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effect of a simplified perfume
accord and dilution on the formation of mixed-
surfactant microemulsions†

Marzieh Mirzamani, a Arnab Dawn, a Vinod K. Aswal, b Ronald L. Jones,c

Ed D. Smithd and Harshita Kumari *a

The phase analysis of a mixed surfactant system is much more complex than that for a single surfactant

system. The addition of fragrance further enhances the complexity of such colloidal systems. The wide

variation in structure and log P values of perfume raw materials influence its partitioning into the micellar

phase. Herein, we have created a simplified perfume accord consisting of three perfume raw materials

(3-PRM) and investigated its loading within a mixed-surfactant system consisting of sodium trideceth-2

sulfate/ST2S and cocamidopropyl betaine/CAPB, along with citric acid and dipropylene glycol. We

performed a systematic phase diagram analysis and identified the isotropic phases and compositions of

interest. Select compositions from the phase diagram were further investigated to learn how the

geometry of the surfactant self-assembly and the localization of the PRMs within the surfactant self-

assembly changed when water or perfume is added. A combined small-angle neutron scattering/SANS

and NMR methodology was used to identify variation in colloidal domains and positioning of perfume

molecules at varying dilutions/rinse off scenarios. The results obtained were utilized to better distinguish

distorted micelles from true microemulsions. The systematic investigation here provides a fundamental

understanding about the self-assembly, encapsulation and perfume release from a commercially relevant

mixed surfactant system.
Introduction

Self-assembly of surfactants into a variety of nano-architectures
renders them as ubiquitous molecules in varied applications,
including organic reactions,1–4 drug delivery,5–7 and oil
recovery.8 In the eld of personal care, surfactants are utilized in
formulating cosmetics and rinse-off products to act as a deter-
gent, wetting agent, emulsier, dispersant, foaming agent,
solubilizer, or some combination thereof.9 They have an
inherent property to stabilize systems/increase the shelf-life of
emulsions and/or increase the penetration of actives into the
skin or hair.10 The stabilizing property is oen correlated with
their self-assembly in solution.

Surfactants are broadly shown to self-assemble into (a)
discrete entities such as spheres, prolate ellipsoids,
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cylinders11–13 or (b) continuous geometries wherein they are
connected through macroscopic distances into hexagonal
(1D),14,15 lamellar (2D)16–18 or bicontinuous/sponge phase
(3D).19–21 These three dimensional structures, also referred to as
liquid crystalline structures, provide high viscosity and uidity
to surfactants. Liquid crystalline structures yield sharp lines in
X-ray studies due to the inherent order/periodicity within the
network. They possess an intermediate order or a long-range
order which resides between that of low viscosity liquids and
crystalline solids and are oen identied through phase
diagrams. The clear solution and cubic crystal lattice are
isotropic, whereas hexagonal and lamellar phases are oen
cloudy and anisotropic.

X-ray and neutron scattering can provide information to
deduce the packing arrangement.22 Small-angle neutron
scattering/SANS, in particular, provides information about the
shape and size of colloidal domains.23 Polarized light micros-
copy can also indicate anisotropy in a sample. A more intricate
and less frequently utilized method is NMR spectroscopy. The
quadrupole splitting in deuterium and magnitude of splitting
can yield valuable information about the degree of anisotropy. A
narrow singlet is observed for an isotropic phase (micellar/
cubic/sponge phase) whereas a doublet is observed for an
anisotropic phase (lamellar/hexagonal). The splitting is larger
for a lamellar phase than a hexagonal phase. One can also
© 2021 The Author(s). Published by the Royal Society of Chemistry
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discern two- or three-phase regions through NMR by noting the
types and combinations of peak splits.

The phase analyses are much more complex for a mixed-
surfactant system than for a single-surfactant system. The
complexity is compounded by the addition of fragrance, which
is a complex mixture of varying perfume raw materials/PRMs.
Surfactant mixtures, such as an anionic surfactant with a zwit-
terionic cosurfactant, are commonly used in personal care
formulations for various reasons, such as to make the cleanser
milder, increase detergency, increase the effective temperature
range, achieve fabric soening properties, and increased
foaming.24–26 These mixed-surfactant systems result in the
formation of micelles composed of the surfactants in the
mixture as opposed to a single surfactant. The widely varying
structures and lipophilicities of the PRMs in the accord inu-
ence how a molecule partitions in the micelle. When investi-
gated individually, the most hydrophobic perfumes were found
to localize within the hydrophobic core of the micelle, hydro-
philic perfumes were in the aqueous phase or partially near the
hydrophilic head of the micelle, and intermediately hydro-
phobic perfumes varied in their degree of incorporation
depending on the molecular structure.27–29

