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ABSTRACT: The behavior of amphiphilic polyelectrolyte shells of micelles with kinetically frozen hydrophobic
cores in aqueous solutions was studied by self-consistent field calculations. The calculations emulate the behavior
of annealed (weak) shell-forming polyelectrolyte chains, e.g., poly(methacrylic acid), PMA, containing a relatively
low fraction of strongly hydrophobic units, e.g., polystyrene, PS. The hydrophobic units are arranged either in
sequences, or are distributed uniformly in the shell-forming chains. The analysis of concentration profiles of
individual species reveals strong segregation and important self-organization of hydrophobic units in the shell.
Hydrophobic units either adsorb at the core, or form small hydrophobic domains relatively far from the core. The
transition from one type of conformations to the other, which depends on the position of hydrophobic sequence
in the polyelectrolyte chain, can be provoked by changes in pH and ionic strength. The behavior of shell-forming
chains composed of a long inner polyelectrolyte sequence (grafted to the micellar core), a short middle hydrophobic
sequence and a peripheral polyelectrolyte sequence is of interest. The calculations yield a bimodal distribution of
hydrophobic units as a function of the radial distance from the core/shell interface. It means that two types of
chains (fairly stretched and loop-forming ones) coexist in the shell.

Introduction circumstances, we observed a nonmonotonous dependence of
the gyration radius on pH:47 We also found that a slight

ther ad d technoloai tes th h of stimuli modification of the shell-forming chains by a small hydrophobic
other advanced technologies promotes the research of SUmullsy i a4 the free end provokes significant changes in the pH-

responsive nanoparticles and nanostructured polymeric systemsg, ependent behavidf:45

that car; lbe u'ls(?? fas d:cug cfarrle(ris, n;n((i)devllcesa etc.t The At present, we continue in this direction and study the more
successiul exploitation ol designed and develope Sys.emsprofoundly modified polyelectrolyte systems. In this paper, we
requires studies of their structure-properties-function relation- 0, o o, kinetically frozen micelles with segmented amphiphilic
ship. Associates of diblock copolymers (micelles and vesicles) shell-forming chains composed of polyelectrolyte and neutral
with water-soluble shells are suitable systems for biological and hydrophobic sequences. Suitable copolymers are just being
pharmaceutical applications andltherefore they haV(_a been StUd'e%ynthesized and results of our experimental study will be
by a number of research grous: Recent advances in polymer published in the future. Here we present the self-consistent field

sy?the5|s resulted n Ithe p:eparatlondof n(;e_\f/y (’;allolredl-m?de (SCF) prediction of their behavior. We would like to point out
po yr?zers, €.9., special copolymers and modilied polyelectro= . aither the existing analytical theories, nor the molecular
lytes1? Polyelectrolytes represent an interesting class of practi- dynamics simulation can adequately describe the behavior of

cally ITDOILar:t stln;ullt-resgobn&vqstysten;s. tT hanlks to thf'r shells formed by annealed polyelectrolyte chains containing
properties that can be tuned by variation ol external parame ershydrophobic sequences and only SCF or Monte Carlo simula-

and to p_r_omising potential appli_cations, the self-assembling tions (MC) can yield a reliable prediction. We performed both
amphiphilic polyelectrolytes (mainly block polyelectrolytes) SCE and MC studies. Results of MC simulations and a

have b?e” amply studied both by theoretic}.é‘rfﬁ and experi- systematic comparison of SCF and MC data will be published
mentalist£%2! In recent years, the association of complex in separate papers

stimuli-responsive systems has also been studied, namely the
association of triblock® 28 multiblocks® and gradient copoly-  Model
mers Simultaneously the self-assembly of st&rg* and comb
copolymers®® mixtures of different copolymet$ 38 leading,

The up-to-date development of pharmaceutical industry and

We study the conformational behavior of micellar shells
e.g., to onion micellé8-41 and to the formation of interpolymer composed .Of polyelgctrplytg (E) and hydrophobic (.H) units. .We
nanoparticle®43 have also been investigated. consider micelles Wl_th kinetically fro_ze_n hydrophobic cores, ie,

) ) ] we assume that neither the association number nor the size of

We have been studying micelles with homogeneous shells the core change in a broad range of conditions and that the shell
formed by annealed (weak) polyelectrolytes in aqueous solutionspehaves as a spherical polymer brush formed by chains with a
by a combination of several experimental techniques and alsoconstant length tethered to the core. Because the systems we
by computer simulations for almost two decades. So far we model have not yet been studied experimentally, in the first
studied mainly the simple core/shell systems with annealed gpproximation we assume that basic characteristics of micelles
polyelectrolyte shells. Their behavior is very rich and challeng- with 10% modified shell-forming chains (such as the association
ing from the theoretical point of view, e.g., under certain nymper and the size of the core) are similar to those formed by

