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Low energy electron diffraction surface crystallography studies indicate that the more 
open crystal surfaces with higher Miller index restructure more readily when clean. These 
investigations also uncovered the predominance of adsorbate induced restructuring of surface 
atoms. It is suggested that one mechanism of chemical bond breaking for adsorbate molecules 
is surface restructuring induced bond scission and that catalytic processes on metals can be 
induced by the restructuring of surface atoms around the adsorbate species. While direct 
experimental evidence is lacking, many of the properties of the chemisorption bond and the 
catalytic activity on metal surfaces can be explained by the surface restructuring model. 
These are a) higher activity for bond breaking on more open surfaces, b) bond breaking in 
narrow temperature ranges and sequentially as the temperature is increased, c) the higher 
surface dissociation probability of molecules with higher incident kinetic energy, and d) the 
structure sensitivity and insensitivity of catalytic reactions. 

The classical models of the structure of solid surfaces assumed a rigid lattice 
that holds the surface atoms in their bulk-like equilibrium positions. Surface 
crystallography studies in recent years, however, revealed that the surface atoms 
"re lax"  when clean; i.e., change their equilibrium position usually by contraction 
perpendicular to the surface [1,2]. Simultaneously, atoms in the second layer often 
move outward, closer to the surface plane. The lower their coordination number,  
the larger the relaxation as shown by LEED studies of the more open fcc(l l0) ,  
b c c ( l l l )  surfaces and at atomic height steps on high Miller index stepped 
surfaces. Clean surfaces often "reconstruct";  i.e., surface atoms seek new equi- 
librium positions parallel to the surface plane as well that optimize their bonding 
[3]. 

The chemisorption of an atom or a molecule on metal surfaces causes local 
restructuring of surface atoms around the adsorption site as shown by recent 
surface crystallography studies [4]. The metal surface atoms can move outward, 
rotate in the surface plane or shift toward the adsorbate site in order to maximize 
the strength of the adsorbate-substrate bonds. The surface bond becomes similar 
to that in multinuclear clusters, which are good models of the surface chemical 
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bond [5]. Again, on the more open surfaces, restructuring is more pronounced 
[6,4h]. This type of adsorbate induced restructuring occurs rapidly within the time 
scale of adsorption and it is usually reversible; the surface structure returns to its 
clean state upon desorption. There are, however, other adsorbate induced restruc- 
turing processes that are much slower, surface diffusion controlled and not 
reversible [7]. 

In his last paper that appeared posthumously, Simonetta [8] suggested that on 
small metal particles the catalytically active site is produced upon the adsorption 
of reactants. He based his suggestion on calculations that indicated that several 
structural configurations of these clusters have about the same formation energy 
and, therefore, these particles can readily rearrange. 

In this paper we propose that one mechanism for the bond dissociation of 
adsorbates on metals is surface restructuring and that catalytic processes on 
metals can be induced by the restructuring of surface atoms around the adsorbate 
species. Thus~ adsorbate induced restructuring and surface restructuring induced 
bond breaking and reactivity are due to the same process of adsorbate-surface 
a tom chemical interaction. While direct experimental evidence for this mecha- 
nism of metal surface reactivity is lacking, many of the properties of the 
chemisorption bond and the catalytic activity on metal surfaces can be explained 
by the surface restructuring model. 

There is a large body of experimental data indicating that the dissociation of 
diatomic molecules occurs at a lower temperature on more open transition metal 
surfaces where surface atoms have fewer neighbors [9]. Breaking of H - H ,  O=O 
and C=O bonds as well as N - N  bonds occurs at lower temperatures and with 
higher probabilities on more open or stepped Pt, Ni, Fe, and Re surfaces [10]. 
This is also the case for breaking of C - H  and C - C  bonds in organic molecules. 
Bond breaking also occurs in narrow temperature ranges. For example, the N - N  
bond dissociates on Fe films in a narrow temperature range around 80 K [11]. 
The narrow temperature range of bond breaking is especially well documented 
for the sequential decomposition of organic molecules on transition metal surfaces 
[12]. Temperature programmed desorption studies of alkene decomposition indi- 
cates hydrogen evolution in narrow temperature ranges as a result of C - H  bond 
scission [13]. These occur sequentially at well defined temperatures for a given 
surface. Again, the more open the surface, the lower the temperature of bond 
dissociation. 

