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Abstract In this paper, we use density functional theory to
study the effect of the charge of solvophilic beads and
concentration on the mesoscale structures of polyelectro-
lyte solution. The polyelectrolyte AsB12As was selected as
the triblock polymer, and the solvophobic B blocks have no
charges, while the solvophilic A blocks are charged. The
simulation results showed: at higher concentration (above
50% systems), relatively small charges on the solvophilic
block do not alter the bicontinuous phase inherent to
uncharged solution, but at moderate concentrations (50%
system), even though the charge per solvophilic bead is
very small, the order lamellar structures become disturbed.

Keywords Polyelectrolyte - Block polymer - Mesoscopic
simulation - MesoDyn simulaiotn

Introduction

Polyelectrolyte solutions have been widely investigated in
biology and industrial applications in recent decades. Both
theoretical [1-4] and experimental [5-8] methods have
been selected to study the properties of these solutions. In
contrast to the phase behavior of uncharged block copol-
ymer solutions, block-polyelectrolyte solutions are more
challenging and difficult to investigate due to the presence
of both short-range (excluded volume) and long-range
(electrostatic) interactions. [9] Some experiments have
shown that block-polyelectrolyte aqueous solutions can
form different aggregates such as spherical [6] or cylindri-
cal micelles [7, 8] with a dense hydrophobic core and
charged corona. Using theoretical calculations, different
micelles of block copolymers with polyelectrolyte and
hydrophobic blocks was also discussed via a mean-field
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theory, [10] and a relationship between the parameters of
micelles and the fraction of charged monomers was found
in dilute aqueous solutions. In contrast to dilute solutions,
the situation for concentrated polyelectrolyte solutions is
more complicated due to the strong correlation between
polymeric domains. [1, 2] Kyrylyuk and Fraaije [9] used
MesoDyn density functional theory (MDDEFT) to investi-
gate the self-assembly of triblock polymers with a weak
polyelectrolyte block in concentrated aqueous solution,
and established the phase diagram of the polyelectrolyte in
solution as a function of the charge of the solvophilic block
and the solvent concentration.

In this paper, we also depict the phase behavior of
concentrated block-polyelectolyte solution in the presence
of a salt. The morphology of block copolymer in the
solution can be studied effectively using MESODYN
program [11] in Cerius® 4.6 by Accelrys. This method is
based on MDDFT developed by Fraaije several years ago,
[11, 12] and the phase-separation dynamics and ordering
processes of multicomponent polymeric systems are de-
scribed by Langevin equations for mesoscale modeling.
One important advantage of this method is that there isno a
priori assumption on the phases, [13] and that the kinetics
of phase formation, which is very difficult to observe
experimentally, can be studied. In the first part of this work,
the method and simulated model will be shown simply;
then the parameters used in the MESODYN method are
explained to show the relationship between parameters and
morphology; lastly, the phase diagram of a model triblock
polyelectrolyte solution in coordinates of the charge of the
polyelectrolyte (solvophilic) block and polymer concen-
tration is obtained through the order parameters of the
blocks with increasing concentration of the polymer, and
the effect of the charge of block polymers on the mor-
phology of self-assembled systems discussed in the
solution.

Materials, methods and models

The basic idea in the MESODYN method is density
functional theory. It is based on the idea that the free energy



F of an inhomogeneous liquid is a function of the local
density function p. From the free energy, all thermody-
namic functions can be derived so that, for instance, phase
transitions can be investigated as a function of the density
distribution in the system.

To specify the chemical nature of the system in a
MESODYN simulation, two sets of parameters must be
defined, one is the chain topology in terms of repeat seg-
ments (or beads) and the other is the interaction energies of
the various types of segments. For the first, this method
uses a Gaussian chain description with all segments of the
same size, and the chain topology depends on the degree of
coarsening of the original system. In this “spring and
beads” model, springs mimic the stretching behavior of a
chain fragment and different kinds of beads correspond to
different components in the block copolymer. In this ar-
ticle, we selected a polyelectrolyte as a triblock polymer.
The block polymer is shown in Fig. 1. In our calculation,
each bead in the Gaussian chain is a statistical unit, and
therefore represents a number of “real” monomers, so the
choice of the Gaussian chain is an important aspect of the
method. Lam [13] used the Monte Carlo method to obtain a
statistical sample of atomistic chains for block polymers,
and then obtained the relationship between atomistic chains
and Gaussian chains. He used AgB1,A¢ (Gaussian chains)
to represent the atomistic chains of polymer PEO,¢PPOyq
PEO,¢ (P85). In our simulations, we selected the Gaussian
chain A¢B1,Ag as our polymer to be investigated, and
discuss the effect of different charge on the beads on the
morphology of polymer. In the block polymer, the sol-
vophobic B blocks have no charges, while the solvophilic
A blocks are charged, with z, being the absolute value of
the charge per bead. One bead S represents the solvent
molecule in a MesoDyn simulation, and the solvent is as-
sumed to be neutral.