PS—-PMA micelles with the same length of blocks. Hence, we

*To whom correspondence should be sent. E-mail: prochaz@ USe the parameters that were optimized in our earlier sttidfés

vivien.natur.cuni.cz. and that reproduce the structure of the experimentally studied
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Scheme 1. The Studied Systems: (Top) Sequenced
Chain-Forming Copolymer Chains E1-H1-E2—H2—-E3 and
E1-H—E2 and Alternating Copolymer [EgH1]10 Chain; (Bottom)
Different Types of Conformations of Shell-Forming Chaing

H2 E3

E1 __H1 E2

@ These are stretched and loop-forming-#1—E2 chains (Al and
A2, respectively), stretched (B3) and one loop-forming (B1, B2, and
B4) or two loop-forming ExH1-E2—H2—E3 chains (B5) and
Alternating Copolymer [BHi]10 chains (C). The E and H units are
represented by gray and black colors, respectively.

micelles, i.e., we keep the ratio of the contour length of the

shell-forming chains to the radius of the compact PS core and
the association number close to experimental values. Becaus
SCF is, in principle, a parametric method, this choice should
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origin in the center of the spherical core. Using the self-
consistent-field method developed by Scheutjens and Meer,
we model the micellar shell as a brush tethered to the spherical
core formed by hydrophobic blocks. The shell-forming polymer
chains, containing hydrophobic and both dissociated (ionized)
and nondissociated (neutral) weak polyelectrolyte units, are
modeled as the first-order Markov chain, which means that the
position of a given unit is assumed to depend only on the
position of the immediately preceding unit. The steps in all
possible directions, including the reversal step, are allowed. The
fundamentals of this method for annealed polyelectrolytes, as
well as the computational scheme, were described in detail in
a number of article8? 52

All lattice sites unoccupied by copolymer units are occupied
by the solvent. The solvent is an effective solvent composed of
all nonpolymeric components of the system, i.exOHH;O™,

OH-, Na', and Cr. By setting the concentration of:B*, we
adjust pH and by setting the concentration of'Naad CI, we
tune the ionic strength of the solvent (expressed in mol/L).

As already mentioned, the parameters used were optimized
in our earlier studies and ensure the reproduction of basic

Structure characteristics of similar experimentally studied sys-

tems (generic polystyrengockpoly(methacrylic acid), PS
PMA micelles with the same length of blocks in agueous media),

not affect general results. However, a proper selection of . :
9 brop such as the ratio of the contour length of the shell-forming blocks

parameters is useful because it allows for comparison with h dius. H the followi dHors:
experimental data. The pertinent values are discussed in the nex(0 the core radius. Hence we use the following parameters:
aggregation numbefygg = 113, R. = 12 nm (experimental

part. We investigate several systems with the same length of ¢ .

the shell-forming block (100 monomer units), differing in the }’a'”‘?s of E’tSEI\ﬂAlgn(;.celles), edffecnvedntl;]mtl)etrt_of the str;ell-

distribution of H units. Because the simple generic core/shell frT'ng uni St’_ __ q , core ra |_us,dan | € aF|ce ;:honsHOn ’

micelles are formed by diblock copolymers, we do not use the ;ugg?nns] ig?gr:arg;izoen pgcr)::nsst-gr?lcz pg%{:oﬂgf)s-olvzzt)f 50 ry

term “block” for shorter polyelectrolyte or hydrophobic se- ’ Lo
POty y yarop x(H—solvent)= 5.0, andy(PE—solvent)= 0.5. The value for

quences in the shell-forming block to avoid possible confusion. . .

We speak of the shell-forming chains and E or H sequences the H-solvent interaction parameter reflects the fact that water

instead. The types of studied systems are listed below and showrS & Strong preC|p|tant_for nonpolar polymers,_ S.UCh. as polysty-

in Scheme 1. rene. Auxiliary calculations showed that its variation in the range
(a) First, we study segmented E1-H-E2 systems containing 5.0— 10.0 does not almost influence results of SCF calculations.

an inner weak polyelectrolyte sequence, E1 with a variable W& Uséx(H—solvent) = 5.0, because the solution of SCF
number of units,ne, a single neutral and hydrophobic H equations slows down with increasig@H—solvent) and fory

sequence with the following numbers of units, = 10, 20 = 5.0, it still converges relatively fast. The valyéE—solvent)
and 32, and a peripheral E2 sequence wita units ,Thé = 0.5 respects the fact that water is, in the first approximation,
’ i) _ - . 3 . .
behavior of this system is discussed in detail, even though only the ©-solvent for n_onlonlzed PMA: _We WO.UId like to point
a small part of the data was included in the pdfer. out that we describe s.ho.rt-.range interactions by the !:Iory
(b) A series of calculations was performed for segmented E1 Huggins parameters of individual polymer components (includ-