Herein, we have created a simplied perfume accord and
investigated its loading within a mixed-surfactant system
through systematic phase diagram analyses. In doing so, we
were able to identify the isotropic phases and compositions of
interest, which we studied further to learn how the geometry of
the surfactant self-assembly and the localization of the PRMs
within the surfactant self-assembly changed when water or
perfume is added, and to better distinguish distorted micelles
from true microemulsions. We have simulated a rinse off
scenario by creating phase diagrams at varying dilutions and
identied variation in colloidal domains and positioning of
perfume molecules through combined SANS and NMR meth-
odology. Specically, we have studied encapsulation and release
upon dilution of a 3-PRM accord comprising of phenylethyl
alcohol, dihydromercenol and hexyl cinnamic aldehyde. The 3-
PRM accord is stabilized in a sodium trideceth-2 sulfate/ST2S
and cocamidopropyl betaine/CAPB mixed-surfactant system,
citric acid and dipropylene glycol/DPG. The systematic investi-
gation here provides a fundamental understanding about the
self-assembly, encapsulation and perfume release from
a commercially relevant mixed-surfactant system.
Table 1 Composition of perfume accord, with selected physical proper

Material Structure

Phenylethyl alcohol

Dihydromyrcenol

Hexyl cinnamic aldehyde

© 2021 The Author(s). Published by the Royal Society of Chemistry
Methods
Materials

ST2S, CAPB, citric acid, D2O, the 3-PRM accord, and perfume
grade DPG were provided by Procter & Gamble (Cincinnati, OH,
USA). Millipore (Billerica, MA, USA) water was used to develop
the phase diagrams. The D2O was from Sigma-Aldrich (St.
Louis, MO, USA), and was used to prepare samples for SANS
studies. All materials were used as received. The composition of
the PRM mixture is shown in Table 1.
Phase diagram development

Two pseudo-ternary phase diagrams were developed at two
different water dilutions of 35 wt% water and at 50 wt% water.
The three corners of the diagrams were total surfactant (the
mixed ST2S/CAPB system), cosolvent (DPG), and perfume (3-
PRM accord). The water concentration was therefore a fourth
variable that was varied over separate phase diagrams.

Specically, the samples on each phase diagram had
a constant water concentration, hence the points shown on the
phase diagram represent the total surfactant/perfume/cosolvent
composition of the non-water fraction. This was achieved by
calculating the amount of water added to the system via the
surfactant raw materials, then adding the remaining amount of
water needed to reach the required water concentration. The
ratio of sodium trideceth-2 sulfate to cocamidopropyl betaine
was held constant at 6.402 : 1.098. A small amount of citric acid
was added as buffer to the samples to adjust the pH to
approximately 6.0. All samples were prepared at room temper-
ature (approximately 23 �C) and allowed to equilibrate for
72 hours. Aer the equilibration period, the phase of the sample
was assessed via the conditions listed in Table 2.

Rheology, microscopy, X-ray diffraction, and DLS were used
in our previous work to assign the phase of each sample on
a phase diagram; based on that work, trends in the sample
macroscopic appearance and ratio of perfume : surfactant were
identied to develop simpler conditions by which phases could
be assigned. It should be noted that assignments with regards
to the microemulsion and micelle–microemulsion transition
phases in particular are putative, due to the difficulty in
differentiating micelles distorted with oil from true
microemulsions.

Compositions within and along the assumed boundaries of
the transition and microemulsion regions were specically
ties

Wt% Mol. wt (g mol�1) c-log P

25 122.2 1.32

25 156.3 3.08

50 216.3 4.3
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Table 2 Conditions for phase assignment

Phase Conditions

Lamellar Structured, >10 wt%/wt% surfactant, suspended air bubbles for >24 hours; similar to prior
compositions determined lamellar by X-ray diffraction (not shown)

