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ABSTRACT: The self-assembly of block copolymegBy, into spherical micelles is analyzed using a numerical
self-consistent-field theory. A is the hydrophilic annealed polyacid and B the hydrophobic part. The degree of
polymerization for the polar moiety is fixedn(= 100), whereas that of the tail is variea<€ 100, 200, and 300).

The charge in the annealed A block depends on both the pH and the added 1:1 electrolyte concentration
Beyond the cmc, the diblock copolymers form either low aggregation number starlike or large aggregation number
crew-cut micelles. A nonmonotonic behavior of the micellar properties as a functippfof fixed pH is found.

For starlike micelles, the scaling of the aggregation nuniigg with ¢s is in fair agreement with analytical
predictions, i.e.Nagg~ @729, For the core radius, we find th& e ~ ¢>2403 and for the corona thickness
Teorona™~ @s %8 For crew-cut micelles, the scaling exponents deviate significantly from analytical predictions.
Upon increasing pH, a smooth transition from crew-cut to starlike micelles happens apdigiterestingly, a
coexistence between these two different micellar sizes is possible for relatively low valpemat narrow pH

range. The corresponding thermodynamics, phase diagram, and various structural properties are presented.

|. Introduction

The study of the self-assembly of amphiphiles into association
colloids has received ample attention in the literature due to its
many important applications in various fields, such as formula-
tion science, surface chemistry (wetting), pharmacy (drug
delivery), and environmental sciences (soil remediatiof).
Analogous to low molecular weight surfactants, in a selective
solvent block copolymers self-assemble into mesoscopic objects.
Beyond a particular concentration, which is known as critical :
micellization concentration (cmc), the polymeric surfactants Figure 1. Schematic illustration of a crew-cut (CC) micelle (left) and
form so-called micelles. In aqueous solvents, a micelle consistsa starlike (SL) micelle (right). The core mainly consists of hydrophobic
of a dense hydrophobic core and a strongly hydrated corona.fsh%g‘rﬁggtsse%ngfng?%iﬁgzgggﬂﬁfgntg? :\%ﬁac?;tfg?sc%eﬂrehecgforgga
Polymeric systems have an intrinsic advantage over low thickness.
molecular weight surfactants as the chain length of each block
can be widely varied without loosing thermodynamic stability mjcelles. These two micellar shapes are defined on the basis of
of the micelles. A large degree of freedom of block lengths the relative size of their core radius with respect to the corona
give a flexibility to adjust the copolymers to a particular thickness. A micelle has a starlike shape when the thickness of
application. Itis obviously more convenient when the copolymer the corona exceeds the radius of the core. The micelle has a
self-assembly is responsive to simple physicochemical condi- crew-cut shape when the radius of the core is larger than the
tions without the need to adjust the block lengths. thickness of its corona. An illustration of these two cases is

There are strong indications that micelles consisting of block presented in Figure 1. These different micellar morphologies
copolymers with both a hydrophobic and an annealed polyelec-are experimentally observed for diblock copolymers which
trolyte block have remarkable responsive structural properties. usually consist of a polystyrene hydrophobic block and a
Borisov and Zhulina published an extensive theoretical study carboxylated hydrophilic part:13
for the self-assembly of this type of block copolymers in an  The corona mainly consists of weak polyacids. For a fixed
aqueous electrolyte solutié®. Their major findings are briefly | 51ue of the (intrinsic) dissociation constarkof the poly-
reviewed in this article. electrolyte block, the degree of dissociation depends naturally

From a scaling point of view, two types of spherical micelles on the pH. Within the micelle, the charged groups induce a
were defined: the so-called starlike (or hairy) and crew-cut |ocal electrostatic potenti&l. This potential counteracts further

dissociation of the acid groups. Small, indifferent ions screen

t Russian Academy of Sciences and DRFMC/SI3M CEA-Grenoble.  the charges and thus damp the electrostatic potential. As a result,

*LPCP. the dissociation also becomes a function of the salt concentration
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@s (in this article, a dimensionless volume fraction of salt is macroscopic in size a true first-order phase transition cannot
used). In equilibrium, the charge in the corona is, to a good ap- occur. One of the key examples of a system that suffers from
proximation, compensated by counterions (Donnan equilibrium). finite-size effects is the self-assembly of surfactants (copoly-
For micelles with a liquidlike micellar core, Borisov and mers) into micelles. For micellar systems, phase transition-like
Zhulina predicted that the pH and dependences of the degree  Pheénomena can be envisioned, although there may be many
of dissociation have nontrivial effects on the micellizatién. intricacies. To illustrate this, it is relevant to discuss how free
In particular, when pHv pK,, various micellar properties of ~ copolymers exist in equilibrium with small micelles.
the system, such as the size and aggregation number, vary It is obvious that the volume of a single micelle remains

nonmonotonically with the electrolyte concentratfoi? At pH microscopic; i.e., the length scale remains in the order of the
< pKa or pH> pK,, the micellar behavior changes monotoni- copolymer size. Again, one important consequence of this is
cally with varying electrolyte concentration. that the micellar formation cannot proceed through a first-order

The analytical modél® which presumed a boxlike structure ~ Phase transition. Nevertheless, very often one can identify a
of the corona, predicted that the presence of the annealedc'itical micellization concentration (cmc) which refers to a
polyelectrolyte block may lead to an abrupt transition in micellar Pinodal-like phenomenon connected to a first-order phase
size. It was also predicted that a starlike form can coexist with transition. However, for the micellar system, it is not correct
a crew-cut structure, while the intermediate sizes are forbifiden. that the chemical potential of the copolymer remains fixed when
This is quite remarkable since the predicted transition does notthe total number of micelles is increased (by increasing the over-
involve a topological change (both micellar entities have a 2ll copolymer concentration above the cmc). In fact, it can be
spherical geometry). These theoretical predictions form the Shown thatthe chemical potential of the surfactants (copolymers)

guidelines and the motivation for a more rigorous and realistic Increases slightly with increasing micelle concentration. As the
modeling of these micelles by using a numerical SCF model. chémical potential increases, there must be a concomitant growth

of the micellar size which may be significant. For a sufficiently
high aggregation number, the change in chemical potential is
very small (the chemical potential is fixed in the first order),
and the growth of micellar size with copolymer concentration
remains limited. Therefore, one can view micellar formation
as a first-order-like phase transition. As it will be discussed
below, all of these aspects are incorporated in the thermody-

The self-assembly of diblock copolymers with an annealed
polyelectrolyte block is analyzed in the present paper by
applying the self-consistent-field (SCF) theory, using the
numerical scheme of Scheutjens and Fleer (SF-SEF)The
SF-SCF theory combines a first-order Markov approximation
for the chain statistics with a local mean-field approximation.
Sg;;tgng r?]roelseit%ﬁogi:rg(’):eﬁsui?e;aigsn;%%egﬁgzvgfgenamics of s_maII systems and ret_rieved in all the details in the
gradients in the normal direction. The SCF method has beenSCF modgllng of mlcgllar formation.
used before to study the self-assembly of uncharged block AS Previously mentioned, the charged annealed block co-
copolymers in a selective solvelftThe PoissorBoltzmann ~ Polymer system leads to the possible presence of two distinct
equation is used to incorporate charged components. The selfinds of stable micelles that coexist at the same chemical
assembly of ionic surfactants has been studied by, e.g., BohmeiPotentials. As intermediate micelle sizes are not stable, we are
et al., who applied the SF-SCF scheme for both bulk micelli- confronted with an interesting type of phase coexistence, which
zation and adsorption phenoméfd®and by Meijer et al2l-24 is again reminiscent of a first-order-like phase transition.
Claessens et a5 and Rabinovich and Leermakers et4R7 Apparently, the free energy landscape must feature two local
who studied phospholipid bilayers. Within the SCF model, minima separated bya.lmaximum with a finite height. This leads
annealed charges are treated in terms of a multiple-state #odel. [© the presence of finite size effects. For example, we should
The adsorption of block copolymers with an annealed poly- anticipate that it is possible to _change the ratio betw_een the
electrolyte block, or brushes made from these chains, has already’UMbers of the two types of micelle simply by changing the
been considere®. However, the study of micellar formation ~amount of copolymers in the system. However, such change
of block copolymers with an annealed polyelectrolyte block has cannot occur at fixed chemical potentials. As a natural conse-
not yet been attempted with the SF-SCF method. Below, we dU€nce, the two mlcellar species WI|| necessarily be responsive
show that the analytical predictions of Zhulina and Borfioy 0 changes of the chemical potentials. The thermodynamics of
are consistent with our numerical calculations and that it is STl systems that is compatible with two distinct micellar
indeed possible that two different micellar sizes coexist. SPecies will be discussed below in some depth. Furthermore,
Interestingly, micellar coexistence is consistent with the presencell the discussion, we will come back to the physics of phase
of a first-order-like phase transition. coeX|stenc_e in small syst_ems. _ o

