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Data Driven Discovery of Structurally Defined 2D Organic Materials 

Two-dimensional organic assemblies (i.e., nanosheets) represent a promising structural platform to 
arrange molecular and supramolecular substrates with precision in ordered arrays. In addition, these 
types of nanomaterials may be integrated more straightforwardly into devices using conventional 
nanofabrication methods. General principles for the design of structurally ordered 2D assemblies from 
synthetic protomers are not readily available, especially for non-peptidic oligomers. The latter materials 
are particularly appealing from the perspective of potential applications as they often display interesting 
optical, electronic, and mechanical properties. A broad-based materials informatics approach could assist 
in mining available structural databases to identify organic scaffolds that promote the formation of 2D 
assemblies of defined plane symmetry and internal structure. Initial efforts would focus on peptidic 
assemblies in order to define paradigms that would be applicable to more conventional, non-peptidic 
systems.  

1. Effective methods to identify well-packed 2D layers within 3D structures within large structural 
databases. 

2. Definition of criteria to distinguish stable interfaces from weak crystallization artifacts. 
3. Development of machine learning or alternative classification approaches to glean information 

on the relationship between local protomer structure and 2D lattice symmetry 
4. Correlated database development to enable identification of novel sequences that would be 

compatible with the formation of ordered 2D lattices.  



Data Origin and Access (data must be available and sharable with data science teams – please 
        address: data source/origin, access privileges, sharing privileges) 

 
Project Description   
 
Rationale and Research Goals: Research on 2D materials is currently undergoing expansive growth due 
to the convergence of a variety of factors: (1) demonstration of compelling optical, electronic, and magnetic 
properties, (2) potential ease of integration into conventional device architectures, and (3) continuously 
improving methods for controlled fabrication on the nano- to meso-scale.1-2 However, the rational and 
predictable design of these materials remains a significant challenge. Sequence-specific polymers, such 
as peptides, proteins and structurally related synthetic polyamide foldamers, have been examined as 
substrates for the construction of structurally ordered two-dimensional assemblies (nanosheets) and 
represent promising structural platforms to arrange molecular and supramolecular substrates with precision 
in ordered arrays.3 The well-defined correlations between sequence and structure that are observed for 
these types of materials offer the opportunity for rational design. Structurally defined nanosheets have been 
created from self-assembly of a variety of appropriately designed structural motifs including collagen-
mimetic peptides, β-sheet peptides, straight α-helices, α-helical coiled-coils, peptoids, and globular 
proteins.3  

Despite these recent successes, most of the aforementioned nanosheets arose fortuitously, i.e., with 
relatively limited insight from rational sequence design. Computational methods have been employed to 
facilitate the process of sequence selection, however the large size of these assemblies and structural 
complexity of the protomers currently rule out atomistic modeling and, consequently, ab initio design. 
Successful efforts in computational design have focused on structurally well-characterized protomers of 
specific, crystallographically defined rotational symmetry, which are subsequently arranged on 2D lattices 
with compatible plane symmetry.4,5  This approach has met thus far with some degree of success, although 
the observed 2D lattice symmetry is not always in agreement with the computational design. The challenges 
observed for design of 2D peptide assemblies are even more daunting in the case of conventional polymers 
based on non-peptidic backbone chemistries. Sequence-structure correlations are not as well developed 
for synthetic polymers as for peptides and proteins, particularly as far less high resolution structural data 
are available. Nonetheless, it is well known that polymers often crystallize from dilute solution into 2D 
layered crystals through adjacent reentry chain folding.6,7 The polymer backbone is oriented perpendicular 
to the surface of the sheet and defines the thickness of the lamellar crystals. The development of methods 
to rationally design 2D polymer/oligomer crystals would open up a wide range of opportunities to engineer 
nanosheets from conventional materials that display significantly different (but complementary) physico-
chemical properties in comparison to peptide-based materials. 
 

Protein Data Bank: freely available and accessible 
 
Cambridge Structural Database: subscription service through which we have access through an annual 
institutional subscription 
 
Polymer Database (National Institute of Materials Science, Japan): free access, requires registration. 
 
Scientific Literature: it is possible that not all of the polymer crystal structure data has been effectively 
compiled or is readily available via conventional literature search engines (see below). Would require 
access to scientific literature that may be behind a paywall. Emory has many institutional subscriptions, 
but may not have complete coverage. 



