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While nanoemulsions (10-200 nm) are not thermodynamically stable systems they can exhibit quite
long term stability. In this paper oil/surfactant mixtures, containing diethylhexyl carbonate/
phenoxyethanol/parabens as oil and polyglyceryl-4 laurate/dilauryl citrate as surfactant, form
nanoemulsions simply by dilution with water, i.e. by means of the phase inversion concentration (PIC)
method. In order to study this highly interesting phenomenon an investigation at constant oil-to-
surfactant (O/S) ratio was done by means of viscosity, conductivity, and UV/Vis-transmittance
measurements. This phase study as a function of the dilution by water shows that at an intermediate
water content a two-phase system of bicontinuous structure is formed, which exhibits a very
pronounced viscosity and conductivity maximum shortly before the homogeneous nanoemulsion phase
is reached. In the same region SANS shows a high degree of ordering of this bicontinuous structure.
SANS and cryo-TEM investigations of the nanoemulsion regime show an increasing average size with
dilution and, more interestingly, the presence of two populations with different average particle sizes
around 10-15 nm and 25-40 nm. The relative proportion of each population depends on the amount of
added water, leading to an average growth of the particle size with increasing dilution.

1. Introduction

The surfactant aided dispersion of oil in water (or vice versa)
often leads to the formation of more or less stable emulsions,
where the size of the dispersed droplets is typically in the range of
0.1-10 pm."* They are thermodynamically unstable, i.e. will lead
to macroscopic phase separation, where the time for this process
to take place depends largely on the quality of kinetic stabilisa-
tion provided by the surfactant.> However it is also possible to
form smaller sized emulsions in the size range of 10-200 nm, the
so-called nanoemulsions.> They often exhibit remarkably high
kinetic stability, being relatively stable against coalescence and
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Ostwald ripening,? which renders them interestingly for a variety
of applications.® Of course, in general nanoemulsions are prone
to Ostwald ripening but their frequent long-time metastability
indicates that this process is often effectively slowed down. In
addition, due to their small size they are intrinsically stable
against creaming or sedimentation.” Typically such nano-
emulsions are produced by high-energy input methods, such as
high-pressure homogenisation or ultrasonic treatment.®**
However, apart from being energy intensive such methods could
also be damaging for sensitive ingredients (e.g. biomolecules,
active agents, drug molecules, efc.) incorporated in such
formulations.

Therefore a highly interesting approach to produce such finely
dispersed emulsions is by means of low energy input methods,
which is very appealing both from a fundamental scientific point
of view but also for many applications, where nanosized
dispersions of an oil in water or vice versa shall be achieved by
a simple preparation method. Classically this can be done by
means of employing the method of the phase inversion temper-
ature (PIT),">™® where typically one starts from a water-in-oil
(W/O) microemulsion at high temperature and enters into a long
time stable oil-in-water (O/W) nanoemulsion below the PIT by
a rapid cooling process. More recently an analogous strategy has
been devised by the phase inversion concentration (PIC)
method.’ 2 In particular, the PIC method is very appealing
from a practical point of view as it only involves a simple dilution
with a solvent (typically water) to produce the nanoemulsion.
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However, so far especially for the PIC method a systematic
understanding about how to choose and optimise oil/surfactant
systems that work efficiently has not yet been achieved. Often it is
claimed that passing through a lamellar phase or the vicinity of it
in the process of nanoemulsion formation is a necessary
prerequisite for the spontaneous formation of stable nano-
emulsions as it has been established for the PIT method.'® Similar
indications were given for the PIC method.?* However, in general
the PIT method has been studied in much more detail than the
PIC method. Up to now various oil/surfactant mixtures are
known to form nanoemulsions spontaneously upon dilution with
water, e.g. Span and Tween surfactants mixed with decane,?*¢
potassium oleate/C,E g and hexadecane,”” or oleylammonium
chloride/oleylamine/C,E;y and hexadecane.”® However, up to
date there is no systematic knowledge regarding the molecular
composition of the oil/surfactant combinations required to
successfully obtain a nanoemulsion. Accordingly one is in the
uncomfortable situation that finding them occurs mostly by
serendipity and not in a systematic fashion based on a thorough
understanding of the criteria that allow for their formation. In
this article we will be concerned with the structural details of the
formation process of nanoemulsions and some aspects relevant
for their stability, which are still poorly understood. A primary
aim of our investigation therefore is to learn how one may
understand the formation of nanoemulsions in such systems with
a particular emphasis on the structures formed.

Our studies are based on a commercially available oil/surfac-
tant (O/S) mixture, consisting of diethylhexyl carbonate, phe-
noxy ethanol, polyglyceryl-4 laurate and dilauryl citrate (Tego®
Wipe DE). The system has been described previously* and forms
O/W-nanoemulsions at a certain oil/water ratio, presumably due
to the change of interfacial composition during dilution.

The aim of our study was to extend this phenomenological
study in a more systematic and comprehensive way, in order to
understand nanoemulsion formation by the PIC method from
a fundamental point of view. For that purpose we studied the
overall phase behaviour as a function of the addition of water,
complemented by measurements of the electric conductivity and
viscosity. Particular emphasis was given to a detailed mesoscopic
structural characterization of the PIC system and its structural
evolution over the full range of dilution. Accordingly in our
investigation we varied the oil/water-ratio concentration on the
transitional composition range, ie. dilutions less than those
required to form nanoemulsions, and the more dilute region of
the nanoemulsions. For that purpose the structure was deter-
mined by means of turbidity measurements, small-angle neutron
scattering (SANS) and cryogenic-transmission electron micros-
copy (cryo-TEM).

2. Materials and methods
2.1 Materials

The basic oil/surfactant (O/S) composition (TEGO® Wipe DE
(Evonik Goldschmidt)) consists of ~66 wt% diethylhexyl
carbonate (TEGOSOFT® DEC (Evonik Goldschmidt)), ~12 wt
% of a preservative mixture consisting of phenoxyethanol (main
component (72 wt%)) and different parabens (methyl- (16 wt%),
ethyl- (4 wt%), propyl- (2 wt%), butyl- (4 wt%) and

isobutylparabene (2 wt%)), and 22 wt% polyglyceryl-4 laurate
(TEGO® Care PL 4 (Evonik Goldschmidt)) (Fig. 1) containing
a small amount (~0.9 wt%) of dilauryl citrate as surfactants. It
should be noted that at the given pH of 5.5-6 of the solutions the
citrate is fully charged and contains one charge per surfactant
molecule.

