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The velocity and angular distributions of G@roduced by CO oxidation on Rtll) have been
measured as a function of surface temperature and oxygen coverage. Both the velocity and angular
distributions are bimodal. The velocities of one component are well fit by a Maxwell-Boltzmann
distribution at the surface temperature, and the angular distribution of its intensity is cosine. The
second component is non-Boltzmann, and the angular distribution is sharply peaked toward normal.
The average energy of this feature is a very strong function of the surface temperature, increasing
with a slope of 8.%,, wherek, is the Boltzmann constant, between 475 K and 700 K. Surprisal
analysis proves useful in condensing and interpreting these datB99% American Institute of
Physics.

I. INTRODUCTION Sibenef measured kinetic energies of G@esorbing at nor-
mal of about 8.5 kcal/mo{370 me\). The translational en-

The energy disposal into the final gas phase products afrgy was found to decrease rapidly with increasing desorp-
a surface reaction is largely determined by the part of thaion angle. Coulston and Halfér measured the IR
potential energy surface which governs the last step of thehemiluminescence spectra of €@roduced by CO oxida-
reaction. If the product is trapped on the surface after it ision on Pd, Pt, and Rh foils. On Rh at 584 K, they report
formed and the final step is the desorption of the physisorbedibrational temperatures of about 1250 K for the antisym-
molecule, the velocity and internal state distributions will bemetric and symmetric stretching modes and the bending
close to Maxwell-Boltzmann distributions at the surfacemodes. The rotational temperature measured was 730 K, also
temperature and the angular distribution will be cosine. If thesubstantially greater than the surface temperature. These
products desorb without first accommodating on the surfacestudies of CO oxidation on Rh indicate that there is a barrier
the velocity, angular, and internal state distributions mayo the reaction, and that much of the energy is released with
yield information about the potential energy surface closer tahe CQ, molecule instead of into surface modes. The high
the transition state between adsorbed reactants and producibrational temperatures suggest that the carbon oxygen

The dynamics of CO oxidation on transition metal sur-bonds in the transition state are longer than in the, 80I-
faces is of interest both from a fundamental and a practicaécule, and that the transition state is bent.
point of view. CQ formation serves as a model recombina-  The impetus for the current work was to measure the
tion reaction with a large barrier and substantial exothermic€O, velocity distributions under steady state conditions,
ity, and transition metals are used to catalyze this reaction iRnown oxygen coverages, and over a broad temperature
practical applications, e.g., automotive catalytic converterstange. Most earlier studié® *?> measured the CQtime-of-
It is also one of the most thoroughly studied surface reacflight (TOF) by chopping the incoming CO beam, so it was
tions. The kinetics of CO oxidation have been studied omot possible to separate the residence time of the CO from
many different surfaces under a wide variety of conditibfis. the time of flight of the product CO The residence time of
The dynamics of the reaction have also been examined, prine CO is substantid>2 us) below 800 K, so this method is
marily on Pt, Rh, and Pd surfaces. limited to very high temperatures. In addition, chopping the

CO oxidation is known to produce angular distributionsincoming beam causes the oxygen and CO coverages to
more sharply peaked than cosine olil®1) (Refs. 3-and  change during the measurement. More recently, TOF spectra
Rh(111);%" on Pd111) the CQ desorbs in a nearly cosine measured by chopping the product flux during temperature
distribution® Velocity distributions have been measured for programmed reactions have been repotte® This tech-
both Pt(Refs. 9—12 and Rh(Ref. 7) surfaces at high tem- nique is able to access very high coverages of the reactants,
peratures, and on @11, Pd110,* and P(110) (1x2)  but the measurements must be made under conditions of
(Refs. 14, 15during temperature programmed reactions. Allchanging reactant coverages and surface temperature. Also, it
show translational energies greater than expected for mols difficult to access the same reactant coverages at different
ecules which have accommodated at the surface temperatusurface temperatures. In this work, we measure the CO
The vibrational and rotational energy distributions of producttime-of-flight distributions by chopping the product flux after
CO, have been measured for polycrystalline!®?? Rh?!  the crystal; thus the measurement is decoupled from the CO
and Pdt®?1220n all three surfaces, vibrational and rotational residence time, allowing measurements even at low surface
temperatures are greater than the surface temperature.  temperatures. We use continuous beams pa@l CO, and

For the particular case of CO oxidation on (Rhl), at  therefore have constant coverages of the reactants on the
surface temperatures in the range 700-1000 K, Brown andurface. We are also able to measure the oxygen coverage

J phFoaBBYs1 403 445 dbn Qebes. 188%. 126 - FARALIREORARIE AR DRRIB ARE R - or-co R AB-AmEticRR MRSt R Ftyeissy righBRA



6678 Colonell, Gibson, and Sibener: Carbon monoxide oxidation on Rh(111)

and verify that our measurements at different temperatures
are performed with the same surface oxygen coverage. Thus &

we are able to measure the product velocity distributions as a timing wheel <P
function of oxygen coverage and surface temperature. @