Secondly, the important interaction energies of the
various types of segments can be defined by the Flory—
Huggins interaction parameters y among different beads. In
fact, these parameters can be considered non-ideal inter-
actions that are included via a mean field, and the strength
of interaction between different components is character-
ized by the interaction parameter €,5, which we express in
units of kJ mol ™. A positive £;; parameter corresponds to a
repulsion between the components / and J. The dynamics
of the component densities p/r,f), with [=A4,B, are de-
scribed by a set of functional Langevin equations. These
are diffusion equations of the component densities which

polyelectrolyte (solvophibic) block (Ag)

solvophobic block(B,)

solvent(8,)

Fig. 1 Schematic representation of the polymer (A¢B2As) and
solvent (S;) molecules divided into MesoDyn beads
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take into account the noise in the system. Driving forces for
diffusion are local gradients of chemical potentials p;=0F
[{pr}1/0pr. The Langevin diffusion equations are solved
numerically with homogeneous initial conditions. As
MESODYN is based on the same type of free energy
functional as self-consistent field theory (SCFT), it is ex-
pected to approach on long time scales the same solutions
as SCFT does by searching for the absolute minimum of
the free energy. With MESODYN, however, structure
formation proceeds via local gradients of chemical
potentials that are intrinsic to the system. In this way,
long-lived transition states can also be visited in a sim-
ulation run [14]. In our simulation, the parameters were
chosen to be x4 s=1.4, xgs=1.7 for the solvent-polymer
interaction, and x,5=3.0 for the polymer—polymer inter-
action. These interaction parameters are the same as for the
aqueous Pluronic polymer surfactant solution (PL64),
previously simulated in [12] and [14].

It should be pointed to that, except for the Flory—
Huggins parameters, the detailed model we describe here
applies to the case where the polyelectrolyte phase be-
havior is also governed by another Donnan effect, [9] and
the interactions between the charged ions are shown by the
x5 in salt strength. In a zeroth order approximation xb, =
2%, where z;is the valency of polymer bead 7, and C=2vcy is
the number of ions in the reference bath per unit of bead
volume. The zeroth order approximation is sufficient for
most applications, when the salt strength is high or the
polymer charge is low. Apparently, our simulated systems
conform to this approximation. Thus, although the Flory—
Huggins parameters between different beads are not
changed with the increase of charge on the bead A, we
think that the interaction between these beads will also be
changed due to the Donnan effect in the polyelectrolyte
system through x7.

For all simulations, the dimensionless parameters in the
MESODYN program were chosen as (see details in
References [15-17]): the time step A7=50 ns (dimen-
sionless time step A7=0.5), the noise-scaling parameter
2=100, the compressibility parameter Kz; = 25 , the grid
parameter d=ah '=1.1543 (a is the Gaussian bond
length), salt strength parameter C=0.1 mol/l, and the total
simulation time is 5,000 steps (i.e. 250 us). And all the
simulations are on a cubic grid with 32 x 32 x 32 cells of
mesh size 4. More details of MDDFT are given in [9, 11,
12, 15].

Results and discussion

Mesoscopic structures with different concentration
or charges per solvophilic bead

The mesoscale structures are shown in Fig. 2 as a function
of block-copolymer concentration and the charge of the
solvophilic blocks. These self-assemble aggregates are the
structures that the solvophilic A blocks shield the solvo-
phobic B blocks from contact with solvent beads. The A
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Fig. 2 Snapshots of mesoscale
structures (64 for mean isosurface
level) in polyelectrolyte solution
of a triblock copolymer AgB12A¢
for the salt strength parameter
0.1 mol/l at dimensionless time
7=5,000. The parameters varied
are the polymer concentration in
polymer weight percentage, wt.
%, and the charge per A bead, z.
50%, isolevel 6, =0.25: a z,=0,
b z,~0.01, ¢ z,~0.02, d z,=0.05;
60%, isolevel 6,~0.30: e z,=0,
fz,=0.2, g z,~=0.25; 70%, isolevel
0A:0-35: h ZA=O, i ZA=O.35. For
50% system, with increase in the
charge of A block, lamellar —
defected lamellar— disorder;
other systems (60, 70 and 80%),
bicontinuous — defected lamel-
lar— disorder

