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Macromolecular engineering of networks and gels
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Polymeric precursor Complementary polymer

10 nm scale
Solution of polymeric species
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Macromolecular engineering of networks and gels
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Polymer network or gel

10 nm scale
Viscoelastic insoluble network or gel
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Macroscale properties are controlled by molecular details
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Network architecture

Molecular details

+k

Viscoelasticity

Diffusivity
Surface

chemistry

Macroscale Properties

Macromolecular details inform material properties and 
provide a tunable handle in their design.

Swelling

Degradation
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Rubber Elasticity
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Consider the thermodynamics of the network 
under deformation

Affine network model - each polymer chain 
deforms in the same manner that the whole 
network deforms

Other assumptions

- Gaussian chains

- constant volume

- flexible chains (T > Tg)

- no crystallization at large strain

- energetic component of the free energy = 0

Entropy dominates again!!
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Rubber Elasticity
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<latexit sha1_base64="mobrrBb8LJ5psuj6/ZKR/XDUJzc="></latexit>

Modulus of the network:

<latexit sha1_base64="pC4H1eQkxo2nP4FbQrnxMBPMdtw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMdSD3qs0C9oQ9hsJ+3SzSbubool9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbRU2Nre2d4q7pb39g8Mj+7jcVnEqKbRozGPZDYgCzgS0NNMcuokEEgUcOsH4du53JiAVi0VTTxPwIjIULGSUaCP5dvkO9+ExZRPcFyke+3Xc9O2KU3UWwOvEzUkF5Wj49ld/ENM0AqEpJ0r1XCfRXkakZpTDrNRPFSSEjskQeoYKEoHyssXtM3xulAEOY2lKaLxQf09kJFJqGgWmMyJ6pFa9ufif10t1eONlTCSpBkGXi8KUYx3jeRB4wCRQzaeGECqZuRXTEZGEahNXyYTgrr68TtqXVdepug9XlVo9j6OITtEZukAuukY1dI8aqIUoekLP6BW9WTPrxXq3PpatBSufOUF/YH3+AErJk0s=</latexit>

<latexit sha1_base64="6LFbqNbEyrvS8OVxXiKk//OjGw8="></latexit>

density of network strands

number average molecular weight of the network strand
<latexit sha1_base64="4Uki4P0T/qTyQlRoShTKJqDn4dI=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68SJUsB/YhrLZTtqlm03c3RRK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMb6Z+c4RK81g+mHGCfkT7koecUWOlx7suIx18SvmoWyq7FXcGsky8nJQhR61b+ur0YpZGKA0TVOu25ybGz6gynAmcFDupxoSyIe1j21JJI9R+Nrt4Qk6t0iNhrGxJQ2bq74mMRlqPo8B2RtQM9KI3Ff/z2qkJr/yMyyQ1KNl8UZgKYmIyfZ/0uEJmxNgSyhS3txI2oIoyY0Mq2hC8xZeXSeO84rkV7/6iXL3O4yjAMZzAGXhwCVW4hRrUgYGEZ3iFN0c7L8678zFvXXHymSP4A+fzByqKkJM=</latexit>

<latexit sha1_base64="rEs2/ICRu2pQmn6S+8TxKZTf6y0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUDbbSbt0s4m7m0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hwdua3Rqg0T+SDGacYxLQvecQZNVZ69GVGfHzK+KhbrrhVdw6ySrycVCBHvVv+8nsJy2KUhgmqdcdzUxNMqDKcCZyW/ExjStmQ9rFjqaQx6mAyv3hKzqzSI1GibElD5urviQmNtR7Hoe2MqRnoZW8m/ud1MhNdBxMu08ygZItFUSaIScjsfdLjCpkRY0soU9zeStiAKsqMDalkQ/CWX14lzYuq51a9+8tK7SaPowgncArn4MEV1OAO6tAABhKe4RXeHO28OO/Ox6K14OQzx/AHzucPdMeQww==</latexit>

Modulus scales with temperature and is inverse with 
molecular weight between crosslinks.
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Phantom network
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Consider that the junction points in the network can fluctuate but 
the mean locations are affine. In addition, these fluctuations are 
Gaussian and independent of the strain.

Chains are connected to an 
elastic, non-fluctuating 
background

Polymer Physics Rubinstein and Colby
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Phantom network
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<latexit sha1_base64="cmFUODBgXnoI3fRqYQ08cWzB/Tg=">AAACF3icbVDLSsNAFJ3UV62vqEs3g6UgiCEpgm6EohtXoYJ9QBvCZDpph04ezEyEEvIXbvwVNy4Ucas7/8ZJk4W2Hhg495y53HuPFzMqpGl+a5WV1bX1jepmbWt7Z3dP3z/oiijhmHRwxCLe95AgjIakI6lkpB9zggKPkZ43vcn93gPhgkbhvZzFxAnQOKQ+xUgqydUN201xFHgZvII2PIXNoc8RTu0s9c+auVjUflHbrl43DXMOuEysktRBibarfw1HEU4CEkrMkBADy4ylkyIuKWYkqw0TQWKEp2hMBoqGKCDCSed3ZbChlBH0I65eKOFc/d2RokCIWb58I0ByIha9XPzPGyTSv3RSGsaJJCEuBvkJgzKCeUhwRDnBks0UQZhTtSvEE6SCkCrKmgrBWjx5mXSbhmUa1t15vXVdxlEFR+AYnAALXIAWuAVt0AEYPIJn8AretCftRXvXPoqvFa3sOQR/oH3+ABAKnf4=</latexit>

<latexit sha1_base64="vzqPRGSQNTJrneJts9gDbj6/LAg="></latexit>

Decrease in expected modulus as 
compared to affine network model
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density of crosslinks

Polymer Physics Rubinstein and Colby
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Real Elastic Network Theory (RENT)
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In reality, many loops can be 
present in the network. Should 

account for these also!

Zhong et al. Science 2016, 353, 1264–1268
Networks aren’t always ideal
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Real Elastic Network Theory (RENT)
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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!
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Entanglements
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Consider a ‘second’ network that 
is cross-linked by entanglements
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number average 
molecular weight 
between entanglements

<latexit sha1_base64="8/Yzunuvt5iArYcJviABQC7T/rQ="></latexit>

Total modulus for the system that is the 
sum of the contributions from cross-

links and entanglements
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Rubber Elasticity - summary
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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 kT.

When calculating modulus it is important to take into account network 
topology such as loops and entanglements.
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