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Carbenes on Au(111) using High-Resolution Spectroscopy 
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N-heterocyclic carbenes (NHCs) bind very strongly to transition metals due to their unique electronic structure featuring a 

divalent carbon atom with a lone pair in a highly directional sp2-hybridized orbital. As such, they can be assembled into 

monolayers on metal surfaces that have enhanced stability compared to their thiol-based counterparts. The utility of NHCs 

to form such robust self-assembled monolayers (SAMs) was only recently recognized and many fundamental questions 

remain. Here we investigate the structure and geometry of a series of NHCs on Au(111) using high-resolution x-ray 

photoelectron spectroscopy and density functional theory calculations. We find that the N-substituents on the NHC ring 

strongly affect the molecule–metal interaction and steer the orientation of molecules in the surface layer. In contrast to 

previous reports, our experimental and theoretical results provide unequivocal evidence that NHCs with N-methyl 

substituents bind to undercoordinated adatoms to form flat-lying complexes. In these SAMs, the donor-acceptor interaction 

between the NHC lone pair and the undercoordinated Au adatom is primarily responsible for the strong bonding of the 

molecules to the surface. NHCs with bulkier N-substituents prevent the formation of such complexes by forcing the 

molecules into an upright orientation. Our work provides unique insights into the bonding and geometry of NHC monolayers; 

more generally, it charts a clear path to manipulating the interaction between NHCs and metal surfaces using traditional 

coordination chemistry synthetic strategies.

Introduction 

 N-heterocyclic carbenes (NHCs) are exceptionally strong s-

donor ligands capable of binding to virtually any transition 

metal. They are receiving increasing interest for their ability to 

form functional self-assembled monolayers (SAMs) on metal 

surfaces.1-8 Johnson, Crudden and their respective coworkers 

have demonstrated that NHC-based SAMs exhibit remarkable 

thermal and chemical stability that go well beyond thiol-based 

SAMs on Au,1, 7 opening the door to novel applications in 

selective heterogeneous catalysis,9, 10 nanotechnology11 and 

sensing.2 Moreover, the strength and directionality of NHC–

metal bonds, by now well-established in coordination 

chemistry, offer exciting new possibilities for passivating and/or 

manipulating the work function of metal surfaces.12 While a 

substantial body of work has been devoted to NHCs since their 

discovery,13-21 this research has thus far mainly focused on the 

design of homogeneous catalysts. By contrast, many 

fundamental questions regarding the structure of NHC SAMs 

and their electronic coupling with metal surfaces remain 

unanswered.1, 7, 8, 22 Recently, some unique insights have been 

provided through the application of NHCs as linker groups in 

molecular-scale electronics.23, 24 

 To date, most models of NHC-bound SAMs on metal 

surfaces postulate that the molecules adopt an upright 

geometry, with the heterocyclic system perpendicular to the 

surface.7, 8, 22, 25-28 In this orientation, a donor-acceptor 

interaction from the carbene lone pair to a surface atom is the 

primary contribution to the NHC–metal bond. In contrast, 

Baddeley, Papageorgiou, and their respective co-workers 

recently reported that some NHCs can form flat-lying 

mononuclear complexes (NHC)2M (M = Cu, Ag, Au) on surfaces, 

where the coordinated metal site is pulled out of the surface 
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