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Outline 

2. Particle and capsule  formation 
Levitation & microfluidics 
Solution thermodynamics, phase inversion and solidification 
Functional capsules with tunable, triggered release. 

3. Waves of network formation

3D printing with light

1. Polymer thermodynamics & demixing

Cahn-Hilliard theory & spinodal decomposition. 

Membranes and photovoltaics



Organic photovoltaics (donor/acceptor)

Heeger Adv Func Mater 2005 2012
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Functional polymeric spinodal nanostructures
(bicontinuous interpenetrating) 

Reactive blending

T Russell 2012

Membranes/separations

Phase inversion via ternary polymer/solvent/non-solvent quench 
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Polymer miscibility & demixing 

Flory-Huggins lattice

Binary mixture
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Polymer miscibility & demixing
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Polymer miscibility & demixing
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Nucleation and growth 
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Spinodal decomposition 
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equation of motion 
concentration fluctuations
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Cahn-Hilliard (Cook) linearised theory
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interfaces
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T=2.5°C , where G’’=1.8 10-5 mol/cm3, and 
k=0.05 Å2 mol/cm3, M=106 Å2 s-1 cm3 mol-1

𝑞𝑚 = −
𝐺′′

4𝑘

Early stages and coarsening 
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𝑞𝑚 = −
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4𝑘

Re-examining Cahn-Hilliard scale against 
(all?) early stage SD experiments
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 'd nm CH'
 'pmma pamsam 74/26 d nm'
 'tmpcps5050 d nm'
 'tmpcps7030 d nm'
 'pmma pamsam 6040 d nm1'
 'pmma pamsam 8020 d nm2'
 'pspvme d nm'
 'dpmma scpe d nm'
 'PBhPBd d nm'
 'pbpi d nm'
 'PShPSd d nm'



• C-H theory is an excellent predictor of 
initial S-D lengthscales

Perspective 

• Despite extensive χ(,T), F-H theory is not 
helpful for prediction of G” and thus behaviour 
in new blends.
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“Having been the father of this equation, it really is very similar to being 
a father, because it has a life of its own. I long ago lost the ability to keep 
guiding it. It’s just going, and I’m very proud of it, but it’s on its own.”

• Remains great need for thermodynamic theory capable of correlating G or G’’ to 
molecular architecture to enable first principles material design by spinodal 
decomposition (LCT, Prism, LCL, …)



substrate

h

h = 5-500 nm

1 nm

Rg = 2–20 nm

Polymer:Fullerene

?

Demixing in organic photovoltaics



Morphology of efficient photovoltaics: phase separation on a length scale of the exciton diffusion length (~10 
nm) in the active layer with interconnected phases and a thickness (~100 nm)  optimised for light absorption…

Organic photovoltaics

Nature Communications 4, 2227 (2013) ⦁ ACS Nano 8, 1297-1308 (2014)





Polymeric membranes for separations



Outline 

2. Particle and capsule  formation 
Levitation & microfluidics 
Solution thermodynamics, phase inversion and solidification 
Functional capsules with tunable, triggered release. 

1. Polymer thermodynamics & demixing

Cahn-Hilliard theory & spinodal decomposition. 

Membranes and photovoltaics



Precision ‘spray drying’

Sosnik and Seremeta, 2015; Lee et al. 2011; Nandiyanto and Okuyama, 2011

5.5 m

Morphology



NaPSS





Drying in acoustic levitation 



Drying in acoustic levitation 

0.5 w/w% 2 w/w%



Drying in acoustic levitation 



Microfluidic extraction 

PrecipitationEmulsion

Non-solvent
Polymer / Solvent

Carrier phase 



Coupling of mechanisms… 

𝑃𝑒 =
𝑅𝑢

𝐷



PrecipitationEmulsion

Non-solvent
Polymer / Solvent

Carrier phase 

20 ms10 ms0 ms
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(b) ex-situ precipitation

(a) in-situ precipitation
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non-solvent quality 
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Polymer-colloid thermodynamics



