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Abstract. Aqueous micellar solutions of ionic/neutral block copolymers have been studied by light scat-
tering, small angle neutron scattering and small angle X-ray scattering. We made use of a polymer com-
prised of a short hydrophobic block (polyethylene-propylene) PEP and of a long polyelectrolytic block
(polystyrene-sulfonate) PSSNa which has been shown previously to micellize in water. The apparent poly-
dispersity of these micelles is studied in detail, showing the existence of a few large aggregates coexisting
with the population of micelles. Solutions of micelles are found to order above some threshold in polymer
concentration. The order is liquid-like, as demonstrated by the evolution with concentration of the peak
observed in the structure factor (gpear o ¢/?), and the degree of order is found to be identical over a large
range of concentrations (up to 20 wt%). Consistent values of the aggregation number of the micelles are
found by independent methods. The effect of salt addition on the order is found to be weak.

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. —61.20.Qg
Structure of associated liquids: electrolytes, molten salts, etc.

1 Introduction

Diblock copolymers, comprised of a long and nearly fully
charged moiety and of a short hydrophobic moiety, may
be viewed as polyelectrolytes which are hydrophobically
modified. In that respect, they can be considered as very
convenient tools for tethering charged chains together and
forming new interfacial structures [1]. This may be achie-
ved by adsorbing the water insoluble block onto a sur-
face [2] or, thanks to the self-assembly of such diblocks, in
films [3] and in water solution in the form of micelles.
Only a few studies are now available on such systems
although first pioneering studies in this field were started
about thirty years ago [4]. Selb and Gallot studied sys-
tems comprised of cationic polyvinylpyridine salts with
polystyrene as the hydrophobic block [5]. Tuzar and his
collaborators [6] and Eisenberg’s group [7] have studied
systems comprised of polystyrene cores with, respectively,
poly(methacrylic acid) or sodium polyacrylate coronas,
whereas we investigated diblocks of poly(tert-butylstyrene)
and poly(styrene sulfonate) [8]. This paper is devoted to
the study of such micellar solutions in order to better char-
acterize them by standard techniques such as light, X-
ray and neutron scattering. We show how the existence of
such micelles is revealed by light scattering and we explain
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the actual meaning of the measured polydispersity of the
system.

The polydispersity of polymeric micellar systems is
usually assumed to be low (at least for neutral systems) [9]
but recent theories suggest a different situation [10] and di-
rect experimental confirmations are scarce [11]. A few ex-
perimental studies (both for neutral and charged systems)
already suggest that a more complicated pattern may ex-
ist where micelles coexist with both larger aggregates and
free chains [12]. We confirm this behavior and defined pro-
cedures in order to get reliable measurements of the size
and mass of the micelles. We then show that a more ac-
curate view of the interactions between micelles can be
obtained by neutron scattering. Such micelles resemble to
charged brushes of spherical symmetry [13] thus providing
a system mimicking colloids protected by charged grafted
chains. Such colloids, which could be stabilized either by
grafting of chains or adsorption of diblocks such as the
ones under study in this paper, are of wide industrial rel-
evance due to the increased need of water solvated sys-
tems. The protection by charged chains is indeed believed
to be very efficient against coagulations induced by varia-
tions of the ionic strength of the solvent [14]. Interactions
between these colloids govern their stability and such in-
teractions can be studied thanks to the micelles. These
micelles are shown to order above some concentration in
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such a way that they exhibit a correlated liquid-like struc-
ture whose order is measured. The quality of this order
stays surprisingly constant up to high concentrations (at
least 20 wt%) in contrast to the behavior of homopoly-
electrolytes where correlations exist at a smaller spatial
scale and are destroyed at even lower concentrations [15].
Similar examples of liquid order are indeed also found in
the area of stabilized colloids [16]. Addition of electrolyte
has little influence on the ordering of the micelles, which is
a confirmation of the relative insensitivity of such spheri-
cal charged brushes to the addition of electrolyte. On the
contrary, both polyelectrolytes and colloids are generally
disordered upon addition of salt.

