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ABSTRACT: Using Monte Carlo simulations of the bond fluctuation model and self-consistent field calculations,
we study the formation of micelles in a mixture of homopolymers and asymmetric AB-diblock copolymers with
composition,fa = Y. Both types of molecules are fully flexible and have identical length. We work in the
semi-grand-canonical ensemble, i.e., we fix the monomer density and incompajiblligy 100 (strong segregation
regime), and control the composition of the mixture via the exchange chemical potéatialyss — ug between

the copolymers and homopolymers. The Monte Carlo simulation comprises moves that allow homopolymers to
mutate into AB-diblock copolymers and vice versehese moves are very efficient in equilibrating the
configurations. We accurately locate the critical micelle concentration, study the micellar size distribution and
characterize the shape of the micelles by the tensor of gyration and radial density profiles. The results of the
simulations are quantitatively compared to predictions of the self-consistent field theory in the grand-canonical
ensemble without adjustable parameters. Only in the limit of high molecular weight the simulation results gradually
approach the theoretical predictions.

I. Introduction interface tension favors large aggregates while the elastic energy
limits the growth of their size. In the case of strong incompat-
ibility, the corona forms a dense brush into which the solvent
consists of strengthening the interface between incompatible CaNNot penetrate, and the interface between corona and solvent
polymers. They segregate to the interface as to extend theird!VeS rise to an additional tension (autophobiciy)? If the
blocks into the respective phases, thereby reducing the interfacgMicelle concentration is not very small, additional contributions
tension and increasing the number of entanglements across th&ue to the translational entropy of micelles and their interactions
interface? Often the segregation of copolymers to the interface Nave to be accounted for.
competes with the formation of micelles in the bulk. Thus, the  The properties of micelles have extensively been studied by
concentration above which micelles form in the bulk, the critical computer simulation&?3¢ Micelle formation is experimentally
micelle concentration (CMC), limits the amount of copolymers observed in amphiphilic systems that strongly differ in their
that one can use to compatibilize homopolymers and strengthenchemical nature and in the mechanism which creates the
the interface:6 More recently, block copolymer micelles have repulsion between the two blocks that are joined together
attracted much interest because their self-assembled structureforming the amphiphile. Therefore, one expects that the
in solution are significantly more stable than micelles formed universal properties of micelles can be described by coarse-
by surfactants of low-molecular weight. The core of these grained models that only capture the relevant, amphiphilic nature
“tough” micelles offers opportunities to utilize micelles for drug of the molecule. Thus, it is tempting to use a model as simple
delivery”® The tunable and rather narrow size distribution of as possible to investigate micelle formation. Potentially one can
the micelle core can also be exploited to fabricate nanoparficles. gain a lot in terms of computational convenience by replacing

For these reasons, the formation of micelles from amphiphilic the interaction between the amphiphile and the solvent by an
molecules in solution has attracted abiding interest from effective interaction between the amphiphilic beads. Those
experimentalists and theorists alik®. Micelles formed by implicit solvent models have a long-standing tradition in
diblock copolymers are of particular interest due to their polymer science and have attracted recent attention as efficient
applications and stability as well as due to their model character. computer models to investigate membrane propettigsWhile
Their size can be tuned by varying the molecular weight without there exists a formal one-to-one correspondence between the
changing the interactions, and the conformations of the mac- thermodynamic properties of an incompressible amphiphile
romolecules on large length scales are rather universal and wellsolvent mixture and the corresponding compressible, solvent-
describable by simple chain models. free amphiphile model with effective interactions, these effective

The free energy of a micelle results from an interplay between interactions might not be well represented by density-indepen-
the free energy costs of the interface between the core and thedent pair potentials. For instance, by replacing the repulsion
corona/solvent and the entropy loss due to chain stretéhing. between solvent and polymer by an effective attraction between
Similar to the self-assembly of pure diblock copolymers, the the polymer segments, one might observe a much higher local

polymer densit§® than in the original, nearly incompressible
t Institut fir Physik, Johannes-Gutenberg-Univeisita mixture where the maximal value of the local polymer density
* Institut fir Theoretische Physik, Georg-August-Univeisita is limited by the equation of state of the dense polymer melt.

The formation of micelles is important for a variety of
technological processés? One application of copolymers
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Indeed, in solvent-free models of very short chains, micelles the self-consistent field theory invokes no other assumption than
are readily observed. The simulations of model systems, the applicability of the saddle point approximation.
however, fail to reproduce even qualitative predictions such as, We partially overcome the computational difficulties men-
e.g., the growth of the micelle with increasing chain ler§th.  tioned above by considering a mixture of an AB-diblock
Since the assembly of diblock copolymers in solution is very Copolymer in a B-homopolymer-rich matrix that Comprises
similar to the micellization of low molecular weight surfactants chains of identical length. In our simulations we utilize the bond
in water or oil solutiort*~1 it is quite surprising that the  fluctuation model, a coarse-grained lattice model that often has
analytical predictions break down completely for intermediate served as a testing bed to compare simulations with self-
and small molecular weigh®.The reasons for this discrepancy consistent field theor§#—46 We fix the degree of incompatibility
are unresolved. The quantitative comparison between simula-yN = 100 and consider very asymmetric diblocks with a ratio,
tions and predictions of scaling theories or self-consistent field f5, = f = /g, between A and B monomers. For this architecture,
calculations, however, faces difficulties: (i) The mapping the pure diblock will form spherical aggregates. Even if the
between the computer model and the parameters of the analyticatorona was not swollen by the homopolymer solvent, its
theory often remains unclear. The properties of micelles formed extension would be comparable to the radius of the core. In
by short amphiphilic molecules depend on the details of the fact, homopolymers swell the corona, and the micelles are hairy
molecular architecture (e.g., stiffness of the molecule) and the and not crewcut. Thus, one expects micelles to adopt a spherical
local fluid structure (packing effects). Theory often considers shapé.’ and we avoid possible complications due to the vicinity
the limit that the micelle size is large compared to the extension of the transition from a spherical to a cylindrical shape. The
of a monomeric repeated unit. Only then the molecular computational efficiency of the lattice model permits us to study
characteristics can be described by a few coarse-grainedrather long chains up th = 128 effective segments and linear
parameters, e.g., the size of the amphiphilic blocks and their dimensions of the lattice up to= 96. The structural symmetry
incompatibility, and the micelle comprises many amphiphilic of the copolymer and the homopolymesolvent allows for an
molecules. (ii) Simulations in the canonical ensemble require efficient simulation in the semi-grand-canonical ensemble, i.e.,
extraordinarily large system sizes for the solution with a very rather than fixing the number of copolymers in the simulation
low concentration of amphiphile to act as a reservoir. In a typical cell, we control the composition through the exchange potential,
setting the concentration of the amphiphiles in solution signifi- du, between copolymers and solvent. Using an (almost)
cantly decreases upon formation of micelles. (iii) Simulations incompressible mixture of amphiphiles and solvent, the density
are severely hampered by difficulties to achieve thermal in the micelle’s core does not increase avoiding crystallization
equilibrium. To sample the micelle size distribution in the or vitrification.
canonical ensemble, amphiphiles have to be exchanged between Our manuscript is arranged as follows: In the next section
micelle and reservoir or between different micelles. Since the we describe the simulation model and self-consistent field
solubility of the amphiphiles in solution is very low, this is a calculations. Then we discuss the thermodynamic and structural
very slow process. One is tempted to use rather short chains toproperties of the micelles. The manuscript concludes with a brief
address this equilibration issue. In fact, most of the simulations summary and outlook.
use amphiphiles with less than 10 beads. In this case, however,
the attraction between hydrophobic beads in a solvent-free modelll. Model and Techniques