All components were obtained as gifts from Evonik Industries.
Water was deionised and further treated by Milli-Q purification.
D,O for SANS-measurements was purchased from Euriso-top
(99.85%D).

2.2 Methods

2.2.1 Preparation. Nanoemulsions and samples at lower
water content were prepared by a one step dilution of oil/
surfactant mixtures. The formation process was typically initi-
ated by vortex mixing but could also be done by simple hand
mixing. The way of mixing (single-step or step-wise addition of
oil or water; vortex or hand mixing) did not affect the final
structure or behaviour. To achieve metastable O/W-nano-
emulsions the water concentration had to be higher than 75 wt%.
Nanoemulsions appear as milky/white turbid, water viscous
solutions with a more bluish or reddish tint depending on the
angle of the incident light and dispersed droplet size (the lower
the water content the more bluish the solutions). Flow birefrin-
gence was checked using polarisers while shaking the sample
gently.

The age of the samples, as well as that of the starting formu-
lation of the surfactant/oil is relevant as ageing is an important
issue in these systems and was always carefully registered.
Measurements that are compared were always done on samples
of identical age.

2.2.2 Electric conductivity. For assigning the type of emul-
sion (i.e. water continuous or not), conductivity measurements
were done. The electrical resistance was measured at a constant
temperature (25.0 + 0.1 °C) using a conductometer 712 by
Metrohm. In biphasic regions the previously separated
phases were measured individually, provided adequate volumes
(>~25 vol%) were available. The given conductivities are aver-
aged values of four repeated measurements.

2.2.3 Interfacial tension. Interfacial tension measurements
were done at 25.0 & 0.1 °C by means of a spinning drop tensi-
ometer (Kriiss—SITE 04), using water as a continuous phase.

hydrophilic: 1.58 nm : lipophilic: 1.26 nm
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Fig. 1 Structure of the main surfactant polyglyceryl-4 laurate; its
stretched molecular length is 2.84 nm (/eft: hydrophilic part (1.58 nm);
right: lipophilic part (1.26 nm)).
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2.2.4 Viscosity. For measuring the kinematic viscosity of the
Newtonian fluids, calibrated Ubbelohde capillary viscosimeters
(Schott) were used at a constant temperature (25.0 + 0.1 °C).
The kinematic viscosity » was measured ten days after prepa-
ration, by determining the capillary suction time ¢ of a given
volume (¥ = 20 mL), at a defined cross-section (radius r), via
the Hagen—Poiseuille equation and taking into account the
Hagenbach—Couette correction ¢ (eqn (2)), that accounts for the
difference between theoretical and measured flow time due to
the drop in pressure by fluid acceleration at the capillary
entrance. Here, K is a device-specific constant, given by certified
calibration measurements of Schott (model: 0a (v = 0.8-5 mm?
sHI (v = 1.2-10 mm? s7")/I, (v = 3-30 mm? s7')), and 7, the
dynamic viscosity, which is connected via the sample density
p with the kinematic viscosity » (eqn (1)).

n
K- 1
v P K(t-9) )]
., 0.00168V7V
WU E = R ?

The flow time ¢ was registered automatically by Viscoboy 2
(MWG Lauda). The given viscosities are averaged values of five
consecutive measurements.

2.2.5 UV-vis transmittance and turbidity measurements. The
dilution process of the Tego® Wipe DE formulations was
followed with a Clariant Cary 50 Tablet UV/VIS instrument, ten
days after preparation at 25.0 4+ 0.1 °C, using Hellma cuvettes of
1 or 10 mm thickness—depending on transmittance. Using the
obtained transmissions 7 the turbidity coefficient t was calcu-
lated according to eqn (3):

T
d

where d is the thickness of the cuvette. In the biphasic
region phase separated measurements were accomplished for
phases with adequate (>~25 vol%) volumes of the individual
phases.

In the nanoemulsion region (water conc. >75 wt%) the spectra
(350-800 nm) were measured in 0.5 mm Hellma cuvettes in order
to avoid multiple scattering effects. Measurements were done
with a Jasco-V630 photometer at 25.0 £ 0.1 °C. All measure-
ments were done ten days after preparation.

In both cases the signal of a water filled cuvette was subtracted
to get the spectrum of the sample.

T =

©)

2.2.6 Small-angle neutron scattering (SANS). All samples for
SANS experiments were prepared by adding appropriate D,O
volumes to the oil phase at room temperature as described above
for the H,O-case and stored for ten days in a bath thermostatted
at 25.0 + 0.1 °C before measuring them at the same temperature.
D->0O was used instead of H,O to increase the contrast and lower
the incoherent background, accounting for the density differ-
ence, thereby keeping volumetric and molar compositions iden-
tical to the corresponding H,O samples. For biphasic samples
both phases were measured separately. Plots of SANS results,
that are depicted as a function of D,O-content, refer to the
corresponding volume fraction of H,O. SANS measurements

were done on D22 at Institut Laue Langevin (ILL), Grenoble,
France. Spectra were recorded on a 2-dimensional gas detector of
128 x 128 pixels of 8 x 8 mm?. The wavelength was 8 A (FWHM
10%) and sample-to-detector distances of 1.4, 5, and 17 m were
selected to cover a wide range of the wave vector magnitude ¢ =
0.03-5 nm™!, where g = 47sin(¢/2)/1 with ¢ being the scattering
angle. Collimation lengths of 5.6, 8, and 17.6 m were chosen,
respectively. Samples were kept in quartz cuvettes of QS quality
(Hellma) of 1 mm path length, which were placed in a thermo-
statted (25.0 + 0.1 °C) sample-changer.

Raw data were corrected for the scattering of the empty cell.
The pixel efficiency and solid angle variation were taken into
account by dividing with the scattering pattern of pure water in
a 1 mm cuvette. The background noise was accounted by
measurements with boron carbide (B4C) at the sample position.
The absolute scale was determined by the transmission of the
water, assuming the ideal case where non-transmitted neutrons
are scattered uniformly over the full solid angle of 4w and
considering the Jacrot factor (for 8 A: 1.089) that accounts for
the wavelength dependent forward scattering of water.?® The
reduced data obtained using BerSANS?! were always isotropic
and consequently azimuthally averaged. Spectra from different
configurations for each sample were merged with no need of
any scaling factor. The presented SANS curves still contain
the incoherent background scattering of the solvent and the
sample.

