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Sodium lauryl ether sulfates, pivotal surfactants for formulations: 
Rationalization of their assembly properties 
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A B S T R A C T   

Hypothesis: Sodium lauryl ether sulfates (SLES) are a class of surfactants, among the most used in the formula
tions of healthcare products. Although largely used in industry, literature studies are hereto completely missing 
of the characterization of some species, as sodium lauryl triether sulfates (E3S), and of the effect of several 
assembly parameters, as temperature. Moreover, drastic disparity of assembly performance subsists among 
laboratory synthesized and industrial raw SLES, generating problems in the real-world applications of formu
lations design. 
Experiments: We report on the self-assembly analysis of industrial grade sodium lauryl monoether sulfate (E1S), 
sodium lauryl diether sulfate (E2S) and laboratory synthesized E3S. The surfactants were studied in a large range 
of NaCl concentrations (0.1–1 M NaCl) and as function of the temperature by crossing Surface Tension, Small- 
Angle X-ray Scattering and Dynamic Light Scattering measurements. 
Findings: Such analysis enabled to establish systematic relationship between the molecular structure and as
sembly properties of the surfactants and to define size and morphologies variations of the aggregates. We 
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observed that i) core-shell spherical aggregates evolve towards elongated core-shell structures upon addition of 
NaCl, ii) the elongation is higher the lower the number of the ether groups iii) E3S is greatly stable in the 
analyzed temperature range (20 ◦C - 60 ◦C), iv) the industrial grade SLES exhibit a minimum of the surface 
tension and an anticipated self-assembly as a function of concentration, probably due to the presence of hy
drophobic impurities. Impurities are also detected by DLS in unfiltered samples of the industrial grade SLES as 
large particles. 
Moreover, a case of industrial interest was investigated: the instability of formulations comprising of E3S and 
3,4,5-trimethoxybenzoic acid. 
Such information enriches the quite small literature on pure SLES self-assembly, rationalizing new and literature 
data within a unified framework.   

1. Introduction 

Rationalization of surfactant assembly is crucial for the efficacy of 
many commercial products and industrial processes, since surfactants 
are involved in different aspects of the market [1–3], from detergents [4, 
5], nanomaterials [6–9] and drug [10–12] production to petroleum in
dustry [13,14]. To optimize their activity as soaps, emulsifying and 
solubilizing agents, it is equally important to understand how the mo
lecular structure design and the co-work with other formulation mole
cules affect the assembly properties. 

Sodium lauryl ether sulfates, commonly known by the acronym of 
SLES, have been of great importance in the economical, chemical and 
industrial scenario of the last sixty years [15]. They show numerous 
properties as highly foaming capacity, stability in hard water and 
excellent emulsifying and solubilizing activity towards organic mole
cules [16]. For these reasons, after 1950, SLES has been replacing soaps 
of natural origin, becoming among the most used synthetic surfactants 
in the formulations of detergents, cosmetics and healthcare products. 
Their molecular structure is formed by a chain of twelve carbon atoms 
and a hydrophilic area comprising of a charged sulphate head connected 
to one or more ethoxyl groups (in the following text the abbreviation 
EnS will be used to indicate SLES with a n number of ether groups). 
Industrial SLES synthesis is cheap and performed on a large scale by 
ethoxylation of the dodecanol and subsequent conversion of the ethox
ylate form into sulfate ester. This process leads to a final product that is a 
distribution of SLES with different degrees of ethoxylation. Generally, 
they are commercially labelled referring to the average number of the 
ether groups in the SLES distribution [17]. 

In the formulation of personal care products SLES coexist with other 
molecular classes that are used complementary as stabilizers, dyes, 
perfuming agents, modulators of rheological and foam properties etc 
[18–20]. The need to optimize more and more such formulations has 
promoted the physical-chemical investigations of composite systems 
where SLES assembly is studied in the presence of additives. To mention 
some examples, synergistic effects were studied in multi-component 
SLES systems comprising of fatty alcohols [21,22], fatty acids [23,24], 
biosurfactants [25], polyelectrolytes [26], and foam boosters [27,28]. 
However, systematic studies of single component SLES systems are less 
common [19]. Zoeller and Blankschtein studied laboratory synthesized 
SLES with numbers of oxyethylene units of 1,2,4,5 and 6. The surfactant 
concentration was set at 0.05 M and addition of NaCl were performed in 
a 0.1 M-0.6 M range [29]. Diffusion, viscosity, and density measure
ments have been performed by Tokiwa and Ohki on a series of SLES with 
oxyethylene units from 1 to 10 with an added concentration of 0.10 M 
NaCl [30]. Parker and Fieber analyzed the viscoelastic properties of E2S 
in NaCl solutions [31]. 

