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Introduction 

 

1 Introduction. 
 

 

Amphiphilic surfactants and polymers are due to their wide range of applications 

important components in the cosmetic, detergent, food, industry. This great interest is 

being reflected in the large number of experimental studies1-15. The simulation of the self-

aggregation means an immense step forward in understanding these systems. Complex 

nanostructured self-assemblies such as colloidal suspensions, micelles, immiscible 

mixtures, microemulsions, etc., represent a challenge for conventional methods of 

simulation due to the presence of different time scales in their dynamics. For this reason 

Molecular Dynamic simulations are not suitable to predict the self-aggregation of such 

systems. It still has been used to simulate some details16-18. Therefore, one has to use 

mesoscopic computer simulation methods. Mesoscopic simulation methods are e. g. 

Langevin Dynamics, the Lattice-Boltzmann method, MesoDyn, or Dissipative particle 

Dynamics. Langevin Dynamics, the Lattice-Boltzmann method, and MesoDyn showed all 

problems – either in the performance as Langevin Dynamics and the Lattice-Boltzmann 

method or the practicability as MesoDyn. Dissipative Particle Dynamics is the method 

with the best practicability and performance. 

 

 

The method used in the present work is Dissipative Particle Dynamics. DPD is a 

mesoscale simulation technique that has been introduced in order to simulate three-

dimensional structures of organic polymer aggregates19-24. In DPD the polymer is modeled 

using particles, which are interacting by conservative, dissipative and random forces. 

Particles are not regarded as molecules but rather as droplets or clusters of molecules. With 

these simplifications bigger systems and longer simulation times can be gained. 

 

 

 The aim of this work was to extend the applicability of DPD. The parameter 

calculation has been tested previously on a simple, marked amphiphilic surfactant25. The 

simulation of new systems like microemulsions and the calculation of surface tensions 

would be of great interest. 
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The parameter calculation formerly introduced has been tested in this work on more 

complicated systems: the phase behavior of a poly (ethylene oxide) -block- poly (propylene 

oxide) -block- poly(ethylene oxide) triblock copolymer has been investigated. These 

triblock copolymers show an amphiphilic behavior and their phase behavior in water has 

not yet been simulated. The similarity of the two blocks of poly (ethylene oxide) and poly 

(propylene oxide) cause difficulties in the DPD-parameter calculation and demonstrate a 

challenge for DPD simulations. In this work, the results of the DPD simulation of the 

phase behavior of the poly (ethylene oxide) -block- poly (propylene oxide) -block- 

poly(ethylene oxide) EO13PO30EO13 are being presented. The results are in good agreement 

with the experimental phase diagram26,27 and demonstrate the applicability of the DPD 

parameter calculations even for such complicated systems.  

 

 

With the application of this technique to simulate the three-dimensional structures 

of the phase behavior of the non-ionic surfactant C10E4, C12E5, and C12E6 it was possible to 

characterize the structure of the different phases. The bilayer thickness of the lamellar 

phase and the micellar aggregation number for C10E4, C12E5 and C12E6 have successfully 

been calculated with DPD and compared with the experiment28-33. These structural 

characteristics are in good agreement with the experimental values. The structural 

correspondence with the experimental structures proved the DPD parameter calculation to 

be reliable and applicable for many different systems. 

 

 

After the successful demonstration of the applicability of the DPD simulations to 

the complicated triblock copolymer-water system and the structural agreement, the primary 

aim of this work is to investigate microemulsions with the use of DPD. It can provide data 

for the structure and stability of such microemulsions in order to avoid extensive 

experimental procedures as well as to obtain experimentally unavailable data.  

 

The second aim of this work is the introduction of air in the DPD model which has 

so far just treated condensed matter. The treatment of the air-water surface is a completely 

new task in Dissipative Particle Dynamics and offers a great potential of a large variety of 

simulations. 
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Therefore, the first step is to evaluate the method of DPD to obtain reliable data for 

the structural formation of microemulsions. C10E4 was used as a model surfactant to 

investigate the structures in microemulsions with DPD because it is used in numerous 

applications in industry. The formation of microemulsions of the C10E4/water/n-decane 

systems is experimentally well known34-36. 

 

However, the mesoscopic structure of the microemulsions has not been explored in 

detail. In this work, surfactant/water/oil as well as surfactant/water/oil/polymer systems are 

described and simulated with the help of DPD models. The different microemulsions like 

oil/water-, water/oil-microemulsions as well as a bicontinuous sponge-like phase of C10E4 

in water and n-decane were simulated successfully with DPD. The lamellar Lα phase of 

C10E4 in water and n-decane which occurs at high surfactant concentrations was found in 

remarkable agreement with the experimental phase diagram as published37. The theoretical 

examination of the so called boosting-effect, which describes the shift of the X-point to 

lower concentrations34, was possible with Dissipative Particle Dynamics 

 

The so-called X-point, where the one phase region and the three-phase region 

coincide, is a landmark of the efficiency of a surfactant and its precise prediction is of great 

value for industrial applications. The aim of all simulations is to get a better understanding 

of phenomena. The mechanism of the boosting-effect could not be investigated with 

experimental methods. With the help of DPD simulations it was revealed that the polymer 

PEP5-PEO5 smoothes the interface. This induces the boosting-effect. A different polymer 

PPO5-PEO5, with different properties did not induce it. The DPD simulation showed that 

the replacement of surfactant molecules by the polymer plays just a minor role in the 

mechanism of the boosting-effect. Hence, DPD has been used to get a better understanding 

and gave experimentally unavailable insights. 

 

The DPD study of microemulsions of the C10E4/water/oil system has illustrated that 

Dissipative Particle Dynamics is suitable to simulate the formation of such structures. This 

has not been previously reported in the literature. 
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 Respectively, it was not just possible to reproduce the formation of microemulsions 

of the o/w, w/o as well as the bicontinuous microemulsion of C10E4 in water and n-decane 

with an excellent accuracy but to predict the experimentally not investigated emulsion 

formation of a poly(ethylene butylene)-block-poly(ethylene oxide) in water and methyl 

cyclohexane.  

In this work the phase behavior of a poly(ethylene butylene)-block-poly(ethylene 

oxide)diblock copolymer in water and methyl cyclohexane was characterized. The 

different structures like oil/water-, water/oil phases as well as a bicontinuous 

microemulsion (a sponge-like phase) of the polymer/water/oil system were effectively 

simulated with DPD. 

 

 

The second aim, the introduction of an air-water surface, has been reached by the 

calculation of the surface tension of C10E4, C12E5, and C12E6 in water. The characteristics 

of the surface tension of the surfactant –water – air systems could be reproduced. The 

minimum areas per molecule on the water – air surface have been obtained through the 

simulations. The qualitative as well as the quantitative investigations have shown that the 

introduction of an air-water surface into the DPD method has been carried out successfully. 

 

 

 In this work first the systematic testing of the parameter calculation on complicated 

systems and the comparison of structural quantities is explained. It is followed  by the 

application of the DPD method on microemulsion systems and the introduction of the air-

water surface.  

 

 

Hence, this work proved that the Dissipative Particle Dynamics method is a suitable 

technique to characterize properties of amphiphilic polymers and surfactants in solution 

and at the air-water surface. It is easily possible to predict the phase behavior and self-

assembly of such compounds and thus to avoid expensive experiments this way by 

suggesting promising candidates for certain industrial applications. 
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2 Theory 
 

2.1 Mesoscopic Simulations  
 

2.1.1 Dissipative Particle Dynamics 
 

2.1.1.1 Introduction 
 

 

Dissipative Particle Dynamics is a “coarse grained” computer simulation method. 

The properties of condensed matters between atomistic and macroscopic scales can be 

simulated with this mesoscopic method19. Dissipative Particle Dynamics already proved to 

be a reliable tool for the simulation of e.g. polymer melts20,21as well as the simulation of 

the phase behavior of polymers22,23 and surfactants24,25,38, formation of membranes39 and 

bilayers40, calculations of interfacial tensions between two immiscible solvents41-44, 

polymer brushes45-47.  

Dissipative Particle Dynamics (DPD) does not calculate the interactions of atoms 

and molecules, as atomistic models do but between regions of a fluid48-51. A liquid in the 

DPD-model is described by a set of particles of known mass and size, which are interacting 

through soft potentials. Single atoms lose their identity in a group and represent therefore 

the average of the atomistic structure. This simulation technique describes the 

hydrodynamic behavior correctly and is a tool to calculate the behavior of surfactants and 

polymers in solution on a mesoscopic level.  

 

DPD has been derived from the Molecular Dynamic (MD) and Brownian Dynamic 

(BD) or Langevin Dynamic (LD) simulation techniques52. Dissipative Particle Dynamics is 

based on the Langevin equation and hence closely related to Brownian Dynamics but 

conserves momentum and satisfies Newton's third law of motion, which is important to 

reproduce hydrodynamic behavior. This violation to Newton’s law can lead to metastable 

states that never reach the equilibrium. Due to the reproduced hydrodynamic behavior in 

DPD this problem cannot occur here which makes DPD superior to Brownian Dynamics. It 

is also similar to Molecular Dynamics52 simulations. Molecular Dynamics simulations 
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were also used to calculate the phase behavior of surfactants16-18 but due to the expensive 

calculations on the atomistic scale it is not comparable with DPD. The small system sizes 

of about 50 surfactant molecules cannot be compared to the big systems in DPD 

simulations. The MD calculation is too expensive to start with an arbitrary bead 

distribution. For the final configuration such as a lamellar phase, the starting configuration 

has to be set to a bilayer. This is a great disadvantage towards Dissipative Particle 

Dynamics which is superior to Molecular Dynamics simulation for the calculation of the 

self-assembly of condensed systems. 

 

Dissipative Particle Dynamics was first introduced by Hoogerbrugge und 

Koelman54,53. It allows the simulation of big systems of complex liquids in long time scales 

even up to microseconds. DPD simulations from S. Jury et al.55 proved that the 

experimental phase behavior of non-ionic surfactants can be reproduced. 

 

In DPD the fluid is modeled with point particles that interact through conservative, 

dissipative, and random forces. The forces due to individual solvent molecules are lumped 

together to yield an effective friction and a fluctuating force between moving particles. 

These point particles are not regarded as the fluid molecules but rather as droplets or 

clusters of molecules. Figure 1 shows the DPD-model of a polymer in water.  

The hydrophobic chain of the polymer is represented by purple beads, which are 

connected by harmonic springs and the hydrophilic chain is represented by yellow beads 

which are as well connected by harmonic springs. Water is represented by one bead (blue). 

 

 

 

Figure 1. Schematic DPD-model of an amphiphilic polymer in water. 
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Dissipative Particle Dynamics is based on the conventional Molecular Dynamics 

simulation method. A system which contains pair-wise interacting particles, moves through 

the space in discrete time steps dt. Its dynamical evolution can be described by Newton’s 

laws of motion: 

 

ii
i

i
i Fm

dt
dv

v
dt
dr

== ,  1 

 

Where ri is the coordinate of the particle i, mi its mass, t the time, vi the velocity and 

Fi the total force on the beads (Equation 1). 

In DPD the fluid is modeled with point particles that interact through conservative 

FC, dissipative FD, and random forces FR (Equation 2): 

 

∑
≠






 ++=

ji

R
ijFD

ijFC
ijFiF  2 

 

The forces are pair-wise additive and the sum between all DPD-particles (beads) is 

calculated within a cut-off radius rc. 

The conservative component is taken to be linear up to a cut-off radius in particle 

separation rc, and zero outside of this (Equation 3). 

 

( )

( )








>

<







−⋅⋅

=

cij

cij
c

ij
ijij

rr

rr
r
r

raC
ijF

0

1ˆ
 3 

 

Where r = rij / |rij|, and aij is the repulsion parameter (DPD-parameter). ijˆ

 

Beads that belong to the same molecule are connected by harmonic springs and the 

interactions are described by the force S
ijF : 

 

ijs
s

ij rKF ⋅=  4 
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The spring constant Ks has to be chosen that the average distance between two connected 

beads correlates with the maximum of the radial distribution function. The flexibility of the 

chains decreases with the increase of the spring constant56.  

The dissipative force  is proportional to the relative velocities (vij = vi – vj) of 

two beads and is described by Equation 5: 

D
ijF

 

( ) ( ) ijijijij
D

DPD
D

ij rvrrF ˆˆˆ ⋅⋅⋅⋅−= ωγ  5 

 

If particle j moves into the opposite direction of particle i, the scalar product ijij vr ˆˆ ⋅  is 

positive and the particles i and j attract each other with the force (Fij
D), which is 

proportional to vij. If both particles are moving into the same direction the attraction 

changes to a repulsion and acts as to reduce their relative momentum. The DPD coefficient 

γDPD in Equation 5 controls the magnitude of the dissipative force and can be seen as a 

friction constant. 

The random force FR provides an energy input into the system (Equation 6) and 

builds together with the dissipative force a thermostat . 

 

( ) ijijij
RR

ij rrF ˆ⋅⋅⋅= θωσ  6 

 

σ is the amplitude of the statistical noise, θ a random variable, which is generated from the 

Gaussian distribution independently for each particle per time step. ωD und ωR are the 

weight functions and depend on the particle distances.  

Español  and Warren57 proved that the DPD system is being simulated in the 

canonical NVT ensemble if the two weight functions are chosen as shown in Equation 7: 

 

( ) ( )[ 22

2 ij
R

ij
D

B
DPD rrand

Tk
ωωσγ == ]  7 

  

where kB is the Boltzmann constant und T the temperature. 
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Equation 7 describes the so called fluctuation-dissipation theorem for the 

Dissipative Particle Dynamics method and sets the DPD temperature to kBT = σ2/(2γDPD). 

It makes the dissipative and random force to interact and build a thermostat and therefore 

remain in the thermodynamic equilibrium. The particular functional forms of the friction 

and random forces ensure that all forces obey action-equals-reaction, and therefore the 

model conserves momentum. This is essential for recovering the correct “hydrodynamic” 

(Navier-Stokes) behavior on sufficiently large length and time scales. 
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2.1.1.2 Integration Scheme 
 

 

The integration scheme in Dissipative Particle Dynamics is based on Newton’s law 

of motion. For a system consisting of N particles the Equation of motion is solved with a 

numerical integration scheme. A particle i with the mass mi follows Newton’s second law 

(Equation 8): 

 

( ) ( )tamtF iii ⋅=  8 

 

where Fi is the applied force and ai the acceleration of the particle. The time dependent 

differential equation describes the dynamic behavior:  

 

i

ii

m
F

t
r
=

∂

∂
2

2

 9 

 

With the knowledge of the coordinates, velocities and forces of a particle it is possible with 

the equations of motion to calculate the coordinates and velocities at any future point of 

time.  

 

Numerical mathematics provides a great range of procedures to integrate the 

equation of motion58. A capable procedure for molecular simulations has to provide fast 

calculations, large time steps, and has to follow the energy conservation equation. The 

commonly used algorithm for DPD-simulations is a modified velocity-verlet algorithm59,60. 

