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Abstract

This study investigates the encapsulation and controlled release of perfume within

micellar systems. We explored how perfume‐surfactant interactions and micelle

structure influence fragrance delivery. Two mixed‐micelle systems, one with

branched‐tail and the other with linear‐tail surfactants, were subjected to varying

perfume concentrations, dilution, and time. Using small‐angle neutron scattering

(SANS), gas chromatography‐mass spectrometry (GC‐MS), and statistical analysis, we

determined that micelle size and shape are significantly affected by perfume content

and dilution. While both systems exhibited similar trends, the branched‐tail system

uniquely formed a lamellar phase at higher perfume levels. Our findings reveal a

strong correlation between micelle geometry and headspace perfume concentration,

highlighting the role of surfactant tail structure. This research provides fundamental

insights into perfume‐micelle interactions, with potential applications in materials sci-

ence and active ingredient delivery.

K E YWORD S

dipropylene glycol (DPG), headspace, small-angle neutron scattering (SANS), sodium laureth-1
sulfate (SLE1S), sodium trideceth-2 sulfate (ST2S)

1 | INTRODUCTION

Perfumes are semi-volatile organic molecules with low molecular

weight (usually less than 260 a.m.u.). The type, concentration, and

combination of varying perfume raw materials (PRMs) yield varying

fragrances which may be perceived differently depending upon an

individual's smell receptors.1–4 The complexity and importance of

these molecules lie in their varying structures, extraction procedures,

and appropriate mixtures that yield the desired note.5,6

Traditional extraction methods of perfume include steam distillation,

solvent extraction, enfleurage, maceration, and expression.7 Each

extraction method yields a pure perfume oil which is then blended with

as many as 800 ingredients into a formula to create a scent. Post-scent

creation, perfumes are mixed with either alcohol/water mixtures in vary-

ing ratios to create colognes or with a surfactant mix to create colloidal

formulae. Fine perfumes are then aged for several months or years post-

blending to obtain varying distribution in “notes.” Top notes tend to have

tangy/citrus-like smells, whereas central notes (aromatic flowers like jas-

mine and rose) constitute the body. The base notes have woody fra-

grances that are the longest lasting. Formulators and “noses” (perfume

sensorial experts) spend years blending perfume raw materials (PRMs)

and assessing their quality to create the most pleasing scents.5,6
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A major aspect for consideration is the dilution of a blend, its con-

centration, and stability of formulations.6,8,9 Although qualitative and

clinical studies provide a general guideline about a specific formulation,

a fundamental understanding about the distribution of PRMs within the

colloidal domain and subsequent release upon dilution is not well under-

stood. Dilution becomes particularly important for products (body

washes, conditioners, laundry detergent, etc.) that are rinsed off upon

application, as increasing the volume of the continuous phase greatly

influences its dielectric constant, salt concentration, dispersed phase

concentration, and more. Combined, these changes in the properties of

the continuous phase affect how micelles within the dispersed phase

interact with each other as well as with the micellar self-assembly.

Changes in the dispersed phase would therefore affect the distribution

of PRMs within the dispersed phase and the equilibrium of each PRM

between the headspace and the colloidal domain.

Glycols have the ability to alter the dielectric constant of water, CMC

of surfactant and their partitioning between the micellar and solvent

phases.10,11 They act as co-solvents by either partitioning into the water

phase wherein they disrupt water bonds or as a co-surfactant at higher

concentrations wherein they co-exist with the surfactant in the micellar

phase.12,13 They are added to improve solubilization and partitioning of

non-polar actives into the micellar phase.14–16 Polar hydrotropes tend to

reduce hydrophobic interactions between solvent and surfactant and

shifts the CMC to a higher value. This shifts the equilibrium between sur-

factant monomers and micelles and consequently cause an increase in

surface curvature/decrease in micellar size.12,17,18 A reverse behavior is

observed for less polar glycols; however, a clear distinction based on

polarity is unavailable.

In our previous work, we studied the interactions between multi-

component perfume accords and mixed-surfactant systems to eluci-

date the perfume's effect on self-assembly and the release of perfume

from the dispersed phase. From our series of work, we determined:

(a) the tail structure influences the localization of perfume within the

micelle despite the varied molecular structures and log P values of

the perfume molecules19; (b) the perfume composition has a signifi-

cant effect on the surfactant system's ability to form Winsor IV micro-

emulsions and the extent to which the system can be diluted without

phase separation20,21; (c) a multi-PRM perfume accord can be mod-

eled as a number of principal components consisting of PRMs moving

together to simplify the chemical complexity of the accord22; and

(d) the GC–MS results of the principal components were significantly

correlated to different aspects of the micelle (i.e., minor axis, major

axis, fractional charge, volume fraction, micelle volume) depending on

the surfactant tail structure, DPG concentration and total surfactant

concentration.22 These findings are important for developing more

effective products in which fragrances are used frequently, such as,

personal care, and home care products.

In this work, we expand upon our previous study22 by

investigating the effects of dilution, age, and perfume concentration on

the self-assembly of linear- vs. branched-tail surfactant mixed-surfactant

systems. Two commonly used mixed-surfactant systems were utilized,

with sodium trideceth-2 sulfate/cocamidopropyl betaine (ST2S/CAPB)

representing the branched-tail surfactant system and sodium laureth-1

sulfate/CAPB (SLE1S/CAPB) representing the linear-tail surfactant sys-

tem. We discuss how dilution (2:1 and 5:1) of systems containing a high

surfactant concentration (10 wt%) affects the colloidal domains and per-

fume release profile, and how 1 wt% vs. 2 wt% perfume content affects

the mixed-surfactant self-assembly and perfume release from the colloi-

dal domain. We performed a combined SANS and GC–MS investigation

to probe the structural-function relationship as a function of dilution,

co-surfactant, and concentration of PRMs using a simplified 12 PRM

technical perfume accord. In addition, we also studied the stability of

select formulations as a function of time. The inclusion of a multicompo-

nent perfume accord and a co-solvent allowed the study systems to be

more relatable to consumer products, so conclusions drawn from this

work can be better applied to making improved products. Notably, in

this work, the thermodynamic effects of dilution are studied as the

diluted samples are allowed to equilibrate overnight before data collec-

tion. In actual consumer use, the product is rinsed off within a few

minutes of application, which would make the kinetic effects of dilution

more relevant. A kinetic study of dilution on a complex colloidal system

akin to those studied here will be important to determine other methods

to improve consumer products.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

All materials were provided by Procter & Gamble (Sharonville, OH).

