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We investigate a non-ionic surfactant (C;,Eg)/water binary mixture, over a wide range of concentrations
and temperatures (i.e. 1-35 wt.% of C;5Eg and 10-60 °C in temperature) by means of different experimen-
tal techniques: Small-Angle Neutron Scattering (SANS), Quasi Elastic Light Scattering (QELS) and High
Frequency Rheology. The aims of this work are to provide information on structure, thermodynamics
and dynamics of the isotropic phase of such a micellar system and, by combining these different types
of information, to obtain a comprehensive image of the behaviour of this phase. Our results demonstrate
that structural, thermodynamic and dynamic properties of these solutions are fully monitored by the
temperature-induced changes in the ethylene-glycol chain hydration. They confirm that C;,Eg micelles
are spherical and do not grow in the investigated range of concentrations and temperatures. They dem-
onstrate that the interaction potential between C;,Eg micelles is more complicated than what was pre-
viously described, with an additional repulsive interaction. They allow us to put forward explanations
for the Isotropic-Ordered phase transition as well as for the temperature behaviour of the viscosity of
Cq2Eg micellar solutions. Our investigation provides new and valuable information on the dynamics of
these mixtures that reflect the complexity of the interaction potential between the C;,Eg micelles. It
shows that concentrated solutions exhibit a viscoelastic behaviour that can be described by a simple

Maxwell model.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Non-ionic surfactants do not have electrical charge, which
makes them very interesting for many applications in a wide range
of different areas. For example, because they do not bear charge,
these surfactants are resistant to water hardness deactivation
and thus they are excellent grease removers that are widely used
in laundry products, household cleaners and hand dishwashing liq-
uids. On a fundamental point of view, these surfactants provide
very interesting model systems to investigate as they can form dis-
persions of aggregates (that can be spheres, cylinders or bilayers)
with no long-range repulsion.

Among these surfactants, one finds the octa-ethylene-glycol
mono n-dodecylether (also named: CiEs; Ci3Hz5-(OCH,CH,)s
—-OH), which is a non-ionic surfactant routinely used in many bio-
technical applications, for example, in the process of extraction/
reconstitution of membrane proteins and for making liposomes
[1-11]. In aqueous solution, this surfactant displays interesting
and puzzling features. Like other surfactants in the CE; family
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(consisting of a hydrophobic chain with i carbons and a hydrophilic
head containing j ethylene-glycol groups), the temperature-
concentration phase diagram of C;,Eg/H,0 mixture shows a wide
and rich variety of thermodynamic liquid crystalline phases (cubic,
hexagonal, lamellar), critical points and binodal curves, as well as
an isotropic phase over a large range of both temperatures and
concentrations. Its phase diagram is, however, noticeably different
from those of C;,E;/H,0 mixtures with j < 7, although these surfac-
tants are not much different chemically [12-23]. Particularly,
Cy2Eg/H,0 system exhibits a cubic phase (I1) and do not display
lamellar phase (Lx) over a wide range of temperatures and surfac-
tant concentrations. These features are also observed for C;,E;/H,0
mixtures with j > 9. The general consensus is that these differ-
ences are due to the hydrophilic head of Ci,Eg molecule that is
larger than for C;,E; with j <7, which increases the spontaneous
curvature of the surfactant monolayer [21-23].

Although this surfactant is widely used, surprisingly, there are
relatively few studies with a “physical” point of view on the isotropic
phase of C;,Eg/H,0 mixture [5,8,23-37] and therefore several inter-
rogations still remain. The first investigations on this mixture were
carried out more than 25 years ago [24-26]. Using SANS experi-
ments, Zulauf et al. [25] studied the structure of isotropic phases


http://dx.doi.org/10.1016/j.jcis.2012.10.039
mailto:eric.freyssingeas@ens-lyon.fr
http://dx.doi.org/10.1016/j.jcis.2012.10.039
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

162 K. Tse-Ve-Koon et al./Journal of Colloid and Interface Science 393 (2013) 161-173

of different non-ionic surfactants, including C;,Es, over a wide range
of concentrations (typically: 2.5-35% in mass) and temperatures
(30-60 °C). Since this pioneering work, other investigations have
been conducted on this problem as, for example, that of Imai et al.
[34]. These later studies, however, mostly focused on the part of
the phase diagram that is in the vicinity of the Isotropic-Ordered
phase transition, hence on rather concentrated solutions (around
35wt.%) and low temperatures (below 20 °C). The conclusions
drawn from these different works appear somehow contradictory.
This is particularly true regarding the interaction potential between
C12Eg micelles. There seems to be a consensus that interaction po-
tential between C;,Eg micelles is the sum of two contributions: a
hard sphere potential and an attractive potential of Yukawa type.
However, on the one hand, Zulauf et al. [25] claim that the range
of hard sphere part is the equal to the micelle radius and the attrac-
tive partis of short range (smaller than 5 A) and increases as temper-
ature rises and C;3Eg concentration decreases. At low temperature
and high concentration, its strength is very weak while it is rather
strong (larger than 10kgT) at high temperature and low concentra-
tion. On the other hand, Imai et al. (using the SAXS technique) [34]
find different features; the range of the hard sphere potential is
smaller than the micelle radius, while the attractive potential has
strength of the order of kT with a long range (20-30 A) and is obser-
vable for high concentrations (typically within 30-40 wt.%) and low
temperature (below 20 °C).

According to Zulauf et al. [25], C;2Es micelles remain spherical
with temperature and this assertion seems to be corroborated by
other works [29-32] that used different techniques. This is, indeed,
rather surprising since it is commonly accepted that C;E; surfactant
micelles grow and become worm-like as the temperature goes
above (T, — 30) °C, approximately, where T, is the critical consolute
temperature. In the case of the C;,Eg/water system, the consolute
temperature is of about 75°C and therefore one would expect
micellar growth above 45 °C, a feature that is not observed in Refs.
[25,29-32]. Nevertheless, this assertion is questioned by some
other works, such as Hedin et al. using NMR [33], which allegedly
observed the growth of C;,Eg micelles with increasing T. Thus, do
Cq2Eg micelles grow with temperature? If not, then the reason
provided to explain the behaviour of the viscosity of C;,Eg micellar
solutions with T [35] must be ruled out and a new explanation
must be found.

Another intriguing property of this system is that it exhibits a
phase transition between the isotropic phase and an ordered phase
of spheres (of hcp symmetry) upon decreasing T for C;,Eg mass
concentrations included between 31 and 38 wt.%. At first sight, this
seems impossible. For such temperatures, C;,Eg micelles are spher-
ical, C1,Eg density is given to be of the order of one and there is no
long-range interaction between micelles. Therefore, the existence
of such a phase transition is difficult to understand. Even consider-
ing the hydration of the polar headgroup, an explanation does not
seem that obvious. As this transition occurs upon temperature
decreasing, it suggests that the head group hydration as well as
the aggregation number is monitored by temperature. How? Do
they depend on concentration? This has never been investigated
precisely.

Furthermore, one may also notice that the dynamical properties
of the isotropic phase of C;3Eg/H,O mixture, especially in the
“high” concentration part of the phase diagram (i.e. for C;,Eg mass
fraction > 15%) were not much investigated. A few studies were
carried out by means of Quasi Elastic Light Scattering experiments
[34,38-40], but they mainly focused on dilute mixtures.