concentration is not constant but varies somewhat accord-
ing to the microenvironment in order to accommodate
defect or order structures. The observed phases are lamellar
(50%, Fig. 2a), bicontinuous (60%, 70%, Fig. 2e and h)
when there is no charge in the A bead. Of course, in our
simulation, bicontinuous phases are also found at higher
concentrations, such as for 80 and 90% concentration, but
they are not shown in this article.

During the simulation, to our surprise, we found that
only the 50% copolymer system can form lamellar phase
when the charge per A bead is zero, but for other systems,
such as 49 or 51%, they can only form disordered or bi-
continuous phases, not lamellar aggregates. However, even
though the charge per A bead is very small (0.01), the order
lamellar structures also become defected: they are perfo-
rated by several holes and contain necks between them
(Fig. 2b); and a disordered, mesoscopic structure is
observed when the charge per A bead is equal to 0.05
(Fig. 2d).

In fact, we heavily concentrated on the change of
aggregates in the higher concentration of copolymer when
the solvophilic bead has different charges. Bicontinuous
phases can be formed for the uncharged copolymer
AgB12A¢ in higher concentration, which was used to
mimic the phase behavior of the polymer P85 [13] (60%,
Fig. 2e; 70%, Fig. 2h), and it is difficult to distinguish with
the difference of bicontinuous phases using the isosurface
distribution for the different concentrations since there are
too many defects. Using the results for uncharged system as
a reference we considered the phase behavior relative to a
similar polyelectrolyte solution while changing the charge
of the A beads for the same concentration of polymer.

In the 60% AgB12A¢ polyelectrolyte solution, we ob-
served the following sequence of mesophases with in-
creasing charge on the A beads: bicontinuous — defected
lamellar— disorder. When the charge of the solvophilic A
blocks is small, the system retains the bicontinuous
structure of the reference uncharged copolymer surfactant
solution (Fig. 2f), then the bicontinuous phase become
defected lamellar aggregates (Fig. 2g).

Strictly speaking, these defected lamellae (Fig. 2g) are
not similar to an ordered lamellar phase (Fig. 2a). In order
to distinguish the difference, the 2D density patterns 64 are
shown in Fig. 3 which were cut through the center of the
simulation box. In contrast to the defected lamellar

=237

(50%) a b (60%) ¢
A
(80%) ¢ f

Fig. 3 The density slice of A block in AgBj;A¢ solution at
dimensionless time 7=5,000. 2D cut through the middle of the box
shown in Fig. 2a for a (z orientation) and b (y orientation); in Fig. 2g
for ¢ (z orientation) and d (y orientation); and for 80% system with
the charge of z,=0.5 for e (z orientation) and d (y orientation)



structures (Fig. 3c and d, for the 60% system), in which the
lamellae are twisted in the defect areas, the ordered
lamellae (Fig. 3a and b, for 50% system) are oriented at a
certain angle with respect to the normal. We think that the
defected lamellar phases are inter-aggregates between the
lamellar and bicontinuous phases, because we found that
there are some hexagonal holes in the 3D simulation box,
which are shown as the red region in the 2D simulation
slice (Fig. 3c—f). These mean that the defected lamellar
phases may have some properties of the lamellar and bi-
continuous phases when the block polymer has some
charges. At higher concentrations, the defected lamellar
phases can also be found, as shown in the 3D isosurface
box (for the 70% system, Fig. 2i) and in the 2D slice (for
the 80% system, Fig. 3e and f).