In this work, we contribute to enlarge the understanding of single 
component SLES systems, investigating the assembly properties of in
dustrial grade E1S, E2S, E3S in NaCl solutions. In addition, pure (lab
oratory synthesized) E3S was also characterized. Unlike the reported 
literature, the compounds were studied by dynamic light scattering 
(DLS) and small angle X-ray scattering (SAXS) by analyzing: i) lower 
surfactant concentration (0.03 M), ii) a larger range of NaCl concen
tration (0.1–1 M), iii) temperature effect. Moreover, mixtures of E3S and 

increasing concentration of 3,4,5-trimethoxybenzoic acid (TMBA) were 
investigated. TMBA is a hydrotropic molecule usually added in com
mercial cleaners as stabilizer [32,33]. Hydrotropes are a class of 
amphiphilic molecules capable to solubilize hydrophobic molecules in 
water by a different mechanism than micellar solubilization [34,35]. 
Unlike micelle assembling surfactants, hydrotropes do not have a critical 
micellar concentration due to not extended hydrophobic area which 
hinders the spontaneous self-aggregation. However, they assemble 
when a hydrophobic solute is present and they can drastically change 
the aggregation properties of conventional surfactants even at low 
concentration. This specific study is motivated by a general issue in the 
industrial production of detergents, as it has been observed that de
tergents comprising E3S and TMBA go often through a time dependent 
phase separation process. 

2. Materials and methods 

2.1. Materials 

NaCl was purchased by Carlo Erba and used without further purifi
cation. Industrial grade E1S and E2S were provided by Fater S.p.A. as a 
water solution (95 wt% and 27 wt% for E1S and E2S, respectively). Two 
different products of E3S were used in the analysis. Industrial grade E3S 
was provided by Fater SpA as a water solution (28 wt%). Such material is 
a mixture of SLES with different degrees of ethoxylation. The composi
tion is reported in (Table 1). 

Industrial grade E3S samples were used for DLS analyses and for the 
SAXS investigation. Pure E3S was synthesized according to the pro
cedure reported in the next paragraph. This material was used for the 
samples in NaCl 6% solution and in combination with TMBA that were 
analyzed by NMR and SAXS. Additional SAXS measurements and surface 
tension measurements were performed on highly pure E2S (purity 95%) 

Table 1 
Composition of the industrial grade E3S.  

EnS, n = number of ether groups mol% 

E0S 16.74 
E1S 10.90 
E2S 12.62 
E3S 12.44 
E4S 10.74 
E5S 8.83 
E6S 6.96 
E7S 5.61 
E8S 4.40 
E9S 3.34 
E10S 2.49 
E11S 1.74 
E12S 1.2 
E13S 0.79 
E14S 0.51 
E15S 0.31 
E16S 0.18 
E17S 0.1 
E18S 0.05 
E19S 0.03  
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and E3S (purity 95%) acquired from Merck and Angene Chemical, 
respectively. 

2.2. E3S synthesis 

For the synthesis of E3S, 1- bromododecane (97%), trietilenglicole 
(99%), sodium hydride (60% dispersion in mineral oil) and chlor
osulfonic acid (99%) were purchased by Sigma Aldrich and used without 
further purification. 

The synthetic procedure comprises of two steps as reported in  
Scheme 1: 

Synthesis of [2-[2-(2-dodecyloxy)- ethoxy]ethanol] (2): Trietilengli
cole (16.67 g) and sodium hydride (0.50 g) were reacted in a three-neck 
round-bottom flask (capacity 50 ml) in inert atmosphere for 1 h, at room 
temperature, under stirring. Subsequently, 1-bromododecane (4.152 g) 
was added. The mixture was heated up to 60 ◦C and was kept in inert 
atmosphere for 24 h under stirring. The reaction was monitored by thin 
layer chromatography (eluent DCM / ether = 8: 2). Then the reaction 
was stopped after 24 h by adding 20 ml of distillated water and stirring 
for 5 min. The obtained solution was transferred in a separation funnel. 
Extraction was performed with ethyl ether (50 ml x 3). The organic 
phase was collected and dried over anhydrous sodium sulphate. Sub
sequently, the solvent was removed under reduced pressure to obtain a 
yellowish oil (4.73 g). The so obtained product was purified by silica gel 
column chromatography (elution solvents: gradient from pure DCM up 
to solvent mixture of DCM/ether=8:2). The eluate was evaporated to 
obtain [2-[2-(2-dodecyloxy)- ethoxy]ethanol] (transparent oil, 3.5 g, 
yield 66%). Characterizing spectra of the compound are reported in 
Fig. S1. 

