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ABSTRACT: The insertion in nonionic polymer micelles
(Pluronics F127) of seven essential oils and some of the pure
compounds that compose them was investigated by
complementary differential scanning calorimetry, small-angle
X-ray, and neutron scattering (SAXS and SANS). The study
revealed various insertion and swelling behaviors for the
different oil molecules, an evidence of different interaction
mechanisms involved between oils and Pluronic monomers.
Thermodynamically, the addition of oil increased the
micellization enthalpy due to an enhanced release of water
molecules, leading subsequently to a decrease of the critical micellar temperature (CMT). Structurally, with oil, SANS revealed
the presence of large aggregates at lower temperature than the CMT for which their size is maximal. Above the CMT, the size
decreased and the equilibrium was reached a few degrees after the temperature corresponding to the maximum of the
endothermic peak. At 37 °C, the detailed combined SANS and SAXS analysis demonstrated a partial phase separation between
the oil and the poly(propylene oxide) core. The hydrophilic stabilizing poly(ethylene oxide) shell remains unchanged.

■ INTRODUCTION

Water solubilization and release of hydrophobic molecules is a
key mechanism for pharmaceutical applications or cleaning
processes. Increasing the water solubility of additives and
active compounds is thus essential. This can be achieved using
molecular mixture (cosolvency) or using solubility enhancers
such as surfactants, forming containers able to encapsulate a
hydrophobic molecule.1,2 In the pharmaceutical domain,
encapsulation plays an important role to protect from
oxidation and to maintain the biological activity of active
compounds.3 For cosmetic products, it helps in controlling
volatility and release properties,4,5 whereas in food industry, it
limits the degradation in composition during processing and
storage. Depollution and water waste treatment also benefit
from the solubilization capability of surfactant aggregates, to
allow a local enrichment of a given compound for separation
from a dilute solution. In the presence of micelle-forming
amphiphiles, additives may see their water solubility increase
due to cosolvency with a change in chemical potential,6 or due
to loading inside the micelles, at various locations, more or less
deep inside the structure.7

However, it is largely recognized that the incorporation of
hydrophobic molecules has a significant influence on the
surfactant assemblies according to their location from the inner
core to the solvated corona, via the core/shell region. It can
induce drastic growth of micelles, phase transition, and
separation.8−10 The exact localization of incorporated mole-
cules in surfactant aggregates is thus crucial to understand the
release dynamics and the interactions, which further determine

the product properties such as stability and shelf-life, two
major issues in industrial applications.11 In addition, more
specifically for pharmaceutical applications, the structural
changes that promote the aggregate growth can affect seriously
the properties and usability of the drug nanocarriers if some
critical size is exceeded. A detailed knowledge of the impact of
additives on the nanocarrier primary structure is mandatory
and can help optimize the design and efficiency.
In this study, essential oils are chosen as a representative

class of hydrophobic but slightly polar molecules. They are
known and used since ancient times for their fragrance and
medicinal properties. Their effects in pharmaceutical prepara-
tions are described in official pharmacopeias and belong to the
traditional medicine. Essential oils are extracted from plants
and are complex blends of a variety of volatile molecules such
as hydrocarbons (terpenes) and oxygenated molecules
(alcohols, esters, ethers, aldehydes, ketones, lactones, phenols,
and phenol ethers). Ethylene oxides (EOs) can contain up to
60 different components with one to three compounds at high
concentrations (20−70%) and the others present in trace
amounts. The main compounds determine the biological and
medicinal properties, such as antibacterial, virucidal, fungicidal,
insecticidal, analgesic, anti-inflammatory, or anesthetic. A large
scientific literature domain is dedicated to the use of these
natural products for maintaining health and potentially treating
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diseases.12,13 Essential oils or rather the synthesized perfume
molecules are also widely found in commercial, cosmetic,
home care, and food and drink products to improve taste or
flavor. Essential oils are hydrophobic and thus almost not
soluble in water, which obliges dissolving them in an organic
solvent. For water-based formulations used in cosmetics, food
products, and pharmaceutical formulations, these hydrophobic
active molecules are encapsulated into amphiphilic carriers
such as micelles or vesicles that enhance the water solubility
and oxidative stability and decrease the volatility and slow
down the release.4,5,14

The oil molecules can be classified according to their water
solubility or their partition coefficient log(P), which quantifies
the ratio of the concentrations of the oil in octanol and water
at equilibrium and thus their relative hydrophilicity/hydro-
phobicity. Several studies tend to demonstrate a link between
log(P) and the location within the micelles. In ref 15, a
comprehensive study on the incorporation of 20 fragrance
molecules in mixed anionic−nonionic micelles shows three
distinct behaviors according to the log(P) value. Hydrophilic
fragrances (log(P) < 2) are distributed almost equally between
the micellar and aqueous phases. Hydrophobic fragrances
(log(P) > 3.5) are fully solubilized in the micelles. The
situation is more complex in the intermediate log(P) region
where a strong dependence of fragrance partitioning on the
chemical structure superimposes the general dependence on
hydrophobicity. Bulky structures, such as alcohols with a long
and partly branched chain (methyl groups or rings), are
extremely hindered in their isotropic motions and remain at
the interface, whereas compounds with long alkyl chains are
incorporated to a higher degree in the micelle core. Other
studies corroborate this insertion behavior in micelles of small-
molecular-weight surfactants.16,17

Pluronics (Poloxamers) are a wide family of triblock
copolymers composed of two hydrophilic poly(ethylene
oxide) (PEO) groups and a central hydrophobic poly-
(propylene oxide) (PPO) group with the general chemical
formula HO[CH2CH2O]x[CH(CH3)CH2O]y[CH2CH2O]
xOH. The self-assembling properties, the size, and the nature
of so-formed aggregates are easily varied by changing the
PEO/PPO ratio. They are largely studied for encapsulation

and drug delivery because they present low critical micellar
concentrations (CMC), critical micellization temperatures
(CMT) between 20 and 40 °C, below or close to the body
temperature, and form micelles of diameter from 200 to 800 Å,
which is the most appropriate size range for drug delivery. In
addition, the presence of flexible and uncharged PEO chains
with a high steric hindrance enhances the circulation time in
the bloodstream.18 In the large Pluronic family, F127 (EO100-
PO65-EO100) possesses thermoreversible and rheological
properties that are of the greatest interest in enhancing drug
formulations.19