has to be very large to bring about the formation of micelles A \onte Carlo Simulation. We consider a mixture of AB-

and the core of the micelle is very dense resulting in a sluggish yip|ck copolymers and B-homopolymers with the same degree
dynamics and making the equilibration very difficult. We note ¢ polymerizationN. The diblock molecule has a very asym-
that this is an artifact of solvent-free models. In the presence of metric composition— the fraction of (hydrophobic) A-

solvent the micelle would form due to repulsion between solvent .o \omers isf = Ys—leading to the formation of spherical
and hydrophobic segments rather than due to the Strong 5ggregates already for the pure amphiphile.

attraction between hydrophobic entities. The total density of We perform Monte Carlo simulations in the framework of
the mixture of solvent and amphiphile would not significantly o 54 i ctuation modéf-9 In this coarse-grained lattice
increase in the core region and the mobility of the species would model each monomer of a chain occupies eight lattice sites

not dramatically slow as micelles form. which constitute the vertices of a unit cube on a simple cubic
In the present work we quantitatively compare the results of |attice. Two consecutive monomers along a polymer are
large scale Monte Carlo simulations of long chains with connected by fluctuating bonds, There are 108 possible bond
predictions of numerical self-consistent field theory without vectorsb yielding a good approximation of continuum space
adjustable parameters. Micellization has been studied by aproperties of flexible polymer chains. The volume fraction of
variety of analytical techniques including scaling considera- occupied lattice sites is,;8= 0.5. At this density the model
tions'*"13 as well as the classical (strong-stretching) approxima- reproduces many features of a concentrated polymer solution
tion.16 These calculations allow for exploring the rich structures or melt. Most notably the chain configurations are quite well
formed by copolymer-homopolymer mixtures as a function of described by Gaussian statistics down to rather small length
incompatibility, molecular architecture and composition. The scales. The linear extension of the simulation cell is @eunits
different analytical approaches and the regimes they predict haveof the lattice spacingi and periodic boundary conditions are
been compared in refs 15, 17, and 36. Because of theapplied in all three spatial directions. Both the B-homopolymer
computational challenge posed by long chains, however, our solvent and the AB-diblock copolymers are comprised of the
simulations are restricted to a single value of chain composition same number of effective segmerits= 48, 64, 96, and 128.
and incompatibility. Rather than exploring the systematic For computational convenience, monomers interact via a square
dependence of the micelle size on system parameters, we focusvell potential that is extended over the nearest 54 lattice sites.
on simultaneously comparing different micelle properties ob- These constitute the first neighbors shell in the monomer density
served in the simulations to the quantitative predictions of the pair correlation functiod? Monomers of the same type attract
self-consistent field theory. Unlike other theoretical approaches, each other while monomers of different species repel each oérB'\r/
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€np = —€pg = —eap = €. We keep the incompatibility per
polymer fixed,eN = 19.2. The value of the incompatibility is
chosen large enough for the corona and the core to be well
segregated. Unlike the typical experimental situation, we do not
fix the value of the incompatibility between segmentsy e,

but between polymergN ~ eN. Therefore, the width of the
interface between core and coroma,~ a\/N/\/;m, increases
with chain lengthN, and we do not expect the structure of the
underlying lattice to be important for sufficiently large A
relation between the interaction strength and the routinely
utilized Flory—Huggins parameter is given yN ~ 2z./kgT
wherekg is Boltzmann’s constant anddenotes the temperature.

In the following all energies are measured in units of the thermal
energy scalekgT. For a homopolymer blend, the effective
coordination numbelz, can be identified with the number of
monomers of other chains inside the interaction ratige>°
This number slightly depends on the chain length due to the
correlation hole effect and approaches the likit> o with a
1/v/N-correction: z. = 2.1 + 2.84/N.44 In the case of diblock
COpOl.ymerS it is unclear Whet.her only Ir_lterchaln Cof‘taCtS or Figure 1. Snapshot of a micelle containing 77 copolymers with length
also interblock contacts contribute to micelle formation. Ne- = 128 (~10* monomers) abu = 6.0. The solvophobic A segments
glecting the chain length dependence of the effective coordina-are light gray (green) while the B segments of the corona are dark
tion number z;, our choice of interaction strength corresponds gray (red). The solvent is not shown.

to yN = 90 (yN = 80 for z. = 2.1).

We work in the semi-grand-canonical enserhbighere the 4
total number of chains in the systemyg + ng = n, and the
temperatureT, are fixed, but the composition of the mixture is
allowed to fluctuate. The thermodynamically conjugated vari-
able, the exchange chemical potential between copolymers and w
homopolymersgu = uag — ue, is controlled. The semi-grand-
canonical simulation scheme comprises two kinds of meves
semi-grand-canonical moves that switch the identity of ho-
mopolymers and copolymers but do not change their conformation
and canonical moves that alter the chain conformations. We
perform random local monomer displacements, where one
moves a randomly chosen monomer by one lattice unit in a 0 . . . : .
randomly chosen lattice direction, and slithering snakelike 0 10 20 30 40 50
moves$* where one removes a monomer at one randomly chosen
end of the chain and attempts to attach it to the opposite end.Figure 2. “Lifetime” 7(nag) of the micelle, namely, number of MCS
All moves are subjected to the Metropolis acceptance criterion. ﬂee?c?rd &0 rezgwaﬁ‘éfgp'EteéyéhemC?ﬁgiYn”;g{Stﬁ; a gmggrmci)??gg rﬁ{tSize
The Canomcal.mov.es rel_ax the Conformatl.o.n of the Ch_am on SC\?itches per unit “|ifetﬁlme‘Nex(nAB)/T(nAB) as afunctlfon of the cluste?/
the lattice, the identity switches the composition of the mixture. gjzen,g. The vertical, dashed line marks the average micelleBiz]