2.2.6.1 Scattering theory-model independent methods. The
scattering length densities (SLDs) used in this work®? are dis-
played in Table 1.

For the range of ¢R < 1, the Guinier approximation can be
employed according to which for the presence of individual, non-
interacting particles the scattering intensity /(¢) depends only on
the radius of gyration, Rg (eqn (4)).** For emulsion droplets, an
average sphere radius R can be obtained by the relation: Rg* = 3/
5R? (as in D,O they can to first order be considered as being
homogeneous).

R2
InI(q)=InI(g=0)— Tqu + Ly 4)

However, the average particle size R can also be approached by
using the extrapolated zero-angle intensity I (¢ = 0), which
is given by the contrast ASLD (the difference between the
scattering length densities of the particle and the matrix), the
volume fraction @, and the volume of one scattering particle V7,
which can simply be used to calculate the radius of the
corresponding sphere.

In I (g =0) = ®V,S(0)ASLD? (5)
3 3 I()

= -—2 6

4 TdASLD? ©

It should be noted that for polydisperse systems the averages
obtained for R differ, as by the Guinier analysis a z-average is
obtained, while the value from I (¢ = 0) is a M,-average.
Accordingly the latter should always be somewhat smaller.

The invariant Q is a fundamental result of scattering theory,**
which states that independently of the structure of the system
(shape, size, interactions), in a two-phase system its value

This journal is © The Royal Society of Chemistry 2011
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Table 1 Sum formula, densities p, weight fraction wt% and scattering
length densities (SLDs) of the individual components of the oil/surfactant
formulation

Formula  p®/gem™ Wt% SLD/10-° A

Deuterium oxide D,O 1.1072 6.37
Phenoxyethanol CgH o0,  0.9540 12 1.32
Diethylhexyl carbonate C;;H340;  0.8925 66 0.061
Polyglyceryl-4 laurate ~ Cy4H430;¢ 1.0944 21.1  0.505
Dilauryl citrate C;30Hs560,  1.0110 ~0.9 0.353

depends only on the volume fraction @ and the scattering
contrast ASLD.

thco,homo = 2712(?(1 - ¢)ASLD2 (7)

The experimental invariant can be obtained by calculating the
integral,

Ounp = J Iq)gdg ®)

q=0

extrapolating the experimental data to zero and infinity scat-
tering vector g. However, for our experimental data, using,
respectively, the Guinier and Porod approximation, which
require in particular that intensity reaches or comes close to
a plateau with the experimental low ¢ region, both extrapo-
lations to low and high ¢ provided an empirical invariant
which is in a good agreement to the theoretical one, with
an error estimate of approx. £15% (AQextrapolation = 10%;
AQgata = 5%). Differences between experimental and
theoretical invariant would indicate a molecular dissolution of
components.

2.2.6.2 Scattering theory—Teubner—Strey model. A very
useful model which is often used for the characterization of
bicontinuous microemulsions is the Teubner—Strey approxima-
tion, which is based on Landau’s free energy theory and Debey—
Anderson—-Brumberger’s derivation of scattering by inhomoge-
neous domains.*-*¢ The scattering intensity is described by eqn
(9), where (n) = @oPw(ASLD?) and (ASLD?) is the difference in
scattering length density between oil (0) and water (w). a,, ¢; and
¢, are coefficients of various terms of order parameters in
Landaus free energy. In the case of a microemulsion, ¢; indicates
the tendency to form interfaces between different domains and is
usually negative, whereas a positive a, favours the micro-
emulsion formation. For a stable morphology the criterion of
4a,cy — ¢ > 0 with a positive ¢, is required.®

_ 8ma(n’) /&
M= i ror @
y(R) = SR o (755) (10)

The corresponding correlation function is given by eqn (10)
and incorporates alternating regions of water and oil domains
with ¢ = 27/Ds giving the quasiperiodic repeat distance (peri-
odicity) D (eqn (12)). D, can be associated with a peak in the

SANS spectra at 27/D; in the case of high densities and order.
The number density 'N is given via the volume fraction through
IN = &/V = 1/Dg in the case of a simple cubic packing
assumption. Hence the correlation length can also be extracted
from SANS data as:

T

o (11
0

The correlation length &; (eqn (13)) corresponds to a character-

istic length for positional correlation, i.e. related to a character-

istic size of the structural domains contained.

1 ay 1 C1 12
Dy =21 | [———— 12
: TC|:2 C 4 Cz:| ( )
1 75 1 Cy 12
= 2D 1
EI |:2 Cy +4 C‘z:| ( 3)

To describe the degree of ordering in nano- or microemulsions

the amphiphilicity factor f, given by eqn (14)37%® can be used, as

demonstrated previously for bicontinuous microemulsions.?*#°
Jo= (14)

C1
(4[1262)1/2

The range of f, reaches from 1 for a completely disordered
solution to —1 for a superlattice which assumes in the case of
microemulsions a lamellar structure. When the Lifschitz line is
crossed at f, = 0 a peak at non-zero wave vector can be observed.
Therefore the amphiphilicity factor provides a useful scale for the
quantification of the extent of ordering.*!

2.2.6.3 Scattering theory—polydisperse sphere model with
log-normal distribution. For emulsion systems containing
homogeneous spheres, the form factor Fys(¢) is given by eqn (15)
through the magnitude of the scattering vector ¢, the sphere
radius R and the difference in scattering length density ASLD =
SLDgpn — SLDy1y of the sphere and the solvent. In the case of
polydisperse (pd) systems the form factor (eqn (16)) has to be
averaged by a particle size distribution. This was done using
a log-normal distribution f{R,R;,q;) (eqn (16)), where o describes
the polydispersity of a population.

sin(¢R) — gRcos(qR)

4
Fus(gq, R) = 3-mR*ASLD (15)
3 (4R)’
ln(R/u(Ri7 ai))z
eXp( B ZVZ(Ri,Ui) 16
Ra Ria gi) =
1 ) SRRy (16)
2
withu(Ry,07) = —— N
O'Z(Ri7 O'i) + R12

v(Ri, 1) = \/In((a(Ri,ai)/Ri)2+l)

and G'(Ri,o’i) = Riai
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The total scattering intensity of a polydisperse homogeneous
spherical particle can be described hence by eqn (17), where 'N
(=NIV) is the number density of particles and /gy, the incoherent
background scattering.

