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Mechanisms in H Atom Abstraction of Adsorbed D Atoms on Pt(111)
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In the H(g)-on-D,q abstraction reaction on a Pt(111) surface at 100 K, HD molecules are formed via
direct Eley-Rideal and primary hot atom mechanisms as well as via a secondary hot atom mechanism
with an equal yield but distinctively different kinetics and angular distributions peaket‘aand ~45°
from the surface normal, respectively. However, the former two mechanisms are not distinguished in
the present experiment. About 37% of adsorbed D atoms desorbegd fasnizd via a secondary hot
atom mechanism with a distribution also peaked-d6°. Results are discussed in terms of the reaction
dynamics. [S0031-9007(99)08426-4]

PACS numbers: 79.20.Rf

Surface reactions of the gas-phase atoms of thermdaions as well as by secondary hot atom reactions with
energies with atomic and molecular adsorbates on metan equal yield but distinctively different angular distribu-
and semiconductor surfaces have gained much attentidions peaked at near the surface normal and-4%°, re-
in recent years because of the fundamental interest ispectively. About 37% of adsorbed D atoms desorbed as
the mechanism and dynamics of these reactions urd, formed by homonuclear secondary hot atom reaction
der nonequilibrium conditions in contrast to those ofwith an angular distribution also peaked -att5°. The
thermally activated reactions between adsorbed speciessults are discussed in terms of the reaction dynamics.
(Langmuir-Hinshelwood (LH) mechanism). Abstraction The experiments have been performed in an ultrahigh
of chemisorbed H(D) atoms by the gas-phase D(H) atomsacuum system [12] equipped with an ion gun, Auger
is the simplest model reaction and therefore has beeelectron spectrometer, a hydrogen atom source, and two
most extensively investigated theoretically as well agguadrupole mass spectrometers (QMS). The H(D) atom
experimentally [1-10]. The results have been usualljbeam was produced in a narrow tungsten tube =
interpreted in terms of the Eley-Rideal (ER) mechanism inl mm) heated to~1900K by electron bombardment en-
which an incident H(D) atom directly reacts upon makingclosed in a water-cooled radiation shield. The beam pro-
the first collision with the surface. For the reactionsfile at the surface of the Pt(111) crystal, a disk of 9 mm
H(D) + D(H)/Cu(111) Rettner and Auerbach [7] have diameter,~2 cm from the tube tip was roughly measured
demonstrated that the reaction exothermicity of 2.3 eMo have a broad nonuniform distribution with a FWHM of
is mostly carried away by the nascent HD molecules as-6 mm in diameter, and therefore even at normal inci-
translational, vibrational, and rotational energies with littledence the beam essentially floods the whole surface area.
dissipation to the surface, which suggests an impulsiv@wo QMS’s were employed for simultaneously measur-
nature of the reaction. However, the experimentallying the total and angle-resolved product desorption rates:
estimated abstraction cross sectiom € 5 A% [7]) is  one mounted in the sample chamber and having no di-
larger by 1 order than that obtained by molecular dy-rect line of sight communication with the sample and
namic calculations [8,9], which led to the suggestion thathe other housed in a differentially pumped can with two
abstraction by hot atoms, which are trapped atoms butollimating apertures 1.6 and 3.3 cm from the surface (ac-
not accommodated to the surface, may be the dominamieptance cone angle of 5°), respectively. For angle-
mechanism. Recently, inddn-D,y (D-on-H,q) reaction resolved kinetic measurements the crystal was rotated with
D, (H») has been observed in addition to the major HDrespect to the fixed atom source and QMS, whose axes
product on metal surfaces [11], which clearly demon-make an angle o#5° at the sample surface, and there-
strates one type of hot atom-mediated reactions. Althougfore the incidence anglé; and desorption anglé, de-
the ER and hot atom reactions would exhibit differentfined from the surface normal vary together according to
reaction dynamics in view of the different energies andthe relationd, + 6; = 45°. For the product angular dis-
lateral momenta of the incident and hot atoms, the twdribution (Fig. 3) thed -dependent collection efficiency
mechanisms have not been experimentally distinguishedf the collimating apertures has been separately measured
for hydrogen abstraction reactions so far by their producand corrected for; the angular distribution of @esorb-
angular and/or energy distributions. ing at 150 K from the @saturated Pt(111) surface in