H1—-E2—-H2—E3 systems containing an inner E1 sequence with ing th? core) .With the effective_ solven_t only. It means that a_II
ne1 Units, the first hydrophobic H1 sequence containing = homointeractions and heterointeractions (except those with

10 or 16 units, the second (medium) E2 sequence mgitlinits, ;olvent) gqpal Zero, 1.6, a]syp(H—E) = 0.0. I-]enpe the
the second H2 sequence with the same number of units as Hl’mcompaﬂbmty of H and E units is accounted for indirectly by

— ; ; .. _modeling the solvent selectivity. For the dissociation constant

Nu1 = N2, and the third (peripheral) E3 sequence containin :
n:; unitsHZ ird (perip ) au ""NY 5t PMA we use a constant literature valu& o= 4.69%* We

(c) Furthermore, we studied alternating copolymers composed use parameters for PS and PMA, bgcause we have been studying
of polyelectrolyte and hydrophobic units, J&k for (n; m) the P&.PMA systems poth expenment_ally ar_1d _by computer
= (9; 1), (8 2) and (4; 1) and = (10 o’r 20) 'The S)’/stem simulations for a long time. At the semiquantitative level, the
[EoH]1o0 is used as a reference system for comparison with study describes the behawqr of any sequenced annealed
segmented systems with the same number of H units. polyelectr_olyt_e and h_ydro_phoblc copolymer of the abov_e type.

(d) The behavior of a homogeneous PMA shell, which we The application for individual systems does not require any
studied by several experimental methtde§ and by ,simula- modification, only the use of appropriate values of interaction
tions#647is discussed when necessary. parameters and dissociation constant.

_ Our mod_el mimics the beh_awor qf polym_enc micelles in very Results and Discussion
dilute solutions where intermicellar interactions can be neglected
and therefore we perform calculations for a single micelle only.  The conformational behavior of micellar shells formed by
On the basis of a number of experimental stuét¢8ye assume segmented (hydrophobically modified) polyelectrolyte chains
that micelles formed by copolymers with comparably long core- is a complex result of enthalpy-to-entropy interplay. For the
and shell-forming blocks are on average spherical objects. discussion of the behavior, it is useful to identify the most
Hence, we perform simulations on a spherical lattice with the important contributions to the enthalpy and entropy (even though
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not all of them appear explicitly as independent terms in SCF
equations) and to analyze their role. The enthalpy comprises
several decisive contributions: (i) Hydrophobic interactions, i.e.,
effectively attractive short-range interactions between hydro-
phobic units (and also between hydrophobic units and the core)
are the first. They are modeled by a combination of strongly
repulsive H-solvent, weakly repulsive E-solvent and zero H-E
interaction parameters. (ii) Weakly repulsive interactions be-
tween nonionized E units and solvent reflect the fact that water
is at ambient temperature approximately t®esolvent for
nonionized PMA. (iii) Long-range electrostatic interactions
between dissociated polyelectrolyte groups and small ions are
both attractive and repulsive (depending on the charges of
species involved). For the purpose of the discussion, the entropy
term can be decomposed in the following decisive contribu-
tions: conformational entropy of tethered polymer chains,
entropy of mixing and translational entropy of small ions. 08

Behavior of Segmented E&-H—E2 SystemsAt first we
present selected results for segmentedt HX-E2 systems with 06
10% of neutral hydrophobic unitsy( = 10). The structure of ™
E1-H—E2 shell depends not only on pH and ionic strength 0.4
but also on the location, i.e., on “the contour position” of the H

sequence, which we characterize by the E1 length, 0.2
The conformational behavior at medium pH (close Knp
and at elevated pH is very interesting and depends strongly on 0

