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Abstract. We report on the phase behavior and scattering properties of colloidal complexes made from
block copolymers and surfactants. The copolymer is poly(sodium acrylate)-b-poly(acrylamide), hereafter
abbreviated as PANa-PAM, with molecular weight 5000 g/mol for the first block and 30000 g/mol for
the second. In aqueous solutions and neutral pH, poly(sodium acrylate) is a weak polyelectrolyte, whereas
poly(acrylamide) is neutral and in good-solvent conditions. The surfactant is dodecyltrimethylammonium
bromide (DTAB) and is of opposite charge with respect to the polyelectrolyte block. Combining dynamical
light scattering and small-angle neutron scattering, we show that in aqueous solutions PANa-PAM diblocks
and DTAB associate into colloidal complexes. For surfactant-to-polymer charge ratios Z lower than a
threshold (ZC ∼ 0.3), the complexes are single surfactant micelles decorated by few copolymers. Above
the threshold, the colloidal complexes reveal an original core-shell microstructure. We have found that
the core of typical radius 100–200 Å is constituted from densely packed surfactant micelles connected
by the polyelectrolyte blocks. The outer part of the colloidal complex is a corona and is made from the
neutral poly(acrylamide) chains. Typical hydrodynamic sizes for the whole aggregate are around 1000 Å.
The aggregation numbers expressed in terms of numbers of micelles and copolymers per complex are
determined and found to be comprised between 100–400, depending on the charge ratio Z and on the
total concentration. We have also shown that the sizes of the complexes depend on the exact procedure
of the sample preparation. We propose that the driving mechanism for the complex formation is similar
to that involved in the phase separation of homopolyelectrolyte/surfactant systems. With copolymers, the
presence of the neutral blocks prevents the macroscopic phase separation from occurring.

PACS. 82.70.-y Disperse systems; complex fluids – 82.35.Rs Polyelectrolytes – 61.12.-q Neutron diffraction
and scattering

1 Introduction

The complexation of polyelectrolytes with oppositely
charged species has recently attracted much attention,
essentially because of the potential applications in poly-
mer science and biology. Experimentally, polyelectrolyte
chains have been studied in aqueous solutions, and so
far associated with a broad range of compounds, includ-
ing oppositely charged polymers (homopolymer, copoly-
mer and dendrimers), colloids (surfactant micelles) and
biological macromolecules (proteins, DNA) [1]. On the
theoretical side, the electrostatic interactions between op-
positely charged macromolecules and colloids of different
structures have also been the focus of several studies [2].
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The complexes that have been the most extensively
investigated during the past years are those made from
polymers and surfactants. When homopolyelectrolytes are
mixed with oppositely charged surfactants in aqueous so-
lutions, two phenomena are successively observed. First,
at very low concentration, the surfactants and polyelec-
trolyte self-assemble into aggregates comparable to sur-
factant micelles. Here, however, one or several polyelec-
trolyte chains can be adsorbed on the micellar surface.
This phenomenon occurs at the critical aggregation con-
centration (cac) which is typically 100–1000 times lower
than the regular critical micellar concentration (cmc). The
self-assembly mechanism is driven by the binding of poly-
electrolyte to the surfactant molecules and by an exchange
of the counterions [3,4].
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As the surfactant concentration is further increased, a
liquid-solid phase separation is observed. The solid phase
appears as a precipitate which contains most of the poly-
electrolytes and surfactants [5]. The liquid phase con-
tains essentially solvent molecules and some counterions.
In recent years, the structure of the concentrated solid
phase has attracted much attention. It has been shown
using X-ray scattering [6–15] that the solid precipitates
exhibit liquid crystalline order reminiscent of the struc-
tures found in surfactant/water concentrated phases [16].
Cubic, hexagonal and lamellar phases have been identi-
fied so far, indicating a self-assembly of the surfactants
into spheres, cylinders and bilayers, respectively. In these
ordered structures, the polyelectrolyte chains are assumed
to be adsorbed at the surface of the aggregates, and even-
tually to link them [9,12,17]. The phase separation has
been observed using linear polyelectrolytes, but also using
polyelectrolyte cross-linked gels [7,10,11,13].

When the former homopolyelectrolyte chain is one part
of a diblock copolymer, the other block being a neutral and
water-soluble chain, the phenomena described above are
modified. Aqueous solutions of neutral/polyelectrolyte di-
blocks with surfactants of opposite charge do not exhibit a
phase separation. Instead, there is the formation of finite-
size colloids made from both surfactant and copolymers.
These colloids are also called (surfactant-copolymer) com-
plexes in the literature. Kabanov and co-workers [18–20]
have suggested the formation of a core-shell supramolec-
ular assembly where the shell is made from the neu-
tral blocks. Using freeze fracture techniques, these au-
thors found that diblock copolymers and single-tail sur-
factant arrange spontaneously into vesicles of average size
∼ 1000 Å [19]. Very recently, based on a small-angle neu-
tron scattering investigation, we have proposed an alter-
native picture for the structure of these colloids [21]. We
confirm the core-shell structure, but we found that the
core is constituted from densely packed surfactant mi-
celles connected between them by polyelectrolyte blocks.
The surfactant micelles inside the colloids have nearly the
same aggregation number and morphology as if they were
dispersed in water above the cmc.