 

 The temperature control of a DPD simulation is so far an unsolved problem. 

Español and Warren showed in their theoretical work that the conservative and dissipative 

forces have to fulfill the dissipation-fluctuation theorem (Equation 7) to make the 

simulation with a thermodynamically defined temperature possible.  

 

For the original Hoogerbrugge-Koelman algorithm54 (an Euler-type algorithm) Marsh und 

Yeomans61 derived the expression of the equilibrium temperature of an ideal gas and found 

that the DPD temperature is always greater than the thermodynamic temperature of the 
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system. To prevent this increase in temperature Groot and Warren 62 suggested a modified 

integration algorithm. Different integration schemes have been discussed by Novik and 

Coveney63. The best results for DPD simulations were obtained with the algorithm 

suggested by Groot and Warren (λ=1/2), a modified velocity-verlet algorithm64. 
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 This algorithm, in opposite to the non-modified version of the velocity-verlet 

algorithm, contains a calculation scheme analogous to the predictor-corrector procedure65 

with an estimated value for the velocity ( )ttvi ∆+~ at a time ( )tt ∆+  to calculate the total 

force  at that time. In the last integration step the velocity v  is being 

corrected. The theoretical work showed that the value of λ=1/2 leads to a better 

temperature control in DPD simulations60,65,66, hence this algorithm and value were used in 

this work. 

( ttf i ∆+ ) )( tti ∆+
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2.1.1.3 Calculation of the Surface Tension with DPD 
 

 

In computer simulations the surface tension, of the surface perpendicular to the x-

axis of the system is being computed through Equation 11: The pressure tensors67, pxx(x), 

pyy(x) and pzz(x), of the simulation box define the calculated surface tension σDPD. 

 

( ) ( )( )∑∫
<

− +−=+−=
ji

ijzijijyijijxijzzyyxxDPD zFyFxFAdxxpxpxp ,,2
1

,
1

2
1 )()()(σ  11 

 

A is the area in the yz-plane, p the pressure, x,y,z are the cartesian coordinates and Fij is the 

force between the two particles i and j.  

 

The pressure tensors pxx(x), pyy(x) and pzz(x) can be calculated from Equation 1267: 

 

( ) ( )∑∑ ∫
≠

−⋅−⋅⋅⋅=
i ij C

x
ij

ij

ij

ijx
xxBxx

ij

rrd
dr

rdv
r
r

rTkrp ''
'

2
1)()( δδρ  12 

 

where rij is the position of particle i relative to particle j, kB is the Boltzman constant, T the 

temperature, ρ(r) the probability distribution function of r, v the velocity and Cij any 

contour joining bead i and j. The simplest choice of the contour Cij is to use the straight 

line between the two particles. 

 

 

2.1.1.4 DPD Units Conversion into Physical Units 
 

 

All DPD units can be easily converted into physical units68 The conversion from 

DPD units to physical units is in principle based on the cut-off radius rc as introduced in 

Chapter 2.1.1.1. The cut-off radius rc defines the box side lengths a, b, and c, the box 

volume Vbox and the box surface area Abox. 

 

The cut-off radius can be calculated through Equation 1368: 
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3 )( DPDc XsmallestVr ρ⋅⋅=  13 

 

The molecular volume of the smallest bead V(smallest) in this work is the molecular 

volume of water V(W). It has been determined experimentally and through Molecular 

Dynamics simulations to 30Å3. The number of these smallest bead in one surfactant or oil 

bead X can be calculated with Equation 14.  

 

∑ ⋅⋅=
Z

A
A AKn

n
X )(1  14 

 

where n is the total number of beads in the molecule and nA. the number of beads A in this 

molecule. 

The relation K(A) between the calculated volume of water Vc(W) and the calculated 

volume of the other beads Vc(A) etc is defined by Equation 15: 

 

)(
)(

)(
WV
AV

AK
c

c=  15 

 

Equation 16 shows the side lengths of the simulation box a, b and c calculated by 

multiplying the DPD side lengths aDPD, bDPD and cDPD with the cut-off radius rc: 

 

cDPD raa ⋅= ,   b ,   and   cDPD rb ⋅= cDPD rcc ⋅=  16 

 

The surfaces area of the box Abox is defined in an analogous way (Equation 17). 

 
2

cDPDDPDbox rbaA ⋅⋅=  17 

 

as well as the box volume Vbox in Equation 18: 

 
3

cDPDDPDDPDbox rcbaV ⋅⋅⋅=  18 
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The multiplication of the time step size tstep=0.5 with the number of simulation steps nstep 

gives the simulation time tDPD in DPD units (Equation 19) 

 

stepstepstepDPD ntnt ⋅=)(  19 

 

The simulation time in DPD units tDPD can be converted into physical time t through 

Equation 20, 

 

Tk
aumrntnt

B
cstepDPDstep ⋅

⋅
⋅⋅⋅= −910)()(  20 

 

while the average mass of all beads m is defined through Equation 21: 

 

n

Am
m

Z

A
∑

=
)(

 21 

 

The calculated surface tension σDPD can be converged from DPD units to physical units 

σphys (mN m-1) by applying Equation 2244: 

 

DPD
c

B
phys r

Tk
σσ ⋅

⋅
= 2  22 

 

where kB is the Boltzmann constant, T the temperature and rc the cut-off radius. 
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2.1.2 DPD-Parameter Calculation 
 

2.1.2.1 Introduction 
 

 

The dissipation fluctuation theorem shows that the dissipative constant γDPD and the 

constant of the statistical noise σ  are connected. Therefore, there is just one variable in the 

DPD simulation changeable. Groot and Warren62 proved the integration scheme to be 

unstable if the amplitude of σ exceeds a value of 8. They also proved that the system 

quickly relaxed in a temperature range from kBT = 1 and kBT = 10 for σ = 3. For a reliable 

simulation the statistical noise σ should not exceed 3, which limits the choice of the 

dissipative coefficient and the simulation temperature.  

Groot und Warren62 demonstrated that for a simulation time step of ∆t = 0,04, σ = 3 

and the modified velocity-verlet algorithm (λ=1/2) a stable system could be found at 

reasonable simulation times and with a quickly relaxed temperature equilibrium. Marsh 

und Yeomans31 observed that the temperature of a DPD-system becomes instable at time 

steps ∆t greater than a critical value ∆tc. 

 

2
2

1

12
AA

Atc +⋅
⋅

=∆
ρ

 23 

 

with 
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D
DPD

D
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dm
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A ω
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ω

γ
⋅

⋅
⋅

=⋅
⋅

=   24 and 25 

 

ρ is the density, γDPD the friction coefficient, m the mass of the DPD-particle (for 

simplicity set to 1) and d the spatial dimensions of the system. The magnitude of the 

critical time step can be obtained through Equations 23-25 for DPD simulation with a 

distinct parameter set. 
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 Since the dissipative constant γDPD and the constant of the statistical noise σ are not 

arbitrarily changeable the remaining parameter is the repulsion parameter aij. 

 The use of “soft-potentials” for FC in the DPD method makes larger time steps 

possible than in common molecular dynamics simulations. DPD particles do not represent 

atoms but liquid elements. The use of “soft potential” was introduced by Forrest and 

Sutter64. The suggested procedure starts with the calculation of the atomistic interactions, 

which are later on substituted with effective potentials between the centers of mass of the 

particles. These effective potentials were systematically determined through the average of 

the potential field of fast fluctuating atoms in short time intervals.  

 

 The forces, on the atomistic level in physical systems, are represented in DPD by 

the conservative force FC which depends on the repulsion or DPD parameter aij. In order to 

get a correct description of the thermodynamic state, the density fluctuations of the liquid 

have to be exact. The dimensionless reciprocal compressibility represents the macroscopic 

state correctly if it is defined as shown Equation 26: 

 

TBTB n
p

TkTknk
k 







∂
∂

==− 111  26 

 

n is the numerical density of the molecules, kT is the isothermal compressibility of the 

liquid.  

Groot und Warren62 proved that for small densities of DPD liquids (3 to 10 particles 

per volume unit) and interaction parameter of a=15 to 30 that the Equations of state of the 

DPD liquid can be described as: 

 
2ραρ aTkp B +=  27 

 

ρ is the density of the DPD liquid, kB the Boltzmann constant, T the absolute temperature, 

a the interaction parameter, and α (0,101 ± 0,001) a constant. Water at room temperature 

(300K) has a dimensionless compressibility of k-1=15,9835. Equation 28 describes the 

equation of state after differentiation: 

 

 19



Theory 

 

ρα
ρ

aTkp
B 2+=








∂
∂  28 

 

Equation 28 and 27 compared show that the interaction parameter of pure liquids (aAA) is 

reciprocal to the density of DPD liquids: 

 

ρ
Tk

a B
AA

75
=  29 

 

Equation 29 makes the calculation of the DPD interaction parameter of equal beads 

possible. 

 

Furthermore the calculation of the interaction parameter aAA of different beads has 

to be carried out for the DPD simulation. The Flory-Huggins parameter χ can be used in 

polymer chemistry to describe the interaction between polymer segments70. 

 

The Flory-Huggins lattice theory describes the phase separation of a 

thermodynamic mixture of a binary system. The free mixing energy Fmix according to the 

Flory-Huggins theory for a binary system which contains the two components A and B 

equals: 

 

BAB
B

B
A

A

A

B

mix

NNTk
F

φχφφ
φ

φ
φ

++= lnln  30 

 

φA and φB are the mole fractions of the components A and B, NA and NB are the numbers of 

monomer segments in each molecule A and B, and χ is the Flory-Huggins interaction 

parameter. For a completely occupied lattice follows: φB + φA =  1.  

 

The equilibrium state of the mixture can be obtained  by a minimization of the free mixing 

energy with 0
A

F
φ
∂

=
∂

 and NA=NB. The localization of the minima can be obtained through 

Equation 31: 
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 A phase separation occurs if the χ parameters changes from negative to positive. 

The critical value of χ can also be determined by searching for a minimum of the free 

mixing energy. At this critical χ value the first and second derivative of the free mixing 

energy have to be zero. 

Equation 32 describes this critical point: 
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The density of the free energy fv of a one component DPD liquid equals: 

 

Tk
a

Tk
f
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v
2

ln ραρρρ +−=  33 

 

and for a two component system: 
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For aAA=aBB, and x = ρA/(ρA + ρB) and the assumption that ρA + ρB = constant Equation 

34 can be transferred into Equation 35: 
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where K is a constant. 

The definition of χ is shown in Equation 36: 
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The Flory-Huggins free mixing energy in Equation 30 and the density of the free 

energy in Equation 35 correspond if the χ parameter is proportional to the DPD interaction 

parameter a as shown in Equation 36. 

 

Groot and Warren determined a linear dependency between the Flory-Huggins interaction 

parameter χ and the DPD interaction parameter aAB:  

 

( ) ( ) ( )TKaTa ABDPDDAAAB χρ ⋅+=  37 

 

The proportional constant KD(ρDPD) is not linearly depending on the density (KD(3)=3,497, 

KD(5)=1,451). 

 

According to Equation 28 and 37 for the repulsion between different DPD-particles at a 

DPD temperature kBT = 1 and a DPD density of ρDPD = 3 follows (Equation 38): 

 

( ) ( )TTa ijAB χ⋅+= 497.325  38 

 

where aAB (repulsion parameter between particles of different bead types) are linearly 

related to the Flory-Huggins interaction parameter χ57 Therefore the knowledge of the 

Flory-Huggins parameters implies the knowledge of the DPD interaction parameters. 
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2.1.2.2 Flory-Huggins Parameter Calculation 
 

 

The Flory-Huggins parameter χ can be obtained by different methods, for example 

through the interpolation of experimental data (solubilization parameters, heat of 

vaporization, etc.) or computer simulations. The calculation of χ can be performed by 

Quantitative-Structure-Activity-Relationship (QSAR) calculations, Molecular Dynamics 

(MD) simulations, or Monte Carlo (MC) simulations. 

 

The QSAR methods correlates experimentally known data with the structure of the 

compounds. With theses information the prediction of χ of unknown systems can be 

performed71. 

The free energy can be obtained with MD simulations through the cohesive 

energies of the two components separately and the mixture of both. Through the 

comparison of the cohesive energies of the components in the gas and condensed phase the 

χ parameter can be calculated by calculating the free mixing energy. In the Molecular 

Dynamics simulation all atomistic details as well as hydrogen bonds are taken into 

account, hence MD provides the most accurate χ parameter calculation. The disadvantage 

of this method is long simulation times based on the complex systems on the atomistic 

scale. 

 

The method used in this study is the MC simulation of the χ parameter. This 

method is based on the calculation of the free mixing energy of a two-component system in 

the Flory-Huggins theory. The χ parameter of a mixture of two components A and B 

represents the repulsive energy of the molecule pair AB and it is assumed that this pair AB 

is just affected by the average energetic field of the bulk phase. Therefore the pair contact 

interaction energies EAB have to be calculated with Monte Carlo computer simulations. The 

loss in accuracy in comparison to the Molecular Dynamics simulation is countervailed by 

the shorter simulation times. 
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The Flory-Huggins parameter χ was defined as in Equation 3970: 

 

RT
EZ AB∆⋅

=χ  39 

 

Z is the coordination number and ∆EAB the differential pair interaction energy72 as shown 

in Equation 40: 

 

( ) ( BBAABAABAB EEEEE +−+=∆ 2
1

2
1 )  40 

 

 As the result of their definition the two energies EAB and EBA have the same value 

but due to the statistics different values may be calculated. The combination of modified 

Flory-Huggins theory and Monte Carlo simulations yields a method for the calculation of 

interaction parameters. 

 

The algorithm was first introduced by Fan et al.72 In opposite to the original Flory-

Huggins theory a off-lattice calculation is used, which implies that the molecules are not 

arranged in a regular lattice. The coordination numbers are calculated for all different pairs 

and the temperature dependency of χ is taken into account by fitting to various analytical 

models (e.g. ). 2( ) /T A B T C Tχ = + ⋅ +

 

 All calculations were carried out using the COMPASS force field 

(Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation Studies)73-75, 

which is especially parameterized to model fluids. 

 

According to Equation 39 and 40 the coordination number Z and the pair 

interaction energies EAA, EBB, EAB and EBA have to be calculated to first obtain χ and then 

aAB.  
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2.1.2.3 Pair Interaction Energies EAB 
 

 

The pair interaction energies are calculated with the pair method, which is based on 

the creation of thousands of different configurations of the molecular pairs AA, BB, AB and 

BA with Monte Carlo Simulations. The energies of all pairs are calculated as shown in 

Figure 2. The procedure used in this excluded-volume constraints method follows a 

modified Blanco algorithm76,77. 

 

 

 

Figure 2. Pair interaction energy calculation. 
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 In the first step the geometries of the two molecules A and B are calculated and then 

in the second step moved into the origin. The orientation of molecule A in step three is 

defined through three randomly chosen Euler angles. In the final step 4 molecule A is 

moved along a defined vector n  so the two van-der-Waals surfaces do not overlap. The 

two molecules are now slid apart until an energy minimum has been found. Repeating 

r
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these steps several thousand times gives a great number of possible pair interaction 

energies and a probability function is formed. P(EAB). 

