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Fusion and clustering of spherical micelles by
extruding through a cylindrical channel

Manman Chen,? Xinghua Zhang® and Hui Zhang & *2

Experiments have shown that worm-like cylindrical micelles can be obtained by extruding spherical
micelles through a cylindrical channel. The uniaxial symmetry of the cylindrical confinement can help
fuse the spherical micelles into the cylindrical phase. Here, a theoretical model is proposed to investigate
this fusion transition driven by external pressure in the cylindrical channel. In this model, spherical
micelles are formed by diblock copolymers dissolved in a homopolymer solvent. And the external
pressure is controlled by the average center distance of the neighboring spherical micelles. In addition to
the fusion transition, the addition of the homopolymers leads to a depletion effect induced by the
attraction between adjacent spherical micelles. Thus, spherical micelles in the channel can correlate
together and form a linear cluster. The free energy barrier of fusion and the free energy potential well of
the clustering of spherical micelles are investigated by a numerical computation of the self-consistent
mean field theory. We present a full phase diagram of these transitions depending on the radius of the
channel and the external pressure.

Introduction

Because the blocks of diblock copolymers are interconnected by
chemical bonds, microphase separation occurs when the
temperature is below a critical point. In the molten state, they
can spontaneously assemble into a stable lamellar phase,
hexagonal columnar phase, gyroid phase, and spherical
phase.»” More interestingly, in a selective solvent, block copol-
ymer chains can self-assemble into thermodynamically stable
isolated mesoscopic structures, such as spherical, cylindrical or
stable vesicle micelles.>* The wide applications in catalyst
support and as drug delivery carriers have attracted over-
whelming interest. Generally, these applications and their
performance depend on the structure of the micelles, which can
be changed by adjusting the composition of the block copoly-
mers,*>” solvents,® polymer concentrations,’ temperature,* or
the external fields." The controllable self-assembly and tuning
of the morphology of micelles are the major interests in the
field."”" In particular, cylindrical micelles or worm-like
micelles have attracted great attention. They can be used as
a template for the arrangement of inorganic nanocrystals to
prepare polymer silica and polymer metal oxide nanofibers.* For
sustained drug release, they have been demonstrated to persist
in circulation up to one week after intravenous injection, which
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is approximately 10 times longer than that for the correspond-
ing spherical ones.* The formation of cylindrical micelles has
typically been realized by designing the molecular structures
and varying the molecular weights of the soluble and insoluble
segments."” Moreover, some methods for the preparation of
cylindrical micelles have recently been demonstrated, including
kinetic control and the use of interfacial instabilities.*

Wu et al. demonstrated an efficient method to obtain cylin-
drical micelles by extruding spherical micelles through nano-
pores. In this way, large-scale worm-like cylindrical micelles can
be obtained.* They injected the spherical micelles through
a membrane with an airtight syringe, and many cylindrical
micelles were observed when the micelle solution was extruded
through the membrane. They were entangled together with
lengths up to several micrometers. However, with further
observation, the cylindrical micelles were metastable and broke
into spherical micelles for a period of time after extrusion." In
addition to the polymeric system, a similar flow-induced worm-
like micelle structure was observed in a surfactant system.'®
This method was successfully used to synthesize a Au nano-
particle array in a worm-like micelle.” The method of using
a template to obtain a worm-like micelle without extrusion was
proposed by Russell et al. They introduced polystyrene-b-poly(-
ethylene oxide) (PS-b-PEO) solution into the cylindrical nano-
pores of an AAO template. After solvent evaporation and
selective removal of the AAO template, nanotubes were
prepared due to Rayleigh instability.”® The transition from the
unstable cylindrical micelles formed by diblock copolymers to
nanospheres or complex order structures driven by the Rayleigh
instability were extensively studied in the experiment.”*** In an
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experiment on cold drawing of multimaterial polymeric fibers,
the confinement size kept decreasing and the confined cylin-
drical fiber broke into spheres,* which is a reverse procedure of
that in Wu's experiments.”® The procedure involves a confined
cylinder without the external stress.