The surfactants, DPG, and perfume accord are the same the industrial

grade materials used by P&G in product manufacturing. These mate-

rials were used so that the results would be more representative of a

real formulation. The molecular structures of the surfactants and the

composition of the perfume accord used in this work can be found in

our previous work.22

Three variables were studied in this work: the stability of the sys-

tems over time (3 days old vs. 11 days old), the effect of dilution on

the samples containing 10 wt% surfactant (full strength, 2:1 D2O:full-

strength sample, 5:1 D2O:full-strength sample), and the concentration

of perfume (1% vs. 2%). Each variable, except for time stability, was

tested in two commonly used mixed-surfactant systems to better

understand how the surfactant structure influences the colloidal sys-

tem's response to each variable. The first surfactant system consisted

of a branched-tail primary surfactant, ST2S, and a cosurfactant, CAPB,

at a ratio of 6.4:1.1. The second surfactant system used linear-tail

SLE1S as the primary surfactant and CAPB as the cosurfactant at a

ratio of 9:1. Tables S1 and S2 in Data S1 show the actual sample com-

positions. The samples discussed throughout this work were named

as described below.

1. “B” indicates that the branched-tail surfactant is the primary sur-

factant, while “L” indicates that the linear-tail surfactant is the pri-

mary surfactant.

2. “N” means that the sample was 3 days old when the sample was

measured, and “O” means that the sample was 11 days old upon
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measurement. This is due to practical restrictions on the SANS

experiment, as it can be difficult to plan when to make samples for

an aging study when the beamtime may be scheduled shortly after

being awarded.

3. “2S,” “6S,” and “10S” indicate that there is 2, 6, and 10 wt% total

surfactant in the system, respectively, regardless of surfactant tail

geometry.

4. A “D” indicates that DPG was present in the system. Similar to the

previous point, “2D” and “4D” means that there was 2 and 4 wt%

in the system, respectively.

5. All samples contain 1 wt% perfume accord by default. If “2P” is

included in the sample name, then the system contains 2 wt% per-

fume accord.

6. A ratio of 2:1 or 5:1 indicates that the sample was diluted with

two parts D2O (for SANS) or H2O to one part full-strength sample,

or five parts D2O or H2O to 1 part full-strength sample, respec-

tively. If no ratio is listed in the sample name, then it is undiluted.

2.2 | SANS studies

Samples were loaded into titanium demountable sample holders with

a 1 mm sample gap and outfitted with quartz windows. SANS data

was collected on the NGB-SANS beamline at the NIST Center for

Neutron Research (Gaithersburg, MD). Two configurations were used

to obtain a q-range of 0.006752 to 0.5455 Å�1, where q¼ 4π=λsin θ=2ð Þ,
q is the scattering vector, θ is the scattering angle, and λ is the neu-

tron wavelength. The low-q configuration was set to a SDD (sample

to detector distance) of 5.2m and λ=5Å, while the high-q configura-

tion had a SDD of 1.2m and a 5Å neutron wavelength. The wave-

length spread for both configurations was Δλ=λ¼15%.

Each data set was reduced in Igor Pro23 to correct for background

scattering, detector sensitivity, instrument geometry, and so forth.

The data were set to absolute scale via the transmission ratios, circu-

larly averaged to obtain the 1D data, and finally combined to form

one data set spanning the entire q-range per sample. The data were

fitted with the smeared Uniform Ellipsoid form factor24 with the

Screened-Coulomb structure factor model25,26 using SasView version

5.0.3.27 Here, the Uniform Ellipsoid provides information about the

geometry of the micelle, with Ra being the axis of rotation and Rb

the equatorial radius (perpendicular to Ra). Semi-major and semi-minor

axes are determined based on which is larger than the other, and thus

the type of ellipsoid the particle is. If Ra > Rb, then the ellipsoid is pro-

late, or melon-shaped; if Rb > Ra, then the ellipsoid is oblate, or a flat-

tened sphere. A Gaussian distribution polydispersity term was used

for Rb. The decoupling approximation28,29 was also included to correct

for errors in the structure factor calculation resulting from polydisper-

sity and non-sphericity.

2.3 | GC–MS studies

Samples were prepared and equilibrated in glass vials at room tempera-

ture for 3 days prior to data collection, except for the older samples

prepared for the stability study, which were aged for 11 days.

Samples were prepared by adding the materials in the order of primary

surfactant (ST2S or SLE1S), cosurfactant (CAPB with 3 wt% citric acid

added), DPG, water, and PRM accord. The samples were then vortexed

until the components were thoroughly blended and then set aside to

equilibrate. A calibration standard was not used due to the difficulty in

choosing a suitable standard for a 12 PRM accord. GC–MS data were

obtained at P&G using an Agilent Model 6890 gas chromatograph (GC).