The choice of the semi-grand-canonical ensemble is crucial
for the success of our simulations. (i) Due to the identity A snhapshot of a micelle containing 77 copolymers with length
switches, the local composition relaxes much faster comparedN = 128 close to the cmc is shown in Figure 1. The efficiency
to simulations performed in the canonical ensemble where of our algorithm has been quantitatively tested by analyzing
density fluctuations decay via the slow diffusion of insoluble the “lifetime” t(nag) of the clusters in the simulation box for
copolymers through the B-homopolymer matrix, and it is also different chain lengths as a function of the sizg. Because
faster than simulations in the grand-canonical ensemble usingof the nonrealistic dynamics in the semi-grand-canonical
the configurational bias algorithm and an implicit solvent model ensemble, the meaning of “lifetime” is not the conventional one
with strong attractions between core segments because théout it is defined as the number of Monte Carlo steps (MCS)
acceptance rate of semi-grand-canonical identity switches isneeded to completely renew the elements of a micelle with a
much higher. (i) In contrast to canonical simulations, the solvent given sizenag. This time has been estimated to be on the order
properties (i.e., composition) do not depend on the micelle size. of 10° MCS. To have a good statistics for the global properties
Simulations in the canonical ensemble would require intractably of the micelles, all the averages have to be taken over much
large system size to act as a reservoir. The speed up of thelonger runs. An example of “lifetime” veag is given in Figure
simulations makes possible the equilibration of very large 2 for N = 48 anddu = 5.9. One can see that, even for the
micellar aggregates containing up to* hl@onomers and to study  largest cluster, the relaxation time is on the ord@ng) ~ 4.0
their conformational properties, such as the radius of gyration x 1 < 1C°. In the inset we analyze the number of identity
of the micelles as a function of the chain length, density profiles, switches Nex(nas)/t(nas) needed to renew completely the
properties of interfaces, etc. While the use of the semi-grand- micelle. Note that exactly atag = [hag[] beingagthe most
canonical ensemble for binary polymer bletcf§52 and probable micelle size, the number of homopolymer/copolymer
homopolymet-copolymer mixture¥-5%is standard, it has not  switches in units of the ‘lifetime” equals the number of
yet been applied to study micellization. copolymer/homopolymer switches. Typically the simulation rE{BV

©(n,g) (x 10 MCS)
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Figure 3. Probability distribution of the number of copolymers in the 0 0204 0608 r
simulation box forN = 64 anddu = 5.9. This distribution has been
utilized as weighting functiorw in the multicanonical simulations.
Insets: Time development of the number of copolymess, in the
semi-grand-canonical simulations. The upper two panels show the
evolution of nonreweighted runs using a homogeneous solution and a
system that contains a micelle as starting configuration. The lower inset
presents the time series for a reweighted simulation.
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Figure 4. Typical density profile calculated using SCF theory and
sketch of the system. In this plot we visualize the meaning of the
parameter®, R;, andD. Notice that our model, describing the spherical
shell with internal radiufk — D and external radiuR + D, does not
give any prediction in the dashed region<Or < R — D. The
concomitant error committed can be minimized taking the lifRit{(

D) — 0.

consist of(10°) MCS, exceeding by 2 or 3 orders of magnitude Our SCF technique in spherical geometry, similar to the work
the “lifetime” of the clusters. of Matsen’! has successfully been applied to study the elastic
An important quantity that can readily be monitored in the properties of interfaces in homopolymeropolymer mix-
course of the simulation is the micelle size distributiB(mag). tures’>"2pubble nucleatior® and the micelle formatioff The
Below the cmc there are only small aggregates and their latter work by Duqué is very similar to the present investiga-
probability rapidly decreases with their size. In the vicinity of tion except that we consider more asymmetric amphiphiles and
the cmc larger aggregates (i.e., micelles) form and the sizea stronger incompatibility between unlike species.
distribution is bimodat-the two peaks correspond to a homo- We describe a mixture of AB-diblock copolymers and
geneous solution (isolated copolymers or very small aggregates)B-homopolymers in a spherical shell with radRand thickness
and micelles, respectively. The two states are separated by &D. The volume of the shell i¥ = 4z[(R + D)3 — (R — D)3/
free energy barrier. Similar to a first-order phase transition this 3. To describe the entire micelles we extrapolate our SCF results
bimodal shape marks the cmc. Unlike the situation at a first- to the limit R — D. A typical profile calculated using SCFT
order transition, however, the barrier does not diverge in the together with a sketch of the system is presented in Figure 4.
thermodynamic limitL — oo, because the micelle formation The molecular compositiorf, and the incompatibility per
involves only a finite number of molecules (at finite chain length  chain yN completely characterize the system within the SCF
N) and there is no sharp transition in a thermodynamic sense.theory and, thus, SCF theory predicts all simulation data for
Nevertheless, micelles of long polymer chains comprise many different chain lengtiN to collapse onto a single data set if
molecules and the barrier may by far exceed the thermal energy|engths are measured in units Rf = av/N.
scale,kgT. To partially overcome the slowing down of the  \jthin the SCF theory one re-formulates the problem of
simulations due to the free energy barrier we apply for the largest jnteracting chains in terms of isolated chains in fluctuating fields,

chain length a multicanonical schef%€>% To this end, we W, W, = andW. The grand-canonical free energy functional,
add to the original Hamiltonian of the system a preweighting ¢, takes the following form:

function kgT In w(nag) that only depends on the number of

copolymers but not on their conformations. The chaigeag) NP, g, Wy, Wy, E, W]

~ P(nag) results in a uniform sampling of the size distribution. keTp =—zV4 — VY —
It removes the thermodynamic barrier, but of course, appropriate

polymer conformations have to be generated in the course of f d’r [WA(N)D(r) + Wa(r)Pg(r)] +

transforming a homogeneous solution to a system that contains . . s

a micelle and vice versa. In Figure 3, we show the shape of the S EraND, (N D(r) + [ b Z(N)[L — Da(r) — Dp(r)] +
weightw(nag) &~ P(nag) we adopt in the reweighting scheme 3

for a system of 864 polymers with length= 64 atdu = 5.9. ~D f dr o(Ir] = RILPAM) = Pe(r)]. (1)

In the inset, we compare the “time evolution” of the number of wherez, andz are the fugacities of B-homopolymers and AB-
copolymers in the system for different initial configurations. In copolymers. Because of the incompressibility there is only one
the first two plots, no reweighting has been applied, in the last independent chemical potential and we get= 1 andz, =
time series we adopt the above explained reweighting SChemeexp(éy/kBT). 9, and.% are the single-chain partition functions
which allows for a more frequent tunneling between the two ¢, the B-homopolymer and for the diblock copolymer in ex-

states-homogeneous solution and micefieontaining on aver-  oq| fields\W, andWs that act on the A and B species, respec-
age 7 and 45 copolymers (see position of the two peaks in theye|y = is a Lagrange multiplier that enforces incompressibility,

distribution), respectively. N #a(r) + ¢s(r) = 1, andW is conjugated to the constraint
B. Self-Consistent Field TheoryIn addition to Monte Carlo
simulations we studied micelle formation within self-consistent @A) = ¢g(r) onthe shellk =R, (2)

field (SCF) theory2%70 and provide quantitative predictions
to which to compare the results of the Monte Carlo simulations. which dictates the size of the micelle. The latter allows U%B)V
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Na’

study the free energy of a micelle as a function of its size agy(r, )
= ?A —wg(r)[agu(r, 9 (12)

utilizing the constraint radiusk;, as a reaction coordinate. s
Within the mean field approximation the properties of a

micelle are determined by the saddle point of the free energy

functional.&. The stationary values of the fields are denoted by

lower case letters. This yields the grand-canonical free energy

G(R) = I ¢pa, ¢B, Wa, Ws, &, ] as a function of the micelle’s

radiusR.. This minimum ofG(R.) with respect tdR. corresponds

to the equilibrium micelle within mean field approximation and

is characterized by(R:) = 0. The minimum ofG(R;) coincides

with the saddle point of the unconstraint functional (i.= £(r) = \-"cos[

0). Of course, the equilibrium is dictated by the unconstrained ! o

free energy minima. The constraint, however, allows us to

calculate the free energy costs that correspond to increasing theyith 17 = 1 and 17 = v/2 fori = 2, ...,M and we choos#& =

number of amphiphiles in a micelle and to compare this quantity 118. Thus, unlike the Monte Carlo simulations, fluctuations

to the micelle size distribution observed in the simulations. away from a perfect]y Spherica] Shape are not accounted for in
The excess grand-canonical free enefdy determines the  the SCE calculations.

