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The interaction of gaseous D atoms with methyl bromide molecules adsorbedldd)Ptydrogen
saturated P111), and graphite monolayer covered Ptl) surfaces was studied in order to elucidate

the reaction mechanisms. The reaction kinetics at 85 K surface temperature were measured as a
function of the methyl bromide precoverage by monitoring reaction products simultaneously with D
atom exposure. On all substrates incoming atoms abstract the methyl group from adsogBed CH
via gaseous CED formation. In the monolayer regime of GBI/Pt(111) pure hot-atom
phenomenology was observed in the rates. At multilayer targets the fluence dependence of the
kinetics gets Eley—Rideal-like. With coadsorbed H present, the reaction of D with adsorbed methyl
bromide revealed in addition to GB a CH, product. This and simultaneous abstraction of adsorbed

H via gaseous HD and fHproducts clearly demonstrates that hot-atom reactions occur. ABCH
adsorbed on a graphite monolayer ofil®f) the abstraction kinetics of methyl was found to agree
with the operation of an Eley—Rideal mechanism. These observations are in line with the
expectation that hot-atoms do not exist on a (/P surface but on P11l and H/P{111)
surfaces. The methyl abstraction cross-sections in the monolayer regime of methyl bromide were
determined as about 0.25 Airrespective of the nature of the substrate. This value is in accordance
with direct, Eley—Rideal or hot-atom reactions. 199 American Institute of Physics.
[S0021-960609)71329-2

I. INTRODUCTION (i)  H atoms impinging at D occupied sites get hot H
atoms with probability +p, and generate hot D
Reactions between gaseous atoms and adsorbed species  atoms with probabilityp,, .
are currently described by the Eley—Rid¢BR)" and hot-  (ji) Hot H* and D atoms travel across the surface and
atom mechanism¢HA).”> Atomic beam/laser spectroscopy stick at empty sites with probabilitps and react at
studies performed on abstraction of D adsorbed oL Cl) occupied sites with probabilitp, .

surfaces by H atoms towards HD revealed that the HD prod\—N_th_ thi v HA based del 4 HD b
uct carries the available reaction enefgi line with the ithin thispurely ased model, measure ang

operation of either mechanism. On the other hand, abstra(l:<—in(atiCS on N(lOQ, _Pt(llD’ and Qﬂlll) surfape; could be
tion of Dad ((H@d) by gaseous D) on Ni(100,* reproduced surprisingly well at fixepl, by variation of the

P{(111),56 P(110,” P(100.2 and C\111)° surfaces, inves- 'at0 Pr/ps from 1 (Cu) over 0.1(Ni) to 0.01 (PY. The
tigated through direct product detection, revealed HD kinet—br"’mChIng probabilityp,, served to adjust the yield of homo-

ics which are not compatible with the operation of ER nuclegr products. .
. . . : Significance of HA based processes in atom—adsorbate
mechanisms. Furthermore, in these studies as well as in a

revious investigation on Ki10) 10 homonuclear species reactions was previously concluded from molecular dynam-
P ga ! " SP ' ics calculations, H+D/Si(100) (Ref. 12 and H—D/Cu(111)
D,(H,), were obtained as reaction products which are unex: L ; ) .
. . (Ref. 13. The origin of hot atoms in these calculations is the
pected in an ER scenario. . . -
: S strong attractive atom-surface potential and the inability of
Model calculations of the HD and Dkinetics in L2 R
. the impinging atoms to transfer their kinetic energy to the
H—D(ad reactions were performed receﬁﬂybased on - . . ;
S substrate in collisions with heavy surface atoms. This feature
three assumptions: . 2
was already stressed in the original work on the HA mecha-
(i) H atoms impinging at empty or H occupied sites on anism by Harris and Kasenfo.
surface get hot H atoms. HA type processes are not restricted to the H¢0)
interaction. A study on the reactions of gaseou® Hwith
dAuthor to whom correspondence should be addressed. Electronic mair:nethyI '0d|_de(CH3lv CD;l) adsorbed and Coadsqrbed with
kueppers@ipp.mpg.de, kueppers@uni-bayreuth.de D(H) on Ni(100 surface&’ revealed products which could
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only originate through reaction pathways in which hot atoms=2.4 A2, o,=1 A? were deduced. This magnitude of cross-
were involved. As examples, for the reactior#D/CH;l on  sections is expected if ER mechanisms operate in these re-
Ni(100) these products were in addition to the expected, CHactions.

product CHD and D, which occur through the HA processes The observation of HA-type processes on metal surfaces
and ER type processes on G/Pt)) is in line with the fact

*
H+D(ad—H(ad+D", (1a that a graphite monolayer on (P11) removes the strong
D* +CHsl(ad—CH,D(gag +1(ad, (1p)  aftractive atom—surface interaction since the potential be-
tween the basal plane of graphite and H is weak. Accord-
D* +D(ad—Dx(gas, (109 ingly, the most important requirement for the generation or

with hot atomg(stared specigsas the actual reacting species. existence of hot atoms an th_e surface is missing on(CZ8)
substrates and HA mechanisms are ruled out.