The autosampler was a Gerstel MPS-2, and the injection port liner was

0.75 mm ID SPME by Supelco (Bellefonte, PA, USA). A J&W DB5-MS

GC column with an ID of 30 m � 0.25 mm with a film thickness of

1.0 μm was used (Agilent Technologies, Inc., Wilmington, DE, USA), along

with a Model 5973 Mass Selective Detector from Agilent Technologies,

Inc operating in scan mode over a range of m/z 35–350. The source tem-

perature was 230�C and the MS Quad temperature was 150�C. Ultra-

pure helium with a flow rate of 1 mL/min acted as the carrier gas.

Clean 20 mL headspace vials were loaded with 3 g of sample and

a magnetic stir bar and then closed with PTFE septum caps. The sam-

ples were stirred and equilibrated at room temperature for 30 min.

Using the autosampler, the samples were automatically placed one at

a time into the sampling chamber to equilibrate at 30�C for 1 min.

Once equilibrated, the sample in the chamber was stirred at 500 rpm

while being adsorbed onto a 50/30 μm, 24 ga, 1 cm long DVB/CAR/

PDMS SPME fiber for 1 min. The analysis run began after the SPME

fiber was thermally desorbed in splitless injection mode at 270�C. The

temperature was first held at 50�C for 30 sec, then ramped up to

275�C at a rate of 8�C/min and held constant for 2.5 min. The PRMs

were identified using MS spectral libraries from John Wiley & Sons

and the National Institute of Standards and Technology, which were

purchased and licensed through Agilent. Chromatographic peak inte-

gration for mass spectral ions was performed with the MassHunter

software, also purchased from Agilent Technologies, Inc.

2.4 | Statistical analysis

Principal component analysis (PCA) was first conducted on the

GC–MS results. The number of principal components used was

enough to cover a minimum of 95% of the variance. Bivariate analysis

was conducted on the principal components vs. the volume fraction,

micelle volume, Ra, Rb, and surface charge values that were deter-

mined from the SANS analysis, along with the surfactant tail structure.

The PCA and bivariate analyses were conducted in JMP Pro 15 (SAS

Institute, Cary, NC, USA).

3 | RESULTS AND DISCUSSION

3.1 | System stability over time

Three-day-old and 11-day-old samples containing the ST2S/CAPB

surfactant system were measured with SANS at 2, 6, and 10 wt% total

surfactant concentration (scattering data overlay shown in Figure 1).

Although it would be ideal to compare a sample that is a few days old
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to another sample that is many months old, the way the equilibrium

shifts in the self-assembly process can be studied over these early

time points. As many rapid changes occur over the first few weeks,

the trends in microscopic changes could indicate what will happen as

the sample ages further. Select parameters are charted in Figure 2.

The volume fraction of micelles in the sample increased slightly after

aging, about 0.002, for each surfactant concentration. Likewise, the

micelle volumes at both ages remained similar at each surfactant con-

centration, with the 11-day-old samples consistently being slightly

larger; however, the difference in size between the 3- and 11-day-old

samples for the 2 wt% surfactant concentration (11,400 Å3) was

larger than those for the 6 and 10 wt% surfactant samples (1600 Å3

and 400 Å3, respectively). This change in micelle size at 2 wt% surfac-

tant was primarily driven by Ra increasing by 3 Å and secondarily by

Rb lengthening by 0.5 Å. In contrast, Ra and Rb only changed by

approximately 0.2 Å at 6 and 10 wt% surfactant. Finally, the aggrega-

tion number and fractional charge values only experienced slight

changes as a function of age for each surfactant concentration.

Overall, these results suggest that these systems are structurally

stable over time.

GC–MS results in Figure 3 showed that the 11-day-old (“B-O”)
samples consistently had lower headspace concentrations for all

12 PRMs (decreased by 20%–50%) as well as a lower total headspace

concentration (by 23%–30%) than the 3-day-old samples (“B-N”), which

was true for all surfactant concentrations. The relative headspace con-

centrations, however, did not change significantly over time (Figure 3B).

The decrease in total headspace concentration with age became some-

what less significant as the surfactant content increased, in that the total

headspace concentration dropped by approximately 20% in the 10 wt%

F IGURE 1 SANS data overlays showing the effect of time at all
three surfactant concentrations for the branched-tail mixed surfactant
system. Data were offset to improve clarity between surfactant
concentrations; the 6 and 10 wt% surfactant curves are offset by
powers of 3. The blue “N” curves were prepared 3 days prior to data
collection while the red “O” curves were prepared 11 days before
data collection. Solid black lines are the model fits to the blue curves
and dashed black lines are model fits to the red curves.

F IGURE 2 Bar charts of parameters determined from the SANS analysis as a function of sample age for the branched-tail mixed-surfactant
system: (A) Ra and Rb, (B) surface area of self-assembly, (C) aggregation #, (D) fractional charge. The error bars in panel (A) were calculated as part
of the SANS analysis, and the error bars for the other panels were calculated using error propagation.
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surfactant sample while the total headspace concentration decreased by

almost 30% in the 2 wt% surfactant sample. This would indicate that

the higher surfactant content extended the time in which the perfume

molecules remained dissolved in the system.