At this stage, it is important to recall the notion of the The outlllne of the rgmqlnder of this artlcle_ls as follows: We
thermodynamic limit when dealing with phase transitions. In first describe the application of thermodynamics of small system

particular, for a system that features a first-order phase transition,[© the analysis of the SF-SCF calculation. This is followed by

one typically will have two distinct macroscopic states of the tEe rewfew on _thﬁ statistical modeling, |nfpart|Cl|JIar, thehSCI_:
system, i.e., gasliquid or liquid—liquid phase separation. There ~(h€ory for an inhomogeneous system of copolymers that Is

is a well-defined set of chemical potentials at which the combined with a summary of all input model parameters. The

coexistence is possible, and the free energy landscape featureftrticle is closed by the description of the results and conclusions.

two local minima separated by an infinitely high maximum.
The composition of coexisting phases is given by the so-called
binodal. When the overall composition changes, only the The thermodynamical background of self-assembly has a solid
volumes of the two coexisting phases change and not their foundation in the thermodynamics of small system initiated by
compositions (their chemical potentials are fixed). Only in the Hill.30 It was elaborated further for the case of surfactant
single-phase regions of the phase diagram, the chemicalmicellization by Hall and Pethicd. The SF-SCF model is
potentials become a function of the average composition. It is ideally suited to give the (statistical) thermodynamical frame-
known that for systems in which the coexisting phases are notwork that implements the small system analysis. This methq/

[I. Thermodynamics of Small System
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has been used previously for surfactant (copolymer) systems. 0Q -0 ©)
Here, we review the important steps and apply the method to AN TNy
deal with the coexistence of crew-cut and starlike micelles.

In the classical thermodynamics, according to Gi¥his, a Since in a closed system with constant number of surfactants
macroscopic system consistingofomponents, the change of  (copolymers) the number of micelles”is reduced upon
internal energy U due to the change of entropydvolume of increasing aggregation numhiéy,, the stability condition can
the system W, and the total number of molecules of théa be rewritten as
component B, at temperaturel, pressurep, and chemical
potential of all components;, is given by 9L <0 (10)

c aNagg TV{N}
dU=TdS—pdv+ Z”i dN; @) If stable monodisperse micelles exist for a particular chemical

potential of copolymers, the extra entropic teB&, is just

In the case of micellization, this expression is extended by the translational entrop§ans of a micelle, i.e. Srans = —ka In

introducing two conjugated quantities, i.e., the subdivision ®m: Wheregnis the volume fraction occupied by a micelle. As
potential & and the number of micelles231 such that the system is macroscopically homogeneous and each small

system has a single micelle, the volume fraction of the micelle
c is given by the ratio of the intrinsic volume of the micellg
dU=TdS—pdVv+ Zﬂi dN, + &d - (2) and the volume of the small system= V/.|” The intrinsic
! volume of the micelle can be estimated by

Therefore, the change of the Helmholtz ener§y dhereF =

.~ nexcy3
U — TS can be expressed as Um=0y"a (11)

c where 67 is the total excess number of copolymer segments
dF = —SdT — pdV + Zﬂi dN; + SdA” 3) in the micelle, i.e., the aggregation numidéyg, multiplied by
| total number of segments of each copolymer. The pararaeter
is the characteristic size of a lattice site where one segment is

where the equilibrium and the stability conditions lead to two |5cated. Thereforeg? s the unit volume of each segment (further

constraints: discussion about the discretization and numerical scheme can
9F be found in the next section). By using expression 11, the
m%vm} =&=0 (4) micellar volume fraction can be written as
Oexc OeX(l:"/’
2 > _p 3_"p 3
IF __‘ﬂ >0 (5) §0m—7a— v a (12)
aPlrveny  ANTVANG

Obviously, the Ansat&ans= —kg In ¢m Only applies when
Equation 4 ensures that at equilibrium the macroscopic ther- the micelle is in a very dilute solution such that there are no
modynamics for a homogeneous phase, as expressed in eq 1, isteric and electrostatic interactions between micelles (for the
conserved. Equation 5 assures the stability of the micellization. case of ionic micelle). In a dilute solution and at equilibrium,
Furthermore, under isothermic conditions, based on eq 3, onethe micelle volume fractionyy, is thus directly related to the

obtains grand potential
c _ o QlkgT
F=—pV+ SuN+ &1’ ®) Pm=e (13)
' Note that in the SCF model one obtains the most likely micellar
or equivalently size and fluctuations around this size are ignored. In eq 13, the

entropy associated with the fluctuations in size is not included,
¢ whereas it should be accounted for in a more complete niédel.
F+pVv- Z:uiNi =& ) Here, we restrict ourselves to the first-order effects.

! In the SCF model, there is only one micelle in the system
which is in equilibrium with a dilute copolymer solution.
Nevertheless, from the SCF model, it is possible to understand
how different micelles can coexist. This happens when for
various micelles both equilibrium and stability constraints are
fulfilled at a fixed set of intensive variabld$:}. In this case,
it is believed thatS:a contains both translational and mixing

The complete subdivision potentiél cannot be computed
by SCF type of modeling. The reason is that in the numerical
procedure one considers a single micelle in the center of the
coordinate system. Instead, the grand potential per mi€&lle
is obtained and interpreted as the translationally restri¢ted
Therefore, an extra entropic ter8xys Which is coupled to oo
degrees of freedom at the level of the whole micellar object ENErOPY contributions.

and that is ignored by the SCF method, has to be added to regain . If there are, for example, two stable micelles that differ in
the complete subdivision potential size, then there are two restricted grand potenfialsand Q2,.

Let the volumeV contains 17 (small) micelles of type 1 and
Q—-TS= & (8) 3 (large) micelles of type 2. The micelle of type 1 occupies a
small system with volume;, and the micelle of type 2 occupies
As already referred to in the Introduction, in the SCF system a different small system with volume. These micelles are
(one micelle is in the center of the coordinate system), equivalentcharacterized by the same micellar volume fracien(cf. eq

to eq 5, the relevant stability constraint is reformulated as 12) CDV
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gexcl s 0ex<:z s . chemical characteristics of the system. The statistical thermo-
—————a (14) dynamics provides the machinery for a given molecular model.
To illustrate this point, it is of use to discuss briefly how the
statistical thermodynamics is implemented in the analytical
framework typically used for polymeric micell&s$.

We consider a solution with voluméthat containsN block
copolymer molecules. We assume that there Idgeblock
copolymers are free as unimers and that= Nyo = Nagg/!”
monomers are in micelles, wher¢’is the total number of
micelles (typically in the polymer literatuf¥,ggis denoted as
p). In a canonical ensemble, the Helmholtz enefgy,V,T) is
Q=1Q, + 15Q, (15) the characteristic function. Assuming the dilute solution, one

can model the micellar system as an ideal gas of particles

Pm= Vi

whereg;** andg;** are the total excess numbers of copolymer
segments in the micelle 1 and 2, respectively. All the micelles
exist in a single.(1, .12, v1, v2, T) system in which the total
volume of the systenV = _{7v1 + 12v,. The whole system
consists of 17 + .12 small systems; each contains either a large
or a small micelle. Therefore, the expression of the grand
potential of the total system is

In equilibrium, there are two contributions to the extra entropy

that should be added. Th the t lati | ent F
Soxrathat should be adde ese are the translational entropy E Fo Hn( \)“‘(N Ny,

of micellesSyans within their small system volumes, and vy, m = agg ke T kBT

i.e., Srans= —ks( 11 In @, + .12 In @m), and the mixing entropy N—N__ |

of two different types of micelleSnix = —ks(17In X3 + .42 In (N= N, 1) |n(i ) (22)
X2). Here, X; andX; are the mole fractions of small systems of 99 eV

type 1 and 2 in the system ) . . .
Here, the first term is the free energy of the micekg is the

N free energy per monomer in micelles), and the second term is
X, = A (16) the translational entropy of the micelles. In a slightly better
L2 approximation, one should also account for the volume of the
s micelle to enumerate the micellar tran;lational entropy (see also
X, = Y a7 the previous section, cf. eq 12). The third term is the free energy
ST of the unimers Ky is the free energy per unimer), whereas the

final term is the translational entropy of the unimers. In the
dilute solution the solvent concentration is considered to be high
and constant such that the free energy contribution is safely
neglected.

