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Abstract. We report the results of small-angle neutron scattering (SANS) studies on aqueous solutions
of spherical polyelectrolyte micelles formed by association of charged-neutral diblock copolymers. The
neutral moieties are found to self-assemble into small dense spheres (cores of the micelles) whose sizes
are independent of the polymer concentration c. In the dilute regime, ¢ < ¢*, where ¢* is the overlap
concentration of the micelles, the conformation of the charged groups, which form the corona of the
micelles, is found to be extended. A liquid-like order is observed over a wide concentration range spanning
from the dilute regime to the concentrated regime. For ¢ > ¢*, polyelectrolyte correlations appear at smaller
spatial scales and coexist with the liquid-like order. These results suggest that for dense brushes, above
¢*, the rod-like statistics of the charged chains begin to disappear due to contraction of corona arms or
by interpenetration of coronae. For less dense brushes, the charged chains are found to be extended up to
concentrations far above ¢*, before the progressive development of polyelectrolyte correlations.

PACS. 61.25.Hq Macromolecular and polymer solutions; polymer melts; swelling — 83.70.Hq Heteroge-
neous liquids: suspensions, dispersions, emulsions, pastes, slurries, foams, block copolymers, etc. — 82.70.Dd

Colloids

1 Introduction

Neutral diblock copolymers have been extensively studied
for a long time but only a few experiments are now avail-
able on charged-neutral diblock copolymers [1-5]. The in-
terest in the study of such polymers is their water solubil-
ity and the extended conformation of the charged moiety,
since a fully charged chain is predicted to adopt a rod-like
conformation [6] because of the electrostatic repulsion be-
tween monomers. In a selective solvent such as water or
on a selective surface, these copolymers can self-assemble
into a large range of morphologies.

In water, asymmetric fully charged-neutral diblock
copolymers made of a long and fully charged moiety (poly-
electrolyte) and of a short neutral moiety are expected to
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form spherical micelles [7]. These spherical micelles are
composed of a small dense core formed by the association
and collapse of the neutral segments. The charged seg-
ments are tethered to this core forming a large spherical
corona.

Micellar solutions of charged-neutral copolymers rep-
resent a good model of colloids protected by tethered poly-
electrolyte chains, grafted or end-adsorbed at the surface
of the particles [8,9]. Such stabilization is believed to be
very insensitive to the addition of salt, an important re-
quirement for applications. Indeed, we recently showed
that the corona of the micelles undergo a weak change
of conformation when a rather high salinity level is ex-
ceeded [10]. Moreover, for liquid-like structured solutions
(see below), the correlations are also weakly sensitive to
the addition of salt [4]. On the contrary, colloids stabilized
only by their own surface charge are known to be very sen-
sitive to the ionic strength of the solvent. These diblocks
are also of wide industrial and ecological relevance, due to
the increased need for water solvated systems.

These micellar solutions also are of great fundamen-
tal interest. Indeed, many unresolved problems remain
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concerning charged chains [11,12]. The understanding of
polyelectrolyte brushes, where the typical distance be-
tween neighboring chains is less than the chain size in solu-
tion, may help in clarifying such problems. In aqueous so-
lutions of asymmetric charged-neutral diblock copolymers,
the corona can be viewed as a polyelectrolyte brush in a
spherical geometry [8,13]. The contraction of this corona
upon addition of salt may give insight on the behavior of
the persistence length L, of polyelectrolytes as a function
of salt. Since chains in the corona were shown to stay quite
rigid in the high salt limit [10], such a concept of persis-
tence length seems relevant and the very weak contraction
of the corona should be quantitatively understandable as
a dependence of L, on the added salt concentration S.

Another highly debated subject about polyelectrolytes
is the concept of counterion condensation [14-19] which
has been mainly examined for isolated chains, but whose
application to concentrated chains may lead to effective
attractions between chains of like charge [16-19]. Poly-
electrolyte brushes, due to their high chain density, may
be ideal systems to test such behavior, in particular
by inspection of the counterion distribution within the
brush [20].