For all these reasons, the aim of this study is to obtain a compre-
hensive image of the isotropic phase of the C;;Eg/H,0 mixture over
a wide range of concentrations and temperatures. For such a
purpose, we used different experimental techniques: structural
techniques such as Small-Angle Neutron Scattering (SANS), which

provides direct insight into the thermodynamics of the mixture
as well as spectroscopy techniques such as Quasi Elastic Light Scat-
tering: (QELS) and rheology, which probe the dynamic behaviour of
the system. Combining these different types of information allows
us to show that the interaction potential between C;,Eg micelles is
more complicated than what was previously described; to confirm
that C;3Eg micelles do not grow and remain spherical with temper-
ature (at least up to 60 °C); to explain the Isotropic-Ordered phase
transition as well as the temperature behaviour of the viscosity; to
provide new and valuable information on the dynamics of these
systems. Moreover, we believe that our results have a much more
general interest. They could also prove useful for other GEj-water
mixtures (particularly for of CE; molecules having a polar
headgroup volume much bigger than that of their hydrophobic
chain; e.g. Ci,E; with j>9), pluronic-water mixtures, as well as
dispersions of spherical colloids covered with PEO or PEG chains.

2. Experimental section
2.1. Materials

The surfactant C{,Eg was purchased from Nikko Chemicals Ltd.
and used without further purification. We used ultrapure water
(p=18+0.1 MQ cm) from an in-house ELGA system to prepare
the Ci3Eg/H,0 samples used for Quasi Elastic Light Scattering as
well as rheology measurements. For Small-Angle Neutron Scatter-
ing experiments, C;;Eg was mixed with D,O from Aldrich (see
Supporting Material: Part A.1). The samples were prepared by
weighing both components into vials. The obtained mixtures were
carefully homogenised by repeated heating, stirring, and centrifug-
ing and then allowed to equilibrate at room temperature over a
few days (in the dark since C;3Eg may undergo a chemical degrada-
tion with light). We finally obtain homogenous, transparent
solutions, which are in the isotropic state at room temperature.

For SANS experiments, we prepared 5 C;3Eg/D,0 samples, with
mass fractions of Ci;Eg (ws) equal to: 5, 10, 18, 25, and 35 wt.%,
respectively. For QELS and rheology experiments, 7 different
C12Es/H,0 samples were prepared having ws equal to 1, 5, 10, 18,
25, 30, and 35 wt.%, respectively.

2.2. Methods

2.1.1. SANS experiments (Supporting Material: Part A.2)

The five samples were all investigated at five different temper-
atures: 10°C, 20 °C, 30 °C, 40°C and 50 °C, respectively. (These
experiments were carried out on the D11 diffractometer at the
high flux reactor of the Institut Laue-Langevin (ILL) in Grenoble.)
SANS profiles were recorded in the wave vectors range:
3.93 x 1073-0.247 A~'; that is;: 3.93 x107-2.47 x 10°m~ .
Following ILL standard procedures, raw data were treated to yield
normalised scattering intensities I(q) (cm™~! units) [41,42].

2.1.2. QELS experiments (Supporting Material: Part A.2)

All the Cy,Eg/H,0 samples were investigated in the temperature
range 10 °C-50 °C, where they are in the isotropic phase, except for
the sample with ws = 35 wt.% that undergoes an Isotropic-Ordered
phase transition at about 15 °C. This latter sample was investigated
in the temperature range 16 °C-50 °C. For the five D,O samples
used for SANS experiments, we investigated dynamic properties
at 20 °C, 40 °C and 50 °C, respectively. For each investigated sample
and at all temperatures, we recorded the time autocorrelation
functions of the scattered intensity, namely: (I(0)I(t)) every 10°
between 20° and 150° (i.e. g varying in the range: 3.74 x 10°-
3.31 x 10’ m™"). For each scattering angle, we took five autocorre-
lation functions. No polariser was placed in front of the detector to
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analyse the polarisation state of the scattered light. However, be-
fore carrying out the experiments, we checked that the depolarised
scattering signal was negligible. Hence, we considered that we only
measured polarised scattering.

2.1.3. High frequency rheology experiments (Supporting Material: Part
A2)

High frequency rheology measurements were performed in a
piezorheometer, and the principle of which was described in Ref.
[43]. This setup allows us to measure the complex viscosity # for
frequencies ranging from 1 rad/s to 6.28 x 10%rad/s from which
we can deduce both the storage (G') and loss (G”) shear moduli.
We have already performed a preliminary investigation of the
C12Eg/D,0 mixtures [44]. Here, we extend this study to the C;,Eg/
H,0 mixtures over a wider concentration range, carrying out the
experiments on the seven samples that are investigated in light
scattering. For sample with ws=1 wt.%, measurements were per-
formed for seven temperatures: 5, 10, 20, 30, 40, 50 and 60 °C,
respectively. For samples with ws =5, 10 and 18 wt.%, experiments
were performed at 13 different temperatures: every 5 °C, from 4 °C
to 64 °C. For samples with ws =30 and 25 wt.%, we investigated the
same temperatures as those probed for samples with the same
mass concentration in the C;,Eg/D,0 mixtures [44]. For that with
ws =35 wt.%, rheological properties were investigated at 16 °C
and every 4 °C between 18 °C and 66 °C. Finally, for the five SANS
samples, we studied their rheological properties at 20 °C, 40 °C
and 50 °C, respectively.

3. Results
3.1. SANS experiments

Except for the lowest concentration investigated (ws=5 wt.%)
at 50°C, the scattering profiles always exhibit a well-defined
bump, more or less pronounced depending on ws and T (Fig. 1).
One observes that for a given temperature, the location of the
top of the scattering bump q* moves towards the smallest values
of q as concentration decreases (Fig. 1a). For the small g values,
the scattering intensity decreases as concentration increases. At
large q values, the scattering intensity increases with concentra-
tion. Nevertheless, it appears that the scattering intensity on the
right hand-side of the scattering bumps decays the same way for
all concentrations. For a given concentration, one observes that
the position at which the maximum of the scattering bump is
located moves towards the smallest values of g as T increases
(Fig. 1b) and the scattering bump gets broader. At low g, the
scattering intensity increases with T. At large g, we notice that all
scattering profiles fall on the same curve for all temperatures. From
these observations, two conclusions can be drawn.

(i) The scattering at large q indicates that likely the shape and
size of the surfactant aggregates do not change much with
ws and T.

(ii) The scattering bump suggests the existence of a spatial cor-
relation; a “short-range” structure characterised by a local
order that evolves with ws and T. Decreasing the concentra-
tion appears having the same effect as increasing tempera-
ture; both variations lead to a broadening of the scattering
bump and a displacement of its top towards small g, indicat-
ing a loss of correlation.

3.2. QELS experiments

For all samples with ws > 10 wt.%, measured autocorrelation
functions always appear to be bimodal for all wave vectors over

the entire range of investigated temperatures and therefore they
are fitted to the following test function: (I(0)I(t)) =
(Are=nt 4 Are=2t)? 4 B, where @, and €, are the fast and slow fre-
quencies, respectively (Supporting Material: Part B.1, Fig. S.1a). €,
is always at least two orders of magnitude larger than Q. This bi-
modal relaxation of the autocorrelation functions of the scattered
light intensity was already observed in C;,Eg-water mixtures by
Brown et al. [38]. As in our investigation, they observe the slow
relaxation mode only for mass concentrations ws larger than
10 wt.%. For samples with ws=1 and 5wt.%, the measured
autocorrelation functions are always monomodal; only the fast
mode remains (Supporting Material: Part B.1, Fig. S.1b). For all
experimental conditions, the five measured values of Q; (as well
as those of Q) are very close to each other, and in the following,
we show their average values.