The occurrence and kinetics of the ggHand D, products Th + stud ¢ d 1o further tioate th
contradict the operation of an ER mechanism which, for the € present study was periormed 1o Turther investigate the

. elementary steps in reactions between gas phase deuterium
addressed case, would predict only a,Gifoduct through ,
P y g atoms and adsorbed alkyl halides. Target molecule methyl

H+CHjsl(ad—CH,(gag +I1(ad). (1d) bromide was selected since it allows to study the influence of

These investigations revealed that products and kinetics tP © methyl-halld_e b_mdmg energy by comparison with reac-
ions of methyl iodide. In order to confirm the role of the

atom-adsorbate reactions on metallic substrates cannot be

. L ) Substrate, metallic vs. nonmetallic, the reactions were inves-
explained by the ER scenario in a satisfactory manner. In).

contrast, a recent study on the reactions between D ato ?ated on Ptas well as on H and graphite covered Pt sur-

and methyl iodide adsorbed on graphite monolayer covere

P{(111) surfaces, C/R’lll),15 revealed kinetics of the C® || =y pERIMENT

reaction product which are strictly according to the operation

of an ER mechanism. The measurements utilized simulta- The experiments were carried out in the UHV system

neous detection of the methane product during application ofised for the previous study on the D/adsorbed methyl

a D atom flux® which was applied at the adsorbate as a stegmethyleng iodide reactions>*® The system is equipped

function of timet, i.e., ®=0 att<0 and ®=const. att with LEED/AES instrumentation and a setup for atom/

=0. The gas phase methane product rdf&H;D]/dt, was  adsorbate reaction studies. D atoms were generated in an

found to precisely match the rate predicted by the solution ofitom source built according to a published deigmd char-

the kinetic equation which describes the reaction in an ERacterized recently with respect to its efficiency for hydrogen

scheme: atom generatiof? It consists of a W tube which is heated at

its front end by electron impact and connected at its cooled

d[CHyD]/dt=[CHsl]oo® exp(—o®t), () pack end to a deuterium gas supply. The atom flux delivered

with [CHsl]o as initial coverage of methyl iodide on by this source was calculated from the gas flow through the
CIP(111), o as reaction cross-section, afi{t) as specified tube, tube front temperatur@950 K), and the /2D equi-
above. The reaction cross-sectiomvas determined from the librium data. D atom fluxes are given below in units of
measured kinetics as 0.72AThis magnitude ofr is in ac-  Monolayers s* with respect to the Pt11) surface atom den-
cordance with the locality of the reaction event in an ERSity, 1 MIs'=1.5x10°Dcm?s™*. The atom source is in-
scenario. corporated into a cylindrical, differentially pumped separate
The conclusion that on nonmetallic C{Pt1) substrates Vvacuum systengsource chambegmhich sticks into the main
atom—adsorbate reactions proceed according to the Efhamber. The source chamber has a front aperture which can
mechanistic description gained support by a study on th&e closed by a mechanical shutter. For reaction measure-
reactions between D atoms and methylene iodide {g§H Ments, the sample with a well defined adsorbate coverage

adsorbed on C/Pt11) surfaces® The reaction sequence ~ Was placed in front of the closed aperture. Opening of the
shutter defined the reaction start and reaction products were

