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Geometric frustration is most commonly used to describe how local misfit disrupts 
and prevents perfect order in condensed matter systems, from liquid crystals to 
magnetism.  Recently, frustration has been theorized to give rise to exotic 
behavior without counterpart is standard self-assembling systems: self-limitation, 
in which thermodynamics is able to “measure" and limit the finite size of an 
assembling structure at sizes far larger than the assembling units or their 
interactions.  This “thermodynamic action at a distance" has been invoked to 
explain anomalous structure, from existing protein to colloidal assembly, and is 
currently inspiring efforts to engineer size-programmed assemblies via 
intentionally frustrated synthetic particles.

Despite the interest in frustration-limited assembly, its physical basis remains 
poorly understood.  Notably, basic questions remain about where and whether 
this exotic behavior can exist at finite temperature and concentration, necessary 
conditions for equilibrium assembly.  A new model, which boils down the essential 
elements of frustrated assembly to a minimal lattice model, shows that indeed 
such seemingly contradictory conditions exists in which an assembly can be “feel 
its size through" the stresses accumulated from local misfit, yet also assemble 
and disassemble at finite temperature.  The model makes generic predictions that 
the self-limiting state is only possible for intermediate strengths of misfit, 
dissolving when frustration is too large, and condensing into an exotic ”defect 
sponge'' when frustration is too low.  Moreover, boundaries between distinct 
assembly states are shown to be strongly temperature-dependent, indicating that 
entropy plays a key role in stabilizing self-limiting assembly.
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While geometric frustration is a broad theme in condensed matter, only relatively recently has it come to light that its presence in self-assembling systems leads to new regimes of “anomalous” behavior, without counterpart in systems of canonical assembly (Nat. Phys. 2017, 10.1038/nphys4201). Of particular interest is the ability of GFA systems to “sense their size” thermodynamically on length scales much larger than the assembly units. This exotic behavior has been used to rationalize the appearance of self-limiting states in a range of existing experimental systems (e.g. spherical colloidal crystals, hyperbolic lipid membranes, and chiral protein bundles), but is has also stimulated emerging interest as a possible means of “programming” finite size of self-assembly materials through intentionally engineered misfit of the subunits (e.g. ACS Nano 2020 10.1021/acsnano.0c07696, 2022 10.1021/acsnano.2c00865).  
 
To date, the understanding of self-limitation in GFA relies nearly exclusively on zero-temperature considerations, a balance between the cumulative elastic effects of frustration and the cohesive cost of finite boundary formation. This picture leaves out the very elementary considerations of entropy at finite temperature, notwithstanding the fact that equilibrium assembly can only take place at finite temperature and necessarily depends strongly on chemical equilibrium between high translational entropy of dispersed subunits and the relatively low energy of assembly.  
 
To understand the heretofore unknown role of finite-temperature in GFA, we propose a novel lattice model that incorporates it core elements in a minimal way, but nevertheless maps to a class of frustrated liquid crystalline assembly.  We perform simulations to determine the regimes of self-limiting states, which here take the form of finite width worm-like aggregates.  We show that at finite-temperature and concentration, equilibrium self-limiting states are only possible at an intermediate range of frustration, unstable to dispersion at high frustration and unstable to a bulk (unlimited) condensed state at weak frustration.  Our simulations provide the first snapshot of the bulk condensed phases at weak but finite frustration, an exotic variant of the Abrikosov state of superconductors, that we call the “vortex sponge”.
 
Our study advances the understanding of GFA in several ways:
 
We prove that all three states of disperse, bulk (unlimited) and self-limiting assembly manifest in an equilibrium model of GFA, and construct the generalized phase diagram in terms of finite concentration, temperature, frustration strength, cohesion and elasticity stiffness.
 
We determine the role of finite temperature in the regulating the equilibrium stability of the self-limiting state, overturning the prevailing picture that self-limiting thermodynamics can be understood as purely a competition between elasticity and cohesion in the ground state.
 
We study the equilibrium transition between self-limiting and bulk states, showing the existence of an exotic topologically-charged “vortex sponge”, revealing this transition to be entropically controlled and, therefore, not explainable by currently available heuristic models of (Abrikosov-like) defect ground states, implying novel physics yet to be understood.
 
Our study places the physics of GFA in the context of two “cornerstone” models of condensed matter – the uniformly frustrated XY model and Blume-Emory-Griffiths model – and shows self-limiting states exist in the heretofore explored regimes intermediate to these classical cases.



http://arxiv.org/abs/2303.02121


Where Materials Begin and Society Benefits

2023  Broader Impacts
Principles of Geometrically Frustrated Assembly

Gregory M. Grason, University of Massachusetts, Amherst

DMR-2028885

New cohort of 5 students from Holyoke High School students, 
joins  2023 ASPIRE program – 5 Saturdays January – in 
Polymer Science and Engineering for grad student led, 
laboratory-based intro to soft materials, including Mohab 
Ramadan (pictured in on right).

Spelman College undergrad, Micah 
Wilkerson, presents the results of her 
summer research project “Analyzing Fiber 
Mechanics of Helical Structures”, jointly 
advised by A. Crosby at UMass, July 2023.
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This award supports Grason’s efforts to advise student-led ASPIRE program in UMass PSE, which hosts high-school students in UMass labs for hands on, in-lab intros. to science and research in polymer and soft materials.  Grason’s efforts have focused on new partnership with Holyoke High School, a public school serving a large population of Hispanic and African American students.  Funding from the award was used to sponsor travel to and from campus for a cohort of 5 students from Holyoke High, as well as 7 students from Springfield Renaissance High School.��The project also supported a jointly advised summer research project for Micah Wilkerson, a chemistry major from Spelman College, in the UMass ASCENDS program.  Micah’s project continued collabortive efforts between the Grason and Crosby groups at UMass PSE and the lab of Michelle Gaines at Spelman Chemistry, to explore the materials science and geometric mechanics of curly hair.


	Principles of Geometrically Frustrated Assembly
	Principles of Geometrically Frustrated Assembly

