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ARTICLE INFO ABSTRACT

Keywords: We studied the self-assembled aggregates of Synperonic™ 91/5 (SYN) in water solution. This surfactant presents
Synperonic the peculiarity of having an odd number of aliphatic carbons, with a tail composed of C9Hj9 and C;1Hz3, and the
SAXS

headgroup having an average of 5 ethoxy units. While the general family of G;EO; nonionic surfactants has been
widely studied, there is little knowledge for the case of surfactants with odd-number carbons. For this reason, we
carried out an in depth physico-chemical characterization of water solutions containing SYN in the wide range of
concentration from 2 % to 50 % (i.e. 0.05-1.4 M), considering that high concentrated systems are relevant for
industrial applications. This class of surfactants is also interesting as remediation agent since they can incor-
porate different polluting molecules, both polar and nonpolar, such as volatile Organic Compounds (VOCs) and
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Dense Non Aqueous Phase liquids (DNAPLs). The rheological and transport properties of SYN solutions were
investigated through diffusion coefficients and viscosity, while shape and size of self-assemblies were determined
by Dynamic Light Scattering and by Small Angle Scattering of Neutrons (SANS) and X-rays (SAXS). Results show
that SYN generally behaves as other nonionic surfactants in dilute solutions, but shows some peculiarity of
aggregate packing at high concentration. We recently demonstrated the efficiency of the Synperonic™ family of
surfactants in solubilising trichloroethylene (TCE), in particular above a critical concentration of 0.1 M, thus
being a good candidate for remediation purposes. Here, the solubility of TCE was correlated with the number and
the size of micelles at different surfactant concentrations. Our work helps filling a gap in the literature about
technical grade surfactants with odd-number carbons, and the results can help in assessing the performances of
Synperonic™ products for technical tasks.

1. Introduction

It is well known that ethoxylated surfactant hydration, and therefore
packing parameter and micellar structure are dependent on tempera-
ture, since hydrogen bonds break as temperature increases. In the
literature, there are scant data on the phase behaviour of nonionic sur-
factants belonging to the class of Synperonic™ [1,2], and, to the best of
our knowledge, very limited data is present about Synperonic™ 91/5
(SYN), an ethoxylated alcohol with a short polyethylene oxide chain (EO
= 5 units) and an aliphatic chain ranging from 9 to 11 carbon atoms,
depending on the formulation of the product; available data includes
liquid-liquid equilibria diagram reporting the cloud point at different
surfactant concentrations (up to [SYN] = 50 % the experimental cloud
point was found to be above 25 °C) [3]. More data are present about the
phase behaviour of the pure surfactant having a 10 carbon-tail, where a
single L isotropic phase was reported for a concentration of surfactant up
to 50 % at 25 °C [4,5]. To fill the gap, in this paper, we extend the
structural study of the commercial surfactant Synperonic™ 91/5 to
investigate its phase behaviour in a broader range of concentrations.
This investigation can help in assessing the performances of Synper-
onic™ surfactants for technical tasks.

Among the different applications, the use of surfactants to improve
the solubility of organic contaminants has been intensely studied over
the past years, especially for implementing remediation techniques [6,
7]. However, not all surfactants can be used for this purpose because
residual products of their degradation can be toxic and/or the amphi-
phile itself gives rise to environmental contamination [8,9]. In this
respect, ethoxylated fatty alcohol surfactants with chemical structure of
the type CH3(CH»);.1(OCH2CH,);OH (CiEO;), possess good environ-
mental compatibility due to their biodegradability [10,11] and have
been employed in many important applications, especially in household
detergents [8,12]. Ethoxylated fatty alcohols have also been used in soil
and water remediation, especially those applications related to
surfactant/co-solvent flushing for enhancing the solubility of organic
compounds in Pump & Treat remediation techniques [13], with a special
emphasis on chlorinated DNAPLs (Dense Non Aqueous Phase liquids),
such as trichloroethylene (TCE) and tetrachloroethylene (PCE). For
example, Pennell et al. tested commercial ethoxylated nonionic surfac-
tants such as Witconol 2722 (an ethoxylated sorbitan ester), Tergitol
NP-15 (Nonylphenol Ethoxylate) and Witconol SN-120 (Cj¢-12EOg) with
good results [14] and Diallo et al. [15] tested the solubility of TCE and
PCE as a function of the Hydrophilic-Lipophilic Balance (HLB) value
[16-18].