3.2.1. Fast relaxation

For all samples at all investigated temperatures, the measured
values of Q scale with the scattering wave vector q like g2
©, = Dq? (Fig. 2a), corresponding to a diffusive process. The values
of the diffusion coefficient D are plotted as a function of tempera-
ture for the different C;,Eg concentrations in Fig. 2b. Except for
sample with ws=1 wt.%, for which the diffusion coefficient seems
to linearly increase with T, the temperature evolution of D is
non-monotonic and depends on ws. Since there is no depolarised
scattering signal, we assume that micelles are spherical. Fig. 2c dis-
plays the ratio D(T)/Do(T) as a function of T, where Do(T) = kgT/
67tns(T)r1(T), ns(T) being the solvent viscosity at the temperature
T and r(T) the micelle radius returned by SANS experiments at this
temperature (see Supporting Material: Fig. S.5a). For sample with
ws =1 wt.%, this quantity is always close to 1. Hence, we conclude
that for this sample, D is simply the free micelle diffusion coeffi-
cient; D = kgT/67nsry,, where 1y, is the micelle hydrodynamic radius.
The measured values of r, (1, = kgT/67sDpjeasurea) Slightly increase
with T, from 31+ 2 A to 34 +2 A as T goes from 10 °C to 50 °C, in
very good agreement with the micelle radii measured by SANS
experiments. For samples with ws > 5 wt.%, the ratio D(T)/Do(T)
decreases exponentially with T with a decay constant that is all
the smaller as the concentration is high (inset Fig. 2¢). For samples
with ws > 5 wt.%, the ratio D(T)/Do(T) decreases exponentially
with T, the decay constant (Tp) dropping with increasing surfactant
concentration (Fig. 2c). There, QELS experiments probe the relaxa-
tion of concentration fluctuations. In that case, the measured diffu-
sion coefficient D corresponds to the collective diffusion coefficient
D..

3.2.2. Slow relaxation

The contribution of the slow mode to the autocorrelation func-
tion (i.e. its magnitude) decreases continuously with increasing q;
it is barely observable above 0 = 120°. We notice that A(q) drops as
ws decreases as well as with increasing T. We do not observe any
relationship between @, and ,, suggesting that these two relax-
ations have different physical origins. It is quite difficult to obtain
accurate measurements of Q,; at low g, this frequency is very slow,
often at the limit of the correlator range (furthermore, at these
small scattering angles, the signal may be polluted by the presence
of small dust particles in the sample); at large g, its amplitude
becomes very low, making the estimation of €, rather difficult.
Therefore, the measurement uncertainty is rather large although
the values of 2, for a given scattering angle are well reproducible
from one measurement to another. We can, however, reasonably
describe €, as a function of q by: @, = D,q? (Fig. 2d). In that case,
this slow relaxation would be due to diffusive processes, with dif-
fusion coefficients D, ranging from about 10~ 3-10"1* m?s~!, thus
3 orders of magnitude below the diffusion coefficient of the fast
mode D.. Nevertheless, this mode could be super-diffusive; the
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Fig. 1. (a) Small-Angle Neutron Scattering profiles obtained at T =20 °C and 50 °C, respectively, on the different investigated samples. Lines are the fits to “Zulauf's Model”
(see Supporting Material; Part C.1, Eq. S.17) (b) SANS profiles obtained on the samples with a mass concentration of C;,Eg equal to 25 wt.% and 5 wt.%, respectively, for

T=10°C, 20 °C, 30 °C, 40 °C and 50 °C.

best fits of €2, are, indeed, given by the function: Cq* where Cis a
constant and o a free parameter that is always larger than 2; it is
found between 2.2 and 2.4 (Fig. 2d).

3.3. High frequency rheology experiments

For all investigated concentrations and temperatures, the real
part of the complex viscosity, #/, is constant as a function of fre-
quency over almost four decades (Supporting Material: Part B.2,
Figs. S.2 and S.3). The zero-shear viscosity of the samples 7 is given
by the position of this plateau. In Fig. 3a, the reduced viscosity:
1" = Nsample(T)[ns(T), where #s is the solvent viscosity, is displayed
as a function of T. For all concentrations, we observe the same fea-
tures. First #* decreases as T increases, passes through a minimum,
then increases with T. For the most concentrated samples, this
increase reaches a maximum and then #* decreases again at higher
temperature. The positions of these minima and maxima move
with ws; both shifting towards lower temperatures as wg increases.
This behaviour was also observed by D’Arrigo et al. [35]. In this
reference, the authors claim that this behaviour is first due to the
growth of the C;,Eg micelles with T (transformation of spherical
micelles into worm-like micelles), which gives rise to the increase
in viscosity and then to their connection, leading to the decrease of
viscosity. However, in light of our results and the investigations
carried out by Zulauf et al. [25], Jonstromer et al. [31] and Danino
et al. [32], showing that the C;,Eg micelles remains spherical in the
concentration and temperature ranges we investigated, this expla-
nation seems rather unlikely. Furthermore, in the case of micelle
growth, one should observe a much stronger increase in #* with
T as well as the appearance of a “low frequency” viscoelastic
behaviour. This is the case for example for C;,Eg/H,0 solutions
[44] or Cy3E5/H,0 mixtures ([45] and Supporting Material: Part

C.3, Figs. S.14 and S.15). Therefore, it is clear that the scenario pro-
posed in Ref. [35] must be ruled out.

It is also observed that concentrated solutions (typically ws
> 30 wt.%) exhibit viscoelastic behaviour in the frequency range
accessible to our rheometer (Supporting Material: Part B.2,
Fig. S.4). This behaviour has never been observed before. Likely be-
cause with a “classical” rheometer that cannot probe frequencies
larger than 100 s~ !, it is difficult to observe the viscoelastic proper-
ties of these mixtures. The values of G” increase linearly with w
over almost the entire frequency range (this corresponds to the
plateau of #’). The values of G' are only detectable above about
300 s~! (where they exceed the sensitivity of the apparatus, which
is of the order of 1 Pa) and they scale with the frequency like w?.
The frequency evolutions of G’ and G” never cross within the
frequency range, and we can investigate, nevertheless, their behav-
iour with w is compatible with a single Maxwell process. Thus, we
fit the spectra using the Maxwell model [46]:

2
G () =) +i6' (@) = 1= ((Cz)?)z +"1 572;2 v

where G, is the high frequency shear modulus and 7 the Maxwell
relaxation time, with: G, =7/t (n being the zero-shear viscosity).
For a given ws, as T increases, the frequency at which G’ becomes
detectable increases and finally no viscoelastic behaviour can be ob-
served any longer at high temperature. Values of G, and t returned
by the fits to the Maxwell model can be considered as valuable only
below 46 °C. Fig. 3b and c shows the temperature evolutions of t
and G, respectively, for both samples. The obtained values of
are of the order of magnitude for both samples (a few 107%s) and
decrease as T increases. The values of G, are larger for ws = 35 wt.%
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than for 30 wt.%; nevertheless, their temperature evolution is the
same: G, seems to be constant as T increases up to about 25-
30 °C, then it grows with T.

