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The hydrogen-deuterium exchange on stepped (111) platinum surfaces was 
recently investigated by ~.rnasek and Sumorjai using modulated beam relaxation 
spectrometry 0dBRS) [1]. These authors reported that stepped surfaces were 10 3-  
10 4 times more efficient in the exchange reaction as the (111) face without mea- 
sureable step concentrations. Lu ~ d  Rye, on the other hand, reported that proba- 
bilities of hydrogen adsorption u .  ~c:,eral crystal planes of Pt, including one with a 
high density of steps, varlet2 by only twenty between the most active and least ac- 
tive surfaces [2]. [u tlds work we pre~nt a reinterpretation of the ~ather complex 
data Jf Bernasek and Somorjai cn the basis of a simple branched-step mechanism 
which (1) represents the data of Bernasek and Somorjai more accurately than the 
original mech-nism propos:-d, (2) indicates that an alternate reaction channel was 
,.,:ces--ible on ~he surfaces cut t,, .orodace steps, and (3) indicates that the increase 
irt ex.:hanee probability or the stepped surfaces was ap;noximately twenty, in 
ag-ee,nent ¢¢itia lhe results o" Lu and Rye. 

The o,~gin~l data of Ber~ asek and Somorjai are presented in figs. 1--4. Their cal- 
culat:d values I'or the obsewed behavior, shcwn as dashed lines on these figures, 
rOSU', .',1 f lon l  .".e f',,l~'..;V.':,:"~'. ,~ranched mechanism 
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l.'ig. !. liD phase-lag versus reciprocal surface temperature at 4t) Hz: (e) Pt-SI9(I II)  × (11 I)1 
(~>) Pt-S[5(I I I )  × (111 ~J. dashed line, Bernasek and Somoqat; solid lines, thi.~ work cl~rv¢ ( a )  

Pt-S[9(111) × (11 l ) l , , t t r ' , e  (b) for Pt-SJS(! 11) x (I 1 l)J.  

Fig. 2 Relative H D a m p h t u d e s  at 40 t lz ,  (o)  PI.SI9( I l l ~  x I l l l ) l ' ( , , ) t ' t S I 5 ( l l l ~ x  ( l l l l l  
dashed line, Bernase~: and Somorjai, solid lines, this work; curve (a) P ' -S[9( I l l )  × (111~1. 
curve Ib) Pt-S[5(I l 1) × {I 11)], curve (c) is curve (b) Times !.30. 

for tile pseudo-first-~)rder rate constants, respectively. The branching probability P 
was taken to be 0.5 for both the P t -SIq( l l l  ) × (111)} and the P I -S [5 ( i l l )  x 
(111)] surfaces [atso designated as Pt(gq7) and Pt(553), respectivelyl. Tllc attthors 
proposed the second', reaction process represented by k 2, to acctmnt fi~r the phase 
reversal and the change in the slope of tile amplitude at high ~empcraturcs. Thts 
mechanism necessitated direct collision of incoming teactal~ts with hydrogen atoms 
adso:bed at steps owl the surface; though possible, such a collisional encounter 
seen,s higtfly unlikely, particularly since the total reacticm probability was estim. 
ated To be 0.1 [1], and since the surface coverage by hydrogen attm~s abtwc ~00 K 
musl be quite low. 

lit ag reemen t  wi th  Bernasek anti Somorja i ,  we have ulili/.cd a bt i n c h e d  pl~ccx~ 

on a :;urface of heterogeneous reactivity tt~ explain tile tiala. Ih~wcvc~, ~tJt c;~l~lJ]a 

tion: were made assuming a simple branched mechanism with two parallel steps I¢H 
lID formation which occur subsequent to adsorption. In the model we ;.~stmlct[ 
that, subsequent to adsorption, the slowest reaction step for HD pro)duct L,m m each 
branch was the result of interaction with two d i f l e r en t  sitc~ ¢m the P~ st:rlacc 
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Fig, 3. (a) Relative liD amplitudes and (b) ItD phase-lag at 485 K versus modulation frequency 
on Pt-S[9(111~ × (111)1; (o) data of Be rnasek and So morjai; dashed line, analysis of B-S; 
~lid line, this ,:,'ork. (The data points in this figure were plotted taking the data at 40 Hz of 
figs. 1 and 2 as ]ocator points.) 

those associated with the presence of steps (ks) and tho:;e on the terrace (kt). The 
respective branching probabilities were Ps and Pt = (1 -P,s), The results of our 
analysis are shown as solid lin~s ot~ figs. 1 -4 .  The rate constant employed in the 
calculation were 