In the case of GEO; surfactants it is well established that the thermal
behaviour, and particularly the cloud temperature, depends on the
molecular structure [19,20]. Therefore, commercial nonionics of this
class, which usually present a distribution of polyoxyethylene chain
lengths as a result of the synthetic process, may exhibit a more restricted
liquid-liquid immiscibility region or a higher cloud temperature, that
are favourable aspects in many practical applications [21].

In recent studies we tested a series of commercial Cy-C;; alcohol
ethoxylated surfactants belonging to the low-impact, cost-effective and
biodegradable Synperonic™ class, to enhance the solubility of TCE in
aqueous solutions [22-25]. The rational of our work was to assess the

best trade-off among structural properties, EO unit number and HLB of
the surfactants to obtain the best TCE solubility. Interestingly, all the
Synperonic™ family surfactants exhibited a threshold concentration
below which the solubility of TCE did not markedly increase. For
example, for Synperonic™ 91/5 (SYN) in therange 6.1 x 10 *M-0.1 M
the solubility of the organic molecule increased only by a factor 2 with
respect to pure water (e.g. [TCE] ~ 0.02 M at [SYN] ~ 0.001-0.1 M),
whilst, starting from 0.1 M, solubility increased significantly with the
concentration of SYN up to a factor 15 at [SYN] = 0.75 M at 20 °C (e.g.
[TCE] ~ 0.111 M at [SYN] ~ 0.5 M and [TCE] ~ 0.145 M at [SYN] ~
0.75 M). It was speculated that the change in the TCE solubility reflected
a dramatic change in the aggregation state of the surfactant at 0.1 M. In
the case of Synperonic™ 91/5, here chosen as representative molecule
of the Synperonic™ 91/N family, a marked change of rheological
properties, a minimum of the diffusion coefficient and, simultaneously,
a 15 times increase of TCE solubility was found to occur in the proximity
of 0.1 M. This concentration range, therefore, required high-resolution
structural investigation. Small angle scattering (SAS) of neutrons and
X-rays is a powerful tool for characterizing micellar aggregates [26-28]
in a wide range of concentrations. Here these techniques were used to
investigate at high resolution the structural details of the aggregates and
to elucidate the key factors which determine the behaviour of the vis-
cosity and the transport properties of SYN as a function of the surfactant
concentration.

2. Experimental
2.1. Chemicals

The surfactant Synperonic™ 91/5 (technical grade, hereafter
abbreviated as SYN) was provided by CRODA and used without further
purification. SYN has molecular formula Cy-11EOs, MW = 378.42 g/mol,
HLB = 12.54 and CMC = 5.5 x 10~* M. Stock solutions were prepared
by using deionized water from reverse osmosis (Elga, model Option 3)
having a resistivity higher than 1 MQ cm. It was determined that the
water content of the surfactant was 0.87 %, by using the Karl Fischer
technique (according to AOAC 984.20 Official Method); this was carried
out by an automated potentiometric titration (in triplicate against a
blank) with iodine and sulfur dioxide following an extraction with
anhydrous chloroform/methanol.

2.2. Viscosity measurements

Viscosity measurements of aqueous solutions were carried out using
an AR G2 rheometer from TA Instruments in a SYN concentration range
of 1 x 10% -1 M, at 25 °C, using as geometry a standard cone of steel of
44 mm and 2° of truncation. The shear rate measurement sweep was in a
range of 0.1-100.0 s~! with a tolerance percentage of 5 %.

