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The interactions of sodium dodecyl sulfate (SDS) with poly(ethylene oxide)/poly(alkylene oxide) (E/A)
block copolymers are explored in this study. With respect to the specific compositional characteristics
of the copolymer, introduction of SDS can induce fundamentally different effects to the self-assembly
behavior of E/A copolymer solutions. In the case of the E18B10–SDS system (E = poly(ethylene oxide)
and B = poly(butylene oxide)) development of large surfactant–polymer aggregates was observed. In
the case of B20E610–SDS, B12E227B12–SDS, E40B10E40–SDS, E19P43E19–SDS (P = poly(propylene oxide)),
the formation of smaller particles compared to pure polymeric micelles points to micellar suppression
induced by the ionic surfactant. This effect can be ascribed to a physical binding between the hydrophobic
block of unassociated macromolecules and the non-polar tail of the surfactant. Analysis of critical micelle
concentrations (cmc∗) of polymer–surfactant aqueous solutions within the framework of regular solution
theory for binary surfactants revealed negative deviations from ideal behavior for E40B10E40–SDS and
E19P43E19–SDS, but positive deviations for E18B10–SDS. Ultrasonic studies performed for the E19P43E19–
SDS system enabled the identification of three distinct regions, corresponding to three main steps of
the complexation; SDS absorption to the hydrophobic backbone of polymer, development of polymer–
surfactant complexes and gradual breakdown of the mixed aggregates.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The self-assembly properties of copolymers in selective sol-
vents have been the subject of intense investigation in the last
decades. Particular emphasis has been on the interactions between
macromolecular amphiphiles and ionic surfactants. The polyelec-
trolyte nature of these polymeric-ionic complexes and the fact that
multi component materials can enable better control of the ag-
gregation properties compared to single surfactant systems make
them promising candidates for a wide range of possible applica-
tions in colloid engineering such as templates for the develop-
ment of nanoscale materials [1], drugs, coatings, pharmaceutical,
petroleum and detergent formulations. In the field of nanotechnol-
ogy, inclusion of ionic groups to the micellar core can effectively
reverse their inherent non-polar nature, enabling their application
as nanoreactors [1]. Furthermore, the advantage of using mixed
surfactants solutions for the controlled fabrication of a variety of
nanostructures has been recently demonstrated [2].
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In this work, we report on the association properties of
aqueous solutions that contain binary combinations of a single
tailed surfactant, namely sodium dodecyl sulfate (SDS), together
with poly(oxyalkylene) (E/A) copolymer. We consider diblock and
triblock copolymers of poly(ethylene oxide)/poly(butylene ox-
ide) (E/B) and poly(ethylene oxide)/poly(propylene oxide) (E/P).
These materials represent a well-studied class of macromolecu-
lar surface-active agents that micellize in water, with the micellar
core dominated by B or P blocks, while the E groups are extended
in the solvent [3,4].

Much work on these systems has centered on the EmPnEm

copolymers (subscripts denote number-average block lengths in
chain units) available commercially from BASF (Pluronic) and
Uniqema (Synperonic-PE). Detailed studies on the binding mech-
anism of E97P69E97 (Pluronic F127) revealed four discrete stages on
increasing SDS concentration; i.e. polymer micellization induced
by SDS [5], formation of SDS–polymer complexes, collapse of com-
plexes and complete inhibition of micellar growth [6–9]. Studies
of poly(ethylene oxide) based copolymer–surfactant interactions
have been extended to other copolymers having polystyrene (PSt)
[10–15], polystyrene oxide (PStO) [16,17] and polybutadiene (PB)
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[18–20] as the hydrophobic block. Calorimetry (mainly high sen-
sitivity Differential Scanning Calorimetry and Isothermal Titration
Calorimetry) has been employed to provide important insights to
the binding mechanism, while critical information was obtained
from surface tensiometry, static and dynamic light scattering and
solution viscometry. A detailed list of the experimental methods
used can be found in reference [21].