D+CH,l,(ad—CH,DI(ad) +1(ad), (38 monitored subsequently by a quadrupole mass spectrometer
(QMS) located in the source chamber. Typically, partial
D+CH,DI(ad—CH,D,(ga9 +1(ad), (3b) pressures in 15—-20 preselected amu channels were muilti-
can be interrupted after the first reaction st8p) by per- plexed with appropriate sensitivities. Through fragmentation
forming the reaction at substrate temperatures above the manalysis unambiguous product identification was possible.
thyl iodide desorption temperature and methyl iodide then iAn optical link between the QMS electronics and the PC
the gaseous reaction product. Alternatively, below the mewhich controlled the experiment provided the high data
thyl iodide desorption temperature, the second reaction stefpansfer rate required for fast multiplexing. Since the setup
(3b) also occurs and methane is the final product. The ratesesembles a pumped reactor, partial pressures monitored by
of both gas phase products, ¢IH at high T and CHD, at  the QMS are proportional to reaction or desorption rates of
low T, can be calculated from the kinetic equations with thethe respective species at or from the surface. With the atom
assumption that ER-type mechanisms with two crosssource switched off the arrangement served for thermal de-
sectionso; [3(a) towards CHDI] and o, [(3b) towards sorption(TD) spectroscopy.
CH,D,] apply. The measured kinetics were found in excel- A disk-shaped F111) single crystal was spot-welded
lent agreement with calculated rates and cross-sectigns between two Ta wires which were attached to two Cu rods
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fixed at the pottom of a smgll cryostat. Via ohmic heating TDS 1 K/s T 85K
and LN, cooling of the Ta wires, sample temperatures be- ad
tween 85 and 1200 K could be installed. The sample tem- g 6Fo PH111) a
perature was monitored and regulated by a PC-controllec $ 4 F©° D/PY111) N o
programmer connected to a Ni/CrNi thermocouple which g & C/Pmn g °
was welded to the back of the crystal. ] 0 WQ‘F%E °

Methyl bromide was obtained from Merd©9%) and B L T T T
purified by freeze-pump cycles in a gas handling line. 0 1Ooexposure [L] 200 800
Methyl bromide exposures given below were obtained from " CH,Br/P(111) [ CH,Br/D/Pt(111)[ CH,Br/C /Pt(111)
uncorrected ion gauge readings. The sample was cleaned kg X 4 X2 X 1
sputtering and annealing in oxygen. Graphite monolayers L e MK L o L o
were deposited on the @1 surface by repeated chemical §, 2K 150 268 250 3.62 [ 300 517
vapor depositiofCVD) of ethane and subsequent annealing @ 1 21 199 288 | 200 13K S
at 1200 K until complete suppression of hydrogen adsorption‘é’ I 754 134 | o 2T s 2.16
on the surface indicated that there were no Pt patches unco\g 59.9 1.07 652 094 | 100 172
ered by C. A STM study has shown that at that stage the P o w3 0s | I o
surface is covered by one monolayer high graphite islahds. @ 9 0. 15.2 0.22
These islands withstand repeated heating to 1000 K and ardh
stable against H atom impact since they are only hydroge-2
nated at their boundaries and do not erode chemiélly. &
IIl. RESULTS
A. Methyl bromide desorption

In order to establish the monolayer regimes of methyl
bromide on clean as well as on H and C covered Pl

surfaces, thermal desorption measurements were performe 100 200 100 120 100 120
on the different substrates. Figure 1 shows spectra measure
in the monolayer and multilayer regimes after exposure of
CH3Br at 85 K substrate temperature. The spectra measurgdiG. 1. Thermal desorption spectra of methyl bromide adsorbed @15t

on P(111) are in excellent agreement with those published(eft), deuterium covered Pt11) (middie), and graphite monolayer covered

- - Pt(111) (right). Adsorption temperature 85 K. Note the scale factors for each
recently by French and HamsahMonOIayer chemisorbed panel. The spectra are stacked according to the respective lists of exposures

methyl bromide desorbs between 120 and 240 K, and aboVig | (1 L=10"° Torrx sec). The relative coverages listed in each panel are
25 L exposure simultaneous growth of multilayer and mono-normalized with respect to the saturated monolayer coverage on C/Pt sur-
|ayer features is observed. On Q/Ft1) surfaces the chemi- faces. The top panel illustrates the relation between coverage and exposure.
sorbed state is replaced by a weaker bound state which des-

orbs via a zero-order process around 125 K. This desorption

order indicates that methyl bromide prefers to adsorb in is-

lands on the C/R111) surface. Methyl bromide multilayer qnfirmed that the adlayers had been prepared with the re-
features start to grow a little earlier than at completion of thequired purity.

n;]ono_layebr. dOn delutenun: tsatt;rate?h(lll’—_ug) su_;faceg the On P{111) surfaces, a small methane desorption feature
chemisorbed monolayer state of methyl bromide o1 Pl at 290 K indicates that a few percent of adsorbed methyl