2.3. DLS
The aqueous solutions of the surfactants were analysed by Dynamic

Light Scattering (DLS) using the Zetasizer nano ZS (Malvern) at 25 °C, at
a scattering angle of 173°, in a SYN concentration range of 0.01-1 M.
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The following data were used for DLS measurements: refractive index of
the surfactant 1.419, refractive index of water 1.33, absorption of the
samples at 633 nm A = 0.0, and the viscosity of water was 0.8872 cP.
The automatic algorithm, which uses a combination of monomodal
(cumulants), non-negative least squares (NNLS) and CONTIN algorithms
was used for data analysis.

2.4. Diffusion coefficients: Taylor dispersion analysis

Diffusion coefficients of SYN in water were measured by means of the
Taylor dispersion technique [29-35]. This technique is based on the
diffusive spreading of a solute, with a delta distribution function,
injected into a flowing stream containing the solute itself but with a
slightly different concentration. If the flow shows a parabolic velocity
profile, after an elution (dispersion) process, the delta function distri-
bution ends up having a bell shape, which can be fitted by a combination
of n Gaussian functions. The diffusion coefficients are calculated from
the parameters of the Gaussian functions that fit the eluted peak. For
further details see Supporting Information.

2.5. Small-Angle Neutron Scattering (SANS) experiments

SANS measurements were carried-out on D33 at the Institut Laue-
Langevin (ILL), Grenoble, France. An incident wavelength of 6.0 A
was selected (relative fwhm 10 %), and two detector distances were
used: 2.0 and 12.0 m, with front panels at 1.2 m. Samples were prepared
in heavy water (2H20 or D20) (Eurisotop, 99.9 % D) to increase the
contrast between solvent and the hydrogenated detergent and to
decrease the incoherent background originating from 'H, and poured in
Hellma quartz 110-QS cuvettes of 1 mm pathway, placed in a thermal-
ized sample-changer at 25.0 °C. Data were reduced using Lamp, with the
scattering of H2O 1 mm as flat field and subtracting the empty cell as
background. Absolute scale was obtained independently for both con-
figurations with the flux of the attenuated direct beam.

2.6. Small-angle X-rays scattering (SAXS) experiments

SAXS experiments were performed at ID02 beamline [36] at ESRF —
The European synchrotron, Grenoble, France. The wavelength of the
incident photons was A = 1 A and the sample detector distance was 0.8
m, resulting in a range of wave-vector ¢ magnitude of 8 x 1073 - 0.75
A71, with ¢ = (¥)sin 6, 20 being the scattering angle. Samples were
placed in quartz capillaries of 1.5 mm in diameter. The temperature was
24 °C. Samples of SYN were diluted in water, at eight different con-
centrations in the range of 4.5 x 10~ - 1.35 M.

2.7. Small-Angle Scattering (SAS) data analysis

Small Angle Scattering techniques are able to detect spatial fluctu-
ations of Scattering Length Densities (SLD) in the range 1-1000 nm. The
scattering data can generally be split in two contributions: one origi-
nating from the shape, size, size distribution and repartition of material
within one scatterer, called the normalized form factor P(q) (P(0) = 1),
and one corresponding to the distribution in space of the scatterers,

called the structure factor S(q) (lim S(q)—>1>. The measured intensity I
q—o

(@) is then the specific differential scattering cross-section per unit
scattering angle %(q) smeared by the instrumental resolution: I(q) = [
%(q)res(q)dq which is considered as Gaussian, and is neglected for SAXS
(high resolution). The resolution was accounted for when modelling
SANS data; in the following, I(q) and %(q) are used interchangeably. The

modelling is then done using the equation:

dx

_ 2 2
E(q) = nV?ASLD*P(q)S(q) + bkg (@))]
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where n is the number density of scatterers of mean volume V and of
average contrast ASLD, which is a difference of SLD. For X-rays, the SLD
is proportional to the electronic density (and therefore insensitive to
isotopes). For Neutrons, the SLD is isotope-dependent. The estimated
SLD for GiE; in water is represented in Fig. 1 to explain the comparative
advantages of SANS and SAXS for this system.