 

 The influence of temperature is taken into account through the Boltzmann 

distribution law. Equation 41 shows the calculation of the average Energy EAB in 

dependence on the temperature <EAB(T)>. 
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 The Boltzmann distribution of the pair contact energies EAA, EAB, EBA and EBB was 

obtained through the Monte Carlo simulations as described in Figure 2. 
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2.1.2.4 Calculation of the Coordination Number Z  
 

 

The next step, after the calculation of the pair interaction energies, to obtain the 

Flory-Huggins parameter as described in Equation 39 is the calculation of the coordination 

number Z for all possible molecular pairs, where the overlap of van-der-Waals surfaces is 

not allowed. For the coordination number calculation four different pairs are possible as 

listed in Table 1: 

 

 

 

Table 1. Possibilities of Coordination numbers Z. 

 

Coordination Number Central Molecule Neighbor Molecules 

ZAA Component A Component A 

ZAB Component A Component B 

ZBA Component B Component A 

ZBB Component B Component B 

 

 

 

 

This simulation method creates clusters of molecules where as many neighbors are 

packed around a central molecule as possible, without an overlap of the van-der-Waals 

surfaces. Figure 3 shows an example of the coordination number calculation. The 

molecules are represented by their van-der-Waals surface and the different steps are 

depicted. An overlap of the van-der-Waals surfaces has to be avoided, while all molecules 

(black) need to have contact to the van-der-Waals surface of the central molecule (white). 

The first picture shows the addition of one molecule, then two three, four and five. After 

five molecules are surrounding the central molecule the addition of one more molecule 

without an overlap of the van-der-Waals surfaces is impossible. Therefore, this 

configuration has the coordination number of 5. The algorithm for this calculation was 

published by Fan et al72. 
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Figure 3. Coordination Number Calculation ZAB. 
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The average coordination numbers obtained through several thousands of different 

configurations, together with the calculated average Energy <EAB(T)> (in dependence on 

the temperature) (Equation 41) can now be used to calculate the temperature depended 

parameter, the mixing energy ( )TE AB
mix  (Equation 42): 

 

( ) ( ) ( ) ( ) ( )[ ]
2

TEZTEZTEZTEZ
TE BBBBAAAABABAABABAB

mix

−−+
=  42 

 

Finally the χ parameter can be calculated (Equation 43): 

 

( ) ( )
RT

TE
T

AB
mix=χ  43 

 

 The inaccuracy caused by calculating the mixing energy of condensed matters 

through pair contact energies is compensated by averaging several thousands of 

configurations72. 
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2.1.2.5 The COMPASS Force Field 
 

 

The Monte Carlo calculations for the pair interaction energies and coordination 

numbers are based on force field calculations. 

The calculation with force field methods is based on the parameterization of inter 

atomic interactions. The quality of these parameters controls the accuracy of the 

calculation results78,79. Atoms in different chemical environments are divided into different 

atom types and the direct electron-electron and electron-nucleus interactions are neglected.  

 

In force field methods the energy is written by a parametric function of the nuclear 

positions. The parameters are fitted to experimental or higher level computational data. 

The molecules are modeled as atoms held together by bonds. The bonds are represented by 

bond potentials in the force field e.g. potentials for bond lengths, angles and torsion angles. 

Inter molecular interactions are calculated by potentials described through van-der-Waals 

and Coulomb forces. The total potential energy Etotal is the sum of all bond potentials 

(Eintra) and non-bond potentials (Einter): 

 

Etotal = Eintra + Einter 44 

 

 Modern class 2 force fields include additional coupling terms, which describe the 

coupling between bond lengths and bond angles as well as between bond angles and 

torsion angles. These additional coupling terms improve the accuracy of the force field and 

the application of the force field parameters on new chemical environments. 

 

 The choice of the right force field is of great importance for the DPD interaction 

parameter calculation. The force field used for the Monte Carlo simulations was the 

COMPASS force field73. The COMPASS (condensed-phase optimized molecular 

potentials for atomistic simulations studies) force field is the most accurate for calculations 

of molecular interactions in solvent systems. It is a class 2 force field and was 

parameterized with ab initio and empirical methods. The valence parameters as well as 

atomistic partial charges were derived from ab initio data. The van-der-Waals parameters 

were obtained from experimental cohesive energies and equilibrium densities of liquids.  
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Equation 45 describes the functional form of the terms to calculate the total energy Etotal: 
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 The first terms 1-4 represent the interactions depending on the internal coordinates 

as bonds b (term 1), angles θ (term 2), torsion angles φ (term 3), and out-of-plane 

vibrations ϑ (term 4). The next five terms (5-9) are the coupling terms including the 

combination of internal coordinates as bond-bond b-b’ (term 5), bond-angle b-θ (term 6), 

bond-torsion angle b-φ (term 7), angle-angle θ-θ’, and torsion angle-angle φ-θ  (term 8 and 

9) coupling. Term 10 and 11 represent the non-bond interactions. Term 10 describes the 

electrostatic interactions with a Coulomb function and term 11 the van-der-Waals 

interactions with a Lennard-Jones-9-6-potential80. 

 

 The validation studies based on 178 isolated molecules, 102 liquids and 69 

molecular crystals demonstrated that the COMPASS force field is capable to predict 

different properties of great number of isolated molecules as well as condensed 

matters50,74. 
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2.1.3 Other Mesoscopic Simulation Methods 
 

 

Besides the Dissipative Particle Dynamics method which has been used for the 

present studies there exist many more coarse-grained mesoscopic simulation methods to 

model the self-assembly of molecules in the condensed phase19,64. The aim of all 

mesoscopic simulation methods is to provide a computationally cheap representation of 

mesoscopic fluids. In this chapter three other methods will be briefly introduced: the 

Lattice-Boltzmann method, the MesoDyn method and the Brownian Dynamics method. 

 

 

 

2.1.3.1 Lattice-Boltzmann Method 
 

 

The Lattice-Boltzmann method is, as the name suggests, a lattice scheme81-83. It is 

based on the lattice gas cellular automaton model of a fluid84. The fluid in such a model is 

represented by a regular lattice. Every lattice point has n nearest neighbors and there can be 

at most one particle be moving to any given nearest neighbor. In the first simulation step a 

particle moves along its link from its original lattice point to the corresponding link to the 

nearest-neighbor lattice point. The next simulation step is the collision during which the 

total number of particles and the total momentum on a given lattice is maintained. Apart 

from this constraint all particles can change their velocities. With this simple model, it is 

possible to reproduce hydrodynamic behavior and it can be used for many applications85. 

But due to the simplicity of lattice model this method suffers from a number of practical 

problems. 
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2.1.3.2 Brownian Dynamics 
 

 

Brownian Dynamics (BD) or Langevin Dynamics (LD) is the basis of Dissipative 

Particle Dynamics and therefore closely related to this method. It is being used to simulate 

e.g. polymer solutions86. The method of Brownian Dynamics computer simulations has 

been first introduced by Ermak in 197687,88. The relevant dynamic equation is called the 

Langevin equation of motion89:  

 

randomra FF
dt
dr

dt
rdm ++−= int2

2

ξ  46 

 

where m is the mass, r the coordinates, t the time and Fintra the intra molecular force, 

Frandom a random force and ξ the friction coefficient. It defines that the total force 
2

2

dt
rdm  

equals the sum of a frictional or dissipative force 
dt
drξ− , the force of the intramolacular 

interactions Fintra and a random force Frandom. It is the equivalent to Equation 2 in DPD. 

However, in Brownian Dynamics the frictional and random forces do not conserve 

momentum and the only property that is conserved is the total number of particles. In DPD 

the random and dissipative force are connect by the fluctuation-dissipation theorem38, 

which ensures that the forces obey the principle action-equals-reaction. This is essential to 

reproduce hydrodynamic behavior. Groot et al.90 compared the results of Langevin 

Dynamics and DPD simulations of the phase formation of a block copolymer melt. While 

the DPD simulations reproduce the experimental lamellar phase, the system in the 

Brownian Dynamics simulation remains in a metastable state due to the missing 

hydrodynamic behavior. 
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2.1.3.3 MesoDyn 
 

 

The basic idea of the MesoDyn method differs from the other introduced 

mesoscopic simulation techniques. It is not particle-based but a density functional theory, 

where the free energy F of an inhomogeneous liquid is a function of the local density 

function ρlocal. From the free energy, all thermodynamic functions can be derived so that 

for instance phase transitions can be investigated as a function of the density distribution in 

the system  

 

The dynamic mean-field density functional method used in MesoDyn is based on 

the generalized Ginzburg-Landau theory 91-94 for conserved order parameters. The 

numerical calculation involves time-integration of functional Langevin equations. The 

thermodynamic driving forces are obtained from a Gaussian chain molecular model.  

 

The MesoDyn method has been applied e.g. to polymer melts95-97 and the 

simulation of the phase behavior of amphiphilic polymers in solution98,99. 

The input parameters for the MesoDyn simulations can be calculated e.g. from 

Scatchard-Hildebrand solubility parameters100,101. MesoDyn gives comparable results to 

DPD in mesoscopic simulations. But since the parameterization depends on experimental 

data it is often complicated and limited to available systems. This means a big limitation of 

this method. The parameter calculation for the DPD simulations is universal and 

independent from experimental data. 
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2.2 Phase Behavior of Amphiphilic Surfactants and 

Polymers 
 

2.2.1 Mesoscopic Structures in Water 
 

 

Amphilic compounds are commonly known as detergents and find many 

applications in everyday life. Their use can be followed from the ancient world to the 

present. However, the understanding of the activity of amphiphilic surfactants and 

polymers began in the past decades.  

 

The characterization of surfactants by their hydrophilic head groups leads to four 

different groups1: 

 

a) Anionic surfactants: 

Surfactants with a hydrophobic group and a negatively charged head group. 

 

b) Cationic surfactants: 

Surfactant with a hydrophobic group and a positively charged head group. 

 

c) Nonionic surfactants: 

Surfactants with a hydrophobic group and a hydrophilic head group with a strong 

dipole moment. Nonionic surfactants have no formal charge. 

 

d) Amphoteric surfactants 

Surfactants with a hydrophobic group and a hydrophilic head group with a positive 

and a negative charge. 

 

In this work the phase behavior and self-aggregation of nonionic surfactants and 

amphiphilic polymers has been investigated. 
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Based on the various phase behavior amphiphilic surfactants and polymers posses a 

wide range of applications in different areas such as organic and physical chemistry, 

biochemistry, polymer chemistry, mining, cosmetics, food additives and environmental 

chemistry. The variety of practical applications leads to many experimental and theoretical 

studies2-7. 

Besides the wide range of applications in everyday life amphiphilic compounds are 

also taking part in nature, e.g. lipids in cell membranes. The combination of hydrophilic 

(polar) and hydrophobic (non-polar) parts marks the amphiphilic properties – the 

hydrophobic chain favors the oil phase, while the hydrophilic chain favors the aqueous 

phase. The behavior of surfactants on the molecular level depends on the lengths and 

flexibility of the hydrophobic hydrocarbons.  

 

 

 

Figure 4. Phase behavior of surfactants in aqueous solution at different 

concentrations. 

 

 

 

 

 

 

 

 

 

 

 

Increasing surfactant concentration 

 

 

The different properties of the two parts of the molecule cause a complicated phase 

behavior based on the self-assembly of the amphiphilic molecules in solution. The 

aggregation and phase behavior of amphiphilic surfactants and polymers can be described 

as shown in Figure 41,8. 
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 With the addition of an amphiphilic surfactant to water the surfactant molecules 

first dissolve as single molecules and then in the second step form an adsorption layer at 

the surface. If the surfactant concentration exceeds the critical micelle concentration (cmc) 

the surface cannot take more surfactant molecules and micelles are formed. At first the 

formation of spherical micelles takes place and then with the addition of even more 

surfactant the structure changes to rod like micelles. The formation of micelles controls the 

solubilization properties, which are responsible for the cleaning processes. With the 

addition of even more surfactant molecules the rod like micelles arrange in a hexagonal 

mesophase and if the concentration increases cubic, nematic or lamellar mesophases occur. 

 

The surfactant aggregation, as all spontaneous processes, is controlled by the 

decrease of Gibb’s free enthalpy G. The change of the free energy in an isothermic – 

isobaric system can be divided in enthalpic ∆H and entropic ∆S terms: 

 

STHG ∆−∆=∆  47 

 

 The micelle formation enthalpy in aqueous systems is usually positive, 

compensated by an increase of the entropy which leads to a negative Gibb’s free enthalpy 

∆G. The increase of the entropy is mainly caused by the water molecules. The highly 

ordered cage-like structure is being destroyed by the isolated hydrophobic parts of the 

surfactants molecules. Liquid water has a structure of a room filling, isotropic network of 

hydrogen bonds 9,10 The solution of a non-polar compound, e.g. alkyl chains, causes just a 

local change in the structure of the hydrogen bonds.  

 

 The so-called hydrophobic effect11 depends on the size difference between water 

and the dissolved compound11 as well as on the change of the dipole properties of the water 

molecules at the interface12. The attraction of hydrocarbon chains in aqueous solution plays 

just a minor role 9,10,13 in the aggregation behavior of amphiphilic molecules at normal 

temperatures. 

 

The phase behavior of binary surfactant/water systems has been investigated by 

various experimental methods. Table 2 shows the most important investigation methods 

and structural properties of the different phases. 
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The different aggregation structures of amphiphilic surfactants characterize the possible 

structures and the associated properties of these structures. The experimental investigation 

of the phase behavior of amphiphilic surfactants and polymers is demanding and therefore 

the simulation of the different structures is a great advantage and useful for many 

applications. 

 

 

 

Table 2. Experimental investigation methods of mesophases14. 

 

Method Information 

X-Ray Diffraction conformation of alkyl chains 

Polarization Microscopy Identification of phases 

Electron Microscopy structure (lamellar, hexagonal, cubic) 

IR-, Raman-,  

Fluorescence Spectroscopy 

Head-group conformation; conformation of 

alkyl chains 

NMR-Spectroscopy Head-group conformation; Molecular 

rotation; complexation; Ion/ Head-group 

interaction 

ESR- Spectroscopy Phase transitions; lateral molecular 

distances; lateral Diffusion 
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2.2.2 Microemulsions 
 

 

An emulsion is a dispersed system of two or more insoluble liquids. An emulsion is 

a phase inside a phase in form of small droplets. The size of droplets as well as the type of 

stabilization controls whether it is a micro- or macroemulsion. The macroemulsion is 

characterized by a particle size above 100nm and is kinetically stabilized, while a 

microemulsion is a colloidal dispersed system with a particle size below 100nm and a 

thermodynamic stabilization1
. 

 

 

 

Figure 5. Theoretical phase behavior of a water-oil-surfactant system at a 

constant surfactant concentration1. 
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Microemulsions are optical isotropic, macroscopic homogeneous and 

thermodynamic stabile mixtures of at least two immiscible components and a surfactant. 

