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The ability of multiblock ABC terpolymers to self-assemble into multicompartment micelles in an A-

selective solvent is of great current interest. We have used dissipative particle dynamics (DPD) to

explore the morphologies adopted by a particular block terpolymer architecture, A2-star-(B-alt-C),

where the two A blocks form the micelle corona and the alternating B and C blocks segregate within the

core. Parameters of interest include the strength of the pairwise interactions among A, B, and C, the

relative length of the A blocks compared to B + C, and the relative selectivity of the solvent towards B

and C. A rich suite of structures are observed, including those with either spherical or wormlike cores,

and with internally segregated B and C domains. Within the spherical micelle family, the B and C

domains adopt various packings, including concentric layers, the ‘‘hamburger’’ motif (B–C–B layers

and C–B–C layers), and a bicontinuous network. For wormlike micelles, the B and C domains are

arranged as stacked alternating disks, or as intertwined helices. The choice of morphology is

rationalized in terms of the relative block volume fractions and interaction energies. The DPD

algorithm is a promising approach to screen ABC terpolymer architectures for the ability to produce

potentially useful hierarchical structures.
1. Introduction

With advances in synthetic techniques, many copolymers with

more complex molecular architectures or with more than two

types of monomers have been successfully formulated. This

development opens vast opportunities for a rich variety of more

sophisticated morphologies with self-assembly on multiple

length scales. The unique character of such hierarchical struc-

tures offers new material properties and thus novel technologies

and applications.1–4 Recently, interest has grown in a class of

copolymers containing one or two long end-blocks and multiple

short mid-blocks.5–16

It has been shown that they can form a series of hierarchical

structure-within-structure morphologies. For example, Mat-

sushita et al. synthesized an undecablock terpolymer consisting

of two long poly(2-vinylpyridine) end-blocks and short poly-

styrene–polyisoprene alternating middle-blocks, and observed

the formation of spheres-within-lamellae, cylinders-within-

lamellae, lamellae-within-lamellae, coaxial cylinders, and

concentric spheres.7 This series of hierarchical structures as

a function of composition has also been reported theoretically in

our recent work by employing dissipative particle dynamics
aInstitute of Polymer Science and Engineering, National Taiwan
University, Taipei, 106, Taiwan. E-mail: chingih@ntu.edu.tw
bDepartment of Chemistry and Department of Chemical Engineering and
Materials Science, University of Minnesota, Minneapolis, Minnesota,
55455-0431, USA. E-mail: lodge@umn.edu

5638 | Soft Matter, 2011, 7, 5638–5647
(DPD) to simulate the self-assembling behavior.13 In particular,

we chose A2-star-(B-alt-C) molecules, in which multiple short B

and C alternating blocks are linked to the middle of a long A-

block, instead of the end of A-block (referred as A-block-(B-alt-

C)), as shown in Fig. 1. This architectural choice is motivated by

the fact that the simulation box and time can be reduced. Despite

this difference of molecular architecture between the simulated

A2-star-(B-alt-C) and experimental A-block-(B-alt-C) or A-

block-(B-alt-C)-block-A, they are expected to exhibit similar

phase behavior. Indeed, both AB linear and A2B star copolymers

also exhibit similar morphology patterns.17,18 Recently, Zhang

et al. employed the real-space self-consistent mean-field theory to

investigate the self-assembled microstructures formed by A-

block-(B-alt-C) copolymers.16 They obtained similar types of

parallel packed hierarchical structure-within-structures for most
Fig. 1 A schematic plot of the model A2-star-(B-alt-C) molecules.
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interaction parameters between components i and j, cij; one

exception is when cBC [ cAB > cAC, the multiblock copolymers

form B and C segregated small-length-scale domains perpen-

dicular to the large-length scale domains. Later, we will show

that these perpendicular packed hierarchical microstructures can

be more easily tailored in solution by varying the solvent

selectivity.

