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Pathway Controlled Morphology Formation in Polymer Systems:
Reactions, Shear, and Microphase Separation
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ABSTRACT: We present a reactive dynamic mean-field density functional method that gives insight in
pathway controlled morphology formation in irreversibly reacting polymer systems that undergo
simultaneous micro- and/or macrophase separation. Taking reactive blending as an example for
simulations, we show that this type of polymer processing is very effective in emulsifying incompatible
polymers and that reactions are essential in obtaining a regularly emulsified blend. Moreover, we show
that a rationally designed processing pathway that includes shearing, reactions, and microphase separation
can lead to layered structures, and we propose a physical mechanism for this phenomenon.

It is known that many polymer material properties
are determined by mesoscale structures, which are
typically of the order of 1-1000 nm. The mesoscale
morphology is pathway controlled: the morphology is
the result of a dynamic balance of factors in which both
processing conditions (such as presence of shearing,
mixing, extruding, molding, and reactions) and compo-
nent properties (such as compressibility, miscibility,
molecular weight, polydispersity, and polymer stoichi-
ometry) play an important role. A typical example from
industrial practice is high-impact polystyrene (HIPS).
HIPS is produced via the polymerization of styrene
containing dissolved polybutadiene and is a typical
product by process, whose morphology results from the
in-situ character of (grafting) reactions and from the
process technology.!

To gain insight into the pathway controlled formation
mechanism of mesoscale morphologies such as those
found in HIPS and also in composite polymer mem-
branes, latexes formed by emulsion polymerization, and
biological cell organelles, it is clearly essential to account
for both microphase separation and irreversible reaction
kinetics in a model. Another example is given by
reactive blending, which is one of the simplest industri-
ally interesting problems in which the morphology is
pathway controlled. Reactive blending is a very versatile
method of strengthening and emulsifying incompatible
polymer blends. The technique involves melt blending
two homopolymers (A and B) with a fraction of func-
tional reactive groups. If the A-reactive groups are
designed to couple with B-reactive groups, the reaction
will be confined to interfaces between phases. The
product is a graft or block copolymer and is located
where it is most effective. The need for dispersing a
copolymer surfactant is hence eliminated. Since the
mesoscale structures that are formed in these complex
systems are the result of dynamic processes, they are
irregularly structured, full of defects, and very often
frozen in a state far from thermodynamic equilibrium.
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The standard approach to determine polymer phase
diagrams of ordered structures at equilibrium by solving
a set of self-consistent field equations for a presupposed
structure of ideal symmetry (see e.g. ref 2) fails to
describe the irregular structures in complex polymer
fluids. To gain insight into the formation mechanism
of irregular morphologies, they should be studied as the
dynamic result of diffusive, reactive, and viscoelastic
phenomena.

Predictive models for polymer reaction engineering
are usually based on kinetic models® and do not provide
insight into the morphology formation mechanism.
Another class of reaction—diffusion models finds many
applications in biology as a means to explain morpho-
genesis by the appearance of spatiotemporal patterns.*—8
The only available studies on models that combine
reactions and phase separation in polymers have mostly
focused on chemically reactive binary mixtures and
macrophase separation. Most studies employ a Cahn—
Hilliard theory of (macro)phase separation that is
extended to account for reactions, combined with a
Ginzburg—Landau—Wilson free energy. Numerical so-
lutions are obtained by either Monte Carlo methods®10
or finite differences.’*~13 The influence of different
forward and backward reaction rates and switching on
the reaction from the beginning or at a later stage in
the spinodal decomposition process have also been
studied!?13 as a means to stabilize and tune the steady-
state morphology of phase separating materials. It was
also found that the evolution morphology depends
critically on the relative time scales of segregation
(diffusion) and chemical reaction.?