The aim of this paper is to report a study of such mi-
cellar solutions by neutron scattering in the dilute and
concentrated regimes in order to better characterize their
behavior. We checked the association of copolymers using
the contrast variation method in solvents which make only
the neutral group visible. The scattered signal is found
to be consistent with the scattering of spheres with a
concentration-independent size. The aggregation number
of the micelles is then evaluated by a simple model of the
core as a dense polymer melt. The overlap concentration of
the micelles is deduced by coupling the aggregation num-
ber with dynamic light scattering (DLS) measurements of
the hydrodynamic radius of the whole micelle. The struc-
ture of the charged group is investigated in the dilute
regime in solvents which make only the charged moiety
visible. The conformation of charged chains, which form
the corona, is found to be nearly fully extended. We ob-
serve, at large scale, that such objects are strongly ordered
by electrostatic interactions even in the dilute regime. We
show the existence of liquid-like order, due to electro-
static and/or packing correlations, over a wide concen-
tration range spanning from the dilute regime to the con-
centrated regime. At high concentration, polyelectrolyte
correlations appear and coexist with the liquid-like order.
We discuss the origin of the latter correlations in terms
of inter-coronae origin or intra-corona origin. Finally, we
examine the structure of the solutions as a function of the
brush density.

2 Experimental section

2.1 Materials

We used asymmetric diblock copolymers made of fully
deuterated sodium poly(styrene sulfonate) (NaPSS,) and

of poly(ethylene-alt-propylene) (PEP) or of poly(tert-
butyl-styrene) (PtBS). These materials were synthesized
by anionic polymerization [21] according to a method de-
scribed in reference [7]. Degrees of polymerization for a
NaPSS4-PEP copolymer and a NaPSS;-PtBS copolymer
of 251-52 and 590-43 were obtained, respectively. In this
article, these copolymers will be designed by 251/52 and
590/43. Polydispersities as low as My /My = 1.04 and
1.03 were found, respectively, and high sulfonation rates of
90% and of 80% were measured, respectively, by elemental
analysis. Solutions were prepared in dual solvents of de-
ionized HoO water (MilliQ Millipore system, 18 MQcm 1)
and pure D2O. Mixtures were designed to yield solvents
whose scattering length density are identical to that of the
PEP group (mixture with 4% by volume in D50), to that
of the PtBS group (mixture with 16% by volume in D50)
or to that of the NaPSS, group (pure D50).

2.2 Small-angle neutron scattering

Small-angle neutron scattering (SANS) was performed
both at the Orphée reactor in Saclay on the PACE spec-
trometer and at ILL in Grenoble on the D11 spectrometer.
Wavelengths of A = 0.5 and 1 nm and sample to detec-
tor distances of 1.9 and 4.7 m, respectively, were used on
PACE spectrometer. Wavelength of A = 0.6 nm and sam-
ple to detector distances of 1.1, 5.0 and 20.0 m were used
on D11 spectrometer. The sample cells were, in all cases,
quartz cells of inner thickness 2 mm. The scattered inten-
sities were corrected for the parasitic intensity scattered
by the quartz cell by subtraction and normalized to the
water scattered intensity. The solvent scattering intensity
was also subtracted. After these operations, the remaining
signal is essentially due to the coherent scattering of the
polymer in solution. The incoherent scattering due to the
polymer was found to be negligible both by calculation
and measurements [10].

3 Results and discussion
3.1 Association of copolymers

Association of copolymers was checked by neutron scat-
tering on solutions in pure DoO where the NaPSS; group
is invisible. A typical scattering curve obtained in such a
solvent is shown in Figure 1 for the 251/52 copolymer.
At low scattering vectors ¢ [22], the signal exhibits an
interaction peak (¢7) that we attribute to correlations be-
tween positions of PEP groups. A second peak (g3) is also
observed. This second peak is an harmonic of the first
interaction peak since ¢5/q¢f = 1.7 = 0.1 which is close
to 1.8, the value observed in simple liquids [23], corres-
ponding to next-nearest neighbour interactions. We must
note that ¢35 is not observed for the 590/43 copolymer.
The evolution of these peaks with the polymer concen-
tration will be discussed in the last part of this paper.
The scattered intensity at high scattering vectors is con-
sistent with the scattering of spheres which indicates a
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Fig. 1. Neutron-scattered intensity I(q)/c versus q for the
251/52 copolymer without added salt, in a solvent that
matches the NaPSS,; group, at two different polymer concen-
trations: ¢ = 0.4 wt% (squares), ¢ = 1.9wt% (circles). Typical
interaction peaks between first and next-nearest neighbours are
seen at ¢ and g5 (indicated by arrows for ¢ = 0.4 wt%), re-
spectively. At high scattering vectors, the interaction between
PEP groups becomes negligible and the scattered signal is con-
centration independent. This signal can be fitted by the form
factor of a sphere (full line) of radius R = 4.5£0.1 nm, with an
asymptotic intensity (¢ — 0) in good agreement with an ag-
gregation number of order 54. The observed excess scattering
at ¢ — 0 can be related to the presence of few large aggregates.