The surfactant separates the two immiscible liquids by adsorbing at the interface. The 

adsorption at the interface reduces the water/oil interfacial tension.  

  

A water-oil-surfactant (polymer) system can build three different types of microemulsions, 

depending on the water/oil ratio at a fixed surfactant concentration. Figure 5 shows the 

theoretical phase behavior. At an excess of water oil droplets in the water phase are formed 

with the amphiphilic surfactant at the interface (o/w-emulsion). The hydrophilic part of the 

surfactant reaches into the water phase and the hydrophobic part is inside the oil droplet 

and covers this way the oil and protects it from contact with water. 

 

The opposite situation takes place at an excess of oil. Water droplets are now in the 

oil phase and are covered with the surfactant (w/o-emulsion).  

 

At an equal ratio of water and oil a bicontinuous structure is formed. The water and 

oil phase are both having the shape of tubes and penetrate each other. The surfactant is 

again at the interface with the hydrophilic part pointing towards the water and the 

hydrophobic part pointing towards the oil. Figure 6 shows an electron microscopy picture 

of the schematic draw of a bicontinuous phase in Figure 5 (b) 

 

 

 

Figure 6. Electron microscopy picture of bicontinuous microemulsion1. 
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 Natural and technical emulsions usually consist of water and oil or fat. One of the 

two phases is the dispersing agent and the other the dispersed phase. Commonly known 

o/w–emulsions are e.g. milk and ice-crème and w/o – emulsions e.g. butter and lotions. 

Figure 5 shows the phase behavior of a water/oil/surfactant system with constant surfactant 

concentration and a varying water/oil ratio. For a given water/oil ratio the phase behavior 

depends on the surfactant concentration and the phase diagram15 is depicted in Figure 7. 

 

 

 

Figure 7. Phase behavior of a water-oil-surfactant system at constant water/oil 

ratio. 

 

 

 

 
 

 

 

 

 

 

 At a given water/oil ratio four different structures are possible depending on the 

surfactant concentration. 2  and 2 are two phase regions. At higher temperatures ( 2 ) water 

separates and the two phases are an excess water phase and a microemulsion of the w/o-

type. At lower temperatures (2) the opposite is happening and the two phases are an excess 

oil phase and a microemulsion of the o/w-type. In between these two two-phase regions a 

three-phase region (3) occurs with water as well as oil separating from a bicontinuous 

microemulsion. The water and oil phase shrink with increasing surfactant concentration 

and at the so-called X-point the on-phase region begins (1). The only existing phase is now 

the bicontinuous microemulsion. The X-point is a landmark for the efficiency of a 

detergent and therefore important for many applications. 
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2.2.3 Surface Tension and Critical Micelle Concentration 
 

 

 Another property besides the self-organization of amphiphiles in the volume phase 

is the adsorption at a surface or interface. The adsorption of amphiphilic molecules at 

surfaces causes a change in the physical properties, especially the reduction of the surface 

tension. 

 Molecules at surfaces or interfaces are in a specific energetic condition. The 

interaction between single molecules can be explained through a vector diagram. As shown 

in Figure 8 are all intermolecular forces in the volume phase of a liquid being 

compensated. At the surface the compensation is not taking place caused by the absence of 

the neighbors at the outside. A force pointing inside the volume phase occurs. 

 

 

 

Figure 8. Forces at the surface and in the volume phase. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Interfaces of two immiscible condensed phases consist of the surface layers of the 

two phases. To increase the surface the molecules have to be moved from the volume 

phases to the surface. During this process energy is needed to overcome the cohesive 

forces in the liquid.  
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The surface tension σexp is the force acting on a liquid-gas interface. It can be 

quantified as the force acting normal to the interface per unit length at equilibrium. 

Equation 48 defines the work w which produces the surface A: 

 

AdAw
A

⋅=⋅= ∫ σσ
0

 48 

 

As described in Figure 4, surfactants in solution form at low concentrations 

adsorption layers at the surface. This causes a reduction of the surface tension with 

increasing surfactant concentration  until the adsorption layer is densely packed. Figure 9 

shows schematically the adsorption of the surfactant molecules at the surface until the 

critical micelle concentration (cmc). At the cmc the surface is completely covered with 

surfactant molecules and increasing the surfactant concentration causes the formation of 

micelles. 

 

 

 

Figure 9. Schematic adsorption of surfactants at the surface. 
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Figure 9 (a) shows the system without any surfactant in the solution and (b) with a 

surfactant concentration below the critical micelle concentration and an incomplete 

adsorption layer at the surface. Figure 9 (c) is the system at the cmc and with a completely 

adsorbed surface. At concentrations above the cmc (Figure 9 (c)) micelles are formed in 

the volume phase.  

 

 

 

Figure 10. Schematic graph of the surface tension. 
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Through the process of adsorption the surface tension decreases constantly until the 

critical micelle concentration is reached and the surface has a complete adsorption layer. 

At concentrations above the cmc the surface tension has a constant value and does not 

decrease anymore due to the complete layer at the surface. The additional surfactants 

molecules are now forming micelles and therefore do not affect the surface tension 

anymore. 
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Figure 10 shows the schematic graph of the surface tension. The part of the graph 

with a gradient in the surface tension corresponds to Figure 9 (b). With reaching the cmc a 

complete adsorption layer is formed (c) and at higher concentrations the surface tension 

remains constant. 
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3 Results and Discussion. 
 

3.1 Self-Aggregation in Water 
 

3.1.1 Poly (ethylene oxide)-block-poly (propylene oxide)-

block-poly (ethylene oxide) in Water 
 

3.1.1.1 Simulation Conditions 
 

 

Dissipative Particle Dynamics (DPD) has been previously introduced16 to calculate 

different surfactant/water systems at room temperature. The system investigated was 

dodecyl dimethyl amine oxide (DDAO), which has a distinct hydrophilic head group with 

the dimethyl amine oxide and a hydrophobic alkyl chain. For the DDAO-water system the 

phase behavior as described in Figure 4 was simulated and the results were in good 

agreement with the experimental phase diagram. According to the clear difference of the 

interaction with water of the two parts (hydrophobic – alkyl chain and hydrophilic 

dimethyl amine oxide) the DPD-parameter calculation for this system was 

unproblematic16.  

 

 

 

Figure 11. Structure of poly (ethylene oxide) -block- poly (propylene oxide) -block- 

poly (ethylene oxide) EO13PO30EO13 (1). 
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More difficult are the poly (ethylene oxide) -block- poly (propylene oxide) -block- 

poly (ethylene oxide) triblock copolymers. They show an amphiphilic behavior and 

demonstrate a challenge for DPD calculations. The similarity of the two blocks of poly 

(ethylene oxide) and poly (propylene oxide) causes difficulties in the DPD-parameter 

calculation, which could be solved with the method described in Chapter 2.1.2. 

 

The simulated system is a poly (ethylene oxide) -block- poly (propylene oxide) -

block- poly (ethylene oxide) of the composition: EO13PO30EO13 as shown in Figure 11. 

 

 

 

Figure 12. DPD-model of poly (ethylene oxide)- block -poly (propylene oxide)- 

block -poly (ethylene oxide) EO13PO30EO13 (1) in water (2). 
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The DPD-model in Figure 12 contains three types of beads for 1.The beads at the 

end of the chain represent the most hydrophilic beads with the OH-group. The poly 
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(ethylene oxide) chain B is represented by the second hydrophilic bead and each poly 

(ethylene oxide) chain contains twelve of these “EO-beads” (B). The hydrophobic poly 

(propylene oxide) chain is represented by thirty beads (J). As mentioned before the DPD 

parameter calculation for the interaction of these three beads with water is difficult. The 

EO- and PO-beads B and J shown in Figure 12 just differ in one methyl group and are still 

supposed to show a hydrophilic behavior for the EO-bead and a hydrophobic behavior for 

the PO-bead (J). The method of parameter calculation described in the Theory section was 

capable to calculate these interactions with water correctly and appropriate parameters 

were obtained. 

 

All simulations were carried out at a temperature of 300K and a box side length of 

about 35nm with a DPD density of ρDPD=3, which equals a normal density of ρ=1gcm-3. 

The starting geometry was an arbitrary bead distribution in the box. 

 

 

 

Figure 13. Pair interaction energies ∆EAB in Jcm-3 for all bead pairs of the 

EO13PO30EO13 - water system. 
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The differential pair interaction energies ∆EAB were obtained by Monte Carlo 

simulations76 and are diagrammed in Figure 13, where the x-coordinate shows the different 

bead pairs and the y-coordinate shows the energy ∆EAB in Jcm-3. The energies for pairs of 

equal beads were very close to 0 and therefore estimated as such. The very hydrophilic 

beads A have lower positive interaction energies with water than the other two beads B and 

C and mix therefore better with water. The more hydrophobic propylene oxide beads J 

have the highest positive values with water W due to their slightly repulsive behavior. The 

pair interaction energies of water beads W with the three beads A, B and J reflect the 

mixing behavior well.  The interaction energy of B and J is almost zero which emphasizes 

the similarity of the two beads. The interaction energy of A and B is slightly lower than the 

one of A and J. The most hydrophilic beads A mix of course better with the more 

hydrophilic beads B than with the slightly hydrophobic beads J. For all bead pairs an 

average coordination number of 6.5 was estimated as obtained by Monte Carlo 

simulations76.  

 

 

 

 

3.1.1.2 Results 
 

 

The self-assembly of poly (ethylene oxide) -block- poly (propylene oxide) -block- 

poly (ethylene oxide) triblock copolymers, also known as Pluronics® from BASF, are of 

great interest in many applications. Many different chain lengths of the poly (ethylene 

oxide) and the poly (propylene oxide) parts are possible which opens a wide range of 

structures and properties. Due to the great variety of applications the interest in the 

investigation of these system was immense. The phase behavior of such systems has been 

extensively discussed in the literature experimentally102-108, and theoretically with 

MesoDyn98,99(see Chapter 2.1.3.3). 

EO13PO30EO13 has been experimentally investigated by Malka et al.26 and shows 

four characteristic regions. At concentrations lower than 40wt% of EO13PO30EO13 a 

micellar phase (L1) has been found, which changes to a hexagonal phase (H) region 

between 40wt% and 60wt%. At even higher concentration a lamellar (Lα) phase is formed 
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until the concentration reaches 80wt% of EO13PO30EO13, where the lamellar phase changes 

to the isotropic phase L2. 

 

Figure 14 shows the experimental phase diagram26 and the simulation results at 

distinct concentrations. The hydrophilic “end bead” A as defined in Figure 11 is shown in 

white and it is clearly visible that these most hydrophilic beads are always reaching in the 

water phase. The second hydrophilic bead, the “EO”-bead B is colored in red and covers in 

all simulations the hydrophobic “PO”-bead J (yellow) and acts this way like a spacer 

between water and the poly (propylene oxide) chain. This behavior has been investigated 

experimentally26 and the simulation results agree nicely and proof the calculated DPD-

parameters to be appropriate.  

 

All simulations carried out at concentrations below 40wt% of EO13PO30EO13 

showed the experimentally found L1 phase. Figure 14 (a) shows the simulation result at 

20wt%, where micelles in the water phase are formed. Each micelle has a core, which 

contains the poly (propylene oxide) and a rim. The rim is the poly (ethylene oxide) 

protecting the poly (propylene oxide) against the contact with water. 

Figure 14 (b) shows the result of the calculation in the next experimental region: the 

hexagonal phase (H). A change in the shape of the structure from spherical micelles to rods 

can be observed. This indicates the formation of a hexagonal phase, which could not be 

observed in entireness because of the limitation in the box size. 

 

The same problem occurred in Figure 14 (c) where the lamellar phase is just 

implied by the appearance of one lamella. The structure of the simulation at 70wt% shows 

nicely how a bilayer of the polymer has been formed.  

 The experimentally found L2 phase at very high polymer concentrations was 

determined at concentrations higher than of 85wt%. Figure 14 (d) shows how water 

droplets are dissolved in the polymer phase and form inverse micelles. 
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Figure 14. EO13PO30EO13 (1) experimental phase diagram and simulation results 

at 300K at (a) 20wt%, (b) 50wt%, (c) 70wt% and (d) 90wt% polymer in 

water. 
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The experimental phase diagram of Malka et al.26 showed just the described four 

regions, while Alexandridis et al.27 found a bicontinuous phase (L’) at about 60 wt% 

polymer concentration. The simulation reproduced these results with remarkable 

agreement. Figure 15 represents the simulation results at a polymer concentration of 

60wt% and shows nicely the water tubes in the polymer structure as well as the poly 

(propylene oxide) tubes covered with the poly (ethylene oxide) in the water phase. 
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Figure 15. Simulation results at 60 wt% EO13PO30EO13. (a) shows the L’ phase 

with water and (b) without. 
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3.1.2 C10E4 and C12E5 in Water 
 

3.1.2.1 Simulation Conditions 
 

 

The phase behavior of the two nonionic surfactants C10E4 (3) and C12E5 (4) (Figure 

16) in water (2) at different surfactant concentrations has been simulated. The surfactant 

C12E6 has been simulated at distinct points of the phase diagram to carry out structural 

investigations. 

 

 

 

Figure 16. Structure of C10E4 (3) and C12E5 (4). 
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Figure 17 shows the DPD-particles (beads) for the investigated systems. Water (2) 

is always represented by one bead. The surfactants C10E4 (3) and C12E5 (4) are divided into 

two parts, the hydrophobic and the hydrophilic chains, which are themselves represented 

by several beads. The surfactant C12E6 (5) has been represented by the bead chain 1 A – 6 

B – 4 C. 

 

The simulation temperature was 300K and the box side length for the C10E4 system 

was about 17nm and for C12E5 about 25nm with a DPD density of ρDPD=3, which equals a 

normal density of ρ=1gcm-3. All simulations were carried out with a starting geometry of 

an arbitrary bead distribution in the box. For all bead pairs an average coordination number 

Z of 6.5 was estimated as obtained by Monte Carlo simulations76. 

 

 52



Results and Discussion 

 

Figure 17. Schematic representation of the simulation model for C10E4 (3) and 

C12E5 (4). 
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The differential pair interaction energies ∆EAB were obtained by Monte Carlo 

simulations76 and are diagrammed in Figure 18, where the x-coordinate shows the different 

bead pairs and the y-coordinate shows the energy ∆EAB in Jcm-3. The energies for pairs of 

equal beads were very close to 0 and therefore estimated as such. Figure 18 makes the 

differences in the behavior of different bead pairs visible. The interaction energy 

calculation has already been proved to be reliable for the complicated EO13PO30EO13 

system in Chapter 3.1.1. 

 

 

 

Figure 18. Pair interaction energies ∆EAB in Jcm-3 for all bead pairs of the C10E4, 

C12E5 and C12E6 - water system. 
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The hydrophobic bead (C) has a high positive value with water (W) due to their 

repulsive behavior. The hydrophilic beads (A, B) have lower interaction energies and mix 

therefore better with water. The bead A has the lowest interaction energy with water (W) 

and a higher interaction energy with the hydrophobic bead C due to its hydrophilicity. The 

less hydrophilic bead B has a very small interaction energy with the alkyl chain bead C 

which shows its almost hydrophobic character. For all bead pairs an average coordination 

number of 6.5 was estimated as obtained by Monte Carlo simulations76. 