The free energy is then optimized both with respect to the
Shumber of micelles|"and the aggregation numbaly, that

Obviously, X; + X, = 1, which indeed expresses the volume
conservation. The use of the same micellar volume fragtign

in the translational entrop$ansfor both micellar sizes implies

a macroscopically homogeneous distribution of copolymers in
the small systems 1 and 2 since both small systems contain th
same overall amount of copolymers. The mixing entr&y

leads t
accounts for the number of ways to distributé micelles of eads fo
type 1 and 2 micelles of type 2 over the whole system. By oF, — Nygg "
using the above expressions of translational and mixing Fp+ Naggona N —ksT In[ ] =0 (23)
entropies, the grand potenti@| of the small system with micelle 9
of typei is ky - .
_ _ F+—In(‘—) Tln[ ]—0 24
Q= T(Syans + Si) = kTN @y 10 %)~ (18) PN, MV | TPk (24)
wherei = 1, 2. Equivalently The grand potential of the translationally restricted micelle is
a given by
Xitp = & 2T (19)

Q=N (F,—u) (25)
It has to be noted that the variables, Xi, and€2; depend on odFo P
the total copolymer concentratiopp, and from the mass  \yhere the chemical potentia), of the free polymer chains is

conservation, one finds that given byup = Fo + ks T IN[(N — Nagg 1J/V]. By applying eq 23,
oy the partial derivative of the grand potenti@l with respect to
Pp= Pp X T Xy (20) Nagg leads to the GibbsDuhem relation
By substituting eq 19 into the expression 20, one obtains 9
b —QukeT | —QulkeT 0 “Nagoan 2 <0 (26)
Pp=@p T et el g ke (21) Nagg Nagg

expressing that for a given coexistence of two micellar sizes since dup/dNagg > O for stable micelles. Equation 26 is thus
the copolymers in the system can be found either in the bulk asconsistent with eq 10. By introducing the mole fraction of
free molecules (first term on the rhs), in small micelles (second micelles asxy = 11V, eq 24 reduces to
term), or in large micelles (last term).
_ A QlksT
- : Xn =€ 27)

Ill. Statistical Modeling

From the above description, it is clear that it is necessary to which is equivalent to eq 13 when the volume of the micelle is
generate the grand potentfalfor micelles composed of a given  ignored in the translational entropy of the micelle. We note that
number of copolymers as well as to predict its structure as athe molecular modeling is easily extended to account for
function of the copolymer concentration and other physico- different populations of micelles. CDV
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To evaluate the relevant free energlgsand Fo, typically 5.5 x 10~ M. Furthermore, in this lattice system, the a priori
further approximations about the structure of the micelle are step probability to move inward, outward, or to remain in the
needed, e.g., with respect to the geometry of the micelles, thelayer depends on the coordinatdt is assumed that these step
sharpness of the cor@orona interface, the penetration of the probabilities go td/; in the limit of larger. These probabilities
solvent in the micelle, etc. For such details we refer to the are used to account for the geometric-dependent local avéfages.
corresponding articles? The linear sequence of segments specifies the chain mol-

At some stage of the procedure, it becomes useful to choose€cules. Here we use copolymers that consists of hydrophobic
a typical micelle out of the range of stable micelles. In many Plock B with lengthn and a polyacid block A with degree of
cases, the Ansatz is to ignore the translational entropy of the Polymerizationm, i.e., AnBn, with the total degree of polym-
micelles (second term in eq 22). This directly leads to the €fizationN = m + n. Three types of copolymers, 168100
equilibrium condition at whick = 0. In other words, instead ~ A1008200 and AodBsoo are used. In addition, there is a 1:1
of a range of micelle sizes that are stable, one focuses on theelectrolytes with each of the positively charged (with valence
micelle with vanishing grand potential value. This choice allows ¢s* = 1) or the negatively charged ion = —1) is a monomer
a systematic study toward the scaling relations in polymeric that fits a lattice site. In this calculatlor_1, the solvent (yva'ger) is
micelles. Of course, one can do the same in the numerical SCFIS0 modeled as a monomer. The acid groups A exist in two
model. However, we choose below to remain closer to experi- POssible states, either charged- = —1 or in a neutral form
mental system and select quite arbitrarily the micelle vith vHA = O The water molecules have three distinct states; most
= 10ksT as a representative micelle that can be observed of it is in the neutral formyy,o = 0, whereas_ the other states
experimentally in (dilute) micellar solutions. It is easily seen @r€zno" = 1andvoy- = —1. The concentration of each states
that the small difference in choice f&@ does not disrupt the ~ depends on the pH with corresponding.p = 14. The
comparison between the analytical and numerical approachesdissociation constant of the polyacid grouii,ps set to 4.25,

A. Self-Consistent-Field Theory and Model Parameters which s the value for a ca_lrboxyllt_: grc_)&ﬁ.
. S Besides the electrostatics, which is accounted for on the
In the analytical models, approximations are needed to compute,, . | level h h iahb
Fp, andFo in order to evaluaté. Within the self-consistent- PoissonBolzmann level, we have short-range nearest-neighbor
figlda roach, it is possible to obtain the (mean-field) partition interactions parametrized by well-known Flory Huggins pa-
functiopnpaccur:auely I\C/)vithout the need to put constraintsponto the rameters. The chosen values are consistent with water being a
molecules. From the partition function and the corresponding selective solvent, i.eyag = yss = 1.6, wheresis the electrolyte

- . - ; ..~ monomer, andgsw = 1.3, which indicates strong repulsion
characteristic func_tlon,_the grand po_tentlal can be _den_ved with- between these segments. An athermal interaction parameter
out further approximations. The main approximation in mean-

field partition functions is that the binary distribution function between the polyacid group and water is used(= 0), which

between pairs of particles or atoms, which is needed to accountre‘ﬂeaS its hydrophilicity (miscibility with solvent).

. . . . . o The basis for computing the partition function of inhomo-
the binary interactions, is replaced by a singlet distribution . e ;

. - . . geneous polymer systems is the Edwards diffusion equation,
function for a particle (atom) in a self-consistent (external)

. X ) . where polymer segments experience a segment-type potential
Eg;eenitgalrlrj].icZTIlzratrlcsu(I)?u”t?/oLns)diﬂze(lj)i/ﬁre)?grljgg ng\/tveergzég;; the field dependenceé® Within this scheme, chain conformations
. ' . are effectively generated using a first-order Markov approxima-
surroundings of a molecule does not differ too much from the .~ = . . iyt
X .~ tion, in which the degeneraey. of each conformation (specified
average one. As a result, such a mean-field approach is

reasonably accurate. In the following, we introduce the molec- sfeciﬁencr(]e Qf Y'S'ted ;:oordltnatfgsi_)y the se?rréentgz lth'\{
ular model and give the essential background information on of the chain in conformatiort) is computed using the step

the SCF theory used for the micellization of diblock copolymers. probabilities mentioned above. As th«_zoordlnatgs of all seg-
) ) ] ) mentss are known, the overall potential of a given confor-
It is essential to mention that in any SCF method the

- . ; mationc is available, i.e.u; = Yu(rg). The number of chain
symmet'ry of the system must bg specified and f|xed'dur|ng the ;, this conformation is givecn bg::( CD:wce‘“c’kBT, whereCis a
calcul_atlons. Here we use a discrete SCF r_nodel IMPOSING &p,5ymgjization constant chosen such that the total number of
spherical geometry. This means that we will only focus on

. . . o ' _molecules in the system is according to the specifications (input
spherical micelles. We use the discretization scheme of Scheutjen%ame) andkeT is the thermal energy. Once all conformations

and FIeezj (SfF'SCF) wherﬁ the moleculesf. are f‘ss.“”;;géto b&re summed up, one has excess to all volume fraction profiles
composed of segments. These segments fit on lattice Si @x(r) whereX = A, B, s, W, including all possible internal states

and lattice sites are arranged in layers which are numhered 4t A"3ng\w, We use the multiple-state approach of Bjorling et
0, ...,M. The number of lattice sitelS(r) in each If;tyer grows 4137 to properly account for the internal state equilibria.
quadlratlcally with the layer number Le., L(r) ~ 1% vyhergr . The self-consistent potentials follow the volume fractions
- 0 is the center of the coordmate system that. will coincide profiles. In particular, we account for the short-range interactions
with the center of mass of the micelle, and= M is the last | 5ihq the Flory-Huggins parameters and Coulombic interac-

