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The coordination chemistry of cyclic hydrocarbons on single c~ystal 

nickel and platinum surfaces has been investigated by thermal desorption 

spectroscopy, chemical displacement reactions and isotopic labelling 

experiments. Specifically described here is the dehydrogenation reactions 

of cyclohexane, cyclohexene and cyclohexadiene to chemisorbed benzene on 

four low Miller index planes: Ni(lll), Ni(llO), Ni(lOO) and Pt(lll), and 

two stepped surfaces: Ni 9(lll)x(lll) and Pt 6(lll)x(lll). 

Benzene chemisorption is largely molecular in character1 ' 2 on single 

crystal nickel and platinum surfaces; the definitive experiment was the 

displacement of benzene by trimethylphosphine at room temperatures. No 

hydrogen-deuterium exchange between chemisorbed c6H6 and c6n6 was observed 

on these metal surfaces with the exception of the stepped platinum surface 

where hydrogen-deuterium exchange was relatively fast at temperatures above 

Conversion of 1,3- and 1,4-cyclohexadiene to benzene occurred on all 

the nickel and platin~~ surfaces at room temperature as established by 

trimethylphosphine displacement of benzene from the chemisorption state 

generated by cyclohexadiene adsorption at 20°C. Thermal desorption 

experiments following adsorption of cyclohexadiene on all the nickel and 

platinum surfaces also shoHed desorption of benzene with maximal rates 

that corresponded closely to those observed for benzene adsorbed on the 

respective surface. However, there were .additional features: (a) For 

Ni(l00)-c-C6H8 , an additional benzene desorption maximum was observed at 

75-100°C, significantly lower than that. for Ni(l00)-C6H6; whereas for 

Ni(ll0)-c-C6H8 , the additional benzene desorption maximum was at ~200°C, 

about 100° higher than that for Ni(llO) -C6H6. (b) For Pt (111) -.£_-C 6H8 , 

the higher temperature (200-220°C) benzene desorption peak characteristic2 

1. 



I, 
I 

of Pt(lll)-C
6
H6 was not observed, and an additional lower temperature benzene 

desorption maximum was observed at 50°C. Hydrogen-deuterium exchange (C-H 

bonds) was only evident on the platinum surfaces as established in the experi-

ments wherein D2 and c-C6H8 were co-adsorbed. The surface coordination 

chemistry of 1,3- and 1,4-cyclohexadiene isomers was qualitatively the same. 

Cyclohexene was converted to benzene on all the nickel and platinum 

surfaces, and this conversion was a more activated process than that for 

cyclohexadiene conversion to benzene. The rate of the dehydrogenation 

process was dependent upon the topographic features of the metal surfaces. 
I 
! 

For example, the rate of dehydrogenation of cyclohexene was high only 
I 

at temperatures of 100-130°C on Ni(lOO) and "v70°C on Pt(lll). In contrast, 

the stepped platinum and nickel surfaces converted cyclohexene to benzene 

at 25°C as established by chemical displacement of benzene by trimethyl-

phosphine after adsorption of cyclohexene on these surfaces at 25°C. 

Hydrogen-deuterium exchange reactions for chernisorbed cyclohexene 

were studied by co-adsorption of a 1:1 mixture of _£-C 6H10 and _£-C 6D10 · 

None of the nickel surfaces exhibited evidence of hydrogen-deuterium 

exchange in the process of dehydrogenation of cyclohexene: only c6n6 

and c6n6 were detected in either thermal desorption or displacement 

reactions. Earlier studies1 of benzene chemistry. on nickel surfaces had 

also shown no evidence of hydrogen-deuterium exchange between adsorbed 

c6H6 and c6n6 (in the case of Ni(lOO), annealing to 150°C of the surface 

with a chernisorbed mixture of c6H6 and c6n6 gave no evidence of hydrogen

deuterium exchange between chemisorbed benzene molecules). 

In the dehydrogenation of cyclohexene on the two platinum surfaces, 

a mixture of all possible c6HxDG-x molecules were observed in both the 

thermal desorption and the displacement reactions, conducted at "v125°C 
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and ~100°C, respectively, for the stepped and (111) surfaces. Since 

2 hydrogen-deuterium exchange was not observed between adsorbed c6H6 

and c
6
D6 on Pt(lll) up to ~130°C, the hydrogen-deuterium exchange process 

in the cyclohexene dehydrogenation on Pt (111) must occur at some inter-

mediate state before chemisorbed benzene is formed. Probably, a similar 

intermediate exchange occurs for cyclohexene on the stepped platinum 

surface. 

Cyclohexane did not react with any of the nickel surfaces at room 

temperature or above. Probably, the residence time of cyclohexane was 

too short for any significant dehydrogenation to occur under these 

conditions. Only the Pt 6(lll)x(lll) surface displayed a high activity 

for the dehydrogenation of cyclohexane to benzene. Dehydrogenation of 

cyclohexane to benzene had a higher activation energy than·, the dehydro-

genation of cyclohexene to benzne on this surface. Evidence of 

hydrogen-deuterium exchange between adsorbed £-C6H12 and £-C6D12 on the 

Pt 6(lll)x(lll) was obtained from a thermal desorption study subsequent 

to an attempted trimethylphosphine displacement whereby all possible 

c6H D6 molecules were desorbed at 170-190°C--a feature similar to that x -x 

observed for benzene chemisorbed on the stepped platinum surface. 

Dehydrogenation reactions were studied over carbon-contaminated 

surfaces (sub-monolayer coverage). The Ni(llO)-C surface 'vas far more 

reactive in dehydrogenating both cyclohexene and cyclohexadiene than the 

clean Ni(llO) surface. A substantial carbon effect on the chemistry of 

the other surfaces was not detected. 
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Rate data for the dehydrogenation to benzene establish the cyclo

hexadiene transformation as the most facile process, cyclohexene next 

and cyclohexane least. Thus, the data are not inconsistent with 

chemisorbed intermediates of cyclohexadiene in the cyclohexene transform

ation and of cyclohexene and cyclohexadiene in the cyclohexane transform-

at ion. In the cyclohexadiene and cyclohexene reactions, it is presumed 

that the initial chemisorption states primarily involved an interaction 

of appropriate metal surface orbitals with the ~ and ~* orbitals of the 

olefinic of diolefinic systems. This necessarily places one C-H hydrogen 

atom of the saturated CH2 centers proximate to the metal surface thus 

enabling C-H bond scission at these sites and the subsequent generation 

of chemisorbed benzene. Reversible C~H bond breaking was not detectable 

for any of the nickel surfaces under the ultra highvacuum conditions, 

but was for platinum--a result consistent with the relative electronic 

properties of nickel and platinum. 

There is some generality to the metal surface conversion of a cyclic 

hydrocarbon to a chemisor,bed CnRu species. Exploratory experiments have 

demonstrated the conversion of 1,5-cyclooctadiene to cyclooctatetraene on 

Pt(lll). 

This work was supported by the Director, Office of Energy Research, 

Office of Basic Energy Sciences, Chemical Sciences Division of the U.S. 

Department of Energy under Contract No. W-7405-ENG-48. ELM is indebted 

to the Miller Institute for Basic Research in Science for a grant in the 

form of a Miller Professorship. 
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