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Can we predict the microstructure of polymers?

A very general

problem!
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How can we model microstructure formation?

A difficult challenge

Continuum fluid dynamics

Teran et al. Phys. Fluid. (2008)

Self-consistent field theory (SCFT)
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Fredrickson. J. Chem. Phys. 6810 (2002)
Hall et al. Phys. Rev. Lett. 114501 (2006)

Key idea — cheaper models




Multi-fluid models

Two-fluid model

Ysolvent

\Upolymer
drag = Z Gi(vi — )

de Gennes. J. Chem Phys. (1980)



Multi-fluid models

Two-fluid model The Rayleighian

Ri{v;}] = - free energy

+ ®[{v;}] dissipation

— - constraints
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drag = Z Ci(v; — D)

de Gennes. J. Chem Phys. (1980) Doi and Onuki. J Phys (Paris). 1992



PFPD Software

Phase-Field Polymer Dynamics

Scripts and plotting tools

Operators

- Pseudospectral
- Hybrid

el BCs

Models

- Ternary FHG
- Block polymers

Time Int.

- Model B
- Model H

Field vector/matrix operations

Field library (KTD)




PFPD Software

Phase-Field Polymer Dynamics
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Operators | Models |[EFimeint:
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Integration of transport equations
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Stable and efficient time integration

Semi-implicit stabilization
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State-of-the-art method for hydrodynamics

Variable-n Stokes equation

0=-Vp—V. I
+ V- [n(¢) (Vv—i—VvT)]
0=V-v

Doi and Edwards. (1986)
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PFPD Software

Phase-Field Polymer Dynamics

Scripts and plotting tools

Models

- Ternary FHG
- Block polymers

Time Int.

- Model B
- Model H

Field vector/matrix operations

Field library (KTD)




Non-periodic Boundary Conditions

Pseudo-spectral derivatives Finite differences

A hybrid method
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Spinodal decomposition example (diffusion only)

Hybrid simulation
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PFPD Software

Phase-Field Polymer Dynamics

Scripts and plotting tools

Operators

- Pseudospectral

- Hybrid ="
(FD)

Models

- Ternary FHG
- Block polymers

Time Int.

- Model B
- Model H

Field vector/matrix operations

Field library (KTD)

12



How can we model the free energy?

Field theory
simulations
(SCFT/CL)
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How can we model the free energy?

Analytical
approximations
to a field theory
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Deriving free energy functionals

Exact DFT

_l’_
Mean-Field Approximation & Weak-Inhomogeneity*

1
Random Phase Approximation (RPA)

* Other approximations are possible, e.g. slow gradient expansion

G.H. Fredrickson. The Equilibrium Theory of Inhomogeneous Polymers. Oxford (2006). 14



Square-gradient (Cahn—Hilliard) models

Flory—Huggins—de Gennes Ginzburg-Landau
2. b fo(9) = a(¢)® + bg*
fo(o) = Z % In¢; + x12¢192 Zggb; _ Z( )
i=1"" o

_ 40 L
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P.G. de Gennes. J. Chem. Phys. (1980). Cahn and Hilliard. J. Chem. Phys. (1958).
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Stability is a challenge at strong segregation

solvent

An unstable code is bad

tA

polymer non-solvent

Why is it hard? Accuracy
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Interaction between small w and small A¢

XN
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Regularizing the free energy

Modified Flory—Huggins
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Effect of regularization on

No regularization

Regularized (A = § = 5e — 3)

the phase diagram
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Effect of regularization on the dynamics

No regularization
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Limitations of the RPA 10
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Ohta-Kawasaki procedure
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What about inhomogeneous polymer models?
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Ohta-Kawasaki proof of principle

Flol = [ ar [f({cm}) + Y S vl
+%Z§i/dr/dr'G(r,r')&/)i(r)éq‘)i(r’)
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How can we model the free energy?

Numerical
approximations
to a field theory

%

7N 2,

=
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Force matching free energy functionals

A generic functional

Force matching to SCFT




Outlook of current and future capabilities

World-class software for the dynamics of polymeric liquids

Ongoing studies Low-hanging fruit




Can we predict the microstructure of polymers?

A very general

problem!