Micelle Optically clear, isotropic, low viscosity, perfume : surfactant ratio at or below 1 : 4 wt%/wt%
Microemulsion Optically clear, isotropic, low viscosity, perfume : surfactant ratio at or above 1 : 2 wt%/wt% (exceeding

oil solubilization capacity of micelles)
Micelle–microemulsion transition Optically clear, isotropic, low viscosity, perfume : surfactant ratio above 1 : 4 and below 1 : 2 wt%/wt%
O/W emulsion Opaque to milky white, oen separated into layers
Two-phase Lamellar, oily, or emulsion phase present with micelle or microemulsion phase, visible separation
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chosen to study any changes that occurred at these points. The
compositions of each sample studied with SANS and NMR are
shown in Tables 3 and 4 (35 wt% and 50 wt% water,
respectively).
SANS studies

Select compositions were identied from the phase diagrams
for SANS studies. The regions we believed to be micellar and
microemulsion were identied as a function of perfume
concentration. For select compositions, the ratio of surfactant
to DPG was maintained at 1 : 1 so the concentrations of
surfactant and DPG decreased at the same rate as the perfume
concentration increased. This was done to minimize the effect
of the decreasing surfactant and DPG concentrations, as the
effect of perfume at a given water concentration was of more
interest. Compositions that did not phase-separate upon dilu-
tion were also studied with SANS.

The samples containing 35 wt% water were rst made by
weighing surfactant, DPG, D2O, and perfume accord into vials.
A portion of the 35 wt% water samples was weighed into sepa-
rate vials and then diluted to 50 wt% water with D2O. The
solvent phase of each sample therefore contained a mix of H2O
and D2O due to the surfactants carrying H2O. Each sample was
vortexed until mixed and then set aside to equilibrate for at least
24 h. Equilibrated samples were injected into pre-assembled
titanium sample holders with a 1 mm path length and quartz
windows. The sample holders were then sealed to minimize
evaporation.

The SANS study was conducted on the 10 m NGB-SANS
beamline at the NCNR (Gaithersburg, MD, USA), operated as
Table 3 Compositions, in wt%, of SANS and NMR samples containing
a total of 35 wt% water

Code

Wt% component

ST2S CAPB DPG perfume
Citric
Acid H2O D2O

L1-noPRM-35 27.74 4.76 32.50 0.00 0.48 26.04 8.48
L1-35 26.35 4.52 30.88 3.25 0.45 24.74 9.81
L1T-35 24.66 4.23 28.89 7.22 0.42 23.14 11.44
T-35 23.36 4.01 27.37 10.26 0.40 21.93 12.67
MeT-35 22.19 3.81 26.00 13.00 0.38 20.83 13.79
Me-35 20.81 3.57 24.38 16.25 0.36 19.53 15.11
MeB-35 18.86 3.24 22.10 20.80 0.32 17.02 17.66
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part of the nSo Consortium. Three instrument congurations
were used as follows: the high-q conguration consisted of 1.2
m sample-to-detector distance (SDD), a neutron wavelength of l
¼ 5 Å, with measurements lasting 7.5 min; the mid-q congu-
ration had a SDD of 5.2 m, a neutron wavelength of l ¼ 10 Å,
and a measurement time of 25 min; and the low-q conguration
had a SDD of 5.2 m, a beam wavelength of l ¼ 10 Å, and
measurement time of 50 min. Reduction macros for Igor Pro
provided by NIST were used to reduce the raw data to correct for
background scattering, detector sensitivity and resolution,
instrument geometry, and beam transmission. The reduced
data were set to absolute scale by radial averaging, and then
combined to create the complete data set spanning a q-range of
0.006 Å�1 <q < 0.53 Å�1. All measurements were performed at
approximately 22 �C.
NMR studies
1H-NMR was run in a Bruker AV 400 MHz spectrometer (Bill-
erica, MA, USA). Samples were made 3 days before running on
NMR. The solvent was a mix of H2O and D2O, as H2O was added
to the system via the surfactants and D2O was added separately
to reach the required water concentration. The H2O peak at
4.69 ppm was used as the reference for data analysis.
Results and discussion
Pseudo-ternary phase diagrams

Phase diagrams were primarily developed to learn what
combinations of surfactant, DPG, and 3-PRM accord create
microemulsions at each dilution level, and how the region
Table 4 Compositions, in wt%, of SANS and NMR samples containing
a total of 50 wt% water

