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Emergence of surfactant-free micelles from ternary
solutions†

S. Schöttl,a J. Marcus,a O. Diat,b D. Touraud,a W. Kunz,a T. Zemb*b and D. Horinek*a

Curious effects ranging from enzyme activity to anomalies in evaporation rates that have been known for

over fifty years suggest the existence and thermodynamic stability of surfactant-free micelles. Only

recently, joint X-ray, light and neutron scattering experiments have demonstrated that aggregates and

bulk pseudo-phases coexist in presumably normal solutions, in which a water insoluble component is

solubilized in a certain domain of concentration of a hydrotrope component like ethanol. Nevertheless,

nothing is known about the molecular-level shape and structure of such aggregates. In this work we

characterize mixtures of octanol, ethanol, and water by molecular dynamics simulations. For

compositions in the “pre-ouzo” region (close to the single phase stability limit) we observe micelle-like

aggregates that are clearly distinct from simple critical density fluctuations. We define an ethanol

partition in the pseudo-phase from an integral of the van der Waals dispersion energy term. From this

partition, octanol-rich aggregates swollen with ethanol appear with an emerging interface. Ethanol is

present in the water pseudo-phase with an exponential decay similar to the one predicted by Marcelja

and Radic forty years ago.
Introduction

Surfactants in solution form several types of nanoscale struc-
tures: lyotropic liquid crystals were identied in the late XIXth
century, micelles were proposed as such in the thirties of the
XXth century by McBain but were accepted only ten years later,1

and also microemulsions, which are thermodynamically stable
in contrast to standard emulsions, were identied in 1948 by
Winsor.2 Since then, the standard theory of micellisation, which
considers the solvent with monomers as a pseudo-phase in
equilibrium with structured aggregates, has been progressively
accepted. These aggregates have an optimal volume set by steric
constraints due to surfactant head-group area or “surface
charge regulation”.3–5

However, strange observations dating back to the early XXth
century about membrane enzyme reactions in lipid-less media,6

non-linear effects in evaporation of ternary mixtures,7 the polar
paradox in oxidation rates of ternary uids8 as well as unex-
plained “single phase” ternary solutions that contain ethanol9

led to the proposition in the seventies by the group of Barden10

that “surfactant-less microemulsions” should go beyond a nice
name to some strange unexplained properties of some homo-
geneous ternary uids that can be reversibly phase separated by
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simple centrifugation,10 but correspond to a thermodynamic
equilibrium in the phase diagram. The existence of SFME was
considered bymost people as a sort of urban legend, mainly due
to the tautological argument that all known micelles contained
surfactants, so surfactant-less micelles or microemulsions
should not exist.

However, recent scattering experiments with light11 and with
X-rays and neutrons,12 gave proof of structures identical to
“standard” micelles, which led to the unambiguous conclusion
that well-dened aggregates with a preferred size exist in ternary
solutions containing two alcohols (ethanol, which is a hydro-
trope13 and octanol, which acts in classical formulations as co-
surfactant14). Some of these experiments also demonstrated
that these structures are not caused by critical uctuations,
because the signals of different solution components give
different q dependencies.

According to the standard theory of micelles, these
surfactant-free microemulsions (SFME) should not exist. This
work presents molecular modeling results (molecular
dynamics simulations with fully atomistic resolution without
specically adjusted force eld parameters) that demonstrate
the microemulsion-like character of an octanol–ethanol–water
ternary solution. The obtained results serve as a guide to the
mind and help to investigate what is the emerging interfacial
lm, and to understand on a molecular level how these
structures can subsequently “vanish” in ordinary ternary uids
by adding ethanol or be subject to an ouzo-type instability,
where an emulsion is induced simply by evaporation of
ethanol.
Chem. Sci., 2014, 5, 2949–2954 | 2949
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Fig. 2 Histogram of aggregate sizes as they are determined by the
number of octanol molecules in an aggregate. (A) Ethanol mole
fraction xE ¼ 0.9: molecular solution of highly soluble octanol mole-
cules. The inset shows a logarithmic plot, which reveals an exponential
distribution of aggregate sizes. (B) Ethanol mole fraction xE ¼ 0.1. The
peak close to N ¼ 56, the total number of molecules in the simulation
box, points to a phase separation in the finite simulation system. (C)
Results from a simulation with 224 octanol molecules for an ethanol
mole fraction in the pre-ouzo region xE ¼ 0.2. The double logarithmic
plot shows that the aggregate probabilities follow a power-law
distribution with an exponent of �1.93 up to aggregation sizes of N ¼
10. For larger aggregates, the probability is higher than the power-law
extrapolation with a broad feature around N ¼ 20, a distinct peak
around N ¼ 55, and a weak, broader signal for sizes larger than 100.
There are no aggregation sizes larger than 135, which is well below the
maximum size of 224, therefore the aggregation is not limited by the
finite simulation box size. (D) Probabilities that an aggregate has a size
of N (green points, ‘mole fraction’) and that an octanol molecule is
found in an aggregate of size N (red points, ‘volume fraction’). The
appearance of a local minimum in the distributions demonstrates the
micelle-like character of the aggregates.
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Results
Octanol aggregation into pre-ouzo micelles observed by
molecular simulations