stability of the micelle. It is obtained by comparing the free
energy of a system that contains a micelB,with that of a [1l. Critical Micelle Concentration (CMC)
homogeneous solverGpom:

with gn(r, 0) = 1. These equations are solved by a spectral
method. We consider only spherically symmetric micelles and
expand spatially varying quantities, e @a(r), in Fourier series
oa(r) = M, paifi(r), where{fi()}; — 1..m denote an ortho-
normal set of basis functidi®:”*

(i — 1)(r — R— R, + D)
2D

(13)

The first step of our investigation is the measurement of the
CMC, ¢heme OF Outeme @s a function of the chain length, of
copolymers. In our Monte Carlo simulations, we extract the cmc
by monitoring the cluster size distributidt{nag) as a function
The stationary fields are determined by the self-consistent setof the chemical potentiabu. In the vicinity of the CMC the
of equations: distribution is bimodal and we define the location of the cmc

as the chemical potenti@lucmc at which the micellar and the
W, — Wg = —xN(¢pp — ¢g) — 29DS(r — R) 4) homogeneous solution have equal weight. In the self-consistent
_ field calculation the CMC can be identified by requiring that
Pt =1 (5) the excess grand-canonical free enetgyvanishes. Alternative
0.9, definitions for the CMC can be envisioned that take into account
(6) the translational entropy of the micell&s.
As a first example, in Figure 5 we show the size distribution
0.9, 5.9 P(nag), obtained from Monte Carlo simulations, fof = 48
@) and increasingdu. In this case the bimodal shape of the
distribution, which indicates the presence of micelles in the
— simulation box, builds up for 4.5 du < 5.8. The bold line at
?a(R) = (R ® ou = 5.85 indicates the distribution at the CMC. As we increase
ou, the position of the Gaussian peak moves to larger aggregate
sizes. In this plot we only report data upda = 7.0. For the
largest values abu, the tail ofP(nag) signals the nonnegligible
interaction between micelles. This asymmetric shape is the
signature of the presence of big and elongated clusters formed
= f dr q,(r, 9g,rr, 1—9 Os 9) by the overlapping of the cores of two neighboring spherical
micelles. A proper analysis of these effects would require even
Z.= f d’r q.(r, s)qI(r, 1-9) (10) larger system sizek, > 96, which are beyond our computational
resources.
The end segment distribution functions, in turn, obey modified  The values 0Bucmc and the correspondingsme vs 1A/N are
diffusion equations shown in Figure 6 and compared to the SCF calculations for
%N = 90 and 100. From these data we can conclude that the

AG =G — Gy ©)

The single chain partition functions}, and %, can be expressed
through the end-segment distribution functioq@,ql, andgp
via:

NaZA 0<s<f chemical potentiabucmc apparently depends only slightly on
(s ||e A~ Wa(N)]a(r, 9), the chain length. The agreement with the SCF resul= 5.78
as 2 is rather good. In the inset we plgtmcvs 1A/N. In agreement
Na f < <1 . . .
?A — wg(r)|ar, s), S with the corrections foducme the concentration of copolymers

(12) needed to build a micelle also increases with chain length.

In our Monte Carlo simulations, we additionally monitor the
with initial condition g¢(r, 0) = 1 and similarly for the  adsorption isotherm, i.e., the average concentration of copoly-
propagatorql that describes the copolymer conformations mersgag in the system veu. Adsorption isotherms are easily
starting from the opposite end of the moleculBs? = Na? accessible in experiments and they are often used to locate the
denotes the mean square end-to-end distance of the moleculeSCMC. The curves obtained by our Monte Carlo simulations for
For the comparison with the Monte Carlo data we utilize the different degrees of polymerization are shown in Figure 7. The
valuea = 3.4 for all chain lengths. This value corresponds to data points are presented on a semilogarithmic scale. In the limit
the bulk statistical segment length in the linNt— c. The of small copolymer concentration (low chemical potential) the
segment distribution function of the B-homopolymer solvent density of copolymers increases linearly wiifa. This behavior
obeys is in agreement with the FloryHuggins expression of th&DV
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Figure 5. Cluster size distribution for chain length= 48 and different ;3 9

values ofdu. The bold curve denotes the size distribution at CMC. In
this case the two peaks corresponding to the homogeneous solution
and the micellar states are equally weighted. Note thatydo= 7.0, Figure 7. Fraction of copolymerspag in the system plotted as a
the size distribution of micelles is no longer Gaussian. The tail in the function of the chemical potentialu for chain lengthsN = 48, 64,
distribution signals the presence of several micelles in the system and96, and 128 on a semilogarithmic scale. The full line indicates the mean
their interactions. field prediction given by eq 14 and the dashed lines the SCF theory
predictions dueme = 5.78 andducmc = 5.97 atyN = 90 and 100,

65— T T 11 respectively.
eN=19.2 ]
® Table 1. Fit of the Monte Carlo Data in the Case of Low Copolymer
BOF---— oo e e __ Concentration with the Equation Ingas = du — fxN Utilizing N as
L B an Adjustable Parameter
g 5.5 : : E N xN Z
O o.031- 48 82.92 2.16
= P ° @ e i 64 86.26 2.25
T AT — SCFT [xN =90] 96 87.36 2.27
01k [ ] PO SCFT [xN =100] 1 128 87.72 2.28
451 7] 2 The corresponding coordination numb&y,has been calculated using
0 005 01 0.15 the relatioriz; = yN/2¢N (and not via the number of intermolecular contacts)
40 T T with eN = 19.2.
0 0.02 004 0.06 008 01 012 0.14 ) L o
”Nuz In the interval 5.5< du < 6, the adsorption isotherms exhibit

an abrupt change in the concentration of copolymers in the
simulation box. This provides clear evidence of the presence
of large clusters in the system: the rearrangement of the coils
involved in the formation of micelles and the reduced number
of contacts between unlike species results in a rather rapid
increase of the copolymer solubility of the mixture. Note that
the longer the chain is the sharpgs rises upward away from
the logarithmic variation (see eq 14) before it approaches the
asymptotic valugbag = 1. Above the CMC, by comparing the
total number of diblocks in the system and the number of
diblocks forming clusters, we find that only a very small fraction
of isolated copolymers, about 1%, is dispersed in the homopoly-
mer—solvent. The majority fraction is involved in the formation

Figure 6. Chemical potentiaducmc as a function of 1/N. The inset
shows the corresponding values of the critical micelle concentration
¢cme The full and dashed lines represent the SCF solutiongs. =
5.78,¢cme = 0.0042 ayN = 90 andducme = 5.97, andpeme = 0.00146

at yN = 100.