Iat;lf_ce_ layer mbthe sysk:er;:. Wr? chqosﬁa= 150'_ w|h|chd!s_ a  tions. For the latter we have implemented the discrete form of
sufficient number such that the micelles are isolated; 1.e., It yhe poisson equation, in which for the case of spherical

exgegds significantly the ngyg Iength.. There.is one pharac- coordinate system
teristic lengtha = 0.3 nm which is associated with the size of
a lattice site. It is used below to normalize all other linear 1d dw(r)
lengths. Since the numerical discretization of the SF-SCF model €0 —(rzer(r) )
requires us to use dimensionless concentrations (volume frac- r2dr dr
tions), thus for the monomeric components, one has to multiply

volume fraction by 55.4 to obtain concentration in mol/L (the where the local relative dielectric constanfr) are found by a
conversion value of water, modeled as a monomer, with unity volume fraction weighted average of segmental relative dielec-
bulk volume fraction). As an example, the volume fraction of tric permittivities. The local charge distributiqsfr) are found
saltgs = 107° is equal to the experimental salt concentration in similar way, i.e.,o(r)le = Yx3jux(r)ex(r), wheree is the

=—p(r),0re[0,M] (28)

Ccbv
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Figure 2. (a) Plot of the grand potenti& and chemical potential of copolymeus as a function of aggregation numiésy, The first set of dots

at Nagg ~ 175 indicates the theoretical cirie., the first appearance of thermodynamically stable micelles. It is indicat€2tfpn the Q curve.
The second set of dots Blfyq~ 480 corresponds to the grand potential vafiig = 10ksT. This system is taken to depict the electrostatic potential
W and charge density in (b) and the radial volume fractiop of block copolymers A and B in (c). The profiless and¢g at theoretical cmc is

depicted in (d). The radial coordinate is denoted .a&ll the plots are for

elementary chargey(r) is the total number of charges (per unit
area) of segmerX at the possible stafein layerr, and¢x(r)

is the corresponding volume fraction which is subjected to the
incompressibility constrainf x3 jpx(r) = 1 for all coordinates

r. By solving this Poisson eq 28, one obtains the local
electrostatic potentidf’(r). For water we choose the relative

the block copolymer;&4Bso at pH= 3 andgs = 1075.

In eq 30, the radial potentials of segmehat statg is denoted

by ux(r) andgi(r) = > «i(r,9), i.e., sum of the volume fraction

of all segments of moleculein layer r, whereasgi(r,s) are
obtained from the statistical weight of the segments in molecule
i (known as segment-weighting factorb);is the total number

of segments of moleculé. Furthermore, the superscrift

dielectric constant to be 80. For all other components we choosedenotes the variables in the bulk solution, and the angular

a lower value ok, = 10. Besides short-range and electrostatic

bracket indicates that the volume fraction is averaged over

interactions, in the segment potential field there is also a segmentneighboring layers (nonlocal BragyVilliams approximation).

polarization term as well as a Lagrange contribufidn.

In summary, for each segment type there are two conjugated
distribution, i.e., the radial volume fraction profitex(r) and
the radial potential profilaix(r), which should be consistent
with each other. Typically, the number of copolymer molecules

in the system is an input parameter as well as the pH and the

electrolyte volume fraction in the bulk solution (semi-open
ensemble). In equilibrium with the micellar object at the center
of the coordinate system, there are few copolymer chains exist
as unimers in the bulk solution. The volume fraction of one of
the electrolyte ions is used to impose the electroneutrality
condition in the bulk. Once all potentials and volume fractions
are known, the grand potentiél is evaluated as follow8

ke T

where—TI(r) is the dimensionless grand potential density

—=-SLn 1) (29)

W@ e -
nO=3 3o 772

1
5 2.2 3 2 ox x5 #3) ~g (1) -
J

b 1 w(r)
§0Y,)} - 5 ijevxﬁﬂxj(r)a (30)

The last term of eq 30 is the electrostatic contribution, wigere
is the elementary charge ang is the valence of segmeMtat
statej.

IV. Results and Discussion

From the calculations, various equilibrium structural proper-
ties of spherical micelles such as the size and aggregation
number, as well as corresponding thermodynamic quantities,
are obtained. We start with a small subsection presenting a case
study. This allows us to elaborate on the way SCF results are
coupled to the thermodynamics of small systems. The case study
is followed by the analysis of the properties of the micelles as
a function of pH and salt volume fractiops. In the last
subsection, the coexistence of different micellar sizes in a narrow
pH range and lowps value is analyzed in more detail.

A. Case Study: AoBszon PH = 3, ¢s 1075. This
subsection is started with the discussions of some properties of
a micellar solution of the copolymer8B300 at pH= 3 and
@s = 1075. Under this condition, the micelles are very weakly
charged, and just one type of micellar size exists, i.e., the crew-
cut micelle. For this system, we present the grand potential and
chemical potential of the copolymer as a function of the
aggregation number and selected radial charge, electrostatic
potential, and a few density profiles.

Figure 2a shows the plot of the grand potenfialand the
chemical potential of copolymers, as a function of the
aggregation numbeé¥,gg Here, the stability constraint in eq ]C(,)DV
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is satisfied beyondNagg~ 175. This value corresponds to the 600 (a)
theoretical cmc where the grand potential value is large, i.e., at -
Q* ~ 329gT. The theoretical cmc is defined as the bulk .
concentration of polymer where stable micelles start to form, 400 . B
i.e., whered€2/dNagg= 0. At the theoretical cmc, the chemical .
potential of copolymers is the lowest and gradually increasing Nagg )
with aggregation number. A2* ~ 325%gT, the micellar volume

fraction g, = e 27kT is extremely small. Experimentally, it is

impossible to observe such a low concentration of micelles. With

increasing polymer concentration, the volume fraction of

micelles increases @2 decreases anllygg increases dramati-

cally. Quite arbitrary, the grand potential val@* = 10kgT

is chosen as a point of reference for an experimentally accessible

micelle. This value is chosen differently from the zero grand 600 |
potential that is used by Borisov and Zhulina in their anal§8is.
Itis clear however that both approaches lead to the same trends.
Our Ansatz is internally consistent since it is assumed in the
model that the micelles exist in the dilute regime. A value of
grand potentia2 = 10kgT is used to ensure a sufficient amount

of translational entropy.

In Figure 2b, the radial profiles of the electrostatic potential
W(r) and charge density(r) are plotted for the micelle with 0
Nagg~ 480. The small negative charge in the corona is due to
the presence of the deprotonated polyacid segments which are

. . Figure 3. (a) Plot of the aggregation numbig,gas a function of pH
locally compensated by excess small counterions. Figure 2b %" oy grand potenti® = 10ksT andg. = 10-3 for different

shows thgt the chqrgg relaxes to zero in the bulk according topjock copolymers as indicated: 18100 A10B200 and AudBaos (b) A
the classical description of the electric double layer. Because similar plot for block copolymer AyBsw at the sameQ value for

of the electroneutrality, the integrated charge dengity the different electrolyte volume fractiops as indicated.
whole system is equal to zero. In the region where most of the

hydrophobic groups are found (core of the micelle), the dielectric
permittivity is low, and this micellar part remains virtually free
of charges (positive charge exists due to the presence o
counterions at the corgcorona region). The corona region,
where most of the polyacid block can be found, is negatively
charged, and an excess of counterions is accumulated in th
core—corona and coronasolution interfaces. The charge dis-
tribution inside and around the micelle induces an electrostatic
potential W(r), which in this case is negative throughout the
system. The maximum electrostatic potential is found in the
corona, and it vanishes in the bulk. Inside the core, the potentia
remains finite.

