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Hydrophilic 

Hydrophobic 

(a) Spherical Micelle, (b)  Cylindrical Micelle,  (c) Reverse Micelle, (d) Bilayer, 
                                       (e) Hexagonal phase,  (f) Vesicles
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Cylindrical micelles also called living polymers
Can undergo scission/recombination under thermal fluctuations
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Shear banding

Lerouge et al. 
PRL, 81, 5457 (1998)

Shear induced gelation

Liu et al. PRL, 77, 2121 (1996)

Oscillating solid sphere

Jayaraman et al. PRE, 67, 65301 (2003)

Micellar solutions are examples of living polymers

Rheocaos : R. Bandyopadhyay, G. Basappa, and A. K. Sood, Phys. Rev. Lett. 84, 2022 (2000).
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Rheology of wormlike micellar fluids from BD and MD simulations S3349

Figure 1. Snapshot of an MD simulation of an EHAC wormlike micelle in a 3% NaCl solution.
Only the surfactant molecules are shown: carbon (light blue), oxygen (red), nitrogen (dark blue)
and hydrogen (white).

2. Mechanical properties from molecular dynamics simulations

Using atomistic MD simulations, we can find relationships between the chemistry and
mechanical properties of a wormlike micelle. To this end, we carry out simulations of a small
segment of a wormlike micelle, consisting of a limited number of surfactant molecules, in this
example EHAC [5]. The worm is immersed in water containing the required concentration
of salt (NaCl) ions. Typically, the MD simulation box has dimensions of the order of 10 nm
and contains O(105) atoms. Periodic boundary conditions are applied in three dimensions,
so effectively we are considering an infinite segment of a wormlike micelle. Typically, the
simulations require of the order of 10 ns of simulation time to obtain statistically meaningful
ensemble averages. A simulation snapshot is shown in figure 1. This system contains 640
surfactant and 40 000 water molecules together with Na+ and Cl− ions corresponding to a 3%
(by weight) NaCl solution. Coulomb interactions are treated using Ewald summations.

First, we calculate radial distribution functions as ensemble averages over the particle
coordinate trajectories. From these functions, we find a radius of the worm r = 2.3 nm. Then,
we determine the tensionless state. This is achieved by a series of MD simulations, where we
compress/stretch the worm at constant volume [16]. We observe that the surface tension !P
decreases linearly with the length of the worm segment Lz . The elastic modulus KL is then
calculated from

−!P
V
Lz

= KL

Lz 0
(Lz − Lz 0) (1)

where Lz 0 is the box z dimension in the tensionless state. Both KL and Lz 0 have been
determined [16] from a graph of −!PV/Lz as a function of Lz . From a linear fit of all data
points, we find Lz 0 = 15.10 nm and KL = 1.9 nJ m−1. Note that it is difficult to determine
the elastic modulus of a single wormlike micelle experimentally.

The persistence length lp of the worm in the tensionless state is calculated from the position
fluctuation spectrum perpendicular to the worm (z-)axis, as shown in figure 2:

Sα(n) = 〈cα,nc∗
α,n〉 = 1

Lzlp
q−4

n , where qn = 2π

Lz
n; α = x, y (2)

where cα,n are the coefficients of the Fourier decomposition [17].
Qualitatively, we find that the low q modes follow a q−4 scaling behaviour, as

expected [17]. We try to fit the low q modes to the fluctuation spectrum of a coarse-grained
worm simulation [17], in which each surfactant is represented by one head bead and four tail
beads of diameter σ . We find quantitative agreement for σ = 0.6 nm. Note that the radius of
the coarse-grained worm is 4σ . This agrees very well with our previous measurement of 2.3 nm
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Figure 2. Structure factors Sα(q) of a tensionless EHAC worm; α = x, y in black and red
respectively. The dashed line shows the S(q) for a coarse-grained worm simulation [17], using
σ = 0.6 nm.

Figure 3. (a) Mesoscopic model of a wormlike micelle. (b) The dynamics of break-up and
recombination of a wormlike micelle.

from the radial distribution function. The persistence length is calculated to be of the order
of 38σ = 23 nm. This value is in agreement with experimental values for wormlike micellar
persistence lengths reported in the literature [18]. We are currently developing methods for
calculating the scission energy required to break a worm, as well as the activation barrier
associated.