Synthesis of E3S: [2-[2-(2-dodecyloxy)- ethoxy]ethanol] (0.2 g) was 
dissolved in DCM (3 ml). Chlorosulfonic acid (0.24 g) was added to DCM 
(3 ml). The chlorosulfonic acid solution was dropped in the DCM solu
tion of [2-[2-(2-dodecilossi)- etossi]etanolo] and kept under stirring for 
about 30 min. The reaction is monitored by thin layer chromatography. 
Subsequently, NaOH 0.1 M was added and the obtained solution was 
evaporated under reduced pressure to attain the final product (white 
solid, 0.18 g, yield 72%) MW= 420 g/mol, critical micellar concentra
tion = 2.8 mM at 25 ◦C, Kraft point lower than 0 ◦C. Characterizing 
spectra of E3S are reported in Fig. S2. 

2.3. Sample preparation 

Stock solutions of SLES were prepared at a concentration of 2 wt% by 
dilution of the samples furnished by the company or by solubilization of 
the synthesized E3S in bidistilled water. Stock solution of NaCl in water 
was prepared at a concentration of 12 wt% by dissolving NaCl powder in 
bidistilled water. The samples for the analysis were prepared by mixing 
the SLES and NaCl stock solutions in the right proportions. Further 
dilution by water was performed up to reach the desired volume and 
concentration when needed. For DLS and SAXS analysis, the samples 
were filtered 3 times by a hydrophilic filter (Syringe Filters – Cellulose 
Acetate, Millipore Durapore 0.1 µm). 

Table 2 provides the concentrations of SLES and NaCl with the 
related significant figures that are used for the samples’preparation. The 
standard deviations for each concentration are within 0.5%. 

2.4. Dynamic light scattering (DLS) 

DLS measurements were carried out by a Brookhaven Instruments 
and a Malvern Nano-Zeta Sizer (for the temperature trends). 

The Brookhaven instrument enables to collect the light scattered by a 
sample at variable angles. It is equipped with a BI2030AT digital 
correlator with 136 channels, a BI200SM goniometer and a laser oper
ating at 532 nm. The reported measurements were collected at 90◦. The 
samples were thermostated at 25 ± 0.5 ◦C by a circulating water bath. 
The Malvern Nano-ZetaSizer is equipped with a 5 mW HeNe laser 
(λ = 632.8 nm) and a digital logarithmic correlator. The normalized 
intensity autocorrelation functions are measured at a fixed angle of 
173◦. The autocorrelation functions were analyzed by using the cumu
lant fit method. The apparent diffusion coefficients of the particles were 
achieved from the first cumulant and converted into apparent hydro
dynamic diameter (DH) using the Stokes–Einstein equation. 

2.5. Small angle X-ray scattering (SAXS) 

Small angle X-ray scattering (SAXS) measurements were performed 
at MAX II SAXS beamline I911–4 at the MAXIV Laboratory in Lund, 
Sweden [36]. The X-ray scattering intensity was recorded at a wave
length = 0.091 nm on a 165-mm-diameter MarCCD detector, which was 
placed at a sample-to-detector distance of 2.311 m. The corresponding 
range of scattering vector q= 4πsinθ/λ (with 2θ the scattering angle and 
λ the photon wavelength), was 0.057 – 4 nm-1 and was calibrated using 
silver behenate as a standard. The samples were loaded into sealed 
quartz capillary cells. The two-dimensional SAXS patterns were pro
cessed using Fit2D software [37]. The temperature was kept at 25 
± 0.5 ◦C using a capillary holder connected with an external heating 
bath. 

Additional measurements were performed at SAXSLab Sapienza with 
a Xenocs Xeuss 2.0-QXoom, with a X-ray source wavelength 
= 0.1542 nm, a collimated beam of 0.5 mm × 0.5 mm and a Pilatus3 
R300K detector, placed at a sample-to-detector distance of 0.55 m. The 
corresponding range of q was 0.13 – 6 nm-1. The samples were loaded 
into disposable glass capillaries with internal diameter 1.5 ± 0.2 mm 
whose thickness was estimated in the alignment scans and measured at 
room temperature (25–26 ◦C). The two-dimensional scattering patterns 
collected with a total acquisition time of 3 h were subtracted for the 
“dark” counts, and then masked, azimuthally averaged, and normalized 
for transmitted beam intensity, exposure time and subtended solid angle 
per pixel, using the FOXTROT software developed at SOLEIL. 