Big Data Driven Approaches to 2D Materials Design: Rich troves of structural information are available 
for proteins and small molecules (peptide oligomers, etc.) in the Protein Data Bank (137K+ structures) and 
the Cambridge Structural Database (800K+ structures), respectively. Big Data methods could be potentially 
employed to leverage this structural information to guide the design of novel types of 2D assemblies. 
Effective structural search methods are needed that would identify well-packed 2D lattices within the 
crystallographic data and classify them on the basis of plane symmetry. Machine learning (or other 
informatics based methods) would be desirable to analyze the structures and identify relationships 
embedded within the structures that might specify different packing symmetries of the respective 2D 
lattices. Rubrics need to be defined that would enable the identification of “stable” 2D layers within the 3D 
crystal structures of peptides and proteins within the databases. This process would entail the identification 
of physico-chemical criteria that could be employed as descriptors for structural stability. 
 
The most commonly observed 2D peptide nanostructures are based on appropriately designed, sequence-
specific chiral rods (corresponding to helical or super-helical subunits or protomers) that laterally associate 
with structural specificity to afford ordered two-dimensional lattices in which sheet thickness, internal 
structure, and surface chemistry can be controlled through molecular-level interactions (electrostatic 
attraction, hydrogen-bonding, and complementary side-chain packing). Helical and super-helical structural 
motifs are amenable to parametric design approaches using computational design engines once the helical 
fold is identified and parameterized.8 The immediate objective in this materials informatics strategy would 
be to identify protein folds compatible with specific 2D packing symmetries such that a parametric 
description can be generated for the individual structural elements (protomers). Polar sequence patterning 
often plays an influential role in determination of the local peptide chain conformation and, additionally, may 
influence lateral packing arrangements within the 2D lattice (Figure 1).9 The limited structural evidence from 
well-characterized 2D peptide assemblies suggests that electrostatic interactions play a significant 
structural role in determining the packing symmetry and local peptide orientation. These observations 
suggest that residue-based coarse-grained modeling might be a useful approach to simulate the 2D packing 
if data classification methods could identify relationships that would restrict the pool of polar sequence 
patterns compatible with specific local helical symmetries and extended plane symmetries. 
 
If successful, this inverse strategy, i.e., the identification of sequence patterns and general design principles 
from peptide-derived structural correlations, could be applied in the forward direction to select and design 
the sequences of synthetic polymer chain architectures that are compatible with the formation of structurally 
defined 2D crystals of controllable symmetry and internal structure. Polymer single crystals arise from chain 
folding in which turn sequences are localized at the surface of the crystal while helical segments define the 
lamellar thickness. In theory, these helical polymer segments can be parameterized in a similar manner to 
peptide chain conformations. Helical and supra-helical patterned architectures that promote specific 2D 
lattice formation in peptide structures (see above) can be screened to identify synthetic polymer structures 
that would be compatible with the different lattice sub-types. The most desirable outcome would be to 
identify synthetic sequence-complex oligomers based on conventional polymer backbones that would form 
structurally well-defined 2D materials. The need for materials informatics in this aspect of the research 
would be the generation of a searchable database in which polymer/oligomer structural data were compiled 
and cross-correlated with respect to backbone chemistry, helical symmetry, unit cell information, and 
structure-related physical properties (e.g., polydispersity, molecular weight, melting point, solvent 
interaction parameter, etc.). This information can be drawn from structural databases, such as the 
Cambridge Structural Database, the Polymer Database at NIMS (20K+ polymers and co-polymers), along 
with other web-based data resources on polymers. However, consideration should be given in the analysis 
to the reliability of the archived data and completeness of coverage of the polymer literature.10 The optimal 
target materials would be discrete-length block-like oligomers based on non-peptidic backbones. The 
blocks would comprise distinct polymer compositions in which the two domains displayed different solvent 
preferences. This architecture would selectively segregate the crystalline block while the solvatophilicity of 
the other block promoted the formation of a stable colloid dispersion. The proposed study would serve to 
identify best-practice methods based on data analysis to create structurally homogeneous 2D assemblies 
that would be broadly generalizable to the field of soft materials. The ultimate goal would be to provide a 
set of structural prototypes that could be developed as functional platforms for devices in the future. 
 



 
Figure 1. A. Helical wheel diagram of the sequence of 3FD-IL in which the three-fold faces are depicted 
in different colors. B. Cryo-TEM image of a 3FD-IL nanosheet. C. SAXS scattering profile for 3FD-IL in 
which the Bragg diffraction peaks associated with the hexagonal lattice are depicted in the inset. D. 
Hexagonal honeycomb lattice model of 3FD-IL in which the 2D unit cell is depicted with lattice planes. 
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