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Macromolecular Engineering: Networks and Gels

Lecture 12: Beyond affine rubber elasticity
2rof. Dr. Mark W. Tibbitt, 31. March 2022
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Macromolecular engineering of networks and gels

Polymeric precursor Complementary polymer
mm— 10 Nnm scale X

Solution of polymeric species
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Macromolecular engineering of networks and gels

Polymer network or gel
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= 10 Nnm scale

Viscoelastic insoluble network or gel
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Macroscale properties are controlled by molecular details

Network architecture :
Macroscale Properties

Viscoelasticity

Diffusivity

Surface
chemistry

Swelling

Molecular details Degradation

Macromolecular detalls inform material properties and
provide a tunable handle in their design.
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Rubber Elasticity

T Consider the thermodynamics of the network
ST under deformation

e Affine network model - each polymer chain
) i - i - I - i - I - i - I . deforms in the same manner that the whole
eI r=r=

network deforms

Other assumptions
- Gaussian chains
- constant volume
- flexible chains (T > Tg)

- No crystallization at large strain
- energetic component of the free energy = O

—ntropy dominates again!!
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Rubber Elasticity

Modulus of the network:

G = VkBT
V = density of network strands
o ,ORT B ,ONankBT

M. M.
M . = number average molecular weight of the network strana

G

Modulus scales with temperature and is inverse with
molecular weight between crosslinks.
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Phantom network
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Polymer Physics Rubinstein and Colby
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Phantom network

= density of crosslinks

Decrease In expected modulus as
compared to affine network model

Polymer Physics Rubinstein and Colby
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Real Elastic Network Theory (RENT)

POLYMER SCIENCE

Quantifying the impact of molecular
defects on polymer network elasticity

Mingjiang Zhong,** Rui Wang,?* Ken Kawamoto,'*
Bradley D. Olsen,*t Jeremiah A. Johnson't

Elasticity, one of the most important properties of a soft material, is difficult to quantify in
polymer networks because of the presence of topological molecular defects in these
materials. Furthermore, the impact of these defects on bulk elasticity is unknown. We used
rheology, disassembly spectrometry, and simulations to measure the shear elastic

modulus and count the numbers of topological “loop” defects of various order in a N real |ty, many |OO pS Can be
series of polymer hydrogels, and then used these data to evaluate the classical phantom .

and affine network theories of elasticity. The results led to a real elastic network theory p [ esent 1N 'the net\/\/o rk ShOUld
(RENT) that describes how loop defects affect bulk elasticity. Given knowledge of the loop

fractions, RENT provides predictions of the shear elastic modulus that are consistent with aCcCcouU n't fOr these al SOI

experimental observations.

B 7°loops (n, ) C 2°loops (n,) D 3°loops(n,)

n

24 n

34

Networks aren’t always ideal
Zhong et al. Science 2016, 3563, 1264-1268
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Real Elastic Network Theory (RENT)
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Zhong et al. Science 2016, 3563, 1264-1268
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Real Elastic Network Theory (RENT)
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A further decrease in expected modulus from the phantom
network model because of network defects!

Zhong et al. Science 2016, 3563, 1264-1268
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Entanglements

Consider a ‘second’ network that

Csosslane - '
OEDANES s cross-linked by entanglements
RT
G, ="
M,

number average
M. = molecular weight
between entanglements

otal modulus for the system that is the
sum of the contributions from cross-
inks and entanglements

1 1
~ (4. e ~ PRT |
G=2G.+ G = pR (Mc Me>
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Rubber Elasticity - summary

The mechanical properties of networks and gels are imparted mostly by
changes in entropy of network strands upon deformation.

The modulus G of a network or gel is proportional to the number density
of elastically active network strands with each strand contributing k7.

When calculating modulus it Is important to ta
topology such as loops and enta

<e INnto account network

nglements.
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