The azimuthally integrated scattering profiles of the samples were 

Scheme 1. Synthetic steps for the preparation of E3S.  

Table 2 
Concentration of SLES and NaCl used in the samples’ 
preparation.  

COMPOUND wt% 

E2S (mother solution) 28.0 
E3S (mother solution) 28.0 
E2S 1.00 
E3S 1.00 
NaCl 0.500 

2.50 
6.00  
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corrected for scattering contributions of the capillary and the solvent 
(NaCl water solutions) and thereafter put on an absolute scale using pure 
water as a calibration standard [38]. The indirect Fourier transform to 
obtain the pair distance distribution functions in the real space by fitting 
the experimental SAXS profiles was performed with BayesApp [39]. 
Analytical models were calculated with SasView 5.0.5 [40] and SASfit 
0.94.12 [41]. 

2.6. Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectra were carried out on a Bruker Avance III 400 spec
trometer operating at a frequency. 

of 400.13 MHz for the proton. E3S and TMBA were solubilized in 
0.5 ml of deuterium oxide. Monodimensional 1H experiments were ac
quired employing the presat pulse sequence with 64 K data points, 16 
scans, a spectral width of 15 ppm, a recycle delay of 5 s and a solvent 
presaturation time of 2 s. Pseudo bidimensional DOSY experiments were 
acquired employing the ledbpgp2s pulse sequence with 64 K data points, 
32 scans, a spectral width of 15 ppm, 32 gradient increments, a diffusion 
time of 150 ms, a gradient length of 1500 µs and a recycle delay of 2 s 

2.7. Surface tension measurements 

The surface tension γ as a function of concentration was measured by 
the ring detachment method on water solutions of E2S and E3S and the 
results for pure commercial products and the industrial grade mixtures 
were compared. Measurements were performed with a computerized 
Lauda instrument maintaining the temperature at 25.0 ± 0.1 ◦C by a 
thermostatic apparatus. The cac values were inferred from the break
points in the γ vs logarithm(surfactant concentration) curves. 

2.8. Transmission electron microscopy (TEM) 

TEM images were collected on E3S 1 wt% in water and in NaCl 6 wt 
%. 

The TEM grids required two different preparations. 10 μl of E3S 1 wt 
% in NaCl 6 wt% was drop-casted on the TEM grid (carbon film coated 
Cu grid, 300 mesh) and the excess drop was blotted after 10 s. This rapid 
procedure reduces the possibility of local concentration increase, 
structure aggregation or NaCl crystal formation due to the drop 
evaporation. 

The same grid preparation was tried also for E3S 1 wt% in water but 
none structures could be imaged because probably the structures are less 
stable in absence of ionic strength. 

Therefore, 5 μl of E3S 1 wt% in water was drop-casted on the TEM 
grid and the drop was left to air-dry without blotting. This procedure 
probably allowed for a steadier adhesion on the grid of the structures. 

The specimens have been observed using a JEOL F-200 operating a 
200 kV, collecting the images through the Gatan Rio16 CMOS camera. 

3. Results and discussion 

3.1. SLES aggregation as function of ionic strength and temperature 

Measurements of surface tension γ as function of concentration were 
performed on E2S and E3S in water having both high degree of purity 
and industrial grade (Fig. S3). The SLES with high purity exhibit the 
typical trend expected for pure surfactants, namely a decrease of the γ 
values up to the critical micellar concentration (cmc) and a plateau at 
higher values than cmc. The values of the cmc inferred from the mea
surements are 3 mM and 1.3 mM for E2S and E3S, respectively. 
Decreasing of the SLES’ cmc compared to SDS (cmc 8.2 mM) and as a 
function of the increasing number ethoxyl group have been also previ
ously reported [42]. On the other hand, industrial grade SLES show a 
remarkable minimum before the plateau region. This feature indicates 
the presence of hydrophobic impurities. Although the presence of such 

minima does not allow a precise estimation of the cmc, we notice that 
the minima (that should be close to the cmc) are at much lower values 
with respect to the cmc of the pure compounds. This indicates that the 
heterogeneous composition of the industrial grade SLES – both in terms 
of impurities and polydispersity of SLES – anticipates the assembly 
process. 