Since Pluronics show high potential as nanocarrier, broad
literature is found on the incorporation of hydrophobic
molecules in Pluronic aggregates. Small-angle neutron
scattering (SANS) with the possibility of specific deuteration
has been widely used to characterize the structure of these
multicompartment systems, and complementary nuclear Over-
hauser effect spectroscopy (NOESY) experiments allowed to
identify the locus of solubilization.20−29 These experimental
results can be further compared to the predictive thermody-
namic model developed by Nagarajan et al.30−34 where the
solubilization capacity of hydrocarbon in Pluronics and the
effects on the micellar size and shape are calculated. However,
general rules that govern the loading capability correlated with
the location of the oil within the micelle are still unclear and
still little is known concerning the structure of Pluronic
micelles with EOs.
In the following discussion, we investigated the insertion in

the Pluronic F127 micelles of seven EOs, lemon, rosemary,
lavender, palmarosa, tea tree, mint, and gaultheria and nine
main perfume molecules that compose them, limonene,
anethol, thymol, eucalyptol, linalool, geraniol, terpineol,
menthol, and methyl salicylate. The choice of these EOs/
molecules was driven by their widespread use as perfume or
flavor in industrial products (lemon, lavender/linalool,
palmarosa/geraniol, and mint/menthol) and for their ther-
apeutic properties, such as antibacterial, fungicidal, antiseptic
(thymol and tea tree/terpineol),35,36 anti-inflammatory
(gaultheria/methyl salicylate), and cough suppressant prop-
erty, and as insect repellent (rosemary/eucalyptol)37,38 and
local anesthetic (mint/menthol).39 They also illustrate the

Table 1. Molecular Structure of the Perfume Molecules (a) Anethol, (b) Thymol, (c) Limonene, (d) 1-8 Cineol (Eucalyptol),
(e) Linalool, (f) Geraniol, (g) 4-Terpineol, (h) Menthol, and (i) Methyl Salicylate
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variety of chemical natures, such as polarity, water solubility,
and structure of the perfume molecules (see Table 1).
We worked in the dilute part of the F127 phase diagram

where micelles are formed in water.40 Differential scanning
calorimetry (DSC) was used to determine the effect of the
different additives on the critical micellar temperature (CMT).
The detailed characterization of the micelles was obtained by a
combined use of small-angle X-ray and neutron scattering
(SAXS and SANS).41 SANS is mostly sensitive to the
hydrophobic core, and the hydrophilic shell being almost
invisible due to its high hydration has only a small
contribution. SAXS give a full description of the micelles,
and the high flux and resolution of synchrotron instruments
allow for resolving the form factor oscillations, whose position
and amplitude are closely linked to the partition of the oil into
the micelle. The complementarity of the two techniques is due
to the significantly different scattering length density (SLD) for
X-rays (sensitive to electronic density, usually EO > propylene
oxide (PO) > water > essential oil) and neutrons (primarily
sensitive to the H/D isotopic composition, with typically
deuterated solvent ≫ EO > PO > essential oil). The subtle
changes of SLD profiles upon incorporation of oil affect in a
different manner the SANS and SAXS scattering curves, as it
will be shown in the experimental part and associated figures,
and allow one to locate the position of the oil in the micelle.

■ MATERIAL AND METHODS
Chemicals. D2O (99.9%), Pluronic F127, and the synthetic

perfume molecules, anethol, limonene, linalool, geraniol, eucalyptol,
menthol, thymol, methyl salicylate, and terpineol, were purchased
from Aldrich and used without further purification. The essential oils
issued from organic farming, lavender (Lavandula angustifolia),
palmarosa, gaultheria, lemon, eucalyptol, peppermint, and tea tree,
were bought in specialized shops. The structure of the different
perfume molecules is presented in Table 1. Their physical parameters,
molar mass, density, solubility in water, log(P), and neutron and X-ray
SLD are summarized in Table 2. Apart from lemon (limonene), all
molecules have log(P) between 2 and 4, i.e., in the intermediate
domains.16 These oils are also broadly used in industrial fields. Except
for the methyl salicylate, the neutron and X-ray SLD of the oils is
lower than the polymer SLD. The incorporation of these molecules in
the Pluronic micelles, in addition to a swelling, modifies the contrast
between the hydrophilic and hydrophobic parts and thus the
scattering profile.
The samples were all prepared in D2O to increase the scattering

length density contrast and to reduce the incoherent background for
SANS experiments. The samples were characterized by the volume
fraction of F127 ΦF127 in D2O and the total volume fraction of Φoil.

Φ =
+ +

Φ =
+ +

V
V V V

V
V V V

andF127
F127

F127 D O oil
oil

oil

F127 D O oil2 2

A stock solution of F127 in D2O at ΦF127 = 1% was prepared by
weighting out the appropriated amounts of F127 and solvent and
gently stirred for 1 day. The solution was then kept at laboratory
temperature (20 °C). The appropriate amount of oil was weighed out
and added to the F127 stock solution to obtain the requested oil
volume fraction Φoil. The samples were vortexed and left for
equilibration in the dark at least for 2 days before further analysis.
For menthol and thymol that are powders at room temperature, the
samples were heated to 40 °C and sonicated until complete
dissolution.

To determine the insertion limit, the oil concentration was
progressively increased by 0.02 vol % steps, defining the error on the
concentration limit. After equilibration, the samples were visually
inspected and the presence of tiny droplets in solution after gentle
shaking indicated a phase separation. For thymol, a different behavior
was observed with the appearance of an opalescent but homogenous
phase.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry measurement was carried out with a Micro DSC III
apparatus (Setaram, France) that allows high sensitivity with dilute
solutions. The sample of about 0.4 g was placed in a Hastelloy vessel
and the same amount of D2O was used as reference. A first fast cycle
at 2 K/min between 4 and 60 °C was performed to ensure the
homogeneity of the solution. Then, two cycles at 0.5 K/min were
repeated to check reproducibility and reversibility of the transition.
The CMT was determined from the temperature at the intersection of
the tangent of the first inflection point of the peak with the baseline.42

The enthalpy of micellization (ΔHm) was calculated from the area of
the micellization peak.

Drop Shape Analysis. The interfacial tension between the oil and
the water was measured at room temperature using a drop-shaped
analyzer DSA10 from Krüss. For molecules with densities lower than
1, drops of oil in heavy water were created using an inverted blunt
needle of 0.72 mm outer diameter immersed in a 10 mm × 20 mm ×
40 mm optical glass cuvette. For methyl salicylate, a pendant drop was
created using a flat needle of 0.7 mm diameter. Interfacial tensions
were calculated from the drop-shaped profiles by the Krüss software
using the Young−Laplace equation.

Zetasizer. The hydrodynamic radii of the loaded micelles at the
maximal insertion were determined by dynamic light scattering (DLS)
method (Zetasizer Nano ZS; Malvern Instruments, U.K.) and at a
scattering angle of 90°. The temperature was set at 37 °C. The
samples were filtered (Millex GV poly(vinylidene fluoride) hydro-
philic, 0.22 μm) and analyzed without dilution.