The spherical shell, which forms the free energy barrier of
the spherical micelles, prevents micelles from fusing into
cylindrical micelles. In the experiment, the fluid pressure is
used to overcome the barrier between the spherical micelles
and to make spheres fuse together.’* When spherical micelles
are extruded into the channel, the confinement effect of the
channel is a uniaxial constraint that elongates the spherical
micelles and causes them to lose isotropic symmetry. This may
be the reason that the cylindrical confinement promotes the
sphere-to-cylinder morphological transition.

One of the fundamental research interests of controllable
self-assembly is to control the pathways of micelle fusion in an
external field. The kinetic pathways of micelle fusion were
investigated by scattering experiments, and some kinetic
mechanisms were proposed by the experiments.**?***” Quanti-
tative studies on the mechanism of micelle transformation are
especially absent and particularly important. Phase transitions
of confined spherical micelles under extrusion were performed
only by experiments. Theory and simulation were employed to
study the effect of uniaxial confinement on self-assembly
without an external pressure field.”® In this work, we investi-
gate the process of extruding spherical micelles through nano-
pores to form cylindrical micelles (as shown in Fig. 1(a)) by
numerical simulation of a self-consistent mean-field theory.

Model and theory

Here the external pressure-induced fusion transition of spher-
ical micelles in the cylindrical channel is considered. The
external pressure increases the packing density of the spherical
micelles in the channel and provides the driving force to over-
come the free energy barrier of fusion. In the present work, the
packing density characterized by the average center distance
between neighboring spherical micelles, Az, as indicated in
Fig. 2, is considered as the strength of the external field.
Namely, a small Az means high pressure. A numerical simula-
tion of the experimental phenomenon in which spherical
micelles transformed into cylindrical micelles in a cylindrical

(@

Fig.1 Schematic diagram of the extrusion process (a) and the model
(b).
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Fig. 2 The cross-sectional morphologies of cylinder phase and the
sphere phase with average center distance Az = 6 confined in the
cylindrical channel with R = 3.

channel under the pressure of liquid flow is performed to
analyze the evolution of the morphology and free energy of the
micelles. We consider diblock copolymers consisting of two
kinds of monomers, A and B, dissolved in a homopolymer
solvent. For simplicity, the homopolymer solvent also consists
of monomer A. When the copolymer concentration reaches
a critical value, the diblock copolymer chain will spontaneously
assemble into spherical micelles. Because the B blocks are
repulsive to the solvent, the A blocks form the shell of spherical
micelles, and the B blocks constitute the core.>*?° The infinite
length of the cylindrical channel is considered, and the end
effect of the channel is ignored. Although the phenomenon
involves the interaction of a pile of spherical micelles in
a cylindrical channel, it is sufficient to compute the responsive
behavior of the adjacent spheres by virtue of the periodicity.
Moreover, each sphere has mirror symmetry with respect to the
cross-section perpendicular to the z-axis and through the center
of sphere. Therefore, we only consider the fusion of two halves
of the micelles.

We vary Az to simulate the different external field strengths
and compute the free energy of different phases to investigate
the transition from spherical micelles to cylindrical micelles.
Assuming that the system has longitudinal symmetry, we
compute in cylindrical coordinates and only consider the radial
direction r and the axial direction z as shown in Fig. 1(b).
Because of this assumption of the rotational symmetry about
the axis of the channel, only the straight cylinder phase can be
considered in present work. The deformations of the cylinder
for example, buckle or split of the cylinder phase, and the
packing of spherical micelles with longitudinal symmetry in the
channel have not been studied.

Based on the morphology of the cross-section, the density
distribution of different components in the whole section can
be constructed according to the symmetry. Hereafter, for the
clarity of demonstration of the linear packed spherical micelles
in the channel, the morphologies of the corona formed by block
A of four adjacent spheres are presented according to symmetry,
for example the spherical micelles as shown in Fig. 2.