From the relative headspace concentrations, the intermediate

log P PRMs together made up a larger portion of the headspace

than the lipophilic and hydrophilic PRMs after aging at all surfac-

tant concentrations, indicating that they were consistently the

least stabilized and had the highest activity. Interestingly, the low

log P PRMs did not make up the majority of the headspace, as they

typically are located more in the aqueous phase and should have

the highest activity. Aging and surfactant concentration did not

significantly affect the relative proportions of the low, intermedi-

ate, and high log P PRMs. The low log P PRMs continued to make

up about 26% of the headspace after 11 days, intermediate made

up about 60%, and high log P the remainder of about 14%. The

portion of the headspace made up of intermediate log P PRMs did

increase slightly from 58% to 60% after aging, indicating that the

surfactant system lost some of its stabilizing ability. It appears that

the decrease in each PRM's overall headspace concentration

occurred at the same rate, indicating that disproportionation did

not occur. As the samples were made in glass vials, sealed tightly,

and were not opened before the GC–MS measurements, the

decrease in headspace concentration with age could not be due to

evaporative losses. It is possible that the perfumes in the head-

space were absorbed into the cap or cap liner over time, as neither

the cap nor its liner were made of metal or foil. It is also possible

that long-term equilibration effects requiring more than 3 days

drove these trends. Finally, it is possible that the low log P PRMs

may have flashed out of the headspace during the process of

transferring the samples to the headspace vials, as those PRMs

were expected to have the highest headspace concentration. This

could explain why the intermediate log P PRMs made up the larg-

est proportion of the headspace.

3.2 | Effect of dilution

The effect of dilution on the branched-tail and linear-tail surfactant sys-

tems for all samples containing 10 wt% surfactant are plotted in

Figure S1 in the Supporting Information (Data S1) section as a function

of dilution. Figure 4 shows an overlay of the SANS data as a function of

dilution for each system containing 10 wt% surfactant. Point 4 and Fig-

ure 5 summarize the effects of dilution on each surfactant system.

1. As the dilution level went up, the micelle volume decreased for

both branched-tail and linear-tail surfactant mimicking the typical

behavior of single-chain ionic surfactants.

a. The micelle volume was more strongly affected when the full-

strength sample was diluted to 2:1 than when the 2:1 dilution

was diluted to 5:1.

b. When the systems were diluted from full strength, the length of

the semi-axes increased or decreased so as to make the ellipsoid

less eccentric (i.e., closer to spherical). For the ST2S/CAPB sys-

tem, the rotation axis radius Ra decreased and Rb increased, while

the opposite was true in the SLE1S/CAPB system.

F IGURE 3 (A) GC–MS headspace concentrations of each PRM in the 12 PRM accord in the branched-tail mixed surfactant system as a
function of time; (B) relative headspace concentrations as a function of time in the branched-tail mixed surfactant system. B–N samples were
prepared 3 days prior to data collection and B–O samples were prepared 11 days before data collection. The bar above the charts shows the log
P regions of each bar, with the PRMs ordered by increasing log P value. The legend is below the charts for greater legibility. A more thorough
explanation of the sample naming scheme can be found in the Methods section.
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c. At the final dilution, the geometry of the ST2S/CAPB mixed-

micelles switched from prolate ellipsoids to an oblate ellipsoid,

while the SLE1S/CAPB mixed-micelles remained as oblate ellip-

soids but became less eccentric.

2. The volume fraction of micelles in each system decreased by about

60% when diluted from full strength to 2:1 D2O:sample, and upon

further dilution the volume fraction dropped by another 22%.

a. This is likely a combined result of the micelle number density

decreasing and the micelles shrinking upon dilution.

b. The effects of dilution on the volume fraction—as well as on

the micellar volume, aggregation number, Ra, and Rb trends—

were not dependent on the tail group structure or on the con-

centration of DPG or perfume.

3. The charge trends were dependent on the structure of the surfac-

tant tail group and, in the case of the branched-tail system, the

DPG concentration.

a. The fractional charge of the linear-tail micelles consistently

increased with dilution and had similar values at each dilution

level regardless of DPG or perfume content.

i. This suggests that the fractional charge of the linear-tail

micelles was not strongly affected by the addition of DPG

or perfume to the system.

ii. It is likely that the fractional charge increased due to the

increasing volume of the continuous phase, which permit-

ted more counterions to disassociate from the surfactant

head groups.

F IGURE 4 SANS data overlays as a function of dilution for each system containing 10 wt% surfactant: (A) the branched-tail surfactant system
and (B) the linear-tail surfactant system. Solid black lines are model fits to the data. Curves were offset to improve clarity between data sets. For
(A) separate systems (0 wt% DPG, 11-day-old sample, 2 wt% DPG, 4 wt% DPG, 2 wt% perfume) were offset by powers of 10, the 2:1 (D2O:
sample) sample of each system was offset by an additional factor of 1.25, and the undiluted and 5:1 (D2O:sample) samples of each system were
not offset by an additional factor. For (B) separate systems (0 wt% DPG, 2 wt% DPG, 4 wt% DPG, 2 wt% perfume) were offset by powers of
20, while the 2:1 and 5:1 (D2O:sample) samples of each system were offset by an additional factor of 0.5 and 0.25, respectively.

F IGURE 5 Schematic
summarizing the effects of
diluting each surfactant system
from full strength to 5:1
water:sample.
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b. The fractional charge on the branched-tail micelles for the

sample containing 2 wt% DPG increased when diluted to 2:1

D2O:sample and then decreased when diluted to 5:1 D2O:

sample, but when the DPG concentration was increased to

4 wt% the fractional charge consistently increased with dilu-

tion. This would indicate that the branched tail group struc-

ture, coupled with DPG's effect on the solvent dielectric

constant and head group packing, influenced the surface

charge in addition to the effects caused by dilution and

decreasing micelle sizes.

4. To summarize:

a. Both ST2S/CAPB and SLE1S/CAPB: both the volume fraction

of micelles in the system and micelle volume consistently

decreased with dilution, and dilution consistently caused the

micelles to become less eccentric (closer to spherical) evidenced

by the shortening of the long semi-axis and lengthening of the

short semi-axis. The greatest change in each property occurred

when the full-strength samples were diluted, with further dilu-

tion having less of an effect.

b. ST2S/CAPB system only: micelles switched from a prolate ellip-

soidal geometry to an oblate ellipsoidal geometry upon dilution

to 5:1 water:sample; and fractional charge on the micelle not

only did not increase by a consistent amount with each dilution

(as it did in the SLE1S/CAPB system), but also was influenced

by the DPG concentration.

c. SLE1S/CAPB system only: micelles maintained oblate ellipsoidal

geometry over entire dilution series, and fractional charge on

the micelle was consistent at each dilution level regardless of

perfume or DPG concentration.