In fact, the bicontinuous and defected lamellar transi-
tions described above are related to the concentration of
block polyelectrolyte. At higher concentrations, relatively
small charges on the solvophilic block beads do not alter
the bicontinuous phase inherent to the uncharged solution.
For example, for the 60% system, the disordered meso-
scopic structure was found when the charge is only above
0.20; for 70%, 0.4 and for 80%, 0.55. The different phases
are summarized in the phase diagram shown in Fig. 4 (we
will discuss in the following section). Kyrylyuk and Fraaije
[9] have explained the order-to-disorder transitions using
the Donnan interaction parameters x, which are similar to
the Flory—Huggins interaction parameters used in our
simulation. The electrostatic repulsion between charged A
blocks leads to changes of the Flory—Huggins interaction
parameters Y, and the increase of charge of the block
polymer can cause an increase of the Donnan interaction
parametersy”, which induces a transition from ordered to
disordered states. Thus, the Donnan interaction is essential
for the phase transition of polyelectrolyte solution. With the
range of z,=0.01~0.7 in our simulations, the variations in
the charge or in the salt strength will result in the same
phase diagram. These are the reasons that we selected the
concentration of polymer to be below 80%, and the salt
strength to be 0.1 mol/l. In fact, when we investigated the
effect of salt strength on the morphology of polyelectorate,
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Fig. 4 The phase diagram of polymer A¢B>A¢ in concentrated
concentration when solvophilic A bead has different charges
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we found that the lamellar aggregates of the 50% un-
charged system are not changed in the range of salt strength
from 0.1 to 0.4 mol/l. This conclusion is similar the result
of [9].

The phase diagram using the order parameter

At the simulation beginning, an homogeneous density
distribution was selected, and the phase-separation dynam-
ics from instantaneous quench are characterized by the time
evolution of the average order parameter, defined as:

— 6]dr

p:9752:

J v [67(r)
v

where p is the mean-squared deviation from homogeneity
in the system, which captures both the effects of phase
separation and compressibility, and 6 is a volume fraction
field (which is compared with the experimental weight
fraction), V'is the volume of cells. The time evolution of p
in the first 1,000 simulation steps is shown in Fig. 5. The
separation kinetics vary from fast bicontinuous-like
nucleation (80%) to slow lamellar phase (50%). From
Fig. 5, we find that phase separation can easily take place at
higher concentrations of polymer, and can be shown using
the order parameters with the increase of the simulation
times. One can also find that the higher concentration of the
polymer solution, the bigger values of order parameters,
and the shorter time of the equilibrium in the simulation.
Maybe in higher concentration, the solvophilic A blocks
aggregate easily in the solvent, and the interaction between
the solvophilic block and solvent beads makes the
aggregates form more easily.

Combined with the mesoscale structures discussed
above (Fig. 2), the order parameters can be used to draw
the phase diagram of polyelectrolyte with increasing
charge of the solvophilic block. Fig. 4 shows the relation-
ship between the order parameters and the charge per A
bead of polymer A¢B;,Ag. It should be pointed out that the

a 80%
0.10F
2,
f 0.08
g " b 70%
£ 7
g 0.06 fY
s 7 ¢ 60%
S 004r T :
5 Y‘
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% 0.02} A 2 d 50%
#
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0 200 400 600 800 1000

the simulation time, ©

Fig. 5 Time evolution of dimensionless order parameter p (see test
for definition) in polymer surfactant solutions. At dimensionless
time 7=0 the system is quenched from homogeneous density
distribution. The labels a—g refer to simulations of a 80%, b 70%,
¢ 60%, d 50%
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lamellar region between bicontinuous and disordered
regions should be a defected lamellar phase, not ordered
lamellar aggregates as in Fig. 2a. In fact, this region is very
small from the bicontinuous to disorder transitions with the
increase of charge of solvophilic block A for any poly-
electrolyte solution. The simulation results show that the
order parameter can be considered as an adjunct for the
mesoscale structures, and for other similar investigations,
maybe we can deduce the mesoscale phases using the
values of the order parameters.

Conclusion

The MESODYN method can be used to simulate
experimental conditions to investigate the instantaneous
quench from homogeneous density distribution for poly-
electrolyte solutions. Using the simulation, the time scale
of phase separation can be predicted on a short time scale,
unlike the real experiments, in which the phase separation
must continue several days, or even weeks of equilibration
time. At higher concentration (above 50% systems),
relatively small charges on the solvophilic block do not
alter the bicontinuous phase inherent to uncharged solution
for A¢Bi,As, and at moderate concentrations (50%
system), even though the charge per solvophilic bead is
very small, the order lamellar structures become defected.
At high charges per bead, disordered, mesoscopic struc-
tures can be formed for any simulation system. Another
finding is that the value of the order parameter can be used
to predict the mesoscale phases formed in the solution. One
conclusion is that mesoscopic simulations can be con-
sidered as an adjunct to experiments and provide other
valuable information for experiment.
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