Here, it should be noted that raw measurements obtained on
C12Eg/D,0 mixtures are different from those obtained for C;,Eg/
H,0 samples. However, it is observed that the values of the “nor-

malised” quantities (i.e. D(T)/Do(T) and 1*) as well as their evolu-
tion with concentration and temperature are very similar. Hence,
we believe that C{,Eg/D,0 and C;,Eg/H,0 mixtures are very similar
systems and we can use information obtained through SANS exper-
iments on C,Eg/D,0 samples to interpret experiments carried out
on C;3Eg/H,0 solutions.
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4. Discussion
4.1. Shape, structure and interaction

SANS profiles are the product of two distinct terms: the form
factor P(q), accounting for the shape and size of the surfactant
aggregates and the structure factor S(q) that is the Fourier trans-
form of the aggregate pair correlation function. I(q) = n,,P(q)S(q),
where n,,, is the number of scattering centres per unit volume, here
the density of surfactant aggregates: n,, = N;,/V = ¢n/Vy, (V being
the scattering volume, N,,, the number of aggregates within the vol-
ume V, ¢, the volume fraction of the aggregates and V,,, the volume
of a single aggregate).

First of all, the SANS data were analysed using the same model as
Zulaufetal.[25] and Imai et al. [34] (results of the analysis are shown
and discussed in detail in Supporting Material, Part C.1). In this
framework, C;Eg micelles interact through a potential Uy(d) that
is the superimposition of a hard sphere potential and an attractive
potential of Yukawa type; the micelle form factor is that of a core-
shell sphere. This model returns seven adjustable parameters: r;
(micelle radius), r, (core radius), Ap (difference in scattering length
density between the C;,Eg micelle shell and D,0), 4 pcs(difference in
scattering length density between the core and shell of the C;,Eg mi-
celle), R (hard sphere radius), ¢ (volume fraction of hard spheres), Uy
(strength of the attractive part; Uy < 0) and dy (effective range of the
attractive interaction). By setting R equal to r, as done by Zulauf
etal.[25], we do not get agreement between SANS data and the mod-
el. On the other hand, letting both R and r; as free parameters, as
done by Imai et al. [34], data can fit to the model. The obtained re-
sults confirm that C;,Eg micelles are spheres within these concen-
trations and temperature ranges. This is in agreement with Ref.
[25], QELS measurements (since we do not observed a slow, depolar-
ised and independent g mode that would indicate the presence of
rods), rheology measurements (since we do not observe viscoelastic
behaviour at low concentration). The hard sphere radius R is always
found to be slightly smaller than the micelle radius rq, in agreement
with Ref. [34]. For a given mass concentration, the effective volume
fraction of hard sphere ¢ decreases with T; the number of micelles in
solution is not only set by the C;,Eg concentration, it is also a func-
tion of temperature (note that ¢ differs from the micelle volume
fraction ¢ ¢ = ¢ Vs /Vin = q&mR3/r?, Vis being the hard sphere vol-
ume.) On the other hand, from one scattering profile to another, the
obtained fitting values for Uy and dq vary a lot, showing no kind of
correlation between these parameters and C;;Eg concentration or
temperature. Therefore, we cannot conclude whether our experi-
ments support Zulauf et al.’s [25] or Imai et al.’s [34] conclusions.
We believe that this comes from a lack of description of the interac-
tion potential. Since the hard sphere radius R is found smaller than
the micelle radius r;, C;2Eg micelles (the hydrophilic heads of the
surfactant molecules, i.e. the Eg chains) can interpenetrate, which
causes an additional repulsive interaction. SANS profiles, indeed,
suggest the existence of this additional repulsive interaction be-
tween Cy;Eg micelles (for concentrated samples, scattering profiles
are systematically always below the model at small g; Fig. 1a and
Fig. S.8), as well as QELS and viscosity results (see next sections).
So far, this additional repulsion has never been described.

One of the simplest models that can be used to describe the to-
tal interaction potential U(d) between C;,Eg micelles is to assume
that the steric repulsion as well as the attraction can be described
by repulsive and attractive potentials of Yukawa type. Hence, U(d)
writes as follows:

+oo for:d < 2R
uld) = Uvep Zexp (_ M) + Uae Zexp (_ %) for:d > 2R
(2)

Srep

where Uy, is the strength of the steric repulsive part (Urep > 0); Uase
is the strength of the attractive part (Ugy: < 0); rep and g €Xpress
the measure of the effective range of the repulsive and attractive
interaction, respectively. Assuming that steric repulsion and attrac-
tion are not long-range (i.e. random phase approximation [47]), an
approximate analytical solution for the structure factor S(q) is found
[48]:

1
"1+ 4Cu(q)

where Cy(q) = Cus(q) + Grep(q) + Care(q). Chs(q) accounts for the hard
sphere contribution and is calculated using the Ornstein-Zernicke
equation with the Percus-Yevick closure [49,50], while C,.,(q) and
Cae(q) account for the steric and attractive interactions, respec-
tively. Expressions of Cys(q) and Cu(q) are given in: Supporting
Material: Part C.1, Egs. S.15 and S.16, respectively; C,(q) is given
by the following relations [34,48]:

Su(q) (3)

Coep(@) = 47” | sintar)Ueg(ryrar

R

_ 6Urep (@) sin(2qR) + (qdrep)cos(2qR)
m \2R 2qR(1 + (qdrep)°)

The core-shell sphere form factor is written as:

Pes(q) = Vi, Ap*f(q) with: f(q)

. . 2
_gfhi@n) , Ars <Q>3J1(CIT2)
qry Ap \r qr,
where j;(x) = (sin(x) — xcos(x))/x? is the first-order spherical Bessel
function. Hence, we may write I(q) as:

1(q) = nmPes(@)S(a) = 1+¢Cu(q)

_¢r3 VaAp*f(q) > (5)

s <1 + @(Chs(q) + Crep(q) + Carr(q))

where ¢ is the volume fraction of hard spheres. Trying to fit I(q) to
this model allowing the nine parameters of Eq. (6) to be free is a
non-sense that gives rise to incoherent results. Therefore, we divide
I(q) by Va4 p*f(q), to obtain a new quantity >(q) that is proportional
to S(q):

) o3 /R)
1 + ¢(Ch5(q7 ¢7R) + CTEP(qs ¢7 UT9P7 6T€P) + Cﬂff(q7 ¢7 Uﬂfﬁ 511”))
(6)

For each temperature, the function V,,4p?f(q) is calculated
using the average values of 11, 15, Ap, and Apcs obtained over the
values returned by the fit of all I(q) to “Zulauf's model”. We arbi-
trarily decide to set r; equal to its measured value and d,., equal
to 4 A. (The typical range of the steric repulsion, d,, is related to
the difference between the hard sphere and micelle radii. Assum-
ing that the values of R returned by the previous model are rather
correct, this difference is of the order of 4 A and does not seem to
vary much. Setting the value of d,., equal to 3 or 5 A instead of 4 A
does not change the results.) All the different 2(q) are fitted to Eq.
(6) with five adjustable parameters: R, ¢, Urep, Uqre and dqr. Except
for scattering profiles recorded on the most dilute samples at 50 °C,
this model fits all the SANS data in the q range: 0.01-0.24 A~! (for
q<0.01 A7, the scattering signal is not reliable). However, this
way of fitting X(q) still does not allow us to observe coherent
behaviours of Urep, Ugy and d4 with concentration or temperature
(most likely because these parameters influence each other).
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Therefore, we set a constraint on J,. By forcing 64 to be within the
range 7-13 A, all the X(q) (still except that of 5% at 50 °C) can be
fitted to Eq. (6) (Fig. 4), while trying to force d,, to be smaller than
7 A, or greater than 13 A, does not all allow us to fit all the X(q) to
Eq. (6) with the same constraint. Under these conditions
(7 A < 84 < 13 A), the agreement between the SANS data and this
model is much better than with the “Zulauf's model”, particularly
at small angles, yielding a much better evaluation of S(0) (Support-
ing Material: Part C.2; Figs. S.9-S.12). Uy, and Uy seem to be inde-
pendent on concentration and increase with temperature, while no
systematic variations of J4, with ws or T are observed (Supporting
Material, Fig. S.9a). This latter suggests that the range of the attrac-
tive interaction should be of the order of 10 A and is likely not very
sensitive to concentration and temperature. Values of R and ¢ are
little sensitive on how the fits are performed; their obtained values
are always very close to those returned by the fitting of X(q) to
“Zulauf’s model”. Typically, the dispersion of the values is of the or-
der of the uncertainty returned by the fits. The hard sphere radius
is always found to be smaller than the micelle radius and of the or-
der of 31 A (Supporting Material, Fig. S.9b).