Il. EXPERIMENT ams

detector
These experiments were performed in a molecular beam
scattering machine which has been described previgtiély.
Only the modifications made for these experiments will be
described in detail here. The UHV scattering chamber is
pumped by a 400 /s ion pump and a TSP and contains the
three axis crystal manipulator and independently rotatable
differentially pumped quadrupole mass spectrometer detec-
tor. Continuous beams of CO and oxygen are produced by co > Rh(111)
supersonic expansion in the source chamber. The beams are crystal
in a plane perpendicular to the scattering plane, one in the
scattering plangthe center beajnwhich can be chopped
before the crystal, and the other inclined by 15°. The beam
spots overlap at the crystal and are about 5 mm in diameter.
The intensity of the beams, estimated from measurements of
Ar beams in ion gauge fluxmeters, is about*a0¥s, or
about 0.1-1 ML/s. The crystal may be moved out of the patth. 1. Schematic of experimental setup. Time-of-flight spectra may be
of the center beam and the detector rotated to measure th&asured either by chopping the beam with the source chopper before the
velocity distribution of the incident beam directly. crystal, or by (_:hopping the product flux after the crystal with the postcrystal
A doubly-differentially pumped postcrystal chopper was ¢'0ss-correlation chopper.
added for these experiments. An ion pumped housing con-
taining the motoran ac hysteresis motor with high tempera-

ture windings a small light bulb and photodiode is bolted t0 jcs which controlled two Ortec ACE-MCS boards counting
the detector and rotates with it. A small slotted disk on oneyjternate chopper cycles; two MCS boards were used to
end of the motor shaft interrupts the light from the bulb gliminate counting dead time between cycles. The chopper
which is detected by the photodiode to create the triggefrequency used in all of these experiments was 195.69 Hz,
signal. The other end of the motor shaft extends through &roducing a channel time of 10s.
second ion pumped region into the scattering chamber, where  The measured TOF spectrum is a convolution of the gate
the cross-correlation chopper is keyed to it. The chopper infynction of the choppefthe chopper pattern convolved with
terrupts the product flux from the crystal 10.5 cm from thethe detector apertureand the ionizer broadeninghe mol-
ionizer of the mass spectrometer. A schematic of the expericules may be ionized anywhere along the finite length of the
mental setup is shown in Fig. 1. ionizen. The gate function was measured directly by detect-
The ion flight time was determined by measuring thejng light passing through the chopper and detector aperture
TOF spectra of fully expanded beams of He, Ne, and Afyjth a photomultiplier. The ionizer broadening is modeled by
using the source chopper, for which the chopper—ionizer disconyolving the velocity distribution with a square. The elec-
tance was known. The distance from the postcrystal chopp&fon impact ionizer detects the density of molecules, so the
to the ionizer and the time delay between the trigger pulsgjgnal must be weighted by the ionization probability, which
and the start of the cross-correlation pattern was determinegd jnversely proportional to the velocity. The TOF spectra are
by measuring time of flight spectra of the same moleculafit py first subtracting out the ion flight time and the trigger
beam with both the postcrystal chopper and the source chopfelay, deconvolving the measured spectrum from the gate

per. Both the slotted disk which creates the trigger signal angnction (by convolving with the inverse of the measured
the cross correlation chopper are keyed to the motor shaft, sgate function, and fitting the result to

that their relative position is fixed. However, the trigger de-
lay is a function of the chopper frequency and the current (t) = iz)
t
X[ f(v)]* (ionizer broadening 1)

source chopper

t

supplied to the light bulb, so this delay was measured each chopper—ionizer distanyle
day by comparing TOF spectra of a direct beam measured
with the source chopper and with the postcrystal chopper.

The TOF spectra were measured using standard cros$he factor of (1/t? is the Jacobian for changing variables
correlation time-of-flight techniques. The wheel pattern is afrom velocity to time. The fitting program used is a least-
pseudorandom sequence of 511 slots and holes derived in osquares routine based sm®QMIN from Numerical Recipe$
group?® The chopper motor was controlled by a sine waveThe functional forms chosen fdr(v) will be discussed in
from a digital signal generator which was amplified by andetail later. All of the intensities in this paper come from
audio amplifier. A 20 MHz clock provided the time base for integration of velocity distributions from these fits, and so
both the signal generator and the custom CAMAC electronare flux corrected.
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The angular acceptance of the detector is about 1 deg. 5 —mv2
With the beams incident on the crystal at 45° and the detec- f(v)=Nv” ex , 2
X 2kas
tor at normal, the beam spot completely fills the detector _ _ _
aperture. The size of the spot seen by the detector varies #éerem is the mass of the desorbing molecul, is the
[1/co<6;)], where ¢; is the angle measured with respect to surfacg temperatur&s{,D is the Boltzmann constant, afdis a
the surface normal. At large angles, the beam spot is naormal|zat!on factor. At angles nearer normal, the TOFs
longer larger than the detector spot. The intensities as a fungould be fit only by a product of a shifted Boltzmann and
tion of angle were corrected by calculating the fraction of thelow order Hermite polynomials,
detector view filled by the beam from the known geometry 9 v—va| 2
v3 ex;{ —( O) .
o

of the apparatus, and this correction was checked by measur- (y)=N| 1+ >, nH,(v)
1=3
Fitting the TOF spectra to this form offers no physical in-

ing the angular distribution of water desorbing from water
sight, but it does adequately model the data and provides a

multilayers, which is assumed to be cosine distributed.

The RH111) sample(Cornell Materials Preparation Lab
was cut and polished to within 1.0 of th@l].’) face and .convenient way to integrate the spectra to calculate total in-
checked by x-ray Laue back reflection. The primary contaml-t nsity, average energy, and speed ratio. The speed ratio, fre-
naTts were S B, and C. S and B were removed by_ cycles Ocfuently used to characterize the width of a velocity distribu-
Ar” sputtering (10 A, 900 K) followed by annealing at tion, is the ratio of the standard deviation of the measured

1300 K. C was removed daily by exposing the crystal tog

()

oxygen at 900 K and annealing at 1300 K. Oxygen absorbe I;’;[tr;tr):;?: d?sr'lgbltﬁignsvtv?t%darg sgi;/éaz\?gra%fe ang;we”
into the bulk of the sample was removed by annealing the ’
crystal at 1300 K for 3 min between measurements. Cleanli- 2(E)

ness was checked by Auger, and surface flatness by He re- (W) -1
flectivity. SR= (32— .