The present paper aims at giving a full account
of our investigations on the poly(sodium acrylate)-b-
poly(acrylamide) block copolymers with cationic surfac-
tants. Although several molecular weights and weight ra-
tios have been investigated in the course of this study,
we are reporting on a single polymer-surfactant system,
representative of this class of compounds. The copolymer
is characterized by the polyelectrolyte block of molecular
weight 5000 g/mol and by the neutral block of molecu-
lar weight 30000 g/mol. We have performed dynamic light
scattering and small-angle neutron scattering experiments
on solutions prepared at low concentrations, that is, below
1% by weight. In the present work, we discuss specifically
the effect of the surfactant concentration on the forma-
tion of the colloidal complexes. For surfactant-to-polymer
charge ratios lower than a threshold, the complexes are
single surfactant micelles decorated by one or few copoly-
mers. Above threshold, the colloidal complexes display a

core-shell microstructure. The core and the shell are iden-
tified from their contributions to the neutron scattering
cross-section. A semi-quantitative analysis allows us to de-
termine the respective compositions of the complexes and
aggregation numbers.

2 Experimental

2.1 Materials

Poly(sodium acrylate)-b-poly(acrylamide) block copoly-
mers, in short PANa-PAM, were synthesized by controlled
radical polymerization in solution. The synthesis is based
on the Madix technology which consists in a novel transfer
agent-mediated reaction developed by Rhodia [22]. The
block copolymer placed under scrutiny has an average
molecular weight of 35000 g/mol (polydispersity index
1.6). It is made on average from 70 monomers of acrylic
acid (Mw = 5000 g/mol) and 420 monomers of acrylamide
monomers (Mw = 30000 g/mol). In solution, the acrylic
acid monomers are ionized by addition of an equivalent
amount of sodium hydroxide up to pH 7. At this pH,
the ionization of the PAA chains is around 75% [3]. We
have also studied the homopolyelectrolyte poly(sodium
acrylate) of molecular weight 5000 g/mol for comparison.
For both polymers, dodecyltrimethylammonium bromide
(DTAB) purchased from Sigma was used as the opposite
charged surfactant. Surfactants with longer alkyl chains,
such as hexadecyltrimethylammonium bromide were also
investigated, and qualitatively, the features of the phase
behavior are comparable to those of DTAB. At room tem-
perature, the critical micellar concentration of DTAB is
0.46% [23].

2.2 Phase behavior

Polymer-surfactant phase diagrams were determined
experimentally in a concentration range typically below
30%. In the following, the phase diagrams are depicted
using for parameters i) the total concentration c = cP

+ cS, where cP and cS are the weight concentrations
in polymers and in surfactants, respectively and ii) Z,
which is the stoechiometric ratio for chargeable groups.
Z is defined as Z = [S]/(70×[P]), where [S] and [P] are
the molar concentrations for the surfactant and for the
polymer, respectively. Z = 1 describes an isoelectric
solution, characterized by the same number densities of
positive (DTA+) and negative (COO−) chargeable ions.
Mixed surfactant-polymer solutions at concentration
c and charge ratio Z were prepared by mixing pure
surfactant (at c and Z = ∞) and pure polymer (at c and
Z = 0) solutions in the right amount. Z is then propor-
tional to the mass ratio of the two liquids. We use the
same procedure for the homopolyelectrolytes and for neu-
tral/polyelectrolyte block copolymers. The (c, Z)-phase
diagram obtained for the system PANa/DTAB/water is
displayed in Figure 1. For total concentration c between
0.1% and 20%, there exists a value of the stoechiometric
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Fig. 1. Phase diagram obtained for the system poly(sodium
acrylate) (PANa, Mw = 5000 g/mol), dodecyltrimethylam-
monium bromide (DTAB) and water. The phase diagram is
displayed using c and Z for coordinates, where c is the total
concentration in polymer and in surfactant and Z the stoechio-
metric ratio for chargeable groups. The shaded area indicates
the two-phase region.

ratio above which two phases coexist [9,12,17]. The data
points in Figure 1 were obtained from light scattering ex-
periments by measuring the 90◦ scattering intensity, and
by direct visualisation. Above ZC, the solutions become
turbid and after some time, they display two well-
separated phases. As explained in reference [9], because
the system under scrutiny is a four-components system
(polyelectrolyte, simple salt, surfactant and complex salt),
the full description of the phase diagram with tie lines
and lever rules is more complex than the one displayed in
Figure 1. A three-dimensional representation is required
instead, which has the form of a pyramid phase diagram
with the water at the top and the four components at each
corner of a quadratic base. We have confirmed the struc-
ture of the PANa/DTAB precipitates by X-ray scattering.
We have found clear evidences of a crystalline structure
with cubic symmetry (space group Pm3n). When the
homopolyelectrolyte is replaced by a 5k-30k PANa-PAM
diblock copolymer, no phase separation is observed in the
ranges of concentrations and charge ratios of Figure 1.
The solutions appear homogeneous and transparent.

2.3 Light scattering

Static and dynamic light scattering were performed on
a Brookhaven spectrometer (BI-9000AT autocorrelator)
for the measurements of the Rayleigh ratio Rθ(q, c) and
of the diffusion constant D(c). The Rayleigh ratio was
determined from the scattering intensity at wave vec-
tor q = 2.3 × 10−3 Å−1 (θ = 90◦) normalized with re-
spect to that of toluene. From the extrapolation of D(c)
to infinite dilution, the hydrodynamic radius of the col-
loids was calculated through the Stokes-Einstein relation,
RH = kBT/6πη0D(c → 0), where kB is the Boltzmann

Table 1. Coherent scattering lengths (b in 10−12 cm), molecu-
lar volumes (V in Å3) and coherent scattering length densities
(ρ in 1010 cm−2) of the chemical species studied in this work.

