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Charged Polymers and Biopolymers
Polyelectrolytes – polymers with positively or negatively charged groups
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Balancing Network Elasticity and Interactions

𝐹𝑛𝑒𝑡 = 𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝐹𝑜𝑠𝑚𝑜𝑡𝑖𝑐

Equilibrium swelling volume is set by

𝜕𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝜕𝑉

+
𝜕𝐹𝑜𝑠𝑚𝑜𝑡𝑖𝑐

𝜕𝑉
= 0

𝜕𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝜕𝑉

= 𝑄−1/3𝐺 𝑄 = 𝑄−1/3
𝐺𝑑𝑟
3

1 + 2 1 −
𝛽𝐼1 𝑄

3

−2

−
𝜕𝐹𝑜𝑠𝑚𝑜𝑡𝑖𝑐

𝜕𝑉
= 𝜋 𝑄 = ൞

𝑘𝐵𝑇

𝑣
𝜏
𝑄−2

2
+
𝑄−3

3
neutral

𝑃𝑝 − 𝑃𝑠 charged

𝐺 𝑄 = 𝑄1/3𝜋 𝑄

3

Osmotic Pressure

Finite extensibility

𝐼1 𝑄 = 3𝑄2/3



Nonlinear Shear Modulus

• Stretch the sample to obtain the stress-
strain curve. Translate this data to the 
nonlinear shear modulus using 

𝐺 𝐼1 =
𝜎𝑡𝑟𝑢𝑒 𝜆

𝜆2 − 𝜆−1
and 𝐼1 = 𝜆2 + 2𝜆−1

• Swell the sample to obtain an equilibrium 
swelling ratio 𝑄. Translate this to the first 
invariant using 

𝐼1 𝑄 = 3𝑄2/3

• Either fit the stress-strain data or 
interpolate the data to find 𝐺 𝑄 .
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Neutral Bottlebrush Swelling

Crosslinked Brush-like Chains
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𝑅𝑚𝑎𝑥 = 1.5𝜎

Effective bending potential due to side chain interaction

Isobaric-isothermal (NPT) ensemble: 𝑃 = 0.0𝑘𝐵𝑇/𝜎
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Polymer architecture range

0.5 ≤ 𝑛𝑔 ≤ 16 2 ≤ 𝑛𝑠𝑐 ≤ 32
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Simulations of Neutral Bottlebrush Swelling
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Charged Systems

Linear Salt Solutions
LJ potential + FENE bonds

Fraction of charged monomers 𝑓 = 1

Coulombic potential

𝑈𝐶𝑜𝑢𝑙 𝑟𝑖𝑗 = 𝑘𝐵𝑇
𝑙𝐵𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
- Bjerrum length 𝑙𝐵 =

𝑒2

𝜀𝑘𝐵𝑇
= 𝜎
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Bottlebrush Networks
The same systems as the neutral networks, with

positive charges added every 1, 2, or 4 side chain

monomers, and counterions added for system

neutrality



Osmotic Pressure
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Comparison of Charged and Neutral Networks
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Neutral

Charged

−1.9 ± 0.08



Conclusions

• Network swelling is the result of an

interplay between osmotic pressure and

nonlinear elasticity.

• In neutral systems, osmotic pressure is

driven by particle-solvent interaction,

while in charged systems it is dominated

by osmotic pressure of counterions.

• Our analysis has shown that it is

necessary to use melt-state stress-strain

data to properly analyze network

swelling properties for both charged and

neutral systems.
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Pressure Dependence
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