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GRAPHICAL ABSTRACT

ABSTRACT

Hydrotropes are used to solubilise poorly soluble solutes. Here the general features of the solution behaviour of the very
common anionic hydrotrope sodium salicylate is investigated. With the use of density and scattering measurements, it is
demonstrated that around the critical point neither pre-Ouzo structuring nor an Ouzo effect are present. By contrast, in a
domain near the liquid-solid phase boundary, X-ray light and neutron scattering combined with a density excess
determination prove the presence of dynamic aggregates. These aggregates are stabilized without any surfactants, but by
selective solvation of ethyl acetate, reminiscent of stable liquid pre-nucleation aggregates. And most surprising: in water
saturated by ethyl acetate (20 % wt), sodium salicylate micellizes like a medium chain classical surfactant.

Keywords: hydrotrope; sodium salicylate; ethyl acetate; pre-nucleation aggregate; critical phase separation;

1. Introduction

To solubilize hydrophobic components in water, usually surfactants are used. An alternative is the use of a
hydrotrope [1]. This is a component that is amphiphilic and highly soluble in water, but does not permit the
formation of defined structures such as spherical micelles or liquid crystals. Instead, it may form ill-defined
aggregates in water, but this is not mandatory. Often, hydrotropes only form such aggregates in the presence of a
hydrophobic compound that the hydrotropes surround and, as a consequence, dissolve in an aqueous medium.
There are different mechanisms through which hydrotropes enhance the solubility of a hydrophobic compound in
water [2], but in all cases, the required hydrotrope concentrations are much higher (usually in the molar range)
than the required surfactant concentrations to dissolve a significant amount of “oil”, meaning a hydrophobic
component [3].

Surprisingly, such ternary, surfactant-free mixtures of water, hydrotrope and oil can even lead to long-time
stable emulsions, as in the well-known Ouzo mixture [4]. In this case, essentially a homogeneous mixture of
water,
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ethanol (the hydrotrope) and anethol (the oil) can be diluted with water so that the phase unmix into two liquid
phases. These phases do not separate immediately into two macroscopic liquid layers, but spontaneously form
more or less very stable emulsions with very monodisperse drops, even in the absence of surfactants. This effect
is termed the “Ouzo effect”, and the driving forces for this phenomenon is still not fully understood.

However, there is another unusual phenomenon. For monophasic ternary mixtures of water, a hydrotrope and
a hydrophobic compound such as the one in the original Ouzo mixture, more or less well-defined structures
could be identified. These structures have been termed “pre-Ouzo structures” (and the corresponding, underlying
effect the “pre-Ouzo effect”) [5], since they were found at compositions close to the liquid-liquid phase
boundary, where Ouzo emulsions spontaneously occur. These pre-Ouzo structures have a certain similarity to
classical microemulsion systems, despite the fact that the hydrotropes are not surfactants. The structures can be
swollen direct micelles, bicontinuous structures or reversed ones [6].

Since several years, there is a growing interest in the understanding of the Ouzo and pre-Ouzo effect, because
they are widely used in industrial formulations and processes. However, until now, only ternary mixtures water-
oil-hydrotrope with uncharged hydrotropes have been investigated [7], whereas for industrial applications,
various types of charged hydrotropes are also widely used. A typical example is sodium cumene or xylene
sulfonate in household cleansers.

In the present study, we consider another classical charged hydrotrope, namely sodium salicylate. This 1-1
electrolyte is widespread as a solubilizing agent (hydrotrope) in the pharmaceutical [8—16] and body care
industry [17,18] to solubilize hydrophobic dyes, aroma, perfume or pharmaceutically active molecules in water.
Especially for pharmaceutical applications, it is favorable to formulate stable colloidal solutions without classical
surfactants.

Sodium salicylate has several advantages in formulation [1]. However, it is not fully miscible with ethyl
acetate. On the other hand, due to its ionic character, it brings into the water-hydrotrope-oil system an additional
interaction force, and we find it interesting to investigate, in how far this feature influences the structuring in the
monophasic region of such a ternary mixture.

We consider here mixtures of water, sodium salicylate and a model oil, i.e., ethyl acetate, as a potentially
powerful surfactant-free solubilisation system. Ethyl acetate (EA) is a green, bio-based solvent with a boiling
point of 77 °C, a flash point of -4 °C and a partial vapor pressure of 10 kPa at room temperature. It is used in
food industry as flavor (essence of fruit and synthetic flavor preparation) and as an efficient solvent for phenols
[19,20]. EA is also used in the pharmaceutical industry as a non-toxic solvent [21]. We have shown recently that
ethyl acetate/ethanol/water system is an efficient and a green broadband extracting mixture [22]. These findings
made us investigate the macroscopic phase behaviour and the mesostructure present in the corresponding ternary
phase diagram at room temperature. Here is now the extension to a similar system with a charged hydrotrope
instead of ethanol.

