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INTRODUCTION

The investigation of the hierarchical self-assembly of amino acids on surfaces represents a unique test-bed for the origin of enantio-favoritism in biology and the transmission of chirality from single molecules to a complete surface layer (1-3). These chiral systems, in particular the assembly of isoleucine and alanine on Cu(111), represent a direct link to the understanding of certain biological processes, specifically the preference for some amino acids to form alpha helices vs. beta-pleated sheets in the secondary structure of proteins. Additionally, it is possible to characterize the fundamental behavior of these molecules in a systematic manner. Low temperature, ultra-high vacuum, scanning tunneling microscopy (LT UHV-STM) is used to study the hierarchical self-assembly of different amino acids on a Cu(111) single crystal in an effort to build a library of their two-dimensional structure with molecular-scale resolution for enhanced protein and peptide studies. Both enantiopure and racemic structures are studied in order to elucidate how chirality can affect the self-assembly of the amino acids. In some cases, density functional theory (DFT) models can be used to corroborate the experimental structure. 
EXPERIMENTAL

The sample preparation and STM imaging were conducted in a VT-UHV Omicron Nanotechnology system. The Cu(111) single crystal was cleaned prior to isoleucine and alanine deposition by cycles of Ar+ sputtering followed by thermal anneals to 1,000 K. The substrate was kept at room temperature during molecular deposition. The sample was then moved to the STM chamber and annealed to ~473 K for 15 mins (in most cases) after which it was cooled down to 55 K in the microscope stage. All imaging was performed at 55 K. The isoleucine and alanine were heated to ~423 K and were deposited onto the surface via sublimation into the preparation chamber through a precision leak valve.
RESULTS

In terms of the self-assembly of the L-isoleucine system, it was possible to monitor a coverage dependent assembly which included winding molecular filaments, small, hydrogen-bonded hexagonal features, and finally close-packed islands whose major axes align with the underlying atomic lattice (Figure 1). Additionally, a significant perturbation of the underlying copper surface was observed resulting in the formation of small, metallic islands due to the trapping of diffusing copper atoms by the molecules on the surface (Figure 1). This type of restructuring of a Cu(111) surface is rarely seen with other amino acids in the STM literature.

In the comparative study between the isoleucine and alanine superstructures, it is the striking difference in the fundamental building blocks that is most intriguing. For the isoleucine system, we can identify the full range of structural units on the surface from monomers and dimers to clusters of isoleucine at low molecular coverages. Conversely, in the alanine system, the basic unit appears to always be a trimer. This fundamental difference in behavior is surprising considering the similarities between the molecular structures. 
Finally, we can extend these comparative studies to ultimately form a library of amino acid self-assembly on metal surfaces. The advent of such a library with fully resolved, two-dimensional structures at different molecular coverages would address some of the complex questions surrounding the preferential formation of alpha helices vs. beta-pleated sheets in proteins and lead to a better understanding of the key role played by these amino acids in protein sequencing.
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Figure 1: (a) STM image showing the variety of features formed by L-isoleucine on a Cu(111) surface, including winding chains, small hexagonal features, and cooper islands. (b) A higher surface coverage led to the formation of close-packed molecular islands, in addition to the maintenance of the previous structures.
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