2 Experiments
2.1 Materials

Diblock copolymer of poly(ethylene-propylene)-sodium
poly(styrene-sulfonate) (PEP/NaPSS) was synthesized as
follows. Styrene was polymerized in benzene at room tem-
perature using sec-butyllithium as initiator (standard high
vacuum conditions and all-glass reactors were used in this
work). After complete conversion of styrene (ca. 48 hours),
a small amount of isoprene was added to form the de-
sired asymmetric diblock copolymer and polymerization
was terminated by addition of methanol. The product was
characterized by size exclusion chromatography (SEC)
and 'H-NMR for determination of weight average molec-
ular weight (M), polydispersity (Mw /M) and compo-
sition. Values of My = 2.7 x 10* g/mole, My /Mn=1.04,
and 87.3 wt% styrene were obtained. The polyisoprene
segment was converted to PEP by hydrogenation in xy-
lene using p-toluenesulfonylhydrazide in the presence of
Irganox 1010 [17]. SEC and NMR, respectively, confirmed
a lack of polymer degradation and complete saturation of
the polydiene. The polystyrene block was then sulfonated
using an SOg3 /triethylphosphate complex [17] and neutral-
ized with sodium methoxide. Elemental analysis for sulfur
indicated 89 mol% sulphonation of the PS segments. This
diblock is highly asymmetric (about 227 NaPSS units and
about 50 PEP units) and has a total My of about 4.7x10%
g/mole:

_(CHZ_CI_PZU—(CHZ‘_‘CI'II_CHZ*CHZ)SO_
CsHsSO;Nat CH;,

NaPSS homopolymer of My = 4.6 x 10* g/mole, pur-
chased from Pressure Chemical, was also used. The poly-
dispersity index is smaller than 1.1 and the nominal degree
of sulfonation is 1.

Solutions were prepared in deionized HoO water upon
passing it through MilliQ Millipore system of pore size
0.22 pm (18 MQcm) or in DoO water. Samples with salt
were prepared with NaCl of analytical grade. All the mea-
surements were performed at temperatures close to 25 °C

which are above the glass transition temperature of the
PEP part (Ty = —60 °C) [18].

2.2 Quasi-elastic light-scattering

Samples (in HyO solvent) were filtered through 0.4 or
0.6 pm Nuclepore filters, before being transfered into the
scattering cell (8 or 13 mm inner diameter), and cen-
trifuged. Reproducible results were found over several
months with the same samples. Light-scattering experi-
ments were carried out at a wavelength A = 514.5 nm
with a vertically polarized beam. The scattered light was
detected with a Brookhaven goniometer BI200SM. A de-
tailed description of the goniometer has been given else-
where [19]. The correlators used were BI2030AT and
BI9000AT correlators.

A large number of correlation functions were accumu-
lated during short periods of time T". The normalized cor-
relation function of the scattered intensity was obtained by
summation of the different correlograms with elimination
of spurious results due to the presence of dust particles in
the scattering volume:

(I(1(0))/(1)* = Z(Ik(t)lk(0)>T/<Z<Ik>T> (D)

k k

where angular brackets (...)7 represent time-averages over
time T'. The normalized time autocorrelation function of
the scattered electric field, g(t), was extracted from the
measured time-averaged autocorrelation function of the
scattered intensity (I(¢)I(0)) [19]:

9(t) = BI{I(OI(0))/{1)%) — 1]/2. (2)

The dimensionless factor B depends on the geometry of
the experiment. The experimental quantities g(t) were an-
alyzed by the cumulants method [19] to extract the mean
decay rate (I')r of g(t) and its variance v = ((I'?)r —
(I')2)/(I')2. which measures the deviation from an ex-
ponential decay. In order to determine the distribution,
A(I), of the decay rates I" defined by g(t) = [A(I") x
exp(—I't)dI’, a maximum entropy method was used [20].
Experiments were performed at scattering angles between
30° and 135° which corresponds to scattering vectors g
ranging from 8.4 x 1073 nm~! to 3 x 1072 nm~!.

2.3 Intensity measurements
2.3.1 Light-scattering

The goniometer used and the sample clarification proce-
dure were identical to the ones reported in Section 2.2. The
intensities scattered by the copolymer solutions were nor-
malized by the scattering intensity from a benzene sample,
(Iz), and converted to an apparent weight-average molec-
ular weight as:

MPP(e,q) = (Ip(c, q)) / Ke(In), (3)
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where (I,(c, q)) is the intensity scattered by the copoly-
mer. In the experiments we conducted, the intensity scat-
tered by the solvent is negligible (Isolvent/{Ip(c, q)) < 3 X
1072) and thus (Iy(c,q)) is identical to (I(c,q)), the in-
tensity scattered by the solution, within the experimental
error. In this section, c¢ is the concentration expressed in
g/cm3, c(g/cm?) = 100c(wt%), since HoO is the solvent.
The constant K is

e () (o) () (G2) 0

Rp(=3.0x10° cm™1) and np(= 1.5011) are the Rayleigh
factor and the the index of refraction of benzene, respec-
tively [21]. The refractive index increment of the copoly-
mer (dn/dc) at constant chemical potential at A =
514.5 nm is found to be 0.18 cm3/g at a salinity of 2 x
1072 M and in pure water. This value is identical to the
value found for PSSNa (0.18 cm?®/g) within the experi-
mental errors. This enables to use with confidence equa-
tions (3, 4) since the PEP influence in the dn/dc appears
low. Moreover an estimation of the dn/dc of the PEP part
alone gives 0.18 cm®/g, confirming that a single value of
index increment can be used.