The radial profiles of volume fractiopa andgg are shown
in parts ¢ and d of Figure 2, corresponding to the micelle at
Q** and Q*, respectively. For these micelles, the core and
corona are easily located since the densely packed hydrophobi
B and hydrated hydrophilic A blocks are spatially well separated.
The profiles in both figures have very similar characteristics
and the change iNyggis mostly reflected in the change of the
core size. Throughout the article, the thickness of the corona
Teorona Of @ micelle is computed as the first moment of the
volume fraction of A groups with respect to the center of the
micelle ¢ = 0) minus the core radiuBe Which is obtained
directly from the density profileps (Reore is twice the first
moment ofpg). The micelle atQ** ( Teorona= 11.94,Reore =

200

400 —
Nagg

200

decreasindNagg as pH increases for the copolymersodBioo,
A100B200, and AooB3zgo at Qs = 10°3. At a fixed pH, the
faggregation number increases with the length of the hydrophobic
tail B due to a stronger hydrophobic attraction for longer tail
moiety. For each copolymer, théygq decreases with pH, and
dhis decrease is more pronounced for longer tail lengths. As
the pH increases, the number of charges in the polyacid block
increases. This increase in degree of dissociatignleads to
a more repulsion between the headgroup segments. This explains
the decrease of the aggregation number. A complementary
|explanation for the decrease of the aggregation nuragy
with increasing pH is that the proton charge is, to a first order,
locally compensated by the accumulation of counterions. The
local increase in the osmotic pressure promotes the hydration
of the corona such that the corona occupies more space.
Geometric considerations predict a decrease of the aggregation
Sumber.

Figure 3b shows a significantly more complex behavior of
' Naggas a function of pH for a wide range @f. For each value
of @5, Naggis @ monotonically decreasing function of pH because
of the accumulation of charges in and around the corona.
Interestingly, some of the curves for differeps values cross
each other. This indicates a nonmonotonic behavior of the
aggregation number with increasing electrolyte concentration
@s (at a given pH). In the range a@fs from 1073 to 1071, the
A ! B aggregation number drops at low pH, and in the rangeof
A e ot o e 3z om 1010 10°% e agegaton umber o at i pr

Pocore e This nonmonotonic behavior can be seen more clearly in Figure

B. lonic Strength and pH Dependencesin the following, 4. Here,Nqggis depicted as a function fs for three different
unless indicated otherwise, all of the results are for micelles pH values. At pH= 2, the aggregation number varies hardly
with a grand potential equal @ = 10kgT. The corresponding  with ¢ since the polyacid block is uncharged. For pHt, the

micelles, with micellar volume fractiopm = e™1% ~ 4.5 x Nagg decreases from around 350¢a¢ = 1075 to around 50 at
1075, are considered to be the ones which are found near the = 10-3 and rebounds t0lagg A~ 400 atgs = 10°% At pH =
experimental cmc. 5, only stable micelles are found fgr; > 1072,

In Figure 3, two set of plots of aggregation numib&gg as To understand better holN,yg is a function of pH andps,

a function of pH are shown. Figure 3a shows monotonically let us discuss the degree of dissociation of the acid group&’sDiQ/
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Figure 4. Plot of the aggregation numbé¥,y, as a function of
electrolyte concentratiops for a few pH values as indicated at the
grand potential2 = 10kgT for block copolymer AqBsoo
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Figure 5. (a) Degree of dissociatioma- along radial directiom from
the center of a micelle from the;ABs00 block copolymers at pH= 4
and varyinggs, as indicated. (b) A similar plot at salt concentratipn
= 1073 at different pH.
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decreases as pH increases (cf. Figure 3a), and forggwhe
aggregation number decreasesggsncreases and the reverse

is found for highgs (cf. Figure 3b). A close inspection of Figure

5 allows an estimation of the micellar size. It can be seen from
Figure 5 that the core and corona sizes change correspondingly
with Nagg

In general, the degree of dissociation is suppressed by the
negative electrostatic potenti. Thus, the degree of dissocia-
tion of the headgroups A in the corona of the micelle is smaller
than that in the bulk. However, it can be seen in Figure 5a that
the degree of dissociatioma- remains relatively high in the
corona region for a higher electrolyte concentration. Since the
profile of a follows the electrostatic potential profile and since
the electrostatic potential in the core is finite, the value of the
degree of dissociationa- in the core is significant. However,
the contribution of this to the total charge in the micelle can be
neglected due to the infinitesimal amount of polyacid in the
core.

For varying pH (Figure 5b), the degree of dissociation outside
the micelle follows the trend in the bulk; i.exa- increases
with increasing pH. In the corona of the miceltey- is again
suppressed due to the negafifeWhen pH< pK,, the potential
remains relatively low and the degree of dissociatian follows
that in the bulkaf\,. When pH> pKj,, aa- is only suppressed
at sufficiently highW. Again, aa- follows a‘j\, to the first
order. At intermediate pHea- is mostly suppressed in the
micelle.

A similar nonmonotonic behavior fd¥agg as a function of
@s has been predicted analyticafiilhe cause of this nonmono-
tonic behavior is the opposite effect of the electrolyte on the
charge characteristics in the micelle. By increasing electrolyte
concentration, counterions screen the electrostatic repulsion
between charged groups such that the effective charge dimin-
ishes and the electrostatic potential is reduced. Thélolwads
to a generation of more charges by further dissociation. This
increasing dissociation attracts more counterions and so forth.
This cooperative effect of salt can develop best when~pH
pKa At more extreme pH values, the proton charge regulation
is suppressed.

From the result such as in Figure 3a, it is found that
aggregation numbeN,gq scales with the degree of polymeri-

the corona in more detail. For this purpose, the copolymer Zationm of hydrophobic group ablagg ~ m* with x = 1.6 for
A10£300 is selected. In the annealed po|ye|ectr0|yte Chain, the crew-cut micelles and 1.8 for starlike micelles. The analytical
degree of dissociationa- depends on the local pH and on the  Predictior? for this proportionality isc between 1 and 2 for crew-
electrostatic potential, which is influenced by the presence of cut micelles and 10/11 for starlike micelles.

salt. In Figure 5, the profiles of the degree of dissociatian
along the radial directiom from the center of a micelle are
depicted for different electrolyte concentratigg and pH. In
Figure 5a, thepsis varied from 101 to 10~* at pH= 4, whereas
in Figure 5b, the pH is varied from 3 to 5 fgr, = 1073, As in

Figure 3,Nagg is not fixed. In fact, the aggregation number

The scaling ofNagg and other properties, such &g and
Teorona With @s depends strongly on the pH. As can be seen in
Table 1, at lowps, Nagg~ ¢s~ %47 for crew-cut micelles at a pH
close to the Ka At high ¢s, Nagg ~ @) wherey varies from
0.43 to 0.45 for crew-cut micelles and 0.7 to 0.9 for starlike
micelles at a pH around theKp value. The scaling for the

Table 1. Analytical and Estimated Numerical SCF Values of Scaling Exponents of Micellar PropertieRcore, Tcorona, @nd Nagg from Block
Copolymers AnBy in the Specified Physicochemical Conditions; Crew-Cut and Starlike Micelles Are Denoted by CC and SL, Respectively

analytical SCF
X conditions X conditions

Reore™ ¢ -2 CC, lowgs -0.15 CC, pH~ pKy, low ¢s
0.4 CC, highgps 0.141t00.15 CC, pHr pKj, highgs

0.241t00.3 SL, high pH angs
Teorona™ Py 1 CC, lowgs 0.04 t0 0.05 CC, pHr pKq, low ¢s
-0.2 CC, highgs —0.03 CC, pH~ pKa, highgs

—0.09 SL, highps —0.02 t0o—0.08 SL, high pH angs
Nagg~ @% -6 CC, lowgs —-0.47 CC, pH~ pKy, low ¢s
1.2 CC, highgps 0.431t00.45 CC, pHr pKj, high gs

0.54 SL, highps 0.7t00.9 SL, high pH angs

Ccbv
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) ) . . Figure 8. (a) Profiles of the volume fractiop of A and B groups of
Figure 7. Radius of the core and corona thickness of a micelle from pjock copolymers in a spherical micelle along the radial direction

A10cB30o block copolymers as a function of pH gt = 10 The through the center of the micelle which is located at the point of origin.
restricted grand potentidl is equal to 18T. All micelles are in the The micelle is composed of:8Bs00 block copolymers at ph 4 and
crew-cut form. salt volume fractionps = 101 and 103. (b) Similar profile for pH=

3, 4, and 5 as indicated at fixegk = 1073. The radial densitypa for
aggregation number of starlike micelles is close to the analytical pH = 5 is extremely small such that it is difficult to see the profile in
prediction by Zhulina and Borisov, which iagg ~ gL this coordinate scale. As in the case study, all of the volume fraction
However, for the case of crew-cut micelles, the scaling is ¥® In the core reach the value 6f0.8.
considerably less than the prediction of Zhulina ef alhich . . .
is Nagg ~ s © for 10w @5 andNagg ~ ¢’ for high gs. volume fractionp of A and B groups of copolymer in a micelle