As the 10 wt% surfactant samples were diluted, the GC–MS

results in Figure S3 in Data S1 showed a decrease in headspace

concentrations for each PRM as well as in the total headspace con-

centration for both mixed-surfactant systems, regardless of DPG

concentration (0%, 2%, 4%) and perfume concentration (1%, 2%).

The first dilution, from full strength to 2:1 water:sample, caused

the largest drop in the total headspace concentration (16%–49%),

while the second dilution step caused a smaller decrease (5.5%–

13%). This makes sense given that the perfume concentration

decreased with dilution, thus the headspace concentration would

decrease as well. This trend was consistent for the hydrophilic and

intermediate log P PRM headspace concentrations; in contrast, the

lipophilic PRM headspace concentration tended to increase upon

dilution from 2:1 to 5:1 water:sample. This was not the case in the

linear-tail mixed-surfactant systems containing DPG, however,

where the lipophilic PRM headspace concentration consistently

decreased with dilution. This suggests that the increased volume

of the continuous phase—and the corresponding change in the

micellar geometry—when diluting from 2:1 to 5:1 water:sample

destabilized the lipophilic PRMs in the system and increased their

activity. This effect could be countered in the linear-tail mixed-

surfactant system via addition of DPG.

In terms of the relative headspace composition, the percent of

the headspace made up of hydrophilic PRMs sharply decreased for

each system after dilution to 5:1 water: sample (12%–22%). This indi-

cates that the added water helped stabilize them in both surfactant

systems. In contrast, DPG and its effects on the properties of the con-

tinuous phase were not influential. Due to the substantial drop of

hydrophilic PRMs in the headspace composition, the proportions

of the headspace made up of the intermediate log P PRMs and the

lipophilic PRMs both rose as the systems were diluted. When diluting

the full strength to 2:1 water:sample, this change (headspace concen-

tration) was primarily because the presence of hydrophilic PRMs in

the headspace dropped more than the intermediate log P and lipo-

philic PRMs did. When diluting from 2:1 to 5:1; however, the change

in headspace concentration occurred due to the combined effect of

the decrease in hydrophilic PRMs in the headspace plus the increase

in lipophilic PRMs in the headspace.

When comparing the total headspace concentration of the

branched-tail and linear-tail mixed-surfactant systems, the

branched-tail system consistently had a higher headspace concen-

tration regardless of dilution and system composition (26%–70%

higher), meaning that the activity of the perfume accord was higher.

In terms of the relative headspace concentration, the hydrophilic

PRMs made up a larger portion of the headspace of the linear-tail

mixed-surfactant system than it did in the branched-tail surfactant

system, while the opposite was true for the intermediate log

P PRMs. The lipophilic PRMs made up a similar portion of each sur-

factant system's headspace, around 13%–17%. This shows that the

surfactant tail geometry has a twofold effect on perfume release

from colloidal systems: it can influence the strength of the fra-

grance, and it can affect the overall smell by releasing or withhold-

ing different notes.

3.3 | Effect of perfume addition

The effects of perfume addition on the self-assembly of the branched-

tail and linear-tail mixed-surfactant systems are plotted in Figure S2 in

Data S1. At 2 wt% perfume concentration, macroscopic changes to the

branched-tail systems could be observed at 6 and 10 wt% surfactant

concentrations, where the samples became two-phase. SANS data of

both phases in the 10 wt% surfactant sample, a clear bottom layer and

a white opaque upper layer, was obtained, and then additional scatter-

ing data was collected where the layers were mixed in the 6 and 10 wt

% surfactant samples. The SANS data of the 10 wt% surfactant sam-

ple's separate opaque layer and clear layer (see Data S1) showed there

were lamellar structures and charged ellipsoidal structures, respectively.

When the layers were mixed in the 6 and 10 wt% surfactant samples,

scattering peaks from lamellar-type structures were convoluted with

scattering arising from charged ellipsoidal structures (Figure 6A) The

linear-tail system did not show any changes macroscopically or in the

scattering data when perfume was added at each surfactant concentra-

tion, thus the micelles remained ellipsoidal (Figure 6B).
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Trends in the volume fraction, Ra, and Rb differed based on the

surfactant tail structure, which greatly influenced how much perfume

could be incorporated in the micelles.

1. The volume fraction, Ra, and Rb increased slightly in the linear-tail

surfactant system and in 2 wt% branched-tail system, with the vol-

ume fraction becoming larger due to the larger micelles caused by

the extra perfume solubilized in the micelle.

2. In contrast, the volume fraction, Ra, and Rb of the 6 and 10 wt%

branched-tail mixed-surfactant samples decreased with the addi-

tion of perfume.

3. The extent of the decrease correlated with the surfactant concen-

tration: the system containing 10 wt% surfactant experienced a

steeper decrease in the volume fraction, Ra, and Rb than the sample

with 6 wt% surfactant.

4. This effect on the 6 and 10 wt% branched-tail mixed-surfactant

systems occurs as a portion of the ellipsoidal micelles destabilizes

and reassembles into new lamellar structures to incorporate the

added perfume. An increase in lamellar structures occurs as the

surfactant concentration increases.

Trends in the fractional charge appeared to be influenced by the

tail structure of the surfactant as well as the surfactant concentration.

1. The linear-tail mixed-surfactant system had lower fractional charge

values than the branched-tail mixed-surfactant system, while the

fractional charge tended to decrease as the surfactant concentra-

tion increased.