the contour position of the H sequence. At low and medium
ionic strengths, a nonscreened electrostatic repulsion between
ionized E units (we assume a polyacid) together with the Figure 1. Number fractionsF, of H units (dotted line) and of both
entropy-controlled behavior of counterions try to stretch the E dissociated (dashed line) and nondisociated units (solid line) of the
. . . . . : inner E1 (bold line) and the peripheral E2 block (thin line), respectively,
sequences in the radial direction, while the middle H sequences,g tynctions of the distance, from the core-shell interface for the
partially collapse and try either to reside close to the hydrophobic system EXH—E2, pH 5,1 = 0.01 mol/L and (ahe: = 30 and (b) for
core or create hydrophobic domains at longer distances fromne: = 50.
the core. The observed nontrivial conformational behavior can
be explained with the help of calculated number fractions of units close to the core, a nonnegligible number of peripheral
individual units (Figure 1). The number fraction of units of a E2 sequences start close to the core. Hence the number fractions
given type in a given spherical laye¥(r) is calculated as the  of both dissociated (ionized) and nondissociated E2 units close
number of pertinent units in this layer divided by the total to the core-shell interface are fairly high and increase in the
number of all shell-forming polymer units in this spherical layer radial direction. Because of the finite length of E2 sequences,
and does not reflect the shell density. The number fractions of Fex(r) pass maxima at the distance ca. 10 nm from the core
units are presented as functions of the distance from the core/and decrease later passing minima at the distance ca. 20 nm. In
shell interface. the region, where the second maximum in the number fraction
The results of calculations for medium pH 5 and medium ©f H units corresponding to the fraction of noncollapsed shell-
ionic strength) = 0.01, can be outlined as follows: For short forming chains (see chain Al in Scheme 1) appears, the number
E1 sequences, the enthalpy-to-entropy interplay results in thefraction of E2 units grows again, because many stretched E2
formation of E1 loops (see chain A2 in Scheme 1) as it is Sequences start here. The fractiiy(r) is also bimodal and
evidenced by number fraction;(r) of individual monomer  the minimum is reached in the position, where E2 units attain
units. Figure 1a depicts the number fractionsrier= 30. The ~ the first maximum. The first maximum iftey(r) reflects the
formation of loops, which allows for a close approach of H @&ccumulation of E1 units due to the recoil of E1 sequences and
units to the nonpolar core, is favorable from the enthalpy point the second maximum reflects the stretched conformations.
of view, but it lowers entropy of the shell. With increasing E1 Figure 2 shows the degree of dissociatiany) of all
length, we witness an interesting change in the conformational polyelectrolyte units, which increases in the radial direction,
behavior (Figure 1b fong; = 50). The radial distribution of H and the number fractions of all E1 and E2 (i.e., both dissociated
units becomes bimodal. It means that some shell-forming chainsand nondissociated) units. The formation of E1 loops together
still form loops, while the other are fairly stretched. The H units with the existence of the spherical stripe enriched by hydro-
of partially stretched chains form a distinct spherical "hydro- phobic units far from the core results in the fact that some E2
phobic stripe” quite far from the core, more precisely the stripe units in recoiled chains concentrate in the region between the
of small hydrophobic domains (see the next parts). In our earlier core and the hydrophobic stripe (in the region which is located
studies?*“*> we observed a similar behavior of the hydropho- 20—30 nm from the core) and their number fraction reaches

bically end-modified shell-forming chains of PEMA micelles. 0.8 in the distance ca. 10 nm. These E2 units are very little
The distributions of E1 and E2 units in the shell are also dissociated.
interesting. We will focus only on the system with the bimodal In previous figures, we presented the number fractions of

distribution of H units (see Figure 1b for pH 5, ionic strength individual units, because they show very clearly the complex
| = 0.01 andng; = 50). Because of the recoil of some E1 conformational behavior. However, the overall density decreases
sequences and the "condensation” of a fraction of hydrophobic in the radial direction and the peripheral part of the shell (where
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Figure 2. Number fractionsF, of E1 (solid line), E2 (dashed line)

and of all E1 and E2 units (bold solid line) and the degree of
dissociation,a, as functions of the distance, from the core-shell

interface for the system EIH—E2, pH 5,1 = 0.01 mol/L, andng; = (b)
50.
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10 20 30 40
r [am] Figure 4. Snapshot of EXH—EZ2 shell, pH 7] = 0.01 mol/L and for

; ; ; ; = 30 (a) andng; = 90 (b) obtained by Monte Carlo simulations
Figure 3. Volume fraction,0 occupied by H (dotted line) and by both Ne1 / . e h
dissociated (dashed line) and nondisociated (solid line) units of the de.VG.'Ophed In &?fsd 46 and 5_|E_3hW|th parr;lmleters optimized I'” Tef 47| to
inner E1 (bold line) and the peripheral E2 block (thin line), respectively, MMIC the studied system. The gray circles represent polyelectrolyte
as functions of the distance, from the core-shell interface for the units (both dissociated and nondissociated) and the black circles

system EEH—E2, pH 5,1 = 0.01 mol/L andng, = 50. Insert: the  'ePresent hydrophobic units.
enlargement of volume fractions for the region of distances[10;35. L . Lo .
electrostatic interactions are treated indirectly by solving the