2.3.2 X-ray scattering

The diffraction patterns were recorded on a small angle
X-ray scattering camera with pinhole geometry. The sour-
ce was a copper rotating anode (A = 0.154 nm), with an
apparent size of 1 mm x 1 mm. A detailed description
of the camera was given elsewhere [22]. The samples in
H50 were contained in poly(methyl methacrylate) cells of
thickness ¢, = 1 mm, closed with Kapton® windows. The
measurements were performed with a two-dimensional gas
detector located at a distance D (2.1 m) from the sam-
ple. The scattering vectors investigated in these experi-
ments range from 107! to 4 nm~!. As efficiencies of the
cells of the detector are equivalent, the scattered intensity
I(q) of the sample (cross section per unit scattering vol-
ume) can be directly obtained by applying the definition
I(q) = D?I,/I; At, where I, and I; represent the intensity
scattered by the sample and the transmitted intensity, re-
spectively. The quantity Ats is the scattering volume of
cross section A times the thickness ts. Practically I(q)
was obtained as follows:

1(q) = D*(ns/a”) /nits ()

where n; corresponds to the total number of transmitted
photons during the experiment, a? is the area of a detector
cell (3.24 x 1075 mm?) and ng represents the number of
photons collected by a detector cell, after subtraction of
the photons scattered by Kapton® windows.

2.3.3 Neutron scattering

Neutron scattering experiments were performed on the
small angle spectrometer PACE using two sets of wave-
length, A, and sample to detector distance, D,

(A\/D = 0.648 nm/3.0 m and A\/D = 1.4 nm/4.66 m).
Complementary experiments were performed on PAXE
spectrometer using the following sets for A\/D : A\/D =
0.5 nm/5 m, and \/D = 1.2 nm/5 m. Both spectrometers
are located at the Laboratoire Léon Brillouin of Saclay,
France. With these different configurations, we covered
the scattering vector range 3 x 1072 — 1 nm 1.

The sample cells were quartz cells of inner thickness 2
mm. The scattered intensities were corrected for the par-
asitic intensity scattered by the quartz cell by subtraction
and normalization to the water scattered intensity (in or-
der to eliminate differences in the detector efficiency). The
absolute scattering cross section per unit volume I(g) of
the sample was determined according to the following for-
mula

I(q) = {1/t T5] /(1w /tw Tw] }d Xy, /dS2. (6)
The subscripts s and w correspond to the copolymer sam-
ple and to the water sample, respectively, T; is the trans-
mission of the i-th sample having a thickness ¢;, I; repre-
sents the scattered intensity corrected from parasitic scat-
tering and d X, /d{? is the scattering cross section per unit
volume of water deduced from the transmission T, of wa-
ter [23].

3 Results and discussion
3.1 Dilute solutions

In this section, we present and discuss the results obtained
on samples having concentrations smaller than 0.8 wt%.
The salinity of the solutions was of the order of 2x 1072 M
except in the case of neutron measurements where solu-
tions at different salinities were prepared.
Characterization of the solutions by laser light-
scattering experiments and especially the g-dependencies
of the different measured quantities show the existence of
a bimodal population of scatterers. In Figure 1, the inten-
sity scattered by a dilute sample (¢ = 2 x 1072 wt%) for
which interactions are negligible is reported. For ¢ > 5 x
10~ nm~2, the intensity is slightly ¢>-dependent whereas
at small q values the intensity dramatically increases. The
strong curvature observed can only be explained by the
presence of a small amount of very large scatterers and a
large amount of small scatterers [24]. This point is con-
firmed by dynamic light-scattering measurements on the
same sample. The apparent diffusion coefficient D?PP(q) =
(I')r/q? and the variance v of the decay rate both present
a strong g-dependence at small g values (see Fig. 2). These
results have been obtained with a linear sample time spac-
ing. The sample time spacing At was continuously de-
creased and the values, reported in Figure 2, correspond
to an extrapolation at At = 0 of the apparent quanti-
ties measured at different sample time spacings. For ¢? >
5 x 107* nm~2, these both quantities reach a constant
value which indicates that, in this ¢ range, the signal is
mainly due to the smaller scatterers. Through the Ein-
stein relation D*PP(q > 2.2x 1072 nm ™) = kT /671 Rsnsz,
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Fig. 1. Apparent weight-average molecular weight versus ¢>
for a dilute solution where interactions are negligible (¢ = 2 x
10~2 wt% and salinity 2x 10~2 M). This behavior clearly shows
that two populations of scatterers are present: a small amount
of large scatterers and a large amount of small scatterers. The
dashed line represents the best fit using expression (8). The
solid line represents the contribution of the smaller scatterers.

where Ry}, is a mean hydrodynamic radius and 7 the vis-
cosity of the water, one deduces that the size Rgy, of the
smaller scatterers is of the order of 40 nm.