 

 

 

 

3.1.2.2 Simulation of the Phase Behavior 
 

 

The experimental phase diagram of a C10E4/water mixture (Figure 19) shows three 

characteristic phases at a temperature of 300K28,29. An isotropic L1 phase, which changes 

into a lamellar Lα phase at concentrations between 55wt% and 80wt% of C10E4 and an 

isotropic L2 phase at concentrations higher than 80wt% of C10E4.  

 

 

 

Figure 19. Experimental phase diagram of C10E4 (3) in water29. 
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The simulations reproduce all characteristic phases. Figure 20 shows the simulation 

results at three concentrations as assigned in Figure 19: (a) the isotropic L2 phase at a 

surfactant concentration of 35wt%, (b) the lamellar Lα phase at 75wt% and (c) the isotropic 

L1 phase at a C10E4 concentration of 95wt%. 

 

 

 

Figure 20. Simulation results at a C10E4 concentration of (a) 35wt%, (b) 75wt% 

and (c) 95wt%. 
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Figure 21 follows the formation of the lamellar phase in the dynamics calculation at 

different calculation times. At the beginning of the simulation (0ns) all beads are 

homogeneously distributed in the box. During the simulation the surfactant domains 

steadily grow until the system reached the thermodynamic equilibrium. With equilibration 

an unordered phase at the beginning of the calculation forms bilayers, which finally 

become ordered in a lamellar phase at 472ns. 
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Figure 21. Formation of the lamellar phase at 75wt% C10E4 at different simulation 

times. 
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Figure 22 shows the total energy, the sum of potential and kinetic energy, of the 

system in DPD units during the lamellar formation. The arbitrary bead distribution in the 

box is energetically unfavored and has a very high total energy (0ns). As long as the 

system still undergoes the formation of the bilayers the energy decreases. After about 

450ns the system converged to the thermodynamic equilibrium and the total energy 

fluctuates around a constant value. The steep descending curve at the beginning of the 

simulation can be explained with the highly unfavored starting configuration. After about 

25ns the gradient decreases due to the formation of domains of bilayers as shown in Figure 

21 (23.6ns). The final formation of the highly ordered lamellar phase out of the bilayer 

domains is slower and takes another 425ns.  
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Figure 22. Total energy [DPD Units] of the system shown in Figure 21. 
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The equilibration of the system is reached in a short time in comparison to the 

experiment due to the high energy configuration at the beginning of the simulation. The 

arbitrary bead distribution equals a homogeneous distribution on the molecular level is 

never reached in the experiment, where always small micro domains of surfactants are left. 

These micro domains stabilize the system, the energy is not as high and the equilibration 

takes therefore longer.  

The horizontal line in Figure 22 indicates the average energy of the system after reaching 

the equilibrium. The fluctuations are caused by the dynamics of the system which produces 

different (more or less stable) configurations. The total energy curve in Figure 22 

corresponds with the pictures at different simulation times as shown in Figure 21, where 

the equilibrium has obviously been reached between 236ns and 472ns. 

 

Figure 23 shows the zoom into the lamellar phase of Figure 20 (b) at a surfactant 

concentration of 75wt%. The C10E4 bilayer is nicely visible. The hydrophobic alkyl chains 

(C beads) form the inner part of the layer (green), while the hydrophilic ethylene oxide 

 57



Results and Discussion 

 

chains in red (B beads) shield the inner layer from the water (blue). The red ethylene oxide 

layer is penetrated by water molecules (blue) The most hydrophilic end beads (A beads, 

white) are mainly distributed in the water phase.  

 

 

 

Figure 23. Snapshot of the bilayer of C10E4 at a surfactant concentration of 

75wt%. 
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The experimental phase diagram of the C12E5/water mixture30 (Figure 24) shows 

similar characteristic regions as for C10E4 in Figure 19. An isotropic L1 phase, which 

changes into a lamellar Lα phase at concentrations between 55wt% and 85wt% C12E5 and 

an isotropic L2 phase at concentrations higher than 85wt% C12E5. 

 

 

 

Figure 24. Experimental phase diagram of C12E5 in water30. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The simulations showed all characteristic phases. Figure 25 shows the simulation 

results at three concentrations as assigned in Figure 24. (a) shows the isotropic L1 phase at 

a surfactant concentration of 40wt%, (b) the lamellar Lα phase at 70wt% and (c) the 

isotropic L2 phase at a C12E5 concentration of 95wt%. 

 

The surfactant (4) alkyl chain beads (C) are green, the ethylene oxide beads (B) are 

red, the hydrophilic end-beads (A) are white and the water beads (W) are blue. 

 

Figure 25 (a) shows C12E5 micelles in the blue water phase at a surfactant 

concentration of 40wt%. Figure 25 (b) shows a lamellar phase with C12E5 bilayers and 

water layers at a surfactant concentration of 70wt%. The interruption in one of the bilayers 

is caused by the dynamics of the system, which causes sometimes defects in the bilayers. 
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The isotropic phase in Figure 25 (c) at high surfactant concentrations (95wt%) shows small 

water domains (blue) in the surfactant phase. 

 

 

 

Figure 25. Simulation results at a C12E5 concentration of (a) 40wt%, (b) 70wt%, 

and (c) 95wt%. 
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Figure 26 (a) shows one micelle. The core of the micelle is the hydrophobic alkyl chain 

(green) surrounded by the hydrophilic ethylene oxide chain (red). The ethylene oxide chain 

shields the hydrophobic alkyl chain from the water and are as for C10E4 penetrated with 

water. The most hydrophilic end beads (white) are distributed in the water phase. 

 

 

 

Figure 26. Simulation results at a C12E5 concentration of (a) 40wt%, and (b) 

70wt%. 
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Figure 26 (b) shows one C12E5 bilayer. The hydrophobic alkyl chains form the inner 

part of the layer (green), while the hydrophilic ethylene oxide chains (red) cover the inner 

layer from the water (blue). The most hydrophilic end beads (white) are distributed in the 

water phase. 

 

 

 

Figure 27. Formation of the micellar phase at 40wt% C12E5 at different simulation 

times. 
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Figure 27 shows the dynamics of the micelle formation. At the beginning of the 

simulation (0ns) all beads are homogeneously distributed in the box. During the dynamics 

simulation the surfactant domains steadily grow until the system reached the 

thermodynamic equilibrium. With reaching the equilibrium the micelle size in the 

simulation converges to a constant value. 

Even after a comparably short simulation time of 1.38ns the alkyl chains (green) of 

the surfactant build aggregates and are mostly shielded from the water phase (blue) by the 

hydrophilic ethylene oxide chains (red). Between 2.76ns and 13.8ns (Figure 27) varies the 

size of the “micelles” until after 27.6ns the equilibrium seems to be reached and the 

micelle size is almost constant (Figure 27, 55.2ns). 

 

 Figure 28 shows the total energy of the system in DPD units during the micelle 

formation. The arbitrary bead distribution in the box is energetically unfavored and has a 

very high total energy. As long as the system still undergoes the formation of the micelles 

the energy drops. After about 20ns the system reached the thermodynamic equilibrium and 

the total energy converged.  

 

 

 

Figure 28. Total energy [DPD Units] of the system shown in Figure 27. 
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The equilibration of the system is fulfilled in a short time in comparison to the 

experiment due to the high energy configuration at the beginning of the simulation. The 

homogeneous distribution on the molecular level is never reached in the experiment, where 

always small micro domains of surfactants are left. These micro domains stabilize the 

system, the energy is not as high and the equilibration take therefore longer.  

 

The blue line in Figure 28 indicates the average energy of the system after reaching the 

equilibrium. The fluctuations are caused by the dynamics of the system which produces 

different (more or less stable) configurations. The total energy curve corresponds with the 

pictures at different simulation times as shown in Figure 27, where the equilibrium has 

obviously been reached between 13.8ns and 27.6ns. 

 

 The equilibrium of the micellar formation has been reached after about 20ns. The 

formation of the lamellar structure of C10E4 in Figure 21 and 22 took 400ns – 20 times 

longer than the micellar formation due to the higher ordered structure. 
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3.1.2.3 Structural Investigation 
 

 

The phase behavior as investigated with DPD for C10E4and C12E5 can yield 

structural information of the obtained phases. The conversion of e.g. bilayer thickness from 

DPD units into physical units can prove the reliability of the Dissipative Particle Dynamics 

studies not just qualitatively as the phase behavior but quantitatively. Figure 29 shows 

schematically the bilayer represented by one molecule of each monolayer. The molecules 

are represented by 3 C, 4 B, and 1 A beads as defined in Figure 17. The layer thickness εexp 

as obtained by experimental measurements29 contains all C10E4 beads from both molecule 

monolayers which means the distance between the two A8 beads. The C10E4 bilayer 

thickness εexp was experimentally estimated by Stubenrauch et al.29 to εexp=5.0nm ± 0.5nm. 

 

 

 

Figure 29. Schematic draw of the C10E4 bilayer. 
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The bilayer in the simulation result is defined by the alkyl chains (green) and the 

ethylene oxide chains (red) as shown in Figure 23. The hydrophilic end beads (white) are 

already distributed in the water phase. Therefore the simulated bilayer thickness εsim was 

obtained from the average distance of the last ethylene oxide beads of each chain (B7), of 

the second last ethylene oxide beads of each chain (B6) and, of the last two ethylene oxide 

beads of each chain (B6/B7) of the two monolayers. The simulated bilayer thickness was 

calculated to εsim(B6)=4.3nm, εsim(B7)=4.9nm and εsim(B6/B7)=4.6nm. The longer distance 

of εsim(B7) can be explained by Figure 29. The beads B7 are the last ones of the ethylene 

oxide chain and have therefore the largest distance and should correspond best to the 

experimental bilayer thickness. The calculated bilayer thickness is in good agreement with 

the experimental value of ε=5.0nm ± 0.5nm29. The slightly smaller value can be explained 

by the negligence of the A beads in the calculation of εsim which are included in the 

experimental measurements.  

 

 

 

Figure 30. Snapshot of the C10E4 micelle at a surfactant concentration of 35wt%. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 shows the zoom of one micelle in the L1 phase. The core of the alkyl chains 

(green) is shielded by the ethylene oxide beads (red) from the water (blue). And the 

ethylene oxide layer is penetrated with water. 
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The calculation of the micellar and lamellar phases of C10E4 and C12E5 has been 

described in the previous chapter. The micellar and lamellar phase of C12E6 have been 

calculated at distinct concentrations as assigned in the experimental phase diagram31. The 

micellar aggregation number, of the micelle shown in Figure 30 and the bilayer thickness 

of C10E4, C12E5 and C12E6 have been calculated with DPD.  

All values are in remarkable agreement with the experimental values as available. The 

micellar aggregation number of C10E4 has been calculated to 53 (±10), of C12E5 to 98 (± 

14) and for C12E6 to 79 (± 16) in comparison to an experimental value32 of 87. The 

experimental bilayer thickness of C10E4 has been measured to 5.0 ± 0.5nm29 and simulated 

to 4.9 nm as explained before. The thickness of the C12E5 bilayer has been calculated as 

described for C10E4 and was 6.3nm while the experimental bilayer was 6nm33. The C12E6 

bilayer has been calculated to 7.7nm. The bilayer thickness increase from C10E4 to C12E5 

and C12E6 according to the growing of the chain lengths in this row. The structural data 

obtained from Dissipative Particle Dynamics calculations are designated in Table 3. 

 

 

 

Table 3. Structural data of the surfactants C10E4, C12E5 and C12E6. The 

experimental values are put in parentheses. 

 

Surfactant Micellar Aggregation 

Number 

Bilayer Thickness 

 C10E4 53 ± 10 

 

4.9 nm 

(5.0 ± 0.5nm29) 

C12E5 98 ± 14 

 

6.3 nm 

(6 nm33) 

C12E6 79±16 

(8732) 

7.7 nm 
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3.2 Self-Aggregation in Water and Oil 
 

3.2.1 C10E4 in Water and n-Decane 
 

3.2.1.1 Simulation Conditions 
 

 

Representatively for the phase behavior of the self-aggregation in a water and oil 

mixture the phase behavior of C10E4 (3) in water (2) and n-decane (6) at different 

surfactant concentrations has been studied. 

 

Figure 31 shows the DPD-particles (beads) for the investigated system. Water (2) is 

always represented by one bead and the oil (6) by three beads. The surfactant C10E4 (3) is 

divided into two parts, the hydrophobic and the hydrophilic chains, which are themselves 

represented by several beads as described before in Figure 17. 

 

 

 

Figure 31. Schematic representation of the simulation model for C10E4 (3), water 

(2) and n-decane (6). 
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The block copolymer used in these investigations, PEP5-PEO5 (5), is a poly 

(ethylene propylene)-block-poly (ethylene oxide) with 70 ethylene, 70 propylene and 114 

ethylene oxide units. The molecular weight of the hydrophobic and hydrophilic chain is 

each about 5000 gmol-1. The molecular structure is shown in Figure 32. 

 

 

 

Figure 32. Structure of PEP5-PEO5 (7). 
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Figure 33 shows the DPD-model of 7. The polymer is divided into two parts, the 

hydrophobic and the hydrophilic chains, which are themselves represented by several 

beads analogous to the surfactant C10E4. 

 

 

 

Figure 33. Schematic representation of the simulation model of 7. 
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The second polymer used is a poly (propylene oxide) – block - poly (ethylene 

oxide) PPO5-PEO5 (8) (Figure 34) diblock copolymer with 85 propylene oxide and 114 

ethylene oxide units. The molecular weight of the hydrophobic and hydrophilic chain is 

each about 5000 gmol-1. 

 

 

 

Figure 34. Structure of poly (propylene oxide) – block - poly (ethylene oxide) 

PPO5-PEO5 (8). 
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Figure 35. DPD-model of poly (propylene oxide) – block - poly (ethylene oxide) 

PPO5-PEO5 (8). 
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As described in Chapter 3.1.1.1 the DPD-model in Figure 35 the beads at the end of 

the chain represent the most hydrophilic beads with the OH-group (A). The poly (ethylene 

oxide) chain is represented by the second hydrophilic bead (B) and the poly (propylene 
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oxide) chain is presented with the most hydrophobic bead (J). The bead distribution is as 

for the EO13PO30EO13 triblock copolymer in Chapter 3.1.1. 

 

For all bead pairs an average coordination number of 6.5 was estimated as obtained 

by Monte Carlo simulations76. 