While the most common pattern of E/A–SDS interaction is that
of destabilized polymeric micelles, there is increasing evidence in
the literature that the presence of ionic surfactants can induce
additional effects. It has been shown that addition of cetylpyri-
dinium chloride (CPC) to E/PSt solutions can induce the formation
of large aggregates [13], addition of SDS or DTAB in E/PB solution
can cause the transformation of spherical micelles to large clusters
or vesicles, the more so for polymers having lengthy hydrophobic
units [19]. Large particles were also detected in E/PStO–SDS so-
lutions [17], while in another E/PStO–SDS system non-monotonic
decrease of hydrodynamic radius (rh) upon increasing SDS load-
ing was monitored [16]. Recently we have demonstrated a case
of vesicle formation in E/B non-ionic surfactant aqueous solu-
tions [22].

Within this framework, the aim of this study is to explore the
possible patterns of E/A aggregation induced by ionic surfactant
and examine the strength and the mechanism of the copolymer–
surfactant interactions with respect to the nature of the hydropho-
bic repeating units and the polymer architecture. We attempt to
provide a systematic and comparative study on anionic surfactant–
E/A copolymer interactions, by considering five copolymers that
have very different compositional characteristics and, therefore,
very different micellar properties in water. A variety of experi-
mental techniques were employed in this study; dynamic light
scattering, surface tensiometry, conductimetry, volumetric and ul-
tra sound velocity measurements.

2. Experimental

2.1. Materials

Copolymer E40B10E40 was prepared by sequential anionic poly-
merization of 1,2-butylene oxide (BO) followed by ethylene oxide
(EO). The difunctional initiator, 1,2-butane diol, was activated by
potassium metal (molar ratio OH/K ≈ 10). Vacuum line and am-
poule techniques were used to eliminate moisture. The prepa-
ration of copolymer B20E610 was by sequential anionic polymer-
ization of BO followed by EO (we denote the polymers so pro-
duced as BmEn to signify the change in the copolymerization
route), as described previously [23,24]. B12E227B12 was prepared
by oxyanionic polymerization of 1,2-butylene oxide initiated by
poly(ethylene glycol), Mn = 10000 g/mol, that had been activated
by mixing with KOH, as described in previous reports [25,26].
E18B10, Mn = 1510 g/mol was obtained from Dow Chemical Co.
(code BM45-1600). E19P43E19, Mn = 4200 g/mol was obtained
from Uniqema (Synperonic PE/P84). For all polymers considered,
gel permeation chromatography (GPC) was used to confirm nar-
row chain length distributions, and 13C NMR spectroscopy was
used to obtain absolute values of number-average molar mass. The
molecular characteristics of copolymers used are summarized in
Table 1.

Sodium dodecyl sulfate (SDS), purity >99%, was purchased from
Acros Organics and was dried before used. Aqueous solutions in
deionized and doubled distilled water were made by consecutive
dilutions of a concentrated initial solution. All measurements were
performed at 25 ◦C, with the exception of static light scattering
that was performed in the temperature range 15–32 ◦C.
Table 1
Molecular and micellar characteristics of the copolymers.

Copolymer Mn

(g/mol)
Mw/Mn cmc at 25 ◦C

(mmol/dm3)

E18B10 1510 1.04 0.05a

B20E620 28300 1.09
E19P43E19 4200 1.08 6.43b

E40B10E40 4240 1.09 2.20a

B12E227B12 11700 1.05

Note. Estimated uncertainty: Mn ± 5%; Mw/Mn ± 0.01, cmc ± 10%.
a Surface tension.
b Density and ultra sound velocity.

2.2. Methods

2.2.1. Dynamic light scattering (DLS)
Dynamic Light Scattering (DLS) measurements were carried out

on well filtered solutions by means of an ALV/CGS-3 Compact
Goniometer System with ALV/LSE-5003 correlator using vertically
polarized incident light of wavelength λ = 632.8 nm. Measure-
ments were performed at angle θ = 90◦ to the incident beam and
data were collected three times for 30 s. The correlation func-
tions (DLS) were analyzed by the constrained regularized CONTIN
method [27] to obtain distributions of decay rates (Γ ), hence dis-
tributions of apparent mutual diffusion coefficient Dapp = Γ/q2

[q = (4πn/λ) sin(θ/2), where n is the refractive index of the sol-
vent], and ultimately of apparent hydrodynamic radius of the par-
ticle via the Stokes–Einstein equation

rh = kT /(6πηDapp), (1)

where k is the Boltzmann constant and η is the viscosity of the
solvent at temperature T .