Now, we consider both diblock copolymer chains and
homopolymer chains as soft Gaussian chains, and all chains
consist of N monomers. Block A in the diblock copolymer is
denoted as cA with relative length f = 0.7; block B in the
copolymer is denoted as B. The homopolymer consists of
monomers A and is denoted as hA. The auxiliary field affecting
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species o (a. = cA, B, hA) is noted as w,. The symbol y is used to
denote the Flory-Huggins interaction parameter between the
two monomers A and B. Here, we choose xN = 20. In this
condition, the spherical micelles are stable phase in the bulk
solution.** The micelles are confined in a channel with radius,
R. The incompressibility of the polymer solution is considered.
According to self-consistent mean field theory (SCMFT), the
excluded volume interaction can be converted to the effect
produced by an external field on a single chain. The incom-
pressible assumption is commonly used in the SCMFT of the
polymeric system, which is consistent with the real system. In
present system, the phase behaviors are determined by the
effects from the confinement effect and the external pressure on
the shapes of the micelles. When the compressible effect is
considered, the effect of the confinement and the external
pressure will be weaken and the micelles tend to maintain the
shape as that in the bulk solution.

The density of block o (o = cA, B, hA) is ¢,. g5 (B = A, B), and
qz; are the propagators starting from s = 0 and s = 1. u. is the
chemical potential of the diblock copolymer and £ is a pressure-
like field. The self-consistent field equations can be formulated
in cylindrical coordinates,*

(UA(V,Z) = XNd)B(r’Z) + E(V,Z), (1)
&)B(V,Z) = XN[¢CA(V72) + ¢hA(r7Z)] + f(r,z), (2)
Gea(r,2) + ¢na(r.z) + ¢p(r.z) = 1, (3)

of
(bcA(r:Z) = exp(uc) JO dSl]A(V, Z,8, wA)qL(r,z,f -9, wA)7 (4)

1-f
¢B(r7 Z) = CXp(,LLC) JO dqu(r7 sz)q;;(rvzv 1 _f - A‘), (5)
1

¢hA(r72) = J dSQA(’@Z’sé (A)A)qA(}",Z,l 75;(")/\)' (6)
0

The propagator function satisfies the following modified
diffusion equations (MDEs) in cylindrical coordinates

i) 1 azqa 1 aqzx azqa
2= - - — Wyl 7
a5 6{8;"2 For e W )
The initial conditions are
qs(r.z,0) = 1, (®)
qj\(rvzvo):qB(er’l*f)v (9)
q-]g(rvz>0) :qA(rvz7f)' (10)
Now we add the boundary conditions as
Gole-r=0, (11)
04,
—0z = 0. 12
) =0 (12)
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here, R is the radius of the channel, and Z is the center distance
between two adjacent spheres.

The MDE is a parabolic equation in a two-dimensional
domain. Now, we select the alternating direction implicit
method to solve the equation. The free energy of the system in
cylindrical coordinates is

27t
Gur = - erl‘dZ{XN¢A¢B — wAp) — WpPR}

_exp(“c)QC - Ql’n (13)
where
27'5 5

0.= 7 [rakrz.pdndz, (14)

2w [
O = > J rga(r,z, 1)drdz. (15)

The relative free energy is
AG = GMF - GH; (16)

where Gy is the free energy of the homogenous phase.

Results and discussion

We consider the condition that the bulk solution is at the crit-
ical micelle concentration (CMC), where the free energies, AG,
of the homogeneous phase and the isolated spherical micelle
are equal. We use the morphology of equilibrium spherical
micelles in the cylindrical channel obtained from SCMFT as the
initial condition. The initial density of the spherical micelle
state with an interval of Az = 6 is considered to be the isolated
micelle state, and it has the same free energy as the homoge-
neous phase because of the CMC.