4\’ I
Ins(q) = <7> INASLD? J S (R, Ry, a0)R°Fuus* (¢, R)AR + Inyg

(17

In the case of a bimodal log normal distributed spherical model
(BHS) a linear combination of both populations leads to eqn
(18). @ is the volume fraction of the particles, whereas A refers to
the volume fraction of the scattering material that is in the species
with radius R, and (1 — A) to the species of radius R,.

, ©
Igns(q) = (‘%“) INASLD? JAf(R,Rl,al)RéFHsz(q, R)dR

+ J(l — A)f(R,Ry,05)R°Fys * (¢, R)AR | + Iy,
0

(18)

The experimental smearing (mostly determined by the spread of
wavelength which in our case was given by a FWHM of 10%) was
considered within the distribution function and the values given
therefore refer directly to the polydispersity of the particles.
Interparticle interferences were accounted for by a hard-sphere
structure factor with a fixed hard-sphere radius of ~39 nm.**

Beside the data treatment with mono- and bimodal poly-
disperse spherical models, we also employed the identical poly-
disperse model for a core-shell form factor, thereby accounting
for the slight differences in scattering length density between the
surfactant shell and oil. However, this model did not yield
substantially improved fits of the experimental data and also had
no systematic impact to the final fit parameters. Therefore in the
following we will just give the data obtained from the homoge-
neous spherical model.

2.2.77 Cryogenic transmission electron microscopy (cryo-
TEM). Oil in water (o/w) samples were prepared as described
above and arranged on Quantfoil carbon-coated copper grids
with a 200 mesh. Grid samples were prepared in a Vitrobot
machine by FEI Company™ (Tools for Nanotech). The grid was
suspended between a pair of tweezers in a chamber with
controlled temperature (25.0 + 0.1 °C) and humidity (100%
humidity), where it was then dipped into a vial with the sample.
The tweezers were then pneumatically lifted from the sample to
an area between two blotting papers where the grid was blotted
automatically with a specified time of blotting and number of
blots. After a given relaxation time, the grid was immediately
plunged in liquid ethane where it was vitrified at the freezing
point of ethane (—165 °C). The specifications of the blotting
parameters were 2 blots held at 1 second for each blot, and the
grid was allowed to relax in the chamber after blotting for 30
seconds. The blotting paper was kept at a —1 offset where
a positive offset gives a softer blot and a negative offset gives
a harder blot. The sample was then viewed in a FEI Tecnai G2 12
twin transmission electron microscope at a voltage of 120 kV.

The sample was kept at —175 °C or lower with a Gatan 626 cryo-
specimen holder. The images were digitally recorded with
a Gatan 794 CCD camera at about 12 micrometres of
underfocus.

3. Results and discussion
3.1 Phase behaviour

As a first step we characterised the phase behaviour of the
surfactant/oil mixture as a function of the added amount of water
at 15.0, 25.0, and 40.0 & 0.1 °C which is depicted in Fig. 2.

It should be denoted that the phase characterisation given here
does not refer to a proper phase diagram, because of the meta-
stable properties of nanoemulsions. Therefore the “phases”
depicted here are not really thermodynamically stable, but
instead just more or less long time metastable states. Accordingly
the samples were inspected after 2 and 10 days thereby giving the
appearance of the samples at time scales relevant to our experi-
ments. However, it should always be kept in mind that,
depending on the location in the phase diagram, samples could
still be evolving and changing substantially with time. In fact this
can also be seen in the shift of the multiple phase regions that
become larger with temperature and time, which can be attrib-
uted to the already mentioned metastability of nanoemulsions.
Whereas the influence of temperature is larger than the time-
dependence, both are controlling ageing processes like coales-
cence and Ostwald ripening. However, at room temperature and
below these processes are slowed down.

Addition of water to the oil phase leads at first (<10% H,0) to
a complete incorporation of the water by the surfactant/oil
mixture via molecular dissolution, forming a clear, slightly bluish
inverse microemulsion (Fig. 2 and 8). At higher water content
the system becomes biphasic, containing the initial micro-
emulsion in an upper phase (becoming more turbid with
increasing water content), and a lower clear water excess phase.
Around 50 wt% water content, a microemulsion-like single
phase is observed that shows macroscopic phase separation after
several weeks (which might be due to chemical degradation of
the citrate surfactant).

As a rule the higher the water content the slower is this process
until a total amount of 60 wt% H,O. The adjacent biphasic
region at higher water content differs largely with respect to its
visual appearance insofar as both phases appear bluish and are of
similar turbidity (Fig. 3) (measurements of the separated phases
were only performed when adequate volumes were available, i.e.
above ~25% of the total volume).

Generally the upper phases are more turbid than the lower
phases, and they become clearer with increasing water concen-
tration. This happens until the phase inversion concentration
(PIC) is reached (H,O > 75%) and leads to single, slightly blue
shining, milky nanoemulsions (NEs). As indicated in Fig. 3
further dilution until 90% H,O enhances the turbidity strongly
and can be correlated to the NE-evolution (see also Section
3.2.2). Additional dilution leads to a clearing of the nano-
emulsion due to the decreasing volume fraction of the dispersed
material. As already mentioned, before forming nanoemulsions,
a more or less broad area of bluish microemulsions is passed in
the H,O-range of >55-78.5 wt%, that shows flow birefringence.

This journal is © The Royal Society of Chemistry 2011
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2 (a) and 10 (b) days of preparation, shaded areas showed flow birefringence—in biphasic case: observed in upper phase (1®: O clear, ® pE, @ NE; 2d:
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Fig. 3 Turbidity coefficient 7 at 626 nm of the composition-dependent
UV-VIS measurements (dots) for oil/surfactant mixtures as a function of
water concentration and 25 + 0.1 °C; and corresponding volume fraction
(vol%) of the lower phases (dotted line) in the biphasic region (the shaded
area is the nanoemulsion).

In that context it must be noted that this “1® NE” region is not
a thermodynamically stable single phase region. After several
months one will observe a macroscopic phase separation with an
oil phase on top of the aqueous solution. This means that this
system is an emulsion and due to its small size (see Section 3.2)
a nanoemulsion by definition. However, the structural evolution
occurs rather slowly as shown in Fig. S11 and apparently this
nanoemulsion is kinetically very stable.