 

 

 

Figure 36. Pair interaction energies ∆EAB in Jcm-3 for the bead pairs of the C10E4, 

n-decane, water, PEP5-PEO5 and PPO5-PEO5 system. 
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The differential pair interaction energies ∆EAB were obtained by Monte Carlo 

simulations76 and are diagrammed in Figure 36, where the x-coordinate shows the different 

bead pairs and the y-coordinate shows the energy ∆EAB in Jcm-3. The energies for pairs of 

equal beads were very close to 0 and therefore estimated as such. The interaction energies 

for the hydrophilic beads A, B and J and the hydrophobic bead C are the same as in Figure 

13 and 18 and have been explained there. The additional beads D, K, and L are all 

hydrophobic alkyl chain beads and their behavior is therefore similar to bead C. They have 

high positive interaction energies with the hydrophilic bead A and even higher with the 
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water bead due to the repulsive forces. The hydrophobic beads with each other have very 

small interaction energies of almost zero because of their similarity. The interaction 

energies with the slightly hydrophilic J bead are still small but a little bit higher and with 

the even more hydrophilic B bead even higher. 

 

All simulations for the boosting effect and the microemulsion formation were 

carried out at a box side length of about 35nm, all simulations of the lamellar phase with 

box dimensions of 12nm x 12nm x 57nm. The temperature was 300K and the DPD density 

was ρDPD=3, which equals a normal density of ρ=1 gcm-3. The oil-water-ratio was for all 

calculations α=0.422 and the polymer/surfactant ratio δ=5%. All simulations were carried 

out with a starting geometry of an arbitrary bead distribution in the box and the 

“surfactant” fraction γ was varied. 
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3.2.1.2 Microemulsion Formation 
 

 

The experimental phase diagram of such a surfactant/water/oil mixture as shown in 

Figure 37 shows four different phases at equal volume fractions of water and oil and an 

increasing surfactant concentration34. The water-oil-ratio as defined in Equation 49 in this 

phase diagram is α=0.422.  
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decanenm
+−

−
=α  49 

 

The C10E4 (4) fraction γ is described by Equation 50: 
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At temperatures lower than 28°C an o/w-microemulsion (2) with excess oil is 

formed, where oil droplets are covered with the polymer and dissolved in the large water 

phase. The opposite, a w/o-microemulsion ( 2 ) with water droplets dissolved in the large 

oil phase occurs with an excess of water at temperatures higher than 32°C. At temperatures 

between 28°C and 32°C a three-phase region (3) exists, and an excess of water as well as 

oil and a microemulsion occurs. With increasing surfactant concentration the excess water 

and oil become less and at a C10E4 fraction of γ=13.2% (X-point) just one microemulsion 

phase (1) is visible. 

 

The experimental phase diagram (Figure 37) shows that the three phase region 

changes to the one phase region at a fraction of 4 of γ=13.2%. The simulation results did 

not reproduce the three-phase region but showed a simple phase separation of water (2) 

and oil (6). The differences between the simulation and the experimental result from the 

diverse system sizes. The experimentally found three phases are macroscopic while the 

phase separation occurs in a “nano-box” and therefore cannot be compared directly. Figure 

38 shows the simulation result at a surfactant (alkyl chain beads (C) – green, ethylene 
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oxide beads (A, B) - red) (3) fraction of γ=7.5% (a) and γ=12% (b) at the interface of the 

water (blue) and n-decane (white). 

 

 

 

Figure 37.  Experimental phase diagram of C10E4 in water and n-decane34. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Phase separation o

(a) and γ=12.5% (b
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f water and n-decane at a C10E4 fraction of γ=7.5% 
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Figure 38 makes visible how the shape of the interface between oil (6) and water 

(2) changes with increasing surfactant concentration. While the interface at a C10E4 

fraction of γ=7.5% (Figure 38 (a)) is still almost planar it changes with increasing 

surfactant fraction to a convoluted interface as visible in Figure 38 (b) at a polymer 

fraction of γ=12.5%. 

At even higher fractions than γ=14% the simple phase separation changes to a 

bicontinuous phase. In Figure 39 the structure of the first bicontinuous microemulsion 

phase is visible, which appears at the lowest C10E4 fraction of γ=15%.  

The sponge-like structure as shown in Figure 5 (b) is reproduced even though it is 

not completely visible. The box size limits the view of the bicontinuous phase because of 

the comparatively small dimensions. 

 

 

 

Figure 39. Bicontinuous Phase at a polymer fraction of γ=15%. (a) shows the 

bicontinuous microemulsion phase with water and (b) without. 

 

 

 

 

 

 

 

 

 (a) (b) 
 

 

 

The theoretically found transition fraction from the three to the one phase region 

(X-point) is at γ=15%, which is in remarkable agreement with the experimental value of 

γ=13.2% C10E4. 

At even higher fractions of 3 the formation of the sponge-like structure is even more 

distinct. Figure 40 shows the bicontinuous microemulsion at a surfactant fraction of 
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γ=20%. Figure 40 (b) points out the tube-like oil phase with the water masked. In Figure 

40 (c) and (d) the oil is masked and the tubes in the water phase are visible. 

 

The simulation results shown in Figure 39 and 38 make it now possible to change the 

molecular structure of either the polymer, the surfactant or the oil easily and investigate the 

influence on the microemulsion formation. 

 

 

 

 

Figure 40. Bicontinuous Phase at a surfactant fraction of γ=20%. (a) shows the 

bicontinuous microemulsion with water and oil and (b) with water 

masked and (c) and (d) with oil masked. 
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3.2.1.3 Lα-Phase 
 

 

The phase behavior of C10E4 (4) (Figure 37) in water (2) and n-decane (6) at 

different surfactant fractions and the occurring microemulsion formation has been 

investigated by the means of Dissipative Particle Dynamics in good agreement with the 

experimental phase behavior34.  

 

 

 

Figure 41. Experimental phase diagram of C10E4 in water and n-decane35. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The experimental phase diagram in Figure 37 can be extended to a fourth phase 

region35. The microemulsion region (1) changes to a lamellar phase Lα at surfactant 

fractions higher than γ=23% (Figure 41)35. 

 

The transition from a bicontinuous microemulsion (L3) to a Lα lamellar phase first 

occurs in the simulation at a C10E4 fraction of γ=25% which is very close to the 

experimental value of γ=23%. Figure 42 shows the lamellar phase obtained at a surfactant 

fraction of γ=30%. The surfactant (4) alkyl chain beads are green, the ethylene oxide beads 

are red, the water is blue and the n-decane white. 
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Figure 42. Lamellar Lα phase at a C10E4 fraction of γ=30%. (a) shows the Lα phase 

with water and oil and (b) with water masked and (c) with oil masked. 
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The thickness of the oil layer (white) averages to 7.3nm and of the water layer (blue) to 

11.8nm, which are close to what might be the experimental values. 

 

Figure 43 shows the formation of the lamellar phase through the DPD simulation. 

The C10E4 (1) fraction was γ=30% and the pictures are the simulation results taken every 

1000 simulation steps which corresponds to 2.4ns. Figure 43 (a) shows the simulation box 

at the beginning of the DPD calculation with an arbitrary bead distribution. It changes 

within the first 1000 simulation steps to randomly distributed oil domains (Figure 43 (b)). 

These oil domains form slowly three indistinct oil layers in the water phase (Figures 43 

(c)-(e)), which change to well-defined layers within the next 3000 simulation steps (Figure 

43 (f)-(h)). After 7000 steps ≈ 16.5ns (Figure 43 (h)) the completely developed lamellar 

phase occurs as already shown in Figure 42. 
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Figure 43. Formation of the lamellar Lα phase at a C10E4 fraction of γ=30% 

through the dynamics simulation at different time steps. 
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Figure 44 shows the total energy (kinetic and potential energy) of the system 

progressing with the simulation time. The red line in Figure 44 indicates the average total 

energy of the system after reaching the thermodynamic equilibrium. The devolution of the 

total energy with the number of simulation steps shows clearly the way from the absolutely 

chaotic state at the beginning of the simulation (arbitrary bead distribution) into the 

thermodynamic equilibrium (Lα phase).  
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Figure 44. Total energy [DPD units] of the system shown in Figure 43. 
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The simulation starts with the most unfavored configuration and the highest total energy 

which drops until the equilibrium is reached at about 6500 simulation steps. Figure 43 (g) 

shows the system after 6000 steps and the lamellar phase is already formed but still not 

quite distinct. After 7000 simulation steps (Figure 43 (h)) a well defined Lα phase is 

formed which agrees nicely with the total energy that equilibrated. 
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3.2.1.4 The Boosting Effect – Addition of PEP5-PEO5 
 

 

 The experimental phase diagrams in Figure 37 and 41 show that the three phase 

region changes to the one phase region at a fraction of 3 of γ=13.2%. The so-called X-point 

where the one phase region and the three-phase region coincide is a landmark of the 

efficiency of a surfactant. The addition of small amounts of a poly (ethylene propylene)-

block-poly (ethylene oxide) block copolymer to the ternary surfactant/water/oil system 

leads to a shift of the X-point to lower fractions34. The polymer used in the present study is 

PEP5-PEO5 with 5000gmol-1 of each the ethylene oxide and the alkyl chain. 

 

 

The surfactant fraction γ as defined in Equation 31 has been modified to take the 

polymer into account. Now the total “surfactant” fraction γ is the fraction of the surfactant 

3 and the polymer 7, as shown in Equation 51. 
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The ratio of polymer (PEP5-PEO5) and surfactant (C10E4) δ describes the amount of 

surfactant that has been substituted by the polymer and is shown in Equation 52: 
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Figure 45 shows the shift of the X-point in the experimental phase diagram with the 

addition of the polymer 7. The substitution of 5% of C10E4 by PEP5-PEO5 moves the X-

point from γ=13.2% ( δ=0%, no polymer) to γ=8.75% (δ=5%).  

 

In the simulations carried out at a fraction of 7 of δ=5% the bicontinuous phase first 

appeared at a total surfactant fraction of γ=10%. At lower fractions, as before for the 

ternary system, a simple phase separation was observed. The simulated X-point of γ=10% 
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is in good agreement with the experimental value of γ=8.75% and the boosting-effect has 

been reproduced very well by the computer simulation. 

 

 

 

Figure 45. Experimental phase diagram of C10E4 and PEP5-PEO5 in water and n-

decane34. 
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Table 4. Comparison of the X-point fraction: Experiment vs. DPD Simulation. 

 

 δ=0% δ=5% ∆γ δ=0%→δ=5% 

γ exp.34 13.2% 8.75% -4.45% 

γ sim. 15% 10% -5% 

error for γ  1.8% 1.25 0.45 

 

 

Table 4 shows the comparison of the experimental X-point shift to the simulated. 

The difference between the simulated and the experimental value for γ for δ=0% is 1.8%, 
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and for δ=5% is 1.25. The X-point shifted 4.45% in the experimental investigations and 

5.5% in the DPD simulations which is a difference of 0.45%. The overall errors are 

between 1.8% and 0.45% which represents a remarkable agreement. 

 

Figure 46 shows the structure of the bicontinuous microemulsion formed with 

γ=10% and δ=5%: surfactant (C10E4: alkyl chain beads – green, ethylene oxide beads – 

red; PEP5PEO5: alkyl chain beads – pink, ethylene oxide beads – yellow; water beads: 

blue; n-decane beads: white). 

The shape of the bicontinuous phase has changed in comparison to the structure found in 

the absence of the polymer as shown in Figure 39 and 40. While the microemulsion of the 

ternary system shows oil tubes in the water phase, the microemulsion formed by the 

quaternary system shows as well oil tubes in water as water tubes in oil. 

 

 

 

Figure 46. Bicontinuous Phase at a total “surfactant” fraction of γ=10% and a 

polymer fraction of δ=5%. (a) shows the bicontinuous microemulsion 

with water and oil and (b) with water masked and (c) with oil masked. 
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3.2.1.5 Mechanism of the Boosting Effect 
 

 

The mechanism of the boosting-effect as discussed in the literature is based on two 

different factors: (1) the replacement of surfactant molecules by the bigger polymer 

molecules which would not depend significantly on the kind of polymer and (2) the 

modification of the structure of the bicontinuous microemulsion by smoothing the 

interface34. 

 

The replacement of the surfactant by the polymer was examined by the simulation 

setup shown in Figure 47. Figure 47 (a) shows the water and oil layers without any 

surfactant. To determine the number of C10E4 molecules at the critical micelle fraction, 

C10E4 molecules were added to the system gradually. Figure 47 (b) shows the system with 

the surfactant distributed statistically in the water and oil phase. 

 

 

 

Figure 47. (a) Water (blue) and oil (white) layers without surfactant. (b) Water 

and oil layers with the surfactant molecules at the beginning of the 

calculation. 
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After the equilibrium was reached the surfactant molecules are located at the water 

– oil interface. When the number of molecules has reached 400 the interface seems to be 

completely filled with C10E4 molecules and the first few molecules are in the oil phase. 

Figure 48 shows the simulation result at a number of 300 C10E4 molecules. All three 

Figures 48 (a), (b) and (c) show no surfactant molecules in the water or oil phase. 

 

 

 

Figure 48. 300 molecules C10E4 with (a) water and oil phase, (b) only water phase 

and (c) only oil phase visible. 
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With increasing the number of C10E4 molecules to 400 a single micelle or aggregate is 

formed with a varying number of surfactant molecules from 2 to 5 (Figure 49). Figure 49 

(b) shows a micelle with a few surfactant molecules in the oil phase and Figure 49 (c) 

shows that there are no molecules in the water phase. 

 

The addition of polymer PEP5-PEO5 molecules to the surfactant – water – oil 

system as shown in Figure 49 should demonstrate the replacement of surfactant by the 

polymer. Figure 50 shows the simulation result after the addition of 3 PEP5PEO5 

molecules which equals a fraction of δ=18% and is therefore more than the PEP5PEO5 

fraction necessary for the boosting-effect. The simulations showed that the addition of 3 
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polymer molecules did not change the number of molecules in the water or oil phase. 

Figure 50 (b) shows that a few surfactant molecules are located in the oil phase, while the 

polymer molecules are all three at the interface.  

 

 

 

Figure 49. 400 molecules C10E4 with (a) water and oil phase, (b) only water phase 

and (c) only oil phase visible. 
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Figure 50. 400 molecules C10E4, 3 molecules PEP5PEO5 with (a) water and oil 

phase, (b) only water phase and (c) only oil phase visible. 
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Hence, the replacement of surfactant molecules by polymer molecules at the 

interface does not seem to play a major role in the boosting-effect. 

 

The modification of the structure of the bicontinuous microemulsion by smoothing 

the interface by the polymer seems to be the more important part of the mechanism. Figure 

51 shows the bicontinuous microemulsion structures at different concentrations. All figures 

were made by multiplying one box, as shown in Figure 39, to make the structure clearer. 

The green structure indicates the bicontinuous microemulsion phase (just the surfactant 

and polymer) of the system with γ=10% and δ=5% which is the “boosted” system. The 

polymer is always shown in red.  