2.2.2. Surface tension
Surface tension (γ ) of aqueous solutions was measured by

detachment of a platinum ring using a temperature-controlled
(±0.2 ◦C) surface tensiometer (Kruss, Model K8600). The device
was well protected from vibrations. The measurements were cor-
rected with respect to the surface tension of the pure water (γ =
72.0 mN/m).

2.2.3. Conductivity
The conductivity (κ ) of aqueous solutions was determined by

a WTW microprocessor conductivity meter (Model LF539) using a
Pt electrode. The accuracy of temperature control was ±0.1 ◦C. All
measurements were corrected against the conductivity of the pure
water (κ = 0.6 μS/cm).

2.2.4. Densities and ultrasonic velocities
Densities and ultrasonic velocities were measured by Anton

Paar DMA 58 and DSA 48, respectively. In both devices, temper-
ature control was maintained by internal Peltier systems, enabling
an accuracy ±0.01 ◦C for DMA 58 and ±0.1 ◦C for DSA 48. The de-
vices were calibrated against deionised and double distilled water
and air. The density uncertainty was ±1 × 10−5 g/cm3, and the
ultrasonic velocity uncertainty was 10−2 m/s.

The apparent molar volumes (Vφ,SDS) of aqueous copolymer so-
lutions at a fixed polymer concentration were calculated via the
equation:

Vφ,SDS = (Ms/ρ) − 103(ρ − ρ0)/(mSDSρρ0), (2)

where Ms is the molar mass and mSDS is the molality (mol/kg) of
SDS in the polymeric solution, ρ and ρ0 are the densities of the
ternary and binary solutions, respectively.
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3. Results and discussion

3.1. Light scattering

Fig. 1 shows the intensity fraction distribution of the apparent
hydrodynamic radius (rh) of 1 wt% E18B10 aqueous solutions with
various ionic surfactant molar fraction, aSDS = moles of SDS/(moles
of SDS + moles of polymer). Particles with rh in the order of
100 nm are detected upon addition of SDS, compared to pure
E18B10 micelles with rh = 7 nm. The size of these super struc-
tures increases with surfactant loading up to aSDS = 0.8 and start
decomposing at higher surfactant loadings, indicating a saturation
point of 4 SDS molecules per single polymer chain. We note that a
similar molar fraction at saturation point has been determined for
other related systems [14].

Although DLS plots are dominated by the diffusive motion
of polymer–surfactant aggregates with radius in the order of
100 nm, the presence of two additional populations of micelles
with smaller intrinsic volume has been demonstrated for a very
similar system [22]. At the same time, Laser Scanning Confocal Mi-
croscopy (LSCM) revealed the development of larger vesicles [22]
with sizes in the order of 500–1000 nm (such particles are filtered
out in DLS experiments). Therefore, a multi component equilib-
rium involving vesicles of various sizes, polymer–SDS complexes
and particles with primarily SDS content can be established for
that system. Due to its low hydrophilic/hydrophobic length ratio,
E18B10 can self-assembly in aqueous solution to form spheres, rods
or vesicles, under certain conditions. For example upon heating
spherical E18B10 micelles adopt a rod-like geometry due to re-
duced swelling of the EO block [28]. Dehydration of the corona
can also be achieved by addition of salt, in which case vesicles can
be formed [29]. Vesicle formation in mixed surfactant systems can
be explained in terms of curvature free energy of the aggregates.

Polymer–surfactant super complexes of the same magnitude (rh
close to 100 nm) were also observed for B12E227B12–SDS (Fig. 2)
and B20E610–SDS systems (data not shown here). The apparent
point of difference between Figs. 1 and 2 is the coexistence of
smaller aggregates having rh lower than that of neat polymer mi-
celles. Based on the relative intensity of the two modes, it is clear
that the population of larger particles increases with concentration

Fig. 1. Normalized intensity fraction distributions of apparent hydrodynamic radius
(rh) for aqueous solutions of E18B10–SDS complexes (copolymer concentration was
kept constant 1 wt%) at 25 ◦C.
Fig. 2. Normalized intensity fraction distributions of apparent hydrodynamic radius
(rh) for aqueous solutions of B12E227B12–SDS complexes (copolymer concentration
was kept constant at 1 wt%) at 25 ◦C.

of added SDS. Moreover, the rh value of both peaks monotonically
decreases with increasing SDS concentration. From Fig. 2 a satura-
tion point of 1 polymer to 8 SDS molecules can be concluded; i.e.
the breakdown of aggregates takes place at increased molar frac-
tion of SDS in the case of lengthy copolymers compared to shorter
macromolecules (Fig. 1).