This flow birefringence (shaded area in Fig. 2) occurs in the
single phases as well as in the upper phases of the biphasic
samples and has either to be correlated to a non-spherical shape
of the aggregates*® or to the more likely presence of an Ls-
phase.*¢ In general, it has been found that nanoemulsions are
frequently formed by passing a bicontinuous microemulsion or
a liquid crystalline lamellar phase** during the preparation
process and this observation has in particular been detailed for

the case of the PIT method.'¢*"*® It should further be mentioned
that for non-ionic surfactants also lamellar liquid crystals* and
for ionic surfactants cubic liquid crystals®” have been inferred to
be relevant in order to yield robust nanoemulsions via the PIC-
method (sometimes also referred to as Emulsion Inversion Point
method, EIP method;*® or Phase Inversion Composition method,
PIC method®"). All these structures have one characteristic in
common in that they allow for a reversion of the sign of the
curvature for the oil-water interfacial film. This phenomenon
culminates in a complete overall structural inversion from having
an oil-continuous system or vice versa, which then leads to the
formation of nanoemulsion droplets in the dispersed phase. In
parallel the interfacial tension between oil and water passes
through a minimum thereby enabling the formation of very small
emulsion droplets.®

Viscosity and conductivity measurements by Meyer et al.*® of
mixed solutions in the inhomogeneous region and our phase
separated studies showed a similar behaviour when forming
nanoemulsion by the PIC method compared to the PIT one.5>*
For the case of PIT-nanoemulsions the formation process of
nanoemulsions can be traced back to the change of solubility of
polyoxyethylene-type surfactants (change of HLB value with
temperature), whereas in the case of PIC-nanoemulsions the
relative amount of surfactant present in the water phase increases
with dilution, thereby modifying the composition of the amphi-
philic monolayer at the oil/water interface (Fig. 4).

Both methods take advantage of the extremely low interfacial
tension (1072 to 107 N m™! (ref. 55)) at the phase inversion
temperature!”'®% or phase inversion concentration.’” % The
value of the interfacial tension between the undiluted oil/
surfactant mixture and water as a continuous phase was
measured to be 0.0175 mN m~'. This value is rather low and
would be typical for microemulsion forming systems.*!

However, in direct comparison, the first viscosity maximum at
~52.5 wt% (H,0) (Fig. 5a) seems to indicate the transition of
a droplet type to a bicontinuous microemulsion, as for classical
microemulsions such a maximum of viscosity in the region of this
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Fig. 4 Schematic depiction of the mechanism of phase inversion of the
W/O-emulsion to O/W-nanoemulsion via passing of sponge like micro-
emulsion phase with zero curvature; exemplify cryo-TEM images by C.
M. Marino (UD, USA).

structural transition is typically observed.®*** The following
biphasic area is caused by a morphological change that can refer
to the bicontinuous structure and is accompanied by a typically
viscosity minimum.** In the region of the viscosity maximum the
electric conductivity (Fig. 5b) passes through a pronounced
maximum which peaks exactly at the point where the system
becomes monophasic. Both observations indicate the presence of
a bicontinuous structure of high connectivity at the phase
boundary. The bicontinuous structure of the single-phase region
around 50 wt% (H,O) was further corroborated by cryo-TEM
images for which one example is shown in Fig. 6.

3.2 Structural characterisation

After having studied the more general aspects of macroscopic
phase behaviour during stepwise nanoemulsion formation, we
were then interested in determining the mesoscopic structure of
the respective samples in order to establish a correlation between
the structure and macroscopic phase behaviour. For this purpose
we employed UV/Vis-spectroscopy, SANS, and cryo-TEM. Of
course, our systems being metastable one has to worry about
their changes as a function of time. For the case of the nano-
emulsion range we ascertained by long-time turbidity
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Fig. 6 Cryo-TEM image for a sample diluted to 50 wt% of water.

measurements (see Fig. S1f) that no significant structural
changes take place during our typical experimental time window
of 2-5 days.

3.2.1 UV/Vis-transmittance measurements of nanoemulsion
region. Turbidity measurements have been performed for nano-
emulsions with oil/water ratios of 80, 85, 90, 95 and 98% H,O
(Fig. S21). From the value of the turbidity v we calculated the
molecular weight M, of the colloidal particles according to eqn
(19)% and converted this value to obtain an approximate particle
size R for spherical particles (eqn (20)).

= % (19)
321 n2eg (dn/dc,)
M, 1/3
R(M,) = (7(4/3),”'0]\,/“) (20)
3¢, 1)

ay =——7——
" CsNAvﬂR(Mw)

Here N4, is the Avogadro constant, A the wavelength of light, n
the refractive index of the solvent, ¢, the mass concentration of
the dissolved particles (assuming all surfactant and oil to be
contained in the particles), dn/dc, the refractive index increment,
and p the density of the aggregates. Calculations have been done

20| B §
180] | I .*,
S 150] BRI
A 120] | AL
= 4 e[
~ 904 el ) .
54 Mol 2o 10 9/ 1o
01 AR
30¢ | PUCL BN |
O—M L 5 ‘

0 10 20 30 40 50 60 70 80 90 100
0
Wt(H,0) / %

b)

Fig.5 Dynamic viscosity 7 (a) and electric conductivity k (b) measurements as a function of water concentration (TW + H,0O) at 25 + 0.1 °C in respect
to biphasic regions (for adequate volumes >~25 vol%)—@: 1®; &: upper ®; @: lower ®.
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for seven different wavelengths A (350, 400, 500, 600, 626, 700,
800 nm), but we considered only transmission values above 80%
and ascertained by comparing the values for different wave-
lengths that effects from multiple scattering were negligible (see
also Table S3F). The results show good agreement for all wave-
lengths and the mean of the turbidity t has been used to calculate
the molecular weights M,,; particle sizes R(M,,) of the oil drop-
lets (Fig. 7) and the surfactant head group area a,(S) (eqn (21))
are summarized in Table 2. For the calculation of the surfactant
head group area ay(S), cs is the surfactant concentration.

