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EPR spectroscopy, in conjunction with spin trapping, is shown to provide a convenient, simple technique for 
detecting the dissociation of hydrogen on a supported palladium catalyst and leads to a direct demonstration of the 
occurrence of spillover on to the alumina support. 

There is a consensus that adsorbed free atoms and radicals are 
important participants in many complex heterogeneous cat- 
alytic reactions, such as the hydrogenation of alkenes and 
alkynes, and the synthesis of methanol from carbon dioxide 
and hydrogen. * ,2 Electron paramagnetic resonance (EPR) 
spectroscopy is the natural technique for detecting such 
paramagnetic moieties on catalytic metal particles and their 
supports. We show here how EPR, in conjunction with spin 
trapping methods, can be readily and conveniently used to 
detect the established dissociation of hydrogen on a supported 
palladium catalyst at ambient temperatures, and also provides 
direct evidence for hydrogen spillover on to the support. This 
is still a matter of some controversy largely because of the 
indirect nature of much of the experimental information.3-5 
The technique is an extension of a somewhat neglected 
method first used by Howe et ul. for examining hydrogen 
dissociation on ZnO.6 X-Ray photoelectron spectroscopic 
studies of the doped catalyst during similar hydrogen treat- 
ment provide unambiguous evidence for the facile reduction 
of Pd2+ to Pd" from the observed shifts (2.1 eV) in the binding 
energies of the Pd 3d electrons.7 

We have studied the dissociation of hydrogen on palladium 
at 25°C in a direct fashion by using the spin trap N-benzy- 
lidene-tert-butylamine N-oxide (PBN) to garner efficiently ( k  
ccz. lo* dm' mol-l s-l) any loosely bound chemisorbed 
hydrogen atoms that may be formed on the palladium surface 
to give a stable spin adduct (SA) which is paramagnetic and 
accumulates to concentration levels detectable by EPR 
(Scheme I). 

A crushed commercial catalyst (0.04% Pd on commercial 
alumina), pre-treated at 400°C for two hours under vacuum, 
was exposed to one atmosphere of hydrogen at 25°C for ten 
minutes and then exposed to solutions of PBN (0.01 mol dm3) 
in deoxygenated CH2CI2. The isotropic EPR spectrum of the 
solution after contact with the catalyst is shown in Fig. l(a); 
there are hyperfine interactions (hfi) of uN = 1.53 mT with one 
nitrogen nucleus and uH = 0.82 mT with two equivalent 
hydrogen nuclei. This spectrum can be assigned unequivocally 
to the hydrogen atom spin adduct by comparison with well 
established spectra and hfi for the monohydrogen atom adduct 
of PBN.6.8 N o  EPR transitions were detected when the 
undoped support was similarly treated. No EPR transitions 
were detected in the following blank experiments: (i) treat- 
ment of the catalyst with the spin trap solution in the absence 
of hydrogen; (ii) treatment of the y-alumina support contain- 
ing no added palladium with hydrogen and the spin trap 
solution in the same sequence as that for the catalyst itself. 
These experiments show that the molecular hydrogen is the 
source of the hydrogen atoms adding to the spin trap and that 
the alumina support itself is incapable of producing loosely 
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Scheme 1 The highlighted nuclei are those leading to hyperfine 
interactions 

bound hydrogen atoms under the mild conditions of our 
experiments. 

The experiments were repeated using deuterium (>99.8% 
purity) instead of hydrogen. The resulting EPR spectrum [Fig. 
l(b)] is composite and shows in addition to the expected 
transitions from the monodeuterio spin adduct, those from the 
dihydrogen adduct (indicated in the spectrum by H). The 
dihydrogen spectrum of the monodeuterio adduct shows 
hyperfine interactions with one nitrogen nucleus, aN = 1.53 
mT, one hydrogen, aH = 0.82 mT and one deuterium, aD = 
0.12 mT. The ratio aH:aD 6.83 is compatible with a 
gyromagnetic ratio of 6.54. The presence of the dihydro 
adduct from the catalyst treated with pure deuterium is 
surprising, especially since it constitutes 23% of the paramag- 
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Fig. 1 EPR spectra of PBN spin adduct formed on a Pd/y-A1203 
catalyst after exposure at 1 bar and 25 "C for 10 min to (a)  HZ, (b)  D2 
(>99.8%) (transitions marked H indicate those from the dihydrogen 
spin adduct) and (c )  D2 after treatment of the catalyst with D20  
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netic species present. The adsorption of D2 on the Pd surface 
clearly results in the generation of hydrogen atoms which are 
subsequently trapped by the PBN. The only source of such 
hydrogen atoms is the hydroxy groups on the surface of the 
alumina support. The present results are a direct demonstra- 
tion of hydrogen-deuterium spillover.4-6 This chemical diffu- 
sion of the ‘deuterium atoms’ adsorbed on the palladium 
surface probably occurs by exchange with the protons of the 
surface hydroxy groups (Scheme 2). 

The surface hydroxy source of the hydrogen atoms trapped 
by PBN was confirmed by treating the alumina support with 
D20 to replace hydroxy by deuteroxy . Subsequent treatment 
of this exchanged catalyst with D2 gave an EPR spectrum with 
much diminished H-PBN adduct signals [Fig. l ( c ) ] .  There is a 
dynamic equilibrium with surface hydroxy groups with an 
isotope effect of ca. 5.6, which is reasonable, since the values 
of Ypd-H = 1870 cm-1 and vOPH = 3650 cm-l lead to an 
estimated isotope effect of ca. 7.6.9 
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Scheme 2 

Experiments are in progress to measure the surface hydroxy 
concentration and to determine the effects of co-exposure of 
the catalyst to H2-CO, H2-C2H2 and H2-C2H4 mixtures. 
Estimates of [OH-],, together with the D to H adduct ratios 
will enable us to estimate the efficiency of the spillover 
process. 
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