3. Rheology from Brownian dynamics simulations

We have developed a Brownian dynamics (BD) model with the aim of calculating the dynamics
and rheology of an entangled solution of wormlike micelles. The simulation method is based
on Brownian dynamics of coarse-grained wormlike micellar units (see figure 3(a)). Each unit
represents one persistence length lp. The mechanical properties are calculated from atomistic
MD simulations. In the BD simulation, the ends of wormlike micelles can approach each other
and, if a certain activation barrier is overcome, fuse to form elastic bonds (see figure 3(b)).
The dynamics of break-up and recombination of a wormlike micelle are determined by the
scission energy (the difference in free energy between a broken and an unbroken wormlike
micelle), activation energy and compressibility of the worm. The break-up rates may change
as a function of temperature, concentration (entanglement effects) and deformation rates.

Entanglements are very important for the rheology of a concentrated solution of wormlike
micelles. In fact, the average mass Me between active entanglements is directly related to
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  MD simulations of  micelles consisting of coarse-grained (CG) mode surfactants
to  optimize the CG model with respect to the structure factor S(q) of the atomistic
micelle at large values of the wavevector q. The CG model is used to extrapolate
the structure factor for small q in order to obtain reliable values for the micelle
bending rigidity  and persistence length .

Padding, Boek and Briels ((2005):  a mesoscopic model of wormlike micelles, 
represented by chains which can break and recombine and can be subjected to
shear flow. For this model, where the smallest length-scale is the persistence 
length, the elastic modulus , scission energy  and persistence length  are taken 
as input parameter   from the atomistic and CG MD.

Tuesday 10 August 2010



Dissipative Particle Dynamics ( DPD) is a particle based “meso-fluid” 
model
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DPD-­‐	
  	
  Basic	
  model

N "dpd" particles interacting via conservative, dissipative and random pair wise interactions

Dissipative & random forces related 
through fluctuation-dissipation theorem

Pair-wise random and dissipative forces 
conserve momentum
Resulting in correct description of 
hydrodynamics
Soft interactions allow for longer time steps, 
and therefore much longer times can be 
probed via DPD as opposed to MD

• P. J. Hoogerbrugge and J. M. V. A. Koelman, Europhys. Lett. 19, 155 (1992)
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For,
W – W, W – I
W – A,  I – I,  I – A 
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DPD model for living polymers ( LP) 

For,  A-A

r1 r3 r5
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Uijk = k3(1− r̂ij · r̂jk)

The three-body bending potential

For LP

For solvent

I1 – A’1 – A2    &    A’1 – A2 – I2

10

Three body potentials

•  Simulation  box size L  = 40 , Periodic Boundary Condition 
•  density ρ = 3 , number of particles 192000
•  Resting length A-I = 1.0 , A-A = 2.0
•  Spring constant k = 200 
•  Time step = 0.01 τ,  with τ  of the order of 10-6 sec

Figure 2: Structure of the micelle for different concentration of micelles

U3body =
k3

2
(1− rjk/r3)

2
(1− r̂ij.r̂jk) (2)

The aij is set to 25 in the simulation.

Equilibrium simulations are carried out in a cubic box with side 40rC

with periodic boundary conditions in all directions. At lower concentration

we have few long micelles and as we increases the concetration of micelles we

get longer branched micelles which eventually forms network (with param-

eter set I). Figures 3 different structures formed for different concentration

of micelles. In the absence of shear we observe a fluid-gel transition as a

function of concentration.At a threshold concentration, the self-intermediate

scattering function indicates Zimm-like dynamics at large wave vectors and

diffusive dynamics at small wave vectors. The kinetics of scisson and recom-

bination clearly demonstrates existence of mean field and diffusion controlled

regimes of the dynamics of living polymers at low and high concentrations

respectively[5].

We apply shear to system by keeping the high density moving walls at z = 0

and z = 40rc. When these systems are subjected to simple shear,system

undergoes a transition to a lamellar(parameter set I) or columnar struc-

tures(parameter set II). And we observe a shear-thinnig behaviour[5].

The work is published in [5]

Oscillatory shear

Our main aim is to study the response of the system under oscillatory shear.