Cgfresponding 1o the changeggiln the aggregation number as 22"€ Shown in Figure 8. Here, the center of the micelle is located

function of the electrolyte concentratign, the core and corona &t ' = 0, and the micelle is composed ofiBsoo block
ecopolymers. Radial profiles of micelles at pH 4 for a set of

electrolyte concentrations are presented in Figure 8a. Profiles
of micelles atps = 1073 for a few pH values are depicted in
The AwdBaoo copolymer is selected for fixed pi 4. The core Figure 8b. In this figure, the core of the micelle is easily
size follows the dramatic change Nfg, However, the corona identified by the homogeneous density of the hydrophobic group
thickness changes less severely than the core radius. The coron&: The polyacid group A is accumulated in the corona region.
of the micelle, which mostly consists of polyacid block A, AS already described before, it can be seen that Rag
undergoes two opposite effects. The changgfshould lead ~ Increases antloronadecreases slightly for highes (see Figure -
to a similar change Ofcorona However, the variation itNagg is 6 for the overall size changing). By increasing pH, the opposite
driven by the increase (faps < 1073) or decrease (fops > happens, theR:ore d_ecrea_ses andicorona iNncreases, such that
1073) of repulsion between the polyelectrolyte groups in the eventually the starlike micelles are formed. It should be noted
corona. These electrostatic effects cause the hydrophilic chaingthat due to the application of a monomeric solvent in the mode!,

parameterR represents either the radius of the c®ge or
corona thicknes3coronain units of the length of a lattice site

to stretch forgs < 1073 or to contract forgs > 1073, the volume fraction of hydrophobic groygs in the core is not
compensating the trend of the core. These two opposite effectsequal to unity. In fact, it reaches a constant value-6t8 (cf.
lead to a relatively weak dependenceTafonaWith @s. Figure 2c,d). The volume fraction of hydrophilic polyacid group

Similar compensating effects are seen in Figure 7. Here, the ¢a depends strongly ops and pH. Highgs and low pH values
core radius and corona thickness of the micelle formed from lead to a higher local density of hydrophilic A groups in the
A100B300 are depicted as a function of pH at fixed = 107~ corona. The radial densitys becomes extremely low at low
The core radius follows the aggregation number (Figure 3b); ¢sand high pH. A large number of charges in the corona cause
i.e., Reore decreases at increasing pH. The corona thicknessa more stretched chain in the corona which suppresses the core
increases steadily until it reaches an asymptotic value atpH size and reduce,gq These effects lead to a very low density
5. Beyond pH= 5, the micellar properties become a weak of segment A in the corona as can be seen for example at pH
function of pH since the polyelectrolyte groups in the corona = 5 in Figure 8b. This can also be found later in Figure 10c
are fully charged. In both Figures 6 and 7, there is no intersection where the same copolymer is used at slightly higherpH.5
between core and corona curves. This means that in theseand lower electrolyte volume fractiops = 10°5. Further
systems only crew-cut micelles exist. discussions about the presence of the starlike micelles and the

More insight into the structural properties of crew-cut micelles transition between crew-cut and starlike micelles can be found
is obtained from radial density profiles. Radial profiles of the in the next section. CDV
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is found for increasings at fixed pH as can be seen in Figure
9b. Beyondyps ~ 1.5 x 1072, where the core and corona size
are equal, crew-cut micelles are found, and at lpwstarlike
micelles exist.

It is important to note that this transition only happens at
sufficiently high pH and relatively lowps values. The reason
for this is that at high pH the copolymers, and consequently
the micelles, are highly charged such that the headgroup is more
responsive to the change of added electrolyte concentration. At

40

30

Ra 19

10

05 |3 ‘I‘ ls L low ¢s, the polyacid block in the headgroup is unscreened and
oH 7 the degree of dissociatioma- is low. The micellar structure
% (b) changes rapidly when the total charge in the corona increases
|

with pH. To illustrate this, we refer again to the radial density
profiles of the micelles for various pH values given in Figure
8b. At pH = 3 crew-cut micelles prevail, whereas at pH5
starlike micelles are found.

Clearly, upon changes ips or pH, a smooth transition
between crew-cut and starlike micelles occurspat: 1073
Remarkably, these two micellar forms also coexist in a particular
range of pH andps values. This occurs at even lowgg. The

0l L _1 best way to show the coexistence between these two micellar
10 10 10 size is by considering the corresponding restricted grand
?, potential Q. To find two different micellar sizes that coexist,
Figure 9. (a) Radius of the core and the corona thickness of micelles there must be two regions 6f that meet the stability condition
composed of AwBaoo block copolymers as a function of the pHej which is given in eq 10. Moreover, the chemical potential of

= 1073, (b) Similar plot for varying salt volume fractiops at pH= 5. . .
For both figures, the grand potenti@ = 10ksT. The arrows indicate the copolymers should be identical for these two cases. An

the transition point. example of this is shown in Figure 10 for copolymeiodB300
at pH= 4.5 andps = 107°. In Figure 10a, it is shown that the

As can be seen in Table 1, the core radius scales with thegrand potential curve has a negative slop&a, < 7 and at
electrolyte volume fraction @Rore~ ¢%. For the case of crew-  Nagg> 85. In Figure 10b, the correspondipgis plotted. Since
cut micellesx is equal to—0.15 at lowgs and 0.14 at highps 9€2/9up = —Nagg the stable micellar region is where the slope
for pH close to the I, For starlike micellesx varies from  Of theu, curve is positive (eq 26). In this case, it occuralg
0.24 to 0.3 at highys. The scaling of the corona thickn€Egona ~ ~ 7 @nd alNagg> 85. In these two regions, thermodynamically
with the electrolyte concentratiofcorona ~ %z gives for the stable micelles are found, whereas in the intermediate range, 7

case of crew-cut micelles;is about 0.04 at lowps and—0.03 < Nagg < 85, the slope is pqsitive, represgnting unstable micellar
at highgs for a pH close to the g, For starlike micellesy is structures. Moreover, the first stable region cqrresponds to small
around—0.08. The analytical prediction of the scaling of the starlike micelles, gnd the second §tab|e region corresponds to
size With ¢s are Reoe ~ @52 at low ¢s and ~@:25 at high gs Iarge_ crew-cut micelles. The radla_l proﬂle_s of the volume
for crew-cut micelle$. The thickness of corona scales&s, ., fractions g and gg of the two coexisting micelles at corre-

~ s at low ¢s and ~gs V5 at high @s for crew-cut micelles sponding positions 1 and 2 (as indicated in Figure 10a) can be
and Teorona~ @s V11 for starlike micelles. seen in parts ¢ and d of Figure 10 for starlike and crew-cut

A large discrepancy between analytical and numerical micelles, respectively. These micelles exist at the selected value
calculation happens for the case of crew-cut micelle. Possible of the chemical potential, ~ —249.5T (cf. Figure 10b). For

explanations for this discrepancy are that in the numerical work the starllke. micelleReore = 6.34 andTeorona = 15'64; for the
the polyelectrolyte group does not contain enough charges acrew-cut micelleReore = 24.74 andTeorona= 10.86 (in the units
pH < pK, or that the hydrophilic and hydrophobic lengtims a). ) ) )
andn are not large enough to find the limiting scale. It should ~ The local radial density of the polyelectrolyte segment A in
be noted that the box profile used in the analytical work is a the corona for the starlike micelle is much lower than that for
severe approximation, especially for a spherical coordinate the crew-cut micelle (note the difference in scales between parts
system, so that it is not surprising that the scaling predictions ¢ @nd d of Figure 10). In Figure 10c, the noticeable overlap
are not exactly reproduced. between the radial densities @k andgg in the core-corona