1% NaPSS, 2wt% SiO2 22 nm/H2O/ MEK



Polymer-nanoparticle capsules



Pulsed, directional, triggered release
1 wt% P 10 wt% NP (DI H2O)

Udoh et al 



Perspective 

• Levitation and microfluidic (osmotic) drying are excellent 
platforms to examine “spray drying” 

• Solution thermodynamics, demixing and 
coarsening can de engineered to yield functional 
particles with unexpected performance

• Transformative predictive design requires 
molecular insight (eg scattering) and 
theory/simulation 

Perspective 



Outline 

2. Particle and capsule  formation 
Levitation & microfluidics 
Solution thermodynamics, phase inversion and solidification 
Functional capsules with tunable, triggered release. 

3. Waves of network formation

3D printing with light

1. Polymer thermodynamics & demixing

Cahn-Hilliard theory & spinodal decomposition. 

Membranes and photovoltaics



UV source
λ=365 nm

liquid monomer

mask

Photopolymerisation & 3D printing 

solid front
propagating



Carbon3D

Terminator 



Explicit photopolymerization models 



Explicit photopolymerization models 



Explicit photopolymerisation models 



Physical observables :

I0

I(t)

o pattern height
(position of the solid/liquid front)

o light transmission

A ‘minimal’ FPP model (Self-consistent & neglecting all chemical 

“details”!)

 conversion fraction, I light intensity,  

0 and  initial and final attenuation 

coefficients, K conversion rate, C solid 

threshold, z depth, t time. 
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A ‘minimal’ FPP model
(Self-consistent & neglecting all chemical “details”!)
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Solid 

threshold

C  1 0

solid

 conversion fraction, I light intensity,  

0 and  initial and final attenuation coefficients, K

conversion rate, C solid threshold, z depth, t time. 
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A ‘minimal’ FPP model
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 χ ≡ 1 −
𝐴𝑆−𝐻(𝑡)/𝐴𝐶=𝑂(𝑡)

𝐴𝑆−𝐻(0)/𝐴𝐶=𝑂(0)
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Spatio temporal conversion 



Shape invariant FPP fronts

φ 𝑧, 𝑡 = 1 − exp[−K𝐼0 exp −𝜇𝑧 𝑡]

Thiol-ene 81
µ = 3.74 ± 0.21 mm-1

KI0 = 0.001598 s-1

φC = 0.052 ± 0.0021
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Shape-invariant travelling waves

travelling frame 



Thermal and mass diffusion 

Vitale et al Macromolecules 48, 198-205 (2015)



 conversion fraction, D diffusivity, K conversion rate, 
I light intensity, ρcp volumetric heat capacity, k 
thermal conductivity, ΔH enthalpy of polymerization, 
μ0 and μ initial and final absorption coefficients, Ea

activation energy, R ideal gas constant, T
temperature, z depth, t time 

Hennessy et al PRE 91, 062402  (2015); PRE 92, 022403 (2015)
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K, T

Thermal and mass diffusion 



o photopolymerization conditions (irradiation time, incident light intensity)

o monomer chemistry (reactivity and diffusivity)

o temperature (both externally applied heat and heat generated by exothermic reactions)

o material absorbing properties

Adv. Mater. 27, 6118–6124 (2015)

A unified FPP approach 



thick substrate (hs >> hf )

Ef hf

Es

interface must be well-bonded 
(perfect adhesion, no slippage).

soft substrate (Es << Ef )
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Deformation of the substrate disfavors wrinkling of long 
wavelengths and competes with bending to select an 
intermediate wavelength.
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Mechanical instability of a bilayer  
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Mechanical instability of a bilayer  

oxidation, film transfer etc



Master

1

l1

a b

Replica

2
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d

100 m

Ssin waves with independently tuned l and A

Soft Matter 4, 2360 - 2364 (2008); 10, 1155-1166 (2014); 11, 3067-3075 (2015)

Multiaxial mechanical instabilities 
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S. Aureus P. Aeruginosa E. Coli C. Albicans



Summary: FPP1D and 3D

Planar 1D process

Spatio-temporal model 

time, dose

FPP1D

FPP3D
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