Code

Wt% component

ST2S CAPB DPG Perfume
Citric
acid H2O D2O

L1-noPRM-50 21.34 3.66 25.00 0.00 0.37 20.03 29.60
L1-50 20.27 3.48 23.75 2.50 0.35 19.03 30.62
L1T-50 18.97 3.25 22.22 5.56 0.33 17.80 31.88
T-50 17.97 3.08 21.05 7.89 0.31 16.87 32.82
MeT-50 17.07 2.93 20.00 10.00 0.29 16.02 33.68
Me-50 16.01 2.75 18.75 12.50 0.28 15.02 34.70
MeB-50 14.51 2.49 17.00 16.00 0.25 13.09 36.66

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Pseudo-ternary phase diagrams of 3-PRM perfume accord,
sodium trideceth-2 sulfate/cocamidopropyl betaine (ST2S/CAPB)
mixed-surfactant system, dipropylene glycol (DPG), and water: (a)
35 wt% water, (b) 50 wt% water. Circles ( ) denote transparent
compositions, filled squares ( ) are compositions that separated into
multiple distinct phases, triangles ( ) are compositions that were
milky white emulsions, stars ( ) show compositions that were viscous
and held bubbles for long periods of time, and diamonds ( ) are the
compositions tested with SANS.

Fig. 2 SANS data overlay of all samples containing 35 wt% water. L1-
noPRM-35, L1-35, L1T-35, and T-35 were fitted with a sphere form
factor and hard sphere structure factor model with monodisperse
approximation. MeT-35, Me-35, and MeB-35 were fitted with
a uniform ellipsoid form factor and hard sphere structure factor model
with decoupling approximation. Each data set except for L1-noPRM-
35 was offset by powers of 1.5 to better distinguish them. The solid
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boundaries shi with dilution. Once this information was
determined, the diagrams were used to plan other experiments.
Fig. 1 shows the phase diagrams that were developed at (a)
35 wt% water and (b) 50 wt% water. Many compositions were
tested to thoroughly dene the micelle (L1) and microemulsion
(Me) regions. The compositions falling in other regions, such as
lamellar (La) and two-phase (2-F) regions, were noted but the
regions were not fully explored as the microemulsion region
was of greater interest. A so-called “transition” (T) region was
marked between the L1 and Me regions to note where micelles
and microemulsion structures would theoretically coexist,
assuming that they are two distinct phases. The L1T border
comprises of compositions containing a perfume : surfactant
ratio of 1 : 4, whereas the Me–T border is compositions con-
taining a perfume : surfactant ratio of 1 : 2. Of the three
© 2021 The Author(s). Published by the Royal Society of Chemistry
optically clear, isotropic regions (i.e. L1, T, and Me), the Me
region was of the greatest interest due to its high oil-loading
capability. Phase diagrams were developed at increasing water
concentrations until the Me region almost disappeared.

Fig. 1a shows that the L1, T, and Me regions are approxi-
mately the same size. They do not make up a large portion of the
diagram altogether, and appear approximately similar in size to
the La region. Once diluted to 50 wt% water (Fig. 1b), the Me
region dramatically shrank to nearly disappearing, while the T
region shrank to about half its original size. The L1 region
expanded slightly toward the surfactant corner and retracted
somewhat from the DPG corner, thus remaining approximately
the same size overall. The Me region's strong reaction to added
water suggests that this combination of surfactant, cosolvent,
and perfume accord does not support the formation of MEs very
well. Instead of maintaining the ME structure at higher water
concentrations, the system phase-separates.
Samples containing 35 wt% water

Two models were required to model the SANS data for the
samples containing 35 wt% water. The rst model was a reso-
lution-smeared sphere form factor and hard sphere structure
factor with monodisperse approximation model, which was
used for the micelles with no perfume sample (L1-noPRM),
micelles with perfume sample (L1), the sample on the border
of the micelle-transition region (L1T), and the sample in the
transition region (T). The sample bordering the microemulsion-
transition region (MeT), the microemulsion sample (Me), and
the sample on the outside border of the microemulsion region
(MeB) were modeled with a resolution-smeared ellipsoid model
combined with the equivalent hard sphere structure factor with
beta decoupling approximation. An overlay of the scattering
data and their model ts is shown in Fig. 2. The switch in
models as the perfume concentration increased suggested
black lines are the model fits to the scattering data.