The typical size of the nanoemulsion droplets is bigger than
20 nm, whereas the required space of the surfactant head groups
an(S) is below 0.5 nm? (Table 2). The particle size increases with
water concentration following a more or less linear relation
(Fig. 7). This size increase with increasing dilution can be
attributed to the fact that the relatively hydrophilic surfactant
will become increasingly dissolved in the aqueous phase upon
increasing dilution. Accordingly the average particle size of
emulsion droplets formed has to increase. As the scattering
intensity is size dependent one obtains a mass-average, i.e. in
a broad distribution the bigger particles dominate the scattering.
Of course, it must be stated here that these numbers have to be
taken with a grain of salt, as in this analysis we completely
neglect the fact that according to the proposed PIC mechanism
a part of the oil/surfactant mixture should become dissolved into
the water phase. Accordingly the real concentration c, of dis-
solved aggregates should be smaller and therefore the radii and
head group areas deduced have to be seen as lower and upper
limits with respect to the real values, respectively. Therefore the
rather low values deduced for ay,(S) are due to a reduction of the
number of surfactant molecules at the interface of the nano-
emulsion droplets, i.e., a lower value of cg (as with increasing
dilution increasing amounts of the surfactant are monomerically
dissolved). For that reason one observes for the apparent a;, only
values of 0.3-0.5 nm? while for surfactants with such head groups

as in our case one would expect values of 0.4-0.6 nm?.%

3.2.2 Small-angle neutron scattering (SANS). To observe the
concentration dependent structural changes of the oil-water
50+
40
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o
~
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0 T T T T 1
80 85 90 95 100

wt(H,0) / %

Fig. 7 Radii R (Table 2) of O/W-droplets in the nanoemulsion (NE)
region from turbidity measurements, at 25.0 + 0.1 °C in 0.5 mm
cuvettes—average for R of seven different wavelengths (350, 400, 500,
600, 626, 700, 800 nm).

Table 2 Average molecular weight M,,, particle radius R (M,,), and
surfactant head group area a;, in the nanoemulsion region (>75wt% H,0)
obtained by UV/Vis-transmittance measurements—calculated via eqn
(20) and (21)

M, /107
H,0 (%) g mol™! R (My,)/nm ap/nm?
80 0.76 14.7 0.804
85 3.08 23.4 0.505
90 5.66 28.7 0.412
95 8.05 32.2 0.367
98 13.5 38.3 0.309

system in more detail SANS measurements were carried out,
after storing the mixed samples for ten days at 25.0 + 0.1 °C.
The scattering curves for various water contents are depicted
in Fig. 8. The intensity 7(0) at ¢ = 0 was extrapolated by the
Guinier approximation and the obtained values (Fig. 9) show
a continuous increase of the scattering intensity with increasing
dilution until this effect levels off at a high dilution (~80 wt%
water). This demonstrates that the structural size increases with
increasing dilution. It is interesting to note that for the biphasic
systems the scattering intensity is always substantially lower for
the lower, water-rich phase. The scattering of the upper phase
connects very systematically to that of the single-phase regions,
while the lower phase is mostly an excess water phase. Moreover,
for the upper phase as well as for the single phase samples one
observes a correlation peak (being absent only for very low and
very high water content), while the lower phase shows a much
lower scattering intensity with a pronounced increase at low ¢
that may arise from dispersed oil droplets (due to incomplete
phase separation) that have not yet phase separated from the
lower phase (leading to ¢ * Porod-scattering; Fig. S4t). In
summary, this clearly demonstrates that in this 2-phase region

PIC [ oil

10%3 whoryE
10° vy LEHlike
1 o/w-NE

/é/f‘:g@oo
Ho 40 0\1%
\N\KD'L

Fig. 8 SANS-measurements of the oil-water system at different D,O
contents (water conc. refers to the equivalent concentration of H,O) after
ten days of storage at 25.0 & 0.1 °C (surfactant/oil mixture about one year
old). Measurements for phase separated samples were performed only in
the case of having adequate volumes available— @ : upper or single ®, ©:
lower ®.
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Fig. 9 Initial intensities /(0) for different water conc. (values refer to
H,O)—after ten days of storage at 25.0 + 0.1 °C. Phase separated
measurements were performed only in case of having adequate volumes
available. For the case of 70% D-O it could not be avoided to measure

a mixed sample, as phase separation could not be achieved (m upper or
single phase, O lower phase, X mixture).

the surfactant is primarily in the upper phase and forming
a dense microemulsion there.

Looking at Fig. 9 it becomes obvious that, depending on the
location in the phase diagram, different tendencies for the
structural evolution are present. In the W/O-region (very low
water concentration and upper phase) the water droplets become
continuously bigger. The lower phase seems to contain small O/
W-microemulsion structures (see Table S4bt) that stay more or
less constant in size before becoming much bigger for concen-
trations beyond 60% water. Beyond this point a sponge-like
microemulsion is present as evidenced by the electric conduc-
tivity (Fig. 5b) and cryo-TEM (Fig. 6). The scattering behaviour
of the upper and lower phase coincides around the phase inver-
sion concentration (PIC) (Fig. 9).

A quantitative analysis of the scattering patterns was done
using the Teubner-Strey model,> that yields as structural
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parameters the domain size D, (eqn (12)) and the correlation
length &; (eqn (13)) (Section 2.2.6.2). All scattering curves could
be described well with this empirical model and the deduced
parameters are summarised in Fig. 10 and Tables S5 and S6+.
Ideally, for highly ordered systems (represented by the amphi-
philicity factor f, (Fig. 10b)), the peak position describes the
domain size (alternation of oil and water phases) and the peak
width is connected with the correlation length. If the evolution of
the domain size Dy (Fig. 10a) is compared with a simple 3-
dimensional dilution law (assuming to dilute particles of constant
size for which a mean spacing D is given by eqn (22), where @ is
the volume fraction of the particles), a pronounced deviation
appears shortly before the phase inversion, ie., where the
nanoemulsion is formed.

D~ L 22)

V=0

The deviations around 60-70 wt% (H,O) (Fig. 10a and b,
particularly evident for the amphiphilicity factor f;) correlate
with the formation of a bicontinuous microemulsion of high
degree of ordering (Fig. 10b). Going through a bicontinuous
region might be required in order to induce the phase transi-
tion—shown also by the very distinct physical behaviour (Fig. 5)
in this region. The nanoemulsion formation then occurs by
a phase inversion above 75% water concentration. Samples close
to the phase boundary with around 75% water content vary
sometimes in their appearance between single or biphasic
behaviour, but the structure for the biphasic and monophasic
cases is basically identical as seen from the SANS curves (Fig. 8).