's also replaced by a weaker bound state which desorbt?romide decomposed. Decomposition of methyl bromide
around 128 K. Its desorption features indicate a zero-order P ' P y

process. The desorption temperatures of the multilayer spé'\-/as virtually absent on C/E11) and H/P¢L11), in line with

cies on Pt111), D/P(111), and C/Ptl11) surfaces are very its weak bonding to those substrates. The apparent modifica-
similar, as expected. Integration of the desorption spectrHOn of admolecule R111) interactions through sandwiched

revealed identical uptake as a function of methyl bromideC O H monolayers was ob;erye(isearlier with several aedsor-
benzer®, methyl iodide!® methylene iodidé

exposure at the three substrates and suggest a constant stiPRI€S, 3 _lodice thylene lodid
ing coefficient throughout the exposure regime investigatedeOprOpanOE propene oxidé This modification is indica-
here. The upper part of Fig. 1 displays the relation betwee#iVe of the effective shielding of the metal by H and C over-
exposure and coverage obtained by setting the monolayé®yers.
capacity on C/RfL11) surfaces as unity. For all three adsorbate systems it proved impossible to
Thermal desorption was monitored simultaneously in thePrepare pure monolayers without multilayer contributions by
amu 96 (CH®Br), amu 94 (CH®Br), and amu 15CH;  overdosing the surfaces and subsequefelen repeated)y
fragmenj channels. The respective spectra were identical afflashing the sample to an appropriate temperature in the
ter proper scaling, as expected. Signals in other channelsinge 100 to 120 K. Therefore, abstraction experiments were
monitored during TD spectroscopy, amu 2, 3, 4, 14, 18, 2&erformed with as-prepared adsorbed layers at 85 K.

temperature [K]
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[ D’ - CH,Br/ C/Pt(111) | D°— CH,Br/H/PY(111)

[ ®, =0.28 Mils - ®, = 0.28 Ml/s | —

[ T-85K Y amu FT=85K it
! R | ; 7S

CH,D rate [a.u.]
CH,D rate [a.u.]

FIG. 2. Rates of CkD formation during directing D atoms at methyl bro- FIG. 3. Rates of CkD formation during directing D atoms at methyl bro-
mide adsorbed on C/@Atll) surfaces. Exposures and coverages listed mide adsorbed on H covered(Pil) surfaces. Other details see caption of

specify the initial condition of the CyBr adlayers. The D flux was started at Fig. 2.
t=0 and kept constant thereafter. The inset emphasizes the early reaction

period.
thereafter. The initial rate jumps as well as the amounts of

CHs3D produced during subsequent reaction increase with in-
creasing methyl bromide coverage. The inset in Fig. 2 illus-
. trates the measured rates on an expanded time-scale which
Exposure of gaseous D atoms to methyl bromide ad'emphasizes the initial period of the reaction and clarifies that
sorbed on C/le.ll) s_u_rfaces revea_led GA as the only 93S"  rate jumps occur at reaction start and not continuous rate
eous prpduct, identified through its tabulated fragme_ntat'orilncreases from zero.
patter_n in the amu 17, amu 16, and amu 15 C_harﬁ?é@' CH;D formation rates measured with other D atom
ure 2 illustrates the evolution of the GBl rate with reaction fluxes, up to 0.48 MIs%, revealed identical kinetics as those
time for increasing methyl bromide coverages establishe howr; in Fig. 2 with ,the time axis rescaled to a fluence
prior to reaction. The substrate temperature was fixed at 85 lux*time) axis and proper adjustment of the rate scale.
and the atom flux held constant at 0.28 Misduring the CH,D, and DBr products were never detected
measurements. Since the adsorption energy of methane on 22 '
C/P{11)) is very small, at 85 K reaction temperature desorp—C Abstraction from methyl bromide on H/Pt  (111)

tion of methane is not rate limiting and the rates shown in
Fig. 2 are rates of formation of GB in the D/methyl bro- Reaction measurements with coadsorbed H and methyl

mide interaction. The reactions proceed until complete conbromide were performed at ®tL1) surfaces which were ini-
sumption of methyl groups available in methyl bromide ontially saturated with H via exposure of 1000 Lkt 85 K
the surface, verified through post-reaction desorption spectréollowed by subsequent installation of a required methyl bro-
Remaining bromine had to be removed from the surface bynide coverage by exposing GBf to the H covered surface.
flashing the sample to 1000 K in order to recover cleanThe kinetics of CHD formation during D atom exposure
C/P1(117). measured at increasing methyl bromide coverages are shown
The reaction kinetics for different methyl bromide cov- in Fig. 3. Like on C/Ptl11) surfaces, methyl groups in ad-
erages apparent from the rates shown in Fig. 2 exhibit comsorbed methyl bromide are completely consumed during re-
mon features. At reaction stafvpening of the shuttgthe  action. The rates jump at reaction start to values which in-
methane rates jump to their maximum values and fall offcrease with increasing methyl bromide coverage.

