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Morphologies of multicompartment micelles formed by triblock copolymers
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Multicompartment micelles are desirable for advanced applications such as drug delivery. Recently,
core-shell-corona (CSC) and segmented-worm (SW) micelles formed by ABC triblock terpolymers
with three mutually immiscible blocks are observed in experiments. We have performed dissipative
particle dynamics simulations to study the effects of molecular architecture, block length, and
solution concentration on the morphologies of ABC triblock terpolymers. The formation of CSC and
SW micelles for linear and miktoarm star ABC terpolymers is confirmed in this work. In addition,
we predict that different multicompartment micellar morphologies (e.g., incomplete skin-layered
micelles and segmented worms) can be formed by linear copolymer with different arrangements of
the three blocks. © 2006 American Institute of Physics. [DOI: 10.1063/1.2390716]

I. INTRODUCTION

The self-assembly of block copolymers in a selective
solvent is of fundamental interest' and offers tremendous
promise for advanced applications, such as nanomaterial
synthesis, potential delivery vehicles for pharmaceuticals,
and gene therapy agent. Despite the particular morphology
(e.g., spheres, cylinders, and vesicles), those aggregates gen-
erally consist of two compartments: the micellar core and the
micellar corona. However, the formation of multicompart-
ment micelles is desirable.” The complex systems consisting
of several compartments of different characters are ubiqui-
tous in the living nature. For example, a single cell contain-
ing many different units to perform distinct biological func-
tions is the quintessential example. In a multicompartment
micelle, two or more active but incompatible agents could be
stored in distinct nanodomains and then delivered to the
same place at the same time for drug delivery applications.3

It is appealing to study whether rather simple multiblock
copolymer architectures can be designed to create structures
within structures.®® Since aggregates formed by amphiphilic
AB diblock or ABA triblock copolymers provide only two
compartments, ABC triblock polymer with three mutually
immiscible blocks can serve as a minimal model system to
form several compartments in one micelle. For example, A is
hydrophobic block based on fluorocarbons, B is a hydropho-
bic block based on hydrocarbons, and C is a hydrophilic
block. The structured micelles are possibly formed as assem-
blies in which separate A and B core domains exist within a
solvated C corona.’ Recently, some progresses toward this
goal have been reported for linear and star terpolymers. The
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formation of “three-layer” micelles in water by linear ABC
triblocks has been observed. These micelles, referred to as
core-shell-corona (CSC) micelles, include spheres and
disks.*® The subdivision of the micellar interior contains two
concentric nanodomains. On the other hand, depending on
the relative block lengths, miktoarm star ABC terpolymer
can form discrete, multidomain cores or extended,
segmented-worm (SW) structures.>> More recently, the mik-
toarm star terpolymers were found to be able to self-
assemble into forming vesicles with laterally nanostructured
membrane.” The lateral structure consists of approximately
hexagonally packed fluorocarbon channels immersed in a
continuous, two-dimensional hydrocarbon bilayer.

The experimental results demonstrate that there is a large
parameter space (e.g., block lengths, choice of monomers,
and chain architecture) to explore the formation of multi-
compartment micelles with different morphologies. Molecu-
lar simulation is able to provide more microscopic level in-
formation than experiment. Although micellization of block
copolymers has been studied since the 1960s, little simula-
tion work has been done so far on the topics of micelles
formed by copolymers. Also, little is known about their exact
internal structures. Classical molecular dynamics (MD) and
Monte Carlo simulations can only be applied to study sys-
tems at limited length and time scales. However, larger scale
simulation is critical for the investigation of polymeric be-
haviors. The dissipative particle dynamics (DPD) is a meso-
scopic simulation technique which can treat a wider range of
length and time scales compared to atomistic simulations. It
has been successfully used to study morphologies and physi-
cal properties of polymer as well as surfactant solutions. For
example, in a recent work of DPD simulations,10 the method
has been applied to investigate the formation and the rupture
mechanism of vesicles (polymersomes) formed by the block

© 2006 American Institute of Physics

Downloaded 24 Nov 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.2390716
http://dx.doi.org/10.1063/1.2390716

194903-2 Chou, Tsao, and Sheng

copolymer. Morphological studies of multicompartment mi-
celles are of great importance to complement experimental
observations and advanced biomedical applications. In this
work we perform DPD to explore the morphologies of mul-
ticompartment micelles formed by ABC terpolymers in aque-
ous solutions. The effects of molecular architecture, block
length, and polymer concentration on the morphologies are
examined.