Species b (10−12 cm) V (Å3) ρ(1010 cm−2)

DTAB −1.14 486 −0.23
DTA+ −1.82 447 −0.41
CH2-CHCOOH +1.66 114 +1.46
CH2-CHCOO

−,Na+ +2.40 149 +1.61
CH2-CHCONH2 +1.64 105 +1.56
D2O +1.915 30 +6.38

constant, T the temperature (T = 298 K) and η0 the sol-
vent viscosity.

2.4 Small-angle neutron scattering

Small-angle neutron scattering (SANS) was performed
at three different neutron facilities, at Argonne (USA),
at the Laboratoire Léon Brillouin (Saclay, France) and
at the Institute Laue-Langevin (Grenoble, France). All
runs were consistent with each other. Here, only the data
obtained on the D22 beam line of the Institute Laue-
Langevin are shown and discussed. Solutions at concentra-
tions c = 0.25%–20% and surfactant-to-monomer ratios
Z = 0–∞ were prepared using D2O for contrast reasons.
In the present report, we focus on dilute solutions, typi-
cally below c = 1%, because we aimed at determining the
form factor of the colloidal complexes. The coherent neu-
tron scattering lengths for acrylamide, for sodium acrylate
and for DTAB are 1.56, 1.61 and −0.25 × 1010 cm−2, re-
spectively. Thus, in D2O (density ρ0 = 6.38 × 1010 cm−2)
all three components are contributing to the total cross-
section. The list of the coherent scattering lengths, molec-
ular volumes and coherent scattering length densities of
the chemical species studied in this work are given in Ta-
ble 1. On D22, the data collected at 2 m and 14 m cover
a range in wave vector: 1.5 × 10−3 Å−1 and 0.25 Å−1,
with an incident wavelength of 12 Å. They are treated
according to the standard procedures.

3 Results

3.1 Light scattering

For light scattering experiments, PANa-PAM/DTAB so-
lutions were prepared in H2O at total concentrations
c = 0.1% and c = 1% with Z comprised between 0.01 and
1000. The Rayleigh ratios measured at q = 2.3×10−3 Å−1

for these two series are shown in Figure 2. At low values
of Z, typically below 0.4, the scattering intensity is in-
dependent of the surfactant concentration and it remains
at the level of the pure polymer (Z = 0). Above a criti-
cal Z, noted ZC, the Rayleigh ratio increases by several
orders of magnitude, indicating the formation of large ag-
gregates. Dynamical light scattering for solutions above
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Fig. 2. Rayleigh ratios measured for aqueous solutions
of charged/neutral copolymer (PANa-PAM) and oppositely
charged surfactant (DTAB) at c = 0.1% and c = 1%,
as a function of the charge ratio Z. The experiments
are performed at ambient temperature and scattering an-
gle θ = 90◦ (q = 2.3× 10−3 Å−1). Above the critical value
ZC ∼ 0.4, the Rayleigh ratio increases by several orders of mag-
nitude.
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Fig. 3. First-order normalized autocorrelation function g(1)(t)
of the intensity scattered by PANa-PAM/DTAB aqueous solu-
tions at c = 0.1% and Z = 1. The data correspond to scatter-
ing wave vectors q = 1.6 (A), 2.1 (B) and 3.0× 10−3 Å−1 (C).
Continuous lines are single exponential functions with decay
rate Γ . Inset: evidence of the quadratic dependence of Γ ver-
sus wave vector. The slope, D(c → 0) = 6.7 × 10−12m2s−1

corresponds to a hydrodynamic radius RH = 370 Å.

ZC shows a remarkable behavior illustrated in Figure 3.
Here, the first-order normalized autocorrelation function
of the scattered intensity g(1)(t) is shown as a function of
the delay time for different wave vectors. The relaxation
functions labeled A, B and C were recorded at q = 1.6, 2.1
and 3.0×10−3 Å−1, respectively. Continuous lines through
the data points are best-fit calculations using a single ex-
ponential function of decay rate Γ . In the inset of Fig-
ure 3, the linear dependence of Γ (q) versus q2 evidences
the diffusive character of the concentration fluctuations.
The diffusion coefficient D(c → 0) = 6.7 × 10−12 m2s−1

corresponds to an hydrodynamic radius RH = 370±10 Å.
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Fig. 4. Z-dependence of the hydrodynamic radius RH for
PANa-PAM/DTAB solutions at c = 0.1% and 1%. With in-
creasing Z, RH passes from sizes consistent with that of single
diblock molecules (indicated by a triangle and by the letter P)
to much larger values above ZC, RH ∼ 350 Å. In the transition
range, we observe a coexistence of these two diffusion modes.
The radius of the surfactant micelles is also shown by a triangle
on the right side of the plot, and by the letter S.

The analysis of the autocorrelation functions in terms of
cumulants reveals a relatively narrow polydispersity of the
particle sizes. Figure 4 displays the evolution of the hy-
drodynamic radius on the whole range of charge ratios.
At c = 0.1%, measurements could not be performed be-
low ZC ∼ 0.6, due to a very weak scattering signal. Above
ZC, we observe a hydrodynamic radius rather constant in
Z around 350 Å. At c = 1%, three scattering regimes can
be distinguished. At low Z, RH is 40–50 Å, a value con-
sistent with the hydrodynamic radius of a single diblock
molecule [24]. Close to ZC = 0.25, the first-order auto-
correlation function g(1)(t) reveals the coexistence of two
diffusive modes: a fast mode associated to the diffusion of
single diblock molecules, and one slow mode related to the
diffusion of colloids of larger sizes. In Figure 4, between ZC

and 1, RH passes through a maximum at around 1500 Å,
and then decreases to RH-values in accordance with those
obtained at c = 0.1%.