The obtained values of the volume fraction of hard spheres, ¢,
are displayed as a function of temperature in Fig. 5a. For a given
mass concentration, ¢ decreases exponentially with T: ¢(ws, -
T) = ws exp( — (T — Tp)/T¢), where Ty is the temperature at which
¢ is equal to ws, T, is the constant decay. Both Ty and T, do not
seem to depend on the Ci;Eg concentration. It is found:
To=46+3°C and T,=73+5°C. Assuming an Arrhenius law, ¢
(ws, T) = Aws exp(E[kgT) (T in Kelvin), with an activation energy
E=(1.73%£0.15)x 1072°], that is, E=(42%04)kgT (with
T=300K), and A=0.0186 + 0.0005. According to these results, for
ws = 35 wt.%, the effective volume fraction of hard spheres reaches
the volume fraction at which solutions of hard spheres undergo a
disordered-ordered phase transition: 0.494 [51,52], for a tempera-
ture of about 17-18 °C that corresponds to the Isotropic-Ordered
transition temperature for this solution.

Because the amount of C;,Eg molecules is set by the solution
composition and the increase in r; is quite weak, the increase in
the volume fraction of micelles as T decreases must involve an in-
crease in the aggregation number, vs, with T. This increase in vs is
the consequence of the dehydration of the Eg chains with T (like for
others GE; surfactants [53-56]). vs=Nci2es/Nm (Nci2es being the
number of surfactant molecules and N,,, the number of micelles)
thus vs = (4nR3NaWspso)/(3¢Mci2es), where N, is the Avogadro con-
stant; Mc12gs, the C13Eg molar mass (538.8 g/mol); ps,, the solution
mass density (assumed to be equal to that of D,0); ¢, the hard
sphere volume fraction; R, the hard sphere radius. vs seems to be
independent of ws and increases with T as 1/¢, vsoexp (T/T,)

NC)

IIIIIIIE

(T=20°C)

B> <@ o
©
R

0.01 g A I B B &
0 0.05 0.1 0.15 0.2 0.25

g[A™]

(Fig. 5b), or vs < exp ( — E/kgT), with E = (1.73 £ 0.15)1072°J. It goes
from about 85 at 10 °C to about 155 at 50 °C, yielding a decrease in
the polar head area of C;,Eg molecules (¢ = 4713 /vs) as T increases
from about 160 A2 at 10 °C to 90 A2, approximately, at 50 °C. These
values of vs are in good agreement with the results obtained in Ref.
[25,31,32] by means of Static Light Scattering experiments, NMR
and time-resolved fluorescence quenching (vs increases with T
from about 90 at 20 °C to about 160 at 60 °C). Nevertheless, con-
trary to us, Ref. [25] finds that vs very weakly depends on
concentration.

From the values of vs, the hydration number hs can be estimated
(the number of D,O molecules bound to one Eg chain): hs=(V,,
— vsVe12e8)/(VsVp20), Vici2es is the volume of a Cq;Eg molecule:
797.5 A3 [25]. The average values of hs obtained over the 5 concen-
trations are displayed in Fig. 5c. hs decreases almost linearly as T
increases the investigated temperature range; it goes from about
35 D,0 molecules per Eg chain at 10 °C to about 10 at 50 °C (i.e.
from about 4 D,0 molecules per ethylene oxide group to 1), in
good agreement with the results of Refs. [25,31,32]. This tempera-
ture evolution suggests a complete dehydration of the hydrophilic
chains for temperature in the range 72-78 °C, which corresponds
to temperatures at which the micellar solutions undergo a phase
separation between a C;,Eg rich phase and water. Using these val-
ues of vs or hs, the volume of the hydrated polar headgroups can be
calculated for each investigated temperature: Vieadgroup = (Vim/Vs)
—Veia= (VC12E8 - Vc]z) + hSVDZOv where Ve is the volume of the
alkyl chain, equal to about 327 A3 [5,25] (Vpyo =30 A%). Vieadgroup
goes from about 1460 A3 at 10°C to 780 A3 approximately at
50 °C. Thus, the hydrated headgroup/alkyl chain volume ratio var-
ies from about 4.5 at 10 °C to about 2.5 at 50 °C (Fig. 5d). As a con-
sequence, the volume of the hydrated polar headgroup is thus
always much larger than that of the alkyl chain, which leads to a
cone shape for the hydrated C;,Eg molecules. Thereby, the spheri-
cal shape of the C;,Eg aggregates may be understood, at least qual-
itatively, by molecular shape arguments [57]. According to the
Cy2Es/H,0 phase diagram, it is very likely that this does not hold
any longer at higher concentration (at about 40 wt.%, typically,
close to L1-H1 transition) or at higher temperature (close to the
critical consolute temperature; so above 70 °C). Note that taking
into account the D,0 molecules bound to Eg chains, the values of
Ap can be estimated for the different temperatures in a crude
model; they are in good agreement with the experimental mea-
surements (Supporting Material Fig. S.5b).

In Fig. 6a and b are displayed the fitting values of Uy, and Ug; as
a function of T, respectively, assuming d,,,=4 A and 7 A < d
< 13 A. Both seem to be independent of ws. Uy, augments with
T; it can be noticed that U, increases with the density I" of Eg
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Fig. 4. X(q) obtained at 20 °C (a) and 50 °C (b) for all investigated concentrations (for g > 0.01 A~'). Solid lines are the fits to Eq. (6), setting dp=4 A and 7 A < 4 < 13 A.
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Fig. 5. (a) Measured volume fraction of hard sphere ¢ as a function of T for the different investigated samples; solid lines correspond to: ¢(ws, T) = ws exp( — (T — To)/T,) (the
horizontal dashed line indicates ¢ = 0.494). (b) Values of the aggregation number vs as a function of T. The black line corresponds to the fit of the average values (vs) to
B exp(T|T,). (c) Measured values of the hydration number hs as a function of T. (d) Measured average values of the number of D,0 per EO as a function of T. (e) Headgroup/
alkyl chain volume ratio as a function of T.
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chains per micelle (I'=1/0 = vs/(4nr?), inset Fig. 6¢), which is
consistent with steric interaction between polymers coated sur-
faces [58]. The strength of the attractive potential enhances as T
increases. This is in agreement with Zulauf et al. [25]. Using the ob-
tained average values of Uyep, and Ugy, setting dr.p = 4 Aand 64, =10

A, we may estimate a total interaction potential U between C;,Eg
micelles as a function of their separation (d — 2R, the micelle-mi-
celle distance minus the hard sphere diameter) for different tem-
peratures (Fig. 6¢). In this framework, U shows a strengthening of
the effective attraction between micelles as T increases; with a
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minimum that deepens while the effective range enhances. In this
framework, the effective attraction between micelles is very weak
at low temperatures and strengthens strongly above 30 °C. Because
of the assumptions made, it is likely that this estimate of the inter-
action potential is rather crude. The obtained temperature evolu-
tion of U, however, is fully consistent with QELS and rheology
results (Sections 4.2 and 4.3) as well as with the temperature-con-
centration phase diagram of C;;Eg—water mixtures.

