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ABSTRACT

Scattering distributions of monatomic and diatoﬁic gases from
clean a CO covered Pt single crystal surfaées indicate efficient
translational vibrational (TB-VS) energy transfer when the surface
is CO covered. This efficient energy transfer ié attributed to low
frequency bending modes of the CO molecules on thé'surface which
absorb the incident particle energy. The increaséd surface residence
tiﬁe resulting from this efficient energy transfer could be responsible
for higher sticking probabilities of incident gases increased reaction

rates for adsorption limited surface reactions.



INTRODUCT ION

Atomic and molecular beams scattered from clean metal surfaces have

" shown poor energy accommodation with the scattering surface. The angular

25 0Ogs NZ’ NO, CO, and'HCZH2 1,2 beams peak at

or near the specular angle. Ammonia alone has shown the cosine like

distribution‘pf scattered H,, O
angular distribution upon scattering from the Pt(lOd) surface that

would be expected if the incident molecules therﬁaily'equilibrated and
then were feemitted from the surface. Although the surface temperatures
IS were generally greater in these experiments than the characteristic
"beam temperatufes," TB,vthe temperaturé-dependence of the angular dis-
tributions of the scattered beams do not explain the poor energy transfer
between the incident molecules and the surface.

Siekhaus et al.3 have monitored the velocity of scattered beams
of'many molecules direétly, as a function of the éurface temperature of
graphite, and found poor energy accommodation abové 400°K‘for all of the
beam molecules. Even in the abéence of'defermination of the scattered
beam velocity, from the angular distribution stu&iés:it can be concluded
that TB-Vé or VB-VS energy transfer, i.e., energy transfer between trans—
lational or vibrational modes of the incident molgéules and the phonon
modes of the surface atoms of the solid is not an efficient process.

The nature of energy transfer changes radicaliy, however, when
molecules aré scattered from a layer of adsorbedvdiatomic or polyatomic
molecules, such asfcarbon monoxide or acetylene. In this paper we
reportvon molecular beam scattering studies from these adsorbed layers

on the platinum (111) crystal face. Invariably, atoms or diatomic

mblecules‘undergo complete thermal accommodation when scattered from



£

an adsorbed layer of carbon monoxide, as indicated by the cosine like
.angular dist;ibution of the scattered beams. These studies indicate that
energy exchange in the molecular beam-surface scattering process is
predominantly via the TB—VS
bending modes of the absorbed molecules are likely to be responsible for

the efficient energy transfer.

mechanism and that the low frequency localized



EXPERIMENTAL

The apparatus used in these scattering‘studieé_has been described
Ver& briefly previously.A For detailed information about theAextensive
modifications to the original apparaﬁus,5 see.reference 6. Briefly,
the apparatus is an ultra-high vacuumbscattering chamber fitted with
low energy electron diffraction (LEED) optics, Augef:electron
spectrqmeter (AES) and a rotatable mass spectfoqeter'detéctor, attached
to two diffusion.pumped chambers fér forming and ﬁodulating a molecular
beam. Thé‘single.crystal scattering surface can be chemiéally éleaned,
ion sputtered, annealed, and characterized by LEED And AES in the
_yscétteringvchamber; Pressures below 10_9 Torr alidw the surface to be
kept free of unwanted contaminants for times»long enough to do the
experiﬁentél measurements. The incident moleculaf beam is forméd
by effusion from an oven fitted with a multichanne1>Capillary array,
and modulated by a variabié frequency mechanical chopper. Lock-in
detection of the scattered beam is used to imprové';he signal to noise
ratio, Angular‘distributions of the scattered molédules are determined
by rotating the mass spectroﬁeter detectdr around the scatféring
-surface, iﬁ-the plane of the incident beam and fhe.éurface ndrmal.
All of_thévexperiments reported.here used 'a modﬁlation frequency
of 160 Hz. )

The scattering surfacéﬂwas the (111) plane of a-Pt single crystal.
The bulk rod (Materials Research Corporation) was_driented to wifhin
0.5° of the (111) plane by back reflection of X;rays, and then a 1.5 mm

slice was spark cut from the rod. The specimen was mechanically



polished with successively finer abrasives ending with 1y diamond
paste. The poiished crystal was spotwelded to high purity Pt poly-
crystalline supporfs, etched in hot 50% aqua regia, and mounted on a
Varian cr&stal manipulator in the scattering chamﬁer. The crystal
céuld be resistively heated and its temperature;was determined by
comparison with a similarly prepared crystal fittéd'&ith a Pt-?t 10%Z Rh
termocouple, or alternateiy by an infrared pyrometer.

After extensive ion bombérdment, heat treatments, and oxygen‘
cleaning the LEED pattern was that of the clean Pt(1ll) surface. An
Auger épectrum of the surface exhibiting the cléan.LEED pattefﬁ showed
large Pt peaks, no C or 0 peaks, and a small Ca'peak. ‘Once the clean
crystal had been prepared, the clean surface waé éésily regenerated
after CQ adsorption, by heating to ~1100°K in 2'><10'_5 Torr O, for

2
1 hour and then pumping out the 0, while the crystal was still hot.