To test quantitatively the hypothesis of the existence
of a bimodal population, different treatments of the data
were performed. If this hypothesis is correct, the apparent
average molecular weight M2PP(q) deduced from intensity
light-scattering should have the following form,

MZFP(q) = wiMiy Piu(q) + ws Msw Piz(q),
with ws =1 — wy

(7
where M,y and w; are the weight-average molecular weight
and the weight fraction of the different scatterers. Indices
i = s or | correspond to smaller and larger scatterers re-
spectively and P;,(q) represents the z-average form fac-
tor of the i-th scatterer. From the numerical value of
Rghz, it is meaningful to assume that the z-average ra-
dius of gyration of the smaller scatterers Rz, is such that
gRss, < 1. Thus the form factor Ps,(¢) can be approx-
imated by 1 — qQRfgZ /3. The strong upper curvature of
M32PP(q) indicates a regime where ¢Rig, is much larger
than 1, where Ry, is the z-average radius of gyration of
the larger scatterers. Thus we made the reasonable choice
to approximate P,(q) by a power law P,(q) o< 1/¢* with
1 < z < 4. The various values of x correspond to dif-
ferent possible structures of the larger scatterers. The g¢-
dependence of the dissymetry of the measured scattered
intensity M2PP(q)/M2PP(ggoe ) (Fig. 1) was successfully fit-
ted to the following profile:

2 p2

Ry,
MR (q) /M3 (aoor) = Bifa® + Bu(1 — T57). (g)
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Fig. 2. Quasi-elastic measurements, presented in this fig-
ure, and intensity light scattering measurements, reported in
Figure 1, have been obtained on the same sample. (a) g¢-
dependence of the apparent diffusion coefficient deduced from
cumulant analysis (dots). The triangles represent the diffusion
coefficient of the smaller scatterers Ds = I's/q* (see expression
(12) and text). (b) g-dependence of the variance of the decay
rate deduced from cumulant analysis.

The coefficients determined from this fit are B} = 4.86 x
1077, = = 3.16, By = 1.06, and Rgg, = 26 nm. Moreover
this treatment provides information on the fractions As(q)
and Aj(q) of the intensity scattered by the smaller and
larger scatterers

As(q) = MZP(qooe ) Bs(1 — ¢°R2,,/3) /MEPP(q);
Ai(q) =1 - As(q). 9)

Figure 3 shows a plot of As(q) and Aj(q) versus ¢*. For
q® > g2y, the intensity scattered by the larger scatterers
appears to be less than 6% of the total intensity. Quasi-
elastic light-scattering measurements are compatible with
the analysis done by intensity light-scattering measure-
ments. Typical correlation functions g(¢) obtained at small
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Fig. 3. g-dependence of the fractions As and A of the inten-
sity of the light scattered by the smaller and larger scatterers,
respectively. The full lines are As and A; values deduced from
intensity measurements (see Fig. 1). The symbols represent A
and A; values deduced from quasi-elastic measurements with
different procedures. The full triangles and the open circles are
values obtained by cumulant analysis with a floating base line
(see expression (12) and text) and by the maximum entropy
method, respectively.

and large g-values are displayed in Figure 4. At small ¢-
values, g(t) clearly exhibits a non-exponential decay. As-
suming a distribution of scatterers in two polydisperse
populations, the correlation function g(¢) can be written
as

g(t) = Aigi(t) + Asgs(t).

where ¢i(t) and gs(t) are the autocorrelation functions of
the electric field scattered by the large and small scatterers
respectively.

From the cumulant analysis in the high ¢ range (see
Figs. 2 and 3), we conclude that:

g(t) = gs(t) = Ag[1 + v(Ist)? /2] exp(—Tit)
with v = 0.12.