,~-= 8 ×  104 exp( -5"2 kcai/mole~ ( - 2 . 7  kcal /gmole)  ! 
~ i]sec-1 , k  t = 3 X  102exo R T  - sec- 
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Fig. 4. (a) Relative HD amplitude and (b) HD phase-lag at 1000 K versus naodulati~m frequency 
on Pt-S[9(I ~ I) × (111 )1 ; (o) data of  Bernasek and Somorjai; dasl,ed line, analysis of  B--S; solid 
line, this work. (The data points in this figure were pie tted taking tl~c data at 40 llz of  figs. 1 
and 2 as locator points.) 

respectively. For the Pt-S[9(111) X (111)] surface Ps was taken to be 0.28 (see 
curve a of fig. 1). This mechanism reproduced all of the" exr~er :.~entai results quite 
well, including (1) the low apparent activation caei~;y of 0.o kcai/glnole above 600 
K, (2) the phase reversal at high temperature.<, and (3) the frequency dependence 
of " . . . .  ' . . . . . . .  pl . . . . . . . . . . . . . . . . .  a n u l u o n ,  exceu?,nt  a g r e e m e n t  was oPtal l tet l  w i t h  tile i l l l U  rue ptttt,,.e am  ILUUe. il l  

phase-temperature and amplitude temperature behavior observed at 160 I lz I l l -  
It is important to note that the difference in the frequency tlcpendc~lcc t)J the 

pllase and amplitude at the two different temperatures and, indeed, thc phase 
reversal at temperatt, res above 600 K were conseq:lences of the complex behavior 
of branche,t processes that arise in MBRS. in order ;o distinguish between a bl anch- 
ed process and a simple first-order process, the ratio of rate constants ks/k t must be 
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five or greater [4l. According to our mechanism, at 485 K the ratio was roughly 
two, whereas at 1000 K the ratio increased to 7.6. Thus at 485 K the reaction ex- 
hibited al:parent sim!,le first-order behavior, whereas at !000 K the sluggish re- 
sponse of the Fh.ase and amplitude wi'h ehangh~g frequency characteristic of 
branched processes appeared. Further, no change in mechanism occurred at 600 K; 
the observed behavi ~r was the result of the admixed temperature.dependence of the 
two rate constants. 

Our mechanism predicted the trend in experimental results on the Pt-S [5(111) X 
(11 I)1 surface if tl~e branching probabili',), Ps, was increased to 0.43 to account for 
higher step densiti~:s. It is important to n,)te that the total reaction probability was 
not changed, a higher fraction of the exc aat~ge reaction took place on the steps as 
the step density was increased Since e.n increase in Ps was associatc;d with higher 
step density, '~t se;ms reasonable to as~;aciate the rate constant k~ wir.h surface 
atoms of lower coc,rdination number on he stepped surfaces. Furtl'.er a., shown in 
fig. 2, if the ampl tude calculated for tt 
surface was mtdtir lied by 1.30 the exper 
total reaction prcT.abdities on these two 
It :hould be noted that the temperature 
res~:nted well b7¢ :he simple branched 
b ranching prob abil:.~y. 

e reactior; on the Pt-S[5(~ 11) X ( l l l ) ]  
mental data was fit quite well. Thus, the 
surfaces differed by no more ihan 20%. 

tependence of the phase-lair was also top- 
mechanism with a step-deasity-sensitive 

l 'he reinterpr:t,,tion or the mechanist; of the exchange reactior; al';o sugg..:sts 
that the actual exdiange probability on s epped surfaces may not d i i f e  a-; grez, tly 
from "non-steppeo" surfaces as presently believed. SiC amplitudes at 400 Hz rt a 
surface ter~ip,etat~tc of 1000 K were utilized to cal,-tAale exchange grobabilitie~ of 
i ;,; 10 .6 for rio,l-stepped P t ( l l l ) .  4.9 X 10 -4  o~., 9t-S|9(111) X (111)], and 
9.2 X 1 O- .4 for the Pt-S [5(111) X (111)] surface [ 1 ]. kt 4.00 Hz and 1300 K, how- 
eve., th, ~. values ,f cc/k s and ~o/k t were 4.3 and 32.0, rsal)ectively. A.ly amplitude 
resl:.onse due te reaction on the terraces was thl.s strongly demodul~.ted, see eq. 
Ill). Evidei:ce for the selective demodulat;,-~n of the reaction on the smooth (11 l)  
plane was indeed .observed when the modulation frequency was reduced to 40 Hz, 
,~.Id ~he reactor.' pressure was increased ten-fold; under these conditions the reac- 
tion probabili*,,, re- the smooth Pt(111) surface increased by a facto: of 30 while 
tlaat for the st,,{.ped surfaces increased by about six. These reported reaction proba- 
t:ilities must therefore be viewed as apparent values; the true valu2~ ma:;t be obtain- 