In addition to hierarchical structures in bulk, ABC multiblock

terpolymers have been shown to be excellent candidates for

forming multicompartment micelles, in which the two sol-

vophobic blocks (B and C) adopt distinct nanodomains within

the micellar cores, while the solvophilic A chains provide the

stabilizing corona.19–22 Multicompartment micelles, within which

the multiple segregated domains are able to store and deliver two

or more agents simultaneously, have been targeted potentially

for advanced applications in drug delivery and gene therapy.3,4

Linear ABC terpolymers tend to form core–shell–corona

micelles,23–31 but ABC mikto-arm star terpolymers exhibit

a much richer array of structures, due to the architectural

constraint that the A, B, and C domains meet at common curves

in space.21,32–41 Clearly, the parameter space for designing

terpolymers to adopt interesting hierarchical structures is huge,

and thus there is a need for theoretical approaches capable of

exploring ‘‘morphology maps’’ as a function of the molecular

variables.

As demonstrated experimentally and theoretically, A-coil/BC-

alternating multiblock terpolymers exhibit the ability to form

hierarchical structures. In particular, when the fraction of the

BC-blocks is low, they tend to form multiple B and C coaxial

cylinders or concentric spheres in a matrix of the majority A

component. Moreover, the number of small-length-scale B and C

layers increases with the number of alternating B and C short

blocks.6,13,15 In this paper we explore the self-assembling

behavior of coil-alternating multiblock terpolymers into multi-

compartment micelles in the presence of a selective solvent for A.

As a starting point, we choose the previously simulated archi-

tecture of A2-star-(B-alt-C). We employ the dissipative particle

dynamics (DPD) technique42,43 as it has enabled us to reproduce

the various types of hierarchical structures formed experimen-

tally by similar multiblock copolymers.13 Generally, the DPD

method simplifies a long series of molecular groups into a few

bead-and-spring type particles, and therefore it can access

molecular behavior on longer time-scales and larger length-scales

compared with classical molecular dynamics and Monte Carlo

simulations. In particular, we focus on the effects of solvent

selectivity and copolymer composition. To our knowledge, the

effects of solvent addition on the resultant phase behavior of A2-

star-(B-alt-C) molecules have not been addressed yet, either

experimentally or theoretically.
2. DPD simulation method and model parameters

In the DPD simulation,42 the time evolution of motion for a set

of interacting particles is solved by Newton’s equation. For

simplicity, we assume that the masses of all particles are equal to

1. The force acting on the i-th particle ~f i contains three parts:

a conservative force ~FC
ij , a dissipative force ~FD

ij , and a random

force ~FR
ij , i.e.,
This journal is ª The Royal Society of Chemistry 2011
~f i ¼
X
isj

�
~Fij
C þ ~Fij

D þ ~Fij
R
�

(1)

where the sum is over all other particles within a certain cut-off

radius rc. As this short-range cut-off counts only local interac-

tions, rc is usually set to 1 so that all lengths are measured relative

to the particle radius.

The conservative force ~FC
ij is a soft repulsive force given by

F
/

ij
C ¼ �aij

 
1� rij

rc

!
n
/

ij

0

rij\rc
rij$rc

8><
>: (2)

where aij is the repulsive interaction parameter between particles i

and j,~rij ¼~rj �~ri, rij ¼ |~rij|, and ~nij ¼~rij
rij
.

The dissipative force ~FD
ij is a hydrodynamic drag force given by

F
/

ij
D ¼

�
�guD

�
rij
��

n
/

ij v
/

ij

�
n
/

ij rij\rc
0 rij$rc

(3)

where g is a friction coefficient, uD is an r-dependent weight

function vanishing for r $ rc, and~nij ¼~nj �~ni
The random force ~FR

ij corresponds to the thermal noise and has

the form

F
/

ij
R ¼

�
suR

�
rij
�
qij n

/
ij rij\rc

0 rij$rc
(4)

where s is a parameter, uR is a weight function, and qij(t) is

a randomly fluctuating variable. Note that these two forces ~FD
ij

and ~FR
ij also act along the line of centers and conserve linear and

angular momentum. There is an independent random function

for each pair of particles. Also there is a relation between both

constants g and s as follows,43

s2 ¼ 2gkBT (5)

In our simulations, g ¼ 4.5 and the temperature kBT ¼ 1. As

such, s ¼ 3.0 according to eqn (5).