4.2. Viscosity

In Fig. 7a, the reduced viscosity 7" is plotted as a function of the
hard sphere volume fraction ¢ for all investigated samples (¢ is
calculated using the following relation:  ¢(ws, T) = ws
exp( — (T — To)/T,) with To = 46 °C and T,, = 73 °C). For all mass frac-
tions, the same behaviour upon decreasing ¢ (so corresponding to
an increase in T) is observed. The reduced viscosity decreases with
¢ down to a minimum and then increases up to a maximum to de-
crease again at lower volume fraction. One can notice that all the
data points seem to be contained between two limits. A “low vis-
cosity” limit that is given by: (1 — ¢/¢*)~2, with ¢*=0.54 £ 0.02
(the solid line on Fig. 7a). A “high viscosity” limit that can be de-
scribed as a power series of : n'=1+25¢+ky¢> + k3> with:
k, =628 £ 58, k3 =751 + 93, (the dashed line on Fig. 7a). (Note that
we imposed as the first term of this expansion the Einstein expres-
sion for dilute sphere suspensions: #smpie/ts =~ 1 +2.5¢, because
the interactions between micelles do not change the first coeffi-
cient, which is affected by the hydrodynamic interactions only
and not by the sphere-sphere interaction, this latter only influenc-
ing terms in ¢" with n > 2, corresponding to binary, ternary, etc.,
collisions.)

Fig. 7b displays the same set of data as in Fig. 7a, but now with
all the measurements taken at a given temperature T gathered to-
gether (more precisely, measurements taken within a temperature
range T+ 2 °C). This shows the evolution of the “isothermal” re-
duced viscosity as a function of ¢ for different temperatures. In
the temperature range 5-18 °C, all the values of #* collapse on a
master curve that seems to diverge at high volume fraction and fits
to the “low viscosity” limit. This behaviour resembles the expected
behaviour for pure hard sphere solutions: 7" = (1 — ¢/¢yep) > Where
¢rep is the random close packing concentration; that is, ¢, = 0.63
[59]. In this work the observed divergence of #* at lower volume
fraction is likely due to the additional steric interaction between
micelles. Interaction between spheres distorts the particles trajec-
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tories more than if there were only hydrodynamic interactions be-
tween them, which enhances dissipation and thereby causes an
increase in viscosity with respect to that of hard sphere solutions
[60-62]. Thus, up to 18 °C the temperature-induced changes in
the direct interaction between micelles do not modify much their
hydrodynamic interactions (because these changes are weak). This
is no longer true for higher temperatures. Between 18 °C and about
35 °C, the evolution of the reduced viscosity with ¢ can be fitted to:
7 =(1— ¢/¢*)~2, with a value of ¢* that depends on T, decreasing
from 0.54 £ 0.02 at 18 °C to 0.46 + 0.02 at 35 °C. The decrease in ¢*
as temperature increases from 18 °C to 35 °C is most likely due to
the augmentation of the attraction between micelles with T. Be-
tween 35 °C and about 58 °C, there is no obvious relationship be-
tween 71* and ¢. Upon increasing the volume fraction, #* crosses
over from the “low viscosity” branch to the “high viscosity”
branch. The effects of the increase in the micelle-micelle interac-
tion on the hydrodynamic interactions become important and keep
enhancing up to about 58 °C. Above 58 °C, 11* no longer depends on
T, and all reduced viscosities fall on a master curve that is the “high
viscosity” branch. This suggests that the effects of the direct inter-
action between micelles on the hydrodynamic interactions do not
change with temperature any more.

These results suggest that the attraction between C;,Eg micelles
is weak at low temperatures, increases strongly when dehydration
of the Eg chains is important, viz. around 35 °C, and then, it stag-
nates once dehydration of the Eg chains is almost complete. These
inferences are, indeed, in total agreement and fully consistent with
both SANS (see Fig. 6) and QELS observations (see next section).
The values of k, and ks lead us to believe that the effect of the di-
rect micelle-micelle interaction on the hydrodynamic interaction
is strong. Nevertheless, for high temperatures, even at volume frac-
tions larger 0.3, the solutions exhibit Newtonian flow at low shear
rate, suggesting that both the strength and range of the direct
interaction are always rather weak.

The temperature behaviour of the viscosity of C;,Eg micellar
solutions can be understood as follows. As temperature increases,
there is a competition between two effects: on one side ¢ de-
creases, which causes a decrease in the reduced viscosity, and on
the other side, at the same time, the attraction between micelles
increases and this effect leads to an increase in the viscosity. For
a given mass concentration, when the temperature is increased
from very low temperatures, at first the decrease in the effective
volume fraction of micelles dominates and the viscosity decreases
with the volume fraction. Then, it is the increase in the attraction
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Fig. 7. (a) Reduced viscosity as a function of the hard sphere volume fraction ¢ for the different mass concentrations (semi-log scale). The solid black line corresponds to the
“low viscosity” limit: #* = (1 — ¢/0.54)~2, while the dashed line corresponds to the “high viscosity” limit: #* =1+ 2.5¢ + ka¢ + k3. (b) #*(T) as a function of ¢ for different
temperatures (semi-log scale). Solid lines correspond to the curve fits of #* for T < 34 °C using: 1* = (1 — ¢/¢*) ~2, the dashed black line corresponds to the curve fit of 1* for

T=58°Cusing: n*=1+2.5¢ + kg, + k3p3. Grey solid lines are guides for the eyes.
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between micelles that has the upper hand and therefore the viscos-
ity increases although the micelles volume fraction decreases. Fi-
nally, at higher temperature (for lower ¢), the decrease in ¢ is
again dominant (likely because then the effects of the micelle-mi-
celle interaction on the hydrodynamic interactions do not change
much with T) and consequently the viscosity decreases again. Nev-
ertheless, it is difficult to go beyond a simple qualitative analysis,
because the evolution of the viscosity as a function of the volume
fraction for solutions of attractive spheres is unknown
theoretically.

4.3. Dynamics

4.3.1. Relaxation of concentration fluctuations and sedimentation
coefficient

Considering C;3Eg solutions as an incompressible, athermal,
binary fluid (the solvent and the micelles), the collective diffusion
coefficient D, results from the competition between thermody-
namic effects, which tend to restore equilibrium, and the hydrody-
namic drag, which slows down the micelle motion, and thus the
return to equilibrium. Thereby, D. can be expressed as a function
of the volume fraction of micelle as follows [63]:

D= g4 ["’m (%ﬂ = T @)

where IT is the osmotic pressure of the solution and y{¢y,) its iso-
thermal osmotic compressibility: y;(¢m)™" = NuksT/(VS(0, ¢)) =
oksT/(V1sS(0, ¢)), where S(0, ¢) is the structure factor of the system
at q=0. {(¢m) is a collective friction coefficient that accounts for
the hydrodynamic drag felt by the micelles in the solution. For
q—0, this term can be written as follows: ((¢,) "' =
K(¢m)/(Nmlo) = VisK(d)/(dCo), where K(¢) is the sedimentation
coefficient (the hydrodynamic function in the limit ¢ — 0) and {p
the friction term that acts on an isolated micelle: {o=67ysr, 7s
being the solvent viscosity and r the micelle radius.