We estimated '~-~ ratio uf reaction probabilities on the stepped surface and the 
-~ .'.~.~,, ~t(l 11) surface to bc 1.8 using our mechanism and rate constanl ~ and the 
ac amplitudes measured by Bernasek and Somorjai at 40 Hz. Corre?~ing the 400 
Vlz ,~rnplitude v.~iues to 40 Hz gave apparent amplitudes of 3 ~< l0 -5 ;:nd 3 X I0 3, 
respectively, as discussed above. "l flus, the rat io of amplitudes for stepped [Pt(907)i 
an3 tmstepped iPt(111)] surfaces was 10(). The relative total r~actier, probaLility 
ari Ehe two surt'a,:,'s was est'ina~.ed as follov, s. 
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The ac amplitude, A, for the reaction product is given by [4,6] 

A = Solo~,/1 + (,,,)k)'-, 

where S O denotes the reaction probabili ty,  I 0 denotes tbe incident reactant flux, 
and co is the modulat ion frequency. I f  the surface reaction can be considered 
second order [2], in linearized form 

k = 2v o/ok2, (2) 

where k 2 is the true second order rate constant [5,6]. Taking the apparent rate 
constants calculated for the branched mechanism on the stepped surface, Pt(997), 
A(997 ) "- 0.40 S(997 ) I 0. For the non-stepped, Pt(l 11), surface 

S(111)1o 

A(II  1)-  ~/{1 + [w/2x/fS(lll)lok2,(lll)] 2} (3) 

If  k2,(ll l  ) is identified with reaction on the (111) terraces alone, k2,( l l l )  = k2, t. 
Since (w/kt) 2 > >  1, eq. (3) simplifies to 

S(I II)Io 2X/[Sil i l)10k2,1 
Aflll)= -- 6., (4) 

The effective rate constant k t was evaluat d on the ~tcpped (99?) surface, and was 
Iherefore related to k2. t by the cxpressioq 

k I = 2N/S(997~/0k:[t . {5 ) 

Note that St997 ) must be employed hi the c valuation for k t. It is c:_rily seen that 

A(997) - 0.40 60 ~S(997)~ 3/2 ¢6) 

since tile amplitudes are t;ompared at identical reactant fluxes. The ratio of lhe 
total reaction probabilities S{9,~7)/S(I 1 ! ), at 1000 K on these surtaces was caiculaled 
to be 18. The differences in ,nitial sticking probability of ti 2 on Pt{i I0). (21 ~). 
[ 1 ~ / ' ~  .-,~A i1  ! 1~ ,'-,1.-~,.o,-,rm,t ~ ,  I i~ .~ratt D , r o  w . ~ r i o , I  lair ca fa t ' t , '~ r  r~f ~(~ £~inr'p 1110 t .~xDc| i -  

ments of Somorjai and Berna_~ek were performed under condi ion.~ in which Ihcy 
effectively compared the s:icking probability of I) 2 tm the ratio-us .,,ttrfaces (when 
demodulation factors are accounted for), these are the apprt~,priate results of l.u 
and Rye to which to compare theil results. The above analys.~ indicates that the 
dependence of the probability of dissociative adsorplion of I~ydrogcn on su,face 
crystallography measured by Lu and Rye and Bernasek and Somoqai is in close 
agreement. 

it should be r, otcd that the above mechanistic analysis Ooes not by itself deter- 
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mine ~tae reaction order nor specify the sites at which exchange takes place. Sub. 
sequcT t t~: adsorption the faster process in the parallel mechanism, ks, is associated 
with a higher activation energy and a higher preexponential factor than that of the 
sloxver branch, kt; the relative rates are thus largely governed by entropy effects in 
the tr~a~s3tion state. In keeping w:th the assumed second-order kinetics, it does 
seem reasonable to associate the branch having higher activation energy and pre- 
exponential factor with a two-center reaction involving at least one atom bound 
more strc:ngly at platinum surface atoms of luwer coordination number such as 
those bound a: step positions rather than on a perfect (111) plane. It is also im- 
portar~t to note that the actual activation energies for the second-order rate con- 
stants, calc,date6 to be k s and k t, were calculated to be 10.4 kcal/gmole and 5.4 
kcal/gmole, respectively, see eq. (2). 

In conclusion, our calculations show that H2-D 2 exchange on stepped platiiium 
surfaces may proceed via a sirngle parallel reaction with a branching probability 
depe; 42nt o:~ step density. Further, though the final def'mitive experiments on the 
effects of ste~s on reaction probability may remain to be done, this analysis offers 
~t ~estable alternative to ~3mt previously p;oposed, wherein the crystallographic ef- 
fects on the sticking probability of H 2 on platinum and the effects of steps on t h e  
H2-D 2 exchange probability appear to be of the same magnitude. 
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