In order for the steady-state solution to the equation of motion

to be the Gibbs ensemble and for the fluctuation–dissipation

theorem to be satisfied, it has been shown that only one of the

two weight functions uD and uR can be chosen arbitrarily,44

uD(r) ¼ [uR(r)]2 (6)

and is usually taken as

uDðrÞ ¼ �uRðrÞ�2¼
�	

1� rij

rc


2

rij\rc

0 rij$rc

(7)

Finally, the spring force ~f S, which acts between the connected

beads in a molecule, has the form of

~f i
S ¼

X
j

C~rij (8)

where C is a harmonic type spring constant for the connecting

pairs of beads in amolecule, and is set equal to 4 (in units ofkBT).
43

Note that a modified version of the velocity-Verlet algorithm is

used here to solve the Newtonian equation of motion45
Soft Matter, 2011, 7, 5638–5647 | 5639
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Fig. 2 Phase diagram of A2-star-(B-alt-C) copolymer with fA ¼ 0.27 and

N ¼ 33 in a selective solvent with aAS ¼ 25, aBS ¼ aCS ¼ 50, and f ¼ 0.13

in terms of the interaction parameters aAB ¼ aAC and aBC. The same

symbols represent similar micellar structures. In each representative

micelle, B and C domains are shown via the green and blue colors,

respectively, and both components of solvophilic A and solvent S are

omitted, for clarity.
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riðtþ DtÞ ¼ riðtÞ þ viðtÞDtþ 1

2
fiðtÞDt2

~viðtþ DtÞ ¼ viðtÞ þ l fiðtÞDt
fiðtþ DtÞ ¼ fi½riðtþ DtÞ; ~viðtþ DtÞ�
viðtþ DtÞ ¼ viðtÞ þ 1

2
Dt½ fiðtÞ þ fiðtþ DtÞ�

(9)

The parameter l is introduced to account for some additional

effects of the stochastic interactions. A detailed investigation of

the effects of l on the steady state temperature has been reported

by Groot and Warren.43 For particle density r ¼ 3 and the

constant s ¼ 3, they found an optimum value of l ¼ 0.65, in

which the temperature control can be significantly maintained

even at a large time step of 0.06. Here, we choose l¼ 0.65 and the

time step Dt ¼ 0.05 according to ref. 43. It should be mentioned

that a few studies pointed out this choice of Dt¼ 0.05 still enables

the systems to artificially experience a significant degree of

thermal fluctuation.46,47 Thus, the simulated patterns may reflect

the effects associated with not only the thermodynamic param-

eters but also some degree of artificially numerical errors.

However, as the time-step is chosen the same throughout the

systems examined here, the induced artificial effects should be the

same. Accordingly, our simulated phase maps of micelle

morphology can still be rationalized qualitatively as a function of

the thermodynamically equilibrium parameters.

The DPD simulations are performed in a cubic box of L3

grids with periodic boundary conditions. The particle density r

is set equal to 3. Hence, the total number of simulated DPD

beads is 3L3. On the basis of the algorithm described above, the

time evolution of motion for these particles starts with an

initially disordered configuration and is simulated within

a cubic box. Each simulation is performed until the structure

remains unchanged with subsequent time steps. In general, the

resultant morphology patterns via DPD depend on the finite

size of the simulation box, as has been reported in other

studies.48–50 In order to exclude the finite size effects, we were

careful to enlarge the simulation box size until the structures

were no longer affected by the simulation box. For our current

model systems examined here, a simulated box size of 30 � 30

� 30 was chosen. Each simulation was performed about

500 000–600 000 steps, which takes about 48 h of CPU time of

Pentium D820.

The model A2-star-(B-alt-C) chain, as displayed in Fig. 1,

consists of n alternating B–C blocks, grafted onto the middle of

the coil A block with 2m + 1 beads. Each B and C alternating

block is represented by q beads. The total number of beads per

chainN is thus equal to (2m + 1) + 2nq. Here, we use two beads to

represent each alternating B and C block (i.e. q ¼ 2) to allow

more conformational freedom of each alternating B and C block.

In simulating the multicompartment micelles formed by the A2-

star-(B-alt-C) molecules in a selective solvent S, we set the total

number of beads per chain N and the copolymer volume fraction

f equal to 33 and 0.13, respectively. The copolymer consists of

a solvophilic A block (aAS ¼ 25) and solvophobic B and C blocks

(aBS and aCS > 25). Since the interaction parameters between the

A-block and the BC-alternating block, that is, aAB and aAC, play

a dominant role in the large length-scale diblock-like segregation,

we assume aAB ¼ aAC to reduce one interaction variable.

