Chain Dynamics: Diffusion and Viscoelastic Properties
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Polymeric system
Additional force appears in a polymer due to chain connectivity.
Rouse model assumes Gaussian
dx (t , n ) 3T  2 x (t , n )
 2
 f (t )

statistics of the chain and:
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Rouse model: A Phantom Chain in a Solution
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Experiments in dilute -solution: N3/2; DcoilN-1/2
This behavior corresponds to a rotational time and diffusion of a sphere with the
radius R~aN1/2.
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Dynamics in the melt and concentrated solutions
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Rubber Elasticity
[J.E.Mark, B.Erman, Rubberlike elasticity, a molecular primer]

One of the most remarkable properties of
polymers, which have no apparent counterpart in
low-weight molecular systems, is elasticity.
Rubber-like elasticity is a particular property of
the network formed by long molecules joined at
some cross-linking points.
Molecules must be long, highly flexible, should
be chemically crosslinked. Cross-linked
polymers can have very high elongation and still
remain elastic (can return to its initial state).

The molecular origin of the elastic
force f can be elucidated through
thermoelastic experiments.
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Rubber state is a specific state: Polymer may be above its melting temperature, i.e.
in a liquid state, however, due to chemical crosslinks rubber keeps its shape as a
solid matter.
Two basic postulates of molecular theories of rubber-like elasticity:
Rubber-like elasticity is an intramolecular effect, i.e. intermolecular interactions
do not play significant role;
The Helmholtz free energy should be separable, A=Aliq(T,V,P)+Ael(), ( is the
strain tensor), i.e. liquid-like part of the free energy is independent of deformation.
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The essential feature of rubber elastic
system is a network, the junction
points of which are connected by long
flexible randomly coiled polymer
chains. The detailed chemical nature
of the atoms comprising the chains is
not important.
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Structure of Networks

Network with =4

The number of chains meeting at each junction is called
functionality . Another important parameters of the network:
- Mc – averaged molecular weight between junctions;
-  – the number of network chains;
-  – the number of junctions;
-  – the cycle rank (the number of chains that have to be cut
in order to reduce the network to a tree with no closed cycles.

These 5 parameters are not independent. The number of chain
ends, 2=.
The other relationships are not so obvious:

Vo=(1-2/)Na/Mc
Here Vo is the volume of network in the state of formation,  is
the corresponding density, Na is the Avogadro’s number.
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Elementary statistical theory for idealized networks
The elastic free energy of a single chain at fixed r can be written:
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The total elastic free energy of the network relative to the undeformed state is
obtained by summing over the  chains of the network:
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is the average mean-squared end-to-end chain vector in the deformed
network.

So, we need to relate
to the undeformed value
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The macroscopic state of deformation may be assumed
to be homogeneous: x=Lx/Lx0; y=Ly/Ly0; z=Lz/Lz0.
Assuming an isotropic network in the undeformed state:
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Two simple models

Affine Network Model
The junction points are assumed to be embedded in the network. As a result,
components of each chain vector transform linearly with macroscopic deformation:
x  x x0 ; y   y y0 ; z  z z0
x 2  2x x 2 ; y 2  2y y 2 ; z 2  2z z 2
0
0
0
Substituting that in the eq.1
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More rigorous statistical mechanical analysis results in additional term

V 
1
2
2
2
Ael  kT x   y  z  3  kT ln 
2
 V0 





This logarithmic term is usually negligible and =0 in incompressible limit.
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The Phantom Network Model
Only a small number of junctions are assumed to be fixed at the surface and the
remaining junctions fluctuate over time without being hindered by the presence of
the neighboring chains. The instantaneous r-vector of each chain is a sum of a mean
R and a fluctuation r: ri=Ri+ri. Then: ri2=Ri2+2Riri+(ri)2. Riri=0 and after
averaging:
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Theory assumes that the components of R of each chain transforms affinely with
macroscopic deformation, while r is not affected:
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Thus both models predict: Ael  FkT 2x  2y  2z  3



F=/2 for the affine network model and F=/2 for the phantom network model.
Because , the difference for network with =4 is the factor 2!!  and
the phantom network model gives lower predictions than the affine network model 21

Let’s consider simple elongation x. For incompressible system xyz=1, and
z=y=x-1/2. Then
Ael
1
 2 2