C. Transition between Crew-Cut and Starlike Micelles. interface is due to the low segment densty. As already
Until now, we have discussed the case when the core radius ismentioned before, the radial density becomes extremely low
larger than the corona thickness. When in the system is &t 10w ¢s and high pH. This is due to the large number of
lowered, the opposite is found. A smooth transition between charges. present in the corona that Ieadg to strongly stretched
crew-cut (CC) and starlike (SL) micelle occurs as pHger ~ @nd radially extended polyelectrolyte chains.
changes. This transition, for example, can be seen in Figure 9. The chemical potential, of the copolymer as a function of
Here, the size of the micelle that consists of Cop0|yme_6ﬂoo Nagg is presented in Figure 10b. The horizontal line indicates
atps = 1073 changes with pH (Figure 9a) and at pHb varies where crew-cut and starlike micelles coexist. It can be seen that
with @5 (Figure 9b). In Figure 9a, as the pH increases, the core there is only a narrow region in which this coexistence can
radius decreases, and the thickness of corona increases smoothl@Ccur. Itis governed by the narrquy region where stable large
When the pH value is close tg, Reore = Tcorona(@s indicated ~ crew-cut micelles can exist.
by the arrow). For pH< pK, the micelles are in the crew-cut By applying eq 21 in the coexistence region, one can evaluate
form, and for pH> pK,, starlike micelles are found. The reverse the concentration of copolymers that assemble into starlikeéaBg/
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Figure 10. (a) Grand potentiaf2 as a function of aggregation numbhlg (in logarithmic scale). Regions with negative slope indicates the
existence of stable micelles. The diagonal dashed line corresponds to an example of two micelles that coexist at the same chemiggl potential
They are indicated as 1 and 2. (b) Copolymer chemical potewgias a function of aggregation numhbés,g The horizontal line represents two
coexisting stable micelles. The micelles are composed of block copolymefsf at pH= 4.5 andgs = 10°5. (c) Radial profiles of the volume
fractionspa and @g of the micelle at 1 as indicated in (a). (d) Radial profiles of the volume fractjonand ¢ of the micelle at 2 as indicated
in (a). In (c) and (d)gs is shown by a solid line angis by a dashed line. In both (c) and (d)g reaches the value at about 0.8 in the core region

(outside the scale) as in Figure 8.

crew-cut micelles. The contributions to the total copolymer
concentration are depicted in Figure 11. In Figure 11a, the
volume fraction of copolymers in the bulk, both in small and
in large micelles, are plotted as a function of the bulk vab@e

In Figure 11b, the total volume fraction of copolymeps is
plotted at different bulk values. It can be seen that as the
copolymer concentration increases beyond the cmc, small
micelles are initially formed. It is then followed by the
coexistence between small and large micelles at highem

this coexistence region, the relative contribution of the large
micelles increases abruptly and becomes dominant over the
small ones. Only in a very narrow region, as indicated with an
arrow in Figure 11b, the amount of copolymers in the large
and small micelles is of the same order.

The mole fractions of coexisting small and large micelles
with increasing copolymer volume fractions, are obtained
using eq 19 and imposing volume conservation. The result is
depicted in Figure 12. Here; is the mole fraction of the small
starlike micelle ancK; is that of the large crew-cut micelle. As
the amount of copolymers increases, the crew-cut micelles
appear and quickly dominate so that the relative contribution
of starlike micelles diminishes. The number of small and large
micelles are equal app ~ 7 x 10°2. Beyond this value, the
large micelles are more dominant as already described above

At low electrolyte volume fractiongs = 107°), there is a

Figure 13a théNaggis plotted as a function of pH, and in Figure
13b the bulk degree of dissociation of segment state(oég,)
and the average degree of dissociation in the micelleCare
plotted. As previously describeNyqqdecreases with increasing
pH, but the intermediat&l,gg values vanish and a narrow pH
range is found for which two different values Nfgq coexist.
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Figure 11. (a) Various contribution of the total block copolymer
volume fractiong, as a function of its bulk valuezg: small micelles

. : . : k ) e 2T, and free copolymers
narrow pH region of coexistence. This coexistence is manifestedin the bu”((pg for copolymers AoBsoo at pH= 4.5 andgps = 1075. (b)
in various micellar properties as illustrated in Figure 13. In Total copolymer volume fractiom, as a function ofpg. The starting

point of the curve gives the total copolymer concentration at the cmc
where the first stable micelles appear. The arrow denotes the region
where the contribution to the total copolymer concentration of the large
and small micelles is the same.

The average degree of dissociation of polyacid blogk-[]
increases with pH. As can be seen in Figure 13b, the aveéw
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Figure 12. Total copolymer volume fractiog, with corresponding (b)
mole fraction of small micelleX; and big micellesX; in the micellar 300 I I
ensemble for copolymers14Bso at pH = 4.5 andgps = 1075 The S
arrow indicates the point whedé = X, at ¢, ~ 7 x 1072 R
200 \ -
1000 | : @ Q }
. 510°%
—\ 6,7 100 Ao Y |
100 - R . , X
| 3
Nagg :: =
'|
10 — —
! Nagg
\ Figure 14. (a) Plot of the grand potentigdR® as a function of the
1 | | aggregation number in logarithmic scale at different pH values, as
2 3 4 5 indicated. The block copolymer6Bso0 is used, and the electrolyte
pH ®) volume fractiongs is fixed at 10°°. (b) Similar plot for varyinggs at
0.8 | | fixed pH = 4.5.
micellar region exists. Faps < 1074, two stable regions appear.
06 — ) X
Note that the maximum value of the grand potenfl.x first
decreases with the decreasigg but for s < 1074, Qmax
&, 04 m increases with decreasing. This increasingnmax for decreas-
ing @s is another manifestation of the nonmonotonic behavior
02— . of micellar properties with respect tp;. As ¢s decreases, the
peak moves first to a loweN,gq value and then it shifts again
0

to a higher value (a similar example is already discussed in
Figure 4).
From such sets of curves, one can locate the stable micellar

Figure 13. (a) Plot of the aggregation numbigy,vs pH atQ = 0 of

micelles composed of block copolymersoBso at ¢s = 10°5. The regions for various pH ops. As an example, the compilation
coexistence zone is in between the two dashed lines. (b) Plot of the Of these regions in the pH W,y System is depicted in Figure
degree of dissociation of the polyacid block in the buafl. and its 15a. In this figure, the stable regions of starlike and crew-cut
averagelaa-Uin the micelle. micelles are hatched and denoted as SL and CC, respectively.

The bold curve indicates the stability boundaries which are
degree of dissociation is less than that in the bulk. Analogous obtained either from the first or the second maximum value of
to Nagg the intermediatédia-[values do not occur, and two  grand potential curve, denoted @ax1 0f Qumaxz respectively.
different values offda-Ccoexist in a narrow pH range. As  The bold dashed curve in Figure 15a is obtained from the
indicated, the coexistence region is in between the two dashedmaximum grand potential with negative values. The thin curves
lines, i.e., at 4.45< pH < 4.55. At pH < 4.45, only crew-cut  are obtained from the minimum grand poten@i, or zero
micelles exist, and at pH 4.55, only starlike micelles are  grand potential for the case of a negatRe». The region of
found. In the coexistence region, two micelles exist in different pH in between the two horizontal lines (4 pH < 4.6) of
proportions, as already explained previously for the case of pH Figure 15a demarcates the coexistence zone.
= 4.5 (cf. Figure 12). Phase coexistence of two systems of finite size is unusual

Having demonstrated the presence of a coexistence regionand thus extremely interesting. It has been shown previously
of crew-cut and starlike micelles on thermodynamic grounds in Figure 11 that by gradually increasimj, i.e., by increasing
(as discussed extensively above), we proceed to show thethe chemical potential, of the copolymers in the system, one
evolution of a thermodynamic property, suchC@sfor varying may find changes in the population of both crew-cut and starlike
pH andgs. A selected set of results is shown in Figure 14, both micelles. As these two populations do not respond in the same
for the case of varying pH at fixed electrolyte volume fraction way, itis possible to change the relative ratiof these micelles
@s = 107° (Figure 14a) and for varyings at fixed pH= 4.5 in the system. As a consequence, one can imagine that the two
(Figure 14b). Again, the region where the valu€dis negative species are present at about the same quantities. Another finite-
is considered experimentally inaccessible. Moreover, stable size effect is that, upon increasing the chemical potential of the
micelles exist in the region where the sloéN,yg is negative. copolymers, both micellar species increase their aggregation
In Figure 14a, it can be seen that up to pH.35 there is only number modestly yet noticeably (Figure 10b). Indeed, the
a single stable micellar region. At pH 4.45, two stable micellar ~ coexistence of these two micellar species is only possible since
regions are found. In Figure 14b,@= 10"1—-10"4, one stable there is a free energy barrier that makes intermediate mic&%\r/
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A region indicated as SU is located at high pH and kpwIn
this region, already forNagg ~ 1, unimeric micelles are
thermodynamically stable. In this case, there is no gap between
unimeric and micellar objects as true micellization does not
occur. The fact that the thin curve that bounded the SU region
intersects the coexistence zone indicates the possibility of
coexistence between starlike micelles of unimeric size and large
crew-cut micelles. An example of this has been discussed
previously for the case of the copolymergdBsgoat s = 105
and pH= 4.5, as indicated by a cross in Figure 15b.
Following a path which is indicated by the arrow 1, the
micelles change smoothly from the crew-cut (CC) to the starlike
(SL) form atgs ~ 5 x 1073, As ¢ is decreased further, the
starlike micelles of unimeric size begin to be found, angat
~ 2 x 1075 coexisting crew-cut micelles and starlike micelles
of this type start to appear. Beloys ~ 7 x 1076, again, only
unimer-sized starlike micelles exist. A similar path, indicated
by the second arrow at pkrt 4.25, gives the sequence €C
SL—CC upon decreasings, in which both transitions are
smooth. The paths indicated by the third, fourth, and fifth arrows
point to paths at fixedps while pH is changed. In the third
path, a smooth CESL transition is found, whereas the fourth
path gives a stepwise change from CC to-SU through the
coexistence region. A stepwise change from CC to SU through