B. Abstraction from methyl bromide on C/Pt  (111)
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L [} B ﬂ%w,@ ~v~,.~.%
501 0.07 — Rode )
152 0.22 S - W"”"-V-_:;W s
20.9 043 <, < S e, ot
452 065 AN I it 0 gt NN N S
o 2 X

— 650 0.94 = | .

3 901 1.30 = 0 50 100

5, 149 2.16 a b

[U] I

© Loo° ) L ®

e 149 216
90.1  1.30 | 159~ 2.84
65.0 094 90.2 1.61
452  0.65 - 65.1 1.16
209 043
152 0.22 - 450 081
501 007 30.1 0.54

15.2 0.27
L e
149 216 501 0.09
901 1.30
650 094 X
“M'V\rw
452 0.6 i Wil e SO
9.9 0'4:53 ‘“kﬂ?}‘v‘&‘}""\5;?"““"“'<"‘3)J;J\t‘/‘w.mf‘“'““\ il
152 0.22
501 0.07 T —— ——————r
T T 0 200 400 600
0 200 time [s]

time [s]
. ) o FIG. 5. Rates of CkD formation during directing D atoms at methyl bro-
FIG. 4. Rates of i HD, CH,, and CHD formation during directing D mide adsorbed on Ft11) surfaces. Other details see caption of Fig. 2.
atoms at methyl bromide adsorbed on H covergd P surfaces. Note the
different stacking order of the rate curves as a function of the methyl bro-

midg coverage indicated by the exposures .and coverages. The spikes a{W€en D and adsorbed methyl bromide ofilP). The mea-

=0 in the H, and HD rates are due to friction desorption caused by the . . - . .

shutter plate sliding along the front face of the source chamber. sured rates are shown in Fig. 5. Similar to the kinetics of the
methane product in the reaction of D with coadsorbed
H/CH4Br, at reaction start the rates exhibit a rate step and a

Subsequently, in an early reaction period, the rates growsubsequent increase. After achieving a maximum the rates

achieve maxima at reaction times which increase with mefall to zero in a late reaction period. Post-reaction desorption

thyl bromide coverage, and fall off in late reaction periods.spectra confirmed that methyl abstraction was complete.

The inset in Fig. 3 emphasizes these features. A growth of

the CH;D rate in the early reaction period during which the |v. DISCUSSION

methyl bromide coverage decreases contradicts the Eley—

Rideal reaction mechanism and suggests the presence ofra TTe dregctlons of ?jto'?s.:’;”th adts_orbec]i( Thethyl Erc;:nlde
more complex reaction scenario. eveaie WD as product, irrespective of the substrate,

The collection of kinetic data shown in Fig. 4 confirms (F;;(ltﬁg ,ai/slat:(;cltilé,nogfcr/rf) ;tlhljl)bm :i‘r’(\;g grgt\;:oluisoﬁgglt; 4-
this gxpectation. In addition to GB, H,, HD’ and CH’ A" sorbed on C(1)) (Ref. 26 e)llnd yN(lOO) (Ref. 149ysurfaces,
reaction products of the D-methyl bromide H/PLtl) inter- this is not surprising. The Ci+Br bond strength, 293
action, and each product occurs with its own kinetics. Th%]/ 27 | Ip I't%l. bi than that of gl ’234
occurrence of HD and His required since from the investi- lemgl’zg :ndo?hi gldl I-Tb(;ggesrtrer?gr]th 0?438 %Tn;()lRef
gations mentioned in the introduction, it is known that the ' B . ) S
D/H(ad) interaction results in the release of these product527) makes the methyl abstraction reaction substantially exo-

Furthermore, a Cilproduct is not unexpected in view of the thermic even if the Maxwellian distribution of D atom ener-
carlier study’on NiL00).1 The yield and kinetics of the four gies delivered from the heated source, centered at about 20

species will be analyzed in detail below. kJ/moI, is not takeq into account. There is a f.urther con.tn-
bution to the reaction energy from the gain in adsorption
: : energy of Br vs CHBr.
D. Abstraction from methyl bromide on Pt (111) A CH,D, product was never observed, indicating that
CHgD, identified through its fragmentation pattern, wasabstraction of H by D from the methyl group of GBt fol-
the only gaseous product detected during the interaction béewed by subsequent hydrogenation back to,BBr is
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D’ - CHpBr @,=028Ml)s T=85K D’ > CH_Br ®,=0.28 Ml/s T=85K
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FIG. 6. Reaction yields of Ci and CH, deduced from integrated rates of F|G, 7. Logarithmic representation of the gbirates shown in Figs. 2, 3,

methane as a function of initial methyl bromide coverage determinedyng 5. /A1) (top), H/PY(111) (middle), P{111) (bottorm.
through TDS(top). Rate steps of CHD and CH, as a function of initial

methyl bromide coveragéottom).