Accordingly, the formation of multicompartment micelles is

explored by varying the A composition fA, which is equal to
5640 | Soft Matter, 2011, 7, 5638–5647
(2m + 1)/N, and the interaction parameters of aAB ¼ aAC, aBC,

aBS, and aCS.

The dimensionless interaction parameter (i.e., in terms of kBT)

between like particles was set at aii¼ 25 for the particle density r¼
3, following of Groot and Warren.43 The interaction parameter

between different components i and j can be estimated by the

following relationship between aij and the Flory–Huggins inter-

action parameter cij derived by Groot and Warren43 for r ¼ 3,

aij(T) ¼ aii + 3.497cij(T); i,j ¼ A, B, and C (10)

Therefore, any value of aij # 25 corresponds to cij # 0, which

indicates that components i and j are very miscible. As the

incompatibility between i and j increases, aij increases from 25. It

should be noted that as the simulated chains via DPD are short,

one has to consider the fluctuation effects associated with a finite

chain in order to map out the relationship between the effective

cij and aij. For example, when simulating the phase behavior of

linear AB diblock copolymers via DPD, Groot et al. have

quantitatively matched the phase diagrams between the DPD

simulation and SCMF theory by applying the following

equation,51

ðcABNÞeff¼
cABN

1þ 3:9N�0:51
(11)

which was first derived by Fredrickson and Helfand.52 Though

our simulated molecular architecture is different, it is still a good

starting point to estimate the effective cN value for a given a. In

our work, when considering the large-length-scale segregation

between the solvophilic A and the solvophobic B and C, a typical

value of interaction parameter, aAB ¼ aAC ¼ 50, for a copolymer

chain N ¼ 33, corresponds to (cN)eff ¼ 142, indicating a very

strong segregation of the copolymer itself. When considering the

small-length-scale segregation between B and C, we set each B

and C block has only 2 beads and thus N ¼ NB + NC ¼ 4. The

value of aBC¼ 30–120 corresponds to (cN)eff¼ 2–37. Later in the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Morphological variation of A2-star-(B-alt-C) copolymer solutions when fA ¼ 0.27, N ¼ 33, aAS ¼ 25, aBS ¼ aCS ¼ 50, and f ¼ 0.13, with (a)

aAB ¼ aAC when aBC ¼ 30, and (b) aBC when aAB ¼ aAC ¼ 90. The red, green, and blue colors represent A, B, and C, respectively. Solvent S is omitted

here for clarity.
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Results and discussion, it is reasonable to observe a series of

transition from a miscible state of B and C (aBC ¼ 30, i.e.,

(cN)eff ¼ 2) to partially segregated B-rich and C-rich domains

(aBC ¼ 50–70, i.e., (cN)eff ¼ 10–17) and then to well segregated B

and C layers (aBC S 90, i.e., (cN)eff S 25).
3. Results and discussion

In this section, we first discuss the situation where the solvent S is

neutral to both solvophobic blocks B and C (aBS¼ aCS), and then

extend to the more general case with differing degrees of solvent

phobicity (aBS s aCS).
Fig. 4 Phase diagram of A2-star-(B-alt-C) copolymer solutions in terms

of the interaction parameter aBC and the A composition fA when N ¼ 33,

aAB ¼ aAC ¼ 50, aAS ¼ 25, aBS ¼ aCS ¼ 50, and f ¼ 0.13. The same

symbols represent similar micellar structures. In each representative

micelle, B and C domains are shown via the green and blue colors,

respectively, and both A and S are omitted, for clarity.
Symmetric interaction parameters of aBS ¼ aCS

We first choose fA¼ 0.27,N¼ 33 (the number of alternating B–C

blocks, n ¼ 6) f ¼ 0.13, aAS ¼ 25, aBS ¼ aCS ¼ 50, and construct

the corresponding morphology map in terms of aAB ¼ aAC and

aBC in Fig. 2. At a fixed value of aBC, we observe that varying

aAB ¼ aAC has little effect on the structure of the formed micelles.

