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Micellization of a diblock copolymer in dilute solution is studied by dissipative particle dynamics. The influence
of the compatibility between blocks A and B and the interaction between the insoluble block and solvent on
aggregation numbédP and micellar core radiuR. are examined. The micelle size distribution is obtained,
and it is quite polydisperse. Different from the scaling theory for starlike micelles, the mean aggregation
number based on weight averagy, decreases with increasing soluble-block lengthand the power law
relation can be obtainedPly ~ N,* Similarly, the micellar core radius declines with, following R. ~

N,;ﬁ with 5 = a/3. However, the exponent depends on the mutual compatibility between soluble and
insoluble blocks. For the same composition, the incompatible diblocks form a smaller micelle and its aggregation
number declines with a smaller exponentWhenNy ~ Ng , the micelles deviate significantly from the
spherical shape and solvophilic blocks are observed to be entrapped in the solvophobic core for compatible
diblocks.

|. Introduction (Na > Ng ), FinterfaceiS €ssentially balanced by confinement of
soluble-block A in the coron&corona IN these two limits, all

spontaneously self-assemble into supramolecular aggregate§Caling theories predict that aggregation number aqd micellar
known as micelles, which are of fundamental interest and are Core radius depend mainly on the size of the insoluble-
important for dispersant technology, nanomaterial synthesis, angPlock B. i . o
controlled releaséThe structure of micelles usually exhibits a N the scaling approach, only dominant contributions to the
spherical geometry in which the insoluble blocks form a closely total free-energy are considered and therefore the scaling
packed inner core and the soluble blocks construct an outerrelationship can be obtained analytically. However, if all energy
corona or shell swollen by the solvent. Essential characteristicsterms are taken into account, numerical calculations have to be
associated with the micelle are the equilibrium aggregation invoked and thus they can be referred to as the numerical
number P), the radius of micellar coreR(), and the overall ~ approach. Constant coronal polymer density profiles are as-
radius Ry). sumed, and the numerical results for micellar properties can
On the basis of minimization of the free energy for micel- also be correlated by the power law relatfofi Although most
lization of the AB diblock in a selective solvent, a number of numerical approach&s’ suggest none or very weak dependence
theoretical models were developed to predict the micellar of micellar characteristics on the size of the soluble A block,
properties and their dependence on characteristics of a diblockNagarajan and Ganesfound that the soluble block can have
copolymer withNa repeated units for a soluble block ahg a strong influence on the micellization behavior, which is
for an insoluble block. In general, there are two different polymer specific. There are six contributionsRgiceie: Fcore
approaches. The simple scaling models assume the micelles t@ontaining two terms accounting for deformation and mixing

Amphiphilic diblock copolymers in a selective solvent

be completely spherical and monodispérseThe micellar free- of block B, Feoronaincluding two terms describing deformation
energy is approximated as a sum of three contributions (due toand mixing of block A, one entropic term due to localization
the core, the corona, and the interface between théf)ele of diblock polymers at core and corona, and the driving force

= Feore + Feorona T Fintertace Micellization is driven by the  Fieace FOr the PEG-PPO-water systempP ~ N;**' andR;
system’s tendency to lower its surface energy at the core/solvent N,°*" were obtained.

interface. TypicallyFinertaceiS taken as the product of interfacial
area and interfacial tension. For crew-cut micellds £ Na),
FinterfacelS Mainly counterbalanced by insoluble-block B stretch-
ing in the coreF¢re ON the other hand, for starlike micelles

There have been several attempts made to examine the scaling
relations proposed in the theories. In general, micellar charac-
teristics are characterized by light scattetfhand small-angle
neutron scattering (SANS) techniques. If the structure of the

*To whom correspondence should be addressed. E-mail address:rnlCeIIes COUIq b.e locked in by approprlate methOdS such as
hktsao@cc.ncu.edu. tw. photc.). cross-llnklng, _then the mlgellar properties may be

T National Taiwan University. _ o ‘ identified by transmission electron microscdgylthough some
Uppoepartment of Chemical and Materials Engineering, National Central- experimental results agree with the scaling theories, particularly

niversity. P .