3.2 Small-angle neutron scattering

Figures 5a and 5b show the scattering intensity obtained
for PANa-PAM/DTAB solutions in D2O at c = 1%, for
different values of Z, between Z = 0 (pure polymer) and
Z = ∞ (pure surfactant). For the sake of clarity, all data
sets are shifted with respect to each other by a multiplica-
tive factor given in the caption. The pure polymer solution
exhibits an overall weak scattering (Fig. 5a), as is expected
from dilute polymer solutions in good-solvent conditions.
The scattering intensity from the pure surfactant solu-
tion is also modest (Fig. 5b); however, it exhibits a broad
correlation bump around 0.05 Å−1 attributed to electro-
static interactions between DTAB micelles [25]. For the
mixed PANa-PAM/DTAB solutions, there exists a crit-
ical stoechiometric ratio (here ZC ∼ 0.3) above which
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Fig. 5. Neutron scattering intensities obtained for PANa-
PAM/DTAB aqueous solutions at c = 1% and Z varying from
0 to 0.5 (a) and from 1 to ∞ (b). In (a), the data have been
shifted by the multiplicative factor 10 (Z = 0.1), 20 (Z = 0.2),
50 (Z = 0.32) and 200 (Z = 0.5) with respect to the data
at Z = 0 (pure copolymer). In (b), these coefficients are 5
(Z = 10), 20 (Z = 5), 200 (Z = 2) and 1000 (Z = 1) and the
reference curve is Z =∞ (pure surfactant). An arrow indicates
the position of a structure peak at q0 ∼ 0.16 Å−1.

the scattering intensity is dominated by the two notice-
able features: a strong forward scattering (q → 0) and
the appearance of a structure peak at high wave vectors.
This peak is located at q0 ∼ 0.16 Å−1 and shown by an
arrow (Figs. 5). It should be emphasized that for PANa-
PAM/DTAB, as well as for the different systems investi-
gated during the course of this work (changing the nature
or molecular weight of the polyelectrolyte, or changing the
surfactant hydrophobicity), these two features have been
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always and systematically found to be correlated. Note in
Figure 5b for Z = 1 and Z = 2 the damped oscillation in
the intensity decay around 0.05 Å−1.

PANa-PAM/DTAB solutions prepared in D2O at
c = 0.25% present typically the same characteristics than
the ones previously described for c = 1%. In Figure 6,
the scattering functions are also shifted with respect to
each other for the sake of clarity. The essential difference
with the data at c = 1% is indeed visible at low wave
vectors. Below 0.01 Å−1, the scattering continues to grow
with decreasing q, whereas at c = 1% the intensity levels
off, presenting eventually a slight maximum (as for Z = 1
and 2 around 0.006 Å−1, Fig. 5b). The data obtained at
c = 0.25% can be regarded as the form factors of the ag-
gregates. In the rest of the paper, we use the term colloidal
complexes to designate these aggregates.

4 Analysis and discussion

4.1 Evidences of decorated surfactant micelles
(Z < ZC)

In this section, we analyze the neutron scattering behav-
iors shown by PANa-PAM/DTAB solutions at low sur-
factant concentrations. Three spectra in Figure 5a have
been selected to this aim, the ones at Z = 0.1, 0.2 and
Z = 0.32. The neutron scattering data for these three
solutions are plotted in Figure 7 using a Guinier repre-
sentation for spherical particles: the intensity is displayed
in a semi-logarithmic scale as a function of the square
of the wave vector. Only data at large wave vectors are
considered. In Figure 7, all three solutions exhibit an ex-
ponential decrease of the intensity versus q2. The straight
lines result from best-fit calculations using the expression

I (c, Z, q) = I (c, Z, q → 0) × exp
(
−q2 R2

G

3

)
, (1)
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Fig. 7. Guinier representation (log I(q) versus q2) of the neu-
tron scattering data obtained from PANa-PAM/DTAB solu-
tions at Z = 0.1, 0.2 and Z = 0.32 and c = 1%. Data for pure
DTAB are shown for comparison. From the slope of the linear
decrease (Eq. (1)), we get radii of gyration RG = 16.0± 0.3 Å.
The result suggests that although the surfactant concentration
is below the cmc (see Tab. 2), DTA micelles are formed and
decorated by diblock copolymers.

where I(c, Z, q → 0) is the intensity extrapolated at zero
wave vector and RG the radius of gyration of the parti-
cles. These two quantities are adjustable parameters in the
fitting. For Z = 0.1–0.32, one finds a radius of gyration
RG = 16.0 ± 0.3 Å, which corresponds to an actual ra-
dius of 20.6 ± 5 Å (assuming homogeneous particles). The
data obtained on the DTAB micellar solution at c = 1%
(Z = ∞) are included in Figure 7 for comparison. The
slope of the intensity decrease is very close to those found
for Z = 0.1–0.32 and consistent with a radius RG = 17 Å.
These results suggest that the particles detected by neu-
tron scattering are spherical micelles. In the following, for
the mixed polymer-surfactant systems for which it can be
assumed that most of the bromide counterions have been
replaced by polyacrylate, the expression “DTA micelles”
will be preferred to that of “DTAB micelles”. In Table 2,
we have listed the parameters received from the Guinier
analysis, as well as the aggregation number NS

Agg (num-
ber of surfactants molecules per micelle) derived using a
simple geometrical model. We obtain NS

Agg ∼ 70.
A second result of Figure 7 confirms this finding. The

prefactor in equation (1), I(c, Z, q → 0) is found to be
proportional to Z, i.e. it is proportional to the surfactant
concentration. It can be assumed then, that for the three
samples considered, all surfactant molecules are associ-
ated into spherical micelles of radius RMic of about 20 Å.
I(c, Z, q → 0) can be written:

I (c, Z, q → 0) =
cS NA

MS
w NS

Agg

(VMic ∆ρS)2
, (2)

where NA is the Avogadro number, MS
w is the molecular

weight of a surfactant (MS
w = 308 g/mol), VMic the volume

of the particle and ∆ρS = ρS − ρ0 = 6.6 × 1010 cm−2 the

Fig. 8. Schematical representation of DTA micelles decorated
by one PANa-PAM block copolymer. This picture is deduced
from the neutron scattering results at low surfactant-polymer
ratios (Fig. 7, Z < ZC).

scattering length contrast between surfactant and solvent.
The aggregation numbers determined from equation (2)
are around NS

Agg = 80, with a relative uncertainty of 10%
(Tab. 2). These results are in good agreement with the
values deduced from the radii of gyration, and also in good
agreement with those known from the literature [23].

The argument that leads us to conclude that the DTA
micelles at Z = 0.1–0.32 are decorated by copolymers is
based on an analogy with homopolyelectrolyte/surfactant
systems [1–4]. For the three samples, the surfactant con-
centration cS is below the cmc of DTAB. cS ranges from
6 × 10−4 (Z = 0.1) to 1.7 × 10−2 (Z = 0.32), which is 10
to 3 times lower than the cmc of DTAB (0.46% at am-
bient temperature). Since the neutron scattering experi-
ments have clearly identified spherical DTA micelles be-
low the cmc, we can conclude that the solutions are above
the critical aggregation concentration (cac). By analogy
with what is known from the interactions between ho-
mopolyelectrolytes and oppositely charged surfactants [4],
we also suggest that the polyelectrolyte blocks of PANa-
PAM copolymers are adsorbed onto the micellar surfaces.
The micelles are dressed or decorated by one or several di-
blocks. Light and neutron scattering experiments cannot
tell, however, the average number of block copolymers ad-
sorbed per micelles. Simple arguments based on the charge
balance between micelles and the 70-monomers polyelec-
trolyte block yield a number of 1 to 3 diblocks per micelle.
We propose in Figure 8 a schematical drawing of a DTA
micelle decorated by one PANa-PAM block copolymer. It
is interesting to note, finally, that the decorated micelles
cannot be detected easily by dynamic light scattering ex-
periments (Fig. 4). This is because at low Z there are
very few of them. Moreover, their hydrodynamic radius is
comparable to that of unassociated diblocks. On the other
hand, decorated micelles can be better detected by SANS
because of their increased scattering contrast as compared
to that of the polymers. In these experiments, we also took
advantage of the high flux of the D22 beam line at the In-
stitute Laue-Langevin.



J.-F. Berret et al.: Structure of polymer-surfactant complexes 307

Table 2. List of parameters received from the Guinier analysis of the neutron scattering data at low surfactant concentrations
(Fig. 7). In the estimates of the aggregation numbers for decorated micelles, we consider a model where acrylate monomers
are adsorbed on the micelles. For simplicity, we assume, as in Figure 8, that there is one adsorbed diblock per micelle. The
aggregation number can then be expressed as NS

Agg = 4πR3
Mic/3V , where V = 447 Å3 (for DTA+ molecules) + 112 Å3 (for

acrylate monomer). Similarly, the scattering contrast in equation (2) takes into account the acrylate monomers adsorbed on the
surface, yielding ∆ρS = 6.4× 1010 cm−2.

PANa-PAM/DTAB cS I(c, q → 0) RG RMic NS
Agg NS

Agg

( cm−1) (Å) (Å) from RG from I(c, q → 0)

Z = 0.1 6.0× 10−4 0.088 16.3 21.0 69± 5 81± 8
Z = 0.2 1.2× 10−3 0.150 16.0 20.6 65± 5 86± 8
Z =0.32 1.7× 10−3 0.205 16.2 20.9 68± 5 97± 10
Z =∞ 1.0× 10−2 1.10 17.0 20.7(a) 76± 8 62± 6(b)

(a) In the last column, the aggregation number for DTA micelles at cS = 1% is calculated according to equation (2) in which cS is replaced by

cS − cmc (cmcDTAB = 0.46% [23]).

(b) In the last line, the micellar radius RMic is obtained using a fitting that accounts for the polydispersity [21].

4.2 Structure of the surfactant-polymer complexes
(Z > ZC)

4.2.1 Neutron scattering at intermediate wave vectors

(0.01Å
−1

< q < 0.1Å
−1

)