_ kT K@) _, K@)
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Fig. 8a displays D /Do as a function of the volume fraction of
hard spheres ¢ for the different samples (¢p(ws, T)=ws ex-
p( — (T — 46)[73); Do = kgT|67H s mic, Where 1.,;c is taken as the aver-
age of the micelle’s radius from SANS data, assuming a linear
increase with T for temperatures not investigated by SANS). For
each concentration, this quantity increases with ¢. In Fig. 8b is
shown the “isothermal” ratio: D{T)/Do(T) as a function of ¢ (i.e.
same data as in Fig. 8a but gathering all data taken at the given
temperature T). For each investigated temperature, the evolution
of D./Dy as a function of ¢ can be fitted to polynomial functions
of degree 3: 1 — A1¢ + A,¢* + 43¢, where 44, 1, and /5 are always
positive; Ay, 4, increasing with T while /3 decreases. The negative
sign in front of /; signals the existence of an attractive interaction
between micelles [63-65]. (The obtained values of 4, are displayed
as a function of T in Fig. 8c.) It is easy to show that S(0, ¢) is given
by the following relation (Supporting Material: Part C.2.2):

S(q— 0,¢)
(1-¢)°

= 2 3 4 9
(1 + 2¢) - ¢ (4 - ¢) + ¢(1 - ¢) (aUrep + bUatt)

where a = 36,.p/(nR) and b = 35,./(nR). Hence, 1/S(0, ¢) is always an
increasing function of ¢. Therefore, to understand the evolution of
D(T)/Do(T) with ¢ that of the sedimentation coefficient must be fig-
ured out.

Values of K are estimated and shown in Fig. 8d. For a given mass
concentration, the values of K increase with T almost linearly with a
slope that seems to be independent of ws (Fig. 8d inset). For each

(8)

temperature, K(¢$) decreases and can always be fitted to a polyno-
mial function of degree 4 (Fig. 8d): 1 — ¢ + 720> — 3> + y4d?,
with y1, v2, ¥3, 74 > 0, which all increase with T (the obtained values
of y; are displayed as a function of T in Fig. 8c). There is no theoret-
ical prediction for the sedimentation coefficient of systems with
such an interaction potential; nevertheless, its behaviour can be
understood easily. At low volume fraction (¢ < 0.25), K(¢) < Kxs(¢),
where Kjs(¢) is the sedimentation coefficient expected for a pure
monodisperse hard sphere system (with a Péclet number Pe < 1):
Kins(¢) = (1 — ¢)%> [66-70] (solid line in Fig. 8d); hence, K(¢) de-
creases faster than that of pure hard sphere dispersions. This is sim-
ply due to the attractive interaction between micelles that increases
the population of nearby particles, which leads to a stronger hydro-
dynamic interaction and friction, increasing the sedimentation
velocity [71,72]. Moreover, K(¢) is expected to decay all the faster
with ¢ as the attraction between particles is strong. Thus, the in-
crease in y; with T (Fig. 8c) arises from the strengthening of the
attraction between C;Eg micelles with temperature. (From there,
we understand the increase in /; as Trises; for low volume fractions
1/5(0, ¢) can be written as: 1/S(0, ¢) ~ 1 + Bo¢ + B3¢, where B, and
B3 are the second and third Virial coefficients, respectively, thus:
21 =7, — B, and B, decreases as the attractive interaction between
micelles enhances.) On the other hand, for ¢ > 0.25, it is observed
that K(¢) is larger than Kjs(¢); that is, K(¢) diminishes less quickly
than that of pure hard sphere dispersions. For these volume frac-
tions, for which the separation distance between micelles becomes
less than 15 A, one can imagine the steric interaction between mi-
celles begins to affect their motion, reducing the near-field hydro-
dynamic interactions, which, therefore, slows down the
sedimentation velocity [73-75]. Hence, the strong increase in
D./Do with ¢ for high volume fractions is the signature of the steric
repulsion between C;,Eg micelles.

For a given mass concentration, the evolution of D. as T in-
creases (shown in Fig. 2) is due to the competition between the de-
crease in volume fraction of micelles and the interaction growth
that affects the hydrodynamic interactions. In Fig. 8c, we display
the values of the second Virial coefficient B, as a function of T, val-
ues measured from SANS experiments (empty circles; Supporting
Material: Part C2.4) and QELS results (full circles; there B,(T) is
simply given by: 7, (T) — 41(T)). Both values are very close to each
other, which points that QELS and SANS measurements are consis-
tent. As expected, B, deceases upon temperature increase, so with
the attraction between micelles and this effect seems to enhance
above 30 °C. Therefore, results on the relaxation of concentration
fluctuations are in full agreement with SANS and viscosity results.

4.3.2. Slow relaxation

Slow relaxation was already reported in many colloidal systems
[38,76,77], and there are several possible explanations for the ori-
gin of such a mode. A possible origin has been proposed by Weiss-
man [78] and Pusey et al. [79]. In concentrated colloidal
dispersions, a slight polydispersity in size, or optical index, may
lead to a slow diffusive mode unaccounted-for by the usual hydro-
dynamic theory. Its relaxation rate is given by self-diffusion, but
with the solvent viscosity #,, replaced by the low shear viscosity
of the solution #sgmpie, thus: Dse= kgT/(67HsampieRs). Using the mea-
sured values of Hsample, it is obtained that the values of Rs seems to
be constant, but of the order of 130 + 30 nm, about 45 times larger
than the hydrodynamic radius of C;,Eg micelles. We therefore dis-
card this explanation. Another kind of slow relaxation exists in
concentred solutions of colloidal spheres: it is linked to the jump
of the spheres out of a “virtual cage” made up by their neighbours
[80,81]. This relaxation, however, has only been observed close to
the disordered-ordered phase transition, for volume fractions lar-
ger than 0.45 and is subdiffusive. As mentioned above, this slow
mode is still observed for the sample with ws=10 wt.% at 50 °C,
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Fig. 8. (a) D./Do as a function of the volume fraction of hard spheres ¢ for the different investigated mass concentrations. (b) D{(T)/Do(T) ratio as a function of ¢, for: 10 °C;
30 °C; 40 °C and 50 °C, respectively. The solid and dashed lines are fits to the data using the function: 1 — 4;¢ + 4,¢? + 43¢> (we did not display the values of D(T)/Do(T) at
20 °C, for clarity reasons). (c) Temperature evolutions of: 4, 71 and B, (the second Virial coefficient obtained from QELS and SANS data). (d) Sedimentation coefficient K as a
function of the ¢ (K(¢) = S(0, ¢)Dc(¢)/Do), for: 10 °C; 30 °C; and 50 °C (we did not display K(¢) at 20 °C and 40 °C, for clarity reasons). Dashed lines are fits to the data using the
function: 1 — 716 + 72¢% — 3¢ + 74¢*; the solid black line is the evolution of the sedimentation coefficient expected for a pure monodisperse hard sphere system. Inset:
temperature evolution of the sedimentation coefficient for the different investigated mass concentrations (same set of markers as in Fig. 8a).

hence down to a hard sphere volume fraction ¢ of about 0.1 and is
diffusive, or super-diffusive.

Here, we may compare our results with those obtained by
Brown et al. [38]. They performed QELS measurements in the mass
fraction range 0.5-15% and temperatures between 14 and 54 °C.
For ws > 10 wt.%, they also observed two relaxation modes. Our
values of the diffusion coefficient are of the same order of magni-
tude as theirs. However, their observations on the evolution of the
D¢/Dy ratio as a function of ws for a given temperature are slightly
different from ours. Although they observe the existence and the
strengthening of an attraction between C;,Eg micelles upon tem-
perature increase, contrary to us, they do not observe the effects
of this attraction below 32 °C. For T < 32 °C, they find a linear in-
crease in D./Dg with ws and thus positive /;. We do not understand
this discrepancy. The conclusions we draw from our results are,
nevertheless, qualitatively, in good agreement with their results.