A typical morphology variation with aAB ¼ aAC is illustrated in

Fig. 3a, for aBC is fixed at 30. In this case, even when aAB ¼ aAC

decreases to a low value of 30, the formed micelles are still BC-

miscible spheres. However, with decreasing incompatibility

between solvophilic A and solvophobic B and C components,

these solvophilic A blocks tend to mix with BC-alternating

blocks. Thus, larger spherical micelles can be formed as aAB ¼
aAC decreases. When aBC increases one expects a more obvious

small-length-scale segregation between B and C blocks within the

spheres, as shown in Fig. 3b where we display the micellar

patterns at aAB ¼ aAC ¼ 90. Moreover, when aBC increases to
This journal is ª The Royal Society of Chemistry 2011
a large value of 120, a larger-length-scale transition from B and C

segmented spheres to worm-like micelles is observed. This is also

not surprising since when aBC increases, the BC-alternating
Soft Matter, 2011, 7, 5638–5647 | 5641
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chains would rather stretch more to form more B and C segre-

gated layers with micelles in order to reduce the contacts between

B and C.

As demonstrated above, varying the incompatibility degree

between B and C, aBC, not only affects the formation of small-

length-scale segregation between B and C but also the large-

length-scale micelle geometry, whereas varying aAB ¼ aAC does

not. Similarly, varying the number of B and C alternating blocks

or composition fA also has a great influence on the topology of

the overall shape of micelles. In order to illustrate this effect

associated with fA or n, we fix the value of N ¼ 33, aAS ¼ 25,
Fig. 5 Simulated morphology patterns as a function of fA when aBC ¼ (a) 70,

those in Fig. 4. The red, green, and blue colors represent A, B, and C, respectiv

fitted very well by the helical curves, which are shown as the solid lines, with

5642 | Soft Matter, 2011, 7, 5638–5647
aBS¼ aCS¼ 50, aAB¼ aAC¼ 50, and construct the corresponding

phase diagram in terms of fA and aBC, as shown in Fig. 4. In

addition, Fig. 5a–c displays some of the simulated morphologies

as a function of fA when aBC ¼ 70, 120, and 90, respectively.

When aBC is not large enough to ensure that the two solvophobic

blocks of B and C are well segregated, only spherical micelles are

observed in this wide range of fA ¼ 0.27–0.76 (n varies from 6

to 2), as displayed in Fig. 5a for aBC ¼ 70. Once aBC increases

significantly (aBC > 70), the fact that B and C are well segregated

within micelles enables the formation of various micelle patterns

induced by varying the composition fA. For example, when
(b) 120, and (c) 90, respectively. All the other parameters are the same as

ely. Solvent S is omitted here for clarity. In (c), both B and C domains are

pitch and radius equal to 3.8 and 3.0 (grid size), respectively.

This journal is ª The Royal Society of Chemistry 2011
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aBC ¼ 120 (Fig. 5b), a series of transitions from BC-segmented

worm-like micelles (fA ¼ 0.27, n ¼ 6)/ BC-segmented spherical

micelles (fA ¼ 0.3–0.5, n ¼ 5–4) / B–C–B hamburger micelles

(fA ¼ 0.6–0.8, n ¼ 3–2) occurs with an increase in fA. This is

reasonable since the number of BC-alternating blocks decreases

with increasing fA, and the number of the B and C segregated

layers formed within micellar domains decreases, and thus we

observe a variation of the micelle type from worm-like /

spherical / hamburger micelles. However, it is interesting to

note that when aBC decreases to 90, as shown in Fig. 5c, in

addition to the BC-segmented spherical micelles (fA ¼ 0.2–0.4)

and B–C–B hamburger micelles (fA ¼ 0.7–0.8), these molecules

tend to form B and C helices or a single B helix when fA is in the

intermediate region of 0.5–0.6. The fact that A2-star-(B-alt-C)

molecules can form helical structures when both fA(n) and aBC
are in the intermediate region can be interpreted as follows.
Fig. 6 Morphological patterns as a function of aBS¼ aCS when (a) fA¼ 0.27,

All the other parameters are set as N ¼ 33, aAB ¼ aAC ¼ 50, aAS ¼ 25, f ¼ 0

Solvent S is omitted here for clarity.