When the channel radius is much larger than that the
spherical micelle radius, for example, R = 3, the confinement
effect can be ignored. For low-pressure conditions, Az = 6, as
shown in Fig. 2(b), the spheres can be considered as isolated
micelles. Their morphology keeps an isotropic shape as in the
bulk solution. For the high-pressure condition, as in the
extrusion process of Wu experiment, the spheres are
compressed. We present four typical morphologies during the
evolution of the spherical micelles in Fig. 3 as the packing
density is increased. For Az = 2.4, the coronas of the spheres
start to contact with their neighbors. For a higher density Az <
2.4, the spheres shrink along the axial direction of the channel.
Their cores are deformed into ellipsoid shapes, and their
coronas overlap with their neighbors. The density of the over-
lapping region between adjacent spherical micelles increases,
which gives rise to the restoring strain to the external pressure
and increases the free energy. These responsive behaviors are
enhanced by increasing the packing density, eg., the
morphologies of Az = 2.0 and Az = 1.8 shown in Fig. 3(c) and
(d), respectively.

The free energy of the corresponding compressing procedure
in a large channel is computed as a function of Az (red curve in

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The cross-section of morphologies of corona of spheres
composed by A block in the channel with radius of R = 3.0 for the
average center distance of spheres (a) Az =2.4, (b) Az=2.2, (c) Az =
2.0, and (d) Az =138.

Fig. 4(a)). When Az > 1, there is no interaction between
adjacent spherical micelles. As the packing density increases,
i.e., Az decreases, the free energy of the spherical micelles
decreases and is lower than that of the homogenous phase. This
means that the spheres attract each other. Comparing the free
energy of the homogenous phase (gray line) and spherical
phase, there is an intersection (denoted as II) between the two
energy curves, as shown in Fig. 4(a), which corresponds to Az =
2.55. For Az > Az, there is an attractive potential well. This

RSC Advances

attraction is due to the depletion effect induced by the homo-
polymer solvent. When the gaps between adjacent spheres are
smaller than the size of the homopolymer, it is difficult for the
homopolymer chains to enter the space between the spherical
micelles. The osmotic pressure difference between the crowded
micelles and the bulk solution provides the effective attractive
potential between neighboring micelles. By virtue of this
attraction, the spherical micelles in the channel are all corre-
lated with their neighbors and tend to form a linear cluster
structure for Az > Azy. In the equilibrium linear cluster, the
optimized interval distance z. between the neighboring micelles
due to the attraction is determined by the minimum of the
potential well. For Az < Azy, the depletion effect induced by the
attraction can be ignored, and the behavior of the system is
mainly from the compression of the spherical micelles, as
shown in Fig. 3. Therefore, Azy; is considered as the boundary
between the linear cluster structure and the compressed
spherical phase.

To determine the bound of the fusion transition of the
spheres, the free energy of the spherical phase depending on
packing density (red curve) is compared with the free energy of
the cylindrical phase (blue line) for R = 3.0 in Fig. 4(a). The
intersection between these two curves (labeled as I) occurs at Az;
= 2.15. For high pressure, Az < Az, the free energy of the
cylindrical phase is lower than that of the spherical phase. The
morphologies of the spherical phase corresponding to the z
before and after the fusion transition point are compared in
Fig. 3(c) and (d). If we reduce the center distance from Az to
Az;, it can be seen that the overlap of the coronas of the adjacent
spherical micelles significantly increases the free energy.
However, it is still lower than that of the cylindrical phase but
higher than that of the homogenous phase. An alternative way is
that blocks A in the corona are pushed to the side of the channel
to decrease the excluded volume interaction in the overlapping
region. The compromise is the extra cost of stretching blocks B
in the core. Therefore, the free energy of the cylindrical phase in
this situation is still higher than that of the homogeneous phase
and the isolated spherical micelles. This free energy cost is the
active energy of the fusion transition between spherical
micelles. In this large channel situation, AG = 0.14 is the height
of the barrier.
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Fig. 4 The free energy AG (red curve) as a function of the average center distance Az for the channel radius R = 3.0 (a), R =1.08 (b) and R =1.0
(c), respectively. The free energy of the cylindrical phase (blue line) and homogeneous phase (grey line) in the corresponding channel with R are