In this Letter, we have shown in the-6h-D,q ab- temperature-programmed desorption (TPD) turned out to
straction reaction on Pt(111) at 100 K that HD moleculesbe ~cos"® 6, and its deviation from a cog, distribu-
are formed by direct ER plus primary hot atom reac-tion expected for a molecular adsorbate whose adsorption
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is nonactivated can be attributed to thedependent col- sampled by the H atom beam at all incidence angles. The
lection efficiency. Before each run, the Pt(111) surface atime constants associated with the exponentially decaying
100 Kwas dosed with D atoms for 120 s, which was foundD, signal were found to be almost proportional to the in-
to be enough to saturate the whole surface to have a covererse of co®;. Thus, we conclude that the reaction rate
age off, = 1 monolayer (ML)(1.5 X 10" atomgcn?). is proportional to the H atom flux, and the flux effectively
In Fig. 1 we have shown the time-dependent QMS sigvaries as close to c@s in the present experiment.
nals of HD and DB desorbing from the D-saturated Pt(111) In Fig. 2 are shown the angle-resolved desorption rates
at 100 K exposed to a beam of H atomg at 0, which  of HD and D, measured at three different desorption
were detected with the QMS in the sample chamberangles off, = 0°, 30°, and60°, in which the incidence
Since a hydrogen molecule does not adsorb molecularly oangles for the latter tw@; = *15°) are actually the same.
Pt(111) at 100 K, the measured desorption Rte corre-  Two characteristic features of the data can be immediately
sponds to the product formation rate. Taking into accounhoticed: (1) the rate curves of;[are qualitatively similar
the relative QMS sensitivitieHD : D, = 1.06 : 1), we  to the angle-integrated one in Fig. 1 at all desorption
have plotted the rates in a Mk unit based on the D atom angles. The different decay rates are simply due t@the
balance, i.e.,[B°{RHD(t) + 2Rp,(t)}dt = 6p(0) = 1 ML. dependent H atom flux; (2) the shape of the rate curve of
Upon starting the reaction, the HD signal makes a stepHD is stronglyd, dependent. Af, = 0°, it shows a large
like jump and then further increases slightly to the maxi-initial jump followed by an exponential decay, whereas at
mum which is followed by a monotonic decay, whereasf, = 60° the signal is initially zero but increases to the
the D, signal jumps to the maximum at= 0 and then de- maximum at a finite reaction time. At an intermediate
cays exponentially. The postreaction TPD measuremergngle ofd, = 30°, a rate curve which is almost halfway
showed desorption of only +but no other molecule, in- between the other two is measured. It thus appears that HD
dicating that the initial surface D atoms were completelymolecules are formed via two different mechanisms with
replaced by H atoms. Hwas also produced by the ab- completely different reaction kinetics and product angular
straction reaction, but we could not get a quantitative datalistributions. By time integrating the rate curves measured
due to the large background. Integrating the rate curvegt various desorption angles, we have plotted the angular
we find that63 = 3% of the initial surface D atoms de-
sorb as HD and the reS§7 = 3% as D,. Although not
shown here, the combined yield of HD ang @ a D atom
basis and the product branching ratio were almost indepen-
dent ofé;, which implies that the whole surface area was
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FIG. 1. Angle-integrated desorption rate curves of HD and Time (s)