In SANS, the hydrogenated aliphatic tails and headgroups have
rather similar contrasts to the deuterated solvent, i.e. the technique is
sensitive to the overall molecule and its self-assembled structures, which
makes SANS ideal to determine overall micellar dimensions. In SAXS,
the contrast between solvent and aliphatic chains is of opposite sign to
the contrast between solvent and headgroup, with an overall contrast
between solvent and surfactant (ASLD) that is close to 0. As a result,
SAXS will be highly sensitive to local heterogeneities (core-shell struc-
tures) as well as interactions due to dense packing, but barely sensitive
to the overall dimensions of the assemblies of surfactants. For this
reason, we explore first SANS data on a concentration range from 50 mM
(2 %, relatively dilute) to 1 M (40 %, concentrated), and complete the
analysis with SAXS data on concentrated samples (500-1350 mM,
20-50 %).

The SANS intensity profiles were analysed using sasfit [37]. The
SAXS intensity profiles were analysed by the GENFIT software [38,39].
With both programs, the fitting parameters are obtained by minimizing
x* based on experimental uncertainties (obtained from Poisson statistics
on the number of events). For further details on analysis see Supporting
Information.

3. Results and discussion

With the aim of understanding the behaviour of SYN in the sur-
rounding of the threshold value 0.1 M, a series of physico-chemical
analysis were performed in the range 1 x 10°* M < [SYN] < 1.35 M,
including diffusivities of SYN molecules, viscosity and structural in-
vestigations by means of DLS and X-rays scattering.

3.1. Physico-chemical characterization

Shear viscosity was measured for SYN solutions in the range
1 x 107*M < [SYN] < 1 M and results are reported in Fig. 2 (numerical
values are reported in Table S3 of the SI). Viscosity is rather low and
almost constant up to [SYN] = 0.1 M but it increases sharply above this
threshold concentration (Fig. 2a). This may indicate a change in the
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Fig. 2. Shear viscosity (), hydrodynamic radius () and polydispersity index
(PDI) as a function of surfactant concentration at T = 25 °C.

morphology of the micelles. It is well known that the viscosity of
micellar solutions is directly related to their microstructure. The vis-
cosity increases with the rise of concentrations of surfactant and other
parameters, such as added salt or other additives [40]. Micelles can
adopt various shapes such as spheres, elongated ellipsoids, cylinders
(rods) and disks/bilayers; the longer rod-like flexible micelles are also
known as wormlike micelles. Indeed, with the nonionic surfactant C;5Es
at a concentration of 0.5 wt% ~200 times higher than the CMC (0.0029
wt%), Talmon et al. [41] observed the coexistence of spheroidal and
elongated, threadlike micelles by Cryo-TEM. Imanishi and Einaga
characterized polymer-like micelles formed with pentaoxyethylene
decyl CyoEs and hexaoxyethylene decyl C;oE¢ ethers in dilute aqueous
solution by SLS and DLS measurements [42]. The SLS data were ana-
lysed using the wormlike spherocylinder model. It was found that the
micelles grow in size with increasing concentration and temperature, in
conformity with the theoretical prediction for highly extended
polymer-like micelles. Such studies were carried out with high purity
CiE; surfactants with monodisperse EO chain and even numbered hy-
drocarbon chain, unlike our study, in which technical grade surfactants
were used, which comprise a mixture of chain lengths, in particular for
the ethylene oxide chain, plus a mixture of odd numbered hydrocarbon
chain (C9-C11). The use of such type of commercial non-ionic surfac-
tants is a requirement in our study due to the potential application, since
this will reduce the cost significantly. However, the aforementioned

Colloids and Surfaces A: Physicochemical and Engineering Aspects 673 (2023) 131799

works give an insight into the possible self-assembled structures formed
by the Synperonic™ 91 surfactant series.