2. Experimental

2.1. Materials

The synthetic phytochemical curcumin (> 97%) was bought from TCI (Eschborn, Germany). The solvents, 1-
octanol (purity >99%), ethyl acetate (EA) (>99.9%), deuterated chloroform (CDCI3, >99.9%), acetone
(=299.9 %) and ethanol (= 99.9) were purchased from Merck (Darmstadt, Germany). Sodium salicylate (NaSal)
(>99.5%), sodium dodecyl sulfate (SDS) (>98.5%), sodium xylene sulfonate (SXS) (>90%) and Disperse Red 13
(DR-13) (dye content 95%) were purchased from Sigma Aldrich (Darmstadt, Germany). Deuterated water
(>99.96%) was purchased from Eurisotop (Saint-Aubin, France). All chemicals were used without further
purification.

2.2. Disperse Red 13 solubilisation in the binary water/surfactant or hydrotrope systems



All solutions to be measured contained water and the hydrotrope or surfactant at different concentrations. The
solutions were saturated with an excess of DR-13 and stirred for 24 hours at room temperature using a magnetic
stirrer. The solutions were filtered subsequently in order to remove the excess of non-dissolved DR-13. Optical
density measurements of the solutions were performed using a Lambda 18 UV/Vis spectrometer by Perkin Elmer
(Waltham, USA). Suitable dilutions were made, when the measured optical density was above a critical value.

2.3. Ternary phase diagram determination

The determination of the existence of a clear, homogeneous, monophasic domain in the ternary water/sodium
salicylate/ethyl acetate mixture was performed using a static and dynamic process, described by Clausse et.al.
[23]. In screw tubes of borosilicate glass, sodium salicylate was mixed with ethyl acetate or water at determined
weight fractions to obtain a starting weight of 3 g. Water or ethyl acetate, respectively, was added dropwise with
Pasteur pipettes to the solutions, until a visible change in the phase behaviour occurred. Measurements were
carried out at room temperature and the phase transitions were determined with the naked eye and through two
cross-polarized filters in order to check the presence of liquid crystals.

The amount of water or ethyl acetate added until the phase transition occurred was obtained with precise
weight measurements. The weight fractions were then calculated for each formulation and the pseudo-ternary
phase diagram was built. The same method was used to obtain the phase diagram of water/ethanol/1-octanol and
water/ethanol/EA.

2.4. Density measurements

Solution densities were determined using a vibrating tube density meter (DMA 5000 M, Anton Paar, Austria)
at (25 + 0.005) °C with a nominal precision of + 5-10° g/mL. Calibration was performed using air and pure
water at 25 °C. At the beginning and at the end of each day, calibration was checked using pure water and
between each measurement against air (maximum deviation: + 5-10 g/mL).

2.5. Tie-lines and critical point determination

In order to determine the position of the critical point in the system water/NaSal/EA, different ternary
mixtures were prepared (each 4 g) within the clear and homogeneous region near the phase separation border, in
closable, volume-scaled tubes of borosilicate glass at room temperature. A fixed small amount of water and EA
was then added very slowly to reach the phase boundary. After complete phase separation, the volume ratio
between water- and oil-rich phases was determined. The critical point corresponds to the extrapolation of the
formulations, both having separated phases with equal volumes, to the phase boundary.

The end-points of the tie-lines were obtained through density measurements. Biphasic samples were prepared
by mixing first the sodium salicylate and ethyl acetate. After addition of the residual amount of deuterium oxide,
the solution was thoroughly mixed by hand. Subsequently, phase separation of the milky mixture was accelerated
by gentle centrifugation (1500 g for 15 min) using a ROTINA 380 R centrifuge. The two phases obtained were
carefully separated and collected in sealed vessels for density measurement. The determined densities were
placed in the density map obtained before (see Figure 3 and supplementary material) to deduce the composition
of both water-rich and oil-rich separated phases.

The same methods were used to obtain the critical point and the tie-lines of water/ethanol/1-octanol and
water/ethanol/EA.

