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Abstract: <span>Phase transitions are ubiquitous in nature. Understanding the kinetic pathways of phase transitions has been a challenging problem
in physics and physical chemistry. From a thermodynamics point of view, the kinetics of phase transitions is dictated by the characteristics of the
free energy landscape. In particular, the emergence of a stable phase from a metastable phase follows specific paths, the minimum energy paths, on
the free energy landscape. | will describe the characteristics of the minimum energy paths and introduce an efficient method, the string method, to
construct them. | will use self-assembled phases of block copolymers as examples to demonstrate the power of the method. In particular, | will show
how precisely determined transition pathways provide understanding and surprises when we try to connect the different ordered phases of block
copolymers.</span>
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Qutline

* Introduction

* String Method

* Case Study: Transitions between diblock copolymer
phases

* Summary
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Phase Transitions: Spinodal Decomposition and Nucleation
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Classical Nucleation Theory

Assume a macroscopic nucleus: Reaction coordinate

Qualitatively correct physical picture
But not all nuclei are large and spherical!
Can we do better?
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Modern Nucleation Theory: String Method

The most probable kinetic pathway: Minimum Energy Path
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Transition Pathways: String Method

The most probable kinetic pathway: Minimum Energy Path

The string is discretized into N+1 point (¢f);, 0 < i < N

with two ends fixed (U)o = ug. (V)N = 1y

The rest N-1 points are evolved according to

]
S0 = —(VF) @) +
dt

MEP is obtained when steady state solution is found. The maximum
along the MEP corresponds to the critical transition state.

AF = F(ug) — F(ug)
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Transition Pathways: The String Method

Minimum Energy Path can be obtained by a two-step procedure

Simple method for any physical energy landscapes
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Diblock Copolymers: Self-Assembly

Competition between entropy and energy

=)

R; ~N'"" rL(xT d~y N

Leads to microphase separation of diblock copolymers

Cochran et al, 2006
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Free Energy Landscape: Self-Consistent Field Theory

Simple theoretical framework
e Chain statistics and polymer density p(r) determined by w(r)
e Mean field w(r) determined self-consistently by p(r)

e Flexible framework, applies to many systems
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Transition Pathways: String Method on SCFT

Disordered phase to sphere transition
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Transition Pathways: String Method on SCFT

Lamella to cylinder transition

Consistent with previous CNT by Wickham et al.
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Transition Pathways: String Method on SCFT

Lamella to cylinder transition
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Consistent with previous CNT by Wickham et al.
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Transition Pathways: String Method on SCFT

Sphere to cylinder transition
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Transition Pathways: String Method on SCFT

Gyroid <-> Cylinder Transitions
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Transition Pathways: String Method on SCFT

Cylinder to gyroid transition
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Cylinder <-> gyroid transition
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Transition Pathways: String Method on SCFT

Lamella to gyroid transition
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Summary

Stable and metastable phases correspond to local minima on the
free energy landscape

Most probable phase transition pathways correspond to minimum
energy path (MEP) on free energy landscape

Transition pathways can be obtained using the string method

Size and shape of critical nuclei, free energy barrier of nucleation
disk-to-vesicle transition: emergence and stability of open
intermediates

Order-order transitions in diblock copolymers: anisotropic critical
nucleus, free energy barrier

Gyroid from lamellae: multi-pathways

Many applications to a wide range of problems
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