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MODULATED SELF-ORGANIZATION 
IN COMPLEX AMPHIPHILIC SYSTEMS 

J. G. E. M. FRAAIJE*, A. V. ZVELINDOVSKY, 
G. J .  A. SEVINK and N. M. MAURITS 

University of Groningen, Nijenborgh 4 ,  9747 AG Groningen, The Netherlands 

(Received April 1999; accepted May 1999) 

We discuss novel simulation methods for 3D pattern formation in complex amphiphilic 
systems. The focus is on the supra-molecular or mesoscopic level. The building blocks consist 
of sequences of dissimilar monomers, connected in copolymer chain molecules. Internal factors 
such as composition and architecture of the polymers, but also external factors such as applied 
shear, embedded reactions and level of confinement control the self-organization phenomena. 
Specific examples include dynamical pattern formation in polymer surfactant solution, reactive 
polymer blends and surface directed structure formation in block copolymer liquids. The ap- 
proach lives in a twilight zone between scientific disciplines. The ambitious goal is the inven- 
tion of methods for the rational design of truly complex bio-mimicking materials, in which we 
combine principles from chemical engineering, physics, chemistry and biology. The keyword is 
self-organization, of course. But do not be mistaken: autonomous self-organization leads to 
trouble, modulated self-organization leads to beauty. 

Keywords: Block copolymer; morphology; shear; surface; reaction 

INTRODUCTION 

For a long time, chemical engineers have analyzed macroscale properties 
using a variety of continuum mechanics models. In the last decade mo- 
lecular modeling has grown to an essential part of research and develop- 
ment in the chemical and pharmaceutical industries. Despite the considerable 
success of both molecular and macroscale modeling, in the past few years 
it has become more and more apparent that in many materials mesoscale 
structures determine material properties to a very large extent. Mesoscale 
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132 J. G. E. M. FRAAIJE et al. 

structures are typically of the size of 10 to 1000nm. The industrial rel- 
evance of mesoscale modeling is obvious, nevertheless the necessary general 
purpose computational engineering tools are absent. 

We are developing a general purpose method for mesoscale soft- 
condensed matter computer simulations, based on a functional Langevin 
approach for mesoscopic phase separation dynamics of complex polymer 
liquids. This project aims to consider topics of utmost importance in chemi- 
cal engineering, such as chemical reactions, convection and flow effects, 
surfaces and boundaries, etc. 

The morphology formation in complex liquids has been studied by 
many authors using time dependent Landau-Ginzburg models [l - 51. 
These models are based on traditional free energy expansion methods 
(Cahn - Hilliard [6], Oono -Puri [7], Flory-Huggins-de Gennes [8]) which 
contain only the basic physics of phase separation [9] and are not well 
suited for specific application to the different complex industrial and bio- 
logical liquids. In contrast to these phenomenological theories we use dy- 
namic density functional theory [9 - 151 where we do not truncate the free 
energy at a certain level, but rather retain the full polymer path integral 
by a numerical procedure. Very recently Kawakatsu and Doi started to 
use a similar approach [16, 171. 

Although calculation of polymer path integrals is computationally very 
intensive, it allows us to describe mesoscopic dynamics of a specific com- 
plex polymer liquid [18]. 

The prediction of the mesoscale morphology of complex polymer sys- 
tems is very important for the final product properties. The application 
area of the proposed method includes computer simulation of such pro- 
cesses as emulsion copolymerization, copolymer melts and softened poly- 
mer melts, polymer blends, polymer surfactant stabilized emulsions, and 
adsorption phenomena in aqueous surfactant systems. 

In this paper we demonstrate only several types of modulation of self- 
assembly in complex polymer systems. They are: shearing of concentrated 
aqueous solution of amphiphilic polymer surfactant, shearing of symmetric 
diblock copolymer blend, reactions in polymer mixture, surface directed 
phase separation in copolymer melt. 

DYNAMIC DENSITY FUNCTIONAL THEORY 

We give a short outline of the theory of the mesoscopic dynamics algo- 
rithms. For more details see Ref. [ 1 I]. We consider a system of n Gaussian 
chains of N beads of several different species (for example, A N , B ~ , ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



COMPLEX AMPHIPHILIC SYSTEMS 133 

N = NA + NB for diblock copolymer, E N ~ P N ~ E N ~ ,  N = Np + ~ N E  for sym- 
metric triblock copolymer). The solvent can be easily taken into account 
[18]. The volume of the system is V. There are concentration fields pr(r), 
external potentials UI(r)  and intrinsic chemical potentials pz(r). 