2.6. Dynamic light scattering

Dynamic light scattering (DLS) measurements were conducted using a temperature-controlled CGS-3
goniometer system by ALS (Langen, Germany), equipped with an ALV-7004/FAST Multiple Tau digital
correlator and a vertically polarized 22 mW HeNe Laser (A = 632.8 nm). The samples were filtered into dust-free
cylindrical light-scattering cells (10 mm outer diameter) through 0.2 pm PTFE syringe filters before measuring.
The sealed measuring cells were successively placed inside the apparatus. The measurements were performed at
25 £0.1 °C at a 90° scattering angle for 200 s.



2.7. X-ray scattering

Small- and Wide-Angle X-Ray Scattering experiments were carried out on the home-built SAXS camera at
ICSM, using a bench built by Xenocs and x-ray radiation generated by a sealed molybdenum tube (wavelength A
=0.71 A). The large on-line detector (MAR Research 345, diameter = 345 mm) was located at 750 mm from the
sample stage. Off-center detection was used to cover small and wide angles simultaneously. The two-
dimensional spectra were integrated with the software FIT2D. Data were normalized taking into account the
electronic background of the detector, transmission measurements, and empty cell subtraction. The acquisition
time was 3600 s per sample.

2.8. Neutron Scattering

Small-angle neutron scattering measurements were performed at the French neutron facility Laboratoire Léon
Brillouin/Orphée (LLB/Orphée, Saclay) on the PAXY spectrometer. The neutron wavelength was fixed at 4 A
using a monochromator. A 2D gas-filled detector settled at 1 m from the sample position, which allows covering
a g-range from 0.0019 to 0.64 A, All measurements were done under atmospheric pressure and room
temperature. Measurements were performed in quartz Hellma cells with an optical path of 1 mm. Standard
corrections for sample volume, neutron beam transmission, empty cell signal subtraction and detector efficiency
were applied to obtain the scattered intensities. The absolute scale (cm™') was calculated by normalization with
the incident neutron beam. The data reduction has been done using ‘PASINET’ software. The SANS
measurement of the same sample on absolute scale is the most precise method to determine the average
composition of an aggregate in a multi-component system [24].

2.9. Self-diffusion NMR experiments

The self-diffusion coefficients were determined at 293K on a Bruker 500 MHz equipped with a broadband
inverse (BBI) probehead with z gradient, using the 'H pulsed field gradient stimulated echo technique. The
following parameters were used: intergradient delay of 100 ms, gradients of sinusoidal shape and duration of 2
ms, interscan delay of 2.5 ms, 32 scans. Ten points (ten gradient strength values) were recorded per sample,
which was enough to determine diffusion coefficient with a few percent precision. Some points were cross-
checked via a routine DOSY sequence.

3. Results and discussions
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Figure 1: Optical densities, proportional to the amount of the dissolved Disperse Red 13 dye, versus the concentration of SDS (g), SXS (g),
Ethanol (4) and NaSal (¢) in water and the concentration of NaSal in water saturated with EA (g) (4 wt% EA in water) at 25°C.

3.1. Disperse Red 13 solubilisation in the binary water/surfactant or hydrotrope systems

The easiest method to determine the hydrotropic properties of a molecule is to measure the optical density of
a standard hydrophobic dye [3] (see experimental section 2.2.). The measured optical densities as a function of
concentration of SDS, SXS, Nasal, Ethanol and NaSal saturated with ethyl acetate are plotted in a logarithmic
scale in Figure 1. The logarithmic scale allows one to compare all solubilisation curves over a large range of
concentrations. Moreover, the logarithm of the concentrations is directly proportional to the chemical potential.
Hydrotropes are efficient in solubilizing the dye, however a factor of hundred increase of concentration is
needed for solubilization by a hydrotrope compared to a surfactant. A typical surfactant such as SDS shows a
curve featuring a break not at the cmc, but at the lowest aggregation concentration (LAC). The cmc is the
concentration at which micelles are dominant over monomers in binary solution. In the presence of a
hydrophobic solute, micelles can nucleate around a solute molecule and be present even at a concentration lower
than the cmc. The onset of concentration when this happens is called LAC [25-27].