chemical potentiadu written for small copolymer concentration,
das = 0:

ou= n—re__ ANF (2fpps — 1) ~ Ingpg + yNF  (14)
1- ¢AB

A fit of the Monte Carlo data with eq 14 can provide an estimate
of the degree of incompatibilityN for different chain lengths. of clusters or micelles. This picture is also true for larger values
The results are summarized in Table 1. The Flaruggins of du. A quantitative analysis of the behavior of the cluster
approximation, eq 14, only accounts for the translational entropy Size,nag, vs N will be given in the next section.

of the copolymers and the unfavorable interaction between the For amphiphile concentration greatly exceeding the CMC
A-block and the B-solventthe shrinking of the A-block inthe ~ other micelle shapes (wormlike micelles) have been detected
bad solvent and the concomitant loss in conformational entropy in Monte Carlo simulations of very short chafdut we do

is neglected®7576This is a reasonable assumption for extremely Nnot expect this complication arise for our asymmetric long
large chain lengths and not too strong segregation. For theamphiphiles. In the thermodynamic limit (~ «), we rather
parameters of the simulations, however, the A-block shrinks as €xpect the adsorption isotherm to develop a small jumfrat

to increase the local A-density and enlarge the number of intra- > ducmc that signals the condensation of the fluid of micelles
block contacts reducing the number of contacts between unlikeinto an ordered lattice (with body centered cubic bcc structure).
segments. Thus, the coordination number extracted from the This first order transition between a disordered fluid and a bcc

adsorption isotherm will underestimatgandyN, respectively.
The full line in the plot gives the mean field eq 14 wijthl

= 90. This value is obtained by extrapolating the results of the

fit shown in Table 1 to the limilN — . The arrows on the

ordinate mark the values df«cmcatyN = 90 and 100 obtained

with SCF calculations.

micellar phase, however, is not observed in our small simulation
cells that contain only a few micelles.

IV. Micelle Size and Response to Fluctuations

In this section, we study the effect of the chain leni§ton
the size distribution of micelles which are present in our M088V
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0 P ST 16 R B 1!N1!2
0 005 01 015 0 0.05 0.1 0.15
”N1f2 1,:"N”2 Figure 9. Upper panel: plot of the free ener@(Veord = —IN P(Vcord

as a function oVeore = Veord(@v'N)? = 47(Reordan/N)¥/3 = fnpe/pad

VN. The lines represent fits of the free energy around the minimum
with parabolic function<G = aVore + bVeore + €. The curvature of

Figure 8. Upper panel: the cluster size distributiB(nag) as a function

of the scaled aggregation numbeks/~/N. The symbols represent the

simulation data, the thick lines show the fit with a Gaussian function. L : _
For the largest chain lengthl = 128, the SCF results foiN = 100 the free energy at the minimum has been estimate@®) = 1/2a.

andduene = 6.0 are also shown as dashed line. The normalization of Lower panel: curvatures for different chain lengths (dark stars) and

the SCF result was chosen such that the weight of the right peak the analogue result obtained by SCF theory (light star) WANL/
(micelle) equals the result of the MC simulations. The MC data refer

to concentrations slightly below the CMC. Lower panels: the behavior allows us to quantify the correction to the leading (mean field)
of the scaled average aggregation numbiZv/N and the scaled  behavior. Estimates of the fluctuations around the mean ag-
standard deviatioa?/~/N as a function of ¥/N. The latter data are gregation numbeimagCare given on the right-hand side where
obtained from the Gaussian fits B{nag) in the upper panel. we displayo?/N¥2 vs 1NY2 This scaling is suggested by the

Carlo simulations. In particular, we investigate the behavior of SCF calculations: The free energy of a m|SeIIe scales like

the average size of the cluste$,s[J vsN and the fluctuations G(nAB) - kBTpaS‘/N'Q (nABN/p(a\/N)3) where.g IS a scaling
around the most probable size. We can extract this information function that depends g/N ando. Thus, at a fixed incompat-
also from the SCF calculations by studying the minimum and ibility xN, the relative f_Iuctuat|ons of the micelle’s size’ =

the curvature of the excess free enefg§ as a function of the ~ [{nae — MagPOscale likepa®v/N.

volume of the cor&/core = 4Reore’/3 (Reore being the radius of The free energyG, related to the size distribution in Figure
the core). Note that the scale of the grand-canonical free energy8 is shown in the upper panel of Figure 9. Here we have
defined in eq 1 is set b)kBTpa3«/N. A direct comparison performed a variable transformation plottiGgas a function of

between the two methods is possible due to the reldiong) the volume of the micelle’s coreVeoe = 47Reore/3. TO

= —ksT In P(nag), which connects the size distributi®fnag) investigate volume fluctuations we focus on the region around

to the free energ@(nas). the minimum of the free energy. In the lower panel we plot an
In Figure 8 (top), we present an enlarged view of the size estimate of the curvatur€(N) = Veore — VearP(av/N)®

distribution P(nag) around the peak corresponding to the times VN (dark stars) vs &N. Note that this quantity is
micellar state for different chain lengths. The simulation data related to the fluctuations of the number of amphiphiles per
are obtained slightly below the CMC. Within the SCF theory micelle via C(N) = (f/[pa®v/N])2dnag — MasgPO~ 1/[pad
the radiusReore Of @ micelle’s core (at fixegkN) scales like the  /N]. The rescaled curvature extracted from the MC simula-
characteristic lengttRe. Therefore Reore ~ Re ~ av/N and the tions extrapolates to a finite value which is compatible with
number of chains per micelle is given byg = (pVeordfN) = the results of the SCF calculations (light star) for— .
(4pReor3fN) ~ VN. Thus, we utilizenag/~/N as abscissa. Figure 10 displays the excess free energy obtained by SCF
The top panel shows that the size of the micelles is Gaussianlytheory for different values gfN at the CMC. Similar informa-
distributed around the mean valiigg [ The scaling plot reveals  tion has been obtained within the scaling consideratfoasd
strong deviations: Instead of a data collapse we only observeprevious SCF calculationd.The data foryN = 100 are also
a very gradual approach to the asymptotic behavior. The possibleplotted in the previous figure for comparison. As the incompat-
reasons for this behavior will be discussed in section 5. In any ibility increases, the micelle size increases (cf. Figure 13) and
case, the growth of the micelle size with chain length is stronger the micelle size distribution becomes more narrow. The SCF

than anticipated by the SCF theory. calculations also allow to measure the free energy barrier
In the bottom two panels of Figure 8, we show the results of associated with the formation of micelles assuming the micelle’s

the fit of P(nag) with a Gaussian distributiorg(nag) = radius as reaction coordinate. The barrier scaleskiR@Rcors/

(210?)"Y2exp[(nas — Mas[)?/20?] obtained for differentN. N~+/N upon increasing the chain length at fixed incompat-