4.3.3. Local order relaxation; viscoelasticity

Viscoelastic behaviour is seen for micellar solutions with hard
sphere volume fractions higher than 0.3-0.35. Following Refs.
[44,82], we made the assumption that this viscoelastic behaviour
is due to the relaxation of the local order caused by the micelle-mi-
celle interaction. In this framework, 7 is the local order relaxation
time, ., which is given by: ¢2/6D, [82], where D, is the collective
diffusion coefficient and ¢ the correlation length of the micelle-mi-

celle distance fluctuations that characterises the spatial range of
the local order. Using the measured values of D. and ¢ (Supporting
Material: Part C2.5, Fig. S.13), the values of 7; can be estimated.
They are shown in Fig. 9a together with the measured Maxwell
relaxation times 7.

One observes that values of t: and t are of the same order of
magnitude and both decrease with T in similar ways. In Fig. 9b,
the measured values of 7 are plotted as a function of ¢; t increases
with ¢. According to the model of the local order relaxation, 7 is ex-
pected to diverge with ¢ as &2, that is, as: (1 — ¢/0.54)~">, which
seems to be the case for both samples. As D, is larger for wg =35 -
wt.% than for ws =30 wt.%, for a given ¢, 7 is expected to be longer
for the less concentrated sample. That is what observed (Fig. 9b).
These set of results strongly support our hypothesis on the origin
of the viscoelasticity of these mixtures and therefore we believe
that this behaviour is due to the relaxation of the local structure
of micellar solutions.

Using what we learned about this system, it is easy to under-
stand the behaviour of G, with T (Fig. 3c). When T is increased
from very low temperatures, the decrease in the effective volume
fraction of micelles, which should cause a decrease in G, and
the increase in the direct interaction between micelles, which op-
poses the relative motion of micelles resulting in an increase in G,
compensates each other. Thus, at first, G, remains almost con-
stant. Then, it is the increase in the interaction between micelles
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that takes over and G, increases although the micelle volume frac-
tion keeps decreasing.

It should be noted that the rheological behaviour of C;;Eg/H,0
mixtures is very different from that exhibited by wormlike micelle
solutions consisting of non-ionic surfactants such as, for example,
Cq2Es and Cy,Eg [44,45,82] or of ionic surfactants [83] that display
viscoelastic properties at much lower concentrations, and with
much slower relaxation times. Furthermore, C;3E5 ([45] and Sup-
porting Material: Part C.3, Fig. S.14) and C;,Eg [44] solutions have
a more complex behaviour with two Maxwell relaxation processes
in the accessible frequency range.

5. Summary and conclusions

The aim of this work was to provide information on the struc-
ture, thermodynamics and dynamics of the isotropic phase of
spherical non-ionic surfactant micelles. For such a purpose, we
investigated C;,EOg/water mixtures over a wide range of concen-
trations and temperatures (i.e. 1-35wt.% in mass fraction and
10-60 °C in temperature). Our approach, crossing several experi-
mental techniques: Small-Angle Neutron Scattering (SANS), Quasi
Elastic Light Scattering (QELS) and High Frequency Rheology
proved useful for a complete understanding of this system proper-
ties. Our results show that the temperature behaviours of the
structural, thermodynamic, dynamic and rheological properties of
these solutions are fully monitored by the temperature-induced
changes in the hydration of octa-ethylene-glycol chains. These
changes in the hydration of Eg chains control both the pair interac-
tion potential and the volume fraction of micelles. Therefore, the
temperature evolutions of the physical properties can be fully ex-
plained by the temperature-induced competition between varia-
tions in the volume fraction of micelles and interactions. Even if
this was suspected, it had never been demonstrated clearly before.
The main results that our investigation demonstrates and we
wanted to bring out in this article are the following.

e Ci5Eg molecules in water associate to form spherical micelles,
and the size of which is constant with concentration and
increases slightly with T (at least up to about 60 °C). According
to the C3Eg/H,0 phase diagram, it is likely that this does not
hold any longer at higher concentrations (at about 40 wt.%,
close to L1/H1 transition) or higher temperatures (close to the
critical consolute temperature; above 70 °C). This is in total

agreement with previous results [25,29-32], but completely at
odds with the results of Hedin et al. [33]. We believe that Hedin
et al. misinterpreted their data; indeed, they investigated only
one sample with ws=5wt.% and consider no interaction
between Cq3Eg micelles, which is a highly questionable
assumption.

e For a given concentration of C;,Eg, because of the temperature-
induced changes in Eg chain hydration, the number of micelles
in solution is not constant with temperature. The volume frac-
tion increases as T decreases: ¢(ws, T) = Awsexp(E/kgT), with
E=(1.73%0.15) x 1072°] (i.e. E=(4.2 £ 0.4)kgT) and A =0.0186
+0.0005. This explains why an isotropic-ordered phase transi-
tion is observed in this system upon decreasing T in the concen-
tration range 31-38 wt.%. In this range, it exists a temperature
greater than 0 °C below which the effective volume fraction of
hard spheres exceeds the value at which hard sphere solutions
undergo a disordered-ordered phase transition.

o The interaction potential between C;Eg micelles is more com-

plicated than previously described [25,34]. SANS, QELS, as well

as rheology measurements demonstrate that the micelle-
micelle interaction is temperature dependant and can be
described as the superposition of three contributions: a hard
core, with a range shorter than the micelle radius, an additional
repulsive potential and an attractive potential. The strength of
the attractive part increases with T, very likely due to the
change in the solvent quality for the ethylene oxide chains as
temperature rises (water turning from good to bad). The
additional repulsive potential is of steric origin, due to the inter-
penetration of the surfactant hydrophilic heads, and to our
knowledge, this additional repulsion has never been described
before. This repulsion seems to monitor the physical properties
of concentrated solutions (typically for ¢ larger than about

0.25), well before the concentration at which Eg chains start

to overlap (¢ > 0.39).

Our investigation provides new information on the dynamics of

these mixtures that reflect the complexity of the interaction

potential between the C;,Eg micelles. It reveals that concen-
trated solutions exhibit a viscoelastic behaviour that can be
described by a simple Maxwell model, with a relaxation time
below 107 s. This viscoelastic behaviour originates in the relax-
ation of the local order due the micelle-micelle interaction. To
our knowledge, there is so far only one study on the viscoelastic
properties of these systems [44]. Nevertheless, some points of
the dynamics of these systems still remain unclear. In QELS
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experiments, we observe a puzzling slow relaxation mode, the
origin of which could not be found out; we can, however, rule
out the size polydispersity of micelles as well as cage rearrange-
ment as causes.

We believe that our conclusions may also apply to other GE;-
water mixtures as well as to pluronic-water mixtures, since in
all these systems temperature-induced dehydration of the head
groups must modify both the aggregation number and the interac-
tion potential. It is highly likely that GE; molecules having an E;
group much bigger than their alkyl chain (e.g. Cy;E;, with j > 9)
form spherical micelles in water and the structure, thermodynam-
ics and dynamics of their isotropic phases should exhibit similar
concentration and temperature behaviours as those of C;,Eg micel-
lar solutions. Our results should be applicable to dispersions of
spherical colloids coated with PEO or PEG chains, which should
have the same kind of temperature dependence of the interaction
potential between particles. Because the interaction between mi-
celles is easily tuneable by means of temperature, one can imagine
that these systems could be used as model systems for investigat-
ing the physics of spherical colloids with weak interactions.
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