Here, we analyze the neutron scattering data of Figures 5
in the range Z > ZC, that is, where the intensities ex-
hibit a strong forward scattering and a damped oscillation
around 0.05 Å−1. The data for the PANa-PAM/DTAB
system at c = 1% and Z = 0.5, 1, 2 and 5 are displayed in
Figure 9 using a Porod representation (q4×I(q) versus q).
The Porod representation aims at emphasizing the local
curvature of interfaces separating the elementary scatter-
ers and solvent molecules. All four samples show damped
oscillations which are fitted assuming a distribution of
spherical and homogeneous particles, with an average ra-
dius RC and a standard deviation σ(RC). The agreement
between the data and the calculated curves is good and for
the samples at Z = 1 and Z = 2, it is excellent. The values
for RC and σ(RC) are given in Table 3 for Z comprised
between 0.5 and 10. RC varies typically between 120 Å
and 170 Å, with a standard deviation of about 20 Å. The
RC-values are thus falling in a range which is intermediate
between the micellar radius (RMic ∼ 20 Å) and the hydro-
dynamic radius (RH ∼ 400 Å). Figure 10 illustrates this
result. Here, we have plotted for comparison the evolution
of RC and RH as a function of Z for PANa-PAM/DTAB
solutions at c = 1%. We have checked that the change of
solvent between the solutions prepared for neutron scat-
tering and those prepared for light scattering does not af-
fect the values of the hydrodynamic radius. In Figure 10,
we observe a systematic shift of RH with respect to RC,
RH being typically 3 times larger. This result can be un-
derstood if one assumes a core-shell microstructure for the
surfactant-copolymer complexes. The core dominates the
neutron scattering cross-section at intermediate wave vec-
tors (0.01 Å−1 < q < 0.1 Å−1), whereas the corona which
is made from the neutral poly(acrylamide) blocks is associ-
ated with the hydrodynamic size of the colloidal complex.
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Fig. 9. Porod representation (q4×I(q) versus q) of the neutron
scattering intensity for PANa-PAM/DTAB solutions at c = 1%
and Z = 0.5, 1, 2 and 5. The damped oscillations are well
accounted for by a distribution of spherical and homogeneous
particles with an average radius RC and a standard deviation
σ(RC). RC-values vary between 120 Å and 180 Å and depend
on Z (Tab. 3).

In Figure 10, we observe an increase of the hydrody-
namic and core radii in the vicinity of the threshold (with
Z > ZC). Even very close to ZC, there is the evidence of a
bimodal distribution of particles. This state of coexistence
has been found using both dynamical light scattering (see
Fig. 4) and small-angle neutron scattering experiments. In
neutron, this finding can be guessed from the data shown
in Figure 5a for PANa-PAM/DTAB at Z = 0.5. The low-q
region of the scattering intensity exhibits two successive
Guinier regimes in agreement with the predictions of equa-
tion (1) (one for q < 6 × 10−3 Å−1 with RG = 500 Å and
the second for 8 × 10−3 Å−1 < q < 3 × 10−2 Å−1 with



308 The European Physical Journal E

Table 3. List of the parameters used in the fitting of the neu-
tron scattering data at c = 1%. We consider here a distribu-
tion of spherical particles of radius RC and standard deviation
σ(RC). The average number of micelles per aggregate NMic

Agg is
calculated using equation (2). The intensity extrapolated to
zero wave vector IC(c, Z, q → 0) in equation (3) is used to
estimate the number of polymers per colloidal complex.

PANa- RC σ (RC) IC(c, Z, q → 0) NMic
Agg

PAM/DTAB (Å) (Å) (cm−1)

Z = 0.5 165 ± 5 24 40 ± 2 280 ± 30
Z = 0.7 119 ± 4 18 29 ± 2 105 ± 10
Z = 1 124 ± 2 15 40 ± 2 120 ± 5
Z = 2 140 ± 2 16 58 ± 3 170 ± 10
Z = 5 175 ± 4 24 66 ± 4 330 ± 30
Z = 10 178 ± 3 22 38 ± 2 350 ± 20

100

1000

0.1 1 10 100

RC  (SANS )

RH  (DLS )

R
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Fig. 10. Evolution of the core and hydrodynamic radii as a
function of Z for PANa-PAM/DTAB solutions at c = 1%. RC

is determined by neutron scattering and RH by dynamic light
scattering. For Z > ZC, RH is typically 3 times larger than
RC. This result is interpreted as the evidence of a core-shell
microstructure for the surfactant-copolymer complexes.

RG = 130 Å). The associated radii are shown in Figure 10.
Clearly, the part of the phase diagram comprised between
Z = ZC and Z = 1 is more complicated than the simple
description we have previously proposed for Z > 1. We
have no explanation for the bimodal state, nor on the lo-
cal microstructure of the very large aggregates. This issue
will be addressed in a forthcoming publication. We have
finally listed in Table 3 the intensity extrapolated to zero
wave vector IC (c, Z, q → 0) obtained from the Porod fits
of Figure 9. If this intensity is assumed to arise solely from
the core, IC (c, Z, q → 0) can be expressed as

IC (c, Z, q → 0) = n(Z) ∆ρ
2

C V 2
C(Z) . (3)

In equation (3), n(Z) is the number density of cores
(or, equivalently, the number density of colloids) per unit
volume, ∆ρC is the average scattering contrast of the core
with respect to D2O and VC(Z) = 4/3πR3

C. The above
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q 0
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Å
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Z C

Fig. 11. Position of the structure peak observed at large wave
vectors as a function of the stoechiometric ratio Z for PANa-
PAM/DTAB solutions c = 0.25%, c = 0.50% and c = 1%. The
mean value q0 = 0.165± 0.005 Å−1 corresponds to an average
distance 2π/q0 ∼ 40 Å.

expression will be used to derive the aggregation numbers
of surfactant and block copolymers per colloid.

4.2.2 Neutron scattering at large wave vectors (q>0.1 Å
−1

)

At large wave vectors and charge ratios above the thresh-
old (Z > ZC), the scattering is characterized by a struc-
ture peak at a wave vector noted q0 (∼ 0.16 Å−1). Cor-
responding to a characteristic distance of 40 Å, this peak
is independent of the concentration c, as well as of the
surfactant-to-polymer ratio Z. This result is illustrated
in Figure 11, where q0 is shown as a function of Z for
three different concentrations, c = 0.25%, c = 0.50% and
c = 1%. In Figure 11, it can be noticed that the first
data point is for a PANa-PAM/DTAB solution at c = 1%
and Z = 0.32. However, from the scattering data of Fig-
ure 5a no structure peak can be directly observed in the
range 0.1–0.2 Å−1 for this sample. In order to reveal the
presence of a structure peak around q0, we had to sub-
tract from the raw scattering the Guinier contribution of
the DTA micelles (Eq. (1)). Doing so, we end up with a
weak intensity which now convincingly exhibits a peak at
0.166 ± 0.004 Å−1. The neutron intensity at Z = 0.32 is
shown in Figure 12, together with the result of the subtrac-
tion described previously (inset). This findings are crucial
since they demonstrate that the neutron features charac-
terizing the complexes, namely a strong forward scattering
and the structure peak at q0 are intimately correlated. It
has been checked finally with small-angle X-ray scattering
that the structure peak is actually broad and does not re-
sult from the superposition of several Bragg reflections. A
similar structure peak observed in the same q-range and
using neutron scattering has been reported recently by
Claesson et al. on a slightly different system [26].