e.g., the second maximum in the number fraction of H units is radial Poissor-Boltzmann (PB) equation. Both energy contri-
attained) is dilute. In Figure 3, we depict the volume fractions butions are added and used in the Metropolis acceptance
occupied by individual components,in spherical layers with criterion, which insures the self-consistency of the used method.
increasingr (proportional to number densities). The zoom in  We assume the spherical symmetry of the electric field (which
the peripheral part (insert in Figure 3) shows clearly the we believe is a reasonable and plausible assumption for the
nonmonotonous behavior of individual volume fractions. The studied systems), but the limitations imposed by spherical
experimental densities of individual units are in principle symmetry have been strongly alleviated in this combined MC/
accessible by SANS for systems with selectively deuterated PB method. Here we reproduce typical snapshots for only two
blocks, but due to the large difference between densities of theE1l-H—E2 systemsr{g; = 30 andng; = 90) at pH 7 and =
compact inner and the dilute peripheral parts of the shell, a fully 0.01, Figure 4, parts a and b, respectively. The snapshots show
conclusive experimental proof would be difficult. micellar shells containing a number of small islands (domains)
Because the used SCF methadoriori assumes spherical  formed by hydrophobic units from several chains. The analysis
symmetry of the system and the obtained characteristics are theof MC data provides the radial distribution of distances of H
spherically averaged functions dependent only on the radial domains from the core and also their angular distribution and
direction, there is a danger that the computer study is strongly reveals that the hydrophobic domains concentrate in two
influenced by this assumption and that it does not reproduce spherical layers (close and far from the core), but from the
well the behavior of real micellar systems with segmented shell- angular point of view, they are randomly but quite uniformly
forming chains. The SCF results are plausible only if the distributed in both layers. This, we believe, (i) provides a proof
spherical symmetry is retained, i.e., if the system does not form that the used SCF method yields a reasonable description of
distinct structure with lower symmetry (e.g., the Janus mi- the system behavior and (ii) helps to interpret the true physical
celles)>>%6 To prove the symmetry assumption, we performed meaning of the H strip as a spherical layer containing small
an independent Monte Carlo study of the same systems. Theand compact hydrophobic domains distributed on average
MC results will be published separatélyThe MC study uses  uniformly in all directions.
a model which was described in our earlier publicatitiEhe An increase in pH enhances the ionization, which translates
simulation employs the equilibration algorithm based on the in a pronounced shell stretching. The formation of loops is less
biased RosenbluthRosenbluth self-avoiding walk. The short-  frequent at high pH and the presence of hydrophobic sequences
range interactions are treated directly, while the long-range modifies the behavior only little as compared with homogeneous
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Figure 5. The log-log plot of volume fractionsy, of the shell-forming Figure 6. The log—log plot of volume fractionsy, of the shell-forming

chains for E1-H-E2 system withe; = 30 (solid line),ng; = 50 (long chains for ExX-H—E2 system witmg; = 30 (solid line) andhg; = 50
dashed line) and for a regular {B]10 system (short-dashed line) at  (long dashed line) and [#g]10 System (short-dashed line) at pH 7 and
pH 5 and = 0.01 mol/L as functions of the distanBdrom the micellar I = 0.01 mol/L as functions of the distanBfrom the micellar center
center R=R; +r, whereR; = 12 nm is the core radius amdepresents (R=R; +r, whereR. = 12 nm is the core radius amdepresents the
the distance from the coreshell interface) together with reference distance from the coreshell interface) together with reference
dependences oR—#?® and R~2 (dotted lines). dependence oR? (dotted line).