2. Perfume addition did not strongly affect the fractional charge of

the linear-tail mixed-micelles at any surfactant concentration.

3. It was not possible to determine if it influenced the fractional

charge of the branched-tail mixed-micelles, because the model

used for modeling the scattering data of 6 and 10 wt% branched-

tail surfactant systems containing 2 wt% perfume could not return

a charge value.

4. Trends in the aggregation number were opposite to the trends in

the fractional charge, such as the aggregation numbers of the

linear-tail mixed-micelles being consistently higher than those of

the branched-tail mixed-micelles at all surfactant concentrations.

Overall, the linear-tail mixed-surfactant micelles were better able

to accommodate additional perfume than the branched-tail micelles,

especially without requiring significant changes to the micellar geome-

try or undergoing phase-separation. Figure 7 summarizes these

findings.

When the perfume concentration was doubled, GC–MS results

(Figure S4 in Data S1) showed that the total and individual headspace

concentrations increased for both mixed-surfactant systems at all sur-

factant concentrations. However, the headspace concentration typi-

cally did not rise proportionally to the increase in individual PRM

concentration or overall perfume concentration, suggesting that the

more perfume accord or more of a specific PRM may need to be

added to achieve the desired fragrance strength. The surfactant con-

centration appeared to play a role in each of these observed trends.

The 2 wt% surfactant systems had the highest overall headspace con-

centrations compared to the 6 and 10 wt% systems, possibly because

there was enough surfactant to sufficiently solubilize the perfume and

prevent phase-separation; however, not enough concentration to cre-

ate strong perfume–surfactant interactions to decrease the perfumes'

activity. When the perfume concentration was doubled to 2 wt%, the

branched-tail mixed-surfactant system phase-separated into an opa-

que white upper layer and a clear bottom layer, with the volume of

the upper layer increasing with the surfactant concentration. Specifi-

cally, the upper layer volume in the 2 wt% surfactant system was so

F IGURE 6 SANS data overlays showing the effect of perfume addition at all three surfactant concentrations for (A) the branched-tail mixed
surfactant system and (B) the linear-tail mixed surfactant system. Data were offset to improve clarity: For (A) the 6 and 10 wt% surfactant curves
are offset by powers of 5, and the 2 wt% perfume curves for all three surfactant concentrations are offset by an additional factor of 2; for (B) the
6 and 10 wt% surfactant curves are offset by powers of 5, and the 2 wt% perfume curves for all three surfactant concentrations are offset by an
additional factor of 1.5. Solid black lines are model fits to the data.
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small that it did not completely cover the bottom layer, whereas the

upper layer volume in the 10 wt% surfactant system made up approxi-

mately half of the overall sample volume. In contrast, the linear-tail

mixed-surfactant system remained a clear single-phase system when

the perfume content increased.

Comparing the headspaces of the two surfactant systems shows

that the branched-tail mixed-surfactant system again had a higher

total headspace concentration than the linear-tail mixed-surfactant

system for all surfactant and perfume concentrations. Upon increasing

the perfume accord concentration to 2 wt% in both mixed-surfactant

systems, the portion of lipophilic PRMs in the headspace decreased,

increased for the hydrophilic PRMs, and remained almost unchanged

(<1%) for the intermediate-log P PRMs. At 2 and 6 wt% surfactant

concentrations, the branched-tail mixed-surfactant system had a

larger proportion of hydrophilic PRMs and a similar proportion of

intermediate log P PRMs compared to that of the linear-tail mixed-

surfactant system. At 10 wt% surfactant, however, the branched-tail

mixed-surfactant system had a smaller proportion of hydrophilic

PRMs and a larger proportion of intermediate log P PRMs. The linear-

tail mixed-surfactant system consistently had a larger proportion of

lipophilic PRMs in its headspace.

The difference in headspace compositions observed at 10 wt%

surfactant may be due to the phase-separation that occurred in the

branched-tail mixed surfactant system with 2 wt% perfume. In our

previous work, we found that the perfume accord was mainly local-

ized in the micelle core among the end and branches of the tail group

in the branched-tail mixed surfactant system, while the perfume was

spread more uniformly among the tail groups in the micelles of the

linear-tail mixed surfactant system.19 Here, the formation of two

phases—a lamellar/vesicle phase and a micellar phase—in the

branched-tail mixed surfactant system indicates that a significant

enough portion of the perfume localized higher up the tail groups in

the micelle, where there were gaps between the branches and the

headgroups due to the steric hindrance of the branches. The presence

of more PRMs in that portion of the tail group must have increased

the packing parameter of the surfactant monomers enough to form

planar structures. At 10 wt% surfactant, the amount of perfume in the

planar structures may be enough to affect the overall GC–MS results;

based on the GC–MS results, we could therefore infer that the PRMs

most contributing to the formation of the planar structures are the

hydrophilic PRMs and the intermediate log P PRMs. These planar

structures do not appear to stabilize the hydrophilic PRMs well, thus

increasing their activity and presence in the headspace, while the

opposite is true for the intermediate log P PRMs.

3.4 | Statistical analysis

Principal component analysis (PCA) was performed on the GC–MS

data to identify correlations in the headspace concentrations of each

PRM before the bivariate analysis was performed. A total of three

principal components were needed to cover a minimum of 95% of the

variance in the dilution data. PCA could not calculate 12 independent

linear combinations with the GC–MS data of the perfume variation

samples or time stability samples due to too few data points. The

eigenvalues, loading plots, score plots, and loading matrices generated

from the PCA are in Data S1. The steep reduction in the number of

components—from 12 to 3—indicated significant intermolecular inter-

actions between the PRMs, resulting in them entering the headspace

mostly as one group (component 1). The other two components con-

sisted primarily of PRMs that had weaker intermolecular interactions

with the others and therefore acted independently of the other PRMs.