As expected, the solubilisation of DR-13 starts at a lower SDS concentration, compared to the other additives.
The most commonly used hydrotrope, ethanol, is one of the least efficient ones (triangle curve on the right). The
curve of one of the most common charged hydrotropes (sodium xylene sulfonate, SXS) is located between
classical surfactant on the left and weaker hydrotrope such as ethanol on the right. If we compare SXS to NaSal,
the curves are very similar: the molecular volume (0.298 nm?*/molecule for SXS and NaSal) are also comparable,
but the “hydrophobicity” of NaSal is much higher than the “hydrophobicity” of SXS (log (P) = -3.12 for SXS
and log (P) = -1.43 for NaSal). However, if the NaSal/water mixture is saturated with EA, the dye solubility
curve is shifted to the left and also exhibits a more pronounced slope discontinuity characteristic of LAC. The
two arrows indicate the LAC for SDS in water and NaSal in water saturated with EA. This indicates that the free
energy of nucleation of SDS and NaSal around one dye molecule differs by 5 kJ/mol (RT In(LAC1/LAC2)).
This interesting finding made us investigate the microstructure by means of SAXS and SANS scattering along a
NaSal-dilution line of water saturated with EA.

3.2. Ternary Phase diagram determination with critical point localisation and density mapping



The ternary phase diagram of water/NaSal/EA at room temperature is shown in Figure 2. The single,
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Figure 2: Ternary phase diagram given in weight fractions of water/NaSal/EA including the critical point marked in red at room temperature.
Straight black lines indicate the tie-lines obtained from density measurements.

homogenous and thermodynamically stable phase region is located in between two biphasic regions. At low
NaSal content, the miscibility gap is closed with a fairly low amount of hydrotrope (around 20%). This is half of
the amount of ethanol, which is necessary in the most studied hydrotrope case water/ethanol/octanol [5]. 10 wt%
of EA is saturating water, while 4 wt% of water is saturating ethyl acetate. Unlike with most common
hydrotropes, the critical point is close to the EA corner (71 wt% EA, 17 wt% NaSal, and 12 wt% water). Another
remarkable feature is the asymmetry of the tie-lines. The quantitative differences between classical critical point
where only concentrations to heterophase transition a change in local structure has been introduced by Frenkel
[28] and detailed in the case of weak aggregation by Shimuzi [29,30].

The second/upper biphasic region corresponds to a liquid-solid equilibrium. Crystals of NaSal precipitate. A
small amount of EA probably co-precipitates. No chemical analyses were performed in this multi-phase region,
because it was not in the scope of this paper. The maximum solubility of NaSal in water at room temperature is
50 wt%. NaSal is insoluble in ethyl acetate.

To quickly identify the composition of the macroscopically homogeneous fluid near to the separation
boundary, an efficient method has been introduced by A. Arce [31]: it requires to prepare a hundred or more
samples, for which the density can be easily and precisely measured (see experimental section 2.2.3.). Using the
density maps obtained in the monophasic regions, the composition can be indirectly determined with less than
0.1% error in composition. The two-dimensional density map of the ternary mixture studied here is shown in
figure 3. Moreover, the density map can be used to identify the regions of interest for structural studies. This
requires the conversion of the density into the density excess, which is the difference between the measured
density Ppyperimentar @nd the theoretical one Pipeoreticar- In the absence of non-linear electrostriction effects as
well as non-linear effects of solvent cohesion enthalpies in mixtures, the regular solution theory is a good
approximation. Regular solution theory expects densities that are extremely close to linear behavior (Equation

1):

PTheoretical = W1 P1 T Wz P2 + W3- p3 (1)

Where w; are the weight fractions and p; the densities of pure water, EA and NaSal, respectively.



The ternary contour diagram for density excess is shown in figure 4. Less than 1% of density excess is
already the sign of local organization: co-micellization of classical surfactants has been evidenced by
pycnometry, nearly a century ago [32].
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Figure 3: Ternary contour diagram for densities at 25 °C of water/Nasal/EA. Ternary mixtures provided in weight fractions.
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The first observation is the absence of detectable density excess around the critical point. This is due to the
fact that this critical point is a common critical point without pre-Ouzo like fluctuation. Pre-Ouzo fluctuations in
ternary fluids have been evidenced by neutron scattering [24] and have many similarities with pre-transition
effects associated to heterophase fluctuations as suggested initially by Frankel [28]. Common critical points with
pre-Ouzo like fluctuation have been described for example in the case of water/ethanol/octanol [7,33]. However,
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Figure 4: Ternary contour diagram for density excess at 25 °C of water/NaSal/EA. Ternary mixtures provided in weight fractions.



a density excess appears in the EA-poor region, close to the phase boundary and maximum solubilisation of
NaSal in water. This is probably an electrostriction effect, due to the first layer of water around the anionic
hydrotrope [34,35]. Here again, the situation is different from the water/ethanol/octanol case, for which the
density excess is still measurable in the pre-Ouzo region and around the critical point (see supplementary
information: figure 6).