(4)
In these experiments, the reactants were supplied to the s
surface using continuous beams of carbon monoxide and 97

oxygen with an incident angle of 45°. The steady state covThe average energy and speed ratio are plotted as a function
erage of oxygen was controlled by adjusting the intensity olf desorption angle in Fig. 3. The average energy drops
the two beams at a given temperature. The oxygen coverag®arply as a function of angle, approaching the Maxwellian
was measured by titration—after establishing a steady-staigaiue of X, T at large angles. The speed ratio, curiously, is
coverage with both beams on, thg leam was flagged off greater than 1 at most angles, and peaks ¥eaB0°. The

while monitoring the C@ signal. The integrated signal was angular distribution is shown in Fig. 4, and is best fit by the
compared with that from titrating off a saturaté@5 ML)  pimodal form,

oxygen overlayet’ The CO coverage is unknown; some

must be adsorbed since CO oxidation occurs via a [(6f)=a cos'(6;)+(1—-a)cog6y) (5
Langmuir—Hinshelwood mechanism on this surfdmt it with n~9 anda~0.7. Brown and Siben®&measured ~12
desorbs readily at these temperatfff8 Oxygen dissociates anda~0.65 atT.=550 K; the difference is probably due to

completely at these temperatures, and may form an ordered gitterence in oxygen coverage. Results are similar at other

ovs%rlt';\%/er atfo=oxygen coverage~0.25 ML below 500  emperaturesn is independent of temperature, whiein-
K,”*“but it is not known if there is any ordering in mixed . eases with increasing surface temperature.

CO-O overlayers. The bimodal form of the angular distribution and the odd

Counting times for spectra at desorption angles near zergehayior of the speed ratio suggest that the TOF distributions
degrees were 15 mifr-2x10> shot3. The TOF spectra at 4p¢ actually the sum of two distributions; one a Maxwell—

larger desorption angles required longer counting tif¥  gojtzmann aff; which has a cosine angular distribution and

min—1 h. The crystal was always annealed after every 13j5minates at large; , and the other a higher energy compo-
min of data collection to remove absorbed oxygen from the,ant which is sharply peaked at normal, with a%6s) an-

-1

bulk. gular distribution. The functional form of the velocity distri-
bution suggested by this hypothesis is
5 V—Vg)?
IIl. RESULTS f(v)=Nyv° exp —
Time-of-flight distributions of the C@® product were cogdy) —mv?
measured as a function of desorption angle for surface tem- +Ny(8;=75) V= ex ' (6)
cog75) 2k, T

peratures from 475 K to 1000 K and oxygen coverages from
0.1 to 0.33 ML. For RHL1)) in this temperature range, the whereN,(6;=75) is the scaling factor of the velocity distri-
saturation coverage of oxygen is 0.5 ML. Some typical datébution at a desorption angle of 75°. We have scaled the in-
for 475 K andéfy~0.1 ML are shown in Fig. 2. At angles far tensity of the thermal distribution assuming that its angular
from normal (6;,>>60) the distributions are well fit by distribution is cosine. The velocity distribution of the high
Maxwell-Boltzmann distributions at the surface tempera-energy portion is well fit by a simple shifted Boltzmann, and
ture, the fit is not improved by the addition of Hermite polynomi-
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FIG. 2. TOF spectra al;=475 K, 65,~0.1 ML and different desorption angles, deconvolved from the gate function. The solid lines are fit to the form in Eq.
(3). The dashed curves depict Maxwell-Boltzmann distributions at the surface temperature.

als.N4, «, andv, are still functions of¢; . TOF distributions  plotted for65~0.1 ML and§;=0° in Fig. 9. Remarkably, for

at T,;=500 K andf,~0.1 ML are shown along with fits to T,<700 K, the average energy increases at a rate ok,3.7

Eq. (6) in Fig. 5. four-times the increase expected for molecules which are ac-
The fraction of the thermally distributed product can becommodating at the surface temperature. Even if we take the

calculated by integrating over the two angular distributions.average energy over the whole velocity distribution, instead

The results, as a function af; and oxygen coverage, are of just the high energy component, the average energy in-

shown in Fig. 6. Atd5~0.1 ML, the thermal fraction clearly creases at a rate of9k,. The unexpectedly strong depen-

decreases with increasifig . The results at higher coverages dence of the energy on the surface temperature is not depen-

are also shown, but the signal levels are too small to detedent on the bimodal analysis of the data.

mine the relative intensities accurately, and no clear trend Above 700 K, the slope decreases. At higligmwe only

can be seen. have average energies of the whole TOF spectrum because
We concentrate now on the behavior of the high energyhe intensities are too small to get a reliable measurement of

part of the velocity distributions. Its average energy as ahe intensity of the thermally distributed GOThe fraction

function of desorption angle is shown in Fig. 7; it decrease®f thermally distributed product decreases with increasing

slowly with increasing desorption angle. The speed ratio intemperature, so the error introduced in the average energy is

creases with desorption angle. The average energy at normaiobably <10%. The slope of E) vs T, is substantial even

for the high energy peak is shown as a function of oxygerfor T,>700 K, which disagrees with earlier results for this

coverage in Fig. 8; the energy increases slowly with increassystenf which reported no temperature dependence of the

ing oxygen coverage. The speed ratio decreases at higheelocity distributions. These earlier measurements were

oxygen coverages. made at constant beam intensity instead of at constant cov-
The most striking result, however, is the temperature deerage. Approximating those conditions, we could reproduce

pendence of the energy of the high energy peak, which isheir measurements, and found that the oxygen coverage is a
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from the clean Rfl11) surface at the same surface tempera-
tures as our CO oxidation measurements. The results are
500K] 1 presented in Fig. 11; the incident angle is 45°, and the aver-
. S00K] ] age energy of the incident G@eam is 430 meV. At;=0°,

- there is a clear trapping-desorption component along with a
2001 80,6, 1 peak due to directly scattered GOrhe trapping component
I °g is well fit by a Maxwell-Boltzmann velocity distribution at

- °g the surface temperature, and its relative intensity decreases
100 -~ = - nnTIIIIIeol e with increasingTs.