More realistic reaction—diffusion systems with ir-
reversible reactions that can be compared to polymer-
izing systems are described by Schulz415 in the context
of interpenetrating polymer networks (IPN’s). In ref 15
the authors focus on (irreversible) homopolymerization
of two species and simultaneous (freezing of) spinodal
decomposition, which can be described by the usual free
energy of a homopolymer mixture.’® The authors show
that the same reactions that initially cause the spinodal
decomposition will eventually freeze the SD process.
This shows that the presence of irreversible chemical
reactions has a strong effect on the evolution of the
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Figure 1. Two-dimensional simulation of a homopolymer blend 50%/50% As/Bs. Before the reactions were switched on, 50 000
steps of shear were performed (Aty = 0.001) on the blend. The shear was stopped at time step 50 000, and subsequently 5000
reaction steps were performed (Atk/v = 0.1). In the figures the densities of pna, pns, paa, @and pgs are depicted at time step 55 000
from top left to bottom right. The total volume fractions at this time level are 18.5% As, 18.5% Bg, and 63% AgBs. High concentration,
white; low concentration, black. The arrow indicates the shear direction.

spinodal decomposition process. In ref 14 a mixture of
A, B, and irreversibly connected A—B molecules is
studied. To describe both micro- and macrophase sepa-
ration at the same time, the authors show that it is
necessary to adapt the Ginzburg—Landau—Wilson
Hamiltonian.t” This Hamiltonian is only valid for very
concentrated A—B melts. Especially for very small
concentrations A—B, the description is not valid because
few molecules A—B can no longer realize stability of
microphase separated solutions, and a macrophase
separation occurs. This cannot happen according to the
GLW Hamiltonian description,'* because there is always
a finite elastic force present.

In this paper we show that by extending the dynamic
mean-field density functional theory!81® with reactions,
the above problem can be resolved, and the formation
mechanism of irregular polymer morphologies as the
dynamic result of diffusive, reactive, and viscoelastic
phenomena can be studied as a function of time. The
concentration of polymers in the melt must also be
sufficiently high to allow for a mean-field description,
but fortunately, the polymers may be of different type,
such as homopolymers and/or copolymers, as long as the
total concentration of polymer is sufficiently high. This
method is therefore, to our knowledge, the first that
gives insight into pathway controlled morphology for-
mation in irreversibly reacting polymer systems that
undergo simultaneous micro- and/or macrophase sepa-
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ration. Taking reactive blending as an example, we show
that this type of polymer processing, as is experimen-
tally known,?C is very effective in emulsifying incompat-
ible polymers and that reactions are essential in ob-
taining a regularly emulsified blend. Moreover, we show
that a rationally designed processing pathway that
includes shearing, reactions, and microphase separation
can lead to layered structures, and we propose a
physical mechanism for this phenomenon.

The dynamic mean-field density functional theory181°
models the behavior of complex liquids by combining
Gaussian mean-field statistics with a coarse-grained
Ginzburg—Landau model for time evolution of conserved
order parameters. In contrast to traditional phenom-
enological free energy expansion methods,?'~23 the free
energy is not truncated at a certain level. Instead, the
full polymer path integral is retained by employing
numerical algorithms.192425 Although the repeated
calculation of the polymer path integral is computation-
ally very intensive, this approach allows for a descrip-
tion of the mesoscopic dynamics of specific complex
liquids without constantly adjusting the parameters.2®

In the dynamic mean-field density functional ap-
proach a polymer solution is modeled as a compressible
system of ideal Gaussian chain molecules. The free
energy functional is derived on the basis of principles
from thermodynamics and statistical mechanics and
consists of an internal energy term (the ensemble
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average of the intrachain Hamiltonian), an entropy term
(the ensemble average of In W where W is the configu-
rational distribution function), and interchain interac-
tion terms. Assuming that the system can be observed
on a coarse-grained time scale such that the distribution
function is always optimal and hence the free energy
always minimal, the free energy functional is then
optimized over all W under the constraint that the
density that is observed in the system is the ensemble
average of a microscopic density operator. The optimal
single-chain configurational distribution function for a
Gaussian chain Hamiltonian is then derived to be'®