3.3. Dynamic light scattering around the critical point.

Dynamic light scattering measurements (Figure 5) around the critical point were performed, because it is the
easiest method to check the presence of critical fluctuations (see experimental method 2.2.4.). Common and pre-
Ouzo like fluctuation, cannot be discriminated from each other by DLS. Further away from the critical point, no
correlated scattering could be detected with DLS, showing the absence of time correlation in the millisecond
range. The monomodal correlation times of the DLS in the ternary water/NaSal/EA and water/ethanol/1-octanol
are shown in figure 5. In the case of the anionic hydrotrope, the distribution of the correlation times is
asymmetric with respect to the water-oil ratio distance from the composition of the critical point and more
pronounced on the water-rich side. This is not the case for the reference system with water/ethanol/octanol. In
the absence of data related to molecular diffusion, the only information that can be taken from DLS
measurement is the presence of a common classical critical point or pre-Ouzo-like fluctuation. Figure 5 shows
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Figure 5: Asymmetry of the distribution of correlation times around the critical point in the case of water/NaSal/EA mixtures (triangular
brown icons) compared to the ternary system water/ethanol/1-octanol (circular blue icons). Alpha represents the oil to water ratio in
mass fraction. The red dots correspond to the critical points.

both behaviours on the same scale.
3.4. SAXS spectra along dilution lines

The dilution with EA was investigated, starting from a binary water/NaSal mixture. The compositions are
shown in the inset of figure 6 (a). The scattering pattern shown in absolute scale with the corresponding colors is
plotted on a log-log scale over two decades.

We first consider the compositions near the critical point. Starting from the EA corner, the first four samples
investigated are dominated by an Ornstein-Zernike (OZ) behaviour (see supplementary information table 1 and
figure 7). All values are less than ten times the molecular length, so they are thermodynamically “far” from the
critical point and scaling laws cannot be applied. This OZ-behaviour is consistent with the presence of a
common as well as with a pre-Ouzo-like critical point: Near any critical point in ternary fluids, the so-called
Ornstein-Zernike (OZ) behaviour, checked by a simple plot of 1/I(q) versus g, is observed. Deviations from OZ
behaviour, when detected are only due to multiple scattering. Detection of large correlation lengths is not the
proof of presence of permanent large aggregates, but only a correlation length for “average” size of clusters
[36]. Histogram of cluster size is a decaying exponential. Detection of strong OZ-type in scattering is not a



proof neither of the presence nor of the abscence of a preferred transient aggregate size far or near a critical
point.
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Figure 6: SAXS measurements along dilution lines, as shown on the phase diagrams with (a) increasing amount of oil (EA) (b) increasing
amount of water.

Subsequently, we consider the other end of the dilution line, starting from the binary mixture of water and
NaSal. The first three investigated points show negligible forward scattering, so there is no pre-peak, in contrast
to what is found in most binary solutions of water-miscible molecules [37]. Consequently, there is no self-
association of the hydrotrope nor the oil. Therefore, both the binary and the ternary mixtures in this composition
range can be considered as regular solutions [38]. In contrast, pre-peaks are present in the range, where excess
density anomaly is observed.

The ternary mixtures with the compositions of the yellow and green points show a specific behaviour:
forward scattering and a broad peak corresponding to a distance of 2 nm is detected, but without any Porod
asymptotic limit. These features are also apparent in the case of weakly aggregating sodium octanoate in water
[39] as well as in the ternary system water/sodium octanoate/pentanol [32,40]. The three remarkable features of
the scattering curves are:

- Forward scattering I(q=0) is a product of form factor (square of aggregate mass) by osmotic compressibility,
when a certain number of aggregates form a pseudo-phase in dynamic equilibrium with non-associated
molecules (at the LAC).

- The peak position describes the maximum of the structure factor (S(q)) and corresponds to the most
probable distance between aggregates. These aggregates interact via electrostatic repulsion, screened by the
monomers present at LAC.

- The Porod limit cannot be measured, since it is hidden by the take-off of the broad liquid band, located at 2
Al for water and 1.8 A for hydrocarbons containing mainly CH, groups.