Octanol aggregation is studied in dilute solutions of octanol in
ethanol–water mixtures with compositions ranging from pure
water (mole fraction of ethanol xE ¼ 0) to pure ethanol (xE ¼ 1).
For each composition the aggregation of octanol molecules in
solution is analyzed by means of the number of octanol aggre-
gates, shown in Fig. 1A, and the size of the largest octanol
aggregate, shown in Fig. 1B. The poor solubility of octanol in
pure water (xE ¼ 0) leads to the formation of one octanol
aggregate that contains basically all octanol molecules in the
small simulation box. Only from time to time does an octanol
molecule dissolve into the aqueous phase. A few more octanol
molecules become solvated when small amounts of ethanol are
present (xE ¼ 0.1), but otherwise the scenario of a phase-sepa-
rated system with one large cluster is unchanged. At the oppo-
site limit (xE ¼ 1), octanol is soluble in pure ethanol, and
aggregation is limited to statistical association into small clus-
ters in the solution. The characteristics of the aggregation are
shown in histograms of aggregate sizes, in which all clusters
observed during the simulation are included (not only the
largest cluster as shown in Fig. 1B). Fig. 2A shows the histogram
for a very high ethanol content (xE ¼ 0.9). An exponential decay
with the cluster size is the result of subsequent size-indepen-
dent association equilibria Octn + Oct % Octn+1. Fig. 2B shows
this histogram for xE ¼ 0.1. The probability distribution shows
one large cluster that contains almost all octanol molecules that
are present in the system, which again points to phase separa-
tion. The key point here lies in compositions that correspond to
the pre-ouzo regime at intermediate ethanol contents close to
the instability curve: these mixtures do not show macroscopic
phase separation, but they are also not simple molecularly
homogeneous solutions of octanol. We identify this regime in
the simulations with an ethanol content of xE ¼ 0.2 (owing to
the simplicity of classical force elds this composition does not
quantitatively match the composition at which the pre-ouzo
effect is observed experimentally. Nevertheless, the qualitative
Fig. 1 Octanol aggregation in ternary octanol–ethanol–water
mixtures with varying ethanol–water ratio and 56 octanol molecules.
The compositions vary from xE ¼ 1, where perfect miscibility is
observed to a solution in pure water (xE ¼ 0), where phase separation
takes place. (A) Number of aggregates as a function of simulation time.
(B) Size of the largest aggregate as function of simulation time.

2950 | Chem. Sci., 2014, 5, 2949–2954
observations are the same as long as the stability of the one-
phase system is ensured in the MD simulations). Fig. 2C shows
that aggregates of up to approximately 50 octanol molecules
form in the solution, which is very close to the total octanol
number of 56. A clearer view is obtained by looking at a 4 times
larger simulation system, in which 224 octanol molecules are
present. The cluster size histogram shows that there are no
relevant aggregates with sizes larger than 100, which proves that
the observed aggregates are not limited by the small system size.
The cluster size distribution shows clear peaks centered at
cluster sizes of approximately 20 and 55, and a weak broad peak
with more than 100 molecules, which are clearly different from
clusters that appear as a consequence of critical uctuations of
a system that is close to instability. Such critical uctuations,
which diverge for second order phase transitions but not for
rst order phase transitions, would produce a power-law
distribution of cluster sizes without distinct peaks. In fact, a
double-logarithmic plot clearly shows that the aggregate size
distribution follows a power law with a scaling exponent of 1.93
up to aggregation sizes of ten octanol molecules. For higher
aggregation sizes the power-law distribution is augmented by
additional features: a broad signal around N ¼ 20, a sharper
peak around N ¼ 55, and a weak and broader signal for sizes
This journal is © The Royal Society of Chemistry 2014
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larger than 100 octanol molecules. Such numbers are typical of
short-chain anionic surfactants presenting a peculiar variability
of aggregation numbers with concentration.15 The distribution
of cluster sizes shows that aggregates with these aggregation
numbers full the thermodynamic denition of micelle
formation: they are local minima in the free energy and show up
as local maxima in the histogram.