between rate step and initial coverage of the surface reactant,

as expressed in EqR), is fulfilled. A logarithmic plot of the
much slower than the abstraction of the methyl group fromCH3D rates against reaction time is shown in Fig(t@p).
methyl bromide. The same was observed in the D-methyExcluding the initial 50 s of reaction time, the logarithms of
iodide interaction. With adsorbed GEI, however, the ab- the rates decrease linearly with reaction time, which makes
straction cross-section of H from the methyl group is com-the rate decay proportional to expgdt), as required by ER.
parable to abstraction of the methyl grotipThe stronger The scaling of the rates with the fluendg was confirmed
CH;—Cl bond energy as compared to &HBr makes this by the flux dependence of the rates. With this requirement
feature plausible. fulfilled, the extraction of a cross-section from the logarith-

As mentioned, during abstraction all methyl groups ofmic rates is justified. The cross-section derived from Fig.
adsorbed methyl bromide available on the surface were cortop) is o=0.25 A2. This value is in the range expected for
sumed. The methane yields obtained from integrated rateSR type reactions and significantly lower than that measured
are displayed in Fig. 6top) as a function of the initial bro- in abstraction of methyl from methyl iodide on C{P11),
mide coverage. On the three substrates the[Ckield is  o=0.7 A2.1° Energetic and steric reasons like exothermicity,
proportional to this relative coverage. Therefore, the energyarget molecule size, and its orientation on the surface might
set free upon reaction is not channelled to the adsorbate dxe the origin of these different cross-sections. The fact that
substrate since in that case some of the adsorbed methtjie rate steps are proportional to the coverage not only in the
bromide would desorb and not be available for reaction. Thignonolayer range but also for the second layer suggests that
would induce a nonlinearity between the methane yield andhcoming D atoms can access monolayer species for reaction
the coverage of methyl bromide present on the surface aven through the second layer. This is plausible sinceBCH
reaction start. molecules are loosely packed due to their large dipole mo-
The kinetics of the B+CH;Br/C/P{111) reaction is ment.

simple to analyze. Figure @ottom shows that the rate steps The topmost curves in Fig. 2 and Fig(tép) correspond
deduced from Fig. 2 are proportional to the coverage if ongo a thick methyl bromide multilayer@=5. The cross-
restricts to the coverage range bel@w=2. Therefore, an section derived from the exponential ¢IM rate decay is
essential condition for the ER mechanism, proportionalityonly 0.12 A and the rate step at that coverage is much
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smaller than expected by extrapolation from the monolayer = Concentrating on the Jand HD rates in Fig. 4 with the
regime. The observation that abstraction from thick multilay-smallest methyl bromide covera¢@ =0.07 afte 5 L methyl
ers exhibits a smaller cross-section than those characteristiromide exposuneit is apparent that these rates do not
for monolayers was also made in abstraction from adsorbedchieve their maximum values right at reaction start, which
CH,l and its isotope analogds. they would if ER-type processes would occur. Since through
The steep slope of the logarithmic rates in the first 50 ssxposure of molecular $to P{111) surfaces only a cover-
of reaction time in Fig. {top) suggests that initially abstrac- age of about 0.7 is achiev&dthere are still empty sites
tion is faster than at later times. Since abstraction from mulavailable on the surface. Hot-atom species generated through
tilayers exhibits a smaller cross-section than from monolayfeactions(8a) and (98 which travel across the surface can
ers, initial faster abstraction cannot originate from thestick at these empty sites and are unavailable for reaction
multilayer components in the adsorbed methyl bromide(8b) or (9b). Therefore, the HD and jtates at reaction start
mono- and bilayers. do not achieve their maximum values. During the early re-
Whereas on C/Pill) the reaction of D with methyl action period after reaction start, through hot-atom sticking
bromide can be assigned as an ER reaction, the products agdents, the number of empty sites gets smaller and hot-atom
their kinetics shown in Fig. 4 clearly contradict the operationreactiong8b) and(9b) get more probable. By this effect, the
of an ER mechanism in abstraction from £Bfl on the rates of H and HD increase. They achieve maximum values
H/Pt(111) surface. In reading the kinetic data shown in Fig.if the number of empty sites cannot decrease any more since
4, it has to be noticed that the,tdnd HD rates refe(from  stationary conditions with respect to thetl® coverage is
top to bottom to increasing methyl bromide coverage, reached. Behind its maximum the HD rate decreases expo-
whereas the methane rates refieom top to bottom to de-  nentially, as required for a quasifirst-order reaction, scheme
creasing methyl bromide coverage. The marked difference®a), (9b). The cross-section deduced from the rate decay of
in the decay of the rates suggests individual pathways for thelD is o=1.4 A2, in good agreement with the earlier restlt.
various products. According to the products observed, th&he H, rate decays faster since it is a second-order process
overall reactions occurring with mixed H/GBr adlayers with respect to the coverage of(&t), see reaction scheme
are: (8a), (8b).
Approaching higher methyl bromide coverages, the H
H, product:  DtH(ad+H(ad—H,(gas, @ and leg rates dgcregase sinceédsorbed His con%umezﬁby the
HD product: D+H(ad—HD(gas, (5)  reactions towards CH reaction(6), and D in reactions to-
wards CHD, reaction(7). These competing reactions also
CH, product: D+ CHzBr(ad+H(ad—CH,(gas +Br(ad), cause the rate maxima of the Bind HD rates to shift to later
(6) reaction time with increasing methyl bromide coverage.