300 ¢

Average Energy (meV)

b2r ] IV. DISCUSSION
il coo0®0 © ] A reasonable starting point for the discussion of the dy-
o ° %5 5 namics of a reaction is the basic energetics; how much en-
g o ergy is required for the reaction to occur, or, equivalently,
s ° o y how much energy is released when the products are formed.
. ° . The disposal of this excess energy is determined by the po-
. . . tential energy surface, and gives some clues to the local
20 40 60 g'o shape of the potential. If little or no energy is released in
Desorption Angle (degrees) translational energy of the product, the product is either
trapped on the surface after it is formed, or translational en-
FIG. 3. The top panel shows the variation of the average energy as a fun&rgy plays little or no role in overcoming the barrier to reac-
tsigg Ef dedsggpoﬁﬁn angle; _theI sf}%rt ?nd long d’TlSEed Iinss indidgﬁs_bt tion. Efficient transfer of the excess energy into translation is
circle;‘;ow s M[?igicstgg % ﬁng doé"i’recrlé’:zsfogwl\jil isfggo :2“0' Opea_ssomated with “late” barriers, that is, a transition state rela-
tively far from the surface with the product nearly formed.
“Early” barriers close to the surface with the reactants rela-

function of temperaturéthe oxygen coverage is smaller at tively far apart are expected to dump more energy into inter-
higher temperatures because oxygen absorbs into the bufid! states of the molecule.
more quickly. The difference in oxygen coverage accounts CO, formed by CO oxidation on Rfi11) has consider-
for the difference between the current results and Ref. 7. able excess energy, which, in the simplest one dimensional
The behavior of the average energy is similar at higheicture, may be estimated higee, for example, Fig. 13 in
oxygen coverages, as seen in Fig. 10, and the slope evétef. 2
incregses forg; ~0.3 ML. We also looked at the C{—J\IQ Etota= — AH reactior~ EadsorptiohCO)
reaction at oxygen coverages of0.1, and found velocity
distributions identical to those for CE0O. We looked for 1
effects of oxygen absorbed into the bulk of the Rh crystal by 2 EadsorptiohO2) + Eacivation @)
loading the bulk with oxygen by dosing with an oxygen
beam for 15 min before the measurement and obtained r
sults very similar to those for the clean surface.
In order to learn something about physisorbed,C®e
also measured TOF spectra for He seeded, G€attering

Speed Ratio

09l

(=3 X N Je¢nel

éHreacﬁon, the total enthalpy of the reaction, is67.6 kcal/
mol. The heat of adsorption of CO on A1) has been
measured both by temperature programmed desofpio
kinetic measurementS;in the limit of low CO coverage, it

is 32 kcal/mol. The heat of adsorption of oxygen has also
been measured by both these methtdéjn the limit of low
coverage it is 56 kcal/mol. The reported value EY.yations

~ 1T "] the activation energy for CO oxidation, is 24.5 kcal/rhol.
g Using these values, there is expected to be about 32 kcal/mol
d 08 . (1400 meV of excess energy available for partitioning
S 06 : ] among the surface and product £@odes. Since the heats
= ] of adsorption and the activation energy are expected to
2 o4l ] change with the coverage of the reactants, the actual value
k= [ may be quite different. Also, these numbers are averages: if
8” 0.2 ] there is more than one mechanism for Cformation on
oboe o T Rh(111), or if the reaction may occur via different paths with
0 20 40 60 80 different energetics, they may not be characteristic of any
Desorption Angle (degrees) particular process or feature on the PES. As will be discussed

below, CO oxidation on Ri111) appears to occur by at least
FIG. 4. Angular distribution of C@intensity for 6o~ 0.1 ML, T,=500 K. tWO. mEChamsm.s’ .and. the dynarr_ncs S?em to be better de-
The solid line is a fit to Eq(5) with n=9.4, a=0.73. The dashed line SCribed by a distribution of barrier heights rather than a
shows co&d;) for comparison. single one.
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FIG. 5. TOF spectra af;=500 K, 65~ 0.1 ML fit to the two peak form in Eq6). For 6; = 60, the intensity of the high energy peak is nearly zero, and the
TOF spectra are well fit by Maxwell-Boltzmann distributions at 500 K.

formed in the reaction of CO and O on the surface may have
even more translational energy, and some energy in internal

CO oxidation on RL11) (Refs. 10~13and for H, recombi- degrees of freedom as well, but it may be that some geom-
nation on P@L11)/S 3 For the latter case, Coms al. pro- etries allow it to be trapped and its translational energy ac-

posed a “barrier with holes” model in which molecules cOmMmodated before it leaves the surface. The fact that the
which passed through the “hole” in the activation barrier fraction of thermal C@drops with increasing’ also seems
emerged with a cosine angular distribution, while thoseconsistent with a trapping mechanism. Unfortunately, our
which went over the barrier were focused toward normal andlata provide no way to distinguish between this possibility
had energies greater thdiy. For the more relevant case of and a second mechanism for the reaction which has no bar-
CO oxidation on Ril11), it was found that the fraction of rier.

thermal CQ increased with oxygen exposure as the surface  Either way, the fact that some of the c@aves the
oxide of Pt was formed®*! The thermal portion could then surface with no more energy than the surface temperature
be due either to a greater facility of the oxide for trapping thePresents an interesting detailed balance question; it implies
CO, as it is formed, or a different mechanism for CO oxida-that some C@should dissociatively adsorb even at very low
tion on the oxidized surfacghus creating a hole in the bar- translational energies, yet the measured sticking coefficient
rier to CQ, formation. Rh(111) does not form a surface ox- of CO, on Rh(11]) is very small. It is possible that the “ther-
ide, and our TOF distributions did not change with oxygenmal” CO, is only accommodated in the translational degree
exposure, even though oxygen is absorbed into the bulk. Thef freedom, and retains excess energy in other méabih,

CO, scattering data show that even £®@ith large amounts in the reverse reaction, might make £€lick even at low

of translational energy may be accommodated at surfacecident energigsbut this question can only be answered by
temperatures from 400 K to 600 K, and the physisorbed COmeasuring the TOF spectra and internal excitations simulta-
desorbs with a Maxwellian velocity distribution &. CO,  neously.