These local maxima correspond to the emerging micelles
that are stable between the phase separation and ordinary
ternary uids; we note also that the rst distinct deviation from
the power-law distribution corresponds to 20 molecules: for
rather exible surfactants, extremely monodisperse small direct
micelles with ten to twenty molecules are obtained, since none
of the molecules can be present “inside”.16
Signatures of pre-ouzo micelles in scattering signals

The formation of micelle-like aggregates in the pre-ouzo region
is accompanied by characteristic patterns in the scattering
signals. Fig. 3 shows the scattering intensity I(q) obtained from
the simulation data for ternary systems that are a simple one-
phase system (blue, xE ¼ 0.9), a pre-ouzo system (green, xE ¼
0.2), and a two-phase system (red, xE ¼ 0.1). In the simple,
micelle-free solution in pure ethanol, there is a large peak
around q ¼ 1.7 Å�1. This peak is typical of the molecular
packing in ethanol, which is the dominant component at this
composition. At lower values of q, there is no indication of
larger-scale structures. With increasing water content in the
solution, the intensity of the ethanol peak is gradually
diminished, while a double peak at q ¼ 2 Å�1 and q ¼ 3 Å�1,
which is the typical signal of water scattering, arises at the
same time. These peaks correspond directly to the angstrom-
scale atomic packing in the system. Signatures of the emer-
gence of micelles occur in the region of lower scattering angles:
Fig. 3 SWAXS intensities I(q) obtained from simulation (MD) and from
experiments (Exp.) of octanol in differently composed octanol–water
mixtures. The discrepancy between MD and experiments for the
highest water content can be explained by the small simulation system
size, where phase separation means the formation of droplets with the
characteristic wavelength equal to the box size (approximately 10 nm).
In the experiments, the droplets formed in the ouzo regime are in the
micron range and give rise to a signal at lower q below 0.1 Å�1. The
most prominent discrepancy between the calculated and experi-
mental curves occurs for the highest water content and is traced back
to the small simulation system size, where phase separationmeans the
formation of droplets that are arranged in a lattice with length equal to
the box size (approximately 10 nm). In the experiments, the droplets
formed in the ouzo regime are in themicrometer range and give rise to
a signal at q below 0.01 Å�1.

This journal is © The Royal Society of Chemistry 2014
with pure ethanol as solvent, a weak secondary peak is seen at
q z 1 Å�1. The location of this peak gradually shis towards
lower q with increasing water content. The scattering signature
is close to that obtained for micelles formed by sodium octa-
noate, a well-known short chain surfactant.15,17 For the xE ¼ 0.2
solvent, the maximum of the peak cannot be resolved, because
the low-q limit is dictated by the simulation box size, which is
of the order of 10 nm, and a steady increase in intensity is
observed for q / 0. This peak is a direct evidence for the
existence of the micelles emerging in the pre-ouzo region,
which increase when the composition approaches the limit of
stability.

The low-q signal of the phase-separated system with xE ¼ 0.1
also shows a drastic increase in intensity for q/ 0. In this case,
the scattering signal is produced by the presence of only one
large droplet in the simulation box and is a simple result of the
nite-system phase separation. Experimental small and wide
angle X-ray (SWAXS) data, which are also shown in Fig. 3, agree
well with the simulation results, similar to the good agreement
found for binary alcohol–water mixtures.18
Two populations of ethanol molecules

We now extend the concept of two pseudo-phases as introduced
by Tanford: dilute solutions of monomers are in equilibrium
with micelles: since there is no surfactant, this requires a “rule”
for determining if a given ethanol molecule “belongs” to the
micellar pseudo-phase or to the solvent pseudo-phase. As values
of vapor pressure in the pre-ouzo region demonstrate, only a
fraction of the ethanol is apparently present in the aqueous
pseudo-phase, since the ethanol activity in the ternary system is
lower than in the corresponding binary system.19 This is due to
the fact that the ethanol molecules are partitioned between the
pseudo-phase, and only a fraction is a constituent of the octa-
nol-rich aggregates in the thermodynamic sense. Only the
remaining ethanol molecules “belong” to the external water-
rich pseudo-phase.