RSC Adv., 2021, 11, 25858–25866 | 25861



Table 5 SANS fitting results for the samples containing 35 wt% water. The L1-noPRM, L1, L1T, and T samples were fitted with the sphere form
factor and hard sphere structure factor with monodisperse approximation, while the MeT, Me, and MeB samples were fitted with the ellipsoid
form factor and MSA structure factor with decoupling approximation

Parameter L1-noPRM-35 L1-35 L1T-35 T-35 MeT-35 Me-35 MeB-35

Volume fraction 0.38 0.37 0.35 0.34 0.32 0.29 0.25
Ra rotation axis (Å) 9.77 11.37 12.01 12.29 9.34 9.62 10.35
Rb (Å) 9.77 11.37 12.01 12.29 16.28 17.50 22.01
Effective radius (Å) 19.40 19.79 20.73 22.03 22.94 24.90 28.58
Volume (Å3) 3911 6157 7258 7772 10 373 12 336 20 987
Aspect ratio 1.00 1.00 1.00 1.00 1.74 1.82 2.13
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a change in the d-spacing of the self-assembly. The mean
spherical approximation structure factor of interacting charged
spheres was also tested for all samples, as signicant electro-
static repulsions were expected in these systems due to the use
of anionic surfactants. However, the tted charge values were
low while the effective radii from the structure factor calcula-
tions were relatively large, suggesting that the systems were
primarily sterically stabilized rather than charge stabilized.
Using the hard sphere structure factor instead resulted in better
quality ts with fewer required parameters.

As perfume content increased from the L1-noPRM through T
samples, the volume fraction consistently decreased as perfume
was titrated into the system. Additionally, the radius and
volume of the scattering particles increase as perfume is added,
indicating that the added perfume is taken up in the surfactant
assembly (Table 5). These trends suggest that the volume frac-
tion decreased because the surfactant concentration decreased
to account for the increasing perfume concentration, resulting
in fewer but larger globules that made up a smaller portion of
the overall system. Past the transition region, a change to the
geometry of the assembly in the MeT, Me, and MeB samples
occurs (Table 5). The assembly became ellipsoidal instead of
spherical possibly due to the large amount of perfume loaded
into the assembly relative to the amount of surfactant in the
system. Due to how the ellipsoid model functions, if Ra > Rb

then the micelle is a prolate ellipsoid, and if Ra < Rb then the
micelle is an oblate ellipsoid. Therefore, the micelles in these
three samples formed oblate ellipsoids. As perfume was added,
Ra gradually lengthened from 9.32 Å to 10.35 Å in samples MeT
Table 6 Differential chemical shiftsa of ST2S signals (1, 2, 3, 4) with respec
l) with respect to L1, in the systems containing 35 wt% H2O/D2O mixtur

Sample 1 2 3 4 a b

L1-noPRM-35 0.00 0.00 0.00 0.00 — —
L1-35 �0.02 �0.02 0.00 0.00 0.00 0.00
L1T-35 �0.05 �0.05 �0.01 0.00 �0.05 �0.04
T-35 �0.08 �0.07 �0.01 �0.01 �0.08 �0.08
MeT-35 �0.10 �0.10 �0.02 �0.02 �0.11 �0.10
Me-35 �0.14 �0.12 �0.03 �0.03 �0.14 �0.14
MeB-35 �0.16 �0.14 �0.03 �0.03 �0.17 �0.17

a Negative sign signies upeld shi or shielding.
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and MeB respectively. Rb was more strongly affected by the
perfume addition, especially seen by the 5 Å increase from
sample Me to MeB. The increasing micelle volume again indi-
cates that the perfume was solubilized into the micelles. The
increasing micelle volume and decreasing volume fraction
values continue following the trends of the L1-noPRM, L1, L1T,
and T samples. The effective radius is the radius within which
no other particle can enter; in other words, the particles are
hard spheres. The effective radius is consistently larger than Ra

and Rb because the Ra and Rb are primarily the dimensions of
the oil core of the micelles, so the effective radius includes the
shell in addition to the core. This is because the micelle shell
cannot be distinguished from the solvent in SANS data due to
their similar compositions and solvation of the surfactant
headgroups. The effective radius also increased with Ra and Rb

(but at a separate rate) as the perfume concentration increased,
further demonstrating that the perfume was incorporated into
the core of the structure.