A. Origin of the bimodality
Bimodal velocity distributions have been observed for
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& ¢ o ages to 11.7 kcal/mol at high oxygen coverag&imilar
o results have been reported on(Rh0).>* This change is gen-
e S v S S A A erally attributed to repulsive interactions between adsorbed
Surface Temperature (K) oxygen atoms which destabilize the mixed CO—oxygen over-

layer, bringing its energy closer to that of the transition state.
The observed effects on the dynamics of CO oxidation are

FIG. 6. Fraction of CQ (integrated over all desorption anglegesorbing genera”y smaller except at very high oxygen coverages with
with thermal velocity distributions as a function of surface temperature. The '

large scatter for the data at higher oxygen coverages is due to lower signal H'ﬁerent states of chemisorbed oxyggn, _pamCUIarly chemi-
those measurements. sorbed molecular oxyger.For CO oxidation on polycrys-

talline Pd, Coulston and Haller measured increases in vibra-

tional and rotational temperatures of10%-20% on
B. Coverage dependence increasing the oxygen coverage from 0.34 to 0.4 MEor
oCO oxidation on Pt, Mantekt al***°found that the vibra-
tional temperature increased with increasing oxygen cover-
age; Brown and BernasEkobserved the opposite effect, and
a nonmonotonic dependence of the vibrational temperature
on oxygen coverage has also been repdtte@ur measured
velocity distributions likewise show much less dramatic
changes than the kinetics. The fraction of L@aving the

The effect of oxygen coverage on the kinetics of C
oxidation on transition metals is pronouncedCampbell
et al. found that the activation energy for CO oxidation on
Pt(111) decreases from 24.1 kcal/mol at low oxygen cover-

350 T T T T T T T T T o H™Y
T surface with thermal velocities decreases, and the average
L (e} <4 . .
S 300l ¢ ° N e 600K|| energy of the high energy peak increases-b¥0%—-15%
g . over an oxygen coverage range of 0.1-0.3 ML. These results
B 550 ] are in accord with the idea that the coverage dependence of
& L i
IJ:J L 8 o o o 4 *
% 200 o 2 1
o) ° 5 o o
>
< 500
150 - ° - ~
] Il 1 1 ! 1 % r
L E T T T T T T ] g 400
° ] Eﬂ
095 | o ] g 300
£ o ] )
& 09F[ . 8 ] g 200 |
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&085f ° g o ] 100 ]
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FIG. 9. Average energy of the high energy peakdgr 0.1 ML and ¢;= 0°

as a function of surface temperature. Open circles: energy averaged over
high energy component. Filled circles: energy averaged over the whole TOF
FIG. 7. Angular variation of the average energy and speed ratio of the higispectrum. Solid line is a linear fit to the data fég=< 700 K giving
energy peak. Open circlegg~ 0.1 ML, T,=500 K; filled circles,f,~0.1 (E (meV))=8.7k,—139 meV. The dashed line is the expected energy if the
ML, Ts=600 K. translational temperature is equalTg.

Desorption Angle (degrees)
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FIG. 10. Average energy of the high energy peak as a function of surface
temperature fog;=0° and oxygen coverages as shown.

200

the kinetics arises largely from a destabilization of the CO—
oxygen overlayer; this is equivalent to complementary
changes in the heats of adsorption &g aion in EQ. (7)
which should not effect the total excess energy in the prod-
uct.

100

CO2 signal (counts/sec)

400

C. Angular and temperature dependence of the high-
energy peak

That some of the CQshould desorb with translational 200

energies well above the surface temperature is not at all un-
expected, this behavior has been seen for CO oxidation on
polycrystalline P{Ref. 9 and P¢111) (Refs. 10—13and for 0
hydrogen recombination on Go;*” Pt and Pd(Ref. 39 A L L
surfaces. This behavior has also been observed for CO oxi- 0 100 200 300 400 500
dation on RIi111).” As mentioned earlier, the most interest- Time of Flight (usec)

ing result is the temperature dependence of the velocity dis-

tributions, i.e., the fact that the average energy increases $0G. 11. TOF spectra for Cscattered from the clean RH.1) surface. For

rapidly with surface temperature, and over such a large terrll three spectrag, =45°, 6;=0°. Fits are to a sum of a Sh.ifte.d B_oltzmann
perature range. for the directly scattered Cand a Maxwell-Boltzmann distribution at

. for trapped CQ.
Measurements of the temperature dependence of time- pped €@

of-flight distributions are relatively rare because they require

a postcrystal chopper to isolate the measurement of the time

of flight from the temperature dependent residence time of

the reactants. For HD formation on(Pt1), Verheijet al3®  ments, or in differences in reactant coverages. The tempera-
found that the average energy of the desorbing moleculesire dependence of the average energy that we have observed
increases with temperature with a slope &f,4For CO oxi- for CO oxidation on Rl1]) is even steeper, with a slope of
dation on Pt111), Beckef° reports that the average energy of 8.7k, for 6,~0.1 ML and 6;=0°.