compared with that of the spherical phase as well, respectively.
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When the channel radius decreases, the behavior of the
spherical micelles, i.e., the depletion-induced attractive inter-
action and response to the compression, is similar to that in
a channel with radius of R = 3.0. The cylindrical channel acts as
a template with uniaxial symmetry. This constraint competes
with the original isotropic symmetry of the spherical micelle.
However, the free energy of the cylindrical phase decreases as
the channel narrows. The uniaxial constraint decreases the free
energy cost of the stretching of B block in the core to form the
cylindrical phase. As a consequence, the activation energy of the
spherical phase to the cylindrical phase decreases. For a small
channel size, e.g., R = 1.0 shown in Fig. 4(c), the free energy of
the cylindrical phase is lower than that of the spherical phase
for all packing densities but lower than that of the homogenous
phase. In this situation, the cylindrical phase will be formed
spontaneously without the help of external pressure. This
cylindrical phase is stable in the channel. If the channel is
etched, the cylindrical micelles in bulk solution will be
unstable, and the Rayleigh instability will drive the cylindrical
micelles to break into spheres. This mechanism is used to
synthesize spherical micelles from cylindrical micelles in
experiments.*"*

Because the free energy of the cylindrical phase can be tuned
continuously by varying the size of the channel, under the
channel condition with some moderate radius, the free energy
line of the cylindrical phase will have two intersections with the
potential well on the free energy curve of the spherical phase.
For example, with R = 1.08 as shown in Fig. 4(b), the two
intersections are located Az; = 2.55 and Az = 3.5. The free
energy of the cylindrical phase is less than that of the spherical
phase with center distances Az > 3.5 and Az < 2.55. Thus, the
cylindrical micelle is more stable than the homogenous phase.
However, for the average center distance Az € [2.55, 3.5], the
linear clustered micelle phase is stable due to the depletion
effect. Since the cylindrical phase is more stable than the
spherical phase for both isolated and dense packing conditions,
the spherical micelles fuse into a cylindrical micelle after they
are just extruded into the channel. After a sufficiently long time,
the cylindrical micelle will break into spherical micelles and
form linear clusters spontaneously, since the clustered micelles
are more stable than cylindrical micelles. This is the Rayleigh
instability effect in a confined system under the external field.

To obtain the phase behavior of confined spherical micelles
under fluid pressure, SCMFT equations with different channel
radii are computed, and the transition points Az are determined
according to the method mentioned above. In this phase
diagram, Az ' is used to characterize the strength of the
external field. The phase bound between the compressed
spherical micelles and the cylindrical micelles, as well as the
clustered and compressed spherical micelles are described by
Az as a function of the channel radius R, as shown in Fig. 5. For
the large channel radius situation, e.g. R > 2.0, the phase bounds
are almost unchanged with the decrease in the channel radius.
In this region, the uniaxial template effect of the channel is too
weak to affect the free energy barrier of the fusion between
different micelles. In the region of 1.12 < R < 2, the bound of the
center distance Az between the compressed spherical and
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Fig. 5 Phase diagram of micelles in the cylindrical channel depending
on the packing density Az~* and the radius, R, of the channel. The blue
dots indicate the reentrant region of the spherical phase.