In the range before phase inversion (60-75 wt% H>O0) the
system shows the highest extent of ordering before further dilu-
tion leads again to more disordering caused by the growth of the
nanoemulsion droplets, which was similarly observed by
Gutiérrez et al. in the case of inversed nanoemulsions.?

At this point it should be noted that the obtained parameters
of the Teubner-Strey model, neglecting the ¢~* dependence at
small ¢, of the lower phases are very similar to those of the upper
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Fig. 10 Periodic distance D compared to a --- 3-dim. dilution law (eqn (23)) (a) and amphiphilicity factor £, (b) of the Teubner—Strey model as obtained
from SANS as a function of water concentration (values refer to H,O conc.). Arrows indicate the occurrence of the more ordered phase (B upper or

single phase, O lower phase, X mixture of two phases.)
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ones, despite the fact that the scattering intensities are largely
different.

The SANS spectra for the nanoemulsion range are shown in
more detail in Fig. 11a and they are divided by the volume
fraction of the oil/surfactant mixture. By doing so one observes
that this normalised scattering intensity increases with increasing
dilution. Assuming that in this range nanoemulsion droplets are
present, apparently their size increases, in agreement with the
observation by turbidity (Fig. 7). At low ¢ one sees that with
increasing concentration of the oil/surfactant mixture a repulsive
structure factor becomes more prominent and for higher
concentrations a correlation peak is observed.

For the nanoemulsions the Teubner-Strey fits show clear
deviations from the experimental data as in the g-range larger
than the scattering peak a distinct shoulder appears (Fig. 11b
and c).

This discrepancy is not surprising as here droplet structures
should be present, which are responsible for the appearance of
such a shoulder and which are not well described by the Teub-
ner—Strey model. Ideally it is applicable when bicontinuous
structures are present.
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Accordingly further data analysis for the nanoemulsion regime
was done, using monomodal and bimodal log-normal distribu-
tions of sphere models (eqn (15)—(18)). The pronounced superi-
ority of the bimodal model is demonstrated in Fig. 11c and
Fig. S7+, where the residuals of the monomodal and bimodal fits
are directly compared. Accordingly in this nanoemulsion
a bimodal distribution of oil-in-water droplets is present. Close
to the PIC concentration a description with the presence of just
the smaller sized population is still well feasible but the impor-
tance of the larger population becomes increasingly relevant with
increasing dilution (see A in Table 2). These tendencies of the
bimodal distribution are best summarised in Fig. 12a which
shows the size distribution functions according to the bimodal fit
of the SANS data. Generally we always observe two populations,
one of the smaller size distribution around R; »;, = 14-16 nm
and a second somewhat bigger one with radii R 5, = 32-40 nm.
The average size increases which is due to a size increase of the
individual populations (more pronounced for the larger
population) and mostly due to a shift of having increasing
prominence of the larger population. This increase can be
explained by an increasing depletion of the surfactant from the

= himodal model
monomodal model

s TS - model

Fig. 11 (a) SANS spectra and corresponding fits, using a spherical bimodal log normal distribution with a hard sphere radius of ~39 nm upon NE-
regime ([J 98%, O 95%, A 90%, < 85% and @ 80% H,0), intensities are divided by the volume fraction and multiplied by ¢* for better visualisation;
(b) comparison of monomodal and bimodal data-fit (98% H,0O) and demonstration of Teubner—Strey (TS) fit (80% and 98% H,O), intensities are
multiplied by ¢* for better visualisation; (c) corresponding residuals of fits for [J one and @ two populations and O TS-fit in the case of 98% H,O.
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nanoemulsion interface due to the dilution. With less surfactant
availability for stabilising nanoemulsion droplets, they have to
grow in size.

The increasing prominence of the larger size distribution is
demonstrated in Fig. 12b, which shows the relative content A (by
mass) contained in the droplets of the smaller size distribution. It
is interesting to note that there exists an almost perfectly linear
dependence of A on the concentration of water contained in the
mixture.

In Fig. 13 we compare the sizes of the nanoemulsion droplets
as derived from the various methods. The mean sizes of the
smaller and larger population yield a lower and upper boundary
for the mean particle size observed in the system. Directly after
reaching the phase inversion concentration, population R; ,, is
dominant (see A, Fig. 12b), while population R; j; might be
negligible at this point. According to their proportion in the
mixture we can then calculate from 7(0) the mass-averaged mean
size (X), which is increasing much more strongly due to the shift
of the proportion contained in the larger and smaller population,
respectively. It is very interesting to note that Ry s, (Ip) is in
a very good agreement with the radius obtained from the
turbidity measurements ([J in Fig. 13), which gives further
credibility to the structural picture deduced here. Accordingly we
have a very self-consistent picture of having two nearby particle
size distributions around 14-16 and 30-40 nm radius, which
change their relative contribution with water concentration.

With the knowledge of the size distributions we could also
calculate the relative ratios of the number of particles contained
in size distribution 1 and 2, N(1)/N(2), which is given as well in
Table 3. These values as they can be directly compared to the
analysis of the cryo-TEM images are discussed in the following.

3.2.3 Cryogenic transmission electron microscopy (cryo-
TEM). In order to obtain complementary structural informa-
tion, direct imaging of a nanoemulsion sample was done by
means of cryo-TEM. The obtained images of O/W-mixture with
95% H,0 confirmed the strongly polydisperse character of this
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Fig. 13 Comparison of the radii determined from turbidity and SANS
via various methods (0 Ray, (turbidity), m Ry s, (SANS), O R,y
(SANS), x R, (SANY)).

sample (c¢f. SANS-results Table 3) and an example for these TEM
images is given in Fig. 14b. In order to obtain quantitative
information regarding the size distribution statistical evaluations
of obtained images have been accomplished through Java-based
image processing (Imagel).