(10)

(11)

Whatever the exact profile of gi(t) is, as t goes to zero
91(t) = 1, and ¢(¢) can be approximated by

g(t) = A + As[1 + v(Ist)? /2] exp(—Tt)
with v = 0.12. (12)
In the total g-range that we investigated, the quantities
A), Ag and I obtained from curve fitting for different de-
creasing sample time spacings were extrapolated to zero
time. The values of A; and Ay deduced using this proce-
dure are reported in Figure 3 and are in agreement with
the values deduced from intensity measurements. Maxi-
mum entropy method analysis of the results confirms that
the distribution, A(I"), of the decay rates I is bimodal (see
Figs. 3 and 5). The results of intensity and quasi-elastic

—2'5 | QLIS B AL SRLE L B LI LI JNLINL N N N O L B ML B S

0 40
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Fig. 4. Typical autocorrelation functions g(t) where the
squares and the dots correspond to measurements done at
a scattering angle of 35° (¢ = 9.8 x 107® nm™!') and 135°
(¢ = 3 x 1072 nm™ '), respectively (¢ = 2 x 1072 wt% and
salinity = 2 x 1072 M) . For convenience, a reduced time scale
t/to where tg = —(dg(t)/dt)t—o is used in abscissa. In this
representation, when functions g(t) are pure exponential they
should lie on the same straight line with an intercept equal to
zero (full line). At 35° scattering angle, the strong curvature

clearly shows a non-exponential behavior.
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Fig. 5. Distribution of decay rates deduced by the maximum
entropy method analysis from a quasi-elastic light experiment
performed at a scattering vector ¢ = 1.1 x 1072 nm ™' (sample
c=2x10"% wt% and salinity 2 x 1072 M).
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light scattering give consistent evidence for the presence
of two types of copolymer assemblies in the solution. Let
us first consider the smaller copolymer assemblies.

3.1.1 Smaller copolymer assemblies or micelles

A careful analysis of the results of the apparent diffusion
coefficient of the smaller scatterers (see Fig. 2a) shows that
there is a small g?-dependence: DPP(q) = Dg,(14+e¢*R2,,)

SgZ
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Fig. 6. Concentration dependence of the apparent weight-
average molecular weight measured at scattering angle of
90°. Within experimental precision, it appears that for a
salinity of 2 x 1072 M the interactions are negligible when
c<4x107% wt%.

with Ds, = 5.77 x 107!2 m?/s and ¢ = 0.23. The origin
of the g2-dependence is either or both the size polydisper-
sity of micelles and the sensitivity to the dynamics of the
internal modes of the micelles. The € values deduced for
different structures (stars and branched polymers) such as
in [25] are between 0.1 and 0.2 which is close to the ex-
perimental value. From extrapolation to ¢ = 0, using the
Einstein relation we obtain Rgn, = 42 nm. Experimen-
tally, it is difficult to perfectly extract the contribution
of the smaller scatterers, and we suggest that the appar-
ent g2-dependence can be also a residual influence of the
larger scatterers. In these conditions, we believe that the
best way to determine Ry}, is to consider only the results
at large g-values. From the intercept of a plot of D3PP(q)
versus 1/¢%, we obtain Ds = 6.85 x 10712 m? /s which cor-
responds to a size Rgn, = 36 nm. We thus conclude that
the smaller scatterers have a hydrodynamic size which lies
between 36 and 42 nm. The hydrodynamic radius is larger
than the radius of gyration R, (= 26 nm) which confirms
centrosymmetric structures. One has 0.6 < Ry, /Rsh, <
0.72 a value which is close to the value 0.77 expected for
monodisperse spherical particles, a result which has been
also found with other similar copolymers [8]. Thus, we
expect that the diblock copolymers form micelles of col-
lapsed PEP cores with NaPSS arms. This is in full agree-
ment with the neutron scattering results described below
which enable us to determine the radius of gyration of the
PEP cores.

Since the concentration of the larger copolymer assem-
blies wy is very small (ws ~ 1), (see Egs. (8, 9)) an estima-
tion of the molecular weight of the micelles can be given.
Extrapolation of the light scattering measurement to in-
finite dilution yields M2PP(ggpo) = 3.7 x 10° g/mole (see
Fig. 6), and thus leads to Mg, = 3.9 x 10 g/mole. From

1
-

Lnli(a)] (a.u.)

i
[4]

i
(7]
p e by s poees Laas 01 s el

=7 lllllllll](llIlllllolllllllllllllll
2, _59
q°(hm™)
Fig. 7. Form factor of the core of micelles in HoO/D2O mix-
ture ¢ = 1 wt%. Experimental neutron scattering data I(q) and
sphere form factor (solid line) of radius R = 5.2 nm are pre-

sented in a Guinier representation. The inset shows the same
results in Porod representation.

this plot one can also deduce a second virial coefficient
(repulsive) between micelles of order 10° nm?.