Small-Angle Neutron Scattering (SANS). The SANS experi-
ments were performed on the D22 and D33 instruments at the
Institut Laue-Langevin (Grenoble, France). Two instrument config-
urations were used to cover a q-range from 3 × 10−3 to 0.4 Å−1 where
the scattering vector q is defined as q = 4π/λ sin θ, 2θ being the

Table 2. List of the Essential Oils with Their Main Molecules, Chemical Formulas, Molecular Weight, Densities, Solubility in
Water/Octanol Partition, and Neutron and X-ray Scattering Length Densities (ρ)a

molecule/EO formula
molar
mass

volumetric mass density
(g/mL)

solubility
(g/L) log(P)

ρ (neutron)
(cm−2)

ρ (X-ray)
(cm−2)

anethol star/anise C10H12O 148.21 0.98 0.111 2.43b 1.11 × 1010 9.17 × 1010

thymol/thyme C10H14O 150.22 0.965 0.9 3.3c 0.767 × 1010 8.92 × 1010

limonene/lemon C10H16 136.23 0.84 0.014 4.38b 0.246 × 1010 7.97 × 1010

1-8 cineol or eucalyptol/rosemary C10H18O 154.25 0.921 3 2.74c 0.178 × 1010 8.73 × 1010

linalool/lavender C10H18O 154.25 0.858 1.6 2.44b 0.166 × 1010 8.14 × 1010

geraniol/palmarosa C10H18O 154.25 0.879 0.1 3.56c 0.172 × 1010 8.44 × 1010

4-terpineol/tea tree C10H18O 154.25 0.93 0.38 3.2c 0.18 × 1010 8.85 × 1010

menthol/mint C10H20O 156.27 0.89 0.45 3.06b −0.881 × 1010 8.65 × 1010

methyl salicylate/gaultheria C8H8O3 152.15 1.17 0.7 2.08b 1.9 × 1010 10.6 × 1010

aThe solubility values were taken from https://pubchem.ncbi.nlm.nih.gov/. bValue reported from ref 16. chttps://pubchem.ncbi.nlm.nih.gov/.
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scattering angle and λ the neutron wavelength. On D22: λ = 6 Å,
sample-to-detector distance D = 2 m, collimation C = 5.6 m, and D =
14 m, C = 14.4 m, and detector offset = 300 mm; on D33, λ = 6 Å, D
= 2 m, C = 7.8 m and D = 12 m, C = 12.8 m. The long collimation
distance compared with the detector distance at the high q
configuration allows for a good resolution in q. The samples were
placed in 1 mm path length Hellma cells and thermostated using a
circulating water bath. The raw scattering data were corrected for the
electronic background and empty cell and were normalized on the
absolute scale using the attenuated direct beam to calculate the
incident flux, using ILL Lamp software (https://www.ill.eu/
instruments-support/computing-for-science/cs-software/all-software/
lamp/).
Small-Angle X-ray Scattering (SAXS). SAXS measurements

were performed at the high-brilliance beamline ID02 at the ESRF
(Grenoble, France), in four-bunch mode and with a 1 mm graphite
attenuator, to prevent radiation damage. A energy of 12.46 keV (λ =
0.0995 nm, relative full width at half-maximum 10−4) was used. The
Rayonix MX-170HS charge-coupled device detector in 8 × 8 binning
was set at a sample-to-detector distance of 2 m, as verified with silver
behenate calibration standard. Samples were inserted into a Peltier-
thermalized flow-through quartz capillary of 2 mm inner diameter
measured by transmission scan. Data were corrected for the dark
current, flat field, incoming flux, and transmitted beam measured
simultaneously with scattering. Ten measurements were averaged
after verifying that no change due to radiation damage occurred.
Contribution of the solvent (D2O)-filled capillary was subtracted. The
absolute scale was determined using the plateau intensity level of
water (at 1.63 × 10−2 cm−1 at 298 K).
SANS and SAXS Data Analysis. The detailed equations of the

form and structure factors used for the SANS and SAXS data analysis
are given in the Supporting Information. The scattering of the pure
Pluronic micelles is fitted to a core−shell model combined with a
hard-sphere (HS) structure factor. The core contains PPO and water,
and the shell contains PEO and water. The resulting parameters are
R0 the core radius, eshell the thickness of the PEO shell, the core and
shell SLD, and ΦHSm the hard-sphere volume fraction of micelles. A
Gaussian coil with Rg = 6 Å is added to improve the fitting at high q
(> 0.2 Å−1), which originates from the PEO segment. Polydispersity
(with a Gaussian distribution of sizes) is applied to the core and the
shells independently. Finally, the instrument resolution with
appropriate weight function is taken into account in the fitting
procedure.
In presence of the oil molecules, assuming that the oil deeply

penetrates into the micellar core, a core−two-shell model combined
with HS structure factor is used. According to the nature of the oil
and its location in the micelle, the multilevel structure composition
can vary: the core might contain, in various amounts, oil and PPO, the
first shell might contain oil, PPO, and water and the second shell
might contain oil, PEO and water.
The resulting parameters are the radius of the enriched oily core R0,

the thickness of the PPO layer ePPO, the PEO shell thickness eshell, the
scattering length densities of the different layers, and the volume
fraction of micelles Φm that is also used for calculation of the hard-
sphere structure factor. From these parameters, we can extract the
solvent hydration in the different shells, the density number of
micelles and their aggregation number, and the surface per head
group. The analysis is done using SasView 3.1.2 software package
(http://www.sasview.org/).
The shell of the Pluronic micelles is highly hydrated, and the

average scattering length density ρ̅PEO is equal to

ρ ρ ρ̅ = + −f f(1 )shell shell D O shell EO2 (1)

with fshell the volume fraction of D2O in the shell. ρD2O and ρEO are the
SLD of D2O and EO, respectively.
The PPO core is to a less extent hydrated.43 The average core SLD

is then equal to

ρ ρ ρ̅ = + −f f(1 )core core D O core PO2 (2)

with fcore the volume fraction of D2O. ρPO is the SLD of PO calculated
taking account the apparent specific molecular volume of PO in the
micellar state, as determined in ref 44.

In presence of oil, the calculation of the scattering length densities
in the different compartments of the micelles is delicate. This implies
the knowledge of the volume fractions of PO, oil, EO, and D2O in
each part. These different ratios, however, depend on the added oil
molecule, and the combined SANS and SAXS experiments do not
allow for solving such equations without further assumptions.

With Rtot equal to R0 + ePPO + eshell, the total volume of one
hydrated micelle is

π=v R4/3m tot
3 (3)

The density number of particles per cm3 Np is obtained by dividing
the volume fraction of micelles ΦHSm by the micellar volume vm

= ΦN v/p HS mm (4)

The aggregation number is calculated by dividing the volume fraction
of F127 known from the sample preparation (1%) by the density
number of micelles and the molecular volume of one F127 molecule

=
Φ

N
N vagg

F127

p m
F127

(5)

Finally, by considering a hairpin configuration of the Pluronic chain
and one head group per molecule, the surface per head group at the
interface between the PEO and PPO shell is obtained as follows

σ
π

=
+R e

N
4 ( )o PPO

2

agg (6)

■ EXPERIMENTAL RESULTS
Oil Insertion Limit in Pluronics F127. Figure S1 (Supporting

Information) shows the total maximal volume fraction of oil Φoil
L that

enters in a 1% solution of F127 before the apparition of oil droplets
and these limits are compared to the oil−water solubility.