1 N N
= Zexp(—3/(2a9) Y (R.—R_,)>-8S U(R)) (1
] d)eXp( (a)s;( s—Rq1) ﬂsz\ s(Ry) (1)

where ¢ is the intramolecular partition function, a is
the Gaussian bond length parameter, 71 = kgT with
kg the Boltzmann constant and T the temperature, and
N is the number of beads in the chain. The external
potentials U, are conjugate to the density fields p, via
the Gaussian chain density functional (the ensemble
average, weighted with ) and are introduced in the
optimization of the free energy under constraint as
Lagrange multiplier fields. Path integral calculations
are required in the numerical process to calculate the
instantaneous density field from a given external po-
tential field. The free energy functional is then derived
to be19,25

Mp

1_ %
File = - E;'” nt ZLUl(F) pi(r) dr +
1
EZ.[\/ZQJ(W = r'Dpi(r) py(r) dr dr' +
K
?L(Z"I(m(r) —o))?dr (2)

where n; is the number of polymer molecules of species
I, ¢p is the intramolecular partition function of polymer
species p, p is a polymer index, | is a component index,
and V is the system volume. The average density is p°,
and v, is the bead volume. The cohesive interactions
between chains have kernels ¢,3 O e‘,)J exp[—3/(2a?)(r —
r')?] where e?J is a constant interaction parameter and
kn is the Helfand compressibility parameter.?> The
external potentials U, are conjugate to the density fields
o1 vVia the Gaussian chain density functional.®

In dynamic mean-field density functional theory, the
dynamics of the polymer melt under simple steady shear
is described by the time evolution of density fields p,.
The dynamics is governed by a diffusion—convection
equation with local kinetic coupling coefficients and
sheared periodic boundary conditions?”28 and can readily
be extended with (second order) reaction terms in the
following manner:

9Py oF N

—=MV-pV——7pyV,p, + ; Kykpspk + 1 (3)
ot op, 3=fR=1

Here M is a mobility parameter. The velocity field for
simple steady shear is given by vx = yy where y is the
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shear rate. If no shear is applied, 7 = 0. #, is a stochastic
term which is distributed according to a fluctuation—
dissipation theorem,?? and k is the reaction rate which
can be either negative for reactants or positive for
products. Notice that the reactive noise can be neglected
here.3° 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. It is possible to introduce more advanced
nonlocal Rouse or reptation models for the kinetic
coefficients.3! In the present paper we study the effect
of combined microphase separation, shear and reaction,
to gain insight into the mechanisms that are important
in pathway controlled morphology formation and in
particular in reactive blending. In general, hydrody-
namic and viscoelastic phenomena are also of interest
in simulations of polymer morphology formation, and
their separate effect was studied by our group in refs
32 and 33. To make a true evaluation of reactive effects
in a model that can account for both micro- and
macrophase separation, we have chosen not to include
hydrodynamic and viscoelastic effects. Given our results
in refs 32 and 33, we do not expect these effects to be of
great influence in the chosen simulation environment.

Since we focus on reactive blending, we study a
reaction in which a homopolymer Ag couples to a
homopolymer Bg to form a diblock copolymer AgBs. The
reaction is limited to the end groups, and we assume
that if two blocks that can couple are close enough, the
reaction takes place. This reaction can be modeled as
follows:

Pna oF .
ek MV-p AV m = 7YViPna = KPnaPhg + Tha
(4a)
9Pns oF .
— = MV'0gV —— = 7YVons — Kopalns T 7hs
at Opns
(4b)
Pda oF .
— = MVpaV—=—— 7YV, 040 + Kopapng T 74a
ot 0pga
(4¢)
Py oF .
— = MV 04V —— = 7YyV,045 + Kpnalhe + 7as
at Opyg
(4d)

Here, pnalpne is the density of A/B beads in the ho-
mopolymer, pga/pas is the density of A/B beads in the
diblock copolymer, and k is the reaction rate of the
coupling reaction.