In order to have a self-consistent denition of this partition
of ethanol, we cannot rely on the distribution of head-groups of
surfactants seen as a dividing surface: instead, we pick out one
aggregate and determine the van der Waals interaction EEM
between this aggregate and one selected ethanol molecule.
Summing over all ethanol molecules in the system, the distri-
bution of the interaction energies, which is shown in Fig. 4,
shows a large peak centered at EEM ¼ 0, which means that most
ethanol molecules interact only weakly with the selected
aggregate and are not part of the aggregate. However, the plot
shows a minimum at EEM ¼ �1.5 kJ mol�1 and a subsequent
peak that represents a second population of ethanol molecules
that are “bound” to the octanol aggregate and therefore belong
to the octanol-rich pseudo-phase. The ethanol molecules which
have weaker interaction energies than EEM ¼ �1.5 kJ mol�1 do
not belong to the analyzed aggregate. They are either in the
water-rich pseudo-phase or they belong to another aggregate in
the system. The average interaction energy of ethanol molecules
bound to octanol-rich aggregates is EEM ¼�3.8 kJ mol�1, which
can be interpreted as an average binding energy.
Chem. Sci., 2014, 5, 2949–2954 | 2951
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Fig. 4 Histogram of the van der Waals interactions of ethanol mole-
cules with one octanol aggregate. Most of the molecules have a close
to zero interaction and there is a peak for EvdW / 0. A minimum at
EvdW ¼ �1.5 kJ mol�1 separates these ‘unbound’ ethanol molecules
from a second population of ‘bound’ ethanol molecules that interact
significantly with the octanol aggregate. The snapshot shows an
aggregate with the octanol and bound ethanol molecules.

Fig. 5 Snapshots of the simulation system in the one-phase region
near the binodal line (ethanol mole fraction xE ¼ 0.2, water mole
fraction xW ¼ 0.8). (A) Only the octanol molecules are highlighted. (B)
The ethanol molecules that interact strongly with the octanol mole-
cules are also shown as blue dotted spheres.

Fig. 6 (A) Radial distribution function of water, octanol, and ethanol
with respect to the center of mass of the micelle-like aggregate in the
pre-ouzo region (xE ¼ 0.2). The RDF of ethanol is also split into the
curves of bound (dashed) and unbound (dotted) ethanol molecules as
determined by the van der Waals interaction energy criterion (see
Fig. 5). (B) A closer look at the decay of the ethanol RDF outside of the
aggregate. The decaying concentration is nicely described by an
exponential with a decay length of 2.2 Å.
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Fig. 5 shows snapshots of the simulation with xE ¼ 0.2. In
Fig. 5A only the octanol molecules are shown, in Fig. 5B all
ethanol molecules that are part of an octanol aggregate are also
shown. One core result of this work becomes apparent when we
take the partition of ethanol into account: octanol-rich micelles
are a discrete collection of globular aggregates when only
octanol molecules are considered (A). Upon closer examination
of part (B), it appears that some of the ethanol molecules
penetrate into the core of the aggregate, but most ethanol
molecules are close to the interface of the aggregate.
Structure of the micellar aggregates

We nally analyze the local density of the mixture components
with respect to the centers of the octanol-rich domains, taken as
micelles emerging along a dilution route going towards lower
content in ethanol. With the assumption that the aggregates are
approximated on average as spherical objects, the local densi-
ties can be reduced to one-dimensional functions, which are
shown in Fig. 6. The density of octanol is highest inside the
aggregate with a local density of 4 mol l�1 at the center. With
increasing distance from the micelle center, there is a decay of
the octanol concentration. As expected, the water density shows
2952 | Chem. Sci., 2014, 5, 2949–2954
the opposite trend and increases with the distance from the
micelle center. It is noteworthy that there is some water in the
aggregate and some octanol in the aqueous phase. The location
of the interface, determined as the distance at which the octanol
concentration decays to 1/e, is at r ¼ 15 Å, which is very close to
the size determined by tting to a Teubner–Strey parametric
expression.12 The interface, in the sense of application of DLVO
at a primitive level using Lifshitz’s approximation,20,21 can be
dened as the plane where octanol and water density cross.
Ethanol, the component of the mixture that induces miscibility,
is distributed over both pseudo-phases: the density inside the
micelle is approximately 4 mol l�1, about half the value that is
found in the aqueous pseudo-phase. At the location of the
interface, there is a slight but distinct peak in the ethanol
concentration, aer which the concentration decays slowly to
the bulk value: this slight enhancement corresponds to the
appearance of an interfacial lm in classical micelles.22 The
split of the ethanol density into contributions from “bound”
and “unbound” molecules reveals that in the bulk aqueous
phase the density of bound ethanol approaches zero, but even
in the center of the micelle unbound ethanol is present.
The distribution of ethanol in the aqueous phase