Il. MODEL AND SIMULATION METHODS

The DPD method, introduced by Hoogerbrugge and
Koelman in 1992,ll is a particle-based, mesoscale simulation
technique. This method combines some of the detailed de-
scription of the MD but allows the simulation of hydrody-
namic behavior in much larger, complex systems, up to the
microsecond range. Like MD, the DPD particles obey New-
ton’s equation of motion,

dr,_ v,

=V, =fi’ 1
" ar W

where f; denotes the total forces acting on particle i. In the
system, there are four different species of DPD particles,
including solvent (S), highly hydrophobic particle (A), hy-
drophobic particle (B), and hydrophilic particle (C).

The force is composed of three different pairwise-
additive forces: conservative (F€), dissipative (F”), and ran-
dom forces (FF),

f;= > (FG+F+Ff). 2)
j#i
These forces conserve net momentum and all acts along the

line joining the two particles. The conservative force F¢ for
nonbonded beads is a soft-repulsive force,

FC— ai(1=rypt;, r;<l1
Y 0, r['j> 1,

3)

where a;; is a maximum repulsion between particles i and j
and r;; is the magnitude of the bead-bead vector. F;; is the
unit vector joining beads i and j. The dissipative or drag
force has the form

FD == ywP(r) (8- vk, 4)
where v;;=v;,~v; and wP is a r-dependent weight function.
The form is chosen to conserve the total momentum of each
pair of particles, and therefore the total momentum of the
system is conserved. The dissipative force acts to reduce the
relative momentum between particles i and j, while random

force is to impel energy into the system. The random force
also acts between all pairs of particles as

R ~
F;;= O’WR("ij) 0;% (5)

where wF is also a r-dependent weight function and 0, is a
randomly fluctuating variable with Gaussian statistics,

(0;()=0, (0,(1) 6,(t")) = (60 + 6;03) 8t —1"). (6)

Note that in Brownian dynamics white noise is added to the
equation of motion for each particle independently. However,
in DPD simulation, the random force is acting along the line
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of center of each pair of beads, and therefore conserves the
total momentum even it puts in energy to the system. Es-
pafiol and Warren'? have shown that in order to satisfy the
fluctuation-dissipation theorem and for the system to evolve
to a steady state that corresponds to the Gibbs canonical
ensemble, only one of the two weight functions can be cho-
sen arbitrarily and this choice fixes the other weight function.
There is also a relation between the amplitudes (o and y) and
kgT. Therefore,

wP(r) = [wk(r) P,

(7)
0% = 2vkyT.
According to Groot and Warlren,13 we choose
(1-r? r<l1
D R(\T2
— — 8
W) = [ ()] { 0 =1 ®)

For polymer systems, we also have to consider the interac-
tion forces between bonded beads,

c  _ .
Fi,spring - 2 C(rij - req)rij’ (9)
J

where the sum runs over all particles to which particle i is
connected. In this work, we have chosen C=4 and req=0.0.
This choice is only a coarse-graining selection to show the
constraint imposed upon connected beads of a polymeric
chain. This choice of C and rq will not affect the qualitative
behavior of the systems studied in our work.

In DPD simulations, the masses of the beads are set as 1,
therefore the force acting on a bead equals its acceleration.
Also, as we can see, all the forces except for the bonded
spring force come to zero outside a certain cutoff radius r,,
where r.=1 in this work.