These more independent PRMs include Florol in particular, and to

lesser extents phenylethyl alcohol, heliotropin, and galaxolide. Based

F IGURE 7 Schematic
summarizing the effect of
increasing the amount of perfume
from 1 to 2 wt% on both
surfactant systems.
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on the PCA results, it appears that complex perfume accords can be

simplified by dividing the accord into subgroups of PRMs with strong

intermolecular interactions.

Bivariate analyses of the principal components against the

SANS results were conducted to find correlations between the

PRM headspace data and the geometry, surface charge, and vol-

ume fraction of micelles in both surfactant systems. The analysis

was also separated by tail group structure to determine if the tail

group influenced the correlations, with the branched-tail mixed-

surfactant system results and linear-tail mixed-surfactant results

shown in Table 1. The slope and its sign of each correlation shown

in Table 1 indicates how a change in the colloidal domain affected

the strength of the perfume–surfactant interactions, and thereby

the headspace concentration. Positive trends indicate that the

activity of PRMs in the system and thus the headspace concentra-

tion increased because the interactions between perfume and

surfactant molecules weakened. Likewise, negative trends mean

that the headspace concentration decreased because the

perfume–surfactant interactions became stronger.

It was found that the tail group structure influenced the corre-

lations between the GC–MS headspace results and the micelle

phase properties as a function of dilution, especially for compo-

nents 2 and 3. In the branched-tail systems, the volume fraction,

Ra, and the micelle volume were strongly correlated and the sur-

face was weakly correlated with component 1; in contrast, the vol-

ume fraction, Ra, Rb, and the micelle volume all strongly correlated

with component 1 but the surface charge did not correlate in the

linear-tail systems. Diluting the branched-tail surfactant system

showed correlations between component 2 and volume fraction,

Ra, and Rb, as well as between component 3 and the micelle vol-

ume. In comparison, diluting the linear-tail system only showed

one correlation between component 2 and the volume fraction.

TABLE 1 Bivariate analysis of the principal components vs. the SANS results of both mixed-surfactant systems as a function of dilution.

Surfactant
system

Principal
component

Volume
fraction Ra Rb Micelle volume Charge

Branched-

tail

1 R: 0.90

R2: 0.81

Slope: 63.03

± 11.46

p-value:

0.0009**

R: 0.89

R2: 0.79

Slope: 0.14 Å�1

± 0.03 Å�1

p-value: 0.0013**

R: �0.52

R2: 0.27

Slope: �0.39 Å�1

± 0.24 Å�1

p-value: 0.1502

R: 0.96

R2: 0.92

Slope: 0.00014 Å�3

± 1.63e�5 Å�3

p-value: <0.0001**

R: �0.58

R2: 0.34

Slope: �0.24

± 0.13

p-value:

0.0977*

2 R: 0.60

R2: 0.36

Slope: 20.41

± 10.27

p-value:

0.0872*

R: 0.65

R2: 0.42

Slope: 0.050 Å�1

± 0.02 Å�1

p-value: 0.0597*

R: �0.71

R2: 0.50

Slope: �0.26 Å�1

± 0.10 Å�1

p-value: 0.0329**

R: 0.42

R2: 0.18

Slope: 3.06e�5 Å�3

± 2.47e�5 Å�3

p-value: 0.2551

R: �0.52

R2: 0.27

Slope: �0.10

± 0.06

p-value: 0.1548

3 R: 0.51

R2: 0.27

Slope: 6.17

± 3.88

p-value: 0.1557

R: 0.40

R2: 0.16

Slope: 0.011 Å�1

± 0.01 Å�1

p-value: 0.2870

R: 0.14

R2: 0.019

Slope: 0.018 Å�1

± 0.05 Å�1

p-value: 0.7201

R: 0.71

R2: 0.50

Slope: 1.79e�5 Å�3

± 6.81e�6 Å�3

p-value: 0.0337**

R: �0.17

R2: 0.028

Slope: �0.012

± 0.03

p-value: 0.6692

Linear-tail 1 R: 0.85

R2: 0.72

Slope: 36.07

± 8.53

p-value:

0.0039**

R: �0.85

R2: 0.73

Slope: �1.05 Å�1

± 0.24 Å�1

p-value: 0.0034**

R: 0.95

R2: 0.91

Slope: 0.40 Å�1

± 0.05 Å�1

p-value: <0.0001**

R: 0.97

R2: 0.94

Slope: 0.0001 Å�3

± 1.07e�5 Å�3

p-value: <0.0001**

R: �0.45

R2: 0.20

Slope: �0.28

± 0.21

p-value: 0.2219

2 R: 0.64

R2: 0.41

Slope: 11.76

± 5.38

p-value:

0.0651*

R: �0.58

R2: 0.33

Slope: �0.31 Å�1

± 0.16 Å�1

p-value: 0.1040

R: 0.45

R2: 0.21

Slope: 0.082 Å�1

± 0.06 Å�1

p-value: 0.2187

R: 0.38

R2: 0.14

Slope: 1.94e�5 Å�3

± 1.8e�5 Å�3

p-value: 0.3176

R: 0.12

R2: 0.014

Slope: 0.032

± 0.10

p-value: 0.7650

3 R: 0.14

R2: 0.021

Slope: 1.57

± 4.09

p-value: 0.7127

R: �0.20

R2: 0.040

Slope: �0.063 Å�1

± 0.12 Å�1

p-value: 0.6073

R: 0.39

R2: 0.15

slope: 0.041 Å�1

± 0.04 Å�1

p-value: 0.3011

R: 0.47

R2: 0.22

Slope: 1.43e�5 Å�3

± 1.02e�5 Å�3

p-value: 0.2030

R: �0.39

R2: 0.15

Slope: �0.062

± 0.06

p-value: 0.3029

Note: Data S1 contains the full statistical analysis.