CHLD product: D+CH,Br(ad—CHyD(gas+Br(ad. (7) The phenomenology of the methane rates suggest the follow-

ing pathways via hot-atoms to GH
Reactions(4) and (5) were investigated previously in this .
laboratory by studies of the HD(ad)/Pt111) (Ref. 5 and D+H(ad—D(ad+H", (109
D—H(ad/Pt111) (Ref. 6 interaction and were identified as H* +CH,Br(ad—CH,(gas+Br(ad), (10b)
hot-atom reactions. The kinetics of the Bind HD products
in Fig. 4 agree with these earlier results and their essentig@nd 0 CHD:

characteristics were explained in a simplified hot-atom sce-  p4H(ad—H(ad+D*, (119
nario by the model calculatioWsmentioned in the introduc-
tion. The elementary reaction steps including hot atom spe- D*+CH;Br(ad)—CH;D(gas+Br(ad. (11b

cies behind reactioid) are (with starred atoms specifying

: It is clear that CH can only occur through a hot-atom
hot-atom specigs

mechanism. Through reactiori$0a and (10b) its rate as-

D+H(ad—H* +D(ad), (83 sumes its maximum right at reaction start, because at that
moment the coverage of(Bld) at the surface is bigger than at
H* +H(ad—Hy(gas, (8D any later time. The consumption of(at) towards H and
and behind reactiofs) HD products effectively competes wi.th Ql—form'ation.
Therefore, the rates of CHlecrease continuously with reac-
D+H(ad—D*+H(ad), (9a)  tion time and the CHlyields are much smaller than that of

. CH3D, compare Fig. 6. The reaction sequerit6a, (10b)
D*+H(ad—HD(gas. (90 allows to describe Ciiproduction through a quasifirst-order

With ongoing reaction kad gets replaced by @d and D,  rate law, and a reaction cross-sectionoof 0.7 A? was ob-

products occur through the reaction steps tained.
. The CHD kinetics is also not according to an ER
D+D(ad—D*+D(ad), (99) mechanism. Its rate jumps at reaction start since &tép
D* +D(ad—D,(gas (9d) provides hot D species required for reactiqii1b). At on-
2 .

going reaction, through depletion of(&t)), the formation of
The D, product could not be monitored since the atomCH, and HD becomes less competitive and the;DHate
source was operated with,D increases. Through the decrease of methyl groups available
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for reaction a rate maximum is obtained. In the late reactiormrhrough reactiorf15) more hot  atoms are made available
period adsorbed hydrogen is replaced by adsorbed deuteriufdr reaction and the C4 rate increases. It achieves a maxi-

and the reaction step

D+D(ad—D(ad +D*, (119

replaces reactiofilL1g for providing the hot D species nec-
essary for reaction.