As for the hydrodynamic radius, DLS measurements were only
possible above 0.01 M when the counts number started to be significant
to obtain reliable data. In the range 0.01-0.075 M the aggregates radius
increased linearly (Fig. 2b and Table S4 in SI), with a low polydispersity
(Fig. 2¢), until a plateau (r ~ 23 nm) was attained at [SYN] = 0.075 M.
In the proximity of 0.1 M and above, the polydispersity increased
significantly indicating the formation of different aggregates which
structure could not be characterized properly by means of DLS.

Both the viscosity and the DLS measurements suggested [SYN] ~
0.1 M as a threshold concentration where the SYN aggregates undergo a
structural transition.

3.2. Diffusion coefficients

As an example of Taylor dispersion analysis, Fig. 3a reports the
Taylor dispersion peaks obtained for three different injections of SYN in
a flowing solution of [SYN] = 0.1 M in water at 25 °C. Squares, circles
and triangles represent the experimental data for samples having an
excess of surfactant of A[SYN] = 2.5, 5.0 and 7.5 x 1072 M, respec-
tively. Solid lines represent the best simulations of the experimental
peaks obtained by simultaneously fitting the three experimental series
with the equation (S1) in the SI, keeping D as shared parameter. The
repetition of the fitting procedure for all the [SYN] explored, permitted
to measure the diffusivities of the surfactant at different concentrations,
as reported in Fig. 3b.

The trend of the diffusion coefficients with respect to the concen-
tration of the surfactant clearly shows a minimum at [SYN] = 0.1 M
where D ~ 2.5 x 1077 cm?/s. In the investigated range, the system is
always above the CMC, therefore, in the range 0.001 — 0.1 M, diffusiv-
ities are referred to micelles, which grow with the addition of the sur-
factant to the system. When the concentration of SYN is augmented over
0.1 M, D increases up to ~ 1 x 107° cm?/s when [SYN] = 1 M. This
behaviour is quite common in solutions of nonionic surfactants when the
system is in the proximity of a phase separation or a change in the
structure of aggregates [43-45]. In the case of SYN, phase separation
could be excluded since the solutions in the investigated range always
appeared clear and without any evidence of macroscopic demixing. The
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Fig. 3. a) Taylor dispersion peaks obtained by injecting samples having
A[SYN] =2.5x 10> M (M), 5.0 x 107> M (e) and 7.5 x 10 > M (a), in a
flowing solution with [SYN] = 0.1 M. Solid lines are the best fitting curves
obtained by means of equation (S1) in the SI; b) Diffusion coefficient of SYN as a
function of the concentration of the surfactant.
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presence of a major transition in the aggregation state of the surfactant
has emerged also from viscosity and laser scattering data, and the
behaviour of D can be interpreted by considering an analogy with
diluted polymeric systems [45,46], which is particularly suited to
describe surfactants organising in 1-dimensional growing aggregates.
When the concentration of the surfactant overcomes a certain threshold,
a transition takes place from the individual diffusion of micelles to the
collective motion of entangled networks of surfactant aggregates. In the
framework of the Taylor dispersion analysis, the presence of such
structured network would improve the radial diffusion of the molecules
that render the sample less dispersed in the axial direction of the flow,
thus resulting in a higher diffusion coefficient.