Sinstitute of Materials Science and Engineering, National Central N dependence, it is obvious to see that some other results do

University. not follow any of the existing scaling relations. For example,
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theNa dependence has been clearly observed. A series of poly-thermostat” for the canonical ensemble is implemented by using
(styrene-4-vinylpyridine) (PS/4VP) copolymers in toluetfe dissipative and random pairwise forces. As a result, the
have been studied by light scattering and the aggregation numbemomentum is locally conserved, which leads to the emergence
exhibits a scaling relatior? ~ N;°'79. A series of PEG-PEP of hydrodynamic flow effects on the macroscopic scale. The
copolymers in water have been investigated by SANS, and thetotal force acting on particleis then
scaling relation ofP agrees with the theory of Nagarajan and
Ganesh for short PEO blocks. Nonetheless, for longer PEO fi= z (F§+ F:J-D—i- Fi?) (2)
blocks, Na-independent behavior is obsernd. =]

Micellization of block copolymers has been studied since the . " .
1960s. However, the inconsistency among mean-field theories "€ SUm acts over all particles within a cutoff radiudeyond
and experiments indicates the lack of systematic investigation Which the forces are neglected. The size of a DPD particle can
based ormesoscopidevel observation. Molecular simulation € characterized by, Since a DPD particle represents a cluster
is able to provide more microscopic level information than ©f moleculesrc ~ O(1-10) nm. Typically, the conservative
experiment. Results obtained by mesoscale simulations mayfOrce is represented by a soft-repulsive interaction
provide valuable insights and clarify the discrepancies. In fact, "
a large number of computer simulations of micelle formation EC (ry) = & max{ R 0} g (3)
have been reported in the literature. However, it has been le
realized that to obtain a well-equilibrated micellar size distribu-
tion, one requires large systems with a lot of micelles in them Whererj is the distance between particles agdhe unit vector
simulated over a sufficient time range. As a result, the in the direction of the separation. The interaction paramater
copolymers get exchanged between the micelles often efdifgh.  represents the maximum repulsion between partiated]. The
To satisfy the equilibrium condition, short block copolymers relationship betweea and the Flory-Huggins parameter has

as short adla + Ns = 4 are used in coarse-grained modél been established by Groot and Warfén,
In addition, the solvent effect is neglected. The building of _
mesoscale micellar solutions with the use of classical molecular a; = a; + 3.49%; 4)

dynamics (MD) simulations at atomic resolution is a challenge ) ) ) )
at present owing to the length and the time scales at which thesefor densityp = 3, which corresponds to three DPD particles in
phenomena can occur. On the other hand, mesoscopic simula@ cube with length equal to the diameter of the particle. For all
tions, such as dissipative particle dynamics (DPD), can treat athe simulations presented here, the units are conveniently taken
wide range of length and time scales by many orders of 8m=keT=rc=1. -
magnitude compared to those of atomistic simulations. Conse- The @i term is determined such that the compressibility of
quently, DPD is a more suitable approach to investigate the Puré component is reproducedd; ~ 75/p). Thus,ai = 25
micellar properties and morphologigsté leads to the compressibility of water. If speciemdj are fairly

In this work, we perform DPD to systematically explore the Ccompatibley; =0 anda; = 25. As incompatibility between
micellar characteristics in dilute solutions. The distribution of @nd] increasesa; increases. In the system, there are three
the aggregation number of a micelle is obtained to examine the different species of DPD particles, including solvent (S),
polydispersity. In addition to the scaling relation associated with hydrophilic particle (A), and hydrophobic particle (B). A diblock
soluble-block length, the influence of the compatibility between Copolymer is divided intoNa solvophilic particles andNg
blocks A and B and the interaction between insoluble block Solvophobic particles. The repulsive interactions between the
and solvent on aggregation number and micellar core radius SAMe SPECies are seta@s = aaa = ags = 25. In the study of
are studied. The asphericity of the overall micelle and micellar the dependence of soluble-block length, the parameters are
core is also calculated to illustrate the characteristics of micellar 8SUmedixs = 26 andags = 40, respectively, for interactions
morphology, which are influenced by-48 mutual compatibility of solvent with solvophilic and solvophobic particles. We have

and soluble-block length. chosenaxg = 27 andaag = 50 to represent the conditions of
mutual compatibility and incompatibility between A and B
II. Model and Simulation Methods blocks. A diblock copolymer with polystyrene (PS) and poly-