The self-assembly of E1S, E2S and E3S was studied as a function of 
increasing ionic strength provided by addition of NaCl. It is known that 
addition of salt favors the aggregation into supramolecular structures or 
structure transitions [9,43–48]. This is due to the ability of the ions to 
screen the charge heads, reducing the repulsions and helping the as
sembly. We analyzed samples of SLES 1 wt% and NaCl ranging from 0.5 
to 6.0 wt%. DLS data show for all the surfactants an initial range of NaCl 
concentration where the hydrodynamic diameters (DH) of the aggre
gates are overall constant (Fig. 1) and in the same size range previously 
reported [49,50] for SDS in water (diameter 3.5–4 nm). Such ranges 
span up to NaCl concentration of about 2 wt%, 2.5 wt% and 3.5 wt% for 
E1S, E2S and E3S, respectively. Once exceeded such NaCl thresholds, a 
roughly linear increase of DH as a function of NaCl concentration is 
observed. A similar value of NaCl concentration (0.45 M) was previously 
reported as threshold for the micelle growth of SDS [51]. The ethox
ylation degree of the surfactants remarkably affects the slope of the 
linear trend, which is larger the lower the number of ethoxyl groups. As 
a consequence of such different growth, the aggregates measured at the 
highest NaCl concentration (6 wt%) have consistently different size (DH 
of about 89, 51 nm and 22 nm size for E1S, E2S and E3S, respectively). 

For a comparison, the intensity autocorrelation functions and the 
related size distributions for pure and industrial SLES were analyzed. In 
particular we focused on samples of E3S at 1 wt% with NaCl 6 wt%. 
Concerning not filtered samples, we observed that the correlogram of 
the industrial grade SLES exhibited an additional slower decaying 
component, along with a main steep decay (Fig. S4). In parallel, some 
large particles of several microns were observed to coexist with the 
micelles for this sample, from the intensity weighted size distributions. 
These particles were absent in the pure surfactant solutions and were 
identified as impurities. The impurities were removed after filtration 
with membranes with pore size of 450 nm. 

In the case of both not filtered and filtered samples, larger micellar 
sizes were measured for the pure surfactant solutions. Based on this 
outcome, we anticipate that the impurities were able to adsorb part of 
the surfactant in the industrial grade samples, thereby removing micelle 
building blocks and reducing micellar sizes. 

Small angle X-ray scattering data were collected for all the three 
surfactants at the extremes and an intermediate value of the analyzed 
NaCl concentration range, namely 0.5 wt%, 2.5 wt% and 6.0 wt% 
(Fig. 2). The corresponding pair distance distribution functions P(r) 
were inferred. All the P(r) functions show oscillatory profiles, indicating 
a complex distribution of the electron density within the aggregates. 
Moreover, the P(r) functions well-fit the core-shell model for ionic mi
celles. In such a model the hydrophobic tails are placed in the inner part 
of the aggregate whereas the ether groups and charged heads arrange at 
the external shell towards the aqueous medium. This structure results in 
a highly varying electron density across the cross-section: i) the electron 
density of the inner core is lower than that of the aqueous solvent, due to 
the hydrophobic chains only containing carbon and hydrogen and being 
packed with lower density; ii) the external corona electron density is 
higher than that of the aqueous solvent due to the presence of both 
hydrophilic moieties of the heads and condensed counterions. 

The analysis of the P(r) functions shows a significant trend at values 
higher than 6 nm (inferred by SAXS data in the 0.1–3 nm-1 q range). For 
samples at NaCl 0.5 wt% (0.09 M), the values are slightly negative 
before approaching zero at the maximum size; this behavior is more 
pronounced moving in the series E1S <E2S< E3S. The same feature is 
instead no longer observable in the samples at NaCl 2.5 wt% (0.43 M) 
and 6.0 wt% (1.0 M). Negative P(r) values at high distances are usually 
ascribable to repulsive contributions in the structure factor [45]. 
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Therefore, NaCl fully screens the charged surface of the SLES structures 
only at the highest considered concentration values [52,53]. The 
observed screening threshold of NaCl concentration is in agreement with 
previous simulation studies on micelles of ionic surfactants that indi
cated Coulomb potential repulsion up to 0.1 M of NaCl [54]. 

For the samples at NaCl concentration of 6.0 wt%, the P(r) becomes 
strongly asymmetric, developing a tail at long distances. The elongation 
of such tail is evident for E1S and decreases by increasing the ethox
ylation degree. The increasing asymmetry of the P(r) shape suggests the 
unidirectional growth of the aggregates from spherical to elongated 
wormlike micelles. Consistently, the initial power law observed in the 
0.15–0.3 nm-1 q range of the SAXS data (Table S1) shows a trend to
wards a more negative exponent with increasing NaCl concentration and 
it is close to − 1 for E1S at NaCl 6%, as expected for rod-like geometry. 
This interpretation agrees with the increase of the DLS hydrodynamic 
diameters and scattered light intensities observed in Fig. 1. The pair 
distance distribution of the cross-section PCS(r) was also obtained 
(Fig. S5) by applying the indirect Fourier transform to I(q)⋅q in the 
assumption of rod-like object, indicating an overall cross-section size 
within 6 nm. Such value was assumed as a rod diameter to estimate an 
approximate length of the elongated micelles from the experimental 
hydrodynamic radii Rh values measured by DLS (Fig. 3) [55,56]. 