Polymer membranes
> clean water

» medical filters
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Clean water is a present and growing concern

Why membranes?

U.S. Drought Monitor
July 7, 2015

Author:
Brian Fuchs
National Drought Mitigation Center
Intensity:
ooabromaiyory M D3 Extreme Drought
D1 Moderate Drought [l D4 Exceptional Drought
[ 02 severe Drougnt

http://droughtmonitor.unl.edu/
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Hollow Fiber Configuration

http://www.kochmembrane.com/Learning-

Center/Configurations/What-are-Holl

ow-Fiber-Membranes.aspx
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Polymer membrane synthesis by immersion precipitation
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Figure inspired by: www.synderfiltration.com/learning-center/articles/introduction-to-membranes



Polymer membrane synthesis by immersion precipitation

polymer
solution
membrane
substrate
| nan-cnlvuent
solvent

L-G
/

A

polymer non-solvent
-

nonzolvent > r_o

solvent

J

om/learning-center/articles/introduction-to-membranes



Microstructural variety in membranes

Uniform “Sponge” Asymmetric “Sponge”

~/

Skin Layer

Fingers or
Macro-voids

Strathmann et al.
Desalination. (1975)
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Microstructural variety in membranes

Uniform “Sponge” Asymmetric “Sponge”

Fingers or
Macro-voids

: 2 a: Strathmann et al.
S — Desalination. (1975)
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A ternary solution model

®[{v;}] dissipation P / [ ({6:]) ZK% Vil?

- constraints

| Newtonian fluid with
¢-dependent viscosity
Transport Equations

= %/dr [E;Ci(vz—_

+2n({¢:})D : D]

AG =pV - v

Solve numerically




Characterization of model thermodynamics
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Measured interface width for many parameters

102 | ———

100

100
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What explains the interface width data?

¢ solvent

¢ non-solvent

We are near the critical point, Y.

33



Microstructural variety in membranes

Uniform “Sponge” Asymmetric “Sponge”

Fingers or
Macro-voids

- " i Strathmann et al.
I — Desalination. (1975)

100 1«
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Quench-depth gradient theory

y/ Ry
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Isotropic spinodal decomposition
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There are two dynamic regimes

domain size

102 .
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102 103

simulation time

104

10°
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Early-time regime — initiation of spinodal decomposition

Linear stability analysis

Two key parameters




Long-time regime — coarsening

surface diffusion bulk diffusion hydrodynamics
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Increasing the quench-depth
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Increasing the quench-depth
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Comparing to LSA
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The quench-depth graident theory is too simple

z/Ry
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Microstructural variety in membranes

Uniform “Sponge” Asymmetric “Sponge”

Fingers or
Macro-voids
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Microstructural variety in membranes
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How does a quench happen by mass transfer?

The kinetics of a mass-transfer-driven quench are inherently
different than a temperature-driven quench.

polymer

10 Important questions
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Early-time behavior

A simplifying assumption

Example:

— Unbounded — Bounded
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Simple diffusion from a step
function initial condition
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Ternary plot of immediate SDSD




Real-space plot of immediate SDSD
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A finite-sized film can exhibit a delayed phase-separation

?s

50 100 150 200
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Finite-film data collapse with a similarity variable
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A comment about macrovoids

t=80.03732

22

1024

v/ Ry

128
xRy

Because there is no inertia,
‘ the instability must be driven

by spinodal decomposition.

Sternlmg and
Scriven. AICHE
J. (1959)
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What do we know so far about a mass-transfer driven
quench?

Important questions (1) Initiation

(2) Initial film concentration

Pego. P. Roy. Soc. A-Math. Phy. 422, 261 (1989) (3) Role Of film thickness
Ball and Essery. J. Phys.-Condens. Mat. 2, 10303
(1990)
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Conclusions

Software development

Scripts and plotting tools

Operators

- Pseudospectral
- Hybrid

) BCs

Models
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- Block polymers,

Time Int.

- Model B
- Model H

Field vector/matrix operations

Field library (KTD)

Polymer membranes
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Saedi et al. Can. J. Chem. Eng. (2014)
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Effect of hydrodynamics
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Effect of hydrodynamics
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