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Let’s predict qualitatively: __ ¢

Remember: E - T/ Ameged

E = Coulomb energy, S = free ion entropy

1. T) —— Sfixed, E/ion-pair fixed — more jon-pairs — less charge
2. €} — Sfixed, Tfixed, E£/ion-pair increases — more ion-pairs
3. v| —— Sincreases, Tfixed, Elion-pair fixed — > less ion-pairs
Similar to DEW formation: at low T, air can’t hold vapor —— condensation
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confinement

Chain entropy: maximized if Gaussian coill
Excluded volume: chemical affinity (hydrophilicity), or mismatch (hydrophobicity)

Coulomb repulsion: between bare charges —— chain expansion

EXAMPLE - Mutual Dependency:
poor solvent —— Collapsed chain —— lon condensation

SCHEME: E — TS must be MINIMIZED. But, SIZE and CHARGE coupled.
DOUBLE MINIMIZATION : SELF-CONSISTENCY



More details: Poster by Swati Sen




Gel: large single molecule — different kind

Many chains connected at different points
Strand between two crosslinks === similar to single chain

Follows all properties of a single chain ==== one-to-one correspondence

Good Poor
solvent solvent

Contribution to free energy (E - TS )?
Energy: mixing (hydrophobicity) Entropy: chain entropy s==sp-c|asticity



What does swell the
gel? Electrostatics or
free ion entropy?

®
Repulsion - monomers

Entropy - counterions

1. P. J. Flory, Principles of Polymer Chemistry, Cornell University Press
2. Jing Hua, Mithun K. Mitra, and M. Muthukumar JCP, 136, 134901 (2012).
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Spatial and temporal profiles of
density, charge, osmotic pressure/stress

We want to find:

as functions of
a) charge content / dielectric constant

b) hydrophobicity Displacement (strain)
c) cross-link density (u(r,t — )) =0

(a) Initial Homogeneous State

t=0

(b} Final Swollen State : Neutral Gel

t=t', o=0 (t"2 =)

(c) Final Swollen State : Polyelectrolyte Gel
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Aim: To find an effective bulk modulus for the Polyelectrolyte gel from

the kinetics of relaxation of osmotic stress

Swati Sen and A. Kundagrami, JCP, 143, 224904 (2015).
Acknowledgment: T. Tanaka and D. J. Fillmore, JCP, 70, 1214 (1979), E. S. Matsuo and T. Tanaka, JCP, 89, 1695 (1988)
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Viinimize the
energy (the sum of both
coexisting phases), w.r.t.

fri=— L log(1 + k) — K+ 1;52 4 variables - 2 densities,
fhi 44 ) 2 charges of two phases.
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(@) Shrunken Gel (b) Swelling Gel (c) Swollen Gel
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Homogeneous Density Inhomogeneous Density
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Homogeneous Density
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I. J. Suarez et al.
Colloids and Surfaces A:
Phys. Eng. Asp. 343, 33 (2009)
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Matching of gel-front w/

—
K(Cb’ s X S) Experiments: SRM

Swati Sen and A. Kundagrami, to be submitted

Size vs. Tlme
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Matching between
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Osmotic stress obtained through the free energy
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Soumik Mitra and A. Kundagrami, under revision in Macromolecules




But, minimum in charge

General expression:

OF OF OF (af )
oly N.T dly f.N,T af I1,N, T

ol,

Special condition applicable to this system:
OF

— =0
af I1,N,T

Expression of derivative of free energy for fixed charge applies!




Fy = flog f 4 (1 — f)log(1 - f)
Fy = (fp+ ¢)log(fp+ é) + ¢ log é — (fp+ 2¢5)
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M. Muthukumar, JCP, 120, 9343 (2004)
A. Kundagrami and M. Muthukumar, Macromolecules, 43, 2574 (2010)
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De-swelling for different molecular weights:

1. De-swells slower for higher molecular weight
2. Matches qualitatively with experimental
results with PMMA gels

<RGZ(t)>I<R ;(0)>

Simulations:
Chang and Yethiraj,
JCP, 114, 7688 (2001)
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1. Simpler differential equations - analytical expressions for derivatives
of free energy

2. In high-salt limit, electrostatic interaction is screened and becomes
Short-ranged. Hence, just the two-body interaction parameter is re-scaled
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M — Full numerical solution
| |- Asymtotic Solution
— Parametric fit
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1. Swelling of polyelectrolyte systems - both gels and isolated chains
— can be treated in the same footing — motion of polymer through the

solvent — osmotic stress vs. viscous damping

2. Motion of small-ion charge species much faster than polymer:

- charge is regularized (self-adjusted) all along the kinetics

2. Swelling of a polymer gel: for small deformation - is diffusive
- single chain: sub-diffusive

3. Effective bulk-modulus of polyelectrolyte gels decreases with charge
- small deformation

4. Single polyelectrolyte chain:
a) swells faster and farther for higher temperature

b) de-swells faster and deeper for higher salt

c) kinetics is slower for higher molecular weight

d) self-consistent dependency between size and charge strong
in the vicinity of the Gaussian size



Let’s predict qualitatively: __ ¢

Remember: E - TM Ameged

E = Coulomb energy, S = free ion entropy

1. T) —— Sfixed, E/ion-pair fixed — more jon-pairs — less charge
2. €} — Sfixed, Tfixed, E£/ion-pair increases — more ion-pairs
3. v| —— Sincreases, Tfixed, Elion-pair fixed — > less ion-pairs
Similar to DEW formation: at low T, air can’t hold vapor —— condensation
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Simulations do not consider oily backbone ——> Low dielectric constant

Can free ion entropy win over electrostatic energy gain of bound pairs?
IPhD student: Sourav Sadhukhan (joined August 2014)




Liquid-Gas Phase Pearl-Necklace Phase
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L. J. Kirwan, G. Papastavrou,
M. Borkovec, Nano Lett., 4, 149 (2004)



i Polyelectrolyte Gel at different temperatures
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Simulations: Ou, Muthukumar, UMass

Experiments: Nick Hud, Georgia Tech.




Issues:

Negative

_ Simple theories of overcharging inapplicabl
Human Serum Albumin

Possible aggregation and detachment depending on salt

Examples: aggregation of flexible anionic polyion (sodium polyacrylate) and
DOTAP lipids

Extensions: anionic dendrimers-cationic polymers, colloid-anionic polymer



Endosomes
{early--=late)

B 4 mg/ml nematic phase
A 1 mg/ml isotropic phase
fitting to model

Membrane H+ VE‘IO-
Invagination = -
Lysosome | Ei
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V. Vijayanathan et al., Biochemistry, 41, 14085 (2002) 0 b
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J. He et al. PRL 99, 068103 (2007)

1. DNA uptake for gene therapy: condensing DNAs to nanoparticles

2. Reduced diffusivity of F-actin filaments near isotropic-nematic transition
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