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Monte Carlo simulation of morphologies of self-assembled amphiphilic diblock
copolymers in solution
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The Monte Carlo method has been applied to simulate the process of the self-assembling of amphiphilic
diblock copolymers in a selective solvent. The simulations illustrated that the aggregates morphologies of
A-b-Bdiblock copolymers in solution strongly depend on the length of corona-forming segments, i.e., with the
decrease of the corona-forming segments, the transition of spherical micelles to rodlike aggregates occurs,
which are in accord with the experimental results of Eisenberg and co-wdiReisnce268 1728 (1995;
Macromolecules82, 2239(1999; 31, 3509(1998; 29, 6359(1996; 31, 9399(1998].
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I. INTRODUCTION morphologies of an amphiphilic diblock copolymer in selec-
tive solvent. Multiple-chain configurations were generated
The self-assembly of block copolymers has been attracten a cube volume 5050x50 lattice. Diblock polymer
ing much attention in recent yea$—3] because it has po- (A-b-B) chains with tenA units in A segments and various
tential applications in many areas in addition to the funda-amounts ofB units in B segments are put in the cube. A
mental interests[4]. In solutions of block copolymers, standard periodic boundary condition was imposed on the
spherical micelles have been observed frequefily Re- |attice to mimic an infinite-size systef1]. The “single-site
cently, Eisenberg’s group reported that the crewcut aggrenong fluctuation” model proposed by Carmesin and Kramer
gates of polystyreneb-acrylic acid (PSh-PAA), a charged  [22] and Larsonet al. [16,17] was used to implement the
polymer, and polistyreneb-ethylene oxidg (PSb-PEO, @  \onte Carlo simulations. Here, we briefly review the model
neutral polymer, in a dilute selective solvent, a mixture of,, algorithm. In simulations, the evolution of the chain con-
H,0 and dlmetrr:;g_ff;)rmamldéDlr\]/lFl), can yield m'Ce”ﬁ“k.e figuration was achieved by the random displacing of a single
23?:&%2}:?;‘;’; dIikleea:ﬁgtvrggircpuIgrogégg?(ggg_g'e;el.éﬁmgllzz- ardnit to its 18 nearest-neighboring sites. The distances be-
' . L ' een the single unit and the 18 nearest-neighboring sites are
large compound micelled.CMs). The multiple morpholo- restricted to lengths of 1 and2. Each attempted move may

ies are formed from an identical block copolymer famil . o :
giffering only in the relative block lengths. FFc))r gxample, a);change the bond length, but the chain connectivity restricts

the length of hydrophilic PEO segments in BREO de- the bond length to 1 and2. The excluded volu_me i_nterac-
creased, the morphologies of aggregates changed frolfpn ensures no more than_ one bead per lattice site. If one
spheres to rods, to lamellae, and finally to vesicles. Howeve@ttempted move violates either the excluded volume or the
the mechanism of self-assembly of diblock copolymers inbond length restriction, it is rejected. The acceptance or re-
selective solvent is far from understanding. Seldom theoretection of one attempted move, which satisfies both the ex-
ical consideration on this problem was reporf&@,11. cluded volume and the bond length conditions, is further
On the other hand, the computer simulation method hagoverned by the Metropolis rul@3]; namely, it is accepted
been proved to be a powerful tool in the studies of phaséf the energy changAE is negative; otherwise, it is accepted
behaviors of polymers in melts or solutiofil2—15. With  with a probability ofp as the following equation:
the Monte Carlo method, Larsaet al. [16—18 and Ko and
Mattice[19] studied the self-assembly of diblock copolymers p=exp(—AE/KT), 1)
in an oil-water system and a selective solvent in detail. These
works studied the self-asser_nbly of symmetrical Qiblock co-where AE=(ANppeapn+ANggepg+ANpgeagt+ANgEss
polyr_ners. The effects of diblock copolymers_ with asym- + AN,se s+ ANgsegs) is the energy change of the move-
metrical structures on aggregates morphologies formed byhent: AN is the difference in the number of the nearest-
self-assembly have not been reported. In this paper, thgeighboring pairs of the sites occupied by monomers or sol-
Monte Carlo method is applied to simulate the process of thgent after and before the movement; is the reduced
self-assembly of amphiphilic diblock copolymers with asym-jneraction energy gained after the two neighboring sites are

{.netntcr:]al structgre, ”: a ?eilzgctlvg soIv?ntlslémlar fr%thetzond"occupied by monomers or solvent; and the subscépts,
ion the experiments of Eisenberg al. [1,6-9. Then the and S denote monomer8, B, and solvent, respectively.

result obtained is compared with experimental déta9,2Q In Eisenberg's experiments, the BSREO diblock co-

for getting some insights on this interesting topic. polymers were firstly dissolved into DMF, a good solvent to
both PS and PEO segments, then the poor solvent of PS
segment, such as water, was gradually added into the solu-
A three-dimensional simulation was used to provide a dition of the diblock copolymer. The mixed solvent was still
rect inspection of the polymer configuration and the multiplegood to the PEO segment; however, it gradually became

II. SIMULATION
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FIG. 1. Dependence of the radius of gyrati(tRG) and the end-
to-end distancéR?) on chain lengthN, calculated on the basis of
the one-site bond fluctuation model. The slope of the solid line is
1.2.