The small size of the aggregates hinders the fitting via a three-parameter formula such as the Teubner-Strey
one [41]. The most efficient data interpretation can be made by using the decoupling approximation for the
calculation of the form factor P(q) and RMSA (Rescaled Mean-Spherical Approximation) for the calculation of
the structure factor S(q) [42—44]. This allows the extraction of the average aggregation number as well as of the
effective hydrodynamic volume and charge from each peak. Unlike broad peaks analyzed via self-consistent
form and structure composition, pre-peaks are usually interpreted via molecular dynamics and explicit
calculation of expected small-angle patterns. The repulsive sphere approach RMSA is more adapted, whenever
the average number of molecules per aggregates (n) is above ten. The dynamic self-association approach is more
adapted in the case of weak aggregation.

The dilution line shown in figure 6 (b) involves dilution by water at constant NaSal to EA ratio. The light blue
pattern obtained in the water corner is close to pure water and is typical of a regular ternary solution. The liquid
structure peaks are found at 2.1 A1, At lower water content, the two green patterns show some incoherent (q
independent) scattering characteristics of an unstructured ternary fluid. The maximum concentration of NaSal,
for which no peaks are visible at q = 0.3 A, is 22 wt% of NaSal, i.e. approximately 1 M. Above this NaSal
concentration, the same broad peak as observed in the other dilution line is apparent. This is the signature of the



same aggregates including NaSal and EA. A very peculiar feature is that the position of the peak does not move
towards high q with increasing NaSal concentration. This means that the average distance between the
aggregates does not vary upon concentration of water saturated with EA. This implies that the aggregation
number increases quickly with total concentration. In most types of micelles made by conventional surfactants,
the aggregation number does not vary when the surfactant concentration is increased from cmc to several times
the cmc. This behaviour has been found for example in the case of ionic surfactant SDS. The increase of
aggregation number versus concentration close to the cmc is characteristic of short surfactants such as octanoate
[39]. In the case of SDS, as in most surfactants, the aggregation number and hence the area per molecule does
not vary significantly between cmc and three times the cmc. The slight increase can be understood within the
"ladder model" [45]. More precisely, the dehydration of the head-group is the source of the slight increase in
aggregation number [46]. In all previously reported cases, the shift to high q of the peak observed for classical
micelles is much more pronounced than in the case described here.

10 50 90
w(Ethyl acetate)

Figure 7: Location of the samples investigated with SAXS and SANS (red icon) and with NMR spin-echo experiments (blue icons). Across
the red point, a grey virtual tie-line is drawn.

3.5. SAXS-SANS structural study of the small aggregates

Data fitting was performed using the software ‘SASview’ and must agree with some physical parameters for
SAXS and SANS measurements: this has elucidated the profound difference between weakly aggregated
polydisperse micelles and monodisperse aggregates [47]. The expected and calculated patterns are shown with
corrections in scale of 1.6 and 7 as multiplied scaling factors, respectively for SANS and SAXS, in Figure 8. In
Fig. 7, virtual tie-lines are established like in the former paper with the corresponding water/ethanol/1-octanol
system [7]. The scaling factor of SAXS is much more than in commonly accepted range (0.6 to 1.5). This is
probably due to the partial molar volume of the sodium salicylate which may well even become negative, thus
increasing contrast between aggregate and bulk: the scattering, at least close to vanishing angles, reflects
thermodynamics. So it makes sense not to use molar volumes of the pure components, but indeed partial molar
volumes. And they can indeed be negative, since the addition of a salt to a certain volume of water can lead to a
decrease of the total solution volume compared to the volume of the corresponding pure water.

The virtual binodal line linking two points that correspond to the composition of one NaSal aggregate and the
composition of the surrounding solvent has been chosen (see Figure 7) as parallel to the tie-line near the critical
point. The dominant fluctuation is the one of ethyl acetate. To validate the choice of the virtual tie-line, self-
diffusion constants have been determined by 'H NMR spin-echo experiments, and the results are shown in Table
2.We see that the diffusion coefficient of EA at point A in the phase diagram shown in Fig. 7 is much lower than
at points B and C. This means that ethyl acetate diffuses as fully trapped "inside" the aggregates producing
scattering at the points, where SAXS and SANS spectra have been recorded.

Table 1: Values of NMR diffusion coefficients for points A, B, and C on the phase diagram, shown in Fig.7 (blue dots) at 500 MHz and



293K.

Sodium Salicylate (m?s) Water (m?s?) Ethyl Acetate (m?s)
A 4.77.101 2.57.101° 8.40.10!
2.18.10%° 3.25.10%° 1.13.10°
C 2.93.10%° 9.12.10%° 1.7.10°

The resulting parameters for the best fit shown were:

Table 2: Values of calculated SAXS and SANS parameters

parameters Scale Background (cm) SLD (10 A?) SLD solvent (106 A?) Radius (A)
SAXS 7 0.001 8.39 8.82 10
SANS 1.6 0.01 0.7 33 10

where Scale is the source intensity, SLD is the Layer scattering length density, SLD solvent is Solvent scattering
length density and the radius is the sphere radius (see supplementary information for more details about the
scattering analysis and formulas of the fitting equations used).