3.3. SAS analysis

Small Angle Neutron Scattering (SANS) profiles are presented in
Fig. 4 with their modelling. At 50 and 100 mM (2 % and 4 %), the in-
tensity profiles follow closely ¢!, which is the signature for elongated
1D structures. Data modelling was performed with wormlike micelles, i.
e. flexible cylinders; the model takes into account the overall flexible rod
behaviour according to Kholodenko [47], while the scattering from the
circular cross-section is concentric, core-shell, with a polymer-like
contribution from the solvated polar headgroup as suggested by Sva-
neborg and Pedersen [48]. The fitting parameters are given in Table 1.
The aggregation number (mean number of surfactant per micelle) is
around 1000 and decreases from 50 to 100 mM. At 500 and 1000 mM
(20 % and 40 %), intensity profiles are dominated by a peak, originating
from the correlation between scatterers due to dense packing. The mean
center-of-mass distance between neighbours can then be approximated
by D* =21/qpeak, which gives 101 and 63 A respectively for 20 % and 50
%. Concentrated wormlikes do not exhibit a peak but a flattening of the
intensity [49,50]. Such a peak is instead characteristic of spheroidal
scatterers interacting with their neighbours in 3 dimensions, or of
lamellae stacks in one dimension (perpendicular to the lamellae). In
both cases, a second peak is expected at twice the g-value of the first
peak (exactly for a perfect stack of lamellae, while 2 is only an
approximation for spheroidal interactions). SANS data show no obvious

105 ¢
1000 mM (1(q)*1000)
500 mM (I(q)x100)
o 100 mM (1(q)x10)

w0t T 50 mM

q /R

Fig. 4. SANS intensity profiles from SYN solutions in D,O at 50, 100, 500 and
1000 mM, with their modelling (continuous black lines). Incoherent back-
ground (as determined from the fit) has been subtracted from the experimental
profiles. Inset shows data in absolute scale, normalized by concentration.
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Table 1

Fit parameters for the SANS intensity profiles displayed in Fig. 4. At 100 mM, the
model for wormlike gives a persistence length larger than the contour length, i.e.
the cylindrical micelles are rigid.

Fit with wormlikes Fit with interacting disks

50 mM 100 mM 500 mM 1000 mM
number 2510 9.2.10*  number 1.510°  9.4.10°
density/um® density/um®
aggregation 1157 671 aggregation 76 31
number number
core radius/A 13.8 13.8 core thickness/ 13.4 15.0
A
Gyration radius 6.4 6.4 Gyration radius 6.4 6.4
headgroup/A headgroup/A
Contour 576 334 core radius/A 23.1 14.0
length/A
Persistence 333 *(rod) Excluded 17 % 36 %
length/i’\ volume
fraction

evidence for such a peak; SAXS data however display this second peak
for the highest concentrations explored (1.15 M and 1.35 M), see Fig. 6.
The main peak position obtained from SANS and SAXS is the same as
that obtained on monodisperse C;19EOs by Degiorgio et al. at 35 °C, i.e.
above liquid crystalline regions [51], as shown in Fig. 5. The linear
variation of gpeax With the volume fraction corresponds to what is ex-
pected for a one-dimensional dilution law, as typical for lamellae. SYN
and the monodisperse C19EOs5 seem to behave similarly. SANS data for
500 and 1000 mM were modelled with spheres, ellipsoids, rods and
disks [52], modified according to [48] and the latter were found to
describe better the data, the corresponding modelling is displayed in
Fig. 4 (black solid lines). All models indicated the same behaviour in any
case: the aggregation number is close to 100, i.e. one order of magnitude
less than at 50 — 100 mM, and decreases between 500 and 1000 mM.
The micelles are now close to be isotropic, i.e. the one-dimensional
elongation observed at lower concentration is entirely lost. A hard
sphere structure factor is used in our fits. The main parameters obtained
from fits of the SANS data, given in Table 1, show the following:

(1) the aggregation number decreases steadily with concentration,
almost as its reciprocal (N,gg~60000/[SYN]), (2) consequently the
number density of micelles increases quicker than the concentration
(almost quadratically): micelle/um® ~8 x 10° x [SYN]?, (3) the drastic
reduction of aggregation number correlates with a continuous change
from long flexible cylinders to rigid cylinders to small, almost spheroidal
disks and (4) the aliphatic chains determine the core dimension at about
14 A. The fact that almost spheroidal aggregates are observed at 1 M