FIG. 2. Morphologies ofA-b-B (10-b-10) diblock copolymers
poor to the PS segment. Finally, the BS®EO diblock co- in a selective solvent; the concentration of the solution is 15%. The
polymer aggregated to form the multiple morphologies as thavhite and black lines ar& andB segments.
addition of water. In our simulations,KIT=0.3 is invariable
to simulate the constant temperature process in experiments Figure 3 shows the aggregate morphologies ofAHe-B
[6—9]. Letepag=1, epn=egg=es5=0, egs= — 1, which en-  (10-b-3) diblock copolymers in solution. With the length de-
sures the immiscibility between th& and B segments, and crease of the corona-forming segments, the spherical mi-
the mixed solvent is good to tH& segment all the time. We celles and rodlike aggregates exist together in the system,
start our simulations frons ,s= — 1, which implies that the indicating that the transition of spherical micelles to rodlike
mixed solvent is good to th& segment. After the system aggregates occurs.
reaches its equilibrium state, then thgg is increased lin- When the corona-forming segment contains less than two
early from —1 to 1 in 160000 Monte Carlo steps and re- repeating units, the rodlike aggregates appear in the solution
mains unchanged after,s=1. This ensures the mixed sol- as shown in Figs. 4 and 5. After Eisenberg’s group observed
vent gradually becomes poor to thesegment. experimentally the similar aggregates with the diblock co-
polymers of PS-PAA [1], detailed studies on this interest-
ing phenomenon have been performed by his group in recent
years[6-9]. They reported that PBPEO diblock copoly-

Figure 1 shows a verification of our algorithm and com-mers formed multiple morphologies depending on the chain
puter program in terms of the relationship of chain lengthlength of the corona-forming segment, and it was observed
with the radius of gyratiofR,) and the end-to-end distance
(R). It is well known that for a polymer chain in the absence
of interaction (R3)<N?" and(R?)«N?" with v of the Flory
exponent. For a three-dimensional self-avoiding random
walk »=0.6[24]. The simulation results in Fig. 1 show that
the simulation algorithm and computational program we
used are correct.

Figure 2 shows the aggregate morphologies ofAHeB
diblock copolymer with ten repeating units AfandB in A
andB segment$10-b-10) in solution, respectively. It shows
distinctly typical spherical micelles, which were usually ob-
served for diblock copolymers in a selective solvéi.
When the corona-forming segme(fi segment in our simu-
lation) contains ten repeating units, they stretch outside of
the core with a high density, leading to strongly repulsive
interactions between thefsee Fig. 2 Any further decrease
of the area per corona chain will increase the deformation
energy of the corona chains, and correspondingly, the repul-
sive energy among the corona chain. Therefore, the structure
of star micelles is mainly controlled by minimizing the sur-  FIG. 3. Morphologies ofA-b-B (10-b-3) diblock copolymers
face energy. So the balance shape of micelles with a longei a selective solvent; the concentration of the solution is 15%. The
corona chain will be sphere. white and black lines ar& andB segments.

Ill. RESULTS AND DISCUSSION
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PSbh-PEO (240+0-80) formed primarily rods[8]. Nakano
et al.[20] observed the transition from sphere to rod micelles
using the small-angle neutron scatteritGANS) method
when amphiphilic diblock copolymers of 2-hydroxyethy! vi-
nyl ether andh-butyl vinyl ether was in an aqueous solution.
They found that the micellar shape was strongly dependent
on the hydrophobic chain length of the polymer; the copoly-
mer with the shortest hydrophobic segment formed spherical
micelles. With the increase of hydrophobic chain length, rod-
like micelles were gradually formed. Our simulation results
demonstrate the same phenomenon obtained by Yu and
Eisenberg[8]. Although Nakanoet al. [20] observed the
transformation of micellar morphologies by changing the
length of the hydrophobic segment, the results were the
same. The transition behavior can be understood from the
concept of the “critical packing parameter” introduced by
Israelachvili [25] for low molecular weight surfactants.
When the length of the hydrophobic chain keeps constant,
FIG. 4. Morphologies ofA-b-B (10-b-2) diblock copolymers the _interface area of the core shell would not change. As the
in a selective solvent; the concentration of the solution is 15%. Th&hain length of corona-forming segments decreases, the area
white and black lines aré andB segments. occupied by each hydrophilic chain at the core-shell interface
decreases. There is a limit area covered by a hydrophilic
by transmission electron microscopyTEM) that the chain with a certain length, and below this area, spherical
micelles become unstable, and are coagulated to form rodlike
aggregates. Therefore, the transition of micelles from a
sphere to rod shape would occur in order to reduce the area
covered by the hydrophilic segment when the interfacial area
per hydrophilic segment of diblock copolymers decreases be-
low this limit.

IV. CONCLUSION

Our simulations lead to the insight of the self-assembling
process of amphiphilic diblock copolymers in a selective sol-
vent. Direct observation of the morphologies of the copoly-
mers in solution reveals that the hydrophobic segments tend
to aggregate into a condensed core while the hydrophilic
segments tend to stretch outside the core. Further, with the
decrease of the length of the hydrophilic segment, the aggre-
gate morphologies of the diblock copolymer in solution will
be transformed from sphere to rodlike micelles.
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