We observe that the most water-soluble oils, thymol, eucalyptol,
and linalool have the highest limits, but that is mainly due to the fact
that a part of the oil remains in the water. The important information
is about the volume of oil that is really encapsulated into the micelles.
In the first approximation, we consider that the water solubility of the
oils is not modified by the presence of Pluronic molecules. Then, the
insertion limit Soil

L is defined as

= Φ − ΦS S d( ( / )/1000)/oil
L

oil
L

oil oil F127 (7)

Soil and doil are the oil−water solubility in g/L and density,
respectively. Φoil

L is the total maximal volume fraction of oil
determined experimentally and ΦF127 is the volume fraction of F127.

The insertion limits for the different oil molecules are shown in
Figure 1 (left axis). These limits are compared to the hydrodynamic
radius measured by DLS (Figure 1, right axis). After correction from
the oil dissolved in water (eq 7), the insertion limit still depends
strongly on the oil molecule. 4-Terpineol shows the highest
encapsulation limit (0.41), followed by thymol and linalool, close to
0.3. Limonene has the smallest solubility in the micelles (0.08). The
other molecules have limits of around 0.15. DLS measurements show
a significant increase of the hydrodynamic radius of the micelles in
presence of the oil, compare Rh = 142 Å for F127 in D2O confirming
the incorporation of the oil into the micelles. We notice also that the
hydrodynamic radius is not proportional to the solubility limit; such
behavior can only be explained by different localizations of the oil
molecules into the micelle.

In the following, we are working at a concentration of 1% for the
F127 and an oil volume fraction of 0.2% to remain in the monophasic
domain for the majority of the oils (except limonene and methyl
salicylate). This volume corresponds to 20 vol % of the (dry) Pluronic
volume, 60% of the PPO volume, and 40 oil molecules per PPO
moiety or 0.6 oil molecule per PO group. In such conditions, at 37
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°C, all samples were transparent except those containing limonene or
lemon in which tiny droplets were visible by eyes (Table 3).
DSC Measurements. Figure 2 presents the thermograms for

linalool and lavender in 1% F127 solution in comparison with the
“pure” micelles in D2O. The thermograms for the different synthetic
molecules or essential oils are compared in Figure 3. Table 4
summarizes the CMTs and micellization enthalpies.
The pronounced endothermic peak is a signature of the micellar

formation induced by the dehydration of the PPO. For the reference
solution, the temperature onset (CMT) is found at 24 °C, in good
agreement with the literature.40,45 Except for thymol for which the
peak disappears, the endothermic peak is always present with the oils.
Its position is shifted to a lower temperature that depends on the
additive. The lowest CMTs around 11 °C are obtained for geraniol
and linalool. We can notice that these two molecules do not possess
aromatic rings. The other molecules have less impact, and the onset of
micellization occurs around 19 °C. The peak becomes also larger, and
a split is observed for geraniol, menthol, and all essential oils except
gaultheria (methyl salicylate) and lemon (limonene).
Pluronics are diblock terpolymers with distributed block lengths,

leading to a distribution in amphiphilicity and thus in hydrophobicity
of the Pluronic molecules. The most hydrophobic molecules become
dehydrated at lower temperatures and begin the micellization. At
higher temperatures, redistribution and homogenization of the oil in
the micelle occur.16 However, as the split is mostly observed with the
EOs rather than with the synthetic molecules, the origin might also be
due to the various compounds making up the blend, that induce
different micellization temperatures. In such a case, it may indicate
that Pluronic F127 micelles are able to separate different hydrophobic
molecules in these complex mixtures.
The micellization entropy of the 1% F127 solution is 357 kJ/mol,

in good agreement with the literature.46 The presence of oil induces a

significant increase of the enthalpy. The strongest effects are found for
linalool and menthol. Such increase in enthalpy is linked to the release
of water molecules: the solvation water is displaced by the
incorporation of oil. This has already been reported for F108 and
P84 Pluronic molecules in presence of different oils25,47 and with
P123 with long-chain alcohol, confirmed by NMR.48 A cooperative
association of the alkanol chains with the PO groups expels the water
and favors the micellization.

SANS Investigation of the Micellization Process as a
Function of Temperature. The DSC experiments have shown
that the addition of the perfume molecules promotes the micellization
that starts at lower temperatures. Here, we aim to follow by SANS the
formation and disruption of the micelles during the heating and
cooling phases. The sample F127 1% in D2O is taken as reference and
six molecules, anethol, thymol, linalool, geraniol, eucalyptol, and
methyl salicylate, characteristic of the diversity of the oils, are
investigated. The temperature is increased from 8 to 37 °C and then
cooled down to 8 °C to check for the reversibility. At each step, at
least 10 min are left for temperature equilibration.

The data for the F127 in D2O are presented in the Supporting
Information (Figure SI2). Below the CMT determined at 24 °C by
DSC, water is a good solvent for both the PPO and PEO blocks and
the F127 is in the form of monomers. The curves are almost
superimposed, except for a small increase of the intensity at low-q
with increasing T. The radius of gyration of the chains obtained with
the Guinier−Debye model is 40 Å, in good agreement with a previous
scattering study.49 At 24 °C, the scattering pattern still corresponds to
that of a polymer chain at high q but a significant increase of the
forward scattering is obtained and the radius of gyration increases to
75 Å. At 29 °C, the transition has occurred and the typical signal of
micelles is visible. The data analysis following a core−shell model
gives a core of 42 Å and a shell of 61 Å. From 29 to 37 °C, the
scattering intensity still increases at low q and the data fitting shows a
small increase of the core radius up to its final size at 45 Å.

In presence of oil, one observes a different behavior. An example is
shown in Figure 4 for linalool. The results with the other oils are

Figure 1. (Bar, left axis) Insertion limit of the oil molecules in 1%
F127 at 37 °C. Gray bars correspond to the total oil volume fraction
before phase separation. Color bars are the oil volume fraction in the
micelles after subtraction of the remaining oil in water (eq 7) (●,
right axis). Hydrodynamic radius measured by DLS at the insertion
limit. Rh = 142 Å for F127 in D2O.

Table 3. F127 and Solvent Chemical Data: Chemical Formulas, Molecular Weights, Densities, and Neutron and X-ray
Scattering Length Densities at 37 °Ca

formula
molar mass
(g/mol)

volumetric mass density
(g/mL)

molecular volume
(Å3)

ρ (neutron)
(cm−2)

ρ (X-ray)
(cm−2)

F127 (EO)100(PO)65(EO)
100

12 570 1.128 18 503

(PO) (OCH(CH3)
CH2)

58 1.024 94 0.34 × 1010 9.58 × 1010

(EO) (C2H4O) 44 1.18 62 0.67 × 1010 10.9 × 1010

solvent D2O 20 1.1045 30.1 6.36 × 1010 9.38 × 1010

aThe PO and PEO density values are taken as determined in 44.