2
The CO adsorbed layer was obtained by exposing the clean surface
at 300°K to a pre.ssure_of-l..5><10—8 Torr CO for about 30 minutes. The
resulting LEED ﬁattern showed very high backgrouﬁd and dim C(4x2)
featuees17 which were very sensitive to electronvbeam deterioration.

All of the gases used in the beam, for cleaning, ion bombardment, and

adsorption were Matheson research grade gases.



RESULTS AND DISCUSSION

Figure la shows the angular distribution of carbon monoxidé and
nitrogén molecular beams scattered frdm an adsorbed carbon monoxide
layer. Botﬁ specieé have the same Aolecular weights but very different
vibrational frequencies and rotational spectrs. Thé figure clearly
shows thé cosine like angular distribution of thé séattered beam,
which iﬁplies complete eﬁérgy accommodation of'both gas molecules with
the sUrfage before reemission. bFigure }b shows the angular distribution

of N, scattered from the clean platinum surface.j,Figures 2a and 2b

2
éhow the angular distribution of hydrogen scattéred.from clean and
carbon ﬁonoxide covered platinum (111) surfaces; HAgain, the scattéred
beam is highly specular from the é¢lean metal surfacé, while coéine

like from the CO covered crystal. Thus, it appearsrthat the presence

of an adsorbed layer of diatomic molecules greatly facilitates the
energy accommodation of incident gas molecules. .

The energy transfer responsible for this efficiént accommodation
can either be between the translational modes of the diatomic molecule
in the beam and the vibrational modes of the carbon monoxide mblecules
adsorbed on the surface (TB-VS intéraction), or vis thevvibrational
modes of the gas and the CO molecules on the surface‘(VB—VS interaction).
Rotational energy trapsfer (RB—VS) is expected fo’be rapid and coﬁplete

')

for both incident CO and N, molecules even with the clean platinum:

2
surfaces. Do11’ calculates that the width of thé angular distribution
on scattering a rigid rotor as compared to atom écattering is markedly

broader, in good agreement with experiments. Thus, it
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appears thét‘RB-VS energy transfer can readily také‘place within
collision time from the clean metal surface. The éxception'appéars

to be that of hydrogen since large differences in the'angular distribu-
tion of scatt:'ered,H2 and Dz'froﬁ clean surfaces ha&e.been detected.8

Because of the larger mass of CO and N,, the rotationél energy states

29
are closely spaced and readily available for enefgy :f:ransfer.

In order to learn which energy transfer proceés, TB-VS or VB;VS
is responsible for the complete energy accommodation of the incident
gas on the adsorbed layer we'Have scattered an aféon atomic beam from
the clean and carbon-monoxide covered Pt(11l1) suffgcé; The results
are shown in.Fig. 3. Argon scatters specularly from the clean Pt(111)
surface whilé; as Fig. 3 indicates, it exhibits a cééine'like angular
distribution when scattered from an adsorbed iayéfbof carbon moncxide.

This observation indicates that the T -V energy transfer process is

B
responsible for the complete thermal accommodation of the argon atom and
therefore the CO and N, molecules scattered from the CO covered platinum
surface are ﬁpst likely to be accommodated by the s#me mechanism in the
presence of an aésorbed layer of carbon monoxide;

For‘thé diatomic molecules, however, con;ribufion of VB-Vs energy
transfe; to the TB-VS process éannot be ruled ogt, although complete

B 'S

energy exchange. Similar results, i.e. complete energy accommodation,

thermal accommodation of atoms has taken place in the absence of V_-V

have been obtained upon scattering acetylene (CZHZ) from an adsofbed
1 .
laye; of C2H2. o
It appears that the vibration modes of the adsbrbed molecules that

are localized at the surface can readily absorb the kinetic energy of
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the incideot.atom or molecule. These observations can readily be
rationalizod by assuming that on impact the molecules bend and absorb
part.of the impact energy by excitation of these low frequency bending
modes. Onco'the incident atom or molecule loses enough kinetic energy
that it can no longer desorb within a vibrationai time, it becomes
trapped on the surface long enough (between 10-'6 and 10"3 seconds), for
complete accommodation. to occur. |

It shoqld be noted.thatbthe scatteiing expefiments from an adsorbed
co layef wefe carried out at 300°K while from a clean platinum surface,
at or above 500°K. This higher temperature was necessary to avoid
contamination of the clean crystal surface by CO, whicﬁ is ever present
in the'uifra high vacuum syotems. In the absence of‘ourface
cootamination, the angular distribution ofvscattered.Nz, H2 or Ar
beams become more peaked with decreasing surface temperature.

(Bea Fig. 4) Thus, the small temperature differeoco cannot account for
the markedly different energy accommodation of the incident molecules,
but it must be the result of the presence of the adgofbed CO which
changes the nature of the molecular collision dynamics.