The ethanol concentration has a peak at the interface of the
micelle, which is reminiscent of surfactants, but in contrast to a
usual surfactant there is no sharp peak in the concentration
prole. On both sides of the concentration maximum, the
ethanol concentration decays slowly to a constant value. The
This journal is © The Royal Society of Chemistry 2014

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c4sc00153b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
14

. D
ow

nl
oa

de
d 

on
 2

0/
04

/2
01

5 
10

:1
4:

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
decay in the liquid phase is approximately exponential with a
decay length of length of 2.2 Å (see Fig. 6B). This decay appears
without any force eld tuning or ad hoc biasing of the simula-
tion. It is a direct and natural consequence of the general
mechanism of the primary hydration force near a hydrophilic
interface, as proposed by Marcelja and Radic in 1974 (ref. 23)
and conrmed experimentally in a very large corpus when
lipids, proteins, latex, polysaccharide or even DNA are consid-
ered.24 The decay shown in Fig. 6B demonstrates that this
general result is also valid for the case of micelles without
surfactant. At rst glance, octanol only appears as distinct
clusters, but taking “bound” ethanol molecules also into
account takes us close to a percolated bicontinuous network. In
this case, one nds a fractal dimension of around 2. However, it
should be noted that here we do not deal with particles with
sharply dened edges, but surface–volume fractality is present,
as dened by P. W. Schmidt,25 in which values beyond 1.7
correspond usually to innite connectivity.
Discussion and outlook

Our study gives a clear molecular view of the microemulsion-
like properties of water-rich surfactant-free ternary systems
octanol–ethanol–water: octanol forms aggregates that are
swollen by ethanol, which is enhanced at the interface. The
driving force for the octanol aggregation is the partial hydro-
phobic nature of octanol. This suggests a common mechanism
for structure formation in a large class of ternary aqueous
systems. Indeed, well-known solutions with microemulsion-like
properties in the absence of surfactants are alcoholic beverages
similar to ouzo, which contain rather hydrophobic components
like anisole, which is a poorly water-soluble aromatic ether, as a
third component. The fact that here (as in many other cases) the
third, hydrophobic component is not a long-chain alcohol (or
another type of a co-surfactant), makes us condent that the
surface activity of octanol is not at the origin of the micro-
emulsion-like behavior of the ternary mixture. In the presence
of large amounts of ethanol all these solutions are thermody-
namically stable, and it is common knowledge that the binodal
stability curve is crossed upon the addition of water, causing the
so-called “ouzo effect”:26 stable macroscopic droplets are
formed and the formerly clear solution turns turbid. Other
alcoholic beverages like whisky are known to have an increased
avor when diluted with water, which will drive the system into
the pre-ouzo region, but any further dilution will induce phase
separation. Antiseptic alcoholic solutions such as Synthol in
France are in fact surfactant-free microemulsions. They are
diluted and phase-separated when the mouthwash formulated
as a structured pre-ouzo solution is mixed with saliva.

This pre-ouzo to ouzo transition is a frequently observed
phenomenon, usually upon dilution with water. By contrast,
when moving into the other direction, i.e. into the region of an
ordinary ternary solution, there is no phase transition, and the
surfactant-free microemulsion aggregates gradually disappear
when ethanol is added. This is likely due to the effect that the
ethanol decay length becomes comparable to the radius of the
This journal is © The Royal Society of Chemistry 2014
octanol-rich aggregates and consequently the interface thick-
ness becomes comparable to the inter-micellar distance.

Finally, it should be pointed out that the aggregates observed
in our modeling study are distinct from “pre-micellar aggre-
gates”, which are formed by many surfactants, bile salts, lipids,
and amphiphilic proteins, and whose existence is a thermody-
namic necessity.

Aer the characterization of the molecular properties of pre-
ouzo aggregates, an obvious next step will be to investigate the
gradual disappearance of these emerging micelles (or SFME) in
favor of more classical micelles that are obtained upon gradual
addition of surfactants to surfactant-free micellar solutions.