From the dilution line and the general scattering features along it, following questions are open: What is the
composition of these aggregates? What is the aggregation number reached before instability to crystallization
occurs? What is the balance between steric and electrostatic repulsion between solvent-swollen aggregates?

These three questions can be addressed only via combined X-ray and neutron scattering on an absolute scale
[48]

Figure 7 shows the location of the point investigated by SAXS and SANS (the red point) in the phase

0040 1 1 1 1 1 1 20 1 1 1 - 1
a L
) Jo0 T y
0.035
0.0301
014 ... k0.1
= 0.025
IS %
S 1S
0.020 S
=, < 0014 L 0.01
o ey
= 0015 o
0.010 109 - L 102
0.005 -
0.000 104 L T T T T 104
0.0 0.1 02 0.3 04 05 06 07
q/ A
20 ) ) ; ) ;
c) d)
0.4 i 4
15
0.3
b
E -
S g
~ oz 1.0 o
T ° = 011 L 0.1
= S
0.1 08
0.0 - . . r . - 0.0 0.01 41— . . . . 0.01
0.0 0.1 02 03 04 05 06 07 0.1 02 03 04 05 06 07
4
ql A ql A

Figure 8: Experimental and simulated Small Angle Scattering curves for the sample with the composition represented in Figure 7. Simulated
curves are represented in red, experimental SAXS curves in blue, SANS in green and S(q) in dashed grey line. Left: linear scale; Right:
logarithmic scale.



diagram.

Since the point is far from a critical point, the RMSA approximation can be used to evaluate the structure
factor S(q). Assuming a virtual tie-line as shown in figure 7 as first approximation, one can generate SAXS and
SANS patterns, shown in Figure 8, and compare to experimental ones. A strong constraint is the mandatory
common structure factor for SAXS and SANS spectra, as can be seen in figure 8. The dilution experiment along
the line shown in the insert of Fig. 6 allows fixing the value of the onset of aggregation to a hydrotrope
concentration of 1 M. i.e, half of the NaSal concentration present in the sample considered both with SAXS and
SANS.

To catch the main feature of this weak aggregation, the theoretical expectations are calculated with the
assumption of monodispersity in the aggregate volume. A relatively sharp scattering peak is measured, but no
sign of oscillation at high q. Therefore, conjunction of high-q scattering due to solvent structure in the WAXS
region and absence of broadening of the peak suggests a relatively monodisperse aggregate size in the sample.
As a first approximation, monodispersity was assumed, as was done in the case of ionic micelles made from
conventional surfactant until precisely scaled SANS measurement at high spectral window (qmin, qmax) in a series
of concentration were performed [49]. This simplification induces deviations at high g-values, a fact that cannot
be avoided, even when other plots such as a log-normal is considered. So, we accepted this deviation in a first
approximation. The main message is that aggregates are made of half a dozen of sodium salicylate and twice this
number of EA molecules present in a weak mixed aggregates. these aggregates are water-poor. The counter-ions
are not all bound to the surface, so the charge density should be 0.5 charges per nm?. The electrical repulsion
between aggregates is screened, because of the high sodium concentration at the surface of the aggregates. The
low q value of the structure factor gives the osmotic compressibility S(0) relative to a perfect gas and is in our
case 0.09.

The largest stable aggregate near the crystallization boundary involves 12 NaSal molecules that are swollen
aggregates with about the same volume of ethyl acetate, meaning a mole ratio of 1 NaSal to 2 EA inside the
aggregates. Outside of the aggregates, the solvent pseudo-phase still contains 1 M of NaSal. It is important to
notice that water is not detectable inside the aggregates. However, it should be noted that the self-diffusion
coefficient of water decreased slightly, which may be due to the hydration force solvation layer of the emerging
aggregates, similar to what was found in the first 1.5 nm near lipid bilayers.

Figure 9: Scaled representation of the structure of the point in the phase diagram investigated with SAXS and SANS. The blue region is
the solvent phase whereas the orange one shows the core of the aggregate with 2 NaSal molecules and 8 EA molecules. The distance
between aggregates is about 2.5 nm.