the product CQincreases witlT; with a slope of about i, , What is expected for the temperature dependence of the
but, since the measurement was made by chopping the Cénergy of desorbing product molecules? Since the velocity
beam before the crystal, attributes it to the temperature dedistributions are actually a complicated function of the mul-
pendence of the CO residence time. Poelmetnal 1'*?have  tidimensional potential surface, it is difficult to create an ad-
also studied CO oxidation on ®f1) and report that the equate analytic model. The simplest model, due to van
average energy of the desorbing CiBcreases with a slope  Willigen,*® assumes a one-dimensional barrier in the direc-
of 2k, , but, again, the measurement was made by choppingion normal to the surface; only molecules with sufficient
the incoming CO beam, and must be corrected for the resihormal energy to overcome the barrier desorb. The predicted
dence time of the CO. Allerst al!® have measured velocity velocity distributions are just the high energy tail of a
distributions of CQ formed in steady-state CO oxidation Maxwell-Boltzmann at the surface temperature. For a bar-
using a postcrystal chopper, but report the average energie®r height,E,, , much greater thankg T, this model predicts

for only two surface temperatures; these two points give ahe average energy of molecules desorbing at normal will be
slope of(E) vs T, of 5k;,. The variation in these results for

CO oxidation on RfL11) may be due to difficulties in cor-

recting for the CO residence time in the earlier measure- (E)=E,+2k,Ts, 8

CO2 signal (counts/sec)
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which is much weaker than that observed for the current
system.

Another one-dimensional model proposed by Ddyen
with important refinements by Verheit al*® and Anger
et al,* relates the energy of the desorbing molecules to the
angular distribution using a simple model for the interaction
of the desorbing molecules with the surface phonons. For a
cos(¢) angular distribution, this model predicts that the
slope of(E) vs T will be 6k, which is still not as steep as
the observed ¢ dependence.

Iv)

C n 1 1 1 2 L 1 n 2
0 0.05 0.1 0.15 0.2
Velocity (cm/psec)

D. Surprisal analysis

In one sense, the failure of these very simple models to
reproduce the data are expected. They are based on one-
dimensional barriers and consider only translational energy. of o
CO, may not be well represented by a structureless particle;
it is probably formed in a bent configuration on the surface, 4 °
with considerable energy released in internal modes as well
as translation. In the absence of a simple model, the first sk
question to be answered is how much information can actu- S b
ally be extracted from the velocity and angular distributions. 0 100 200 300 400 500 600 700
Are the observed velocity distributions at different tempera- Energy (meV)
tures and angles the result of complicated interactions be-
tween internal and translational modes of the molecules antlG. 12. Surprisal plot of the velocity distribution measured viigx-500
surface phonons, or is there a model involing only a few;, 52 1M 40410 T iasvel Satamany dsttuted pr o
aspects of the PES which will account for the data? On @ut the ionizer broadening has not been deconvoluted out. The solid line is
more practical level, how many independent parameters camlinear fit to the data.
we derive from the measured distributions?

Surprisal analysis is a standard tool for answering these
guestions which has been extensively used in studies ofgas .. . . .

. . .~ “equilibrium” desorption, where the desorbing molecules
phase dynamics, and it has also been used to analyze Vlbrﬁéve accommodated at the surface temperature
tional energy distributions in CO and G@om oxidation of P '
C and CO on Pt There are excellent explanations in
textbooké® and review articles on the subjétt’ and the f(v)=Nv3 cog af)exp(
specifics of applying surprisal analysis to angtilaand
velocity*® distributions have been discussed previously s
only the primary result will be presented here.

The functional form for the “most random” possible dis-
tribution subject to somémal) number of constraints is

IE)
O

2k, T

v2
: (11

%Given that the angular distributions of product L£@re
peaked along the surface normal, and that the translational
energies are greater than the surface temperature, there must
be some constraint o and also on the velocity or energy.
Determining the form of the constraint is a matter of trial and

' ©) error, looking for the particular form which gives the sur-

prisal plot which may be fit with the fewest parameters. Sur-
wheref (i) is the measured distribution, thg are the sur- prisal plots for the TOF spectrum &=500 K, 6;=0°, and
prisal parameters, tha, are the constrained variables, and g~ 0.1 ML (with the thermal fraction subtractedre shown
fo(i) is the “prior” distribution, the most random possible jn Fig. 12. In the top panel, the constrained parameter is the

distribution in the absence of any constraint. Another usefu{,emcity and in the bottom panel it is the energy; clearly, a
quantity is the information content of the distribution, or constraint on the velocity gives a linear surprisal. Surprisal

fm<i>=fo<i>ex{—2 MnAn(i)

“surprisal” which is defined as plots of the angular distribution of the intensity of the high
f.(0) energy peak at =500 K andf,~ 0.1 ML are shown in Fig.
I(i)==In o) =NAFNAH (10)  13. In the top panel the constrained parameter i$&pand
0

in the bottom panel it is ca(aﬁf), corresponding to con-

If a particular measured distribution can be defined by astraints on the normal velocity and the normal energy. Both

single parameter, a plot of its surprisal ivevill be linear. of the surprisal plots of the angular distribution are close to
To apply surprisal analysis, one must choose a prior dishinear; on trying to fit the distributions, however, we found

tribution and make an educated guess about the constrainthat only co$6;) came close to reproducing the data. Con-

For the case of molecules desorbing from a surface, a logicaitraints on co%;) and the velocity suggest coq#6;), the

choice for the prior distribution is that which arises from normal velocity, as the constraint defining the velocity and
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the value of is 68.3us/cm, just a simple average over all of
the 65~0.1 ML points in Fig. 16. Although the data are not
reproduced exactly with a constant valuexgfthe slope of

(E) vs T is 8.5k, very close to the experimental value.
Essentially, all of the dynamics of the “fast” CQat 65~ 0.1

ML, for Tg=475 K-700 K and the entire angular range, can
be condensed into a single parameter. Although the actual
potential energy surface is at least nine dimensiéaadl has
many more dimensions when the surface degrees of freedom
are consideredeither the thermal averaging or the domi-
nance of a single feature of the PES results in velocity dis-
tributions which are sensitive only to a single parameter, a
constraint on the value of the velocity in the direction normal
to the surfacey cod ;).