Figure 2. DSC thermograms showing the effect of 0.2% of linalool or
lavender on the micellization process of 1% F127 solution.
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presented in the Supporting Information (Figures S3−S9). At 8 °C,
the scattering curve is very similar to a polymer coil but the gyration
radius of 80 Å obtained from the analysis is too large for the F127
monomer. The scattering is rather the sum of F127 monomers in
coexistence with a few larger objects. The curve is thus fitted with the
sum of a core−shell spherical model and polymer Gaussian chains. At
this step, the particles have a core of 100 Å. The shell thickness is
fixed at 61 Å. Their volume fraction is very low, around 0.002%, and
they are in equilibrium with free polymeric chains with an Rg of 40 Å.
At 10 °C, just at the temperature onset of the CMT, the presence of
large aggregate is confirmed; their volume fraction has increased
(around 0.05%), and the core reaches a maximum size of 125 Å. By
increasing the temperature, the core radius decreases down to 64 Å at
22 °C, the temperature corresponding to the maximum of the
endothermic peak, and then remains stable. The micelle volume
fraction is at this point 2.4% and increases up to 3.4% when the
equilibrium in size is reached at 29 °C. The latter value coincides with
the end of the endothermic transition. From 29 to 37 °C, the volume
fraction of micelles continues to increase up to 4.7%. During the
entire process, the shell thickness is fixed at 61 Å.

By lowering the temperature from 37 down to 8 °C, a decrease in
size of the hydrophobic core from 62 to 54 Å at 17 °C is observed.
From 17 down to 11 °C, the aggregates grow again in size but they
are smaller than the size of the aggregates formed at the same
temperature during the heating phase. Finally, at 8 °C, the curves
measured during the heating or cooling are superimposed. Figure 5
summarizes the evolution of the size of the hydrophobic core during
the heating and cooling phase and clearly evidences a hysteresis
process.

For thymol, the micelles are already formed in their final state at 8
°C, in agreement with the absence of the endothermic peak
characteristic from the micellization in the temperature range
investigated. For the other molecules, the mechanism observed with
linalool can be generalized (Figure S10). With anethol and eucalyptol
(Figures S4 and 6), since the CMT remains relatively high, the first
temperature is well below the CMT and the scattering is mainly
dominated by the scattering of the polymer chain. However, contrary
to the pure F127 in D2O, the scattering curve cannot be modeled by a
Gaussian coil, due to the increase of the scattering intensity at small q
values. Getting closer to the CMT, for all molecules, an oscillation
appears, corresponding to aggregates with a size of more than 100 Å
that were not visible without oil. Their volume fraction remains,
however, low. The oscillation becomes more pronounced as the
temperature increases, and the size of the aggregates increases
strongly up to the onset of the CMT. From this temperature and up
to Tpeak, the size decreases and the volume fraction increases. The
equilibrium in size and volume fraction is attained a few degrees after
Tpeak. During the cooling phase from 37 to ca. 17 °C, a deswelling of a
few angstroms is first observed followed by a reswelling of around 20
Å. The micelle size remains anyway much smaller than that measured
at the same temperature during the heating phase. Finally, at the
lowest temperature of 8 °C, the scattering curves are superimposed
with the initial measurements. The observed hysteresis suggests the
existence of slow relaxation time during the micellization/dissolution
process, as introduced and described by Aniansson and Wall,50 and
further confirms the impact of additive on the stability and dynamics
of the micelles.51

Detailed Combined SANS and SAXS Structural Character-
ization of the Micelles at 37 °C. Pure F127 Micelles. The full
understanding of the structure of the oil-loaded micelles is only
possible once the structural conformation of the micelles is correctly
described, which implies the full consistency between SANS and
SAXS parameters with respect to the composition.

The SANS and SAXS scattering data analysis of a 1% F127 solution
in D2O at 37 °C with the scattering length density profiles is
presented in Figure S11 in the Supporting Information. In Figure S12,
the different contributions from the core−shell and Gaussian coils are

Figure 3. DSC thermograms for 1% F127 solution with 0.2% of oil. Comparison between the synthetic molecules (a) and the essential oils (b).
The curves are shifted for clarity reason.

Table 4. Thermodynamic Parameters of the Micellization
Process for Solutions F127 1% with 0.2% Oil: CMT,
Temperature at the Peak Maximum, and Enthalpy

molecule CMT (°C) Tmax (°C) ΔHm (kJ/mol)

D2O 24.6 26.7 357
limonene 21.8 23.2 365
anethol 18.8 20.3 412
thymol <0 <0
eucalyptol 21.5 23.9 470
linalool 11.5 20.7 557
geraniol 11.0 12.6 434
terpineol 19.4 21.9 484
menthol 18.2 27.0 502
methyl sal. 16.2 17.5 428

EO CMT (°C) Tmax (°C) ΔHm (kJ/mol)

D2O 24.6 26.7 357
lemon 21.8 23.0 342
rosemary 20.3 21.7 385
lavender 17.2 18.6 406
palmarosa 12.6 14.0 464
tea tree 18.6 21.0 405
mint 18.7 19.9 408
gaultheria 16.4 18.3 437
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shown for the SANS data. The highly hydrated PEO shell is almost
invisible by neutron. On the contrary, by X-ray, the scattering length
density of PPO core is close to the scattering length density of water
and micelles are in shell contrast. In consequence, the characteristic
oscillation of the rather monodisperse sphere appears at 0.1 Å−1 value
for the SANS data and at a much lower q-value, 0.046 Å−1, for the X-

ray data. The combined SANS and SAXS analysis in the absolute scale
yields to a core radius of 45 Å and a shell thickness of 61 Å.

The fitted scattering length densities of the core are 1.4 × 1010 and
9.55 × 1010 cm−2 for neutron and X-ray, respectively. For the neutron
analysis, the hydration of the polymer induces an increase of the SLD
whereas with X-ray, it corresponds to a decrease compared with the
theoretical calculated values (Table 3). This is consistent with a
hydration of 17 and 89% (eq 1 and eq 2) of the PPO and PEO parts,
respectively, in good agreement with previous studies on different
Pluronics.52,53 The aggregation number (eq 5) is Naggr = 55, and the
surface per head group is around 450 Å2 (eq 6).

Oil-Loaded F127 Micelles. An example of SANS and SAXS
scattering data for F127 1% loaded with 0.2% linalool at 37 °C is
shown in Figure 6. Compared with the F127 in D2O, one observes a
shift of the oscillations toward low q, due to the swelling, and
especially for X-ray, the amplitude of the first oscillation is enhanced
and a second smaller oscillation is visible. In a first approach, the data
analysis is performed assuming a core−shell model where the core is a
homogeneous mixture of PPO, oil, and water and the shell contains
PEO and water. The data fitting is shown as a continuous line in
Figure 6.