) 4-hydroxystyrene (PHS) blocks is a typical example of copoly-
The DPD method, introduced by Hoogerbrugge and Koelman e showing good compatibility. PS is hydrophobic, and PHS

in 199219 s a particle-based, mesoscale simulation technique. ;g hydrophilic due to the hydroxyl group, but PS and PHS are
This method combines some of the detailed description of the ¢aiy compatible for the similarity in their molecular structures.
MD but allows the simulation of hydrodynamic behavior in 5, "the other hand polystyretepoly(acrylic acid) is a
much larger, complex systems up to the microsecond range. Ingnresentative example of copolymer of incompatibility.

a DPD simulation, a particle having massrepresents a block A polymer is modeled by connecting ordinary DPD particles
or cluster of atoms or molecules moving together in a coherent , .+, springs. Thus, additional spring forc&$ act between

fashion. These DPD patrticles are subject to soft potentials andadjacent particles in the chain. The present work adopts a
governed by predefined collision rules. Like MD, the DPD | 5rmonic spring

particles obey Newton’s equation of motion

dr, av, Fr=Clry — 1o § )
— =V, m—=Hf (1) . . .
dt dt with C = 100 andro = 0.7. Note that eq 5 is used to impose
connectness within beads of a polymer, and the choic€ of
where f; denotes the total forces acting on parti¢cleThe and ro will not affect the qualitative behavior of the system
interparticle forcem;; exerted on particlé by particlej is made studied in our work.
of a conservative termF(jC), a dissipative term F\,’?) and a The forcesFP andFR are responsible for the conservation of

random term Ffi?). In the DPD simulation, a special “DPD  the total momentum in the system. The dissipative force denotes
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friction between the particles and explains energy loss. On the whereE; are the respective invariants of the gyration tensor and
other hand, the random force incorporates the effects of are given by

Brownian motion into the larger length scale and heat up the

system. They are coupled through the fluctuatidissipation E,=A4+4,+4, and E,=4A, + A4, + 14,

theorem and hence build a thermogfathe dissipative and

the random force, respectively, have the forms wherely, 1y, and, denote the three eigenvalues of the radius

of gyration tensor of the aggregate. The valué efries from
Fi = — v wo(r)(evye; (6) 0to 1;6 is equal to O for a perfect spherical globule, 0.25 for
a circle, and 1 for a roé*
and
Fi? _ UWR(rij)Gijqj @) [ll. Results and Discussion
A. Micelle Size Distribution. As mentioned earlier, the DPD
wherev; = v; — v; and wP (also W) is ar-dependent weight ~ simulation method allows systems studied to evolve much faster

function chosen as to equilibrium state than the traditional MD. Generally speaking,
the system can be well equilibrated in less than 100 000 steps.
wor) =winP={@-r3 r<10,r=1 (8) To examine whether the simulations in this work are completely