Imagine that on a course-grained time scale, there is a certain collective 
concentration field pI(r) of the beads of type Z(say, A or B). Given this 
concentration field a free energy functional F[p] can be defined as follows: 

Here + is the partition functional for the ideal Gaussian chains in the 
external field Ur, and Fnid[p] is the contribution from the non-ideal inter- 
actions. The free energy functional (1) is derived from an optimization 
criterium (see [I 11) which introduces the external potential as a Lagrange 
multiplier field. The external potentials and the concentration fields are 
related via a density functional for ideal Gaussian chains: 

Here 6: is a Kronecker delta function with value 1 if bead s' is of type Z 
and 0 otherwise. The trace Tr, is limited to the integration over the coordi- 
nates of one chain 

Trc(.) = N ( )  dR, J, ' ! 
N is a normalization constant. $ is the single chain configuration dis- 
tribution function 

where H is the Gaussian chain Hamiltonian 

with a the Gaussian bond length parameter. The density functional is 
bijective; for every set of fields {UZ} there is exactly one set of fields {pz} .  
Thus there exists a unique inverse density functional Uz[p]. There is no 
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134 J.  G. E. M. FRAAIJE et al. 

known closed analytical expression for the inverse density functional, but 
for our purpose it is sufficient that the inverse functional can be calculated 
efficiently by numerical procedures. 

We split the non-ideal free energy functional formally into two parts 

Fnid[p] = F“[p] + Fe[p]  

where F“ contains the excluded volume interactions, and FC the cohesive 
interactions. The intrinsic chemical potentials pI are defined by the func- 
tional derivatives of the free energy: 

Here we have introduced the cohesive potential &(r) and the excluded 
volume potential &. For the cohesive interactions we employ a two-body 
mean field potential 

where EIJ(Ir-r’J) = EJI((r-r’I) is a cohesive interaction between beads of type 
Z at r and J at r’ defined by the Gaussian kernel 

The excluded volume interactions can be included via the correction factor 
or insertion probability for each bead, c (see [12]): 

The insertion probability is interpreted as the effective fraction of free 
space. The lower the fraction of free space, the lower the insertion prob- 
ability and the higher the excess free energy. We have studied several 
models (van der Waals, Flory-Orwoll-Vrij, Carnahan-Starling) for the ex- 
cess free energy function. We found that the phenomenological Helfald 
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COMPLEX AMPHIPHILIC SYSTEMS 135 

penalty function provides a numerically and mathematically simple way 
to account for compressibility effects in the system [12]. In equilibrium 
pI(r) is constant; this yields the familiar self-consistent field equations for 
Gaussian chains, given a proper choice for Fnid. When the system is not in 
equilibrium the gradient of the intrinsic chemical potential-VpI acts as a 
thermodynamic force which drives collective relaxation processes. When 
the Onsager coefficients are constant the stochastic diffusion equations are 
of the following form 

JI = -MVp1 + (12) 

where A4 is a mobility coefficient and JI is a noise field, distributed accord- 
ing to a fluctuation-dissipation theorem. 

The further development of the theory includes hydrodynamic effects 
such as convection and the effect of shear on morphology formation [19]. 

APPLICATION 

Modulation by Shear 

It is known that flow fields affect mesoscale structures in complex liquids 
and polymer systems, giving rise to global orientation [21,22]. Because of 
its industrial importance the behaviour of complex polymer liquids under 
shear is an intensively studied topic both experimentally and theoretically 
[23 - 25,281. Most of the work is dedicated to the stability analysis of pat- 
terns and to phase transitions in complex polymer liquids under shear. 

The time evolution of morphologies in complex liquids under shear was 
also studied in computer simulations using Landau type free energies in 2D 
geometries such as a square cell [3-5,211, a rectangle [1,2] and in a two- 
dimensional Couette flow [l]. Recently the shear effect in a 2D polymer 
system was studied using the path integral formalism for the kinetic coeffi- 
cient [16]. However this was carried out for a model with simple periodic 
boundary conditions and a conventional phenomenological free energy. 

The time evolution of the density field pr(r) under simple shear flow, 
vx = +y, v y =  v,=O, can be described by dynamic equation (1 1) with a 
convective term 
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136 J. G. E. M. FRAAIJE et al. 

where 9 is the shear rate (the time derivative of the strain y). For a L x L x L 
cubic grid we use a sheared periodic boundary condition [26,27]: 

p(x, y ,  z ,  t )  = p(x + iL + yjL,y +jL, z + kL, t ) .  