The radius of the core is 63 Å, corresponding to an increase of 18 Å
compared to that of the F127 micelles alone. The shell thickness
decreases slightly to 58 Å. The average SLD of the core decreases to
1.2 × 1010 and 9.4 × 1010 cm−2 for neutron and X-ray, respectively, in
agreement with the fact that linalool has lower SLD both for neutron
and X-ray. The shell SLD is unchanged. The linalool is then
incorporated in the hydrophobic part of the micelle. However, if the

Figure 4. ΦF127 = 1%; Φoil = 0.2% (linalool). Evolution of the SANS scattering intensity as a function of temperature during the micellization/
dissolution process. Left: heating; right: cooling. The symbols are the experimental points, and full lines are the fits. The curves are successively
shifted vertically by a factor of 10 in intensity to improve the readability.

Figure 5. Evolution of the micellar core radius during the heating and
cooling micellization/demicellization process for linalool. Left axis:
(red) heating phase; (blue) cooling phase. The dotted lines are guides
for the eyes. Right axis: corresponding thermogram during the heating
phase.

Figure 6. (Left) SANS and SAXS scattering data for ΦF127 = 1% and Φlinalool = 0.2% at 37 °C. The full lines are the calculations considering a core−
shell model. (Right) scattering length profiles for SANS and SAXS experiment.
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Figure 7. (Left) SANS and SAXS scattering data for ΦF127 = 1% and Φlinalool = 0.2% at 37 °C. The full lines are the calculation considering a core−
two-shell model. (Right) scattering length profiles for SANS and SAXS experiments.

Figure 8. F127 loaded with the synthetic molecules. ΦF127 = 1% and Φoil = 0.2%. SANS (left) and SAXS (right). Symbols are the experimental data;
full lines are the best fits obtained with the core-two-shell model. The curves are shifted in intensity by a factor of 10 for better readability.

Figure 9. F127 loaded with the essential oils. ΦF127 = 1% and Φoil = 0.2%. SANS (left) and SAXS (right). Symbols are the experimental points; full
lines are the calculations obtained with the core−two-shell model. The curves are shifted in intensity by a factor of 10 for better readability.
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core−shell model fits in a satisfactory way the first oscillation, we
observe a systematic discrepancy between experimental data and the
model for the second and smaller oscillation. The data analysis can be
improved by considering a core−two-shell model, and the fitting
results with the corresponding SLD profiles are shown in Figure 7. We
find a first core radius R0 of 33 Å with an SLD of 0.7 × 1010 cm−2

(neutron) and 8.95 × 1010 cm−2 (X-ray) in between the SLD of the
pure oil and PO group. The second layer has a thickness of 30 Å with
an SLD of 1.3 × 1010 cm−2 (neutron) and 9.47 × 1010 cm−2 (X-ray).
In total, the radius of the hydrophobic core R0 + ePPO is still equal to
63 Å, as found with the simple core−shell model. The third layer has a
thickness of 58 Å, with SLDs of 5.55 × 1010 and 9.58 × 1010 cm−2 for
neutron and X-ray, respectively.
In the following, the data analysis is performed using a core−two-

shell model. During the fitting procedure, the radius and SLD values
are closely interdependent. However, simultaneous SANS and SAXS
data analysis combined with constraints on the parameter range
permit to improve the reliability on the parameters. The SANS data
analysis allows to determine the total radius of the hydrophobic part,
whereas the SAXS permits a precise estimation of the total micellar
radius and is more sensitive to the differences in scattering length
densities, Δρ, between the different shells as the contrast is close to
zero. With SAXS, a 5% variation of the SLD shifts significantly the
position and the amplitude of the second oscillation. By SANS, the
relative error on SLD can reach 15%. The total radius of the
hydrophobic core (R0 + ePPO) is determined within ±2 Å accuracy but
the individual error on R0 and ePPO is of the order of ±4 Å.
Figures 8 and 9 present the SANS and SAXS results for the

synthetic molecules and EOs, respectively. The data are shifted by a
factor of 10 in intensity for a better readability. The sample with
limonene has not been measured by SAXS, and the SANS data is
shown in Figure S13 in the Supporting Information. Tables 5−7
summarize the different parameters extracted from the data analysis.
We first focus on the synthetic molecules. The parameters (core

radius, shell thickness, and volume fraction) obtained from the
combined SANS and X-ray data analysis are perfectly consistent. For a
constant 0.2% added oil concentration, the swelling of the micelles
depends on the nature of the additive. It varies between 6 Å for the
less swollen micelles with eucalyptol to 29 Å for the larger micelles
with anethol or thymol. We can note that the core diameter remains
smaller than the extended length of the PPO block (around 300 Å
taking 4.6 Å for the monomer length20). The aggregation number (eq
5) increases from 55 for the F127 alone to 160 for the largest micelles,
and correspondingly, the density number of micelles decreases by a
factor 3. For eucalyptol and limonene, a significant decrease of the
surface per head group is found. With the other molecules, it remains
relatively constant and close to the reference value of the F127
micelles in D2O.
It is important at this step to confirm the consistency between the

parameters extracted from the data fitting and the sample composition
(known from the preparation) and thus to establish a material balance
equation.
The oils have a given solubility in water, which is not negligible in

the case of eucalyptol and linalool. As before, for the insertion limit,
we suppose that this solubility is not modified by the presence of the
Pluronic micelles. In the monophasic domain, the excess oil volume
fraction that is not soluble in water and participates in the micelle
swelling is equal to

Φ = Φ − S d( / )/1000oil
e

oil oil oil (8)

where Soil and doil are the oil−water solubility in g/L and the density,
respectively.
The PPO volume fraction represents 33% of the molecular volume

of an F127 chain. From the data fitting of the pure Pluronic micelles,
we have determined that the hydrophobic core contains also a volume
fraction fc of D2O. For the numerical calculation, fc is fixed at 0.1, a
value slightly smaller than that for the F127 alone, to be consistent
with the increase of enthalpy measured by DSC. The total volume of
the hydrophobic part that forms the micelles is T
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Φ =
Φ ×

−
+ Φ

f
0.33

(1 )hyd.
F127

c
oil
e

(9)

ΦF127 is the volume fraction of F127. The CMC being of the order of
10−5 mol/L (0.01%), the concentration of free monomers in solution
is negligible.
The volume of the hydrophobic part per micelle is obtained by

dividing the total hydrophobic volume by the density number of
micelles obtained from data fitting. The core radius is obtained
following

π
= Φ = ΦV N R/ and

3
4hyd. hyd. p hyd.

calc
hyd.3

(10)

Φoil
e and Rhyd.

calc are gathered in Table 5. The calculated hydrophobic
radii are in perfect agreement (within 1 Å) with the experimental
values for anethol, geraniol, 4-terpineol, and menthol. Eucalyptol,

linalool, and methyl salicylate, which have the highest water solubility,
swell more than expected. With solubility in water of 3 g/L, a 0.2%
eucalyptol volume fraction is in principle below the water solubility
limit and it could be expected that the oil remains in water. However,
a small swelling of 6 Å is observed, indicating that part of the oil
enters into the micellar core. Similarly, linalool, with a remaining
water insoluble oil fraction of 0.01% swells significantly. Such a
situation where it is more favorable for the oil to be located inside the
micelles even at concentrations where it is soluble in the aqueous
solution was already observed with benzyl alcohol in P85 micelles.54

Inversely, limonene has a smaller experimental swelling. From the
phase diagram (Figure S1), it is known that the concentration (0.2%)
of limonene is above the solubility limit, found at 0.09%. If one
considers this latter concentration as the incorporated volume in the
micelles, the predicted radius Rhyd.

calc is 65 Å, in good agreement with
the experimental value (63 Å).