The branching towards Hor D* in competing steps
(108 and (113 favors the production of B, and therefore

more CHD molecules than ClHmolecules are formed. This

mum when an optimum condition is achieved concerning the
concentration of adsorbed methyl bromide molecules and
rate of available hot D atoms. At ongoing reaction, through
consumption of the methyl groups, the ¢glHrate decreases.
Comparing with Fig. 5 it is seen that this pattern is verified
by the experiments in the methyl bromide monolayer cover-
age range where multilayer contributions can be neglected,
exposures less than 65 L. At higher exposures multilayers

preference for formation of hot species from the impingingdevelop and shield the metal from the incoming D atoms. An
atom rather than from the adsorbed atom is generallfER-type mechanism should then contribute, indicated by a
observed%in D—H(ad reactions, HD is the major prod- shift of the rate maximum towards the reaction start. Check-

uct and H only in the percent range. Likewise, in+D(ad)

reactions, HD product molecules outnumbeyolecules.
The rate steps of CHand CHD are quite similar as

depicted in Fig. Gbottom. This illustrates the effectivity of

ing with the kinetics in Fig. 5 this expectation is confirmed.
The CH;D yield and rate step in Fig. 6 are as expected from
the previous discussion.

The cross-section revealed from the logarithmic rate plot

HD formation, since at reaction start adsorbed H and adin Fig. 7 (bottom), restricted to the late reaction period, is

sorbed CHBr compete for reaction with hot Datoms.

o=0.28 A?. This value is close to those deduced above for

It is not surprising that the complex reaction scenario inthe other substrates and its magnitude is as expected. The
the early reaction period causes the logarithmic plot of theopmost logarithmic rate in Fig. Tbotton) indicates that

CHD rates in Fig. 7(middle) to exhibit a clear linear de-

with increasing thickness of the multilayers the cross-section

crease only in the late period. The cross-section deduced iffets smaller, as already seen in the top curve in Figop).

this period for the abstraction of methyl from methyl bro- Since its corresponding coverage is much bigger than that to
mide by D iso=0.25A?, very similar to the value obtained which Fig. 7(bottom refers, this feature is more clearly seen
above at the C/P111) surface. This is expected since for the there.

abstraction process itself it should not matter very much

In the above discussion the concepts of ER and HA

whether the substrate is a metal or not. The value 0.2B5A mechanisms were successfully applied to abstraction of me-

smaller than the cross-sections towards @Bt A?) and CH,

thyl from methyl bromide adsorbed in mono- and multilayers

(0.7 A% and explains why the C# product exhibits such a on various substrates. Products and the phenomenology of

slow decay, see Fig. 4.

their kinetics could be rationalized in a qualitative but satis-

With the reaction between D atoms and adsorbed methyfactory manner using the simple principles developed
bromide on C/Rtl11) and H/Pt111) surfaces identified as earlier>®!! According to these principles, on substrates with
Eley—Rideal or hot-atom reactions, the discussion of the reweak atom-surface interaction, atom-adsorbate reactions

sults measured with methyl bromide on(Btl) is quite

should proceed via ER mechanisms, whereas strong atom—

simple. Since the substrate is metallic, the following reacsurface interaction leads to HA mechanisms. In the latter

tions at reaction start are expected:

Hot-atom generation on empty sites:

D+*—D*+*, (12
Hot-atom reaction with adsorbed GBY:

D* +CH3Br(ad—CH;D(gas +Br(ad). (13
Hot-atom sticking:

D*+*—D(ad. (14)

At later times in addition the following reactions occur:

Hot-atom generation on D occupied sites:

D+D(ad—D* +D(ad). (15
Hot-atom reaction with adsorbed D:
D* +D(ad—Dy(gas. (16)

The combination of reactiond.2) and(13) should produce a
rate step at reaction start. Reactidd) is competitive ta13)

case, consequences of hot-atom generation and the interplay
between hot-atom sticking and reaction induces products and
kinetics which are unexpected in an ER scenario. The experi-
mental foundation for support of the general applicability of
these principles is still rather limited since only a few studies
exist from which satisfactory kinetic information on atom—
adsorbate reactions is available. However, the present study
revealed results which are in line with expectations from
these principles.

V. CONCLUSIONS

The interaction of D atoms with methyl bromide ad-
sorbed on Ri11), hydrogen covered Pitll), and graphite
monolayer covered Pt1l) surfaces leads to GJB as gas-
eous product, with Br remaining on the surface. The kinetics
of the gaseous products were used to identify the reaction
mechanisms leading to these products. On @MH) pure
Eley—Rideal phenomenology was observed. On @/F),
products like H and CH, occur simultaneously with CHD
and HD, indicative of hot-atom reaction mechanisms. On

and affects the step height. At ongoing reaction empty site®t(111) the kinetics of the CkD product also is in line with

are filled and the competition of stép4) gets less important.

hot-atom mechanisms. The cross-sections fogXibrma-
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