On the left-hand sidémg[INY?2 is plotted vs 14/N. This plot ibility, ¥N. This agrees with the observation that the free en%%
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Figure 10. Excess free energG of the micelles (in units opa? Figure 12. Radial density profile of core, corona, B-homopolymers,
\/NksT) calculated by SCF theory for different values gl as a and isolated copolymers plotted as a functionr/aiN'/2 for different
function of the normalized volume of the coMd(av/N)3. The chain lengths. FoN = 48 andN = 64, we choose configurations at

curves are evaluated at fixeileme The free energy landscape as a  chemical potential§u = 5.75 and 5.95, foN = 96 andN = 128 we
function of the reaction coordinaté..e exhibits a maximum that  considerdu slightly below ducme Finite-size effects occur at large
characterizes the barrier to form micelles and a minimum that for N = 96 andN = 128. The dashed curves have been calculated
corresponds to the stable micellar stat& = 0 at the minimum implies ~ using SCF theory fody = 5.78 andyN = 90.

that the data are obtained at the CMC. In the inset, we plot the barrier

AG* vs VN, O-a} LA L B 1(b)' T
105_ 25 '. LI I' T ‘ * I* * *E 02 HH‘H“‘-—-— j 0.%- M\\“"‘w _.
t —20 @ core ¢ ] o 1 £ 02 h'..u..__ - "o
LD SF % micelle E 4 © o .06F .\. E
L~ 15 ® - o 4 "'--E 0 15 . 3 | -
> o ] £ A Fay g Q_E
z 'or ) 7 O O o ® MC 1704 @ MC e
< o0sf *  x o 0l @ 0.1F-- f{itMC data T L -~ fitMC data 1
ol 1 i X 4 ] * % B S ¥ @ SCFT [N =90] 1 ook @ SCFTLN=90 |
= | 0 00s !NU'I’; 0.15 0.05F 0 SCFT[N=100] - “[ O SCFT[xN=100]
> IF ! A E o0 ] R R
0 9 . 2 A 4] % 005 01 o015 % 005 01 015
O 9 g0 O o O] 1N"? 1N"?
A9 O o 0 O Figure 13. (@) Reor/a®N, with Reorebeing the intersection point between
% RZ ] the profiles of core and corona (core size) V¥, The red liney =
9 0.244 + 0.444, is the fit of the MC data. From this line we can
0.1 " L . L . extrapolate the value d®oZ/a?N = 0.244 in the limitN — c which
0 0.05 0.1 0.15 is in good agreement with the prediction of the SCF theoryyfér=
”NUE 100 (open circle). (b) Height of the peak of the corona profile as a
] ] . . function of 1NY2 For N — « the MC simulations predict the value
Figure 11. Eigenvaluesg,, g» andg., of the gyration tensay divided pmax ~ 0.875 which overestimates the SCF results fNr= 90 and
by N as a function of 1/N. Both data for the whole micelle and the ~ 100.
core are shown. In the same plot we also show the behaviByg ef ) N ]
Oa + Ob + b In the inset we plot asphericity, A, divided by vs 1/ wherer;, is the a—component of the position of the ith
VN. monomer in a given chain € 1,...N; a = X, Y, Z). Note that
barrier between the homogeneous solution and micelles increases Rg2 =0,t09,1+ 9. (16)

as we increase the chain length. This barrier heigl@, is
important because it controls the equilibration times of micelles. where Ry denotes the radius of gyration of the aggregate. A
In principle, the analogue information can also be extracted from measure of the shape of the cluster is given by the asphericity
MC results measuring the depth of the valley in Figure 8. The A defined as
inset of Figure 10 shows the dependence of the barrier to micelle
formation on the incompatibility. The barrier is related to the (9. 9b)2 + (9 — gc)2+ (9.~ ga)2
interface tension VidG* ~ kgTpa3v/Nf(yN) ~ padv/Nya2N ~ A= 200+ 9y + 9)° ' 17)

% - . . a b
pa3«/ﬁ«/gm where f is a scaling function that adopts the
asymptotic behavior of the interface tension in the strong A can assume values from 0 to 1.Af= 0 the micelle has a
segregation limit. Indeed, when plottilgs* vs «/;m we find spherical symmetry. Fgk = 1, the micelle is a rod or a cylinder.
a linear dependence over the range of incompatibilities inves- The eigenvalues of the gyration tensor, the gyration radius and
tigated. asphericity of the core and of the whole micelle, normalized

The shape and the dimension of the micelle can be characterby the chain lengttN, as a function of %N are shown in
ized by the eigenvalueg, O, dc (Ga < Ob < gc) of the gyration Figure 11. The data for the three eigenvalugs,gy, de, and
tensorg with components: the gyration radiusly, show appreciable deviations from the

ideal behavior only if they are calculated for the entire micelle.
1 A fit of Ry vs N with the power lawRy ~ N¢, yields the
Oup = —Z[riva — rj’u][riﬂ - rm] (15) exponentst ~ 0.51 andx ~ 0.56 for the core and for the whole
2N micelle, respectively. In the inset we plot the aspheridityof CDV
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the same systems vsNI/2 These data strongly support a 1
spherical shape for the micelles~ 1073, for all chain lengths. —
The large error bars on this quantity do not allow us to make 0.8k i
more quantitative statements about the shape fluctuations of the
micelles as a function of chain length. The asphericity seems 0.6k i
to decrease wititN approaching the ideal value= 0 for N — =
o, and hence, one recovers the SCF result. &04
V. Radial Density Profiles and Interfaces
The radial density profiles around a micelle are presented in 0.2r- 7
Figure 12. The profiles have been obtained by averaging over I N L
many micelles shifting the center of mass of each micelle to 005 04 0608 T 274 16 18 2

the origin of the coordinate system. All aggregates with size r/aN "2
Masll+ 20 contributed fo the average. The figure shows the Figure 14. Radial density profiles as obtained from SCF calculations

simulation data for chain lengths = 48, 64, 96, and 128 by {5 gifferent values ofN at CMC. The increase of the incompatibility
symbols whereas the predictions of the SCF theoryyfor= between A- and B-blocks causes the sharpening of the interface core
90 at the CMC §ucmc = 5.78) are displayed by lines. On the corona and the progressive expulsion of the homopolymer/solvent from

abscissa we plot the distanae,from the micelle’s center of  the corona shell.
mass in units of the molecules' end-to-end distaa@@. For

the two smallelN we useddu = 5.75 and 5.95, respectively, 0.6 0.9~

whereas, folN = 96 andN = 128, we fixeddu = 6. For the 08l

two larger chain lengths, the micelle size is unfortunately not s 05 -

much smaller than the linear extensiarof the simulation cell, z | #%71 1

and the homopolymer profile is somewhat distorted for large § e 06k i
In the profiles one can clearly distinguish a strongly segre- @ 04 S| —scrr ] - T

gated A-rich core that is separated by a sharp AB interface from A Semenov 4 0.5 ]

the corona. The junction points of the amphiphiles are localized 0352576650300 350 %4050 700750300350

at this interface. For the incompatibility considered in the AN %N

simulation the corona is swollen by the homopolymer solvent; Figure 15. (a) Plot of the normalized core radius obtained by SCF

i.e., the homopolymers penetrate the B-corona and reach up tocalculations as a function gfN. These results are compared to the
the AB interface. theoretical predictionRcordaNt2 = 2.18(/6)2(fyN)*6, by Semeno¥/