Multimodal distributions were observed for E40B10E40–SDS and
E19P43E19–SDS systems as shown in Fig. 3. Increasing SDS content
leads to smaller rh values for both peaks and, at the same time, the
signal of the higher rh peak becomes stronger. The picture emerg-
ing from Figs. 2 and 3 is consistent with the behavior reported
in the majority of surfactant-E/A studies [21]. The mechanism [7]
proposed is based on surfactant absorption to hydrophobic back-
bone of the unassociated polymer, followed by the subsequent for-
mation of surfactant–polymer complexes that progressively break
down upon increased ionic loading due to increased repulsive in-
teractions between the charged groups included in the complex
structure.

With respect to compositional characteristics of the copolymers,
different patterns of E/A–SDS interaction can be established. On
one hand, the formation of particles having smaller size than the
corresponding pure polymeric micelles points to micellar suppres-
sion induced by SDS, an effect that can be ascribed to a physical
binding between the hydrophobic block of unassociated macro-
molecules and the non-polar tail of the surfactants. The formation
of such complexes essentially reduces the concentration of the
polymer unimers that are in dynamic equilibrium with polymer
micelles destabilizing polymer micellization. On the other hand,
detection of aggregates having higher intrinsic volume than the
corresponding pure polymeric micelles can be assigned to the pref-
erential formation of hydrogen bonds between water molecules
and SDS, that create an unfavorable environment for polymeric
chains, resulting in enhanced micellar size or promoting cluster-
ing.

3.2. Critical micelle concentration (cmc)

The critical micelle concentrations (cmc) of aqueous solutions
of E18B10 and E40B10E40 copolymers, as determined from surface
tension measurements (Supporting material), are listed in Table 1.
A value of cmc = 0.05 mmol/dm3 was determined for E18B10, con-
sistent with previously reported values 0.053 mmol/dm3 at 20 ◦C,
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Fig. 3. Normalized intensity fraction distributions of apparent hydrodynamic radius
(rh) for aqueous solutions of (i) E40B10E40–SDS and (ii) E19P43E19–SDS complexes
(copolymer concentration was kept constant at 5 wt%) at 25 ◦C.

Fig. 4. Conductivity (κ ) of E18B10–SDS aqueous solutions versus the total concentra-
tion of the surfactant (ctot).

0.04 mmol/dm3 at 30 ◦C [30]. Accordingly, cmc = 2.2 mmol/dm3

was determined for E40B10E40 that is also in close agreement with
values reported for other triblock E/B copolymers, having com-
parable hydrophobic lengths [31,32]. We note the two orders of
magnitude lower cmc of the diblock copolymer compared to the
triblock one, an effect that points to the looping of the triblock
molecules in the micelles given that each molecule is constrained
by two block junctions in the core/fringe interface of the micelle,
compared to only one constraint for the diblocks [3].

Due to the reduced hydrophobicity of the P unit compared
to the B unit [3], the cmc of E/P copolymers can be determined
with a vast variety of techniques; for example, in this work it
was possible to determine cmc of E19P43E19 at 25 ◦C based on
data sets from ultrasonic velocity (u) and densimetric experi-
ments (Supporting material). In particular, the cmc of E19P43E19
could be identified as the break point of ultrasonic velocity or
density as a function of copolymer concentration. The value of
cmc = 6.43 mmol/dm3, thus derived, falls within values previously
reported for this copolymer [33].