equilibrated, Figure la shows the typical variation of the
0 is a randomly fluctuating variable with Gaussian statistics. aggregation numbelPL, with time for A;gBs. It can be seen
A relationship is found between the amplitudgsafd o) and that after 40 000 time-step&PLy, stays around a final value
thermal energykgT which clearly indicates that the system has reached equilibrium.
5 Also, even after equilibrium, we have continually observed
0" = 2ykgT ) frequent exchanges of chains between micelles, and the outcome
of this direct observation guarantees true equilibrium. We have
The dynamics of 81 000 DPD particles, starting from random a|so performed simulations with different initial conditions
distribution, was simulated in a cubic box gg@nder periodic  including starting from the final micellar configurations of
boundary conditions. The equation of motion is integrated with different interaction parameters. The results are consistent for
a modified velocity Verlet algorithm witkAt = 0.05. A typical one another. The above mentioned situations are valid for all
simulation required 300 000 steps (aboutd) and the first  the systems studied in our work, since we have very short
80 000 Steps are for equilibration. Note that the DPD simulation hydrophobic b|ock|‘6|B = 5) and |ong hydrophmc grouN >
utilizes soft-repulsive potentials; therefore, the systems studied5). Thus, all the chains studied are quite mobile, and true
are allowed to evolve much faster than the “brute-force” equilibrium has been reached. However, we have done some
molecular dynamics. A typical DPD simulation needs about (5 tests for longer hydrophobic blockisg > 5) and it is noticeable
10) x 10 steps to equilibrate. After that the resulting morphol-  that asNg increases the micellar structures tend to be fixed
ogies are analyzed. The micellar properties, equilibrium aggre- without detectable exchanges of chains between aggregates.
gation numberR), radius of micellar coreR), and radius of Figure 1b shows a snapshot of the dilute micellar solution
overall micelle Ry) are then determined every 2000 steps. For for A;Bs, which consists of three isolated copolymers, small
particle ratio of polymer to solvent is generally maintained at 22). For the purpose of demonstration, the solvent and some
about 1:20 (4.8 vol%). _ micelles are removed. Evidently, micellar size distribution is
Following the definition of mean molecular weight of ot monodisperse at all. The polydispersity of micelles is
polymers, the mean aggregate numiircan be expressed as  manifested by the distribution of the aggregate numi(e),
number average or weight average. That is, the mean propertyas demonstrated in Figure 1c. In addition to a lot of isolated
of a quantityX can be expressed as number averae or copolymers, a wide distribution ranges from ab8ut= 5 to
X0, which is defined by 30. For multidisperse micelles, it is difficult to choose a critical
aggregation numbeP; so that the micelle is defined as the
XL = ZXin, (10) copolymer aggregates with > P.. Following the definition of
mean molecular weight of polymers, the mean aggregate number
(PCcan be expressed as number average or weight average, as
X[, = SXw, (11) defined in egs 10 and 11. That is, the isolated copolymers are
also counted for the mean aggregate number. RgB£with

Here ni denotes the number fraction of the aggregate with incompatible diblocksgas = 50), we havePld = 5.7 andPL
aggregation number equal B, andw; is the weight fraction ~ — 16-7- Evidently, the contribution of isolated copolymers to
of theith aggregate. Note thain, = 1, Sw; = 1, and all DPD Welght-avgrage ggg_regathn number is relatively unimportant.
particles have the same massOn the basis of experimental T.he'pollydlspersny |nd9x is a measure of the breadth of the
approaches, osmometry gives the forni®fy while light dlstrl_butlon of aggregation nl_meer. The resﬁH?ﬂ,/[H’l_] =29
scattering yields the lattePly, also |I_Iustra_tes tha_t a dilute d|plock copolymer solution actually
Another quantity used to characterize the instantaneous shap&©ntains widely dispersed micelles. _
of a micelle is asphericity, which measures the deformation ~_ EXPerimental studies of AB diblock copolymer micelles

of the micellar morphology away from a spherical geometry. often gave average micellar size with standard deviation. The
The asphericity is defined a&23 aggregation number is generally of the order of hundreds of

chains and the size distribution is quite unifoiridowever,
[E,0 the typical aggregation number in our simulations is of the order
0=1-3 (12)  of tens, which is much smaller than that observed in experi-
1'ﬁ ments. This relatively low mean aggregation number may be

and
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Figure 1. (a) The typical variation of the aggregation number with
time for AioBs. (b) A snapshot of the dilute copolymer solution for
A10Bs. The number depicts the aggregation number of the micelle. (c)
The distribution of the aggregate number fooBes.
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Figure 2. The variation of the weight-average aggregation number
with the interaction parameter between insoluble B block and solvent
(ass) for A10Bs with aas = 26 andasg = 40. In the inset, the micellar
core radius is plotted againggs.

attributed to the low molecular weight of the coarse-grained
model and the short insoluble lengilz = 5. The copolymers
studied here are more like typical nonionic surfactants such as
alkyl poly(ethylene oxide). For high hydrophobicity (long
insoluble-block), however, the question of whether the observed
aggregates were equilibrium structures still remains open. In a
recent SANS study, the micelle structures initially formed upon
dissolution are completely locked in for poly(ethylene oxide)
polybutadiene block copolyme?sNo detectable exchange of
chains between aggregates and solution was observed.