This journal is ª The Royal Society of Chemistry 2011
Recall that aBC has to be large enough to ensure good segrega-

tion between B and C; but too large a value of aBC enables them

to form a packing of discrete B and C segregated layers within

micelles. It is thus possible for the B and C segregated domains to

connect, respectively, and form continuous structures at inter-

mediate values of aBC. However, with a decrease in fA (an

increase in n), based on the fact that more B and C alternating

blocks segregate into one micelle, it is easier to form discrete

segmented domains as long as aBC exceeds the threshold value

for B and C segregation. This can also be seen in Fig. 4: when fA
is in the region of 0.2–0.4, a series of transitions from BC-mixed

spheres / B and C partially segregated spheres / segmented

spherical and worm-like micelles occurs with increasing aBC. In

contrast, if fA increases to a large value, for example 0.75, the

segregated B and C domains are not large enough to connect and

form continuous helices; thus we only observe the formation of
aBC¼ 120, (b) fA¼ 0.51, aBC¼ 90, and (c) fA¼ 0.7, aBC¼ 90, respectively.

.13. The red, green, and blue colors represent A, B, and C, respectively.

Soft Matter, 2011, 7, 5638–5647 | 5643
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Fig. 7 Morphological variation of A2-star-(B-alt-C) copolymer solutions with f when fA ¼ 0.51, N ¼ 33, aAB ¼ aAC ¼ 50, aBC ¼ 120, aAS ¼ 25, and

aBS ¼ aCS ¼ 100. The red, green, and blue colors represent A, B, and C, respectively. Solvent S is omitted here for clarity.

Fig. 8 Phase diagram of A2-star-(B-alt-C) copolymer solutions in terms

of aBS and aCS when fA ¼ 0.27, N ¼ 33, f ¼ 0.13, aAB ¼ aAC ¼ 50, aBC ¼
120, and aAS ¼ 25. The same symbols represent similar micellar struc-

tures. In each representative micelle, B and C domains are shown via the

green and blue colors, respectively, and both A and S are omitted, for

clarity.
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B–C–B hamburgers when aBC exceeds the segregation threshold

value. This adoption of a helical morphology is reminiscent of

the behavior of diblock copolymers confined in nanoscopic

cylindrical channels.53

Finally, in the neutral case with aBS ¼ aCS, we would like to

explore how the resultant micelle morphology is affected by the

degree of solvophobicity. For this purpose, we choose three

specific micelle types: segmented worm-like or spherical micelles,

B and C helices, and a single B helix, which are formed when fA¼
0.27 and aBC ¼ 120, fA ¼ 0.51 and aBC ¼ 90, and fA ¼ 0.7and

aBC ¼ 90, respectively. We fix N ¼ 33 (n ¼ 6) aAB ¼ aAC ¼ 50,

aAS ¼ 25, aBS ¼ aCS ¼ 50, and then increase the value of aBS ¼
aCS to 120. Fig. 6a–c displays the corresponding patterns,

respectively, as a function of aBS ¼ aCS. As expected, in order to

avoid the contacts between solvent and B or C with an increasing

degree of solvophobicity of B and C, more chains are forced into

one micelle, within which the segregated B-rich and C-rich layers

grow in the radial direction. Therefore, it is clear to observe the

formation of larger and more spherical B and C segmented

micelles with an increase in aBS ¼ aCS to 120 for the copolymer

with fA ¼ 0.27 in Fig. 6a. For the copolymers with fA ¼ 0.51 and

fA ¼ 0.7, which tend to form continuous helical structures, we

observe that increasing aBS ¼ aCS can also enhance the effective

segregation between B and C into the formation of discrete B and

C alternating layers. Thus we observe a transition from B and C

helices to segmented spherical micelles (Fig. 6b), and a B helix to

B–C–B hamburgers (Fig. 6c), by increasing aBS ¼ aCS from 50 to

120 for fA ¼ 0.51 and 0.7, respectively.