We have performed a number of simulations in 2D
according to eq 3 to enhance our understanding of the
important mechanisms in the pathway controlled mor-
phology formation in reactive blending. Details of our
numerical integration schemes are in ref 19. We study
a model system that provides insight in the main
features of reactive blending. Our method may be used
as an engineering tool for a specific system. A blend of
50% As and 50% Bg was sheared (Aty = 0.001, At =
Dh™2At, h is the grid size with a’/h = 1.15430) for 50000
dimensionless time steps on a 32 x 32 grid until the
system had relaxed. The value of the shear rate is
chosen such that it represents an experimentally real-
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Figure 2. Dimensionless order parameter o as a function of
dimensionless time step .

istic value. The dimensionless interaction parameters
are fBeylv = 2.5 for incompatible species and fejs/v = 0
for compatible species.'® The reaction that is described
earlier was initiated at time step 50 000 and was
followed for 5000 time steps (Atk/v = 0.1). The diffusion
coefficient and reaction rate are chosen such that the
diffusive and reactive contributions to the dynamic

—Y
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equations are comparable in magnitude (measured by
the L2 norm) at time step 50 000. The results that are
depicted in Figure 1 clearly show that the in-situ
copolymerization leads to stabilized structures in which
the homopolymer domains are shielded from each other
by a layer of diblock copolymer. The stabilized struc-
tures are large and regular. The dimensionless order
parameter w, = (1/IV)/v(07(r) — 67,(r)) dr, where 6, =
vpy is the dimensionless density and subscript O denotes
average values, is shown for both pna and pga in Figure
2 (drawn lines). The effect of the reactions that are
switched on at time step 50 000 is clearly visible: the
order parameter of the homopolymer decays exponen-
tially whereas the order parameter of the diblock
increases at the same time by the same amount. To
check the influence of the assumption that two blocks
can couple if they are close enough, we have run two
simulations in 2D (results not shown) on a 32 x 32 grid.
A homogeneously mixed 40%/60% Ag/Bg blend was
allowed to relax for 500 dimensionless time steps, after
which reactions were switched on for 500 dimensionless
time steps (Atk/v = 0.1). We compared the results for a
run in which reaction only takes place if two A and B
end beads are close enough to a run in which the
reaction takes place if the two blocks are close enough.
As expected, this only influences the time scale of the
reactions: the reactions are found to be faster by a factor
2.8 ~ V/N if the end beads are not explicitly distin-

shear

Figure 3. Two-dimensional simulation of a homopolymer/diblock copolymer mixture with 18.5% Asg, 18.5% Bsg, and 63% AgBs.
The initial system is homogeneously mixed. Shear was applied for 50 000 time steps on the (micro/macro)phase separating mixture
(Aty = 0.001). In the figures the densities of pna, pns, pda, @and pgs are depicted at time step 50 000 from top left to bottom right.
The total volume fraction of each species is constant during this simulation. High concentration, white; low concentration, black.

Same shear direction as in Figure 1.
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Figure 4. Two-dimensional simulation of a homopolymer/diblock copolymer mixture with 18.5% Asg, 18.5% Bs, and 63% AgBs.
The initial system is homogeneously mixed. The system is (micro/macro)phase separating for 50 000 time steps. No additional
shear is applied. In the figures the densities of pha, pne, pda, anNd pgs are depicted at time step 50 000 from top left to bottom right.
The total volume fraction of each species is constant during this simulation. High concentration, white; low concentration, black.

guished. These results comply nicely with the result by
Fredrickson3* that the reaction rate for diffusion con-
trolled reactions in polymers is proportional to the
radius of gyration.

As a comparison and to establish the importance of
the particular pathway that we chose for reactive
blending, we have also performed two simulations using
the same parameters starting from a homogeneous
mixture of the same concentrations of homopolymer/
copolymer as in the reactive run at time step 55 000
(18.5% Ag, 18.5% Bg, and 63% AgBg). The purpose of
these runs is to see whether blending can be as effective
without reactions. The first simulation (see Figure 3)
consists of 50 000 time steps of shear (Aty = 0.001) on
the initially homogeneous homopolymer/copolymer mix-
ture. The results in Figure 3 show the final morphology
at time step 50 000. The most striking difference with
the reactive run is that the phases are unevenly
distributed because of macrophase separation. The
diblock copolymer is concentrated in the right half of
the box, and the homopolymer is concentrated in the
left half. Only a very small amount of diblock copolymer
is effective in shielding the two types of homopolymer
from each other. The macrophase separation in the
presence of diblock copolymers is probably due to the
high concentration of diblock copolymer compared to the

