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Evidence is provided for the participation of surface pyridine-dioxygen charge transfer 
complexes in the pyridine accelerated cleavage of the dioxygen bond at Zn(0001) surfaces. 

The recent observation that the rate of dissociative chemisorption of dioxygen 
at Zn(0001) surfaces was enhanced in the presence of ammonia led to the 
conclusion that a dioxygen-ammonia complex was involved as a precursor state 
[1]. The mechanism by which the rate of O2-(a) formation is enhanced by a 
factor of almost 103 was suggested to arise as follows (see below) with the role of 
ammonia being to decrease the activation energy for dioxygen dissociation and 
also to increase the effective surface concentration of dioxygen through an 
increase in the term 

exp( A H cOmplex ) R T  

where AH complex is the heat of adsorption of (O2---NH3)(s). 

O2(g) --, O;(s)  

02-(s) + NH3(s ) ~ (O~----NH3)(s) 

(O2----NH3)(s) -" NH2(a) + OH(a) + O2-(a).  

It is important to recall that ammonia itself is only weakly adsorbed at the 
Zn(0001) surface and no 'nitrogen' containing (NHx) species were observed in 
the absence of dioxygen [1] at low temperature. In order to explore whether the 
stability of the surface precursor complex (O~---NH3) could be attributed to just 
a H-bonding component or whether the electron donor (Lewis base) property of 
NH 3 was more important, we investigated whether or not the rate of dioxygen 
dissociation at a Zn(0001) surface could be influenced by coadsorbing with 
pyridine where H-bonding would not play any role. 

Photoelectron spectroscopy (XPS) was used to determine the surface con- 
centrations of oxygen and pyridine through monitoring the O(ls), C(ls) and 

�9 J.C. Baltzer A.G. Scientific Publishing Company 



266 A.F. Carley et a L /  Intermolecular charge-transfer and cleavage 

N ( l s )  spectral  regions while ul t raviole t  p h o t o e l e c t r o n  spec t ro scopy  (UPS)  pro-  
v ided  i n f o r m a t i o n  on  the b o n d i n g  of  pyr id ine  to the surface.  

F igure  1 shows a set of  O( ls ) ,  C( ls )  and  N ( l s )  spec t ra  obse rved  w h en  a 
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Fig. 1. O(ls), C(ls) and N(ls) spectral regions for (i) clean Zn(0001) and after various exposures to 
dioxygen-pyridine mixtures (1 : 9) at 220 K. The exposures are given in terms of dioxygen: (ii) 1.4L, 
(iii) 2.4L, (iv) 4.7L and (v) 9L. Also shown is the calculated surface oxygen concentration at 220 K 
(based on the O(ls) intensity data) and two other temperatures (180 K and 295 K). The surface 

concentration data for "pure dioxygen" at 220 K are also shown (dotted line). 
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mixture of oxygen and pyridine is coadsorbed at an atomically clean Zn(0001) 
surface at 220 K. It can be seen that cleavage of the dioxygen bond is facile 
leading to a surface concentration of chemisorbed oxygen. O2-(a), of 0.8 • 1015 
cm -2 for an effective exposure to dioxygen of 8L. (The exposure to the mixture 
was about 80L and the composition of the pyridine-dioxygen gas mixture was 
approximately 10:1.) Surface oxygen concentrations are also shown for similar 
studies at 180 K and 295 K, the lower the temperature the more effective is the 
role of pyridine in inducing the cleavage of the dioxygen bond leading to 0 2 -(a) 
formation. At 180 K the efficiency of oxygen dissociation per molecular impact 
with the surface is close to unity whereas in the absence of pyridine it is about 
10 -3. 

With atomically clean Zn(0001) surfaces an impinging dioxygen molecule will 
exchange energy and momentum with the surface atoms, after which it may 
scatter or become trapped (see scheme below). Trapped molecules may return to 
the gas phase or undergo dissociative chemisorption. The coadsorption of di- 
oxygen with pyridine provides a more efficient route for dioxygen dissociation 
than does dioxygen alone (k3, k 4 >> kl, k2) , and this we suggest is due to ability 
of pyridine to form donor-acceptor complexes with diatomic molecules. 

Dissociative chemisorption of dioxygen at a Zn(O001) surface: 

O 2 (g) ~ 0 2 (s) Accommodation at the surface 

O 2 (s) + Zn kl ~O 2 (s) 1st stage of chemisorption 

O~- (s) k2)O2- (a) Dissociative chemisorption 

Coadsorption of dioxygen + pyridine at a Zn(O001) surface: 

O2(s ) + Py(s) k3)(O~ - -- Py* )(s) Oxygen C - T  surface complex 
with pyridine coadsorbate 

(O• - Py* )(s) k4)O2-(a) + Py+(a) Dissociation of transient C - T  complex. 