Figure 1 illustrates the application of our method for a 3D melt of block 
copolymers A& under simple steady shear flow. Applying shear speeds 
up the lamellar formation in a diblock copolymer melt enormously. The 
alignment qualitatively differs from the 2D case - so called “perpendicular” 
lamellae are formed in 3D. From experiments and stability analysis this 
orientation is well known to be the most stable one (see e.g. [28]). The 
structure remains stable after switching off the shear. 

Figure 2 demonstrates formation of hexagonal cylindrical phase in 
aqueous solution of triblock copolymer Pluronic L64, modelled as E3P9E3. 

Modulation by Reactions 

In dynamic mean-field density functional theory, the dynamics of the 
polymer melt under simple steady shear is described by the time evolution 

FIGURE 1 Isosurface representation of the A& melt at ~ = 7 5 0 0 0  and shear flow v, = +y, 
vy = v, = 0, using the structure at T = 500 (Fig. 6)  as a starting structure. The isolevel is 
0 A  = U ~ A  = 0.3. One can clearly observe the global lamellar orientation. The x and y-axes are 
indicated. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



COMPLEX AMPHIPHILIC SYSTEMS 137 

63 

Y 

FIGURE 2 Mesophases of 55% Pluronic L64 in water under shear at time T =  12500. The 
isosurfaces are at O p = v P p p  = 0.33. The x-axis is velocity direction, y-axis is velocity gradient 
direction and z-axis is neutral one. 

of density fields pI. The dynamics is governed by a diffusion-convection 
equation with sheared periodic boundary conditions and can readily be 
extended with (second order) reaction terms in the following manner: 

Here A4 is a mobility parameter, is the shear rate, which is zero if no 
shear is applied, is a stochastic term which is distributed according to 
a fluctuation-dissipation theorem [ 141 and kJK is the reaction rate which 
can be either negative for reactants or positive for products. Notice that 
the reactive noise can be neglected here. Different order reactions or 
multiple reaction terms can be added without any difficulties, but as a 
proof of principle we focus here on the above type of reactions. In this 
subsection we study the effect of combined microphase separation, shear 
AND reaction to gain insight in the mechanisms that are important in 
pathway controlled morphology formation and in particular in reactive 
blending. 

We therefore study a reaction in which a homopolymer A8 couples to 
a homopolymer B8 to form a diblock copolymer A8B8. The reaction is 
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138 J.  G. E. M .  FRAAIJE et a/. 

limited to the endgroups and we assume that if two blocks that can couple 
are close enough, the reaction takes place. This reaction can be modeled as 
follows: 

31 fl 

FIGURE 3 Three dimensional simulation of a homopolymer blend 90%/10% As/&. Before 
the reactions were switched on, 28000 steps of shear were performed (AT? = 0.001) on the blend. 
The shear was stopped at T = 28000 and 2500 reaction steps were performed (ATk = 0.1). In 
the figure the isodensity surfaces at different levels are depicted at T-30500 of p h ~  (yellow), 
pdA(red) and pdB (blue). The total volume fractions at this time level are 80.5% As, 0.5% Bs 
and 19% AsBs. 
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COMPLEX AMPHIPHILIC SYSTEMS 139 

Here, PhAIPhB is the density of AIB beads in the homopolymer, pdA/pdB is 
the density of A / B  beads in the diblock copolymer and k is the reaction 
rate of the coupling reaction. 

Figure 3 gives an example of formation of double layer droplets in 
sheared reactive polymer system. Initially A / B  blend was subject to shear 
which resulted in formation of elongated droplets. Then reaction on the 
surface of droplets took place after switching off shear. That leads to re- 
laxation of elongation shape of droplets towards spherical one. Excess of 
polymer formed at interface goes inside the droplets which forms double 
layer structure. 

Modulation by Geometry Constraints 

The polymer melt is modeled as a compressible system, consisting of 
Gaussian chain molecules in a mean field environment. The free energy 
functional for copolymer melts has a form that is similar to the free energy 
that is used before: 

except for an extra fourth term that contributes only in the direct vicinity 
of the filler particles. This accounts for the interaction of a polymer melt 
with surfaces. In this equation, n is the number of polymer molecules, @ 
is the intra-molecular partition function for ideal Gaussian chains in an 
external field U, I is a component index, pr are the density fields of the dif- 
ferent bead types I and V is the system volume. Inside the filler particles, 
the densities p1 of the different bead types are equal to zero. Since the den- 
sity p is present in all integrals in the definition of the free energy (15), 
integrals over the entire volume V are equal to the integrals restricted to 
V/Vo ,  standing for the total volume V with exception of the volume taken 
by the filler particles, denoted as Vo.  The filler particles considered here are 
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140 J.  G. E. M. FRAAIJE el al. 

constrained to the condition of stationary position in time. The constant 
density field pM (A4 represents beads of the filler particle type) that ap- 
pears in Eq. (15) is defined as pM(r )=  1 for r E V o  and pM(r)=O for 
r E  V/Vo .  The average concentration py is and vI is the particle vol- 
ume. The surface interactions have kernels cIM. The Helfand compressibil- 
ity parameter is KIJ [12]. 