monomer concentrations. If there is no incentive to form
droplets (as result form the sheared blend in Figure 1),
it is more effective to form “stripes” of monomer in a
sheared periodic system which require less diblock
copolymer to be shielded from each other. The excess
diblock copolymer then forms layers by itself. In the
system in Figure 1, reactions take place so fast that
monomer does not diffuse through the diblock copolymer
layer anymore, and no macrophase separation takes
place.

The second simulation (see Figure 4) consists of
50 000 time steps of (micro/macro)phase separation
dynamics only on the initially homogeneous homopoly-
mer/copolymer mixture. The results in Figure 4 show
the final morphology at time step 50 000. Although at
first sight the results do not seem much different from
the reactive run, close observation shows that the
homopolymer domains are not as effectively shielded
from each other as in the reactive run. The diblock
copolymer layer is either less pronounced, or the diblock
copolymers form domains by themselves (lower part of
the box). This conclusion is backed up by the structure
factors of both systems (results not shown). The struc-
ture factor of the A beads in the diblock in the first 2D
run shows a peak that is larger and more localized than
in the third 2D run. Moreover, the order parameters of
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Figure 5. Three-dimensional simulation of a homopolymer
blend 90%/10% Ag/Bs. Before the reactions were switched on,
28 000 steps of shear were performed (Aty = 0.001) on the
blend. The shear was stopped at time step 28 000, and 2500
reaction steps were performed (Atk/v = 0.1). In the figure the
isodensity surfaces at different levels are depicted at time step
30 500 of pne, pda, and pge. The total volume fractions at this
time level are 80.5% Ag, 0.5% Bg, and 19% AgBs. The arrows
indicate the shear direction.

all 2D runs show that the ordering of both the ho-
mopolymer and the diblock copolymer in the reactive
run is higher than in the nonreactive runs (see Figure
2, dashed and dotted lines) for the fully relaxed systems.
We conclude, as is found in experiments,?° that reactive
blending is very effective in emulsifying incompatible
polymer blends and that reactions are essential in
obtaining a regularly emulsified blend. Moreover, the
resulting morphology is sensitively dependent on the
chosen pathway. The blend should be sheared for a
substantial period of time before reactions set in. We
have also performed simulations in which the reactions
set in immediately, with and without applied shear
(results not shown), which yields irregular lamellar
structures (since the homopolymer almost completely
reacts) that are considerably smaller in size.

Finally, we have performed a three-dimensional
simulation of reactive blending. A 90%/10% As/Bg ho-
mopolymer blend was sheared in a 32 x 32 x 32 box
for 28 000 dimensionless time steps until the system had
relaxed (Aty = 0.001). All other simulation parameters
are the same as in the 2D systems. The reaction that is
described earlier was initiated at time step 28 000 and
was followed for 2500 time steps (Atk/v = 0.1). Figures
5 and 6 show some results at time step 30 500. Again,
the results show that reactive blending is very effective
in emulsifying incompatible polymer blends. A very
exciting result is that we observe the formation of
layered structures for the first time. Some of the
droplets that were originally present in the relaxed
blend also contain a diblock copolymer micelle on the
inside after reactions. To gain more insight into the
formation of these structures, we have plotted a few
snapshots of isoslices of the A part of the diblock
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Figure 6. Detail of Figure 5. From top left to bottom right
the densities of pha, pne, pda, @and pgs are depicted in the slices
at time step 30 500. High concentration, white; low concentra-
tion, black.