In light of this preliminary model-independent analysis, and in order 
to highlight structural differences among the micelles of the analyzed 
surfactants, the intensity vs. q curves were fitted according to analytical 
models. For the samples at NaCl concentration of 0.5 wt% the form 
factor of a core-shell sphere including a Hayter-Penfold structure factor 
for a screened Coulomb potential was assumed. For the samples at NaCl 
concentration of 6.0 wt%. the form factor of a core-shell ellipsoid or 
cylinder was adopted. A detailed comment about the modeling approach 
and the variability of the best-fitting parameters (e.g. different as
sumptions on the composition and molecular volumes for the core and 
the shell of the micelles), is reported as Supporting Information. 
Representative fits to the experimental data are reported in Fig. 4 and a 
consistent comparison of the structural parameters among the surfac
tants is reported in Tables S3-S5. 

For the behavior at low NaCl content, the modeling results agree 
with a slight increase of the radius of the spherical micelles when 
increasing the average number of ethoxy units in the hydrophilic head. If 
the core radius is kept constant, such increase is reflected in an increase 
of only the shell thickness, which should accommodate a larger hydro
philic portion. Concurrently, a slight decrease of the best-fit scattering 
length density is obtained, but less than expected from the estimated 
electron densities of the dry polar heads (Table S2), and therefore also 

implies a slight decrease of water fraction. 
For the micellar structure at high NaCl concentration (6%), the 

optimized values of the dimensional parameters highlight that a tran
sition towards elongated micelles clearly occurs for E1S, while the SAXS 
data of E2S and E3S in NaCl 6% are best described by short ellipsoidal or 
cylindrical micelles, with progressively smaller axis ratio or length. The 
overall cross-section sizes do not undergo marked changes, but it could 
be appreciated (especially if the same scattering length density of the 
hydrophilic shell is assumed) that the rod-like geometry implies a 
shorter radius of the core compared to the globular geometry. The fact 
that the transition from globular to rodlike micelles induced by the 
addition of salt involves a decrease of the shorter micellar radius has 
indeed been observed also for SDS by SANS [56] and SAXS [57] and in 
that case it decreased from 1.7 ± 0.1 nm in absence of added salt to 1.4 
± 0.1 nm after the transition to rod-like geometry. We observed similar 
values for the core radius in case of E1S, while for E2S and E3S the 
cross-section sizes remain progressively closer to those observed in 
absence of salt. 

The SAXS data for the two E3S samples at NaCl 6% (industrial grade 
and from synthesis) are indeed very different (Fig. S5, B) and the pure 
sample from synthesis at high NaCl concentration contains much larger 
aggregates, which could be better described according to a worm-like 
cylinder model (Table S6), being the initial slope more negative than 
the one expected for rigid rods. We also collected SAXS data on 
commercially available pure E2S and E3S and also in these cases the 
profiles drastically change for NaCl 6%, indicating a more pronounced 
micellar growth at high salt concentration compared to what is observed 
on an industrial grade mixture (Fig. S7). 

The transition from spherical to elongated aggregates and its readi
ness to occur more in E1S and E2S than E3S, can be also interpreted in 
terms of molecular packing parameter P. P is a parameter that relates the 
molecular structure of the surfactants with the morphology of the ag
gregates. It is defined as v/ael, where v and l are the volume and the 
length of the surfactant tail, respectively, whereas ae is the equilibrium 
area per molecule occupied by the headgroup. Small P values (<1/3) 
gives rise to spherical micelles. On the other hands, increasing P values 
leads to the formation of wormlike micelles (P = 1/3–1/2), vesicles 
(P = 1/2–1) and inverted micelles (P > 1). 