In many surface reactions the rate determining step is that of the
adsorption of reactants. Ouf expefiments indicate that the residence
time of the incident molecules can be greatly increased by ''contaminating"
the surface with CO. Other diatomic or polyatomio ﬁolecules that provide
the same efficient TB_VS channel for energy accommodation should be
equally effective in increasing the residence time. Tfhus, the reaction
probability should markedly increase in the preseoce of these impurities

for reactions where reactant adsorption is the rate determining step.



For example, Bonzel and Ku9 and Palmer et al.lO report on the oxidation
of CO on platinum crystal surfaces. It appears that the reaction proceeds
readily with detectable rates on the Pt (100) surface. On the other hand
other chemical reactions, HZ-D2 exchange,6 D2--O2 feéétion etc..11 could
not be detected on clean (111) or (100) crystal facesfof platinum. It
would be of importance to investigate the effect of adsorbed gases with
partial ﬁonolayer coverage on the surface reaction.ratés. Thése adsorbates
may well "catalyze" surféce reactions by increasing the residence time
of the react;nts on the surface. Of course, forvcéffain other reactions
adsorption of a partial monolayer of éas giving incféased residence time
could decrease the reactién,ratg by poisoning or Bl&éking active sites.
This appears fo be the case for HZ—D2 exchange on certain Pt surfaces.6

| These results also.inﬁicate that the sticking proﬁability of incident

- molecules should drastically depend on the state of_cleanlineés of the
surface. In ultra high vacuum systems carbon monqkidé is one of the most
abundant contaminants. A partial monolayer coverége of adsorbed CO may
change the sticking‘probability or rare gas atoms o?‘of diatomic mblecules
by orders of magnitude. The cbntrqversy in the liﬁefature ovef the

32’13’14 could well be explained

sticking prébability of 02 on Pt surface
by this increase in residence time due to effiéient energy transfer on
surfaces with adsorbed CO layers. |

It is of interest to explore the effect of the relative molecular
weightsvof the incident molecules and the substraté atéms on the energy
accommodation, since we have substituted heavy platinﬁm atoms with light
16

CO molecules as scatterers. West and Somorjai15 and Merrill and Smith

have shown that graphitic carbon scatters He and O2 specularly without



much energy éccommodation.

It is importanf to separate the effect of atomic disorder from
the effect of adsorbed CO on the angular distributibn of the scattered
molecules, Although the adsorbed CO layer is ordered as indicated by
the difffactioﬁ pattern, it is likely that there.éré disordered areas
in the adsérbate layer. Thus the scattering from the‘adsorbed layer
may also show effects due to disorder. Clean stepped surfaces are
ideally suitgd to explore the effect of disorder oﬁ the scattering
without the presénce of the adsorbed layer. We have compared the
angular distribution of scattered H2 from two clean stepped surfaces
with the angular distribution from clean and CO cévered Pt(111)
surfaces. Figufe 5 shows the results of this compariéonﬁ Scattering
f;om the clean (111) surface is very strongly peaked. Scattering
from the CO covered surface is cosine. Scatterihg from stepped
surfaces is still quite specular, even though the surfaces contain
roughly 10% (Pt-(s)[9(111)%(111)]) and 20% (Pt-(s) [5(111)x(111)]
edge atoms. It would appear that the surface w0u1d;Have to be more
than 507 disordered for the scattering distributidn fo become cosine
from disorder or atomic roughness alone. 1In the.case of the CO
chemisorBed layer, the LEED pattern indicates thaf the surface is
more highly ordered than this.

Smith and Merrill16 have found that a D2 beam scattered from a
‘disorderéd carbon layer on top of platinum (111) wés highly specular
and did nof show complete energy accommodation asbit does on scattering
from an adsorbed CO layer on platinum. Recent evidence from their

laboratory18 indicates that this specularity could be due to scattering
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from the bare Pt surface after aggregation of the carbon layer.
Therefore it appears thatlneither the change of molecular weight nor
the change in the degree of order of the surface atoms is responsible
for the marked change in the energy transfer witﬁ the incident gas
atom or molecule. It appears that the localized vibrational modes
provided by the adsorbed CO molecules, resulting in efficient TB—VS

energy transfer, are responsible for the complete energy accommodations

of the incident atomic or molecular beams,

~ 4 !
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Figure Captions

1. a) Scattering distribution of N, and CO from CO covered

2

surface. b) Scattering distribution of Né'and CO from clean
surface.

2. a) Scattering distribution of H, from clean surface.

2
b) Scattering'distribution of H2 from CO covg;ed surface.
3. a) Scattering distribution of Ar from ciean surface.
b) Scattering distribution of Ar from C0.covéred surface.
4, Scattering distribution of Ar from clean surface at
ﬁwo different temperatures. Inset shows dependence §f
specular intensity on surféée temperature. -

, from steppéd Pt surfaces
compared with clean and CO covered Pt(lllf. 8

5. Scattering distributions of H
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