Such C-T  complexes between pyridine and diatomic molecules have been recog- 
nised (in solution) through characteristic shifts in their infrared absorption 
spectra [2] and interpreted as reflecting bond weakening in the diatomic molecule. 
We can, however, only speculate on the nature of the electronic interactions 
involved in the C - T  dioxygen-pyridine surface complex (see reaction scheme). 
There are two possibilities, either the nitrogen lone-pair electrons are involved 
(pyridine acting as a Lewis base) or alternatively there is delocalization of the 
negative charge on the O2(s ) into the pyridine ring. While studies in this 
laboratory of the coadsorption of dioxygen with benzene [3] provided no evidence 
for the catalysis of dioxygen bond cleavage at Zn(0001) surfaces, suggesting no 
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Fig. 2. HeI spectra obtained after exposure of a clean (A) and pre-oxidised (B) Zn(000l) surface to 
pyridine: A (i) clean Zn(0001) surface, A (ii) exposed to pyridine at 120 K, B (i) Zn(0001)-O 
surface, B (ii) exposed to pyridine at 220 K. The feature indicated with an arrow is sensitive to the 

nature of the bonding of the adspecies to the substrate (see text). 

7r *-electron involvement, Slough [4] has reported ESR and visible and ultraviolet 
absorption spectra of O~--pyridine complexes in solution which are consistent 
with delocalization of the negative charge on to the pyridine ring. 

We turn now to the fate of the pyridine fragment of the (Py* - O2) surface 
complex. In the co-adsorption experiment at 220 K. It was established that there 
is a clear parallelism between the variation of the pyridine and oxygen surface 
concentrations with exposure, five oxygen adatoms being formed per 'nitrogen'  
adsorbed. Since there is no detectible adsorption of pyridine on the clean surface 
at this temperature, this is indicative of a pyridine-Zn 2+ or pyridine-O 2- interac- 
tion subsequent to the dissociation of the C - T  complex. UPS data from pyridine 
adsorbed on a clean Zn(0001) surface at 120 K and on an oxidised surface at 220 
K are shown in fig. 2. The identification of adsorbate geometry, that is the 
discrimination between a perpendicular (N-bonded) and flat (~'-bonded) species, 
from UPS data is not straightforward. The same angle-resolved data for pyridine 
adsorption on copper, for example, have been interpreted [5,6] in different ways. 
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However, differences between HeI  spectra f rom the same adsorbate  are more  
amenable  to analysis. The lowest b inding energy peak, at ca 6 eV binding  energy, 
(fig. 2) consists of contr ibut ions [5] f rom ~r orbitals ( l a  2 + 2bl) and  the ni t rogen 
lone pair orbital (7al). For adsorpt ion at the preoxidised surface, this feature is 
shifted to higher b inding by about  0.9 eV compared  with adsorpt ion at the clean 
surface, and is broadened.  We ascribe this to the involvement  of the N-lone pair 
electrons in bonding  to the oxidised surface, presumably  via donat ion  to Zn  2+ 
sites. A similar explanat ion has been given for comparab le  data  for pyridine 
adsorpt ion at oxidised nickel surfaces [7]. Al though  we cannot  rule out the 
format ion of pyridine 1-oxide bonded  to a surface Zn  2+, we would  then have 
anticipated two distinct componen ts  to the O(ls)  spectrum; this is not  observed. 

These conclusions p rompt  us to recall that  there is observed frequently a 
correlation between activation energy (reaction rates) and the the rmodynamic  
stability of the products  - the Polanyi relat ionship - which (for surfaces) can be 
discussed in terms of a Lennard-Jones  potent ia l  d iagram [1]. The  reaction 
pa thway - involving the transient pyridine-dioxygen complex - will depend  on 
the potential  energy profile along the reaction coordinate  which will in  turn 
reflect the decomposi t ion  of the intermediate  complex to give o Z - ( a )  and a 
strongly chemisorbed pyridine molecule bonded  at an electron deficient Z n  2 + site. 

To summarise,  these results lead to the conclusion that  the rate determining 
step in the dissociative chemisorpt ion of dioxygen to give O2-(a) involves the 
format ion of O~-(s). In the gas phase the format ion  of O~- is exothermic to the 
extent of about  42 kJ. It is the ability of pyridine through the format ion  of a 
complex with dioxygen, (O 2 - P y * ) ( s ) ,  resulting in an increase in the rate of 
oZ- (a )  formation,  that  is emphasised in this paper.  Such intermolecular  induced 
cleavage of dioxygen is likely to be most  significant for metal-oxygen systems 
where the sticking probabil i ty for dioxygen dissociation is low (e.g. 10 -3) which is 
indeed the case for Zn(0001). These results emphasise the need to explore whether  
transient C - T  complexes are of more  general significance in determining chem- 
ical specificity and the kinetics of surface reactions. 
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