The stable starlike and crew-cut micelles are in the shadowed regionsthe coemstencg region Is expecFed fO”OW'”Q the fifth path.
and denoted as SL and CC, respectively. The bold curves indicate the In the analytical work by Zhulina and Borisov, the transla-
stability boundaries which are obtained from either the first or second tional entropy as well as the mixing entropy of the various
maximum value of grand potential, denoted @ Or Qma micelles was ignored. As argued before, the micelles with zero

respectively (cf. Figure 14). The bold dashed curve is obtained from - . .
the maximum of the grand potential which has negative value, while grand potential as selected by Zhulina and Borisov must always

the thin curves are obtained either from the local minimum grand Closely be related to the micelles with finite grand potential (we
potential Qmin Or zero grand potentia® = 0. The region of pH in choose a typical value of kgT). As a result, the two approaches
between the two horizontal lines demarcates the coexistence zone. (b)gre comparable. In the analytical work, it is noted that the grand

Microphase diagram of stable micellar regions for block copolymers : ; -
AsoBaoo. Crew-cut and starlike micelles are denoted as GC and SL., potential of the two type of micelles become zero for a fixed

respectively. SU denotes the region where thermodynamically stable S€t Of physicochemical conditions. From this, it was concluded
unimers are found. The coexistence exists in the region which is that these micelles should coexist and that there is a first-order-

encapsulated by two bold curves. These curves composed of “spinodallike transition between these micellar entities. Our SCF analysis
Er%igtS‘I"’hfgiv%hjzcur:v(gsem}ggea::rt“:\tstﬁg”éﬁti?ai\fel(l)?r?tsc\?vﬁi((izsﬁ afl?é it:c?igie;tset 4 is more detailed, since nontrivial radial distributions are allowed,
by two solid dots. The cross in the coexistenrz:e zone refers to the point and the tran_slatlonal and mixing entropies are t_aken into account.
which is plotted in Figures 1812. Together with the SCF predictions, the analytical work may be

used to select systems for experimental verification. This is very
relevant since the coexistence only occurs in a narrow pH
interval.

4.6
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Figure 15. (a) Compilation of stable micellar regions in a pHNgy
diagram (shadowed) for the block copolymergdBaoo at gs = 107°.

5

sizes thermodynamically unstable. This barrier is not infinitely
high, and the finite size effects can systematically be investi-
gated.

Th(_a_ micellar coexisten(_:e hints to a first-o_rder-like phase v/ conclusion and Remarks
transition that shows various analogies to first-order phase )
transitions in macroscopic systems. Within the terminology of ~ Self-assembly of block copolymers that consist of a hydro-
first-order phase transitions, one should be able to identify a Phobic block and a hydrophilic annealed polyelectrolyte block
binodal and one or more spinodal conditions. At this stage, it iS investigated by means of the self-consistent-field approxima-
is not completely clear which order parameter should be usedtion. The hydrophobic (tail) block accumulates mainly in the
to properly identify these quantities. In this respect, it is Core region of the micelles, and the polyelectrolyte headgroup
interesting to view the physicochemical conditions in terms of iS found in the strongly hydrated corona. As for the annealed
the pH andgs for which stable starlike micelles appear for the ~Polyacid segments, the degree of dissociatignincreases with
first ime, while at the same chemical potential, the crew-cut PH and electrolyte concentratiaps. In our model, the long-
micelles already exist. This should correspond to a type of fange electrostatic interaction vanishes in the bulk solution, such
spinodal point. indeed, from Figure 15a, it is clear that one of thatai,_ is only governed by pH. The 1:1 electrolyte affects
such points on this curve is found fgr = 1075 at pH~ 4.4. the degree of dissociation in the micellar region in a complex
A complementary point can be identified where the first crew- way.

cut micelle is found when starlike micelles are already present.
From Figure 15a, this point is at pH 4.6 for ps = 107°. These
two “spinodal points” are transferred tayg vs pH microphase

The predicted nonmonotonic behavior of the equilibrium
properties of the micelle® such as the aggregation numibggg
and the micellar size, as a function @& at fixed pH, is

diagram, as can be seen in Figure 15b. The complete set ofconfirmed by the SCF computation. Salt ions have two

spinodal points are indicated with two bold curves. These two counteracting effects: they screen the electrostatic potential in
curves intersect at two critical points which are indicated by the corona and increase the degree of dissociation of this block.
solid dots. In this figure, the dashed line indicates the location This antagonism leads to the nonmonotonic behavior of equi-
of smooth transitions between crew-cut and starlike micelles. librium properties. For crew-cut micelles, the numerical val&ﬁ/
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of scaling exponents of various micellar properties withare (12) Bosman, A. W.; Vestberg, R.; Heumann, A.; Frechet, J. M. J.; Hawker,
rather different from analytical predictions. This discrepancy o9 /?A"‘.-S(t:gl‘fbr:‘ihks‘;‘??_ﬁ S s e b Zacoarell
may bg cauged by the Ilmlteq total. charge that is attained at E Phyé. Re. Lett. 2005 94, 195504 T o '
low pH in which the crew-cut micelle is formed. The low degree (14) currie, E. P. K.; Sieval, A. B.; Fleer, G. J.; Cohen Stuart, M. A.
of polymerization of the head and tail groups that is used for Langmuir200Q 16, 8324-8333.

computational reasons may also contribute to this discrepancy.(15) Guo, X.; Ballauff, M.Phys. Re. E 2001, 64, 051406.

For starlike micelles, the scaling results from numerical calcula- (16) Scheutiens, J. M. H. M.; Fleer, G.11.Phys. Cheml979 83, 1619~

. . . - 1635.
tion are quite close to the analytical predictions. (17) Scheutjens, J. M. H. M.; Fleer, G.Jl.Phys. Chem198Q 84, 178-
For high electrolyte concentrationp{ > 2 x 1072), only 190.

crew-cut micelles exist. As the pH increases, the charges in the(18) 'l-igugtae%’sgaigg%ulﬂens, J. M. H. M.; Hatton, T.Macromolecules
corona remain fully screened such that thg m|cellar character- (19) Bohmer,’ M. R.: Evers, O. A.: Scheutiens, J. M. H.Macromolecules
istics do not change much. A smooth transition between crew- 199Q 23, 2288-2301.

cut and starlike micelles is observed by increasing pH for*10  (20) Bohmer, M. R.; Koopal, L. KLangmuir1992 8, 1594-1602.

< @s < 1072 The corona of the micelle is the more responsive (21) Meijer, L. A.; Leermakers, F. A. M.; Nelson, Aangmuir1994 10,
upon increasing pH, the lower the (due to weaker screening 1199-1206.

effect). This is manifested in the significant change of corona 2 ﬂ?‘efé#l% Leermakers, F. A. M.; Lyklema, Pays Bas 1994

size _relative to the core size. At sufficie_ntly Ic_xw;, the_re is a (23) Meijer, L. A.: Leermakers, F. A. M.; Lyklema, J. Phys. Chenl.995
coexistence between crew-cut and starlike micelles in a narrow 99, 17282-17293.
pH range. The first-order-like transition between these micellar (24) Meijer, L. A.; Leermakers, F. A. M.; Lyklema, J. Chem. Phys1999

types is analyzed in depth and is expected to be experimentally(25) 1cllge§§§r?;6sl\,/|79iv| A E. Van Oort. B. F.: Leermakers. F. A. M.:

accessible. Hoekstra F. A.; Cohen Stuart, M. MBiophys. J.2004 87, 3882~
3893.
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