copolymer at different time steps in one of the layered
structures in Figure 7. This shows that the total amount
of diblock copolymer increases inside the initial droplet.
The amount of diblock copolymer on the interface is
increasing as long as there is enough B monomer
present to keep the reaction going. In a later stage of
the simulation further diffusion has caused the elon-
gated structure to become more spherical. If the initial
droplet is too small (see Figure 8), the diblock copolymer
that is initially present inside the droplet may diffuse
to the outside again if the structure has become more
spherical and the concentration of diblock copolymer is
too low to form a stable micellar structure inside. We
propose the following mechanism for formation of these
layered structures (see Figure 9). Since the original
blend is sheared, the resulting droplets are elongated
(see Figure 10). Once the reactions start and shear is
stopped, two mechanisms are taking place at the same
time: due to the reactions diblock copolymer is formed
at the homopolymer interface, and due to relaxation
mechanisms the elongated droplet relaxes to a sherical
shape. The surface of the elongated droplet is larger
than the surface of the spherical droplet with the same
volume, so that the fast reactions lead to an excess of
diblock copolymer at the interface. This excess copoly-
mer can be transported to the inside of the droplet to
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Figure 7. Detail of Figure 5. Snapshots of a slice through a
large bubble (densities of p4a) at different time steps: 28 250,
29 160, 29 240, 29 500, 31 500, 35 000, 38 000, and 40 000.
Although the slicing direction is different, the bubble is the
same as shown in Figure 6. High concentration, white; low
concentration, black.

form a micellar shape, or it can be transported to outside
the droplet. In the case of a symmetric diblock copoly-
mer this latter option is energetically less favorable at
low concentrations because formation of flat layers is
impossible. This simulation clearly indicates a possible
method to obtain layered structures from reactive
blending processes. The formation of these phases
appears to be very sensitive to the balance between
reactive and diffusive time scales. The proposed mech-
anism indicates that it must be possible to rationally
design a multilayered structure by a delicate balance
of shear, reactions, and microphase separation (e.g.,
higher shear and slightly slower reactions). This will
be the subject of future research.

As a comparison, we have also simulated the dynam-
ics of a homogeneous mixture of 80.5% Ag, 0.5% Bg, and
19% AgBg in a 3D 32 x 32 x 32 box (end concentrations
reactive run) using the same parameters as in the
reactive 3D simulation. Without reactions and without
application of shear, we find that the diblock copolymer
forms simple micelles in the Ag homopolymer matrix in
which the B block is protected from unfavorable contacts
by the A block. We do not observe any formation of
layered structures in this simulation (see Figure 11 and
cf. Figure 6, bottom left).

Figure 8. Detail of Figure 5. Snapshots at the same time
steps as in Figure 7 at a different slicing position in the
simulation box, following the time evolution of a smaller bubble
(densities of pga). High concentration, white; low concentration,
black.

a b c
Figure 9. Proposed mechanism for layered structure forma-
tion. Diblock (dark) is formed at the interface of the homopoly-
mer droplet (light) (a and b). Two mechanisms take place at
the same time (microphase separation and reactions), and
excess diblock is transported to the inside to form a layered
structure instead of a simple micelle (c).

Conclusion

We have shown that a reactive dynamic mean-field
density functional method can give insight by simula-
tion in pathway controlled morphology formation in
irreversibly reacting polymer systems that undergo
simultaneous micro- and/or macrophase separation.
Taking reactive blending as an example, we have shown
that we can reproduce the experimentally found ef-
fectiveness of this type of polymer processing in emul-
sifying incompatible polymers. Within the context of the
model, our results show that reactions are essential in
obtaining a regularly emulsified blend. Moreover, we
show that a rationally designed processing pathway that
includes a delicate balance of shearing, reactions, and
microphase separation can lead to rarely observed
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Figure 10. Three-dimensional simulation of a sheared
(Aty = 0.001) homopolymer blend 90%/10% As/Bs. Isodensity
surfaces at different levels are shown at time step 28 000 of
pna @nd ppe. The elongation of the droplets due to the shear is
clearly visible.

Figure 11. Three-dimensional simulation of a homogeneous
mixture of 80.5% As, 0.5% Bg, and 19% AgBs. Isodensity
surfaces at different levels are shown at time step 4500 of ppa,
pda, and pgs. The density of pga is depicted in the slice for
further clarification. High concentration, white; low concentra-
tion, black.

layered structures, and we propose a physical mecha-
nism for this phenomenon.
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