self-association into spherical cores of PEP groups (Fig. 1).
A similar behavior is observed for the 590/43 copolymer,
again showing a self-association of PtBS groups into spher-
ical cores. An average value of the core radius is found
to be R. = 4.5 £ 0.1 nm for the 251/52 copolymer over
a large concentration range (from 0.4 to 9.15wt%) and
found to be R, = 4.1 £0.1 nm for the 590/43 copolymer
also over a large concentration range (from 1.9 to 15 wt%).
These values are confirmed by Kratky plots (¢?I(q) ver-
sus q representation) and by Porod plots (¢*I(q) versus q
representation) [24], of the same data for the same large
concentration range. This indicates that the core shapes
are concentration independent. In such a way, those so-
lutions can be viewed as colloids, in water, stabilized by
grafted polymer chains. The aggregation numbers can be
evaluated using a model of homogeneous dense cores. Us-
ing the density expression for such a dense core, we obtain
the aggregation number:

NAPC‘/C
p=—="

il (1)

where Ny is the Avogadro number, p. the neutral moi-
ety melt density (equal to 0.85g/cm?® and 0.95g/cm? for

the PEP and PtBS moieties, respectively), My, the neu-
tral moiety molecular mass and V., = (47/3)R3 the core
volume.

Aggregation numbers of 5441 and 23+3 for the 251/52
copolymer and the 590/43 copolymer are obtained, respec-
tively. These values can be crosschecked since the absolute
intensity (in em™!) scattered by cores at ¢ = 0 is

Iabs = szszsC-/\/A/Mw ; (2)

where b is the neutral moiety contrast length in the sol-
vent, IV the degree of polymerization of the neutral moi-
ety, p the aggregation number, p; the solvent density, ¢
the polymer concentration in g/g and M, the molecular
mass of a copolymer chain. The fit, at high scattering vec-
tors, with the form factor of a sphere (Fig. 1) exhibits
an asymptotic value (¢ — 0) [22] in agreement with the
absolute intensity deduced from equation (2).

Dynamic light scattering (DLS) on very dilute solu-
tions (< 0.04 wt%) confirms the association and also pro-
vides the hydrodynamic radius of whole micelles, Ry,
according to a method described elsewhere [4], of about
38+ 3 nm and 110+ 10 nm for the 251/52 copolymer and
the 590/43 copolymer, respectively. These hydrodynamic
radii and the aggregation numbers lead to an overlap con-
centration c¢* of the micelles:

«_ PMy
= 5 3
where p is the aggregation number, M, the molecular
mass of a copolymer chain and V;, = (47/3)R} _ the mi-

celle volume.

Such calculation gives ¢* around 2wt% and 0.1 wt%
for the 251/52 copolymer and the 590/43 copolymer, re-
spectively.

3.2 Structure of the charged corona

In a solvent which makes only the NaPSS; visible, the
scattered intensity is essentially due to the scattering of
PSS; monomers. Indeed, in neutron scattering, the con-
tribution of counter-ions Na is negligible since their con-
trast is far lower than the PSS,; monomer contrast. The
scattering in such a mixture is shown in Figure 2 for the
251/52 copolymer in the dilute regime (the polymer con-
centration ¢ is below ¢*). At high scattering vectors (above
g ~ 0.5 nm™1), the signal is mainly due to fluctuations of
the monomer profile, thus revealing the statistics of indi-
vidual chains [25-27]. This signal, concentration indepen-
dent, is found to be close to ¢~ !, which indicates a local
statistics of nearly rod-like monomers. The limit of this
g~ ! behavior, gy ~ 0.5 nm™!, can be related to the graft-
ing distance £. Indeed, the area per charged chain £2 can
be calculated from