In this report, the cmc of SDS was determined by conductime-
try and found to be cmc = 8.3 mmol/dm3 (Fig. 4, aSDS = 1); e.g. as
reported elsewhere [34]. Conductivity was also measured for the
mixed systems E18B10–SDS, E40B10E40–SDS, E19P43E19–SDS at a va-
riety of surfactant molar fractions. In all cases the data sets could
be satisfactory fitted with two straight lines, whose intersection
was taken as the critical micelle concentration of the mixed sys-
tem cmc∗. A representative conductivity profile is shown in Fig. 4
for E18B10–SDS system. Fig. 5 gathers cmc∗ values determined from
such conductivity profiles for the three systems studied; E18B10–
SDS (Fig. 5i), E40B10E40–SDS (Fig. 5ii), E19P43E19–SDS (Fig. 5iii).

Several thermodynamic models have been developed in order
to describe surfactant–surfactant interactions. Within the frame-
work of regular solution theory (RST) the critical micelle concen-
tration (cmc∗) of binary surfactant mixtures follows the relation-
ship [35]:

cmc∗ =
[∑

αi/ f i(cmci)

]−1

, (3)

where cmci represents the cmc values of the pure components,
αi the molar fraction of the respective surfactant and f i are the
activity coefficients of the component i within the mixed micelle.
In a binary system, the f i values are related with the interaction
parameter β:

f = exp
[
β(1 − x1)

2], (4)

f2 = [
expβx2

1

]
, (5)

where x1 is the mole fraction of the surfactant 1 in the mixed
micelle and can be calculated from the equation:

x2
1 ln(αicmc∗/x1cmc1)

= (
1 − x2

1

)
ln

[
(1 − αi)cmc∗/(1 − x1)cmc2

]
. (6)

This analytical approach for non ionic–ionic surfactants has been
applied to both theoretical [36] and experimental [37] investiga-
tions including studies for EPE–ionic surfactant systems [38,39].

For ideal mixing (Clint model [40]) β = 0, while non zero val-
ues are assumed to arise from specific surfactant–surfactant in-
teractions. A negative deviation from ideal behavior, such as that
observed in Figs. 5i and 5ii, can be assigned to a certain attraction
between the two different surfactant molecules. For E40B10E40–SDS
and E19P43E19–SDS β = −2.7 and β = −2.3, respectively. These
values can be compared with β = −4.5 (from electromotive force
measurements) and β = −7.4 (from surface tension and ITC mea-
surements) for E97P69E97 (F127)–SDS at 25 ◦C [38] and −2.6 < β <

−1.0 for Triton X100 with different anionic surfactants [37].
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Fig. 5. Experimental (markers) and predicted (lines) cmc∗ (expressed in mol/dm3,
corresponding to the concentration of both polymer and SDS) of (i) E40B10E40–SDS,
(ii) E19P43E19–SDS and (iii) E18B10–SDS system as a function of the mole fraction of
SDS.

On the other hand, E18B10–SDS exhibits fundamentally different
behavior; cmc∗ values obtained experimentally are much higher
than the corresponding cmc∗ calculated from ideal mixing, as
shown in Fig. 5iii. Positive deviations from ideal mixing have been
attributed to antagonistic effects between the two different sur-
factants. In the case of nonionic–ionic surfactants only negative
deviations have been theoretically predicted [41] and experimen-
tally observed. The unique behavior observed for E18B10–SDS is
Fig. 6. Apparent molar volumes of SDS (Vφ,SDS) versus SDS molality in water (filled
circles) and in aqueous solutions of E19P43E19 6.5 mM (squares), 10.7 mM (triangles)
and 23.8 mM (open circles).

directly related to the vesicular geometry of the resultant polymer–
surfactant complexes. In other words, the dramatic effects induced
by SDS in E18B10 micellar solutions cannot be efficiently considered
within the framework of RST for ideal mixtures, in strong contrast
with the other E/A–ionic surfactant systems studied here and in
previous reports.

3.3. Volumetric and ultrasonic studies in E19P43E19–SDS

The variation of apparent molar volumes of SDS (Vφ,SDS) versus
SDS molality in water and in aqueous solutions containing sev-
eral fixed amounts of E19P43E19 is presented in Fig. 6. Given that
cmc of E19P43E19 is 6.4 mM (Table 1), it can be concluded that
the polymer is in its monomeric form for the lowest concentration
(6.5 mM), partially micellized for the intermediate concentration
(10.7 mM) and almost fully micellized for the highest concentra-
tion (23.8 mM). Nevertheless, the three curves of the mixed sys-
tems exhibit the same trends, regardless of the state of dispersion
(monomeric or micellar) of the initial (aSDS = 0) solutions.