PMA shell. Nevertheless, even at high pH when the shell- a layer in which the volume fractiomscales ca. as + r)=43,
forming chains are stretched, the shell is microscopically which corresponds to screened electrostatics interaciidirise
inhomogeneous and both SCF and MC indicate the presencethickness of this layer decreases with. At the peripheryp
of hydrophobic islands in both dense and dilute parts of the drops fast as a trivial result of the finite length of chains with
shell. Increasing ionic strength screens electrostatic interactions,a broad distribution of chain stretching, however this part is
reduces the stretching of polyelectrolyte chains, and facilitates only little important as it is very dilute. For comparison with
the chain recoil and formation of loops. The electrolyte and the previous figures, it is necessary to keep in mind that the
hydrophobic units are more intermixed at higher ionic strength. horizontal scale has been shifted Ry.
The effect of pH and ionic strength on the conformational At pH 7 (Figure 6), all systems are more expanded and the
transition is discussed at the end of this section in more detail. differences between individual systems almost disappear. Nev-
As already mentioned, the position of the H sequence in the ertheless, small differences in volume fractions at the periphery
chain plays important role. Figure 5 shows the-dgg plots of shells are not negligible because, e.g., the contribution of
of volume fractions of monomer units in shells containing 10% individual units to the gyration radius is weighted by squares
of H units in one sequencad; = 30 andng; = 50) at pH 5 of their distances from the center. Independent of the chain
and! = 0.01. The volume fraction occupied by polymer units architecture even at this elevated pH, a fraction of chains
is proportional to the number density (the same as in Figure 3). collapses and remains close to the eeskell interface due to
The log-log plot neglects the proportionality constants, which strong interaction between the hydrophobic core and hydro-
allows for a direct comparison with theoretical scaling predic- phobic units of the shell-forming chains. The collapsed chains
tions made for density profiles. We compare the curves for increasep close to the core and hence the initial decrease is
segmented systems with that for the alternating copolymer faster than Rc + r)72 In the middle part of the shell, the
[H1Eg]10. We believe that the comparison with the alternating decrease slows down and is approximately the same for all
chain bearing the same number of hydrophobic units is more systems. With increasing distance from the core, we observe
appropriate than with the PMA shell. We found that the behavior even slower decay for segmented systems, which reflects the
of shells formed by alternating copolymers containing low formation of hydrophobic domains at relatively long distances
numbers of hydrophobic units is very similar to that of the pure from the core. The corresponding parts of chains are more coiled
PMA shell. For a correct discussion, it is necessary to keep in andp decreases more slowly as compared wiRh{ r)~2.
mind that the total number of all shell-forming units, which is To conclude this part, we would like to point out that the

the same for all systems, requires the multiplication hy?dr complex structure of the shell formed by segmented chains
and integration over. For an easier discussion, we included results in logo — log R plots that do not strictly obey the scaling
the dash-and-dot line showing the trivi&.(+ r)~2 dilution in laws predicted by the theory of weak polyelectrolyte brushes,
the spherically symmetrical systems and the liRg € r)~43 but the behavior converges to that of homogeneous annealed
corresponding to the density profile of a neutral spherical brush polyelectrolyte systems with increasing pH.

according the Daoud and Cotfrscaling theory. The complex conformational behavior translates in interesting

At relatively low pH 5 andl = 0.01, we see significant  dependences of experimentally accessible structural character-
differences between individual systems. The inner part of the istics, e.g., in the dependence of the gyration radiusi@n
shell formed by segmented chains is crowded due to the Figure 7 shows the gyration radii of EH—E2 shells as a
formation of loops and the close approach of H units to the function of ng; for different pH and ionic strengths. It depicts
core. The volume fraction occupied by monomer units (and the ng; dependences of the net gyration radii of empty shells
hence the density) is enhanced in the immediate vicinity of the without micellar cores, i.e., of shells containing a cavity with a
core and the initial decay withis faster thanR. + r)=2 It is constant radiusRc = 12 nm. In all cases, we see a significant
evident that both the slope and the width of the first part depend increase in the gyration radius with pH and the screening effect
on the position of the H sequence. This is an understandableof small ions (apparent mainly at high pH) resulting in a
observation because the fraction of the coreadsorbed H unitsdecrease in the size. In this respect, the behavior is similar to
decreases strongly withe;. The first region is surrounded by  that of micelles with homogeneous shell-forming E blocks.
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Figure 7. Gyration radiusRy, of a copolymer shell composed of shell-  Figure 8. Gyration radiusRy, of a copolymer shell E1-H-E2 with
forming chains containing a 10-hydrophobic-units-long H block{E1  one hydrophobic sequence containing= 10 hydrophobic units (solid
H—E2) as a function of H block positiomg;, for ionic strengthl = line), ny = 20 (dashed line), andy = 32 (dotted line) for pH 5 and
0.001 (solid line), 0.01 (dashed line) and 0.1 mol/L (dotted line) and ionic strength) = 0.01 mol/L as a function of the H sequence position
several pH values. N1

However, a nonmonotonouly dependence on the contour
position of the H sequence at pH close #yps an unexpected

and very interesting observation. In micellar systems with
relatively short E1 sequences, an increase in the E1 length results

in the decrease in the gyration radius because longer E1 RH=4, 12001 5
sequences recoil back more easily. Since the overall dissociation

is low at pH close to Ka, the E1 units are almost neutral and

E1 sequences are not expanded in the vicinity of the core. The " "
distribution of H units is bimodal in systems with intermediate 0 40 50

E1 length and the gyration radius increases again because both
E1 and E2 sequences in the nonlooping shell-forming chains
are stretched in the radial direction. Finally, we observe a
decrease in the gyration radius for systems with long E1
sequences. This may be explained by the fact that considerably
long parts of the shell-forming chains are involved in back-
looping and only relatively short E2 sequences are preferentially
stretched in the radial direction. The chain ends do not reach as 0
far from the core as in systems with shorter E1.