1H-NMR studies were conducted on L1-noPRM through MeB
in a mixture of H2O and D2O in order to assess the localization
sites of various components. The individual components—
namely ST2S, CAPB, DPG, citric acid, and the 3-PRM mixture
(solubilized with a small amount of the mixed-surfactant
system)—were rst dissolved in D2O. Spectra of the individual
components were obtained to identify and assign the peaks
associated with each component. Spectra for the seven samples,
L1-noPRM through MeB, were then obtained, and the peaks
corresponding to each component were assigned and followed
under varying system compositions. To analyse the effect of
t to L1-noPRM, and signal corresponding to three perfumemixture (a–
e

c d e f h i j l

— — — — — — — —
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
�0.05 �0.04 �0.02 �0.01 �0.04 �0.04 �0.03 �0.03
�0.09 �0.08 �0.04 �0.03 �0.07 �0.08 �0.06 �0.05
�0.11 �0.10 �0.05 �0.03 �0.09 �0.11 �0.07 �0.07
�0.15 �0.14 �0.07 �0.06 �0.12 �0.15 �0.09 �0.10
�0.19 �0.20 �0.08 �0.08 �0.14 �0.19 �0.11 �0.11

© 2021 The Author(s). Published by the Royal Society of Chemistry



Scheme 1 Molecular structures and proton signal labels for: (top) the
three PRMs, (bottom) ST2S. The PRMs are, listed clockwise from top
left, phenylethyl alcohol, hexylcinnamic aldehyde, and
dihydromyrcenol.

Table 7 SANS fitting results for the samples containing 50 wt% water,
using the ellipsoid model with the hard sphere structure factor

Parameter L1-noPRM-50 L1-50 L1T-50 T-50 MeT-50

Volume fraction 0.34 0.33 0.31 0.30 0.29
Ra rotation axis (Å) 10.96 11.11 12.07 12.37 13.06
Rb (Å) 17.34 18.82 20.50 22.77 25.25
Effective radius (Å) 22.86 24.03 25.92 28.27 30.72
Volume (Å3) 13 805 16 475 21 230 26 851 34 851
Aspect ratio 1.58 1.69 1.70 1.84 1.93

Fig. 3 SANS data overlay of all samples containing 50 wt% water. They
were fitted with a uniform ellipsoid form factor and hard sphere
structure factor model with beta approximation. Each data set except
for L1-noPRM-50 was offset by powers of 1.5 to better distinguish
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perfume on the ST2S/CAPB micellar assembly, the L1-noPRM
sample was used as the reference to calculate differential
changes in NMR signals associated with ST2S due to the addi-
tion of perfume in the sample. Likewise, the L1 sample with
lowest amount of perfume was used as the reference for further
analysing the changes in perfume molecules in relation to the
interaction with ST2S, because L1 contained the lowest
concentration of perfume.

As seen in Table 6 and Fig. S1 (see ESI†), the proton signals (1
and 2) (Scheme 1) associated with the hydrophobic tail group of
ST2S shied upeld as perfume was added, indicating
increased shielding. In contrast, the proton signals (3 and 4)
related to the polar head group region of ST2S shied upeld to
a much lesser extent with the addition of perfume (refer to
Scheme 1 for proton assignments). These results show that the
perfume molecules preferentially interacted with the hydro-
phobic tail group of ST2S, and are therefore localized near the
core of the micellar assembly regardless of chemical nature of
each perfume molecule. Additionally, hexyl cinnamic aldehyde
and phenylethyl alcohol, the PRMs with the highest and lowest
log P values at 4.3 and 1.3, respectively, exhibited stronger
interactions with ST2S (greater extent of upeld shi) than
dihydromyrcenol, which had an intermediate log P value of 3.1.
Therefore, the lipophilicity or hydrophilicity of the individual
PRMs no longer become important; instead, the complete
perfume accord acts as a single entity when interacting with the
surfactant. As such effect becomes most prominent in presence
of highest content of perfume accord, intermolecular interac-
tions among the perfume molecules (especially at enhanced
concentration) might be a contributing factor for this. Lastly, it
was observed from the consistent changes in NMR signal that
the mixed-surfactant assembly underwent a continuous trans-
formation from micelle (L1) to microemulsion (Me) via a tran-
sition region (T).
© 2021 The Author(s). Published by the Royal Society of Chemistry
Samples containing 50 wt% water