The above results demonstrated the significant effects associ-

ated with the composition (fA), the interaction between the two

solvophobic blocks (aBC), and interfacial tension (aBS and aCS),

on the shape and internal packing of multicompartment micelles

when the solvent is neutral to both B and C (aBS¼ aCS). Next, we

address the difference of the packing of the small-length-scale B

and C segregated layers generated in the melt and solution. Fig. 7

illustrates the simulated morphology patterns as a function of

copolymer volume fractionfwhen fA¼ 0.51,N¼ 33, aAB¼ aAC¼
50, aBC ¼ 120, aBS ¼ aCS ¼ 100, and aAS ¼ 25. As f decreases,

a series of large-length-scale morphology transitions from

lamellae / BC-cylinders / BC-spheres is observed. This trend

is analogous to decreasing the combined fraction of B and C

blocks in the melt, since the solvent S prefers the A block to the B

and C components. Further, we observe that with decreasing f

from 1.0 to 0.5, the B and C alternating layers pack in a parallel

direction to the large-length-scale lamellae, or in a coaxial and
5644 | Soft Matter, 2011, 7, 5638–5647
concentric direction to cylinders and spheres, respectively. But

when f decreases to less than 0.2, the formed micelles become B

and C segmented spheres. Generally, the formation of micelles in

less concentrated solution is mainly driven by the solvophobicity

of the B and C blocks. Accordingly, when aBC is large enough to

assure good segregation between B and C blocks within micelles,

the formed B and C segregated lamellae tend to pack in

a perpendicular direction with respect to the BC-rich and S-rich

domains, in order to have equal interfacial area with S. Whereas,

in the melt, despite the equal degree of incompatibility between

A/C and A/B, the constraint of molecular architecture that the A

coil blocks are connected with a B-block first imposes more

contacts between A and B. Thus, the formed B and C small-

length-scale domains with respect to the large-length-scale

lamellae, cylinders, and spheres are typically parallel, coaxial,

and concentric, respectively, in melts and/or concentrated

solutions.13
Asymmetric interaction parameters with respect to the solvent

aBS s aCS

Here we relax the previous restriction of aBS ¼ aCS to investigate

the effects of solvent selectivity with respect to the B and C

blocks. To reach this goal, we again choose the three
This journal is ª The Royal Society of Chemistry 2011
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representative micelle types frequently formed when aBS ¼ aCS:

worm-like and spherical micelles, B and C helices, and a single B

helix, as shown in Fig. 6a–c, respectively. We examine how these

three types of micelles are affected by varying the relative values

of aBS and aCS.

In Fig. 8 we present the corresponding morphology map in

terms of aBS and aCS for the first case when fA is small (for

example, 0.27). When aCS > aBS, the larger solvophobicity of C

enables the B component to be pulled closer to the outside S

solvent and A component. Thus, a concentric packing of the B

and C segregated layers within micelles is more favored than the

segmented packing when the C blocks become more solvophobic

than B. We can find a more stable region of the multiple BC-

segregated concentric spheres when aCS is significantly larger

than aBS in Fig. 8. A typical morphology variation with aCS at
Fig. 9 (a) Morphological variation with aCS at a fixed aBS ¼ 50. (b) Typica

Typical snapshots of micelle formation with time at aBS¼ 120 and aCS ¼ 50. A

blue colors represent A, B, and C, respectively. Solvent S is omitted here for

This journal is ª The Royal Society of Chemistry 2011
a fixed value of aBS¼ 50 is shown in Fig. 9a. A gradual transition

from the B and C segmented worm-like and spherical micelles

into the concentric BC-segregated spheres is clear as aCS
increases from 50 to 120. In contrast, when aBS > aCS, one may

expect that the C component would be pulled closer to the S (A)

components and thus the formation of concentric spheres but

with C in the outermost shell. However, as designated in Fig. 8,

the formed micelle types are still B and C segmented worm-like

and spherical micelles, but within which the top and bottom

layers are formed by C instead of B. The formation of segmented

micelles instead of concentric micelles is mainly attributable to

the molecular architecture in that the A-coil is connected with B,

which makes it difficult to keep B completely away from A (S) by

forming a perfect outermost C-shell. A further examination of

the micelle formation with time at aBS ¼ 90 and 120 is
l snapshots of micelle formation with time at aBS ¼ 90 and aCS ¼ 50. (c)

ll the other parameters are the same as those in Fig. 8. The red, green, and

clarity.