From this analysis based on 312 analysed droplets using six
different TEM images (Fig. 14b being one example) a radii size
distribution has been derived which is given in Fig. 14a. This size
distribution is distinctly bimodal and shows two well-defined
peaks. In Fig. 14a for a comparison we also show the number
weighted log-normal size distributions of SANS data fit for the
same sample. The position of the peaks coincides very well, just
the scattering experiment shows a significantly broader distri-
bution of both populations. This might be due to the fact that in
scattering one sees an upper limit of the width of the size distri-
bution, as there would be further effects like anisometry or
fluctuations of the droplets that would look like polydispersity
and which in our model will simply add onto the observed
apparent polydispersity. However, in general the cryo-TEM
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Fig. 12 (a) Standardised size distribution functions of scattering curves in the nanoemulsion region, using a bimodal log normal distributed spherical
model; size distributions are depicted as number density N times the observed particle radius R to the power of three (N(R)- R?) vs. the radius R for
a more pronounced visualisation of the two particle size evolutions with increasing water concentration; (b) determined amplitude of SANS-fit

(cp. Table 3) for population m R(1) and population O R(2).
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Table 3 Fit parameters amplitude A, mass weighted radii (number
weighted radii in Table S8) Ry, R» s, and polydispersity indices o,
and g, for populations 1 and 2, respectively; in addition mass weighted
radius of both size distributions Ry ar, (lo) and ratio Ni/N, of the
number of droplets in population Ny and N,

Wt(DzO)O/D A Rl,Mw nm o, 122’1”W nm o; RI/Z,MW (IQ) nm NI/N2

80 0.92 12.7 0.47 31.6 0.04 15.8 210

85 0.72 14.3 0.41 32.0 0.17 20.4 31.0
90 0.56 14.8 0.39 32.8 0.31 25.6 14.4
95 0.38 15.4 0.32 35.6 0.45 34.5 6.49
98 0.28 16.0 0.32 39.4 0.49 41.3 4.72

results demonstrate in a convincing manner that the investigated
nanoemulsions contain spherical droplets with a clearly bimodal
size distribution. Both methods agree very well with respect to
the number-averaged mean particle sizes to be located at ~12
and ~27 nm, respectively (e.g. Table 3 and Table S8t). Even
more impressive is the fact that the deduced ratio of the number
of particles in the respective size distributions: N(1)/N(2) = 6.5
obtained from SANS is in excellent agreement with the cryo-
TEM finding of N(1)/N(2) = 6.6 (Fig. 14).

Conclusions

An oil/surfactant/water system containing the oils, diethylhexyl
carbonate, phenoxyethanol, and a parabene mixture, and as
surfactant polyglyceryl-4 laurate mixed with a small amount of
anionic dilauryl citrate forms spontaneously long-time stable
nanoemulsions (phase separation only occurs after times longer
than 6 months) by simply diluting the oil/surfactant mixture with
water. The role of the dilauryl citrate is that of an electrostatic
stabiliser, while the phenoxyethanol contained in the oil is
a cosurfactant facilitating the high effective solubilisation
capacity of the system. This process proceeds via the phase
inversion concentration (PIC) mechanism, due to the presence of
the relatively hydrophilic surfactant which becomes leached out
from the emulsion droplets upon dilution.

Our observation of the phase behaviour shows that upon
dilution with water this oil/surfactant system passes via an
extended two-phase range to a homogeneous nanoemulsion
phase that appears for a water content above 75%, which phase
separates into an upper oil and a lower aqueous phase only after
many months. At somewhat lower water content a bicontinuous
structure is present, that shows a quite pronounced viscosity and
conductivity maximum prior to the phase transition to the
nanoemulsion phase. SANS measurements show a substantial
increase in the degree of ordering while passing through the
bicontinuous phase. This demonstrates that the generation of
nanoemulsions is linked to the presence of a highly ordered phase
in the vicinity in the phase diagram. Furthermore the very low
interfacial tension of the oil/surfactant mixture explains the
formation of a highly dispersed phase. Here it is interesting to
note that from the interfacial tension value of 0.0175 mN m ' one
can estimate the droplet radius R via the relation:%%¢°

YR = kT (23)

to be about 15 nm, which is in excellent agreement with our
further structural characterisation (especially for the smaller
sized population observed). It should also be noted that this size
estimate is one for the maximum size of microemulsion droplets
formed at the boundary of emulsification failure. However, for
some interesting reason this estimate also coincides rather well
with the size of our nanoemulsion.

A detailed structural investigation of the nanoemulsion region
by SANS and cryo-TEM at 98 wt% water content showed that it
is composed of spherical droplets with a bimodal size distribution
with average sizes of R(1) = 10 and R(2) = 26 nm. A concen-
tration dependent SANS investigation shows that directly
beyond the phase transition into the nanoemulsion region, ie., at
lowest dilution with water, this is dominated by the smaller O/W
droplets. Generally both particle sizes are growing with
increasing water concentration, but this growth is much more
pronounced for the larger sized population. The growth of the

1.0/ .
~ 0.8
"é 0.6
2 0.4/
0.2]
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Fig. 14 (a) Normalised statistical evaluation of cryo-TEM images ((b) respectively) nanoemulsions formed at 95% H,O (population m R, yand O R;,
~); compared with number weighted (Table S61) normalised bimodal size distribution function (a) (log normal) obtained from SANS-data fit (--- Ry y;,
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average particle size is in good agreement for the SANS and the
turbidity data and one observes a roughly linear increase of size
with the water content in the mixture. This growth is due to the
fact that upon dilution the hydrophilic surfactant partitions
increasingly into the aqueous phase and therefore less surfactant
is available to cover the emulsion droplets, which therefore have
to increase in size. With increasing water content the proportion
of the smaller particles (N(1)) decreases in favour of the forma-
tion of the bigger droplets (N(2)). Using SANS and cryo-TEM
imaging yields a reliable picture of this situation and both
methods are in excellent agreement with respect to the relative
amounts of particles present in the form of larger and smaller
droplets. This bimodal size distribution might be the result of an
initial Ostwald ripening of the system that becomes arrested in an
early stage. In any case due to the rather high solubility of the oils
contained one would expect a rather fast Ostwald ripening in our
nanoemulsion but apparently this is effectively suppressed. The
reason for this remarkable stability is not yet clear, but will be the
focus of future studies.

Therefore our investigation demonstrates that the nano-
emulsion studied here is in reality composed of a bimodal
distribution of somewhat differently sized droplets with mean
radii in the range of 15 or 30-40 nm, respectively. The smaller
droplet size is consistent with the size expected for microemulsion
droplets. This means that here one may have a situation where
microemulsion droplets coexist with larger sized, metastable
emulsion droplets. This is a new insight into the structural details
of PIC nanoemulsions, which should be important for the future
developments of these interesting systems. This knowledge will
be important for the rational design of nanoemulsions and for
their further applications.
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