In agreement with the experimental data, the P equation predicts 
that the spherical to worm-like structural transition is easier the lower 
the number of the ethoxy groups since both l and ae should decrease. 
However, at low NaCl concentration, from the experimental data it turns 
out that ae value is still too high for having aggregates elongation even 
for E1S. Therefore, the charge screening of increasing ionic strength is 

Fig. 1. Hydrodynamic diameter (left) and light scattered intensity (right) of E1S (squares), E2S (circles) and E3S (triangles) at 1 wt% in water as a function of NaCl 
concentration. The standard deviation is between 0.1 and 0.4 nm. 
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Fig. 2. SAXS intensity curves, P(r) and corresponding fits of E1S (A), E2S (B), E3S (C) at 1 wt% and different NaCl solution concentrations.  
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needed to further decrease ae and induce the transition to elongated 
micelles thereof. The effect of the ionic strength in decreasing ae value 
and giving rise to elongated micelles is highly efficient in E1S and E2S, 
as also previously displayed by Zoeller and Blankschtein for the purified 
surfactants [29]. They also showed that such effect vanishes in E4S, E5S 
and E6S [29]. For the first time, reporting a systematic investigation of 
E3S, we prove that E3S is the borderline species in the series. For this 
surfactant, a globular to rod-like aggregate transition can still be 
appreciated from DLS data on the industrial grade mixture of E3S upon 
furnishing consistent ionic strength values and is also strongly suggested 
by the SAXS analysis of purified E3S. 

TEM measurements were collected on pure E3S both in water and in 
NaCl 6 wt%, trying to image the morphological changes as a function of 
the added salt. Within the limits of possible structural modifications 
induced by the TEM grid preparation (e.g. drying and vacuum, see 
Materials and Methods section), the microscopy images are in accept
able agreement with the scattering data. The structures imaged in the 
sample in water are quite homogenous in size and shape, having regular 
circular profiles and an average diameter size of 4.6 ± 0.9 nm (Fig. S8 
A). The structures observed in the sample with high salt concentration 

are instead bigger and more polydisperse (average diameter 14.7 
± 6.8 nm), presenting a much more irregular globular morphology. 
(Fig. S8 B). 

Aggregates of SLES 1% in NaCl 6 wt% were subjected to temperature 
increases (Fig. 5). DLS data showed a decrease of the E1S and E2S ag
gregates’ size in the 32–60 ◦C range. The DH values at 60 ◦C for E1S and 
E2S aggregates are 40.2 nm and 36.3 nm, respectively. These di
mensions, although smaller than the initial ones, still indicate an ag
gregation degree higher than the primary micelles. The micelle sizes of 
SDS reported in the literature seem to show a more pronounced 
decreasing trend as a function of the temperature. At the highest re
ported NaCl concentration (0.6 M) the micelle sizes approach the value 
ascribed to the primary spherical micelles (about 6 nm) at 60 ◦C [58]. 

On the other hand, E3S aggregates are highly stable and do not show 
sensitive size variation with the temperature increase. 

3.2. E3S assembly in presence of the typical formulation stabilizer TMBA 

Assembly of E3S samples with NaCl 1 wt%, 2.5 wt% and 6 wt% were 
studied as a function of addition of the TMBA (Fig. 6 A, B). 

Fig. 3. Theoretical trend of the hydrodynamic radii vs rod length according to the equations suggested by Broesma and Tirado (left, gray and black lines respec
tively). Extrapolation of the length of the SLES aggregates in NaCl 6% (left, continuous vertical lines) by using the experimental values of hydrodynamic radii 
measured by DLS (left, horizontal dashed lines). The results of the extrapolation process are summarized in the table (right). 

Fig. 4. Fits of the experimental SAXS curves (dots) for the E1S, E2S, and E3S samples at NaCl 0.5 wt% (A) and 6 wt% (B). Curves fits in A (green lines) were 
performed by using the form factor of a core-shell sphere, a screened Coulomb potential structure factor and a core radius value of 1.79 nm. Curves fits in B (cyan 
lines) were performed by using the form factor of a core-shell cylinder and by keeping the scattering length density of the shell constant to 10.86⋅10-4 nm-2. All the 
details on the model parameters are reported in Tables S3A and S5B. 
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DLS data do not show significant variation of the overall aggregate 
size. Similarly, SAXS derived PCS(r) curves are basically invariant 
compared to the analogues systems without TMBA (Fig. 7), suggesting 
that the hydrotrope has no substantial effect in the core-shell structure of 
the micelles (SAXS models in Table S6). A change of the initial slope of 
the SAXS profiles with TMBA contents 0.2% and 0.3% towards a power 

law with less negative exponent (close to q-1) could suggest an increased 
rigidity without substantial variations of the overall hydrodynamic size, 
apart from a slight increase as detected by DLS. The temperature in
crease (Fig. 6 C) has no relevant effect on the DH values. All these data 
indicate a not relevant interaction among the two components. 