2
2= yrfie : (4)

p

where R, is the measured core radius and p the aggrega-
tion number deduced from equation (1).
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Fig. 2. Neutron-scattered intensity I(q)/c versus q for the
251/52 copolymer without added salt, in a solvent which makes
only the NaPSS; group visible, at two concentrations below
the overlap concentration ¢* ~ 2wt%: ¢ = ¢*/10 (circles)
and ¢ = ¢* /4 (squares). The extended average conformation of
charged corona chains is shown by the ¢! behavior (dot and
dashed line) and by the ¢~ behavior (dot-dot and dashed line).
The g~* behavior corresponds to a local statistics of rod-like
monomers. The ¢~2 behavior corresponds to the superimposi-
tion of the centrosymmetric average density profile of rod-like
chains and of the fluctuating profile due to the local statistics
of rod-like chains. Above ¢ = 0.15 nm ™!, experimental curves
can be modeled by the intensity expressed in equation (6) (full
line) with R. = 4.5 nm, L = 33.5 nm and p = 54 for both con-
centrations. We have indicated the centrosymmetric average
density profile contribution (dashed line) and the local statis-
tics contribution (dotted line) of the fit. The interaction peak
q" is indicated by an arrow for ¢ = ¢*/10.

This leads to a grafting distance & around 2 nm, for
the 251/52 copolymer, which is in agreement with go& ~ 1.
This confirms that the ¢~ behavior (g€ > 1) corresponds
to the statistics of individual nearly rod-like chains. At
intermediate scattering vectors, from ¢ = 0.15nm~" to
g = 0.5nm™1, the scattered signal can be written as the
sum of two terms [5,25-27]. This sum originates from
the decomposition of the monomer profile into two terms:
a centrosymmetric average monomer profile and a fluc-
tuating profile which reflects the heterogeneity of the
corona [25,26].

The scattered signal can then be modeled by

Ir(q)/¢ = K [aPave(q) + BPna(9)] , (5)

where P,yc(q) is the scattering function of the average pro-
file of monomers, Pp4(q) the form factor of an individual
chain of the corona which approximates the scattering by
the fluctuating profile [5,25-27], ¢ the polymer concen-

tration in g/g and K = N2psb?> N /M,, with b the corona
chain contrast length in the solvent, Ny the degree of poly-
merization of corona chains, ps the solvent density, M, the
molecular mass of a copolymer chain. The values of the
constants « and § are found by requiring that Ir(q)/c ex-
trapolates to Kp when ¢ — 0 (proportional to the mass of
the micelle), thus giving « + § = p and requiring that the
fluctuating part of the intensity extrapolates to K (pro-
portional to the mass of a single chain), thus giving 8 = 1.
This leads to

Ir(q)/c = K [(p — 1) Pave(q) + Pina(q)] - (6)

An analoguous presentation of this decomposition can
be found on p. 162 of reference [24].

The function P,ye(q) is given by the square of the nor-
malized Fourier transform of the centrosymmetric density
profile of the corona ¢(r) [5]:

Puve(q) = [F(q, R, R)]” (7)

with

S [6(r) sin(qr)r? /gr)dr
flfc @(r)r2dr

where L = R — R, is the corona height.

Since experimental curves (Fig. 2) exhibit a ¢~ behav-
ior, we choose ¢(r) ~ p/r?, the centrosymmetric density
profile of a corona with rod-like arms [5]. Consistently, we
take Ppq(q) to be the form factor of a rod-like chain of
negligible thickness [24]:

Poalq) = (q%suqm - (%) ) L ®

where L is the rod length (here L = R — R,).

Such a scattering from the corona, Ir(q)/c, is repre-
sented in Figure 2 with R, = 4.5 nm (core radius of the
251/52 copolymer), L = 33.5 nm and p = 54 (aggrega-
tion number of the 251/52 copolymer). This scattering is
consistent with the observed signal above ¢ = 0.15 nm™".
This confirms the extended statistics of charged chains.
The whole micelle radius deduced R = L + R, = 38 nm is
in full aggreement with the whole micelle hydrodynamic
radius Ry, previously observed for the 251 /52 copolymer.

At low scattering vectors, an interaction peak is visible
(¢*) and corresponds to the interaction between charged
coronae. This is an indication of the micelle packing or-
der, its evolution as a function of the polymer concentra-
tion will be discussed below. The existence of this peak
at ¢*/10, shows that such systems are strongly ordered by
electrostatic interactions even for polymer concentrations
below the overlap concentration.