Soft Matter, 2011, 7, 5638–5647 | 5645
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Fig. 11 Phase diagram of A2-star-(B-alt-C) copolymer solutions in

terms of aBS and aCS when fA ¼ 0.7, N ¼ 33, f ¼ 0.13, aAB ¼ aAC ¼ 50,

aBC ¼ 90, and aAS ¼ 25. The same symbols represent similar micellar

structures. In each representative micelle, B and C domains are shown via

the green and blue colors, respectively, and both A and S are omitted, for

clarity.
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demonstrated in Fig. 9b and c, respectively. When aBS ¼ 90, we

observe that these micelles are likely to approach one another

more closely, and thus the B and C segmented layers can pack to

form more elongated micelles as time increases. The micelle

coalescence is mainly attributed to the fact that the solvophilic A

block is not long enough to shield both the top and bottom C

layers. When aBS increases to the significantly larger value of 120,

we still observe the coalescence of micelles, but the molecules

seem to reorganize and form larger spherical micelles, within

which the segmented layers becomemore disk-like. Indeed, this is

not surprising since the interfacial free energy between B and S

can be significantly reduced by doing so.

In Fig. 10, we display the morphology map in terms of aBS and

aCS when fA increases to 0.51. As discussed above, similar effects

of varying the solvophobic degree of B and C on the molecular

packing into the small-length-scale segregated layers are also

observed here. However, based on the fact that varying the

composition fA has a great influence on the resultant overall

shape of micelles, increasing fA from 0.27 to 0.51 reveals other

new micelle structures when aBSs aCS. In particular, when aBS >

aCS, we observe the formation of B and C segmented short

cylinders. When aCS > aBS, in addition to short cylinders and

bowl-like micelles, within which the BC-segregated layers adopt

a coaxial packing, B–C–B hamburger micelles are also possible

to form. This well-segregated B–C–B packing may not provide

a better shielding effect from the contacts with solvent than the

coaxial packing. However, when the solvophilic A blocks

become longer, they can help reduce the contacts between C and

solvent, and thus enhance the well-segregated B–C–B packing

path within micelles. If fA increases to a larger value of 0.7

(Fig. 11), the formation of hamburger-like micelles becomes
Fig. 10 Phase diagram of A2-star-(B-alt-C) copolymer solutions in

terms of aBS and aCS when fA ¼ 0.51, N ¼ 33, f ¼ 0.13, aAB ¼ aAC ¼ 50,

aBC ¼ 90, and aAS ¼ 25. The same symbols represent similar micellar

structures. In each representative micelle, B and C domains are shown via

the green and blue colors, respectively, and both A and S are omitted, for

clarity.

5646 | Soft Matter, 2011, 7, 5638–5647
more prevalent, as expected. Therefore, we do not find any

micelles with coaxial packing of BC layers, but only the B–C–B

hamburgers in addition to the continuous B helix in the region of

aCS > aBS. When the solvent dislikes B more than C (aBS > aCS),

a gradual transition from B helices / C helices / C–B–C

hamburgers occurs with increasing aBS.
4. Conclusions

We have used dissipative particle dynamics to explore the

formation of multicompartment micelles in solutions of A2-star-

(B-alt-C) polymers. The A blocks are under good solvent

conditions, whereas B and C are both solvophobic, and thus can

potentially form separate nanoscopic domains with the micelles.

Phase maps of micelle morphology have been developed, as

a function of the binary interaction parameters among A, B, and

C components, and for various fractions of the A block. In

addition, the effect of solvent selectivity with respect to B and C

is also considered. Overall, a rich variety of multicompartment

micelle morphologies are observed, including: spherical and

short cylindrical micelles with disordered, concentric (coaxial)

lamellar, or segmented lamellar B and C domains in the core;

hamburger micelles, with one C domain sandwiched between two

B layers or one B domain sandwiched between two C layers (C–

B–C) in the core; segmented worm-like micelles, with alternating

B and C layers along the cylinder axis; cores with helical B and C

domains. The choice of core shape and internal structure can be

understood in terms of the relative block volume fractions and

the relative interfacial energies of the various blocks to one

another, and to the solvent. The DPDmethod affords an efficient

way to screen promising molecular architectures for the ability to

self-assemble into technologically promising hierarchical

structures.
This journal is ª The Royal Society of Chemistry 2011
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