Only the ellipsoid model with the hard sphere structure factor
with decoupling approximation was needed to model all ve
samples containing 50 wt% water, namely the L1-noPRM, L1,
L1T, T, andMeT samples. Table 7 shows the SANS tting results
while Fig. 3 shows the scattering data overlay complete with
model ts to the data. The assemblies in all ve samples
maintained the oblate ellipsoid geometry, and the structures
grew in size as the perfume concentration increased. The
volume fraction consistently decreased as the perfume
concentration increased, Ra steadily increased from 10.96 Å to
13.06 Å with added perfume, and Rb was more strongly inu-
enced by the perfume concentration, such that it increased
from 17.34 Å to 25.25 Å. As a result, the micelle volume
increased from 13 804.76 Å3 to 34 851.08 Å3 as the perfume
content increased, indicating that the additional perfume was
incorporated into the assembly. As previously noted, the volume
fraction likely decreased due to fewer globules forming as the
surfactant concentration decreased while perfume was added.
In addition, the effective radius was again larger than Ra and Rb

because it includes the surfactant headgroups, whereas Ra and
Rb are the dimensions of the micelle core only. The effective
radius grows with Ra and Rb as perfume is added, as would be
expected.
them. The solid black lines are the model fits to the scattering data.
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Table 8 Differential chemical shiftsa of ST2S signals (1, 2, 3, 4) with respect to L1-noPRM, and signal corresponding to three perfumemixture (a–
l) with respect to L1, in the systems containing 50 wt% H2O/D2O mixture. Scheme 1 shows the molecular structures and proton signal labels for
the three PRMs and ST2S

Sample 1 2 3 4 a b c d e f h i j l

L1-noPRM-50 0.00 0.00 0.00 0.00 — — — — — — — — — —
L1-50 �0.03 �0.04 0.02 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
L1T-50 �0.07 �0.08 �0.03 �0.02 �0.05 �0.06 �0.05 �0.1 �0.03 �0.02 �0.05 �0.05 �0.04 �0.03
T-50 �0.09 �0.11 �0.03 �0.02 �0.10 �0.11 �0.09 �0.16 �0.04 �0.03 �0.08 �0.09 �0.06 �0.06
MeT-50 �0.10 �0.11 �0.04 �0.03 �0.13 �0.15 �0.12 �0.22 �0.06 �0.04 �0.11 �0.13 �0.08 �0.08
Me-50 �0.12 �0.11 �0.04 �0.04 �0.16 �0.17 �0.16 �0.28 �0.07 �0.05 �0.14 �0.17 �0.10 �0.10
MeB-50 �0.13 �0.12 �0.05 �0.04 �0.18 �0.19 �0.18 �0.30 �0.08 �0.06 �0.15 �0.19 �0.11 �0.11

a Negative sign signies upeld shi or shielding.
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1H-NMR data of the samples containing 50 wt% H2O/D2O
did not reect any signicant differences caused by dilution
(Table 8 and Fig. S2,-see ESI†). The perfume molecules still
preferentially interacted with the surfactant hydrophobic region
and therefore remained near the micelle core. However, two
new changes could be identied with the increase in dilution:
rst, there was a somewhat greater extent of interaction with the
hydrophilic head group region of ST2S; and second, the
perfume–surfactant interaction became stronger. The larger
mixed-surfactant assemblies may have allowed the perfume
molecules to become more distributed, causing the intermo-
lecular interactions between them to be reduced. As a result, the
perfume–surfactant interaction was strengthened (associated
with greater shielding of the perfume molecules), and the
perfume molecules became somewhat less localized (related to
increased shielding of the surfactant head groups).
Fig. 4 (a) Self-assembly volume vs. perfume concentration (actives
basis, disregarding the water portion) and (b) aspect ratio vs. perfume
concentration (actives basis, disregarding the water portion). Blue
circles are the samples containing 35 wt%, orange squares are the
samples containing 50 wt% water, and green line denotes the volume
of typical SDS micelles.
Effect of dilution and micelles vs. microemulsions