F(Q7 R, Rc) =

3.3 Ordering between micelles

Interactions between micelles are modified when the
polymer concentration is strongly increased (¢ > c*).
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Fig. 3. Neutron-scattered intensity I(q)/c versus q without
added salt at concentrations above the overlap concentration
c*. (a) For the 251/52 copolymer (¢* ~ 2wt%), in a solvent
which makes only the corona visible, at: ¢ = 5¢* (circles),
¢ = 7.5¢" (squares), ¢ = 10c* (triangles). (b) For the 590/43
copolymer (¢* ~ 0.1wt%), in a solvent which makes only the
corona visible, at concentrations strongly above ¢*: ¢ = 20c¢*
(circles), ¢ = 50c* (squares), ¢ = 100c* (triangles), ¢ = 145¢*
(inverted triangles). The coexistence of two interaction peaks,
q" and ¢**, is shown for both copolymers. These peaks are in-
dicated by arrows for ¢ = 5¢” in (a), for ¢ = 20c¢* (¢*) and for
¢ = 145¢* (¢**) in (b). The interaction peaks are sharper for
the 251 /52 copolymer than for the 590/43 copolymer. The sec-
ond interaction peak appears at higher concentration (relative
to ¢*) for the 590/43 copolymer than for the 251/52 copolymer.
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Fig. 4. Scattering vector gpeax versus polymer concentration
¢, in solvents that match the NaPSS, group, the PEP group or
the PtBs group. (a) For the 251/52 copolymer: ¢f (circles) and
g5 (squares) for the core ordering (see Fig. 1), ¢* (triangles)
and ¢** (inverted triangles) for the corona ordering (see Fig.
2 and Fig. 3). (b) For the 590/43 copolymer: g7 (circles) for
the core ordering, ¢* (triangles) and ¢** (inverted triangles) for
the corona ordering (see Fig. 3). The first ordering peak (¢,
q7) goes like ¢*/? over a wide concentration range spanning
from the dilute regime to the concentrated regime. This is an
indication of the micelle packing order . This is confirmed by
the evolution of ¢5 also in ¢!/? since g3 corresponds to interac-
tions with next-nearest neighbours. The second ordering peak
observed in concentrated regime (¢**) is consistent with an
evolution as ¢'/? despite of the narrow scattering vector range.
Such an evolution is typical of polyelectrolyte semi-dilute so-
lutions (homopolymers).
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The behavior over such a concentration range, of the
251/52 copolymer and of the 590/43 copolymer is shown
in Figure 3. The solvent contrast matches core neutral
chains. The signal exhibits an interaction peak at ¢*,
corresponding to the ordering peak shown in the dilute
regime. A second peak appears at higher scattering vec-
tors ¢** and coexists with the first ordering peak for both
copolymers. This peak appears at much higher concen-
tration (relative to ¢*) for the 590/43 copolymer than for
the 251/52 copolymer. It suggests two distinct behaviors
when the polymer concentration is above c¢*. A striking
result for the 590/43 copolymer is that the peak ¢* exists
at concentrations strongly above c*.

As we have shown, such spherical polyelectrolyte
brushes exhibit interaction peaks in the dilute regime and
in the concentrated regime. The origin of these interaction
peaks can be tested by plotting their scattering vectors as
a function of the polymer concentration. For both copoly-
mers, we have reported in Figure 4, the scattering vectors
of the interaction peaks from the core (see Fig. 1) and
the scattering vectors of the interaction peaks from the
corona (see Fig. 2 and Fig. 3) as a function of the poly-
mer concentration. In this gpeak versus c representation,
where gpear is the scattering vector of the peaks and ¢
the polymer concentration in g/cm?, the ordering peaks
¢* and ¢ go like ¢/3. This is typical of liquid-like order.
This is confirmed by the evolution of g3, since it also goes
like ¢'/3, and since ¢5/qt = 1.7 £ 0.1 which is consistent
with liquid-like second order. The peak ¢5 is not observed
for the 590/43 copolymer, because of the low aggrega-
tion number of this copolymer, p ~ 23, which can induce
more disorder due to the sparser density of the brush. In
this case, the liquid-like second order probably washes out.
These peaks are related to the micelle packing order and
are inversely proportional to the center-to-center distance
between micelles. We note that the spherical geometry is
confirmed since ¢j and ¢* are identical. A striking result is
that such liquid-like order between charged brushes can be
observed over a wide concentration range spanning from
the dilute regime to the concentrated regime.