Figure 10. ΦF127 = 1% and Φoil = 0.2% at 37 °C. Summary of the sizes of the different shells. (Blue) hydrophobic core; (green) PEO shell. The
darker the color, the lower the SLD. (Left) molecules. (Right) essential oils.

Table 6. F127 1% Solution Loaded with 0.2% of Essential Oils: SANS Data Parameters Issued from the Calculation with a
Core−Two-Shell Model

D2O lemon rosemary lavender palmarosa tea tree mint gaultheria

Φm 0.047 0.033 0.038 0.035 0.036 0.037 0.037 0.04
R0 (Å) (±4 Å) 46 55 36 34 25 38 32
e1 (Å) (±4 Å) 45 19 30 30 30 30 30
es (Å) (±2 Å) 61 68 61 60 60 60 60 60
ρ0 (cm

−2) 0.4 × 1010 1.1 × 1010 0.4 × 1010 0.17 × 1010 0.18 × 1010 0.8 × 1010 1.3 × 1010

ρ1 (cm
−2) 1.4 × 1010 1.4 × 1010 1.2 × 1010 1.0 × 1010 1.0 × 1010 1.4 × 1010 1.6 × 1010

ρs (cm
−2) 5.75 × 1010 5.6 × 1010 5.6 × 1010 5.6 × 1010 5.6 × 1010 5.6 × 1010 5.6 × 1010 5.6 × 1010

Np (cm
−3) 9.42 × 1015 3.35 × 1015 5.81 × 1015 4.18 × 1015 4.51 × 1015 5.81 × 1015 4.2 × 1015 5.26 × 1015

Nagg 56 160 92 128 119 92 127 182
σ (Å2) 447 331 412 426 432 411 456 473

Table 7. SAXS Data Parameters for the F127 1% Solution Loaded with 0.2% of Essential Oils: SAX Data Parameters Issue from
the Calculation with a Core−Two-Shell Model

D2O lemon rosemary lavender palmarosa tea tree mint gaultheria

Φm 0.047 0.033 0.033 0.033 0.032 0.033 0.037 0.035
R0 (Å) (±4 Å) 46 45 26 34 45 38 28
e1 (Å) (±4 Å) 45 19 30 30 30 60
es (Å) (±2 Å) 61 68 61 61 61 61 61 61
ρ0 (cm

−2) 8.95 × 1010 9.45 × 1010 9.0 × 1010 8.7 × 1010 9.44 × 1010 8.9 × 1010 9.6 × 1010

ρ1 (cm
−2) 9.45 × 1010 9.45 × 1010 9.45 × 1010 9.39 × 1010 9.45 × 1010 9.55 × 1010

ρs (cm
−2) 9.54 × 1010 9.54 × 1010 9.55 × 1010 9.55 × 1010 9.54 × 1010 9.54 × 1010 9.54 × 1010 9.54 × 1010
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From the scattering length densities of the different layers, the
localization of the oil molecules can be assessed. For eucalyptol and
methyl salicylate, the data analysis shows that the oil and the PO
groups are homogeneously mixed. For the other molecules, the inner
shell has a lower SLD, consistent with an enriched oil-loaded core in
which radius R0 varies between 27 Å for the less swollen micelles with
terpineol and up to 45 Å with anethol. The core contains more than
70% of oil. It is surrounded by a second layer with a constant size of
30 ± 4 Å. Compared with the micelle in D2O alone, the SLD slightly
decreases for both SANS and SAXS, indicating the presence of small
amounts of oil (between 5 and 10%). Finally, the hydrophilic shell is
unchanged. For anethol and limonene only, the shell thickness
increases are of 5 Å. The slight decrease of SLD with SANS and the
increase with SAXS is consistent with a small dehydration of the EO
groups (ca. 87% instead of 89%), rather than the presence of oil
molecules, which would have also reduced the SLD value.
It is now relevant to compare these results with the behavior of the

essential oils (Figure 10 (right) and Tables 6 and 7). In this case, we
observe a significant discrepancy between the SANS and SAXS
parameter sizes, especially with rosemary, tea tree, and to a smaller
extent gaultheria. The deswelling observed by SAXS can be explained
due to sample ageing (SANS and SAXS experiments were performed
with a time lapse of 2 weeks) and decrease of oil concentration due to
strong volatility.
However, focusing mainly on the SANS results, the swelling trends

observed with the essential oils match the results obtained with the
main molecule that composes the oil. Lavender, palmarosa, mint, and
lemon induce the largest swellings. Rosemary and tea tree are the less
swelling oils. However, the measured swellings are often below the
expected values Rhyd.

calc . It must be recalled that essential oils are blends
of a large variety of molecules with different solubilities, which is not
considered in the applied model.

■ DISCUSSION
What are the relevant parameters that govern the insertion of
oil in micelles and more specifically in Pluronic micelles?
The solubilization of hydrophobic molecules in surfactant

and Pluronic micelles has been intensively investigated, and
Nagarajan et al. have developed a predictive thermodynamic
model to calculate the swelling and the aggregation number of
micelles in presence of additives.30−34 In this model, the
interactions at the water−micelle interface control the surface
per micelle and the volume, and they further determine the
final volume available for the oil in the core. Larger oil
molecules enter to a lesser extent in micelles. To explain
difference of solubilization for molecules with similar volumes,
the interfacial tension γow between the oil and the water can be
considered. Molecules with the lowest interfacial tensions have
enhanced solubilization. The solubilization in block copolymer
(Pluronic) micelles is, however, more delicate. In addition to a
specific preferred interfacial area, the configurational degree of
freedom of the (long) hydrophobic chains in the core has to be
maximized and the interaction between the core block and the
solute must be considered. In the Naragajan and Ganesh31

model, the oil is considered to have a uniform concentration in
the core region. The change of the chemical potential due to
the aggregation in presence of oil is the sum of several free-
energy contributions, and among them two depend on the
nature of the solute (oil), the others being linked to the
copolymer nature. In the first oil-dependent term, the energy
arising from the mixture of the oil with the PO unit is
quantified within the framework of the Flory theory55 where
the Flory−Higgins parameter is calculated from the Hilde-
brand solubility parameters. As the magnitude of the Flory
parameter decreases, the oil-loading capability is supposed to
increase. The second term related to the nature of the oil

considers the water−oil interface tension. When the oil−water
interface tension is low, the oil incorporates more easily at the
interface, the surface per head group at the interface increases,
and the aggregation number decreases.
To compare the model expectation with the experimental

results, complementary oil−water (D2O) interfacial tensions
γow have been performed using the drop shape analysis method
(Table S1). The oils have relatively low water interfacial
tensions comprised between 10 and 20 mN/m. We note here
that the γow values obtained for limonene and lemon essential
oil were reproducibly significantly lower (16 mN/m) than
values reported in the literature (∼40 mN/m).56,57