We studied not only the effect of the position of the H
sequence on the conformations of shell-forming chains but also
the effect of its length. As expected, an increase in the H length
promotes the formation of E1 loops and collapse of H sequences.
The shell is generally thinner and denser (its gyration radius is
smaller) as compared with that of micelles with shorter H under
the same conditions, but the general behavior is similar. The
initial decrease in the gyration radius with increasing E1 length
is more pronounced than that for systems with shorter H, but
the transition from a monomodal to bimodal distribution of H

units ocours approximately for the same E1 length. The a8t JNERent TRREy B0 o (o £ units (sold ne) of the

Comparlsop OT gyratlon radii '.as a func'ltlonlof H position for inner E1 (bold line) and the peripheral E2 block (thin line), respectively,

systems differing in H length is shown in Figure 8. as functions of the distance,from the core-shell interface for a Ex
Predictions Important for Experimental Studies. Because H—E2 system withng; = 50 at (a) pH 4, (b) 5 and (c) 7 & 0.01

the aim of the study is the prediction of the behavior of micellar mol/L).
systems with segmented shells (which we just started to studyresponse of the system and affects the stability and applicability
experimentally), we would like to point out the most important of studied nanoparticles. From the experimental point of view,
findings concerning EXH—E2 systems and their effect on the it is also important that the pH- and ionic-strength-dependent
experimentally measurable properties: we have identified two behavior can be studied by a combination of scattering and
decisive effects that influence the conformational behavior of advanced fluorescence techniques. The SCF calculations show
shells: (i) adsorption of hydrophobic sequences at the core andthat changes in pH affect all studied systems. The most
(ii) formation of hydrophobic domains at longer distances from pronounced changes occur in systems with the H sequence in
the core. We have found that under certain conditions, both the middle of the E chain. Figure 9 compares the number
structural motives coexist in the shell depending on pH, ionic fractions of H units for a system withz; = 50 at (a) pH 4, (b)
strength and the position of the H sequence in the shell-formingpH 5, and (c) pH 7 I( = 0.01 mol/L). We see a complete
chain. conformational transition from the state with 100% adsorbed
The conformational transition provoked by external stimuli H units to the state of stretched H domains-forming chains.
(pH and]) is particularly important, because it controls the Similar, but less pronounced, changes are caused by ionic

0.5 pH=5, =001 4

- ‘s
——g -
il - ‘.-.‘
-

v [nm]



7662 Jelnek et al. Macromolecules, Vol. 40, No. 21, 2007

pH=5, /=001
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Figure 11. Number fractionsk, of all dissociated and nondissociated
E1 (bold solid line), H1 (thin solid line), E2 (bold dashed line), H2
(thin dashed line), and E3 units (bold dotted line) as functions of the
distancef, from the core-shell interface for a system EH1-E2—
H2—E3 with NH1L = NH2 = 10, N1 = Ng2 = 30, Ng3 = 20, pH 5,| =0.1
mol/L.

(chains B1 and B5) or to the region of the hydrophobic stripe
(chain B4). The loop-formation is well documented by number
fractions of hydrophobic and polyelectrolyte units as functions
of the distance from the coreshell interface (Figure 11). Both
curves for H1 (thin solid line) and H2 (thin dashed line) are
\ high in a fairly narrow layer close to the core and drop very
o 20 o © %0 fast to zero, which is attained between 5 and 12 nm. Later they
7 [am] rise again and reach the first local maximum at distances
Figure 10. Number fractionsF, of H units (dotted line) and of both ~ P&tween 17 to 18 nm, which indicates the formation of a well-
dissociated (dashed line) and nondisociated E units (solid line) of the defined spherical stripe containing increased numbers of both
inner E1 (bold line) and the peripheral E2 block (thin line), respectively, H1 and H2 units. The curve for H2 continues through a shallow

as functions ofth_e distance,from the core-shell interface for a Ex minimum at ca. 23 nm and reaches the second flat local
E_aglz ;%T}ETFJLV';TH =50 at ()i = 0.1 mol/L, (b) 0.01, and (¢)  \\-vimum at ca. 28 nm due to the formation of a rather broad