For surface temperatures greater than 700 K, thg CO
signal is too small to measure the TOF spectra at large de-
sorption angles, and thus it is difficult to determine the rela-
tive intensities of the thermal and high energy components.
] Without this information, it is not possible to obtain a unique
] fit to Eq. (12) to determine the value of. However, the fact
that the average energy is decreasing more slowly with sur-
R T , L 8] face temperature indicates that, if the velocity distributions
0.3 04 05 06 07 08 09 1 may still be fit to Eq.(12), N\ must decrease. This may indi-

cos’(8) cate that at such high temperatures, we are approaching the

limit where everything on the surface has a high probability

FIG. 13. Surprisal plots of the angular distribution of the intensity of the of reacting.
high energy C@peak forTs=500 K andfp~ 0.1 ML. Solid lines are linear The surprisal form in Eq(12) also fits the data at higher
fits to the data. oxygen coverage, at least for the range where we have suf-
ficient data to determine the relative intensities of the high
energy and thermal components. The values for the surprisal
parameter fo6y~ 0.25 ML, andéy~ 0.3 ML are also plotted
in Fig. 16. The scatter in the values of the surprisal parameter
is more severe than for th&,~0.1 ML data, due in part to
f(v,0:) =Nifo(v, ;) exd\v cog 6;) ]+ Naofo(v, ), lower signal and greater difficulties in reproducing the same
(12 coverages at different surface temperatures. In general, it ap-

where the second term is included to account for the therP€a's than increases with increasing oxygen coverage.

mally distributed CQ. This form fits our TOF distributions
very well; examples at ;=500 K andT,=600 K are shown
in Figs. 14 and 15. Note that only three parameters ar
needed to fit all of the TOF distributions at a given tempera- One drawback of surprisal analysis is that, by itself, it
ture and coveragey;, N,, and\ do not depend on desorp- does not provide a physical model for the dynamics. All of
tion angle. In contrast, the parameters of the shifted Boltzthe physical insight that it yields is in the constraints that
manns with which we fit these distributions before weremust be applied to fit the distributions. However, it also
angle dependent—we needed 16 parameters to fit the datayields the important fact that only one independent param-
Fig. 14. eter can be determined from the data. Therefore, while the
The aspect of the dynamics that we are most interestedata may be fit with a model containing many adjustable
in illuminating, however, is the temperature dependeihds. parameters, the fit will not be unique, and more than one
plotted as a function of temperature in Fig. 16. There is som@arameter cannot be determined unambiguously.
scatter in the data, some of which is due to the difficulty in ~ The most straightforward interpretation of the data
reproducing the same oxygen coverage at diffefentbut  comes from the application of detailed balance, which states
there is no clear trend witiy. One way to gauge the impor- that, for a system at equilibrium, the desorbing flux must be
tance of the scatter is to look at the average energies prédentical to the adsorbing flu¥, so that the sticking coeffi-
dicted by a constant value afas a function of temperature. cient as a function of velocity and desorption angle is given
This is shown, along with th&;~0.1 ML data, in Fig. 17; by

I(cos(® f))

I(cos*(® f))

angular distributions. The functional form this result implies
is, using Eq(9) and dropping the negative in the exponent so
\ is positive,

E' Interpretation of the constraint

p velocity distribution of desorbing molecules \ ) ant 13
= : . : — o + i
S(v, 1) velocity distribution of a gas affg incident on the surface eXfLAv cod 6y)]+constan (13
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FIG. 14. TOF spectra af,=500 K, 65~ 0.1 ML; fits are to the surprisal form in E¢12).

Ea(E’)dE’. (14)

The constant term corresponds to the thermal fraction of the SE) f
E =
0

desorbing CQ, and the probability of an incident GQlis-
sociating to form adsorbed carbon monoxide and oxygen in-
creases exponentially with increasing normal velocity.Restating this in differential form and plugging in the energy
Clearly, this dependence cannot hold at all velocities, sincglependence of the sticking coefficient from E43) yields

the sticking coefficient must be less than or equal to one, but

it holds in the energy range observed for the desorbing,CO ds
~200-350 meV. This is a very steep dependence of the U(E):d—E“ﬁ exp(\E) (19
sticking coefficient on the energy; for,HP{(111), for ex-
2 38
ample, S[E cos'(6y)]=[E cos{(6,)]’. for this system. Extracting any information about the poten-

The energy dependence of the sticking coefficient is freéy| grface that creates this distribution of barrier heights
quently interpreted in terms of a dlgtrlbutlon_ of barrier o ires more assumptions. If the PES can be represented by
heights in a one-dimensional poFenﬁéFﬁ Ifthere is only @ 5 o dimensional surface, the transition state is a saddle
single path through the PES which leads to dissociative a?point, ando (E) is related to the width of the channel at the
sorption, then there is a single barrier, and the sticking coefgansition state. More precisely, it should be the arc length of
ficient will be a step function in the energy. If there are the cross section of the saddle perpendicular to the reaction
multiple reaction paths, each will have its own barrier height,yath. From the standard formula for the arc length,
and, generally, one expects there to be more possible paths to
reaction at higher energies. Formally, this distribution of bar-  5(E)dE=dS=\/(dx)%+ (dE)?
rier heights is defined by the equatifgee Ref. 51 and Eq.

(4) of Ref. 57 or
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FIG. 15. TOF spectra af,=600 K, 65~ 0.1 ML; fits are to the surprisal form in E¢12).

Equations(16) and(17) relate the energy dependence of the
(16)  sticking coefficient to the local shape of the PES. Explicitly,
this may be stated

wherex is some variable, or combination of variables, in the

geometry of the reaction; it could be the length of a carbon—  dx _ [(dS\?
oxygen bond, or the bond angle, or some other parameter. dgE dE -1 (17)

85

75

A (Usec/cm)

65

FIG. 16. Temperature dependence of the surprisal parametefilled

80

70

O

?