It can be clearly seen that at low SDS content Vφ,SDS is signif-
icantly higher in ternary systems, while the difference in Vφ,SDS
between ternary and binary systems progressively diminishes at
higher SDS concentrations. It should be noted that Vφ,SDS in
E13P30E13 (L64) solutions was shown to exhibit very similar be-
havior [42] with that reported here. It is well established that the
composition dependence of the apparent molar volume of a solute
in a ternary system reflects the solute–solute, solvent–solute and
solvent–solvent interactions. In the particular case studied here,
the pronounced increase of Vφ,SDS is consistent with the evolu-
tion of polymer–SDS complexes. It is, therefore, evident that both
monomers and micelles of E19P43E19 spontaneously bind to SDS
molecules, giving rise to enhanced Vφ,SDS. At higher SDS concen-
tration, the copolymer chains get saturated with SDS molecules
and Vφ,SDS in the ternary system approaches that in pure wa-
ter.

In Fig. 7, the ultrasound velocity (u) of aqueous solution of
E19P43E19 is plotted as a function of added SDS. The three plots
shown in Fig. 7 share the same common features; upon SDS ad-
dition they show an initial decrease, followed by an increase,
a plateau zone and finally a second drop region. When a small
amount of SDS is initially added u decreases sharply, indicating
the formation of polymer–surfactant aggregates with less com-
pact structure compared to the pure polymer micelles or polymer
monomers. For all three plots presented in Fig. 7 a local minimum
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Fig. 7. Ultrasonic velocity (u) versus concentration of added SDS in solutions con-
taining E19P43E19 6.5 mM (triangles), 10.7 mM (squares) and 23.8 mM (circles).
Dashed lines are guide to eye and correspond to aSDS = 0.66 and aSDS = 0.83.

can be observed that falls close to aSDS = 0.66. Further addition of
SDS results in increased u, tending to a plateau region in which
the ultrasound velocity remains essentially constant. This common
feature of the three curves reflects the presence of two competing
effects; the progressively increased particle density on one hand,
that is responsible for the increase of u, and the lower associ-
ation numbers of the mixed aggregates that tends to reduce u
values on the other hand. There is solid experimental evidence for
the presence of those two parallel effects on the basis of SANS
plots, performed for the E97P69E97–SDS system [7]. Excess addi-
tion of ionic component leads to a gradual collapse of complexes
due to the strong electrostatic repulsion between the headgroups
of SDS. Therefore, u values drop tending to the lower value of pure
SDS micelles (for example for 0.4 m SDS in water, ultrasound ve-
locity was measured u = 1497 m s−1). This final drop of u versus
m plots starts at aSDS = 0.83 for all three polymer concentrations
considered. The three different regions (defined by the two dashed
lines) shown in Fig. 7 graphically depict the behavior presented
above.

4. Conclusions

In this work we report a systematic and comparative study
on the interaction of an anionic surfactant with a series of E/A
block copolymers. Introduction of SDS to aqueous solutions of
E18B10 induces a drastic effect on polymer curvature, giving rise to
large vesicles. We demonstrate here that the cmc∗ of the vesicu-
lar aggregates show positive deviations from the ideal mixing of
mixed surfactants, as opposed to the interaction pattern estab-
lished for other SDS–E/A systems that they do not form vesicles.
In addition, large particles (though as a minor component) were
also detected in solutions of B20E610–SDS and B12E227B12–SDS sys-
tems, indicating micellar clustering. At the same time, in the case
of B20E610–SDS, B12E227B12–SDS, E40B10E40–SDS, E19P43E19–SDS the
development of particles having lower intrinsic volumes compared
to pure polymeric micelles points to micellar suppression induced
by the ionic surfactant. This effect can be traced back to the ab-
sorption of surfactant tails to the poly(alkylene oxide) chains. Elec-
trostatic repulsions between charged groups lead to destabilization
of mixed micelles compare to the pure polymeric micelles. Lastly,
we demonstrate that measurements of ultra sound velocity can
provide insightful information for the dynamics of those complex
systems.
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