*p-value between 0.05 and 0.10.

**p-value below 0.05.
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The surfactant tail group influenced how the headspace concentra-

tions related to the semi-major and -minor axes of the micelle (Ra

and Rb, depending on the system). As the branched-tail systems

were diluted, increasing Ra improved the headspace concentra-

tions while increasing Rb reduced them. In contrast, increasing Ra

reduced the headspace concentrations while increasing Rb

improved the headspace concentrations as the linear-tail systems

were diluted. Because the branched-tail mixed-micelle system

more frequently and more strongly correlated with the headspace

data than the linear-tail system did, it can be concluded that the

branched-tail micelles had relatively weak interactions with the

perfume molecules. For that reason, the branched-tail surfactant

would enable rinse-off formulations to deliver perfume more

effectively. In comparison, the linear-tail SLE1S/CAPB system may

work better as an emulsifier or in some other type of formulation

where perfume delivery is not as important.

The dilution trends were opposite the trends that were

observed as the DPG or surfactant concentration22 increased

regardless of tail group: when the volume fraction increased as

DPG was added, the headspace concentration decreased, but

when the volume fraction increased as water was added, the head-

space concentration increased. The headspace concentration also

increased when the micelle geometry became more spherical (less

eccentric) as a result of DPG or surfactant addition to either

mixed-surfactant system. In contrast, as the systems were diluted,

the headspace concentrations of the branched-tail systems would

increase as the prolate micelles became more prolate, or as the

oblate linear-tail micelles became more oblate; in other words,

greater eccentricity improved the headspace concentration as the

systems became more dilute.

3.5 | Data availability and reproducibility
statement

The SANS data shown in Figures 1, 4, and 6 are included in the

Supplementary Information as a .docx file (Data S1). The numerical

data in Figures 2 and 3 are tabulated in the Supplementary Infor-

mation (Data S1). Bar charts similar to those in Figures 2 and 3

were made to illustrate the effect of dilution and of perfume addi-

tion, and also are included in the Supplemental Information. The

numerical data for these extra bar charts are included in the same

tables as the data for Figures 2 and 3. The PCA and bivariate analy-

sis reports generated in JMP, the results of which are tabulated in

Table 1, are included in the Supplemental Information as well

(Data S1).

Error bars in the statistical analysis represent the standard

error. Error bars in Figure 2 (and the bar charts in the Supplemental

Information, Data S1) were either the standard deviation in the

fitted parameters from the non-linear least-squares fits (for the

micelle dimensions) or were calculated with error propagation

using the standard deviations in the fitted parameters (micelle sur-

face area, aggregation number, and fractional charge). The SANS

curves do have errors in the scattering intensity and the q-value

for each point, but these errors are too small to visualize in the

graph for the former and the latter is addressed by using smeared

fitting models. Good fits to the SANS data were determined by

minimizing the sqrt(χ2/N) value, the uncertainties in the fitted

parameters were small, and visually confirming the fitted curve fol-

lowed the data well.

4 | CONCLUSIONS

In this work, the effects of age, dilution, and perfume concentra-

tion on a common branched-tail mixed-surfactant system and

linear-tail mixed-surfactant system were investigated. These sys-

tems were found to be stable over time. Dilution caused the

micelles of both mixed-surfactant systems to shrink and become

less eccentric, while also causing decreased volume fraction and

increased fractional charge on the micelle. The linear-tail surfac-

tant micelles grew with increasing perfume concentration while

maintaining their oblate ellipsoidal geometry, but the branched-tail

surfactant micelles formed a biphasic system consisting of micelle

and lamellar structures. GC–MS headspace results showed that

the perfume headspace concentrations were affected by a variety

of factors, including the amount of water and perfume in the sys-

tem, the surfactant tail structure, perfume allocation between mul-

tiple phases, and DPG concentration, beyond just the

lipophilicities of the perfume molecules. More effective perfume

deposition would involve tuning these variables. Other variables

that could be tuned include the perfume: surfactant ratio, physical

properties of the continuous phase such as dielectric constant, and

overall system concentration.

Lipophilicity alone could not explain the GC–MS headspace

results for each variable. The structure of the PRM also had to be

considered. For example, the lipophilic PRMs as a group could act

one way but an individual lipophilic PRM (e.g., beta-Ionone) could

act another way. PCA was able to decrease the number of dimen-

sions of the GC–MS headspace results, demonstrating that the

degrees of freedom of the headspace of a system containing fra-

grance can be reduced. From the bivariate analysis, various aspects

of the colloidal domain were found to be correlated with the head-

space results, including the micelle geometry, size, and the micellar

concentration. Furthermore, the surfactant tail-group geometry

influenced the strength of the perfume–surfactant interactions,

with the branched-tail system having weaker interactions with the

perfume than the linear-tail system, thus resulting in higher head-

space concentrations. The interactions between the surfactant

tail-group and the perfume molecules need to be considered to

maximize perfume deposition onto the surface of interest. Because

the effects of dilution studied in this work reflect the thermody-

namic effects, a kinetic study of dilution should be performed to

identify other methods to improve consumer products. Other vari-

ables that should be studied include temperature, pH, water hard-

ness, and other surfactants. The micellar geometry and PRM
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localization can vary significantly just from the choice of surfactant

(brached vs. linear) due to the, making surfactant selection an

important choice when developing the formulation. Temperature,

pH, and water hardness are other variables that may influence the

properties of the colloidal domain, but they are introduced by the

consumer and may vary on a case-by-case basis. Understanding

how the formulation is affected by these consumer variables

would provide additional insights into how to improve the formula.
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