1
500

1 a1 s Il
550 600 650 700
Surface Temperature (K)

This formula may be integrated to give the shape of the
saddle point which is consistent with a give(E). It is only
valid for limited energy ranges; for large energies where
S(E) levels off, it clearly cannot hold. However, its predic-
tions for the local geometry are reasonableS(E) looks
like a step functionE(x) increases steeply; the PES near the
transition state is a narrow channel with steep sides, ap-
proaching the one dimensional limit where is there is only a
single possible reaction path. E) increases over a large
energy range, the calculat&qx) varies more slowly, so that
increasing the energy opens up many new paths for the re-
action.

Dissociative sticking of C@®(and hence CO oxidation
fall into the latter categorye(x) for the average values af
obtained forf5~ 0.1 ML, 65~ 0.25 ML, andf,~0.3 ML are

circles, 6o~ 0.1 ML; open circlesfo~0.25 ML; squares@o~ 0.3 ML. shown in Fig. 18. The same values for the pre-exponential
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ordinate is also unknown. The reaction probability is a func-
tion of the normal velocity and a great deal of energy winds
up in translation which both suggest a barrier relatively far
from the surfacdi.e., an early barrier for dissociative stick-
ing and a late barrier for COformation). Thus the reaction
coordinate might be expected to roughly parallel to the sur-
face normal. The geometry of the transition state is un-
known, but is probably bent and bound to the surface either
through a single oxygen or the carbon and an oxygen
. e atom®354 It may also carry a partial negative charge—the
450 500 550 600 650 700 750 CO; ion is known to dissociate readily into CO and O on K
Surface Temperature (K) doped Rh surfac&sand is a reasonable guess for an inter-
mediate. In short, there are plenty of possible candidates for

FIG. 17. Comparison of measured average energiedfer0.1 ML, 6:=0° g second crucial geometric parameter, and the current data
(open circley with those calculated with =68.3, independent of ¢ (filled provide no way to piCk one.

circles. Solid line is a linear fit to the data, as in Fig. 9. Dashed line is a e .
linear fit to the calculated values which givés) (meV)=8.5k,T,—139.9 Another pQSSIbIIIty SUngSted by the eXponent'fil dgpen-
meV. dence ofS(E) is that tunneling may play some role in stick-

ing and dissociation. A model based on tunneling through a
parabolic barrier will not fit the data, because it yields an
and the barrier heighthe lowest possible energy at which exponential dependence of the sticking coefficient\on
the reaction may occure assumed at all three coverages.which is too steep, but tunneling through a square barrier
As expected, the potentials for the higher coverages vargives about the right slope & vs v cog6¢) and actually
more slowly, so that higher energy G@as a much higher does fit the data fairly well at low energies. A square barrier
sticking probability. Figure 18 is interesting primarily in that model, of course, involves two parameters, the height of the
it suggests a second possible interpretation of the coverad®arrier and the width. In order to determine both, it is nec-
dependence of the dynamics. Instead of destabilizing thessary to incorporate more information—ideally the absolute
transition state, as suggested in the last section, the highealue of the dissociative sticking probability of GOwe
oxygen coverage could give rise to higher energy,®® looked for dissociative sticking of CQand did not observe
changing the shape of the potential. any, even at incident energies of 430 meV. The sticking prob-
Attempting to interpret the distribution of barrier heights ability has been measured at high pressures of @@ H, (1
in this way is clearly open to question. The most importantTorr CO,, 100 Torr H) by Goodmaret al;>® for T,=470 K
objection is that the PES may not be well represented by ander these conditions, the sticking coefficient-i$0 8. Pa-
two dimensional surface; if more dimensions must be takemameters for a square barrier can be found which give this
into account,o(E) is related to a volume in the potential value for the sticking coefficient and fit our TOF data; they
space, and the problem becomes much more complicatedre 810 meV for the barrier height and 0.058 A for the bar-
Another difficulty is that the information yielded is very lim- rier width. Such a narrow barrier width is difficult to justify
ited. Nothing whatever may be inferred about the shape ophysically; in comparison, the width of a parabolic barrier
the barrier along the reaction coordinate. The all importanheeded to fit methane dissociation on(Nil) is ~0.4 A%’
geometric variable which is perpendicular to the reaction coSuch a tall thin barrier corresponds to an extremely steep, not
very realistic potential, so this simple model suggests tunnel-
ing is not playing a very large role.

400

300

Average Energy (meV)

200

500 S — MM
ok o ~01 ML ] V. CONCLUSIONS
~ i o —oasML We have measured the velocity distributions of G a
R ST ] function of desorption angle, surface temperature, and oxy-
§ a0 b - -7 o 03 ML gen coverage. Using a postcrystal chopper and continuous
2 : e RIS ] beams of CO and oxygen allow these measurements to be
@ wop S0 e ] made under steady-state conditions; constant CO and oxygen
aso b )/ coverages and constant surface temperature. We have found
o that both the angular and velocity distributions appear to be
2000' T P bimodal. One component is well characterized by Maxwell—
X (arbitrary units) Boltzmann velocity distributions at the surface temperature

and a cosine angular distribution. The second component is
FIG. 18. Comparison of integrated potentials from Edg) for 65~ 0.1 ML non-Boltzmann, W'th energles. _mUCh grgater than expected
(solid line), 6,~0.25 ML (dashed ling and 6,~0.3 ML (short-dashed ~ for molecules which have equilibrated with the surface, and
line). The constant of integration, which corresponds to the lowest possiblgyn angular distribution sharply peaked toward normal. The

barrier in the translational degree of freedom, has been arbitrarily set to 20 ; : :
meV for all three coverages=0 represents the “equilibrium” position of gverage energy of the hlgh energy peak Increases SlOWIy with

x, the value ok for which the energy is lowest. For negativethe potential ~ OXygen coverage. The average energy of the high energy
is expected to increase steeply. peak is a very strong function of surface temperature. At an
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