D, formed in the reaction of the gas-phase H atom with the

D atom adsorbed on Pt(111) at 100 K and saturation coverag&IlG. 2. Angle-resolved desorption rate curves of HD and D
The solid curves represent the best-fitting functions of the fornformed in the reaction of the gas-phase H atom with the D
f(t) = Ae ™ + B(e ¥ — e %) for HD, and f(r) = Cd~*'  atom adsorbed on Pt(111) at 100 K and saturation coverage, in
for D, derived from a kinetic model. The inset shows kinetic which the geometrical configurations of the atom beam (H) and
separation of the HD signal into ER plys-HA and s-HA the detector (D), with respect to the sample, are schematically
reaction components (see the text). shown.
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distributions of HD and B (Fig. 3) after correcting for HD and D, molecules are formed:

the 6,-dependent collection efficiency of the collimators. - . ,
HD shows two overlapping lobes with the main peak at H(g) + Dua — HD(g)  (Eley-Rideal reaction (1)

6y ~ 10° and the shoulder peak roughly éf ~ 45°, Hj’, + D.q — HD(g) (p-HA reaction, (2)
which implies that the dynamics of HD formation involved . _
in the two mechanisms mentioned above are quite different Dy + Daa — D2(g) (s-HA reaction, 3)

from each other resulting in different product angular oy .
distributions. On the other hand, the angular distribution Di(H;) + Haa(Daa) — HD(g) (s-HA reaction. (4)
of D, shows a broad distribution with a single peak atWe have analyzed [12] the desorption rate curves by
6y ~ 45° and an appreciable intensity around the surfacenodeling the reaction kinetics based on these mecha-
normal. The peak angle 6f45° is about the same as the nisms under the constant total coverage conditign+
shoulder peak of HD. 6y = 1ML to get an approximate solutiofip (1) =~ e ¥

Now we consider possible reaction mechanisms vidor the D atom coverage and then the desorption rates
which HD and D are formed. The H atom incident on in the form of Ryp(r) = Ae ¥ + B(e ¥ — ¢~2) and
a D-saturated Pt(111) surface simply reflects to the gaRp,(t) = Ce 2, whereA, B, C, andk are constants. Al-
phase, directly abstracts ad{atom, or fails to react butis though we have neglected relatively small isotope effects
trapped in the surface potential well. Trapping may occuin the s-HA reactions in the analysis, the measured curves
in collisions with Pt atom(s) with little energy transfer can be reasonably well fitted by these functions as shown
or in nonreactive energy-transfer collisions with adsorbedy the solid curves in Fig. 1. The two terms Ryp(z)
D(H) atoms. As a result, transient primary haf Htoms can be easily identified by noting that the rate of HD for-
(p-HA) as well as secondary hot [H) atoms(s-HA) will mation by the ER ang-HA reactions is proportional to
be generated, which may be energetic enough to abstragt while that by the heteronuclearHA reactions is pro-
a surface D(H) atom during their hopping motions alongportional to #p - 0y, i.e., Ryp(t) = Afp + BOply =
the surface. Based on this picture, one can conceptuallye ¥ + Be *(1 — ¢ *"). This allows us to kinetically
distinguish three different reaction mechanisms via whictseparate the HD signal into the ER plpsHA and the
s-HA reaction components (inset of Fig. 1). Thus, the rate
curve of HD atf, = 0° in Fig. 2 which shows a large
initial jump followed by an exponential decay can be en-
tirely attributed to the ER plug-HA reactions, whereas
the one a#¥; = 60° to the heteronucleas-HA reactions.
LK We also find thas1 = 3% of the total HD is formed via
° the s-HA mechanism and the rest via the ER gndHA
mechanisms. Similarly, we have separated the total angu-
lar distribution of HD into the ER plug-HA and thes-HA
reaction components as shown in Fig. 3. Although the er-
ror bars are relatively large, one can see that HD formed
via the s-HA mechanism now shows an angular distribu-
tion peaked at abou; ~ 45° with little intensity near
6y ~ 0°, while that of the ER plug-HA reaction compo-
nent is sharply peaked near the surface normal. The latter
distribution can be closely represented by'és: — 3°)
as shown by the broken curve, which is very similar to a
cos' (6, — 2°) distribution that Rettner [4] measured for
the Hon-D,4 reaction on Cu(111). However, the angular
distribution he measured does not show a shoulder peak
at a large desorption angle attributable to HD formed via
s-HA mechanisms. The negligible contribution to HD for-
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attributed to a smaller saturation coverage of the hydro-
gen atom on Cu(111) than that on Pt(1140.9 X 10"