 

 

 

Figure 51. Comparison of bicontinuous-structures at different concentrations. 
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 Green: γ=10%  δ=5%  

Black:  γ=15%  δ=0%  

Green: γ=10%  δ=5% 

Black:  γ=20%  δ=0%   

 

 

 

Figure 51 (a) shows the boosted structure in green and the bicontinuous 

microemulsion phase at a surfactant fraction of γ=15% (δ=0%) (black) where the 

bicontinuous microemulsion occurs first. The differences in the structures is obvious. The 

green structure, containing polymer, is better defined as the polymer free structure (black) 
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and the “holes” are bigger. The black structure at γ=20% (Figure 51 (b)) resembles the 

green structure better and the “holes” are of similar size which indicates that the structure 

at γ=20% (δ=0%) equals the structure with γ=10% and δ=5%. It is more surfactant needed 

to obtain the same structure. 

 

The simulation results shown in Figure 48, 49 and 50 as well as the structural study 

shown in Figure 51 suggest that the smoothing of the interface plays the major role in the 

boosting-effect and not the replacement of surfactant molecules by the polymer.  

 

 

 

 

3.2.1.6 Addition of PPO5-PEO5 
 

 

The boosting–effect has experimentally not been observed with poly (ethylene 

oxide) – block – poly (propylene oxide) copolymers36. According to these experiments the 

boosting–effect should also not occur in the DPD computer simulations if the polymer 

PEP5-PEO5 is being substituted by a PPO5-PEO5 block copolymer due to the higher 

hydrophilicity of the propylene oxide in comparison to the alkyl chain. 

 

To investigate the structural behavior of the C10E4 – water – n-decane system with addition 

of a poly (ethylene oxide) – block – poly (propylene oxide) copolymer simulations were 

carried out with δ’=5% of a copolymer with 114 ethylene oxide units and 85 propylene 

oxide units substituting the alkyl chain of the PEP5-PEO5. The bicontinuous phase did not 

appear at lower surfactant fractions than γ=15% with the PPO5-PEO5 polymer as observed 

for the PEP5-PEO5. At lower fractions than γ=15% a simple phase separation was found.  

 

Figure 52 shows the phase separation of the modified system with γ=10% and a 

PPO5-PEO5 polymer fraction of δ’=5% which corresponds to the fraction of the first 

bicontinuous microemulsion phase in the PEP5-PEO5 system. The C10E4 alkyl chain beads 

are green, the C10E4 ethylene oxide beads are red, the PPO5-PEO5 propylene oxide beads 

are pink and the PPO5-PEO5 ethylene oxide beads are yellow. The water beads are as 
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always blue and the n-decane beads white. In opposite to the alkyl chain of the PEP5-

PEO5 which was stretched out into the oil phase (Figure 50) the propylene oxide chain of 

the PPO5-PEO5 diblock sticks to the surface (yellow). 

 

 

 

Figure 52. Phase structure at a surfactant fraction of γ=10% and a PPO5-PEO5 

polymer fraction of δ’=5%. (a) shows the whole system and (b) the 

system with water masked and oil masked. 
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 The DPD simulations reproduced the experiments and did not give a boosting effect 

for the PPO5-PEO5. This proves the DPD method to be sensible for this kind of polymer 

and the aggregation behavior. 
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3.2.2 Poly (ethylene butylene)-block-poly (ethylene oxide) in 

Water and Methyl Cyclohexane 
 

3.2.2.1 Simulation Conditions 
 

 

 The diblock copolymer contains an alkyl chain, 3725 gmol-1, which includes 67 

ethylene and 33 butylene units statistically distributed. The hydrophilic ethylene oxide part 

of this polymer contains 114 ethylene oxide units and has a molar mass of 5033 gmol-1 

(Figure 53). 

 

 

 

Figure 53.  Poly (ethylene butylene)-block-poly (ethylene oxide) (9) with 67 

ethylene, 33 butylene and 114 ethylene oxide units. 
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Figure 54 shows the DPD-particles (beads) for the investigated system. Water (2) 

as well as the oil methyl cyclohexane (10) is always represented by one bead. The polymer 

is divided into two parts, the hydrophobic and the hydrophilic chains, which are 

themselves represented by several beads. 

 

 In this investigation the beads were chosen to be bigger as in the investigations 

before to prove the variability of the method in the bead size. 
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Figure 54. Schematic representation of the simulation model. 
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The differential pair interaction energies ∆EAB were obtained by Monte Carlo 

simulations76 and are diagrammed in Figure 55, where the x-coordinate shows the different 

bead pairs and the y-coordinate shows the energy ∆EAB in Jcm-3. The energies for pairs of 

equal beads were very close to 0 and therefore estimated as such. Figure 21 makes the 

differences in the behavior of different bead pairs visible. All hydrophobic beads (F, G, H) 

have high positive values with water (W) due to their repulsive behavior. The hydrophilic 

beads (E) have lower positive interaction energies and mix therefore better with water. In 

contrary the hydrophobic beads of the polymer (G, F) have slightly negative energies with 

the oil beads (H). 

 

The fact that the ethylene oxide bead (E) has a slightly higher interaction energy 

with water than with oil points seems to be inconsistent with its hydrophilic behavior. 

However, the interaction energies of the hydrophobic part (F, G) with water (W) is higher 
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by orders of magnitude and causes a strong repulsion, while the interactions of the ethylene 

oxide (E) with water (W) and oil (H) are of similar magnitude. 

 

 

 

Figure 55. Pair interaction energies ∆EAB in Jcm-3 for all bead pairs of the poly 

ethylene butylene poly ethylene oxide, methyl cyclohexane, water 

system. 
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All simulations were carried out at 300K and a box side length of about 35nm with 

a DPD density of ρDPD=3, which equals a normal density of ρ=1 gcm-3. Simulations of all 

water/oil ratios at a certain polymer concentration of 0.12mol% were achieved. All 

simulations were carried out with an arbitrary bead distribution in the box at the beginning 

of the calculation. 
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3.2.2.2 Results 
 

 

The theoretical phase diagram of such a polymer/water/oil mixture as shown in 

Figure 5 shows three regions of distinguishable phases1,109: the o/w-microemulsion (o/w), 

where oil droplets are covered with the polymer and dissolved in the large water phase, the 

opposite, a w/o-microemulsion with water droplets dissolved in the large oil phase and the 

bicontinuous phase (L3) at equal fractions of water and oil. 

 

 

The simulation results of the microemulsion formation of C10E4 in n-decane and 

water were in exceptional agreement with the experiment. It was experimentally 

impossible to investigate microemulsions of the system: Poly (ethylene butylene)-block-

poly (ethylene oxide) (9) diblock copolymer in water (2) and methyl cyclohexane (10). 

Therefore a theoretical study of the phase behavior was carried out to determine if a 

microemulsion formation with such a polymer is in principle possible. The experimental 

problems could be the effect of insufficient kinetics in the formation process.  

 

 

 

Figure 56. o/w-emulsion at a polymer concentration of 0.12mol% and a water/oil 

ratio of 8:1. 
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Figure 56 shows the result of the simulation carried out at a water/oil ratio of 8:1. 

At this ratio oil droplets (methyl cyclohexane beads - white) form in the water phase (water 

beads – blue) with the polymer (alkyl chain beads – purple, ethylene oxide beads – yellow) 

at the interface. In Figure 56 (b), where the water was removed in the visualization, the 

differences in the behavior of the alkyl chain and the ethylene oxide chain are visible. 

While the alkyl chain is sprawled out into the oil, the ethylene oxide chain remains at the 

interface. 

 

As shown in the theoretical phase diagram as well as in Figure 57 an emulsion of 

the w/o-type is formed at an excess of oil. In Figure 57 (a) the simulation result with a 

polymer concentration of 0.12mol% and a water/oil ratio of 1:8 is visualized with all 

components. In Figure 57 (b) the oil was made invisible and it shows as mentioned before 

the sprawled alkyl chain while the ethylene oxide remains at the interface and builds a rim 

around the water droplet. 

 

 

 

Figure 57. w/o-emulsion at a polymer concentration of 0.12mol% and a water/oil 

ratio of 1:8. 

 

 

 

 

 

 

 

 

 
(a) (b)  

 

 

 

 93



Results and Discussion 

 

At equal concentrations of water and oil the simulation shows the formation of a 

bicontinuous phase as shown in Figure 58. In Figure 58 (b) the water was removed and the 

tube like structure, as depicted in Figure 5 (b), is visible. The box size is too small to show 

the whole structure as in Figure 5 (b) but the agreement is still distinct.  

 

To my knowledge and from personal communication with J. Venzmer37 the 

formation of a microemulsion could not be observed experimentally, while the formation 

of a bicontinuous microemulsion phase with Dissipative Particle Dynamics suggests that 

the structures found in the simulations are microemulsions. The fact that DPD is based on a 

thermodynamic model, which in principle should not allow the formation of a kinetically 

stabilized phase, supports the proposal of the existence of a microemulsion rather than an 

emulsion. The formation of a microemulsion in the simulation can be explained with the 

starting point geometry. The completely homogeneous distribution of all beads at the 

beginning of the calculation is energetically very unfavorable and therefore the system 

quickly falls into an energy minimum. This is not comparable with the experimental 

starting point, where the kinetics of the polymers is probably too slow to build a 

microemulsion. 

 

 

 

Figure 58. Bicontinuous emulsion at a polymer concentration of 0.12mol% and a 

water/oil ratio of 1:1. 
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3.3 Self-Aggregation at the Water-Air Surface 
 

3.3.1 Simulation of the Surface Tension of C10E4, C12E5 and 

C12E6 
 

3.3.1.1 Simulation Conditions 
 

 

Another interesting observation of the self-aggregation of amphiphilic surfactants is 

the behavior at the water-air interface. 

The calculation of the surface tension with Dissipative Particle Dynamics makes 

the introduction of air necessary. The air beads are represented by N2 molecules. The 

interaction parameters aij with the surfactants have been calculated as described above in 

the Theory section while the interaction between water and air has been assumed to be 

highly repulsive in order to create a surface. The air-air interactions were regarded to be 

non-existent according to the ideal gas theory. The remaining interactions are the same as 

used in the calculations for the phases in water. For all bead pairs a coordination number of 

6.5 was estimated as obtained by Monte Carlo simulations76. 

 

 

 

Figure 59. Starting configurations with surfactants (a) at the air/water surface and 

(b) in the water phase. 
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All simulations were carried out at 300K and a box side length of about 11.5nm x 

11.5nm x 28.6nm with a DPD density of ρDPD=3, which equals a normal density of 

ρ=1gcm-3 and were started with separated water and air layers. For all concentrations two 

simulations have been carried out. One with the surfactant distributed in the water (Figure 

59 (b)) and one with the surfactant at the air/water surface (Figure 59 (a)) at the beginning 

of the calculation. After a certain number of simulation steps both starting configurations 

always led to the same simulation result which is the thermodynamic equilibrium. In 

Figure 59 the water and surfactant beads have the same colors as already explained in 

Figure 20. The air beads are not shown in this view. 

 

 

 

Figure 60. Pair interaction energies ∆EAB in Jcm-3 for the interaction of air with 

water and the surfactant molecules. 
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The structures of v(4), C12E5 (5) and C12E6 (6) and the DPD model are shown in 

Figure 17 and 16. The pair interaction energies are the same as in Figure 18 for the 

surfactants with water. The interaction energies of air with the surfactants and water are 
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shown Figure 60. The interaction energies of the surfactant beads (A, B, C)with the air 

beads (N) are almost zero due to the almost non-existing interaction.  

 

 

 

 

3.3.1.2 Calculation of the Surface Tension 
 

 

For the simulation of the surface tension and the critical micelle concentration 

(cmc) the concentration has been increased constantly.  

For the simulations at concentrations below the critical micelle concentration (cmc) 

all surfactant molecules were adsorbed at the air – water surface. Figure 61 shows the 

thermodynamic equilibrium of 100 C10E4 molecules in the box. Figure 61 (a) shows the 

whole system and (b) the system without the water. The view of the surface (Figure 61 (c)) 

shows that the surface is not yet completely filled with C10E4 molecules. The simulations 

for C12E5 and C12E6 gave analogous results for concentrations below the critical micelle 

concentration. 

 

With reaching the critical micelle concentration the surface is completely covered 

with surfactant molecules and with exceeding the cmc micelles are formed in the water 

phase. Figure 62 (a) shows the system in the thermodynamic equilibrium with 400 C10E4 

molecules in the solution which is significantly above the cmc indicated by the surfactant 

molecules in the water phase. In Figure 62 (b) the water phase was taken out of the view. 

Figure 62 (c) shows the surface which is almost completely covered in comparison to 

Figure 61 (c), where the surface was not completely covered with C10E4 molecules. The 

simulations for C12E5 and C12E6 gave analogous results for concentrations above the 

critical micelle concentration.  

The simulation results showed the first aggregation in the water phase for C10E4 at 300 

molecules, for C12E5 and C12E6 at 200 molecules. 
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Figure 61. Simulation results of C10E4 with a concentration below the cmc (100 

molecules). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 62. Simulation results of C10E4 with a concentration above the cmc (400 

molecules). 

 

 

 

 

 

 

 

 

 

 

The corresponding graphs of the calculated surface tension in dependence of the 

surfactant concentration are shown in Figure 63. For all three surfactants C10E4, C12E5 and 

C12E6 the surface tension drops as long as the surface is not completely covered with 

molecules. For C12E5 and C12E6 the gradient of the surface tension becomes zero at 200 

molecules and for C10E4 at 300 molecules which agrees nicely with the observation made 

in the structures for the molecules where the first micelle formation was found to be at the 

same concentrations. The variation of the surface tension after reaching the cmc is due to a 
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slightly different number of molecules at the surface. For C10E4 the cmc was found to be at 

300 molecules and varies for higher concentrations between about 290 and 310 molecules 

at the surface. Analogous investigations were made for C12E5 and C12E6. 

 

 

 

Figure 63. Graph of the calculated surface tension of C10E4, C12E5 and C12E6 in 

DPD units. 

 

 

4

4,5

5

5,5

6

6,5

7

0 50 100 150 200 250 300 350 400 450 500

No of Molecules

Su
rf

ac
e 

T
en

si
on

 [D
PD

]

C10E4
C12E5
C12E6

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64 shows a schematic graph of the surface tension in Figure 63 where just 

two points for each molecule were plotted: The surface tension without any surfactant and 

the surface tension at the cmc. The comparison of the three different surfactants shows that 

C12E5 and C12E6 give nearly the same result for the cmc and the corresponding surface 

tension. C10E4 has a higher critical micelle concentration and a lower corresponding 

surface tension. 

 

 

 99



Results and Discussion 

 

Figure 64. Schematic graph of the calculated surface tension of C10E4, C12E5 and 

C12E6 in DPD units. 
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Figure 65. Schematic graph of the experimental surface tension of C10E4
110 , 

C12E5
111 and C12E6

110. 
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The experimental schematic graph of the surface tension of the three surfactants is 

shown in Figure 65. It shows the same characteristics as the simulated graph in Figure 64. 

C10E4 has a clearly higher cmc with a lower surface tension than C12E5 and C12E6 which 

have a very similar cmc and surface tension. 

The calculated results in Figure 64 and the experimental result in Figure 65 are 

qualitatively in good agreement. 