The plot confirms that the size of the micelle scales to leading in the strong segregation limit. (b) Height of the peak of the corona
order likeav/N, but it also reveals corrections similar to those profile vsyN.
observed in Figure 8rather than perfectly collapsing onto a solvent into the corona. In Figure 13, we plot those two
single rescaled master curve, the simulation data gradually quantitiesRcore andpmax VS 1A/Nin order to extrapolate them
approach a limiting behavior which is compatible with the SCF by a linear fit to the limitN — o and quantitatively compare
predictions. The corrections to the asymptotic behavior can bethe asymptotic values with the SCF calculations at the CMC
traced back to three effects: for YN = 90 and 100. The chain length dependence of the

(i) The statistical segment length,= (ReI\/N_-l), exhibits simulation results is well described by a/M-correction. The
corrections to its leading, chain length independent asymptotic asymptotic value of the core radidyre quantitatively agrees
value. The A-blocks forming the core are rather shidit= 6, with the predictions of the SCF theory while we find that the
8, 12, 16, and on these small length scales, the excluded volumeasymptotic value of the maximal B-density of the corona is
is not completely screened out; i.e., on length scales smallerabout 20% larger than the SCF calculations. The latter discrep-
than&e, the chains are not ideal but they exhibit SAW statistics. ancy might partially be attributed to the effects of the small
For the bond fluctuation model ap& 0.5, the screening length  simulation cell that might affect the details of the profiles more
has been measured to Bg ~ 7;’8 this means that excluded significantly than the micelle’s radius.
volume effects are significant for chain sections of lendtbs To explore the role of incompatibility, we present in Figure
~ Lo fla? ~ 5 wherea ~ 3.4 denotes the segment length. 14 the dependence of the profiles in the interval 8GN <

(i) The Flory—Huggins parametery, or the effective 160. This illustrates the effects associated with the uncertainty
coordination numberz, exhibit strong W/N-corrections to  Of the identification of the FloryHuggins parametey, and it
their leading, chain length independent asymptotic values dueis also interesting in its own right. As we increggéthe radius
to correlation hole effects. of the core increases (cf. panel a), the distribution of the junction

(iii) The size of the AB interface is broadened compared to POints between the two blocks becomes sharper, and the
the predictions of the SCF theory. These deviations stem from maximal density in the corona increases. In Figure 15 we plot
shape fluctuations of the micelle that are ignored within the the rescaled core sizBeord(av/N), and the peak of the corona

mean field approximation. profile pmax @s a function ofyN. Panel a compares our SCF
To analyze more quantitatively to what extent the simulation calculations forR.,.daN'2 to Semenov’s result Rcore/(a\/ﬁ)
data approach the SCF predictions for> oo, we consider the = 2.18(/6)"4(fyN)Y/¢ for block copolymer micelles in the strong

chain length dependence of two characteristics of the profiles: segregation limit assuming that the homopolymer solvent
(i) the radiusR.ore at which the A-density of the core equals penetrates the corona (wet brush). The analytical prediction
the B-density of the corona yields an estimate of the micelle’s overestimates the micelle size for low and intermediate segrega-
size; (ii) the maximal densitymax Of the B-segments of the  tion, 40 < ¥N < 80. This is quite expected because, e.g., the
amphiphiles in the corona yields information about the width strong segregation approximation overestimates the AB interface
of the AB interface and the penetration of the homopolymer tension’® Other corrections to the strong segregation 8BV
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Figure 16. Interfaces corecorona (solid line) and corona-homopoly-  Figure 17. Plot of the interfaces corecorona and corona-homopoly-
mers (dashed lines) foyN = 100 and 160. For the degrees of mers forN = 48 and 96. The MC data are compared to the SCF
incompatibility we have examined the two interfaces always overlap, calculations foryN = 90.

this means that we find a nonnegligible concentration of homopolymer/

solvent in the shell around the core where the junction between the 0.2 - T T T T

two blocks are located. The thin curves represent the sum of the two 10T O N=48

overlapping interfaces. For very high valuesydf we expect that the | [ o=241 N O N=64

two interfaces will be independent. 0.15e [ ] o N=96
- | A N=128

proximation have been discussed by Likhtman and Sem&hov.
Since the micelle’s size results from a balance between the cost
of the AB interface per chain which tends to increase its radius
and the stretching required to fill space uniformly which tends
to decreasdR.oe @ smaller interface tension gives rise to a 0.05
smaller micelle size. At large incompatibilities, however, the

strong stretching theory underestimates the micelle size. This

might be due to the fact that at larghl the corona becomes so %
dense that the homopolymers cannot penetrate it. In this limit,
the dense corona resembles a dry brush and an interface betweefigure 18. Product of the radial density profiles of core and corona,
corona and melt gradually builds up (autophobiti#y) as we pea(r)pea(r), plotted as a function af — Reoe With Reorebeing the average

; : position of the junctions or intersection point of the core and corona
increasg/N. Asymptotically, there are three layersore, corona, profiles. The curves can be fitted with a Gaussian function peaked at

and B-homopolymersthat cpns_ist of pure A-segments, of only R and with standard deviation The fit givesRere = 0.7MN%62and

B-segments of the amphiphiles, and of solvent segments,s = 2.4IN%4. The latter power-law and the corresponding data points

respectively. These three layers are separated by narroware shown in the inset.

interfaces. The free energy cost that is associated with the second

corona-melt interface tends to additionally increase the micelle  In Figure 18, we display the produpta(r)pce(r) assuming

size. that the inner arrangement of the micelle is not strongly affected
The building up of two distinct interfaces, their position and by the size of the simulation cell. From the graph, we extract

width can be monitored by the product of the corresponding the chain length dependence of the width of the AB inter-

densities, pca(r)pca(r) for the core-corona interface and  face defined as the variance of the peak when fitted by a

0.1

Pealn) Peglr)

pea(rens(r) for the corona-melt interface, respectively. Gaussian distribution. The chain length dependence is describ-
The predictions of the SCF theory are presented in Figure able by an apparent power law of the form= 2.14N%45 and
16. One observes that the cemorona and cororamelt a similar fit also yieldsRere = 0.7°62 Both apparent

interfaces become more separated, the maximal density ofexponents are close to the square-root dependence of the SCF
B-corona segments increases, and the coromalt interface  calculations. The narrow overlap cereorona can be fitted by
moves further outward as we increase the InCompatlblhty When a Gaussian function’ on the Contrary’ the broader Oveﬂap corona-
measured in units of the natural sife = avN, the AB- homopolymers exhibit a non symmetric decay. From these
interface sharpens but the width of the coreneelt interface  curves we also obtain an estimate of the number of copolymers
does not significantly change upon increasyiyfrom 100 to per unit surface defined dBag M47Rcord ~ N~12 as a function
160. of chain length close to the CMC. The corresponding data are
Figure 17 shows the simulation data fof = 48 and plotted in Figure 19. This quantity can also be seen as the

96—the shortest chain length is not affected by the limitation «grafting density” of a brush (corona shell) on a spherical surface
of the simulation cetrand compares them to the predictions (core).