In this work, we consider an aqueous solution (W) of
triblock copolymer representing approximately poly(ethyl-
ene oxide) (0), polyethylethylene (E), and poly(perfluoro-
propylene oxide) (F). The triblock copolymer is designated
ABC(a-b-c), where a, b, and ¢ denote the number of DPD
particles associated with A, B, and C blocks, respectively. To
compare with the experimental observation, we investigate
miktoarm star OEF(x-6-7) and linear OEF(x-6-7), where x
varies from 10 to 20.

The interaction parameters chosen are aop=40, apr
=45, app=42.5, apw=25.3, agy=>50, and apy=60. Note that
these interaction parameters (a;;) are not randomly selected.
They are so chosen in an attempt to retain the characteristic
interactions associated with water (W), poly(ethylene oxide)
(0), polyethylethylene (E), and poly(perfluoropropylene ox-
ide) (F). These interaction parameters can be estimated
based on the relationship between a and the Flory-Huggins
parameter ) established by Groot and Warren,"? for density
p=3,

a”=a”+3.497xlj (10)

where a;;=25 leads to the compressibility of water. There-
fore, if species i and j are fairly compatible, x;;=~0 and a;;
~25. As incompatibility between i and j increases, a;; in-
creases. The y parameters for different pair species can be
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FIG. 1. (Color online) (a) Schematic representation of a
miktoarm star OEF. (b) Schematic representation and
simulation morphologies of hamburger micelles formed
by OEF (20-6-7) stars. (c) Segmented-worm and (d)
network formation by segmented worms. O (red), E
(green), and F (blue). For clarity, we remove O blocks
in the snapshots.

(c) (d)

estimated from many sources such as commercially available
software “MATERIALS STUDIO.”'* The X parameter is pro-
vided by performing simulations of molecular fragments re-
taining all atomistic details. For example, x,g value is esti-
mated to be about 1.01, indicating that it is rather
incompatible between monomers of O and E. By grouping
approximately three to five monomers into a DPD bead, xor
increases four times to be about 4.04. As a result, from Eq.
(10), app=40. The incompatibility between O and F is
slightly greater than that of O and E; therefore a,r=45 is
selected. Also, since O is rather hydrophilic, we have chosen
apw=25.3. Polyethylethylene (E), on the other hand, is
known to be quite hydrophobic as yyg is estimated to be
about 2.86. The grouping effects increase the y value and
thus ay;=>50 is used. Also, the F block is more hydrophobic
than the E block, and as a consequence, apy=60 seem to
be a reasonable choice. These parameters reveal the mutual
incompatibility among the OEF three blocks and point out
the fact that O is a hydrophilic block and F block is more
hydrophobic than E block.

On the basis of the algorithm described, the dynamics of
24 000 DPD particles, starting from random distribution, was
simulated in a cubic box (20* or 30%) under periodic bound-
ary conditions. The equation of motion are integrated with a

modified velocity Verlet algorithm13 with A=0.65 and Ar
=0.05. In this work, each simulation takes at least 200 000
steps and the first 80 000 steps are for equilibration. Note
that DPD simulation utilizes soft-repulsive potentials, and
the systems studied are allowed to evolve much faster than
the “brute-force” molecular dynamics. Therefore a typical
DPD simulation needs only about 50 000-100 000 steps to
equilibrate. After that the resulting morphologies are ana-
lyzed. The simulation is performed by using a serial FOR-
TRAN code on a personal computer (PC) with CPU of Pen-
tium d-930. It takes about 72 h of CPU time for a given
simulation run with box size equal to 30.

lll. RESULTS AND DISCUSSION

Multicompartment micelles have been experimentally
observed in dilute triblock copolymer solutions. Based on the
fitting of the scattering analyses, such as small-angle X-ray
and neutron scatterings, and observation with transmission
electron microscopy (TEM),*® structured micelles such as
core/shell/corona and segmented-worm morphologies are in-
ferred. Molecular simulation is an alternative approach to
gain more direct and microscopic level information than ex-
periments. The building of mesoscale micellar solutions with
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the use of classical molecular dynamics at atomic resolution
is a challenge at present, owing to the length and time scales
at which these phenomena can occur. However, mesoscale
simulations such as dissipative particle dynamics can treat a
wide range of length and time scales by many orders of
magnitude compared to atomistic simulations. In this paper,
DPD is performed to explore the morphologies of structured
micelles formed by ABC triblock terpolymer with three mu-
tually immiscible blocks, including miktoarm star and linear
architectures.