But the low Schmidt number of DPD fluid limits the high frequency oscil-

lations in the simulation. The Schmidt number (Sc) is the ratio between

viscosity and the self-diffusion coeffcient Sc = ν/D. The origin of low Sc is

due to absence of hard core in the interaction potential. The soft potential do

3

for   A1I1A1’  and  A2I2A2’ 

S. Thakur et al    Soft Matter   6, 489, 2010
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Fluid-gel transition
C -- % ratio of number of monomers to the total number of particles
Phase behavior was characterized by diffusivity of trimers
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•Fluid phase at low C
•Gel phase at higher C
•Transition point C = Cp = 3.5

•Branched point    ----  coordination number of particle is > 2
Tuesday 10 August 2010



Organization of polymers
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C = 2 C = 3 

C = 4 C = 5

Fluid

Gel

Increasing C
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Segment length distribution

13
• M. E. Cates and S. J. Candau, J. Phys 2,6869 (1990)  

l       Average polymer length
Φ       Monomer concentration 

Branching reduces the average segment 
length

Cluster size distribution 

• Exponential distribution at low C < 
Cp

• Power law distribution at C = Cp: 
random percolation

• Gel phase contains spanning clusters 
and small segments

branching of polymers lead to 
random percolation

Tuesday 10 August 2010



Self-intermediate scattering function

14
Diffusive   at low q: 

Zimm dynamics at large q: 

N: total number of monomers

Relaxation time

S. Thakur  et al    Soft Matter 6, 489, 2010
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First recombination time τR = scission time (t2 )–recombination time (t1 )  

15

td

td

td

ts

Two classes of recombination kinetic:  Mean field (MF) and Diffusion controlled (DC)
• Ben O’ Shaughnessy and Jane Yu, PRL, 74, 4329 (1995)
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• G(t) decays as: • G. Faivre and J. L. Gardissat, 
Macromolecule, 19, 1988 (1986)

•We find a residual stress is due to the spanning clusters with stretched bonds
• Early time oscillation is the result of bond potential within a trimer

C=3.0 C=4.0
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Shear

17

•  Density of wall = 20* Density of fluids

•  Periodic boundary in x & y directions

•  Results were verified using Lees-Edward method to rule out wall effect

V*

-V*
x

y

z
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Shear induced Lamellar phase

• First layer forms near the 
shear boundaries

• All the polymers within a 
range of r5 is pulled towards 
the boundary

• Next layer forms exactly at a 
distance r5 from the first

•  

19
S. Thakur  et al    Soft Matter  6, 489, 2010
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Shear induced structures
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y

x

z

y

x

• Lamellar phase in the system with C = 5 
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Shear induced structures

20

y

x

• Columnar phase in the system with C = 5 
• Layer spacing is decided by r5y

x

z
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Stress and viscosity

21

•Alignment of polymers leads to decrease in viscosity
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Cluster size distribution for a tetramer 
building block.

Percolation at  3%  concentration 

Cluster size distribution for a pentamer 
building block.

Percolation at  2.75%  concentration 

For larger segments the percolation is at 
a lower concentration
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Diffusion coefficient as a function of concentration for different building 
blocks 
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a1 = a2 = 0.1

a1 = a2 = 0.1 a1 = a2 = 0.5 a1 = a2 = 1.0

a1 = a2 = 1.0 a1 = a2 = 1.0

Trimer

Tetramer Pentamer

γ̇ = 1
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Figure 4: Temperature (KBT )as a function of dpd timesteps inδt units.

Figure 5: Sc as a function of different Γ both for serial and parallel code.
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Sc of DPD fluid is around 1 , while that for a real fluid is 
about 1000 !!

Tuesday 10 August 2010



Sc=7,   =1γ̇

Early stage 

steady state 
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Summary of living polymer results
•  A coarse grained model was developed for studying the dynamics of living 

polymer solutions
• The model, based on Dissipative Particle Dynamics,  predicts a fluid to gel 

transition as the concentration of polymer is increased
• The self intermediate scattering  function, scission and recombination kinetics 

and stress correlation function shows that the model reproduces expected results. 
• We show the emergence of lamellar and columnar phase when the solution is 

subjected to simple shear
• The gelation point ( as evident from the cluster size distribution) shifts to lower 

monomer concentration as the size of the basic building block ( molecular 
weight) is increased. 

• For larger molecular weight, higher shear stress was  required to obtain the 
layering  transition 

22

We now switch to polyelectrolytes
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