cylindrical micelles varies remarkably with R. Namely, as the
radius of the channel is comparable to that of the micelle size,
the constraint starts to decrease the free energy cost of forming
the cylindrical micelle. As a consequence, a lower external field
strength is needed for the compressed spherical micelles to
overcome the free energy barrier to fuse into the cylindrical
micelles. The bound between the cluster and compressed
sphere is almost unchanged, except for the case 1.05 <R < 1.12,
where it decreases slightly. This indicates that the confinement
constraint mainly affects the free energy of the cylindrical
micelle and has little effect on the spherical micelle. There is
a triple-phase point R* = 1.12, which is the intersection between
the bounds of the cylinder/cluster, compressed sphere/cluster,
and cylinder/compressed sphere. For the CMC condition, it is
determined by the radius at which the cylindrical micelle and
the homogeneous phase have the same free energy. When the
channel radius R € (1.05, 1.12), there are two bounds of the
center distance between the clustered and cylindrical micelles
for a given R. Although the cylindrical phase is stable, the
sphere cluster phase will reform due to the effect of the Rayleigh
instability. When the radius of the channel is less than 1.05,
cylindrical micelles are stable, and the effect of the uniaxial
constraint of the channel dominates the phase behavior. The
cylindrical phase can be formed spontaneously once the solu-
tion is extruded into the channel.

Under low external pressure, the spheres confined in the
channel are correlated with each other by the depletion effect
and form a linear chain. Although the formation of clusters of
spheres is due to the addition of the homopolymer solvent and
has not been observed in experiments, it is interesting to study
the structure of the linear sphere cluster. The morphologies of
two typical sphere clusters are shown in the insets of Fig. 6,
corresponding to the large channel (R = 1.08) and the small
channel (R = 2.4) conditions. For the large channel, the
spherical micelles maintain their shape. The homopolymer
chains are depleted from the interval region between the adja-
cent spheres. The confinement of the channel has little effect on
the structure of the cluster. For the small channel, the shells of
the spheres are deformed significantly to a cylindrical rod, while
the cores still maintain a spherical shape.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The average center distance of the adjacent clustered micelles
in equilibrium linear cluster structure Az, as a function of the channel
radius R. Insets are the morphologies of linear clusters for R = 2.4 and
R =1.08.

The average center distance Az, of the adjacent clustered
micelles characterizes the equilibrium structure of the
linear cluster of spheres. It is determined by the minimum
of the free energy curve. Fig. 6 shows that Az, depends on the
radius of the channel, R. Az, is almost invariant for R > 2.3
where the confinement of the channel can be ignored. For R
< 2.3, the channel starts to affect the volume between the
adjacent spheres and accordingly affect the entry of the
homopolymers. As R decreases, this volume continues to
decrease, and then the osmotic pressure difference induced
by the depletion effect is enhanced. As a consequence, Az,
reduces, when R decreases from 2.3 to 1.5. Namely, the
equilibrium structure of the sphere cluster becomes denser
as the radius of the cylinder decreases. However, when R <
1.5, the spherical micelles in the cluster contact the channel
and their become a short cylindrical rod, e.g., for R =1.08 as
shown in the inset of Fig. 6. The volume between the adja-
cent micelles is almost unchanged for R € [1.2, 1.5]. As R
further decreases, the core of the micelle becomes ellip-
soidal in shape in the reentry region, and correspondingly,
the average center distance Az, decreases dramatically.

Summary

In this work, spherical micelles formed by diblock copolymers
in a homopolymer solvent extruded through a cylindrical
channel are studied theoretically by solving SCMFT equations.
In the extrusion process, spherical micelles can fuse and
become cylindrical micelles driven by external pressure. The
result shows that the uniaxial confinement decreases the free
energy cost of forming the cylindrical micelle, which decreases
the energy barrier of fusion. In addition to fusion, a linear
cluster of spheres can be formed by the depletion effect induced
by the attractive interaction between adjacent spherical
micelles. The phase diagram of the fusion and clustering tran-
sitions depends on the external pressure and confinement size.
Moreover, the structure of the linear cluster of spheres depends

This journal is © The Royal Society of Chemistry 2019
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on the radius of the channel and the possible mechanism is
discussed.
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