It was experimentally reported that miktoarm star ter-
polymers OEF, as schematically illustrated in Fig. 1(a), can
form “hamburger” micelles and “segmented-worm” micelles
by varying the length of hydrophilic block (O). Those struc-
tured micelles are also observed by DPD recently for star
copolymer of relatively short block lengths OEF (x-4-2)
with the volume fraction at 0.1." In their study, the repulsive
interactions between F block and others are very strong, i.e.,
awr=120, agr=75, and apr=90. In the current study, we
examine the structure of the micelle formed by star copoly-
mer OEF (x-6-7) of comparatively long block lengths but
with weaker repulsions for ayp, where X=0, E, or W. This
choice allows the formation of micelles with large enough
hydrophobic domains that can be clearly identified. We focus
on the effect of the copolymer concentration on the micellar
structures in addition to varying the length of the O block.

For the miktoarm star with a fixed length of O block,
i.e., OEF (20-6-7), both discrete hamburger micelles [Fig.
1(b)] and segmented-worm micelles [Fig. 1(c)] can be ob-
served depending on the polymer concentration. The discrete
micelle is formed at very low concentration and consists of a
F core, surrounded by a few E nanodomains. In general, two
E nanodomains are found on top and bottom of the F core to
form EFE hamburger micelles [Fig. 1(b)]. The O blocks
emanate from the E-F interface and curl around to protect
the hydrophobic core. As polymeric concentration increases,
elongated, wormlike structures emerge [Fig. 1(c)]. The
worms are layered with alternating sections of F and E
blocks along the long axis. The O coronas are shared by E
and F layers to shield them from the highly unfavorable
exposure to water. The segmented-worm micelle is always
formed for star (x-6-7) as long as the polymer concentration
is high enough. The onset concentration for the formation of
segmented-worm micelles is increased with the hydrophilic
O block length. When the hydrophilic O block is large
(x=20), the O block screen the hydrophobic core effectively
and the hamburger micelles can survive at higher concentra-
tion. On the other hand, for stars with shorter O blocks
(x=10), segmented worms form at a much lower concentra-
tion. This is because by forming into segmented worms can
the hydrophobic blocks (E and F) be able to share their O
coronas and avoid direct contact with the solvents. When the
concentration is even higher, the segmented micelles may
join together to form segmented network, as illustrated in
Fig. 1(d).

Our simulation results indicate that OEF star copolymer
with a given composition (i.e., the length of each individual
block is fixed) may form different micellar morphologies by
varying the polymer concentration. Altering the copolymer
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FIG. 2. (Color online) (a) Schematic representation of a linear triblock
copolymer OEF. (b) Simulation results of micelles formed by linear OEF
(20-6-7). For clarity, we remove O blocks in the snapshots. (c) Morphology
of a single core/shell/corona micelle formed by linear OEF (20-6-7).

composition just influences the onset concentration associ-
ated with a particular morphology. It should be emphasized
that the change of the micellar morphology by varying poly-
mer concentration is not like the first-order transition at all.
We often observe micelles with different morphologies coex-
isting at a given polymer concentration. For example, both
hamburger and segmented-worm micelles are observed in
Fig. 1(c). However, the ratio of the two different micellar
species will gradually change with the concentration. This
simulation result is consistent with experimental
observation.”” As shown in cryo-TEM images for miktoarm
star, different micellar morphologies (hamburger and seg-
mented worm) can coexist. If one regards a hamburger mi-
celle as the elementary unit of a segmented-worm micelle,
then only one type of micelle exists in the solution but with
a very wide size distribution (large polydispersity). Never-
theless, the size distribution will vary with polymer concen-
tration. Since the crossover between different micellar mor-
phologies is not a discontinuous phase transition, a
conventional phase diagram cannot be defined simply. In
general, Figs. 1(b)-1(d) illustrate the morphology of mik-
toarm star changes mainly from hamburger, segmented-
worm micelle, to segmented-worm network as the copoly-
mer concentration is increased.