At the right balance of solvophilic and solvophobic moieties,
diblock and triblock surfactants can spontaneously self-assemble
into micelles. However, if one increases the solvophobic content
of the molecule, macroscopic phase separation will occur. The
schemes that allow us to distinguish between phase separation
and micellization for diblock copolymer systems by simulations
have been providet:2” As we have mentioned earlier, the
copolymers studied in our work are more like typical nonionic
surfactants, which are quite similar to the systems studied in
these references. According to their work, the minimum ratio
of hydrophilic to hydrophobic groups, H/T, required for
formation of micelles decreases rapidly with increasing chain
length. For HTy diblock surfactants, this ratio ranges from 1
(for the shortest surfactants) #h (for the longest). The ratios
of hydrophilic to hydrophobic groups are all equal to or greater
than 1 in our systems; therefore, it is unlikely for the phase
separation to occur.

B. Solvent Quality and Mutual Compatibility. The ability
for diblock copolymers to self-assemble into supramolecular
aggregates depends on the compatibility between the solvopho-
bic B-block and the solvent. Since all DPD particles are
interacted by repulsive forces, a large (positive) valuespf
corresponds to strong repulsion betweandj. As can be seen
from Figure 2, by reducing the value of the interaction parameter
ags (thereby increasing the compatibility between B block and
solvents), the mean aggregation number of the micelle decreases
and eventually only solitary diblock copolymers exist (ile.,
= 1). The radius of gyration of the micelle formed varies
accordingly as shown in the inset. In Figure 2, there is a rather
sharp transition foegs = 35—40, which indicates that large-
size aggregates can only form whags = 40 for AjBs with
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Figure 3. The variation of the weight-average aggregation number r; 4 Th hericity is plotted inst mutual tibidi
with the interaction parameter between soluble A block and insoluble fc;?uArleoBs'. @) izsn%pesr*%tyolfsapt)(l)piial?:%iggromng umaicglcl);n f%?ée?%or
B block (@ss) for AsoBs with ass = 26 andags = 40. In the inset, the incompatible A and B blocksagg = 50). (b) A snapshot of a micelle
micellar core radius is plotted agairgte. formed for compatible A and B blocks.

aas = 26 andapag = 40. This crossover value afs is expected ' w
to vary with the length of solvophobic B blocks, and it is the
outcome of the competition between the entropic (sragi)
and energetic (largass) effects. As B-block increases in length,
it is anticipated that the crossover valueag§ declines toward
25.

Most of the theoretical studies focus on investigating the
effects of the physical properties of the solvophobic B block
on the formation of the micelle. However, it is interesting to
find that the mutual compatibility between the soluble and 10l
insoluble blocks also plays an important role in the micellar
properties. Figure 3 demonstrates the variatiodPgf with aag
for A1oBs, with aas = 26 andags = 40. As one can seéPLly
increases asag decreases. In other words, the aggregate grows
bigger as A and B blocks become more and more compatible.

For a given length of B block with fairly incompatible-AB 1
interaction, the micelle tends to be a typical spherical B-core

and A-corona morphology as depicted in Figure 4 dgg = Ny

50. There is a limitation as to the number of the insoluble B Figure 5. The variation of the weight-average aggregation number

<pF=
Pw

blocks that a spherical core can accommodate. TheréB®ig,  With the soluble-block length for mutually compatible¢ = 27) and
gradually decays with increasiregg (=40). However, asiag incompatible &g = 50) diblocks. In the inset, the micellar core radius
is small enough£35), the core may deviate from the spherical Is plotted against the soluble-block length.

shape. Figure 4 Sh_oy\_ls the variation_of the aspheritityith surface free-energy is mainly causeddyy but notaag. This
the mutual compatibility. For compatible"B blocks @as = statement is justified by realizing that micellization can be