The mass determination leads to an aggregation num-
ber p = 85. Assuming that the hydrophobic PEP core
is collapsed as a melt and using the melt density value
of 0.854 g/cm? [26], we deduce a core radius of 5.1 nm.
Neutron scattering at small angles was used to directly
confirm the hydrophobic association by use of the con-
trast matching technique. We made use of a mixture of
H20 and D20 (44% in volume of D20O) which matches the
PSS part, making it invisible to neutrons. Results were ob-
tained for different concentrations in polymer (0.2, 0.5 and
0.8 wt%). It was checked that in this concentration range,
interactions were still negligible as confirmed by a nice su-
perposition of the I(q)/c curves (see Sect. 3.2). A typical
scattering curve is shown in Figure 7, confirming directly
that the scattering is fully compatible with a form factor
of spheres of radius 5.2 £ 0.2 nm (aggregation number of
90). Identical results were obtained for salinities between
0 and 0.5 M within the experimental errors. An additional
confirmation was obtained by means of osmotic pressure
measurements (Knauer apparatus) where an estimation of
p was obtained (p ~ 60).

3.1.2 Larger copolymer assemblies

Light scattering intensity results show that large aggre-
gates having a size Rjg, larger than 100 nm exist. The
exponent value 3.2 of the form factor P,(q) o< 1/¢>? (see
Fig. 1) permits to expect that these aggregates have a
three-dimensional structure with a fractal surface.
Different profiles were tried to fit the long time tail of
the correlations function g(t). At the lowest ¢ values, it
is clearly established that, at long times, g(t) is well de-
scribed by a stretched exponential gi(t) ~ exp(—(Iit)?)
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with an exponent 3 close to 2/3. This behavior indicates
that we may probe the internal dynamics of flexible ag-
gregates. As the intensity scattered by these aggregates
strongly decreases as ¢ increases, it was not possible to
precisely establish the g-dependence of I7. However when
internal dynamics is probed, a relationship exists between
the exponent value 8 and the g-dependence of the decay
rate [27]: I ~ ¢*/8. At the sight of the § value, it is rea-
sonable to assume that I = A’kgTq®/67n where A’ is
a numerical factor. At ¢ = 9.77 x 1072 nm~!, we find
I ~ 38 s~! which leads to a value A’ ~ 0.15. This A’
value is low in comparison to the values found for neutral
polymers. Whatever the architecture of the polymer (star-
like, branched or linear), A’ is of the order of unity [27].
Another possibility is that the apparent stretched expo-
nential profile of the long time tail reflects only a strong
polydispersity in size of non flexible aggregates. Applying
the Einstein relation I = kgT¢? /67N Ring, one deduces
that the mean hydrodynamic radius Ry, of the larger
scatterers is of the order of 620 nm.

The nature of the large aggregates is still conjectural,
one possibility being the existence of supra-micellar struc-
tures which are starlike micelles held together by residual
non- sulfonated segments of their corona chains. Note that
the chain extremities are indeed non- sulfonated ones (sec-
butyl groups) and consequently are highly hydrophobic.
This could favor some kind of association between mi-
celles through the extremities of the corona. However, we
believe that these aggregates are not due to residual low-
molecular impurities since we recovered the same quanti-
tative results depicted above after dialysis of the polymer.

3.2 Concentrated solutions

Some preliminary light-scattering experiments were per-
formed in the concentration range 1 < ¢ < 10 wt% on so-
lutions without salt. It appears that the results cannot be
analyzed assuming a single photon process. The large in-
crease of the depolarization factor with the concentration
indicates the apparition of multiple scattering. The depo-
larization factor (ratio of the light intensity polarized hor-
izontally to the vertically polarized intensity) was found
to be 3.3 x 1073, 7.2 x 1073, and 3.5 x 1072 for samples
of concentrations 1072, 1, and 10 wt%, respectively. Thus
we have been lead to investigate the concentrated regime
using X-ray and neutron scattering techniques which are
more appropriate.