In addition to miktoarm star, various morphologies of
multicompartment micelles can be disclosed by linear tri-
block copolymers with different arrangements of the three
blocks, OEF, OFE, and EOF. The schematic representations
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FIG. 3. (Color online) (a) Schematic representation of a linear triblock
copolymer OFE. (b) Schematic representation and simulation morphology
of the incomplete skin-layered micelles formed by linear OFE (10-7-6) and
(c) schematic representation and simulation morphology of the bicore mi-
celles formed by linear OFE (20-7-6). (d) Schematic representation and
simulation morphology of the hamburger micelles formed by linear OFE
(10-7-6) at high concentration.

of linear OEF, OFE, and EOF are shown in Figs. 2(a), 3(a),
and 4(a), respectively. For linear OEF (x-6-7) triblocks, the
core-shell-corona structure can be evidently identified with
the F core, E shell, and O corona, as shown in Figs. 2(b) and
2(c). In the experimental works,*® the morphology of sphere
or ellipsoid has been observed by TEM or atomic force mi-
croscopy for linear triblock copolymer, e.g., poly(ethylene
oxide)-b-poly(styrene)-b-1,2-poly(butadiene):CcF 5I. Owing
to the mutual immiscibility among the three blocks, it is
inferred that the multilayer CSC micelles are formed. In our
simulations, we directly observe this CSC morphology,
which is consistent with the experimental findings. Nonethe-
less, the spread of the E blocks on the surface of the F core
is not uniform. This result is mainly due to the mutual in-
compatibility between E and F. The competition between
energetic and entropic effects leads to a partial spread of the
E blocks around F cores. This outcome is, in fact, energeti-
cally favorable as long as ag is comparable with a,r and
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FIG. 4. (Color online) (a) Schematic representation of a linear triblock
copolymer EOF. (b) Schematic representation and simulation morphologies
of micelles formed by (a) linear EOF (6-20-7) and (c) linear EOF (6-10-7).
For clarity, we remove O blocks in the snapshots.

the O blocks can serve as a shielding layer preventing the E
and F blocks from interacting with water. In general, the
aggregation number of the CSC micelle declines as the
length of O block (x-6-7) is increased.

It is interesting to find that rather different morphologies
can be observed by changing the arrangement of the O, E,
and F blocks even for the same composition in a triblock
copolymer. For linear OFE (x-7-6) with shorter O blocks,
the E blocks form a core that is surrounded by an incomplete
skin layer of the F block, as illustrated in Fig. 3(b). Since the
O blocks protect mainly the F skin, part of the E core is
exposed to water. However, when the O block is long enough
to curl around to shield the E domain, the core consists of
two separate but adjacent domains (E and F), as depicted in
Fig. 3(c). When the polymer concentration is high enough,
the hamburger micelle (F-E-F) can be formed by merging
two F skin layer micelles [Fig. 3(d)]. Its formation can di-
minish the exposure of the E core of the skin layer micelle to
water. Nonetheless, the segmented-worm micelle is never
observed. The current experimental approaches might be dif-
ficult to identify those micellar morphologies undoubtedly.

Finally, a possible architecture can be obtained by plac-
ing the solvophilic O block in the middle of the linear
triblock copolymer, that is the linear EOF. For linear EOF
(6-x-7) with longer O blocks, a micelle with two neighboring
E and F layers is shielded by the O loops, as shown in Fig.
4(b). However, when the O block is too short, only the com-
bination of several two-layer micelles can the solvophobic E
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TABLE I. Summary of the morphologies of micelles observed from the
dilute solutions of linear triblock copolymers with various architectures.