27), the asphericity increases from 0.09 to 0.2, revealing a induced by large enoughss with small axg but not by large
prolate-like micelle. The nonspherical shape of the aggregatea,g with small ags. In fact, asaag = ags, the micellar core
can accommodate considerably more diblock copolymers thanprefers to contact the solvent rather than A blocks. In order to
its spherical corecorona counterpart. ThusPly, increases  avoid core-corona contact, the elastic stretching of blocks A
noticeably. due to the repulsive interaction between like monomers may
Micellization is essentially driven by the reduction of the be further enhanced. As a result, the contributioaf to the
internal energy associated with the interactions between in- corona free-energyF¢orond iS more than the surface energy
soluble block and solvent. In the scaling approach, this (Finerfacd. The corona free-energy can be lowered by reducing
contribution is represented by the surface free-energy (interfacialthe aggregation number. On the other handy@ss ags, more
tension) associated with the interface between the core and thecore-corona contacts are favored at the cost of the deformation
corona. In general, one expects that incompatibteBAmono- of the micellar shape from spherical shape.
mers make contact at the cereorona interface and hence pay C. Scaling Relations.In this work, the influence of A block
a surface energy cost. This surface energy should increase withsize is examined by varyiniga from 5 to 60 forNg = 5. Figure
both core-solvent repulsion dgs) as well as corecorona 5 shows the variation ofP[, with Na for the conditions of
repulsion @ag). Since the aggregation number is proportional mutual compatibility éas = 27) and incompatibility §ag =
to the interfacial tension, the micellar siBeis anticipated to 50) between A and B blocks. Our simulation results agree
rise with asg. However, our simulation results show that the qualitatively with the model of Nagarajan and Gan@sh.
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tend to stretch out resulting in a larg&g. For long soluble A
blocks, the micelles are formed with small aggregation number
and only a few A blocks in the corona. The A blocks can coil
back freely. Therefore, the scaling relation & and Na is
with an exponent a lot less th&f. Our simulation results show
that the expansion of the solvophilic blocks (corona thickness/
Na) increases abla declines.

The exponent| associated witliRy, scaling is expected to be
different for differentaag. However, the leading behavior seems
to be dominated by the A block length, and thus the effect of
aap IS not substantial when the scaling relation is followed.
Figure 6 also shows that the deviation from the power law is
obvious when the lengths of A and B block become comparable.
For an incompatible diblocl®, declines much slower than that
given by the power law. This result reveals that the corona
stretching is very significant for short A blocks in a crowded
aggregate. For a compatible diblock, it is interesting to find that
both micellar size and aggregation number actually grow rapidly
with decreasindNa (asNa < 10). It may be attributed to the
substantial deformation from the spherical shape, which will
be shown later.

Since the total micellar coresolvent interface is proportional

Evidently, the aggregation number decreases with the lengthto R%/P ~ Nﬁ, the reduction of aggregation number actually

of block A and it can be well represented by the following power
law.

Pr, ~ N3 (13)
Nevertheless, the exponemtis polymer specific and depends
on the compatibility between AB blocks; for examplep. =
1.05 foraag = 50 anda. = 1.41 foraag = 27. This consequence
can be attributed to the contribution of-8 mutual compat-
ibility to the free energy of the corona. Similarly, the micellar
core radius declines weakly with A block size.

R.~ N’

If the solvophobic core is solvent-free and incompressible, it is
anticipated

(14)

47 3
PNgvg ~ 3 R

where vg denotes the molecular volume of the B block. As a
consequence, one hRs~ P8 andp = o/3. This statement is
confirmed in the inset of Figure 5 fék; versusNa. Our results
show thatg = 0.35 foraag = 50 andf = 0.47 forasg = 27.
Halperin obtained a scaling relationship for the overall radius
in the starlike limit,R, ~ N3, due to the long chain behavior
of A block. Nonetheless, our results of thi dependence of
the aggregation number reveal that the micelle probably fails
to form before the solvophilic block length reaches this limit.
For example, as illustrated in Figure B[} < 2 asNa = 70,
indicating a solution with only dimers or single diblock
copolymers. Figure 6 shows the variationRf with Na and
that the power law is followed for long A blockR, ~ N3,
with q = 0.29. The fact that the exponent is less tRanin
good solvents (and less théfg in poor solvents) indicates that

leads to the increment of the free enefgyertace ON the other
hand, the repeated unit density of the solvophilic bldgkp/

Rn3 ~ Ni *~%, declines with increasingya, and this conse-
guence indicates that reducing aggregation number yields
translational entropy gain (dilution). Moreover, we have ob-
served that the mean radius of gyration associated with each
diblock copolymer in a micellar solutidiRy?(, is always greater
than that in an infinitely dilute solutiofR2ld. For example,
Ry?Lh = 1.46 atNa = 5 andR2L, = 9.03 atNa = 50 for aag

= 50 while lRPH =~ 1.09 and 7.02, respectively, for the
corrspondindNa values. This result points out that the formation
of micelles leads to the stretch of the solvophilic block in the
corona. Therefore, reducing the aggregation number gives
conformation entropy gain (deformation). Singgs = 0.3 is
small, theNa-dependence behavior reveals that the entropic
contributions associated with A block dilution and deformation
are responsible for the anticooperative process.