 2 FkT (  2 )
Ael  FkT     3 ; f 
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For small strain, =1+exx; exx<<1, we have Hookean law

f  6 FkTexx  Eexx

The two models present two extremes. A real network is expected to exhibit
properties that fall between those two extremes: junctions fluctuations do occur but
they are limited. Limitations appear due to entanglements.
Stretching increases the space available
to a chain along the direction of the
stretch. The chain has more freedom to
fluctuate. The same effect can appear
during swelling because the separation
between chains increases. As a result the
modulus should decrease with stretching
and swelling. This is supported by
experimental results.
=-1(V/Vo)1/3
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Constrained Junctions Model
The model assumes that the
fluctuations of junctions are affected
by interpenetration of chains.
A quantitative measure of the strength
of the constraints is given by the ratio:
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Constraints provide additional contribution to the elastic energy
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The constrained junction model describes the data reasonably well.
These three models focused on junctions. There are more complicated models that
focus on chains and their constrains.
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The affine network model and the phantom network model gives two limiting
predictions for the rubber elasticity. They predict independence of the modulus on
deformation and swelling. Experiment shows decrease of the modulus with swelling
and extension.
This behavior is explained by the constrained junction model: Constraints decreases,
<(s)2> increases, and network becomes closer to the phantom network.

Rubber Reinforcement
As we considered above, rubber elasticity is entropic. There are only small energetic
corrections introduced in more sophisticated theories.
As a result, the rubber modulus is usually weak (~105-106 Pa, usual materials ~1091010 Pa). Increase in modulus is required for many applications.
One of the traditional ways of rubber reinforcements is addition of fillers. This way
is widely used in practical applications. The two most important are:
- addition of carbon black to natural rubber and other carbon-based polymers;
- addition of silica to silicone rubbers.
The mechanism of the reinforcement on a molecular level is only poorly understood.
One of the important mechanisms: chain may adsorb strongly onto the particle
surfaces, increasing effectively degree of cross-linking.
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Example of unfilled and filled PDMS
networks at T=25C. The numbers
correspond to the weight % of filler. The
vertical dashed lines indicate the point of
rupture. Significant increase in the
modulus is achieved without lose of
maximum extensibility.

Detailed studies of structure and elasticity of silica-filled PDMS networks indicated
a few important points:
- maximum reinforcement is obtained for particles with the size ~10-100 nm;
- a relatively narrow size distribution;
- very little of aggregation.
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Networks with Multi-modal Chain Length Distribution
Previous considerations were based on an assumption of unimodal distribution of
chain length. It was found that networks having multimodal chain-length
distributions demonstrate significant improvements of properties. The new synthetic
techniques that closely control the placements of cross-links allow preparation of a
variety of model networks.

Example of bi-modal network

Typical plots of nominal stress against elongation for
answollen bimodal PDMS networks. Long chains
Mc~18000, and very short chains Mc~1100 (), 660
() and 220 (). Numbers show mol% of short
chains. The area under each curve represents the
rupture energy Er.
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Stress-induced
crystallization

Unimodal networks:
A – crystallizable at low T;
B – the same network at higher T;
C – the same network, but swollen;
D – unimodal – non-crystallizable network.

Non-crystallizable bimodal network:
C – low temperature;
B – higher temperature;
A – swollen network.

Reinforcement in bi-modal network is not due to crystallization. It is ascribed to
limited extensibility of the short chains.
It is usually estimated that extension of the chain up to ~60-70% of chain length
leads to appearance of significant energetic contribution (increase in modulus).
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Looking ahead: Future of Polymer Science and Technology
We are moving from just consumer plastics and rubbers to more functional materials
with polymers replacing many traditional materials (e.g. metals), and opening new
horizons with ‘smart’ self-adopting, self-healing and stimuli-responsive materials:
 Lightweight structural materials with strong mechanical properties
 Polymer electrolytes for batteries and fuel cells
 Membranes for molecular separation (e.g. CO2 capture,
water purification and desalination)
 Flexible and wearable electronics
 Materials for Additive Manufacturing (3D printing)
 Targeted drug delivery
 Tissue engineering (e.g. scaffolds, synthetic tissues …)
 Polymers from renewable sources, recyclable polymers
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