Methods

All simulations were carried out using the GROMACS 4.5 suite
of programs.27 The simulation boxes contained a total of 8056 or
31 970 molecules for the small or the large systems respectively,
where the small systems contain 56 and the large one 224
octanol molecules. The boxes were cubic and the edge length
ranges from 6.3 nm to 9.2 nm for the smaller systems,
depending on themole fraction of ethanol. For the large system,
the edge length constitutes 11.2 nm.

Simulation box preparation

At rst, boxes containing 56 (224) octanol molecules, distrib-
uted evenly throughout space, were generated for each system.
In the same manner ethanol molecules were inserted and the
box was subsequently lled with water. The conguration was
minimized using a steepest descent algorithm until the
maximum force was smaller than 10.0 kJ mol�1 nm�1. Subse-
quently the system was equilibrated for 100 000 steps of 1 fs
using the same parameters as for the production run (see next
paragraph), but employing a Berendsen barostat.

Simulation parameters

We used the OPLS/AA force eld for ethanol,28 and for water the
TIP4P2005 model29 was employed. For octanol, we used
an optimized OPLS all-atom force eld for long hydrocarbons
(L-OPLS).30 We used a 1.0 nm long-range cutoff for Lennard-
Jones interactions. Electrostatic interactions were accounted for
applying the smooth particle mesh Ewald (PME) algorithm. The
temperature was held constant at 300 K via the velocity rescaling
algorithm and a Parrinello–Rahman barostat was used for
pressure coupling at 1.0 bar and a compressibility of 4.5 � 105.
The time constant for both methods was 1.0 ps. All bond
lengths were constrained to their equilibrium values using the
LINCS algorithm. Periodic boundary conditions were applied in
all directions. A leapfrog integrator with a time step of 2 fs was
employed. The small systems were simulated for 200 ns, the big
system was simulated for 550 ns.

Trajectory analysis

The decision whether an octanol molecule is part of a clustered
structurewasmadebasedonadistance criterionas implemented
in the GROMACS tool g_clustsize. Twomolecules are considered
Chem. Sci., 2014, 5, 2949–2954 | 2953
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to be part of the same cluster whenever the distance between two
of their atoms is smaller than 0.78 nm. For our analysis, the
carbon atoms of octanol as well as the oxygen and its linked
hydrogen were selected as a reference group. The rst distinct
minimum of the radial distribution function of all the atoms in
the set for the case of phase separation (xE¼ 0) was chosen as the
cutoff distance 0.78 nm. We note that this choice is not crucial,
because a cutoff of 0.48 nm, where we nd a weakerminimum in
the radialdistribution function,producesvery similar results (see
ESI†). The radial density distributions of any subset of atoms
around the geometric center of a cluster of given size, averaged
over the trajectory, were determined with a self-written program.
The space around the center is divided into concentric spherical
shells of adjustable width for each of which the number of atoms
belonging to the considered group is evaluated.
Comparison of MD results with X-ray scattering

The structure factor was calculated by the expression

SðqÞ ¼
X

i;j

GijheiqðRi�RjÞi, in which the weights Gi,j were propor-

tional to the product of the atomic numbers of the elements i
and j. Calculations of the structure factor were done with
nMoldyn.31 The scattering intensities were obtained by I(q) ¼
S(q)f(q)2 with an approximate atomic form factor that was
averaged from atomic form factor functions32 for all included
atom types.
Scattering experiments

Small and wide-angle X-ray scattering (SWAXS) experiments
were carried out on a bench built by Xenocs and using Mo
radiation (l ¼ 0.71 Å). A large on-line scanner detector (MAR
Research 345) located at 750 mm from the sample stage was
used to record the scattered beam. A large q range (2 � 10�2 to

2.5 Å�1) with q dened as q ¼ 4p
l

sin
w

2
was covered thanks to

off-center detection (w being the scattering angle). Collimation
was applied using a 12 : N multilayer Xenocs mirror (for Mo
radiation) coupled to two sets of Forvis scatterless slits
providing a 0.8 mm � 0.8 mm X-ray beam at the sample posi-
tion. The experimental resolution is Dq/q ¼ 0.05. Absolute
intensities were obtained using either a 2.36 mm thick high-
density polyethylene sample (from Goodfellow) as a calibration
standard or water for which the level of scattering at low q is
known (1.64 � 10�2 cm�1) because it is proportional to the
compressibility of the uid. Data pre-analysis was performed
using FIT2D soware, taking into account the electronic back-
ground of the detector (the at eld being homogeneous),
transmission measurements (using a photodiode that can be
inserted upstream the sample) and empty cell subtraction. The
scattering intensities were thus expressed versus the magnitude
of scattering vector.
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