The ensemble average particle density p&) of a certain bead s at position 
r in space is 

where C is a normalization constant and a mask field M ( r )  is used that is 
defined as 

The density functional can be calculated via Green propagators (see [15] 
for details) 

The set of once integrated Greens functions G,(r) and G?,(r) are related 
by the recurrence relations 

with Go(r) = GE"+l(r) = 1. The linkage operator a=a[ f ] ( r )  is defined as 
a convolution with a Gaussian kernel 

The time evolution of the density field pr(r) can be described by a time 
dependent Landau-Ginzburg type equations (1 1,12). The boundary con- 
ditions that are used on the simulation box are periodic boundary con- 
ditions. For the diffusion flux in the vicinity of the filler particles, rigid-wall 
boundary conditions are used. A simple way to implement these boundary 
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COMPLEX AMPHIPHILIC SYSTEMS 141 

conditions in accordance with the conservation law is to allow no flux 
through the filler particle surfaces, i.e., 

where n is the normal pointing towards the filler particle. The same bound- 
ary conditions apply to the noise vz. Figure 4 demonstrates formation of 
lamellar structure in AsBs melt in presence of interacting walls. 

In Figure 5 one can see the same system but confined between neutral 
walls. This confinements leads system to form “perpendicular” lamellae to 
the walls. 

-4-t 
30 gridcells 

FIGURE 4(a-d) Lamellar formation of an A& copolymer melt in the presence of square 
plates of one grid-cell thickness. The interaction of polymer blocks with the surface is 
/ ~ E ~ , , , V - ’  = -1.0 and PESMV-’ = 1.0: (a) View of filler particle in simulation box, (b) Space 
filled with filler particles (the slots between filler particles are drawn as white lines), (c) Mor- 
phology of A heads (isolevel upa =0.5) in one simulation box at T =  500, (d) Same for 
T=2000. 
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142 J. G. E. M. FRAAIJE et al. 

FIGURE 5(e-h) Lamellar formation of an A& copolymer melt in the presence of the same 
filler particle as previous figure. Moreover, there is no interaction between the polymer beads 
and boundaries of the filler particles: (e) View of filler particle in simulation box, ( f )  Mor- 
phology of A beads (isolevel vpA = 0.5) in one simulation box at T = 500, (g) Same for T = 
4000, (h) Final morphology at T =  10000. 

DISCUSSION AND CONCLUSION 

In this paper we described the theoretical basis and some application of a 
new model for computer simulation of time evolution of mesoscale struc- 
tures of complex polymer liquids. We describe some other possible applica- 
tions of the proposed method. The investigation of these applications is in 
progress. 

One of the main questions in industrial emulsion polymerizations is to 
produce a latex or polymer with any desired morphology, composition, 
sequence distribution, molecular weight distribution etc. A specific example 
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COMPLEX AMPHIPHILIC SYSTEMS 143 

is given by the core-shell techniques in which one type of (co)polymer is 
grown around a core of another type. In paints the core polymer may 
provide gloss and mechanical stability whereas the shell might contain a 
rubbery polymer to provide a uniform surface coating. The final mor- 
phology that is obtained in the production process determines the quality of 
the product to a very large extent and hence prediction of the morphol- 
ogy based on production process parameters is desirable. The morphology 
is controlled by both thermodynamic (the micro-phase separation 
process) and kinetic (the reaction process) principles. Several practical 
applications are within direct reach. An example of a one-stage core-shell 
technique that has been described in literature concerns the mixing of 
silicone oils (containing Si-H and vinyl groups) and vinyl monomers 
emulsified in water. After a (cross-linking) reaction of Si-H and 
Si-CH = CH2 (kinetics) the hydrophilic monomers are excluded to the 
surface layer (thermodynamics) and a core-shell morphology results. 

Another potential application is the investigation of the stability of 
polymer surfactant protected emulsions. In particular, many industrial sys- 
tems contain a specified mixture of different surfactants, so as to provide 
a certain stability of the interphase. Thus the application of the emulsions 
is controlled by the nature of the surfactant mixture. Within the described 
method it is relatively easy to study the synergetic effects of surfactant com- 
position and architecture, and the way processing conditions influence 
the emulsion stability and morphology. 
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