Architecture Morphology
OEF Core/shell/corona
OFE Short O Incomplete skin-layered micelle
Long O Bicore micelle
EOF Short O Segmented-worm micelle
Long O Bilayer Micelle

and F blocks receive enough protection by the O blocks.
Consequently, segmented-worm micelles are formed, as
shown in Fig. 4(c). Note that there is a difference between
the segmented-worm structures formed from the miktoarm
star and linear EOF triblock copolymers. The solvophobic O
blocks for the segmented-worm micelles of the miktoarm
star have free ends, and these ends spread out freely into the
solvents. However, the ends of the solvophobic O blocks for
the segmented-worm micelles formed by linear EOFs are
connected to E and F blocks. Therefore the corona is not as
expansive. A summary of the morphologies observed for lin-
ear triblock copolymers with different arrangements of the
three blocks is presented in Table I.

In summary, copolymers with three chemically distinct
blocks are able to form various multicompartment micelles.
We have performed dissipative particle dynamics simulations
to investigate the effects of molecular architecture, block
length, and solution concentration on the morphologies of
ABC triblock copolymers. The complex structures within the
multidomain micelles are examined. In this work, we have
observed the segmented-worm and hamburger micelles for
miktoarm star and the core-shell-corona micelle for linear
copolymer, which were reported based on experimental
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observation.**® In addition, we predict the existence of other

different morphologies, which can be formed by linear co-
polymers with different arrangements of the three blocks.
Our simulation results indicate that mesoscale dissipative
particle dynamics simulation is a powerful tool to explore the
morphologies associated with self-assembled aggregates of
copolymers and thus can potentially be used to design novel
multicompartment micelles.

ACKNOWLEDGMENTS

This research is supported by National Science Council
of Taiwan. Computing time provided by the National Center
for High-Performance Computing of Taiwan is gratefully
acknowledged.

" w. Hamley, The Physics of Block Copolymers (Oxford University
Press, Oxford, 1998).

ZA. Laschewsky, Curr. Opin. Colloid Interface Sci. 8, 274 (2003).

37. Li, E. Kesselman, Y. Talmon, M. Hillmyer, and T. P. Lodge, Science
306, 98 (2004).

47. Zhou, Z. Li, Y. Ren, M. A. Hillmyer, and T. P. Lodge, J. Am. Chem.
Soc. 125, 10182 (2003).

ST P. Lodge, A. Rasdal, Z. Li, and M. A. Hillmyer, J. Am. Chem. Soc.
127, 17608 (2005).

7. Li, M. A. Hillmyer, and T. P. Lodge, Macromolecules 39, 765 (2006).

M. A. Hillmyer and T. P. Lodge, J. Polym. Sci., Part A: Polym. Chem.
40, 1 (2002).

8J-F. Gohy, N. Willet, S. Varshney, J.-X. Zhang, and R. Jérome, Angew.
Chem., Int. Ed. 40, 3214 (2001).

°7. Li, M. A. Hillmyer, and T. P. Lodge, Nano Lett. 6, 1245 (2006).

10y, Ortiz, S. O. Nielsen, D. E. Discher, M. L. Klein, R. Lipowsky, and J.
Shillcock, J. Phys. Chem. B 109, 17708 (2005).

p 7. Hoogerbrugge and J. M. V. A. Koelman, Europhys. Lett. 19, 155
(1992).

"2p, Espafiol and P. B. Warren, Europhys. Lett. 30, 191 (1995).

BR. D. Groot and P. B. Warren, J. Chem. Phys. 107, 4423 (1997).

14 MATERIALS STUDIO, a software developed by Accelrys Software Inc.

13]. Xia and C. Zhong, Macromol. Rapid Commun. 27, 1110 (2006).

Downloaded 24 Nov 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