As for the origin structure peak at q0, we have two
independent indications that it is related to the surfac-
tants. First, its position is found to shift to lower wave
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Fig. 12. Neutron scattering intensity versus wave vector for
a PANa-PAM/DTAB solution at c = 1% and Z = 0.32. The
continuous line is calculated using equation (1) and accounts
for the form factor of DTA micelles. In the inset, the result of
the subtraction between the experimental data and the calcu-
lated Guinier behavior exhibits a very weak structure peak at
wave vector q0 = 0.166± 0.004 Å−1.

Fig. 13. Schematical representation of a colloid complex
formed by the association of polyelectrolyte/neutral diblocks
and oppositely charged surfactants, as deduced from light and
neutron scattering measurements.

vectors when the length of the amphiphile molecule is
increased from 12 (as in DTAB) to 16 carbon atoms
(as in cetyltrimethylammonium bromide). Second, when
the aliphatic chain of the surfactant is deuterated, the
peak vanishes almost completely, indicating a notice-
able change in the scattering contrast [26]. We con-
clude from these observations that the structure peak at
q0 = 0.165 ± 0.005 Å−1 arises from a concentrated phase
of strongly interacting DTA micelles. One way to recon-
ciliate this result with the fact that the overall concentra-
tion of these solutions is low (less than 1%) is to assume
that the DTA spherical micelles are located in the core
of the colloidal complexes. In this case, we use again the
analogy with the homopolyelectrolyte/surfactant concen-

trated phases [9,12,17] and suggest that the micelles are
linked together by the acrylate chains in a relatively dense
state. The characteristic distance of 2π/q0 ∼ 40 Å is the
intermicellar distance. In terms of symmetry, the core of
the colloids can be considered as disordered. In Figure 13,
we propose a schematical representation for the colloidal
complexes.

4.2.3 Aggregation numbers

Can we evaluate the aggregation numbers of micelles,
noted NMic

Agg, and the number of diblocks copolymers, noted
NP

Agg, per colloid? The answer is yes, but some assump-
tions have to be made. The first assumption is about the
relative proportions of the different components forming
the core. Since the position of the structure factor at q0

remains unchanged under both variations of Z or c, the
composition of the core can be also considered as constant
in terms of surfactants, polyelectrolyte blocks and solvent
molecules. However, as shown in Table 3, the radius of the
core and the aggregation numbers are still depending on
Z. In this reasoning, we do not consider the case of neutral
poly(acrylamide) blocks, or part of them being located in
the core.

In our first report [21], we used the position of the
structure peak at q0 ∼ 0.16 Å−1 to derive the volume
fraction of surfactants in the core. The value of q0 was
compared to the position of the structure factor of pure
DTAB solutions. For DTAB in D2O, small-angle neutron
scattering runs were carried out and the scaling law be-
tween the maximum of the structure factor and the surfac-
tant concentration was found: qMax (cS) = 0.185 (cS)1/3,
where qMax is expressed in Å−1. This scaling is valid for
cS > 0.1. Using for q0 an average value taken from the
data in Figure 11, i.e. q0 = 0.165 ± 0.005 Å−1, we get
for the surfactant concentration in the core cS ∼ 0.70! In
terms of micellar volume fraction φMic (assuming the den-
sity to be unity), this would mean that 70% of the volume
of the core is occupied by surfactant micelles. This value
is clearly too large. A reason for this discrepancy might be
that the interaction potential between micelles in solution
and in the dense core of the colloidal complexes are not
the same, and so the structure factors might be slightly
shifted with respect to each other [27].

There is another important result that can be used to
estimate the micellar volume fraction φMic in the core. It
is related to the homopolyelectrolyte/surfactant system.
Homopolyelectrolyte and surfactant in solutions undergo
a phase separation, as previously described. If we consider
specifically poly(sodium acrylate) and DTAB at concen-
tration around 1%, the separation gives rise to a solid
precipitate which displays the scattering features of a cu-
bic phase of micelles. Identified by its sequence of Braggs
reflections, the symmetry of the space group is Pm3n [16],
meaning 8 micelles per unit cell and a compacity of 0.524.
Since the core of the colloidal complexes does not exhibit
any crystallized structure, as said before, we conclude that
the upper limit of the volume fraction of micelles in the
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core must be less than 0.524. Note that we implicitly as-
sume here that the mechanism of formation of the colloidal
complexes is similar to the one driving the phase separa-
tion. We thus take φMic = 0.5. The number of micelles per
aggregates is then obtained using

NMic
Agg = φMic

(
RC

RMic

) 3

.

Values for NMic
Agg are given in Table 3 for the series at

c = 1% and, depending on Z, they range between 100
and 400.