stripe quite far from the core by the stretched chains (chain B3

strength. Figure 10 depicts the effect of ionic strength at pH 5 in Scheme 1). It is necessary to keep in mind that the total
for the same system. At this pH, the ionization is important volume fraction, is very low at distances approaching 30 nm
and the chains are stretched. At lbythe H units form domains ~ (not shown) and hydrophobic units intermix with both poly-
quite far from the core. Increasirigscreens the electrostatic ~ €lectrolyte E2 and E3 units. As concerns the polyelectrolyte
interactions and reduces stretching. The zone of H domains shiftsfractions, we find units of all three polyelectrolyte sequences
closer to the core and for the highdst= 1, we observe a  (bold lines) quite close to the core, i.e., in the regierld nm,
transition in the conformational behavior: a low fraction of H Which is consistent with the idea that a nonnegligible fraction
units adsorb at the core. Both dependences show that theof all E1, E2 and E3 sequences recoils back toward the core. In
transition is gradual and smooth and occurs in a broad range ofthis graph, we do not differentiate between ionized and neutral
conditions and that both types of chains, i.e., the loop-forming E units in order to get a clear and comprehensive picture.
and the stretched ones coexist in a certain range of conditions. Because of the fact, that long chains can easy recoil back, a

Behavior of Shells Formed by Chains Containing More fairly high fraction of H2 units return back, very close, to the
E and H Sequences.The behavior of systems with more core. It is documented not only by their high fraction at small
sequences is complex. Nevertheless, such systems are practicallgistances, but also by the fact, that E3 units (only 20 per chain)
important, because some synthetic procedures can easy producalmost replace both E1 and E2 units at distances around 10
chains containing many short sequences, e.g., the free radicahm. When discussing this figure, one has to be careful. It is
polymerization of two monomers with a proper combination necessary to keep in mind that in contrast to volume fractions
of rate constants of four reactions involved (i.e., with suitable or densities, which are very low at distances longer than 20
copolymerization parameters). We performed an extensive studynm, the fraction of E3 units at the periphery is one by definition
because one can imagine a broad variety of architectures of shelbecause other units cannot reach so far from the core. The
forming chains. In the next part, we present one example of volume fractions were discussed in detail for -B1—E2
the conformational behavior of the EH1—-E2—H2—E3 system systems. Since the general trend is similar, we do not show
only. The most interesting results were obtained for systems calculated curves to save the space. They decrease steeply in
with long E1 and E2 in solutions with a low ionic strength« the radial direction and both hydrophobic stripes are very dilute.
0.01) at pH 5, i.e., close toKA. Since both E1 and E2  The decrease is more pronounced foril—E2—H2—E3 than
sequences are long and flexible, they are capable of back-for El-H—E2 because the former system contains two times
looping. A careful analysis afdependences of number fractions more H units and is more compact than the latter one (the
of units of different types for a system witty; = ny, = 10, fraction of back-coiled chains is higher). The total volume
ne; = ngz = 30 andngz = 20 suggests that several types of fraction, p(r) is higher close to the core in the former system
loops form in the shell (see chains B in Scheme 1): E1 loops and decreases steeply with the distance. Nevertheless, the
toward the core (chain B2) and E2 loops either to the core analysis of number fractionE;(r) in both Ex--H—E2 and E+-
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H1-E2—H2—-ES3 systems, including the dilute peripheral parts shells differing in composition in a broad range of conditions
of the shell, is very instructive. (i) It shows the behavior of is possible by SCF, but the same MC study would be too time-
individual chains (it is actually the only reasonable and consuming.

illustrative way how to track the average conformational
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The conformations of micellar shells formed by heterogeneous
chains (copolymer containing annealed polyelectrolyte and a
low fraction of hydrophobic units) in aqueous solutions depend
not only on pH and ionic strength but also on the fraction of
hydrophobic units and their distribution. The arrangement of
hydrophobic units in short sequences results in a microhetero-
geneous structure of the shell. We have identified two types of
conformations: (i) back-looping conformations allowing the (1) Savic, R.; Eisenberg, A.; Maysinger, D. Drug Target.2006 14,
adsorption of hydrophobic units at the core and (ii) stretched i‘g'am, T. Eisenberg, Mngew. Chem., Int. EQ00G 45, 7443.
conformations enabling the formation of hydrophobic domains (3) Biggs, S.; Sakai, K.; Addison, T.; Schmid, A.; Armes, S. P.;
quite far f_rom the core. The transition fr_om one to the othe_r ” \V/\?mvalgllfi,Yl_\/rll.;JBytqu, BZ; V\\(lgbggr,zt?s\guaﬂi. Mi'te\r,.\?(_)% rig,s 2487.P_
conformaupnal type depends on thg position of the hydrophobic () LilinSg., Y.”Ma{c}on'w’olecudleézob'a 30, 7376, u, AW 12 e
sequence in the polyelectrolyte chain, but it can also be affected (5) gytun, v.: Liu, S.; Weaver, J. V. M.; Bories-Azeau, X.; Cai, Y.; Armes,
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