A range of concentration in polymer from 0.2 to 20 wt%
(D2 O solvent) without added salt has been studied. It can
be seen in Figure 8 that a correlation peak is obtained
within a range of concentration 5-20 wt% in a represen-
tation I(q) versus g, where I(g) is the neutron scattered
intensity and g the wavevector. We then interpret this cor-
relation peak as the signature of liquid-like correlations
between micelles. The first sharp occurrence of this peak
at a concentration about 5 wt% is related to the cross-
ing of the concentration ¢* where the arms of the micelles
begin to contact. This concentration is roughly estimated
knowing the aggregation number (~ 85) thanks to light

10
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Fig. 8. Neutron scattered intensity I(q)/c from samples, in
D20 solvent without added salt, at different concentrations:

5 wt% (dots); 10 wt% (crosses); 15 wt% (squares); 20 wt%
(triangles).

and neutron scattering measurements and the hydrody-
namic radius of an isolated micelle as determined by QELS
(~ 38 nm) which gives ¢* ~ 2 wt% by using the maximum
packing fraction for randomly organized spheres in three
dimensions (~ 0.64). The value of ¢* for ¢* can be extrap-
olated from the results at higher concentrations, giving
¢* =8.2x107? nm~! and leading to 1/2(27/¢*) = 38 nm
in agreement with the radius of the micelles. For higher
concentrations the increase in ¢* denotes either a contrac-
tion of the arms or an interpenetration of them. Compari-
son of the scattering curves at various concentrations also
shows that the scattering intensities are nicely superim-
posable when expressed in the I/c versus q representation
in the ¢ range (3.2 x 107! — 1.0 nm~1), a feature which
means that spatial scales less than 3.1 nm are essentially
unperturbed by interactions. This is probably due to the
unchanged geometry of the core (radius about 6 nm) and
of the inner segments of the corona even if interpenetra-
tion or contraction occurs.

It is worth comparing these results with the evolution
of the so-called polyelectrolyte peak which is observed by
neutron or X-ray scattering on solutions of NaPSS [15].
This peak — for sufficiently high concentrations — evolves
as ¢* o ¢'/2 for highly sulfonated NaPSS [15] and has
an absolute value which, for the same concentration of
NaPSS and diblock and nearly the same molecular weight
(a parameter which does not shift the peak much for poly-
electrolyte), lies an order of magnitude above the one we
observed. Moreover it can be observed that for concen-
trations above 10 wt%, the polyelectrolyte peak nearly
vanishes while the diblock peak is still well defined. It
must be noted that although the polyelectrolyte peak is
preserved upon dilution and thus observable by light scat-
tering [28], we never observed such a peak for dilute solu-
tions of diblocks. We thus interpret our results as the sig-
nature of a micellar packing. This is confirmed by plotting
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Fig. 9. Variation of the peak position ¢* (samples without
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Fig. 10. Typical structure factor S(g) deduced from neutron

scattering measurements (¢ = 10 wt%, D20 solvent without
added salt).

the variation of the peak position ¢* (maximum of I(q))
with ¢ in the range 2 to 20 wt% (Fig. 9) which is well fitted
by the law ¢* o« ¢* with a = 0.36 4+ 0.04. The value of the
exponent a is compatible with 1/3, the value expected for
the evolution of a liquid order with concentration [16,29].

If we assume that a form factor of the micelles, P(q),
can be defined in the studied g-range the scattered inten-
sity can be written as I(q) o< c¢P(q)S(¢q) where S(q) is a
structure factor which can be obtained by I/[cI(c = 1%)]
where c is expressed in wt%. This expression assumes that
I(c = 1%) represents correctly the form factor (dilute con-
centration). We checked that point by inspecting different
dilute concentrations (0.2, 0.5 and 1 wt%) where a single
shape of I(g)/c = P(q) was recovered. Such typical S(q)
are shown in Figure 10 and have the nice trend to go to

1 for large ¢ which, in some sense, validates the hypothe-
sis of the existence and definition of P(g), at least in the
high ¢ range. This allows inspection of the variation of
the peak position ¢* (now defined as the first maximum
of S(q)) over the concentration range 5 to 20 wt% which
is well fitted by the law ¢* « ¢* with a = 0.33 + 0.02,
again indicating a liquid order of micellar objects.

The amplitude S(¢*) is found constant (within the ex-
perimental uncertainties) in the range of concentration
7-20 wt%. We do not observe any decrease of S(¢*) with ¢
contrary to what has been reported for neutral stars [29]
when interpenetration of arms occurs. In this latter case,
contact of the arms generates a discontinuity in the os-
motic pressure which induces the maximum of S(¢*) and
one expects more destructive interferences between both
segments and cores to occur as long as interpenetration
occurs, leading to a disappearance of the correlation peak
with concentration. Our results are then inconsistent with
the hypothesis of interpenetrated arms.