Interesting trends were identied when comparing how the size
and geometry of each composition changed as a function of
water concentration. MeT at both dilutions was tted with the
same model allowing a direct comparison in the geometry and
size of the particles. When the water concentration increased
from 35 wt% to 50 wt%, the oblate ellipsoid geometry of MeT
remained constant but the overall volume increased thrice due
to an increase in the length of both Ra and Rb from 9.34 Å to
13.06 Å for 35 wt% and from 16.28 Å to 25.25 Å for 50 wt%.
Interestingly, the sizes of the structures in the L1-noPRM and L1
samples at 50 wt% water were somewhat larger than the sizes of
the particles in the Me sample at 35 wt% water, suggesting that
the particle volumes grew as the compositions were diluted.
These overall effects show that with increased dilution, oblate
ellipsoids are a more thermodynamically favourable geometry.
It appears that there are local compositional differences that
drive the change in curvature across the structure, but it is
unclear what kind of interactions are compensating for the
entropic loss related to those local compositional differences.
Finally, diluting the Me and MeB samples from 35 wt% to
50 wt% caused both compositions to phase-separate as there
was not enough surfactant to stabilize the interface between the
oil and water phases.
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This data also permits us to comment on the differences
between micellar structures and microemulsion structures. It is
known that a typical sodium dodecylsulfate (SDS) micelle is
approximately 35–37 Å in diameter,30,31 which would be 22 450–
26 522 Å3. All the samples containing 35 wt% water consist of
micelles smaller in volume than a SDS micelle, as shown in
Fig. 4a. The smallest dimension of these micelles, Ra, becomes
longer than the length of the extended tail group, 11.32 Å (see
ESI†), as soon as perfume is added at 5 wt% (actives basis),
suggesting that these micelles begin to swell once perfume is
added. The micelles continue to swell to 8.6% with the addition
of 15 wt% (actives basis, corresponding to sample T) perfume in
the 35 wt% water samples. Upon further perfume addition, the
aspect ratio of these structures changes from 1 (spherical) to 1.7
(oblate ellipsoidal, Fig. 4b) and Ra becomes smaller than the
extended length of the tail group; thus, the micelles are dis-
torted but no longer swollen. Additionally, the aspect ratio
continues to increase when more perfume was added, sug-
gesting that the perfume preferentially packs along the longer
axis (Rb) to create atter micelles. Once water is added to reach
a total water content of 50 wt%, the point at which the micelles
nally become larger than SDS micelles is when the perfume
content is close to 11 wt% (actives basis). Ra becomes longer
than the extended length of the tail group at 10 wt% perfume
(corresponding to L1T) at 50 wt% water concentration, indi-
cating that swelling can begin at somewhat lower perfume
concentrations if the water concentration is high enough. These
trends suggest that micelles and microemulsions can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
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differentiated by the volume of the aggregates and when the
smaller dimension becomes larger than the extended length of
the surfactant tail group. These trends also indicate that
although increasing the perfume : surfactant ratio can distort
the micelle from swollen spheres to ellipsoids, the water
concentration must be high enough to allow a complete phase
change from micelles to a microemulsion. Finally, it appears
that the assumed perfume : surfactant ratios that mark the
boundaries of the transition region, outlined in Table 2, are
approximately accurate.

Conclusions

Pseudo-ternary phase diagrams demonstrate that the combi-
nation of sodium trideceth-2 sulfate as primary surfactant,
cocamidopropyl betaine as cosurfactant, dipropylene glycol,
and a perfume accord consisting of phenylethyl alcohol, dihy-
dromyrcenol, and hexylcinnamic aldehyde is not very capable of
forming MEs, or of maintaining MEs under increasing dilution.
SANS tting results showed that the self-assemblies at 35 wt%
water consistently grew as a function of perfume addition, and
that a change in geometry from spheres to oblate ellipsoids
could be induced when a sufficient amount of perfume was
added to the system. Additionally, diluting the system to 50 wt%
water resulted in the self-assembly becoming even larger.
Further interpretation of the SANS trends also indicated that
micelles and microemulsions could be differentiated by the
volume and degree of swelling of the aggregates, and that
enough water must be present in the system to allow for the
complete transition from the micelle phase to the micro-
emulsion phase. 1H-NMR determined that the 3 PRMs were
preferentially localized in the core of the micelles despite their
respective lipophilicities at 35 wt% water, suggesting that
intermolecular interactions between the PRMs had a strong
inuence on their location. Although diluting the systems did
not cause a signicant relocation of the PRMs in the assembly
or a rearrangement of the system, the larger assembly volume
with dilution reduced the intermolecular interactions between
the PRMs, thereby allowing them to redistribute somewhat
within the assembly based on the perfume–surfactant interac-
tion. Additionally, the lack of any break in the shi of the peak
as perfume was added suggests that the transition from
micelles to MEs is continuous. These ndings suggest that
nding benecial interactions between the PRMs of interest,
utilizing a surfactant system that forms self-assemblies of
a structure that is conducive to perfume release, and choosing
a suitable perfume : surfactant ratio are methods that can be
explored to better incorporate perfumes in rinse-off
formulations.
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