D. Micellar Morphology. A micelle is generally assumed
to be spherical in shape. The insoluble blocks that form the
spherical core are fully segregated from the soluble blocks that
form the spherical corona. Such a micellar morphology can be
examined in terms of the asphericity defined in eq 12. In general,
this picture is expected to be true for incompatible-B
diblocks. Figure 7a shows the variation of the aspheritityith
the soluble-block lengtiNa for the incompatible dibloclaag
= 50. For largeNa (e.g., 240), the core is quite loose and
deviates significantly from the spherical shape because the
aggregation number is small. Note that: 0.4 for an isolated
copolymer. AsN, decreases, the aggregation number rises and
the core becomes more compact. The micellar shape approaches
a sphere. Whehly ~ Ng , however, the asphericity is actually
increased with decreasimy. That is, the shape of the micellar
core becomes like a spheroid even for the incompatible diblock.
This consequence implies that it may be difficult to form a crew-

the micelle does not possess the self-similar nature associate@ut micelle with a spherical shape.

with three-dimension objects @¢, is increased. This conse-

Figure 7b illustrates the variation af with Ny for the

qguence can be attributed to the fact that the extent of elasticcompatible diblockaag = 27. The overall micelle (corona) is

stretching of blocks A in the corona rises with increasing the
aggregation number. That is, for short soluble A blocks, the
micelles are formed with large aggregation number, indicating

always more spherical than the core. Similar to the incompatible
diblock, the asphericity generally declines ldg decreases.
When A block length is comparable to B-block lenghin (=

the increment of the crowdedness in the corona. Thus, A blocks 10), howevergp grows rapidly but drops again By = 5. The
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0.00 : : : . : :
0 10 20 30 40 50 60
N A
0.5 T T T T T T
b .
—— Opverall Micelle
—o— Micellar Core Figure 8. The typical snapshot of overall micelle and micellar core
04| i formed by (a) ABs and (b) ABs for incompatible diblock&ag = 50).
Note that the solvophilic A blocks are partially entrapped in the
solvophobic B domains for £8s.
03t 1 well-accepted corecorona scenario is not enough to depict the
s micellar morphology associated with-B compatible diblock

copolymers.

In summary, on the basis of dissipative particle dynamics,
the distribution of micellar size is obtained for diblock copoly-
mers with different soluble-block lengths. We have shown that
the weight-average aggregation number of micelles decreases
o1r 1 with increasing the soluble-block length. The power law relation
is followed but the exponent depends on the mutual compat-
ibility between soluble and insoluble blocks. For the same

00 ‘ - - - ‘ ‘ composition, the incompatible diblocks form a smaller micelle
0 10 % % “ % & e and its aggregation number declines with a smaller exponent.
N, Our results agree qualitatively with the theories of Nagarajan
Figure 7. The micellar morphology is expressed in terms of the and GanesR.The dependence of soluble-block length comes
asphericity. The influence of soluble-block lengthdis given for (a) from the free energy of the corona, which is determined by the
compatible diblock .5 = 27) and (b) incompatible dibloclafe = balance of the elastic stretching of blocks A, the repulsive
50). interaction between monomers, and the B\mutual compat-
ibility. The analysis of micellar morphology in terms of
o value of the micellar core can be as large as 0.44, indicating @SPhericity points out the inadequacy of the spherical €ore
significant deviation from spherical shape. The typical mor- corona scenario, particularly for mutually compatible diblock

. . . . copolymers.
phologies of the overall micelle and micellar core are depicted poly

iq Figure 8a fqr ABS..One can clearly see that the micellar core Acknowledgment. This research is supported by the Na-
displays a cylinder-like shape, which is able to accommodate a tjonal Council of Science of Taiwan. Computing time, provided
large amount of copolymers. It is quite surprising that the  py the National Center for High-Performance Computing of
value falls back to 0.36 for the solvophobic core at even shorter Taiwan, is gratefully acknowledged.

soluble-block length (4Bs), which results in larger micelles.
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