The Flory parameters χo‑PPO were calculated from the
Hansen parameters. The Hansen parameters were not found
for 4-terpineol but were found for α-terpineol whose structure
differs with the −OH position. This has a major consequence
on the water solubility and consequently certainly also on the
Hansen parameters.
Table S1 compares χo‑PPO and γow with (1) the solubility

limits and (2) the hydrodynamic radius at the insertion limit.
Unfortunately, it is not possible to extract any systematic trend
between these different parameters. It is worth noticing that
contrary to the Nagarajan model that assumes a homogeneous
mixture between oil and PPO, the scattering experiments have
clearly evidenced a partial phase separation between the oil and
the PPO.
It is finally important to put back these results in the context

of the literature that also includes ionic surfactants. In ref 16,
the incorporation of 15 perfume molecules in SDS micelles was
investigated. The location of the oil in the micelle, as identified
by SAXS and NOESY experiments, was discussed as a function
of the log(P) value. Hydrophilic perfumes with log(P) < 2.0
are incorporated at a level of 80−85% into the SDS micelles
(many free perfume molecules are left in the bulk solution but
less than the solubility limit without surfactant) and locate in
the head group regions. They almost do not change the size of
the micelles. Very hydrophobic perfumes with log(P) above
3.5, such as limonene, are fully solubilized in the SDS micelles
and locate in the core of micelles, causing significant swelling
of the micelle (the compositions investigated correspond to
approximately 0.25 oil molecules per SDS molecule). In the
intermediate log(P) range (2.0−3.5), the micellar size and the
aggregation number increase but to a lesser extent than that in
the range of log(P) above 3.5. The results are attributed to the
influence of other molecular structure factors besides the
degree of hydrophilicity/hydrophobicity. The previous results
are confirmed in ref 17 in which the effects of eight fragrance
molecules in the ternary phase diagram water/C12E8/perfume
were investigated. In particular, it is considered that the
variation of the hydrophilic−lipophilic balance (HLB) temper-
ature at which the system has a zero curvature is directly linked
to the location of the perfume molecule in the aggregates.
From SAXS measurements, it is found that perfume
compounds, which reduce the HLB temperature greatly, tend
to penetrate into the surfactant palisade layer, are intercalated
with the surfactant chains, and increase the cross-sectional area
of one surfactant. This is the case for molecules with a hydroxyl
group at the end and those that act as a lipophilic surfactant or
cosurfactant. Inversely, when the perfume compounds are less
amphiphilic in character, like hydrocarbons, they tend to be
solubilized deep inside the hydrocarbon part of the surfactant,
forming a perfume core. Similarly, in 18, the effect of more or
less polar additives, such as hexanol, geraniol, and toluene, on
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the F108 micellization was investigated. The addition of the
alcohols hexanol and geraniol leads to a more pronounced
decrease of the CMT than that of the more hydrophobic
toluene molecule. This is corroborated by the SANS
characterization that shows a pronounced increase of the
scattering intensity and thus the growth of the micelles with
decrease of the amount of water incorporated initially in the
micellar cores. These findings, concerning both the CMT and
the structure perfectly matched the results found here for the
F127 micelles. Finally, a last example concerns the
incorporation and location of fragrances with different
polarities in lamellar P104 phases.29 Phenethyl alcohol
increases the interfacial area and is mainly located at the
PEO/PPO interface. Benzaldehyde increases the interfacial
area but to a lesser extent, and a part of it contributes to the
interface whereas the other is located inside the polar/apolar
domain. For limonene, the interfacial area is kept almost
constant and is located deep inside the apolar part.

■ SUMMARY AND CONCLUSIONS
The combination of DSC, SANS, and SAXS experiments
allowed achieving a detailed picture of the structure of Pluronic
F127 micelles loaded with different essential oils and the
synthetic pure molecules. The principal characteristics of the
loaded micelle are gathered in Table S2. We observed that the
insertion limit varied with the nature of the oil and the F127
could solubilize between 8% (limonene) up to 40% (4-
terpineol) of its own volume. The addition of oil induced
major changes of the micellar characteristics. First, the oil
molecules favored the micellization and decreased the CMT.
Thymol had the stronger effect, lowering the CMT below 0
°C. With linalool and geraniol, the CMT dropped to around
11 °C. The addition of the other molecules showed less
influence on the CMT, which was found around 19 °C. For all
oils investigated, the increase of the enthalpy of micellization
reflected, compared to that of pure F127, an enhanced
dehydration of the PO groups. The SANS characterization
during micellization process as a function of temperature
revealed the presence of large structures well below the CMT,
which is not observed for the pure Pluronic systems. Their size
was maximal at the CMT, shrinking afterward to the final
equilibrium value, which was achieved a few degrees after the
maximum of the endothermic peak. The cooling phase
revealed a strong hysteresis in the micellar phase, which
could be related to the slow relaxation time described by
Aniansson and Walls.50 A quantitative combined SANS and
SAXS data analysis was performed at 37 °C, showing that the
micelles kept their spherical shape and swelled. Except for
eucalyptol and methyl salicylic, which are homogeneously
distributed in the core, the micelles could be described as an
almost purely oily core surrounded by a first shell composed
mostly of PPO and less percentage of oil, stabilized in water by
the highly hydrated PEO layer that was almost unchanged
compared to the micelle without oil in water. The maximal
swelling, obtained with anethol corresponds to an increase of
16% of the radius of the micelles. This remains, however,
relatively small, and consequently it is more accurate to
describe the system as “oil-loaded micelles” rather than
“microemulsion”.
There is no direct relationship between the decrease of the

CMT, the increase of the micellization enthalpy, the swelling
of the core, and the location of the oils within the hydrophobic
domain. In the case of very hydrophobic molecules, such as

limonene, the oil rapidly separates, forming oil droplets and
does not enter into the micelles. On the contrary, the most
hydrophilic oil remains in the water phase. In these extreme
cases, the swelling and loading of the Pluronic micelles is low.
In the intermediate domain, the oil solubilization and
localization in F127 micelles result from a complex interplay
between polarity, water solubility, water interfacial tension, and
molecular architecture, which allow for accommodating such
large molecules in long PPO chains.
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