
sin® @
and
ig=\/£f‘f_(_u_[ ng( ﬂ'¢)] C(A6d)
dt ¥ ¢

The beam velocity for the inelastic scattering simula-
tions is directed along the surface normal:

kT,
_‘?’_Z: _ [2E +\/ — 2200 In X Sin(27X,0).
dt m m

(A7)

Here, E is the translational energy and T\, is the internal
translational temperature of the supersonic beam. Modeling
of trapping/desorption utilizes a spatially isotropic Maxwel-
lian distribution of incident velocities:

£X= —2 E In x,, sin(27x,,), (A8a)
dt V m
i Y= -2 E In x5 sin(2mx,,), (A8b)
dt \/ m
and
(A8c)

iz: = —ZEInx,5 sin(7x,¢).
dt V m

However, this incident distribution must be weighted by the
velocity’s projection onto the surface normal. This insures
that we are properly treating the incident velocity distribu-
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tion as a flux onto the surface. Hence, if

S OV CORCHREDR

then Eqgs. (A8a)-(A8c) must be reevaluated with new uni-
form deviates.

Equations (A1)-(A9) provide a complete stochastic
set of initial conditions for individual trajectories within a
series. It is useful to be able to determine relevant energies
and vector directions for the system at any point during the
trajectory. The rotational energy, semi-classical rotational
quantum number ¥, and the projection of N on the surface
normal (as defined by @) are computed as follows:

b= Lifaco(4) (2]
:-—[—1+\/—]

(A10a)

(A10b)

¢ =cos! [ _
Jsin® 8(dg/dt)” + (d6 /dr)?

(A10c)

The energy of the mobile surface atoms is calculated
through the following summation:

3 1 szi 4 2 2
Ex= ;'_|?M 7 + @ (Zs; — Zs;_1y) [ -

(A1)

The translational energy of the molecule and 4, the angle
between the velocity vector and the surface normal, are com-
puted from the first derivatives of the center-of-mass coordi-
nates:

1 d 2 d 2 d 2]
Epp=— Ly ey £z,
trans zm{(dr )+(dt )+(dt )
and

rameo|(22)/
JET (T Z)

(A12b)
Following each trajectory, we store the “vital statistics”
(both initial and final conditions) in a file. At a later point,

this information is sorted according to a variety of criteria,
and a detailed analysis is performed.
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