In order to assess the hypothetical interaction between E3S and 

Fig. 5. Hydrodynamic diameter (left) and light scattered intensity (right) of E1S (circles), E2S (triangles) and E3S (squares) at 1 wt% in NaCl solution 6 wt% as a 
function of the temperature. The standard deviation is between 0.1 e 0.4. 

Fig. 6. Hydrodynamic diameters (A) and light scattered intensity (B) of E3S at 1 wt% in NaCl solution 1 wt% (squares), 2.5 wt% (circles) and 6 wt% (triangles) as a 
function of TMBA concentration. Hydrodynamic diameters (C) and light scattered intensity (D) of E3S at 1 wt% in NaCl solution 6 wt% with (squares) and without 
(circles) added TMBA 0.3 wt% as a function of the temperature. The standard deviation is between 0.1 and 0.3. 
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TMBA, 1H NMR and DOSY spectra were also collected. In Fig. 8 the 
resonances of the aliphatic protons of E3S are evidenced in blue (be
tween 0.8 and 1.6 ppm) while the protons of TMBA are evidenced in red 
(the methoxy groups at 3.9 and 4.0 ppm while the aromatic protons at 
7.45 ppm). In this experiment it is already observable that the two 
molecules possess different rotational mobility as assessed by the half- 
height width (HHW) of their resonances. HHWs are inversely propor
tional to relaxation time T2, which is strongly influenced by the corre
lation time τC. This parameter is indicative of the rotational mobility of a 
single molecular group, and it can be employed to evaluate the relative 
mobility of molecules. Specifically, broader resonances are originated by 
slower and more hindered protons [59]. The resonance whose HHW is 
the broadest is relative to the (CH2)n of E3S (11.92 Hz) while the aro
matic CH of TMBA are narrower (5.32 Hz), and this difference is suffi
cient to hypothesize that the two molecules are not associated in this 
solvent. The DOSY spectrum confirmed this hypothesis since, as 
observed in figure 4.24b, the molecules showed that the coefficient of 
translational diffusion much higher for TMBA (logD = − 9.15) than E3S 
(logD = − 10.1). All these data further assess a lack of interaction and 
independent diffusion processes in solution of TMBA and E3S 
aggregates. 

4. Conclusions 

The work details the effect of ionic strength, temperature and addi
tion of stabilizing species on the self-assembly properties of SLES having 
ether groups ranging from 1 to 3. 

It was already reported that the size of E1S and E2S aggregates grows 
upon NaCl addition [29]. We further prove this aspect by enlarging the 
analyzed range of NaCl concentration and giving a detailed morpho
logical description of the aggregate (i.e. transition from core-shell 
spheres to core-shell elongated structures) by SAXS data analysis. 

Moreover, we provided for the first time a systematic study of E3S 
aggregation that is one of the most used SLES species in the formulation. 
Our data showed that E3S is a borderline species, i.e. the SLES with the 
highest number of ethoxyl groups still capable to give elongation of the 
aggregates at high ionic strength value. This behavior is observed both 
in the industrial grade and highly pure E3S. The industrial grade SLES 
exhibit a significant minimum of the surface tension as a function of 
surfactant concentration, before the plateau region, at lower values with 
respect to the cmc of the pure compounds, indicating the presence of 
hydrophobic impurities, which anticipate the self-assembly of the sys
tem. Impurities are also detected in unfiltered samples of the industrial 
grade SLES as large aggregates, which are supposed to partially adsorb 
the surfactant molecules. 

A further innovative aspect of this work concerns the evidence of the 
high stability of the aggregates, especially E3S, as a function of 
increasing temperature. To the best of our knowledge, temperature 
studies of pure SLES aggregates are completely missing in the literature. 
Such data could be valuable for a basic understanding of SLES behavior 
in several real applications since temperature is an important parameter 
in industrial processes involving SLES based products (e.g. washing of 
surfaces and fabrics) [60–62]. Lastly, we proved that the E3S aggregates 
and TMBA, a known molecule used as stabilizer in some detergent, do 
not show significant and direct interactions. This suggests that some 
long-term transformations, induced by the dispersed TMBA, are 
responsible for the poor stability with time of some commercial for
mulations, revealed by industries. 
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Fig. 7. SAXS analysis of E3S at 1 wt% in NaCl solution 6 wt% with increasing 
content of TMBA (0% black, 0.1% orange, 0.2% green, 0.3% light blue) 
Experimental SAXS profiles (A, dots) and calculated model profiles according to 
core-shell worm-like micelles (A, lines). Best-fitting parameters are reported in 
Table S6. P(r) and P(cs) transforms (B and C), along with the corresponding fits 
to the experimental profiles (insets). 
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