Another hypothesis is the contraction of the micelles
above c*, the micelles staying densely packed in the whole
concentration range above c*. In this case, we ignore the
evolution of the form of the micelles with concentration
and we can only discuss the total scattered intensity. How-
ever the correct behavior of the S(q) deduced by the above
procedure is not contradictory since such a contraction
is likely to modify the form factor of a micelle only at
low ¢ values. As a matter of fact one can imagine that a
contraction of the arms means that the structure evolves
from a perfect rod towards a rod having a finite persis-
tence length, making the chain more contracted at large
spatial scales. Thus, it is not surprising to preserve a
meaningful behavior of the S(g) at large ¢ values where
the segment statistics stays rod-like [30]. The hypothe-
sis of non-penetrable packed micelles enables an indepen-
dent determination of the micellar aggregation number
to be given for the range where the correlation peak is
determined. This determination is based on the assump-
tion that the micelles are packed like randomly organized
spheres showing liquid-like order. Then, the volume frac-
tion ¢. occupied by the micelles is the maximum packing
fraction for randomly organized spheres in three dimen-
sions (¢, ~ 0.64) and also writes (pc/M)(4/3mR?) where
p is the solvent density (D20), ¢ is the concentration in
wt% and M is the mass of the micelle. Thus, M can be
determined from each couple (¢, ¢*), since R = w/¢*, and
we obtain an average value of p = 90 in perfect agreement
with our previous determinations.

Addition of monovalent salt (NaCl) has little effect
on the existence and position of the peak in I(g). It is
shown in Figure 11 that for a concentration of polymer
of 15 wt%, the peak obtained from neutron scattering is
slightly shifted to lower values as the salt concentration
(or ionic strength) reaches 0.5 M. A rough calculation can
be made about the inner counterion concentration within
a micelle, assuming that all the counterions are localized
inside the micelle. For a radius Ry of 39 nm which corre-
sponds to isolated micelles one gets an inner counterion
concentration of 0.05 M. For a concentration of 15 wt%,
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Fig. 11. Typical variation of neutron scattering intensity I(q)
when salt is added (¢ = 15 wt%, D20 solvent). Salt concen-
trations: 0.01 M (dots); 0.5 M (triangles).

assuming that the micelles are then contracted by a factor
of 2 given by the value of ¢* at this polymer concentra-
tion (27/¢* ~ Rp neglecting the dimension of the PEP
core), one obtains a counterion concentration of 0.4 M
(ionic strength of 0.2 M). It is then understandable that
the effect of added salt only occurs for added concentra-
tions of order 0.5 M. This is reminiscent of similar be-
haviors obtained for solutions of charged silica or latex
particles where the ordering peak is nearly unchanged in
position by addition of salt [16]. In these latter cases, how-
ever, the height of the peak strongly decreases upon ad-
dition of salt. On the contrary, in our case, the height of
the ordering peak only slightly decreases when the added
salt concentration reaches an ionic strength comparable to
the one inside the micelles. For each polymer concentra-
tion, the scattered intensity at low g values increases when
some threshold in electrolyte is exceeded. The additional
screening of the micellar interactions by the electrolyte
overcomes the already large screening due to the counte-
rions brought by the diblock itself. More specifically, we
also investigated the differences between the scattered sig-
nal due to the diblock and the signal scattered by X-rays
for a salted solution of homopolyelectrolyte PSSNa. It is
clear from Figure 12 that for identical concentrations of
diblock and PSSNa (10 wt% in 0.1 M of salt) of compa-
rable molecular weight, an ordering peak of PSSNa is no
longer observed while the ordering peak of the diblock still
persists.

4 Summary and conclusion

This paper shows, in a first part, that the recurrent prob-
lem of large aggregates coexisting with a micellar pop-
ulation of water soluble polymers can be quantitatively
addressed. An important consequence is that, despite
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Fig. 12. X-ray scattering intensity I(g) from samples in HoO
solvent at a concentration of 10 wt% and a salinity 0.1 M.
The squares and the triangles represent the results obtained
with the copolymer (PEP/PSSNa; Mw = 4.7 x 10*) and an
homopolymer (PSSNa; Mw = 4.6 x 10*), respectively.

the presence of these aggregates, the existence and char-
acteristics of the micellar population can be assessed by
a careful procedure based on light scattering. It must be
noted that the existence of such micelles is now evidenced
by different techniques. The study of more concentrated
solutions leads to the occurrence of ordering between mi-
celles. This order is very similar to the packing of spheres,
exhibiting a liquid-like order on a wide range of concen-
trations. However it is not clear at the moment whether
a crystalline phase of such micelles can exist or not in
some range of the concentration and ionic strength. The
generalization to other polymer architecture (molecular
weight, chemical nature of the monomers) particularly de-
serves interest. The mechanism of contraction of the arms
is also worthy of further study, especially if the chain con-
formation during this contraction can be followed. Such
an attempt is currently in progress.
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