<L
=
2 01 o
T @SANS
- o SAXS
Degiorgio et a

n nn A2 ne
0 V.2 vs& 0.0 0.8 1

volume fraction of surfactant

Fig. 5. Peak position from SANS and SAXS data compared to those obtained on
pure monodisperse C;oEOs by SANS [51]. The linear variation of gpeai follows a
one-dimensional dilution law.
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seems to be contradictory to the linear dilution law for the peak obtained
at and above 0.5 M, but is in line with the conclusion of Degiorgio that
with increasing concentration “the micellar structure becomes less and less
sharp, but some orientational correlations between neighboring amphiphile
molecules still exist”. The description of data with well-defined core-shell
micelles becomes less relevant, and the main interaction between
nearest neighbours is mostly one-dimensional but short range (i.e. dis-
order prevents long-range alignment as seen in liquid crystalline pha-
ses), which is why a hard sphere structure factor for liquids reproduces
the SANS data reasonably well.

Small Angle X-ray Scattering (SAXS) profiles are shown in Fig. 6,
together with their best fits obtained with the Modified Scattering
Density Profile model (MSDP, see supporting information for details).
The quality of the fits in the whole range of g can be easily appreciated,
indicating, in general, that the adopted model of infinite flat bilayers is
able to describe the structure of SYN samples in all the investigated
concentrations. Data have been also analysed with other micellar
models, including spheres, spherocylinders and bicelles, with and
without interaction, but fitting results, here not reported, were very
poor, suggesting that the technical grade SYN samples show a different
structural behaviour with respect to the pure ethoxylated alcohols [40,
45,53]. On the contrary, the MSDP model seems to be able to catch the
average features of the mixture of molecules contained in the SYN
samples, which result to be mostly organized in sheets, with diverse
levels of vertical correlation as a function of SYN concentration.

The common fitting parameters obtained by the MSDP analysis are
reported in Table 2. The most significant single curve parameters are
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Fig. 6. SAXS experimental curves (symbols) and best fits (black line) of SYN
solutions in water.
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Table 2

Common fitting parameters.
m vew, /A% s v /A% dy Uwae  / A®
10.5 26.91 1.83 337.0 1.013 29.20

+0.2 +0.02 +0.01 +0.4 =+ 0.002 +0.02

reported, as a function of SYN concentration, in the panels of Fig. 7. For
the sake of completeness, the numerical values of all curves fitting pa-
rameters are listed in Tables S5 and S6 of the Supporting Material.

The average number m of CHjy groups in the hydrophobic chain is
found to be 10.5 + 0.2, close to the maximum value stated by the
technical sheet of SYN. All the other common fitting parameters assume
values in very good agreement with published results [54-56], including
the mass density of hydration water, which has been found to be ~1 %
higher than the bulk water density. By looking to the overall trends of
the single curve fitting parameters, reported in Fig. 7, it can be clearly
noticed that there is a marked change (evidenced by a vertical grey
stripe) at SYN concentration close to 0.1 M, which is in very good
agreement with the results obtained by DLS, shear viscosity and diffu-
sivity measurements. More in details, the area per molecule changes
from ~62 A2 at 0.0045 M to a much higher value close to 75 AZ at the
highest concentrations. This effect is a combination of the reduction of
the hydrophobic length Dy that decreases, as a function of SYN con-
centration, from ~5.5 Ato~4.2 10\, whereas the length of the polar head,
2w pol, increases from ~14 A to ~16 A. This result suggests possible
variations, driven by the SYN concentration, of conformation or hy-
dration properties of the ethoxylated polar heads. Indeed, the number of
hydration water molecules per polar head (Fig. 7), simply derived by the
fitting parameters, markedly changes from ~35 to ~55. The phenom-
enon can be better understood by observing the volume fraction distri-
butions of the different groups reported in Fig. 8. The most relevant
difference among the curves occurs at SYN concentration ~0.1 M. In
particular, the changes involve the volume fraction distribution of the
hydration water (dotted lines) and the one of the polar group (dashed
lines).