The ordering peak ¢** for the 251/52 copolymer ex-
ists for ¢ > ¢* at higher scattering vectors (Fig. 3). We
attribute this peak to correlations similar to those en-
countered in polyelectrolyte homopolymer semi-dilute so-
lutions [28]. In the latter case both experiments and theo-
ries [29] show that the peak evolves as ¢'/? at sufficiently
high concentrations. Such an evolution is fully compatible
with our data (Fig. 4) although the available scattering
vector range is too narrow in order to deduce unambigu-
ously any power law. Moreover, the absolute positions of
the ¢** peaks are in quantitative agreement with the po-
sitions of the peaks in the homopolyelectrolyte case at
the very same concentrations [28]. A similar peak has
been also reported for polyelectrolyte star solutions [30]
and planar charged brushes [31]. Another origin of the
peak could be found in the hydrophobic nature of the
polymer backbone as suggested for weakly charged poly-
electrolytes [32]. However, the peak positions are not at

(b)

Fig. 5. Limiting cases of the corona interpenetration and of
the chain contraction for a dense brush above c¢*: (a) Inter-
penetration of coronae and formation at their periphery of a
polyelectrolyte semi-dilute solution. The structure is ordered
with a distance from center to center D and the nearly rod-like
statistics of chains is conserved inside the non-interpenetrated
volume (dashed circles). (b) Contraction of corona chains and
formation of a polyelectrolyte semi-dilute solution inside each
corona. The structure is ordered with a distance from center
to center D and the polymer concentration is the new overlap
concentration of the solution.

all in agreement with our data at comparable concentra-
tions [33].

The appearance of the polyelectrolyte correlations at
small scale in the concentrated regime may be of two dis-
tinct origins: an inter-coronae origin or an intra-corona
origin. The first scenario implies the interpenetration of
coronae and the formation of a polyelectrolyte semi-dilute
solution at their periphery, giving rise to the correlations
at high wave vectors. The second scenario is the contrac-
tion of corona arms, giving rise to a semi-dilute solution
of less extended polyelectrolyte chains inside each corona.
Following the latter scenario, it is understandable that the
micelles stay liquid-like ordered as observed. Recent mod-
els predict such contraction inside polyelectrolyte star so-
lutions [13]. The two limiting cases of full interpenetration
and full contraction are depicted in Figure 5a and b.
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Fig. 6. Structure factor S(q) versus ¢ for the 251/52 copoly-
mer, deduced following the method depicted in the text, at
three different concentrations below, at and above ¢* ~ 2 wt%:
¢ =c"/5 (circles), ¢ = ¢* (squares), ¢ = 2.5¢" (triangles). The
maximum intensity of S(g) undergoes a maximun at ¢ = ¢*.

Since the core size is constant, the scattered signal
I(q) at all concentrations (in solvents which make only the
cores visible (Fig. 1)) can be divided by the form factor
P(q) associated to the spherical core to provide the over-
all structure factor S(q) (since I(q)/c < S(q)P(q)). Such
structure factors are presented in Figure 6 for the 251/52
copolymer. This S(q) versus q representation shows that
the maximum intensity of the structure factor undergoes
a maximum at ¢ = ¢*. This situation is reminiscent of
the situation encountered with neutral polymer stars and
could constitute an argument in favor of the corona inter-
penetration, which is favored from the current studies on
neutral polymer stars [34]. Indeed at the onset of interpen-
etration, a maximum in osmotic pressure is predicted [35].
However in the charged case, interactions between micelles
have also an electrostatic contribution in addition to the
osmotic contribution. The presence of charges can lead
to a more complex behavior also exhibiting a maximum
intensity of the structure factor at c¢*.

Our results do not allow us to distinguish whether the
polyelectrolyte correlations are due to an interpenetration
of coronae or due to a contraction of chains inside these
coronae. This puzzling question remains open.