of the SCF theory folyN = 90. The AB interface is much

sharper in the SCF calculations than in the simulation§ signalingv/|  conformational Properties of A- and B-Blocks Inside

the rather pronounced shape fluctuations of small micelles. As e Micelle

the chain length increases, however, the interface becomes

narrower and moves further outward, thereby improving the ~ One reason for the deviations between the MC simulations
agreement with the SCF calculations. For the incompatibility and the SCF calculations for finite chain length are deviations
used in the simulations, the homopolymers penetrate the corondrom the Gaussian chain behavior. These are particularly
and the product of the corona and melt densities has a veryimportant because (i) the chain conformations in a micelle differ
broad peak which also moves slightly outward with increasing from their bulk behavior and (ii) the amphiphilic architecture
chain length but does not significantly sharpen. is not well describable by the Gaussian chain model on se[))r\t/
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Figure 19. Number of copolymers per unit surfaog = nag/47Rcoré . ;
timesNY2 as a function of Y2 The MC data are compared to the 12+B-blocks
analogous SCF theory resultygdl = 100. A linear fit of the simulation )
data gives the expressiogNY? = 0.36-1.36N'? overestimating the 10
SCF theory predictionzgNY? = 0.27, in the limitN — . An alternative
straight line forced to start at the SCF calculations is also included. ® 8
Table 2. Conformational Properties of Amphiphiles in a Micelle N‘-‘E' 6143
@
N 6# Rea Rep Reore Og o '
48 5.75 5.76 20.20 9.41 0.176 4 A
48 5.80 5.78 20.30 9.66 0.184 — : : . !
48 6.00 5.86 20.28 10.42 0.208 02 04 06 08 1
48 6.10 5.87 20.30 10.74 0.212 oL
48 6.20 5.91 20.21 11.02 0.216 ] ] 0.6 0.8 1
48 6.40 5.975 20.26 11.99 0.232 s/N
48 6.50 5.97 20.14 11.93 0.232 bl
48 8.50 5.99 19.66 12.16 0.248 Figure 20. (a) Normalized mean squared end-to-end distafRe#,
64 5.95 7.16 24.17 11.69 0.192 Np, of A- and B-blocks as a function of the number of segmeNis,
96 6.06 9.39 30.41 14.69 0.184 per block. The straight lines indicate fits of the foR&# = b?2Ny — ¢
128 6.08 11.26 36.62 16.84 0.160 +/Ng. (b) Mean square distance from the junction poR£(s), as a
adu < Oeme function of the curvilinear distancs,

length scales (e.g., swelling of the conformationg4) dueto VIl Conclusions and Outlook
unscreened excluded volume interactions). The pertinent MC  Extensive Monte Carlo (MC) simulations of large AB-block-

data are summarized in Table 2. copolymer micelles in a B-homopolymer solvent have been
In Figure 20a, we quantify the average degree of stretching quantitatively compared to self-consistent field (SCF) calcula-
by presenting the mean squared end-to-end dist&geof the tions utilizing the Gaussian chain model. By means of semi-
A- and B-blocks normalized by the number of segmehis, grand-canonical identity switches in junction with multicanonical
of a block. The simulation data for A-blocks and B-blocks are éweighting we investigated chains with upNe= 128 segments
well described byRep2 = 11.70Np — 15.0Ny 2 and Reg? = in the framework of the bond fluctuation model. The long chain

151Ny — 35.3MNy "2 respectively. The outer B-blocks are length has proven crucial to make quantitative contact with the
stretched Res2/a®Ny, — 1.48. In panel (b) we ploRZ(S)/s vs S_CF predictions. A variety of_ properties |nclu_d|ng the aggrega-
the curvilinear distance, from the junction pointRe(s) denotes tion numb_er and its quctuatlo_ns, radial profiles to molecular

the end-to-end distance between gffenonomer in the corona conformatllor_ls has been conS|d¢red.

and the junction point. For large we observe a plateau In the limit of very large chain lengths the MC data are

indicating the rather uniform Gaussian stretching along the compatible with the detailed predictions of the SCF calculations.

I 2 Our comparisons reveal in several instances a rather slow
B-block. The deviations at smallstem from the nontrivial local . o .

A convergence of the simulation “data” (which represent the exact
structure (local stiffness and excluded volume). These effects __,. . o . .
are not captured by the SCE theorv but enter the descri tionstatlst|cal mechanics, including all fluctuation effects) to the

v via th pt tisti yl 0 iiwyTh data for the A PUONheoretical predictions of the self-consistent field theory, with

only via the statistical segment lengén, The data for the A-core increasing chain length. This finding should be relevant for the
are shown in the inset. Since they are comprised of fewer

he deviati ¢ he G ian behavior infl use of this theory (as well as its simplified strong-stretching
segments t € eviations from the aussian benhavior INIUeNnce, e qions and related scaling arguments) to interpret experiments,
a larger fraction and only for the largest chain lentyth- 128

too. Partially, the discrepancies for short chain length can be
a plateau gradually develops. We also note that the bond thataceqd hack to the small number of segments of the solvophobic

joins the two blocks is strongly stretched because the range ofjock and the deviations from the Gaussian chain statistics due
the repulsion between unlike species is smaller than the maximalig excluded volume and local chain architecture on short length
bond length. scales. Other deviations (in particular, the broadening of radial
Upon increasing the chemical potential, we observe that the profiles) can be rationalized by fluctuations of the micelle shape

aggregation number and also the effective grafting densjty ~ which are ignored in the SCF calculations.

of the blocks at the AB-interface increase (cf. dataNo= 48 The comparison between MC data and SCF predictions shows
in Table 2). The A-blocks stretch further due to the lariggke that the deviations often decrease in relative importance like 1/
but the corona is only slightly perturbed. V/N. The SCF calculation have also been extended to stud&B\e/
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dependence of the aggregation number and the critical micelle(28) Jan, N.; Stauffer, DJ. Phys. | (Fr.)1994 4, 345-350.

concentration on the incompatibilityN. For the incompatibility
considered in the simulatioryN ~ 100 the homopolymer
solvent penetrates the corona. A®l increases, however,

homopolymers are gradually expelled from the corona (dry

(29) Wijmans, C. M.; Linse, PLangmuir1995 11, 3748-3756.

(30) Larson, RJ. Phys. (Fr.) 111996 6, 1441.

(31) Desplat, J. C.; Care, C. Nlol. Phys.1996 87, 441-453.

(32) Mackie, A. D.; Tavitian, B.; Boutin, A.; Fuchs, Mol. Simul.1997,
19, 1-16.

brush, autophobicity) and, then, the additional free energy cost(33) Viduna, D.; Milchev, A.; Binder, KMacromol. Theory Simull998

of the corona-melt interface tends to increase the micelle size.
This study of bulk micelles is a good starting point for
investigating more complex situations like the adsorption of

7, 649-658.

(34) Floriano, M. A.; Caponetti, E.; Panagiotopoulos, ALZhgmuir1999
15, 3143-3151.

(35) Milchev, A.; Binder, K.Langmuir1999 15, 3232-3241.

micelles on surfaces or interfaces and the structure of mixed (36) Milchev, A.; Bhattacharya, A.; Binder, Klacromolecule001, 34,

micelles.
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