The parameters ¢, N and g, (Fig. 7) that describe the para-crystal
staking among bilayer show a trend with SYN concentration more
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Fig. 8. Top panel: volume fraction distribution as a function of the distance z
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head group (dashed lines) and the hydration water group (dotted lines) ob-
tained by the analysis of SAXS data with the MSDP model. Colours refer to SYN
concentrations according to the key of Fig. 3. Bottom panel: electron density
profiles calculated with Eq. 1.

difficult to rationalize. At concentration ~0.1 M, the number of corre-
lated lamellae is small, but the distortion parameter is so high that the
fitted values of the lattice distance ¢ can be considered meaningless. On
the other hand, different parameters extracted from the fit of SAXS di-
agrams can account for the increased correlation and the narrowing of
the observed quasi-Bragg peaks at very high SYN concentration, namely
the enhanced intensity of the structure factor shown in Fig. 9 and the
product g-N'/2, whose trend is reported in the bottom right panel of
Fig. 7. This product is indicated as a * in the para-crystal theory and its
value decreases with increasing correlation among bilayers [57,58].
More in detail, the profiles of the calculated structure factor as a
function of concentration (Fig. 9) show that inter-aggregate correlations
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Fig. 9. Structure factors obtained by the fit of SAXS data of SYN samples with
the MSDP model.

at the nanoscale are practically absent below 0.1 M, while moderate
interactions appear in the proximity of 0.1 M and steadily increase
above this threshold. Noteworthy, as mentioned above, this is the same
surfactant concentration at which the viscosity and diffusion coefficients
show marked change (see Figs. 2 and 3), indicating that the structure
factor is closely related to the motion of SYN aggregates and that it can
be responsible for the observed change of diffusive regime in solution. In
this light, SAS results provide a refinement to the data obtained by
techniques which report on the behaviour of bulk system.

4. Conclusions

In this work, we performed an in depth physico-chemical analysis of
Synperonic™ 91/5 self-assembly behaviour. In particular, we focused in
the concentration range around 0.1 M to correlate the microstructure
with the performance efficiency of the surfactant as a solubility-
enhancer for chlorinated solvents. All the techniques employed and
the measured parameters (viscosity, hydrodynamic radius and diffusion
coefficient) indicated a critical concentration threshold ([SYN]. ~
0.1 M) above which larger or more strongly interacting aggregates form
in the aqueous medium. SAXS and SANS were then used as structural
techniques, confirming the presence of [SYN]. at which correlation
among aggregates starts. They also allowed to identify the structure
factor, reflecting the inter-micelle arrangement, as the key parameter for
the transition between different diffusive regimes. The overall picture
given by SAS investigation is that aqueous solutions of Synperonic™ 91/
5 form elongated micelles up to 0.1 M, while at higher concentration a
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marked reduction of size occurs and the shape of single scatterers
evolves toward flat aggregates. We can thus represent the SYN micelles
as flexible cylinders, virtually not interacting up to 0.1 M and as arrays
of correlated, highly hydrated, lamellae in more concentrated systems.
This evolution of shape and correlation is well in line with the phase
diagrams reported in the literature for the C;EO; surfactant series and for
C10EOs in particular [5] and may help to specify the nanostructure of the
lamellar (L) region found by Nibu et al. through DSC and FTIR [5]. These
findings are important to shed light on our previous studies, which
pointed out a dramatic change, at [SYN] = 0.1 M, in the solubility of
TCE [22,23] and in the mass transfer rate from a pool of pure TCE to the
bulk of surfactant solutions [24]. In fact, the transition from long cyl-
inders to small discs implies an increase in the number of micelles and
larger area per head groups. In conclusion, we showed how a detailed
understanding of self-assembled microstructures can guide the optimi-
zation of applications. In our case, [SYN] = 0.1 M turned out to be a
critical concentration starting from which the solubility and mass
transfer of the organic molecule drastically increased with the concen-
tration of the surfactant.
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