 

 

 

Figure 66. Calculated Surface Tension of C10E4 after conversion to physical units. 
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 The surface tension calculated with Dissipative Particle Dynamics σDPD in DPD 

units can be converted to physical units [mN m-1]44. Figure 66 shows the calculated surface 

tension of C10E4 as shown in Figure 63 after the conversion to physical units. The 

experimental surface tension of pure water110 is 72 mN m-1. The value calculated with 

DPD after conversion is 84 mN m-1. The experimental surface tension of C10E4 at the 

cmc110 is 28 mN m-1 and the calculated one 57 mN m-1. The calculated surface tension of 

water without any surfactant is in very good agreement with the experimental value. The 

 101



Results and Discussion 

 

decrease of the surface tension in the simulations is not as high as in the experiment. It is 

still in acceptable agreement due to the very small simulation box and the many 

simplifications and negligences of the simulation model. Figure 64 and 65 proves that the 

experiments are qualitatively very well reproduced and Figure 66 shows that even the 

quantitative agreement is appropriate. 
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3.3.1.3 Calculation of the Minimum Area per Molecule 
 

 

To support these results qualitatively the minimum area per molecule was 

calculated for C10E4, C12E5 and C12E6 and compared with the experimental values as 

published. For C12E5 and C12E6 experimental values were available and both showed a very 

good agreement with the experimental values (Table 5). The area on the interface used by a 

single surfactant molecule at the cmc is the minimum area per molecule. It is a 

characteristic value for the surfactant. The minimum area per molecule for C10E4 was 

calculated to 0.435 nm2, for C12E5 to 0.4378 nm2 and for C12E6 to 0.656 nm2. The 

experimental values are 0.501 nm2 for C12E5
111 and 0.67 nm2 for C12E6

32. 

 

 

 

Table 5. Minimum area per Molecule at the air/water surface of C10E4, C12E5 

and C12E6. The experimental values are put in parentheses. 

 

Surfactant Minimum Area per Molecule 

C10E4 0.435 nm2 

 

C12E5 0.438 nm2 

(0.501 nm2)111 

C12E6 0.656 nm2 

(0.67 nm2)32 
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4 Summary 
 

 

The mesoscopic simulation technique Dissipative Particle Dynamics has been 

previously proved to simulate the phase behavior of amphiphilic surfactants in water and 

interfacial tensions of surfactant-water-oil systems in good agreement with the 

experimental results. The investigated systems were either amphiphiles with distinct strong 

hydrophilic and hydrophobic parts (DDAO) or the parameter calculation was not discussed 

(C12E6 in water).  

 

 

This work showed that the parameter calculation used is suitable for even more 

complicated systems. The application of Dissipative Particle Dynamics studies of 

amphiphilic surfactants in aqueous solution has been successfully extended to the 

complicated poly (ethylene oxide) -block- poly (propylene oxide) -block- poly (ethylene 

oxide) triblock copolymers. The computationally achieved phase diagram of 

EO13PO30EO13 in water at 300K was in remarkable agreement with the experimental phase 

diagram and showed the micellar, hexagonal, lamellar and inverse micellar phase.  

 

 

The less complicated surfactants C10E4, C12E5 and C12E6 have been investigated 

with DPD to yield structural data of the observed phases. I have successfully applied 

Dissipative Particles Dynamics to simulate the self-assembly of C10E4 and C12E5 in water. 

It was possible to distinguish between the isotropic L1 and L2 phases as well as the lamellar 

Lα phase. The simulated bilayer thickness of C10E4 was εsim=4.9nm which is in good 

agreement with the experimental value of εexp=5.0nm±0.5nm. The micellar aggregation 

number for C10E4 was calculated to 53±10 molecules. The bilayer thickness and 

aggregation number for C12E5 and C12E6 were calculated as well. C12E5 gave a simulated 

bilayer thickness of εsim=6.3nm in comparison to an experimental value of εexp=6.0nm and 

a micellar aggregation number of 98±14. The simulated bilayer thickness of C12E6 was 

εsim=7.7nm and the simulated micellar aggregation number was 79±16 which is very close 

to the experimental value of 87. This structural investigation proved that the DPD method 
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is not just suitable to reproduce the phase behavior of amphiphilic surfactants and 

polymers qualitatively but also quantitatively.  

 

The DPD simulation of microemulsion systems has not been compared in the 

literature with experimental results but was applied on model surfactants. The Dissipative 

Particles Dynamics method to simulate the self-assembly of C10E4 in water has been 

successfully used. It was possible to distinguish between the w/o, o/w and bicontinuous 

microemulsions as well as the lamellar Lα. The simulation results of C10E4 in water and n-

decane are in good agreement with the experimental phase diagram.  

 

The X-point shift has been found at a concentration very close the experimental 

value. The simulation of the quaternary system C10E4/PEP5-PEO5/water/n-decande did 

also match the experimental results very well and the boosting-effect was found 

computationally with DPD. The possibility to easily modify the polymer as well as the 

surfactant to observe the influence of these changes to the so-called X-point opens up a 

great opportunity to many industrial applications. The X-point characterizes the efficiency 

of a surfactant in washing processes. The simulation results of the X-point shift from 

γ=15% (δ=0%) to γ=10% (δ=5%) are in remarkable agreement with the experimental 

values. The boosting–effect could not be observed by adding a PPO5-PEO5 diblock 

copolymer which agrees with the experimental results where these systems also did not 

show an X-point shift.  

 

It was now possible to get a detailed insight into the mechanism of the boosting–

effect with this novel computer simulation technique. Experiments suggested that the 

mechanism of the boosting-effect is more likely based on the modification of the structure 

of the bicontinuous microemulsion phase by smoothing the interface caused by the 

polymer. The replacement of surfactant molecules by the bigger polymer molecules which 

would not depend significantly on the kind of polymer is not important. The computer 

simulations support the assumption that the change of the bicontinuous microemulsion 

structure caused by the polymer molecules play the major role in the mechanism and that 

the replacement of surfactant molecules by the polymer is not as important. 
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It was also possible to calculate the experimentally unknown phase behavior of 

poly (ethylene butylene)-block-poly (ethylene oxide) diblock copolymer in water and 

methyl cyclohexane. The three different phases found like oil-in-water, water-in-oil 

droplets and a bicontinuous microemulsion phase, as well as the character of the 

thermodynamic model, indicate the formation of a microemulsion in this polymer/water/oil 

system. The DPD method has been applied to an experimentally uninvestigated system for 

the first time and produced interesting results. With these new insights in the phase 

behavior of the polymer – water – oil system many new applications are possible. 

 

 

The introduction of the air beads into the DPD methods opens up a wide range of 

new applications. For the first time the surface tension has been calculated with Dissipative 

Particle Dynamics while the systems published in the literature just dealt with interfacial 

tension between two condensed phases. The shape of the experimental surface tension 

diagram of C10E4, C12E5 and C12E6 at the water – air interface has been reproduced with 

DPD. In the simulated as well as in the experimental graphs C10E4 has a clearly higher cmc 

with a lower surface tension than C12E5 and C12E6 which have very similar cmc and surface 

tension. The conversion of the DPD surface tension to physical units shows an acceptable 

agreement. Together with the qualitative agreement of experiments and simulations the 

quantitative comparison makes predictions of surface tension of unknown surfactants and 

polymers possible.  

 

 

All calculation results are in remarkable agreement with the experimental data. In 

the present work the applications of the method have been extended significantly. The 

simulation of simple surfactant-water systems has been used to obtain structural 

information. Oil has been added and even microemulsion formations of ternary and 

quaternary systems have been observed. A completely new field – the DPD calculation of 

the surface tension – has been opened by the introduction of air beads.  

 

The DPD method proved to be a reliable tool to get a better understanding of the 

nanostructure of self-assemblies and structural information. It was even possible to 

investigate an experimentally unknown system and the method is therefore applicable to 

 106



Summary 

 

support the often complicated experiments or even to obtain experimentally unavailable 

data. With this method it is easily possible to predict the properties of compounds and in 

this way to avoid expensive experiments by suggesting promising candidates for certain 

industrial applications. To our knowledge DPD is a unique method to simulate mesoscopic 

structures on a relatively long time scale based on an intermolecular interaction level.  
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5 Outlook 
 

 

Amphiphilic systems are still of great interest for many applications e.g. in 

cosmetics, food or paint and varnish industry. The simulation of these system has 

developed immensely in the last decade. Due to the increasing power of computer hard and 

software this development is going to improve even quicker in the future. The treatment of 

bigger systems and longer simulation time opens up a wide range of new tasks. 

 

To continue the present work many different topics are possible. For example the 

recently published introduction of charges112 and Coulomb interactions in the DPD model 

extends the simulations from nonionic surfactants to the wide range of ionic surfactants 

and the influence of salts. The effect of salt addition to microemulsion systems e.g. is a 

field of great interest with many applications which could so far not been investigated with 

mesoscopic computer simulations. 

 

A completely new field of interest is the self- aggregation of nano particles in the 

condensed phase and the interaction with polymers, surfactants and lipids. The 

investigation of latter has come into focus of recent research. Dissipative Particle 

Dynamics studies have focused in the past on material science and the introduction of 

problems from bio and life science to DPD is an interesting new area with a great potential. 

 

This work proved the parameter calculation and the DPD simulation with them to 

be reliable. Hence, one can now predict the self-assembly and properties of nonionic 

amphiphilic surfactant and polymer system in the condensed phase and at the surface. The 

modification of known systems and their effect on the behavior can be investigated easily 

and without expensive experiments.  

 

Dissipative Particle Dynamics is a reliable tool for mesoscopic simulations and has, 

with the implementation of new features, a great potential for many research studies in the 

academic and industrial field. 
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6 Appendix 
 

6.1 Hard- and Software 
 

 

All simulations were carried out on a Linux cluster with 32 AMD Athlon MP 

1600+ dual processors. The DPD software used is a development of AlCove Molecular 

Dynamics GmbH based of the code of Frenkel1 with major modifications. The DPD 

parameters were calculated as described in the theory section with a software as well 

developed by AlCove Molecular Dynamics GmbH.  

 

 

 

 

6.2 Concentration Conversions 
 

 

Due to the different number of molecules in one bead the DPD concentration need 

to scaled according to this number. The DPD concentration cDPD(I) of a component I is the 

product of the mole percent n%(I) of this component, the number of water molecules in 

such a bead K(I) and the total number of beads N in the simulation box (Equation 53): 

 

NIKInIcDPD ⋅⋅= )()%()(  53 

 

The relation between the calculated volume of water Vc(W) and the calculated 

volume Vc(I) of the other beads K(I) is defined by Equation 54: 
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6.3 Abbreviations and Variables 
 

 

Table 6. Variables and constants of DPD unit conversion. 

 

Variable Definition Value [units] 

iv~  estimated velocity - 

ϑ out-of-plane vibration - 

ξ fiction coefficient - 

α oil weight fraction - 

γ surfactant weight fraction - 

δ polymer weight fraction - 

ρDPD DPD density 3 

σDPD DPD surface tension DPD units 

σexp reversible surface work - 

εexp experimental bilayer thickness - 

ρlocal local density function - 

σphys Calculated surface tension mN m-1 

εsim simulated bilayer thickness - 

A area - 

A  surface area - 

a, b, c box side lengths [Å] 

Abox box surface area [Å2] 

aDPD, bDPD, cDPD DPD box side lengths - 

ai acceleration of particle i - 

au atomic mass unit 1.66054 ⋅ 10-27 kg 

b bond - 

BD Brownian Dynamics - 

cDPD(I), cDPD(J), … DPD concentration of component I, J, … - 

cmc critical micelle concentration - 
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COMPASS Condensed-Phase Optimized Molecular 

Potentials for Atomistic Simulation Studies 

- 

DDAO dodecyl dimethyl amine oxide - 

DPD Dissipative Particle Dynamics - 

EAB pair contact energy - 

Etotal total potential energy - 

Einter non-bond potential (inter molecular energy) - 

Eintra bond potential (intra molecular energy) - 

ESR electron spin resonance - 

F free energy - 

FC conservative force - 

FD dissipative force - 

Fi force of particle i - 

Finter inter molecular force - 

Fintra intra molecular force - 

Fmix free mixing energy - 

FR random force - 

FS harmonic spring force - 

fv free energy density of DPD liquid - 

G Gibb's free energy - 

H enthalpy - 

H hexagonal phase - 

IR infra red - 

k dimensionless compressibility - 

K(A), K(B), … relation between the volume of water and the 

volume of other beads 

- 

kB Boltzmann constant 1.38066 ⋅ 10-23 J K-1 

KD proportional constant - 

KS spring constant - 

kT isothermal compressibility - 

L' bicontinuous phase - 

Lα lamellar phase - 

L1 isotropic phase (micellar) - 
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L2 isotropic phase - 

L3 bicontinuous microemulsion - 

LD Langevin Dynamics - 

m average mass of all beads [g] 

m(A), m(B), … mass of bead A, B, … [g] 

MC  Monte Carlo - 

MD Molecular Dynamics - 

mi mass of particle i - 

n total number of beads - 

n numerical density of the molecules - 

n%(I), n%(J), … mol percent of component I, J,.. - 

NA, NB, … number of monomers in molecule A, B, .. - 

NMR nuclear magnetic resonance - 

nsteps number of simulation steps - 

o/w oil in water - 

p pressure - 

P(EAB) probability function of pair interaction 

energies 

- 

QSAR Quantitative–Structure–Activity–

Relationship 

- 

R gas constant 8.31451 J K-1 mol-1 

rc [Å] 

ri distance vector; coordinates of particle i - 

S entropy - 

T temperature 298 K 

t time - 

t(nstep) simulation time of nstep simulation steps [s] 

tDPD DPD simulation time - 

tstep time step size 0.05 

V(smallest) molecular volume of smallest bead [Å3] 

V(W) experimental molecular volume of water 30Å3 

Vbox box volume [Å3] 

Vc(A), Vc(B), … calculated volume of bead A, B, … [Å3] 

cut-off radius in the DPD simulation 
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Vc(W) calculated volume of water [Å3] 

vi velocity of particle i - 

w work - 

w/o water in oil - 

Z coordination number - 

γDPD dissipative coefficient - 

∆EAB differential pair interaction energy - 

∆t time step - 

θ torsion angle - 

θDPD random variable - 

λ predictor-corrector facto - 

ρ density of the DPD fluid - 

ρDPD DPD density - 

σ amplitude of statistical noise - 

σDPD DPD surface tension - 

φ bond angle - 

φA, φB, … mole fraction of component A, B, … - 

χ Flory-Huggins interaction parameter - 

ωD
 variable of the friction coefficient - 

ωR
 variation of the random force with the 

distance 

- 
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6.4 Molecules 
 

 

(1) Poly (ethylene oxide)-block-poly (propylene oxide)-block-poly (ethylene oxide):  
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(5) n-dodecyl hexaoxyethylene glycol ether: 
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(9) Poly (ethylene butylenes)-block-poly (ethylene oxide) 
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(10) Methyl cyclohexane 
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Differential Bead Pair Interaction Energies ∆EAB
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