For the determination of the number NP
Agg of diblock

copolymers per aggregates, we use a result of Figure 5b
that has not been discussed so far. The scattering inten-
sity at Z = 10 reveals a specific feature in addition to
the signature of the colloidal complexes (strong forward
scattering and structure peak at q0): at large wave vec-
tors, the decrease of the intensity is reminiscent of that of
pure DTAB/D2O solution (also shown in Fig. 5b, Z = ∞).
This scattering at Z = 10 can then be interpreted qualita-
tively as arising from two types of particles: the colloidal
complexes and DTA micelles. This coexistence can also
be guessed from the solution at Z = 5. With this obser-
vation, we emphasize that for solutions prepared with an
excess of surfactants (large Z), all the PANa-PAM block
copolymers are most likely incorporated into the com-
plexes. Using then equation (3) to calculate the number
density of colloids n(Z), and assuming φMic = 0.5 as pre-
viously determined, we get for the number of polymers
per micelle in the aggregate a ratio of the order of 2/3.
Thus, NP

Agg ∼ (2/3)NMic
Agg. With the values for NMic

Agg as
listed in Table 3, we obtained aggregation numbers NP

Agg
varying from 70 to 250. These relatively low values are
indicative of a corona which is not very dense. The den-
sity of chains starting from the core surface is estimated
around 10−4 Å−2.

4.2.4 Some arguments about the non-equilibrium nature of
the colloidal complexes

The colloidal complexes evidenced so far have a mi-
crostructure very similar to that of polymeric micelles
made from diblock copolymers in selective solvent [28].
Both exhibit core-shell organization, with respective sizes
determined by the degree of polymerization of the blocks.
The colloids produced by the association of polyelec-
trolyte/neutral diblocks and oppositely charged surfac-
tants are however different from polymeric micelles. They
do not result from a self-assembly mechanism, as surfac-
tant or hydrophobic-hydrophilic diblocks do. As we show
here, this class of aggregates depends on the preparation
and mixing conditions. In Figure 14 are shown two scat-
tering spectra labeled A and C (and three in the inset
labeled A, B and C) obtained from solutions containing
all 1% of polymers and surfactants in a ratio Z = 1. Their
scattering features should thus be identical to that of the
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Fig. 14. Neutron scattering intensities obtained for three
PANa-PAM/DTAB solutions (A, B and C), all containing the
same amount of copolymers and surfactants, c = 1% and
Z = 1. A and C are shown as I(q), whereas in the inset we
used a Porod representation for the three samples (q4 × I(q)
versus q). As explained in the text, A, B and C were prepared
according to different protocols. The intensity for C has been
multiplied by 10 for the sake of clarity. The continuous lines in
the inset result from best-fit calculations using a distribution of
spherical particles of average radius RC (also indicated). This
result is a strong indication that the colloidal complexes are
non-equilibrium structures.

PANa-PAM/DTAB solution displayed in Figure 5b. So-
lutions A (respectively, B and C) were prepared by mix-
ing polymer stock solutions at cP = 2% (respectively, 5%
and 20% ) with surfactant solutions at the same concen-
tration, in a ratio such as Z = 1. These samples were
then diluted from 2%, 5% and 20% to a final concentra-
tion of c = 1% by addition of solvent. In Figure 14, the
intensities scattered by solutions A and C cannot be su-
perimposed, especially at low wave vectors. For the sake
of clarity, C was multiplied by 10 with respect to the ac-
tual data. From the Porod analysis (inset), we obtained
radii of the cores RC = 128 Å, 140 Å and 235 Å for solu-
tions A, B and C, respectively. This again demonstrates
that, although the same kind of aggregates forms by mix-
ing polymer and surfactant solutions, their characteristic
sizes depend on how these mixing were done. Note, finally,
that the complexes of Figure 14 are very stable since, even
after months, C does not evolve into A. We then conclude
that the colloidal complexes made from charged/neutral
diblock copolymers and oppositely charged surfactants are
non-equilibrium structures.

5 Conclusion

In this work, we have shown that polyelectrolyte/neutral
block copolymers and oppositely charged surfactants
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associate in aqueous solutions to form colloidal complexes.
Using dynamical light scattering and small-angle neutron
scattering, two types of complexes have been identified in
the water-rich region of the (surfactant/copolymer/water)
phase diagram. For surfactant-polymer ratios Z smaller
than a threshold noted ZC, we show clear evidences of sin-
gle surfactant micelles decorated by diblock copolymers.
Since the surfactant concentration is low, these dressed
micelles are very few and coexist with unassociated di-
blocks. Above ZC, the colloidal complexes reveal a more
original core-shell microstructure. The core is constituted
of densely packed surfactant micelles, most likely con-
nected between them by the polyelectrolyte blocks. The
outer part of the colloid is a corona and it is made from
the neutral chains. A semi-quantitative interpretation of
the scattering data allows to determine the core and the
corona dimensions, as well as the average aggregation
numbers of micelles and polymers per particle. We found
for the core and corona radii around 150 Å and 400 Å, re-
spectively. The average numbers of micelles and diblocks
per aggregate are comparable and of the order of some
hundreds. For Z � ZC, i.e. for solutions rich in surfac-
tant, the colloidal complexes have been found to coexist
with single micelles. The present results suggest that the
colloids result from a kinetic reaction between surfactant
micelles and block copolymers, rather than from a mecha-
nism of self-assembly. As shown in Figure 14, this kinetic
reaction depends on the initial mixing conditions of the
different components, solvent, polymers and surfactant.
We propose that the driving mechanism for the complex
formation is similar to that involved in the phase sepa-
ration of homopolyelectrolyte/surfactant systems. In the
case of the charged/neutral block copolymers, the pres-
ence of the neutral blocks prevents the macroscopic phase
separation from occurring.
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