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Use of High-Frequency EPR in Heterogenous Catalysis
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Introduction

With the renewed interest of the chemical industry in processing natural gas to more valuable compounds such as higher hydrocarbons (Fischer-Tropsch) or alkenes (oxidative coupling of methane (OCM)), the simplest catalyst for the latter reaction, MgO, has obtained new attention. Quite some time ago, Lunsford proposed a model for the active site, in particular of Li-doped MgO [1-3]. In this model suboxide ions (O() stabilized by the formation of charge compensating Li+-O( pairs substituting for Mg2+-O2+  ions, play an important role for the primary hydrogen abstraction process in methane. It was noted quite early that focusing on the idea of an “isolated” site might be misleading, because clusters or arrays of defect-stabilized electrons or holes at the surface might also be involved by providing a convenient reservoir for charge transfer in the catalytic reaction. Delivering an experimental proof for the existence of such clusters is difficult, because weak magnetic dipolar or exchange couplings of such sites would evade detection by optical or XPS studies. However, considering the paramagnetic nature of trapped electrons or holes it is tempting to resort to advanced pulsed and high-frequency EPR as a method of choice to provide evidence for coupled species.
Experimental 

For confirmation of the assumption of the presence of exchange-coupled electrons and holes it is mandatory to invoke high-frequency Electron Paramagnetic Resonance for unraveling the expected characteristic multi-transition spectrum of sites with effective spin larger than 1/2. Taking advantage of the high sensitivity of high-frequency EPR, sealed samples of the catalyst, extracted from the reactor under controlled conditions, can be studied in a cavity-free set-up. Using the transmission type experimental set-up of the EMR group, samples can be investigated in sealed quartz tubes containing up to 100 mg of catalyst material.
Results and Discussion


Quite unexpectedly, using 2D EPR at 9 and 34 GHz at the lab in Berlin, first evidence was obtained that exchange coupled sites are present at the surface of MgO polycrystalline catalysts, formed upon exposure to a gas mixture of CH4 and O2. The determination of the effective spin was based on observing the Rabi nutation frequency of transitions within the multitude of levels of the high spin system. Performing 406 GHz EPR experiments at the NHMFL, the assignment of a characteristic part of the EPR spectrum to be caused by an effective S = 5/2 spin cluster could be confirmed by observing the temperature dependence of this particular line. Evaluation of the set of spectra obtained during the first allocated spectrometer time in November 2015, was in good agreement with the theoretical prediction that the “central transition” of a high spin site should “die out” at sufficiently low temperature because of Boltzmann de-population.  Further experiments are planned to map a wider spectral range in order to quantify the full set of spin Hamiltonian parameters. 

Conclusions

Extending the EPR spectrometer frequency from routinely available 9 and 34 GHz to 400 GHz as provided by the NHMFL provided important further evidence about the predicted presence of exchange-coupled clusters of electrons and holes.   
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