All these results, the influence of low coordination number  surface atoms on 
the sequential bond breaking in adsorbed molecules as the temperature is 
increased and the narrow temperature range of bond dissociation, can be caused 
by surface atom restructuring. The concerted reconstruction of surface atoms can 
lead to the narrow temperature range of bond breaking and these effects may 
occur sequentially, each associated with a different surface restructuring process. 
Lower coordination number  surface atoms are more active for chemical bond 
breaking because they can restructure more readily. 
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Recently, it has been shown that small molecules such as CO o r  C H  4 which 
impinge on surfaces with higher kinetic energies have also higher dissociation 
probability [14]. It is also likely that the higher kinetic energy transferred to 
surface atom vibrations will induce surface restructuring which, in turn, facilitates 
the bond breaking in the incident molecules. 

Catalytic reactions that occur on solid surfaces can be separated into two 
classes: Those that are surface structure sensitive, and those that are not [15]. The 
synthesis of ammonia  is an example of structure sensitive reactions, as the iron 
(111) and (211) crystal faces produce ammonia  at rates that are over two orders 
of magnitude greater than the close packed (110) crystal face [7c]. Our mechanism 
would propose that the adsorption of dinitrogen produces a local surface restruc- 
turing that creates the active sites for dinitrogen dissociation to nitrogen atoms, 
which determines the reaction rate. This restructuring occurs more readily at the 
more open surfaces of iron. Since the surface geometries that have seven coordi- 
nated iron atoms in the second layer under the surface appear to be most active 
for ammonia  synthesis (they are only present in the F e ( l l l )  and Fe(211) 
surfaces), these local site structures would appear to restructure most readily in a 
way necessary for dinitrogen dissociation. Thus, there is a good correlation 
between the structure of the clean surface and the surface structure that exists 
under steady state reaction conditions in the case of structure sensitive catalytic 
reactions. 

Such a relationship does not seem to exist for structure insensitive reactions. 
For example, the rate of ethylene hydrogenation to ethane on plat inum or 
rhodium is surface structure independent  over a wide temperature range [16]. 
This has been difficult to understand, as catalytic reactions involve the formation 
and breaking of chemical bonds with the solid surface and reactions among 
species bound to the surface. All our surface science studies indicate that the 
nature of the surface chemical bonds is sensitive to the local surface structures. 
However, there could exist surface restructuring processes that depend on the 
adsorbate-adsorbate interaction in addition to the direct interaction between 
adsorbate and substrate. Especially at high coverages of adsorbates, when the 
metal surface is almost completely covered, the local chemical bond, as measured 
by the heat of adsorption, is weakening rapidly with increasing coverage. Since 
surface restructuring is associated with the formation of chemical bonds with 
adsorbates, the adsorbate-adsorbate interaction can control the surface restructur- 
ing process in this circumstance. Our mechanism of surface restructuring could 
provide an explanation for the absence of surface structure sensitivity if we 
assume that for these reactions local surface restructuring is induced by ad- 
sorbate-adsorbate interactions. Under  identical experimental conditions of pres- 
sure and temperature, the same concentration of active sites with the same 
structure would form by surface restructuring regardless of the clean substrate 
surface structure. If changes in adsorbate-adsorbate interaction cannot induce 
surface restructuring, our model cannot  be applied to structure insensitive cata- 
lytic reactions. 
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In  o rder  to p rov i de  e x p e r i m e n t a l  ver i f ica t ion  of  the sur face  res t ruc tu r ing  m o d e l  

of  b o n d  d i ssoc ia t ion  a n d  ca ta ly t ic  reac t ions ,  the  local  a t o m i c  sur face  s t ruc tu re  

m u s t  be  p r o b e d  du r ing  c h e m i s o r p t i o n  and  u n d e r  s teady  s ta te  reac t ion  cond i t ions  

a long  with  m o n i t o r i n g  changes  in a d s o r b a t e  bond ing .  T h e  scann ing  tunne l ing  

m i c r o s c o p e  (STM)  or the a t o m i c  force  m i c r o s c o p e  ( A F M )  could  p r o v i d e  such 

i n fo rma t ion .  N o n - l i n e a r  opt ica l  t echn iques  such as second  h a r m o n i c  gene ra t ion  

( S H G )  p r o v e d  to  be  sensi t ive to changes  of  dens i ty  of  e lec t ron  s ta tes  at m e t a l  

su r faces  tha t  wou ld  also a c c o m p a n y  the sur face  r e s t ruc tu r ing  process .  T h e s e  

t echn iques  can  be  used  at the  high pressures  necessa ry  to p r o b e  the sur face  

s t ruc tures  dur ing  c h e m i s o r p t i o n  or ca ta ly t ic  react ions .  
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