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Overview

 Motivation

— Understanding biomineralisation processes.
— Crystal nucleation as a rare event.

« Adventures with metadynamics
— Adapting collective variables from previous MC studies.

— Example - control of crystal orientation by self-assembled organic monolayers.
— Problems going forward.

* Forward-flux sampling on a toy system
— Freezing of a hard-sphere polymer chain.
— Kinetics vs thermodynamics.
— Breakdown of the two state assumption.
— Possible reaction coordinate?
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Motivation - biomineralisation

Control of morphology and assembly?

Control of polymorph selection?

Control of orientation?

Columns of calcite
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Crystal nucleation as a rare event
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Crystallisation with metadynamics

» Adapted collective variables from MC
TIP4P ice nucleation studies of Trout.
[ Radhakrishnan & Trout. J.A.C.S. 125, 7743 — 7747 (2003)

Phys. Rev. Lett. 90 158301 (2003)]
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Orientation specificity

« Possible bio-mimetic control of crystal orientation.
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Orientation specificity
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Travaille et al J. Am. Chem. Soc., 2003, 125,
11571-11577

Han & Aizenberg Angew. Chem. Int. Ed., 2003, 42, 3668-3670
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Simulating orientation specificity

Use metadynamics to (carefully) drive
amorphous to crystalline transition.

Use Gaussian height around 2% of
smallest surface energy difference.

SAMs modelled using CHARMM united
atom force-field, TIP3P water.

Mineral-organic terms in Freeman et al J.
Phys. Chem. C 111,11943 (2007).

8.3 ns metadynamics simulations (or until
crystallised) with 2 ns MD for analysis of
crystal.

310 Kelvin, constant density.




Simulating orientation specificity

Freezing the monolayer gives good
epitaxial matching, but wrong result!

* Metadynamics allows us to simulate both
the monolayer and the solvent at relevant
temperatures.

» Reproduce (consistently) the experimental
orientation when allowing flexibility.

« Simulations of polymorph-selecting
monolayers are underway with improved
potentials for CaCO,.

54 % bulk calcite 39 % bulk calcite
(001) nucleation plane (012) nucleation plane
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Methodology problems

* Using metadynamics to;
« Predict structures
» Map gross features and changes in free energy landscapes

« (Going beyond this requires better collective variables for crystallisation.
» Screen candidate CVs against path sampling data?

« TPS/TIS/FFS + likelihood maximisation.
* Issues with path sampling for systems with many glassy/amorphous minima?
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Attractive hard sphere chain
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Properties

Thermodynamics of system extensively studied previously.

[ Taylor, Paul and Binder. Phys. Rev. E. 79, 050801 (2009)
J. Chem. Phys. 131, 114907 (2009) ]

- Single stage “protein-like” collapse for ¥ < 1.06
« We study globule-crystal transition for larger X.
- Brute force sampling feasible for ¥ = 1.15.

« Use forward flux sampling (FFS) for smaller X.

« Simulations use collision dynamics (CD) with a stochastic
component to represent coupling to a heat bath.

Brute force CD trajectory at
transition temperature.
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Sampling and FFS

» All globule states can be connected by short CD trajectories.
» Different realisations of the crystal state separated by high barriers.
» Breakdown of two-state assumption.
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Transition temperature via kinetics

« Systematic upward shift of transition temperature vs Wang-Landau (WL) MC simulations.
 Attribute this to inability of CD to sample transitions between realisations of crystal.

+ Kinetic hindering of transitions in direction A=>B?
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An improved reaction coordinate?
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Summary

 Biomineralisation

— Gained some insight via metadynamics using naive collective variables.
— Issues with going beyond this. Need better CVs and path sampling methods for very rugged landscapes.

« Kinetics of polymer crystallisation

— Can a two-state treatment every capture rates correctly?
— Insight into reaction coordinate from topology / mode analysis?
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