FIG. 3. Angular distributions of HD and D(open symbols) vs1.5 X 10! atomgcm?. Assuming conservation of the
plotted by integrating the rate curves in Fig. 2. The HD signalparallel momentum of the ¢) atom, Rettner [4] estimated
at each desorption angle was separated based on a kinetic modgk, greater HD desorption angle 6f25° than the ob-

Desorption Angle ¢, (degree)

into the ER plus primary hot atoit®) and secondary hot atom . N .
(M) reaction components. The broken curve corresponds t§€MVed peak shift a2®, from which he suggested that the

a cod2(9, — 3°) distribution. The solid curves are smoothly H(g) atom, which recovers most of the 2.4 eV heat of ad-
drawn as a mere guide. sorption before striking the surface, deeply penetrates the
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surface potential to experience an appreciable corrugatioby the desorbing HD and product molecules. On a flat

so that the memory of the small initial parallel momentumsurface, internal excitations of the product molecules will

of the H(g) atom is almost washed out to be only vaguelyfurther increase the desorption angle at the expense of the

reflected in a small peak shift. A similar interpretation cannormal kinetic energy. The fraction of energy released as

be made for the angular distribution of HD formed via ERtranslation, vibration, and rotation measured fepiD 4

plus p-HA mechanisms on Pt(111). Thus, the peak shiftreaction on Cu(111) is that, = 0.58, f, = 0.26, and

of ~3° is attributed to the effect of the small initial par- f, = 0.16 [7], indicating a high degree of internal exci-

allel momentum of Kg) which is partially carried away tations. Assuming the same value ff= 0.58, we cal-

by the product molecules. According to the quasiclassieulate typical desorption angles @f = 33°, 50°, and

cal trajectory studies on the (B)-on-D,q(H,q) reaction 42°for H; + Dy, Di + H,g, and O + D,q reactions, re-

on a corrugated Cu(111) by Caratzouktsal. [9], most  spectively. Despite the crude model and assumptions we

of the direct ER reactions occur at impact parameters afinade, the calculated typical desorption angles are more

b = 0.3 A with a small cross section afggr ~ 0.28 AZ. or less close to the observed peak angle-déb°. How-

If this is the case, the large cross sectionoof~ 5 A2 ever, angle-resolved velocity and rovibrational distribution

estimated experimentally by Rettner and Auerbach [7] isneasurements are required to further elucidate the reaction

mostly due to HD formation via the-HA mechanism. Al- dynamics. s-HA’s which are less energetic than the re-

though we could not separate the ER agndHA reaction  active ones will also be generated, but most of them are

components from each other in the present experiment, wexpected to adsorb at empty sites left behind by the ab-

believe that the ER reaction component is also small osstracted surface atoms to maintain the saturation cover-

Pt(111). Thep-HA's are expected to result mainly from age. In view of the small activation energy 60.25 eV

trapping collisions of kg) atoms with Pt atoms with little [13] for the LH reaction, some of them may recombine

energy transfer and parallel momentum gain, and thereforeith adsorbed D(H) atoms in a similar way to ordinary

they will behave like Hg) atoms as far as the abstraction thermal desorption resulting in a product angular distribu-

reaction dynamics is concerned. This is probably the reaion peaked at the surface normal, for example, &t6g

son why we could not distinguish them in the angular dis-distribution on Ni(111) [14]. The appreciable intensity

tribution. However, somg-HA’'s may also result from (actually small if integrated over the desorption angle) of

corrugation-mediated trapping (selective adsorption) and, aroundd, ~ 0° is probably due to such LH reactions.

direct nonreactive kf)-adatom collisions emerging witha  This work has been supported in part by the Korean

sizable parallel momentum, but their abstraction product§cience and Engineering Foundation through ASSRC at
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