Finally, an artist view of the aggregate structure at nm scale with molecules drawn to scale is shown in figure
9. Due to screened electrostatics, the average distance between aggregates is 2.5 nm, similar to their diameter.
However, the size of the mixed aggregates and the high value of the minimum aggregation concentration of the
hydrotrope is similar to the case of sodium octanoate [39,40]. Neither ethyl acetate as a relatively polar oil nor
NaSal as a hydrotrope produce micelles in water alone. The aggregates of sodium salicylate swollen by ethyl
acetate could therefore be designed as surfactant-free micelles.

A similar case has been described in another context by Miles Page and co-workers [50]: here, weak pre-
nucleation clusters of calcium hydroxide are found, stabilized by preferential adsorption of ethylene glycol over
2-propanol. In this latter case, this preferential adsorption of ethylene glycol in the aggregates is similar to the
preferential adsorption of ethyl acetate over water in the case described in the present paper. The aggregates are
poor in water, hence all sodium ions must be released. It makes sense that dynamically formed aggregates near
the crystallization boundary, as described here, have several features in common such as nm-size, large fractions
of un-bound "monomers" and preferential solvation in a two-component solvent, with prenucleation clusters
involved in non-classical nucleation [51].

These features are quite general for calcium hydroxide nanoparticles. Typically, those are stabilized in
ethylene glycol and propanol mixtures. Also in this case, selective adsorption of ethylene glycol versus 2-
propanol was observed [50]. In the sodium salicylate aggregates, preferential adsorption of ethyl acetate versus
water is found. The entropic cost of separating water and ethyl acetate limits the growth of the aggregates
[52,53] In the literature concerning calcium, the aggregates are designed as nanoparticles, since their size is
typically two to ten times larger than NaSal solvent-swollen aggregates described here [53]. In both cases, no
Bragg peaks are detected. The particle is an amorphous “nano-phase”.

Another case of adsorbed solvent-stabilized nanoparticles in amorphous state of calcium has been described
and investigated by Gebauer and Colfen [54]: these are named pre-nucleation clusters (PNC). In this case,
typically thirty to sixty calcium ions, fifty counter anions, and thirty water molecules formed a PNC [51,54]. In
both cases, metastability is observed close to a liquid-solid phase separation boundary. When calcium-based
PNCs are diluted, smaller clusters named DOLLOPS are detected [55]. In the present paper, in the first
investigation of the effect of dilution with ethyl acetate, this feature could also be detected via the shift to a
higher q of the pre-peak.

4. Conclusion and outlooks

In this system based on an electrolytic hydrotrope, we could not find any sign of pre-Ouzo structuring, and we
have not encountered spontaneous emulsification, also known as the Ouzo effect. This result is somewhat
unexpected, since one could think that the presence of charges may strengthen elusive structures such as the pre-
Ouzo aggregates. But the contrary is obviously the case.

Sodium salicylate as the chosen electrolyte hydrotrope is sensitive to the anti-solvent effect of ethyl acetate:
thus, there is a new domain of density anomaly that contains lots of DOLLOPS/electrolyte micelles, identified
by scattering, with an inter-aggregate distance of 2 nm. Since these aggregates appear close to the hydrated
crystal nucleation zone, they can be considered as pre-nucleation clusters in the Gebauer/Kellermeier/Coelfen
language. An artist scaled view of the nanostructure at the composition, where pre-nucleation clusters are
present, is shown in figure 9. Clearly, here the charged character of the hydrotrope plays a major role.

The third role of hydrotrope charges is visible for EA-saturated aqueous solutions containing more than 1M
of NaSal. Here micellar-like structures appear similar to those found in solutions of medium-chain surfactants
like sodium octanoate. Such structures have never been found in ternary water-oil-uncharged hydrotrope
mixtures with comparable compositions. However, the here found structures are somewhat reminiscent of those
that appear when salts, and in particular antagonistic (hydrotropic) salts, are added to the classical water-ethanol-
1-octanol system [56]. It seems that, at least in this particular respect, there is some similarity in the structural
consequence of either having a charged hydrotrope in the ternary mixture or adding a salt to an oil-water mixture
made compatible with an uncharged hydrotrope.



The presented phase diagram of the water/NaSal/EA mixture could be useful for the perfume and
pharmaceutical industry, since the chosen hydrotrope is often used in these two industrial sectors. Moreover,
ethyl acetate is a major “green” solvent, commonly used in extraction processes. In following papers, we will
show in how far the here described structuring favours extraction and solubilization of natural ingredients.
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