For the 590/43 copolymer, the absolute values of the
q** peaks are identical to those found with the 251/52
copolymer, at the same concentration. This strengthens
the interpretation in terms of polyelectrolyte correlations.
Again, the very limited number of data points does not
allow us to check the validity of the ¢}/2? variation al-
though our data are compatible with it. Moreover, Fig-

@

Fig. 7. Schematic possible model of the sparsely dense brush
behavior above ¢*: (a) ¢ = ¢*, the corona chain conformation
is rod-like and the structure is ordered with a distance from
center to center D = 2R. (b) ¢* < ¢ < ¢*, the coronae inter-
penetrate each other but the chain conformation stays rod-like.
The structure stays ordered with a distance from center to cen-
ter D' < D. (c) ¢ > ¢**, the interpenetrated volume becomes
too dense. The corona chains interpenetrate each other and the
order could begin disappearing.

ure 3 suggests that the corona conformations of the 590/43
copolymer and of the 251/52 copolymer are not the same
when the concentration is above c*. Indeed, this figure
shows that the polyelectrolyte correlations appear at much
higher concentration (relative to ¢*) for the 590/43 copoly-
mer than for the 251/52 copolymer. We know also that
the local conformation of corona chains is fully extended,
for the 590/43 copolymer, at a concentration as high as
¢ = 10c¢* [10]. Moreover, the overall packing order of
the 590/43 copolymer seems to progressively disappear
while the polyelectrolyte correlations increase in contrast
with the 251/52 copolymer which stays strongly ordered.
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Indeed as observed in Figure 3, the ¢* peaks of the 590/43
copolymer begin larger while the polyelectrolyte correla-
tions increase in contrast with the ¢* peaks of the 251 /52
which stay identical. These differences can be explained by
the difference in the brush density, i.e. by the differences
in the aggregation number and in the degree of polymer-
ization of the charged moiety.

The 251/52 copolymer has a dense corona with an
aggregation number of 54 4+ 1. This suggests that above
c*, the rod-like statistic of the chains begins to disappear
by interpenetration or by contraction as explained above
(Fig. 5). The 590/43 copolymer has a relatively low ag-
gregation number, 23 + 3 more than twice less that of the
251/52 copolymer, with a degree of polymerization 2.5
times longer. A possible explanation is that such sparsely
dense brushes interpenetrate each other without chang-
ing their chain statistics (rod-like statistics), as if a more
dense brush could be created at the corona periphery, over
a large concentration range from c¢* to a concentration
¢ (Fig. 7). We can estimate ¢** between ¢ = 30c¢* and
¢ = 50c* (Fig. 3 and [10]). Above ¢**, the interpenetrated
volume would become too dense, the formation of a poly-
electrolyte semi-dilute solution appears progressively by
interpenetration of chains (Fig. 7) and the liquid-like or-
der could begin disappearing.

4 Summary and conclusion

In this paper, we have studied the scattering intensity
of spherical charged brushes formed by charged-neutral
diblock copolymers both in the dilute and concentrated
regimes. The conformation of such brushes is found to
be fully extended in the dilute regime. We have shown
that, at intermediate scattering vectors the scattering in-
tensity exhibited a quasi-g~2 behavior corresponding to
the superimposition of the centrosymmetric average den-
sity profile of rod-like chains and of the fluctuating pro-
file due to the local statistics of rod-like chains. At high
scattering vectors a quasi-g~! behavior is observed, cor-
responding to fluctuations of the monomer profile due to
the local statistic of rod-like monomers. Such solutions
exhibit strong liquid-like order over a wide concentration
range spanning from the dilute regime to the concentrated
regime. At high concentration, polyelectrolyte correlations
appear and coexist with the liquid order. However our re-
sults show a strong dependence of the brush density on
the evolution of the chain conformation and on the struc-
ture of solutions at concentrations above c*. In particu-
lar, chains in less dense brushes exhibit extended statistics
largely above c*. The striking result for dense brushes is
that the solutions stay very strongly ordered even when
the polyelectrolyte order appears.

A natural extension of this work is to study the lo-
calization and the correlations of counter-ions, for such
objects, as a function of the concentration [20] and of the
brush density. Moreover, the study of overall structure
factors should provide an interesting opportunity to de-
duce the interaction potential between micelles and sepa-
rate the electrostatic and the osmotic contributions. This

could bring about a better understanding of such solu-
tions in the concentrated regime. Such work is currently
in progress.
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