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In recent years many studies into green solvents have been undertaken and Deep Eutectic Solvents (DES) have emerged as
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sustainable and green alternatives to conventional solvents since they may be formed from cheap non-toxic organic

precursors. In this study we examine amphiphile behaviour in these novel media to test our understanding of amphiphile

self-assembly within environments that have an intermediate polarity between polar and non-polar extremes. We have

built on our recently published results to present a more detailed structural characterisation of micelles of sodium

dodecylsulfate (SDS) within the eutectic mixture of choline chloride and urea. Here we show that SDS adopts an unusual

cylindrical aggregate morphology, unlike that seen in water and other polar solvents. A new morphology transition to

shorter aggregates was found with increasing concentration and correlated with the specific interaction of choline ions

with the surfactant headgroups. The self-assembly of SDS was also investigated in the presence of water; which promotes

the formation of shorter aggregates.

Introduction

Amphiphile self-assembly is driven by interactions between
the amphiphile and the surrounding media. Understanding
how novel media influence such self-assembly remains a
relatively unexplored area. Characteristics such as solvent
polarity and surfactant/solvent interactions are important in
terms of self-assembly and, from a physicochemical point of
view, are needed to understand how they influence the
behaviour of amphiphiles. Traditional solvents have been
widely evaluated in terms of their ability to allow self-

assembly, in particular surfactant self-assembly,
microemulsion formation, protein folding, membrane
modelling and polymer conformation.”™

Traditional organic solvents are formed of uncharged

molecules bonded by relatively weak intermolecular (van der
Waals) interactions. They have not generally been useful for
amphiphile self-assembly, with only a limited number of
solvents other than water showing such behaviour. The
emergence of ionic liquids (ILs) ® has significantly expanded the
range of solvents exhibiting amphiphile self-assembly
behaviour. lonic liquids are defined as materials, entirely
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composed of ions, with a melting point below 100 °C.57 These
liguids can be used as solvents and the first study of
amphiphile self-assembly in ionic liquids was in 1982. This
concerned cationic and non-ionic surfactant micellization in
protic ionic quuids.8 This work has been recently expanded to a
wide range of ILs, including aprotic ILsg, and a reasonably wide
range of amphiphiles, demonstrating micellization of
surfactants at low concentrations. There have been several
into the formation of Iyotropic phases at high
surfactant concentrations and into the formation of
microemulsions with IL as the continuous phase.m"12

As in water, amphiphile self-assembly in ionic liquids is
generally governed by the solvophobic effect. The driving force
in ethylammonium nitrate appears to be similar to that in
water. The main difference is that non-polar compounds are
more soluble in the IL than in water, hence the force driving
the amphiphiles into micelles is weaker and leads to higher
critical micelle concentration (CMC) and lower aggregation
numbers.® * The solvent structure has been demonstrated to
be a key factor in the self-assembly process14 and the use of
scattering techniques has allowed a better understanding of
the solvation and micellization processes occurring in these
lLS'lS, 16

Deep eutectic solvents (DES) have some common properties
with ILs such as a high thermal and chemical stability.
However, unlike ILs, DES are formed from an eutectic mixture
of Lewis or Brgnsted acids or bases instead of discrete anions
and cations.”’ Many DES can be simply described as a mixture
of an ionic entity and a hydrogen bond donor following the
formula [Cation]"X zY, where the cation can be an ammonium
or phosphonium salt, X is a Lewis base capable of hydrogen
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bonding with a hydrogen bond donor or a metal salt Y at the
ratio z."®*° The resulting melting point of the binary mixture is
substantially lower than the melting points of the individual
components and this depression ensures that the solution is
liquid at room temperature and therefore useful as a solvent.”®
DES are considered a new class of designer solvents due to the
wide variety of possible molecular combinations. They can be
made from non-toxic, readily available and biodegradable
species and therefore avoid the use of the toxic compounds
found in many ionic liquids. Natural products are an ideal
source due to their enormous chemical diversity and low
toxicity profile. As such attention has been directed towards
components such as organic acids, alcohols, sugars and other
organic compounds.'®?" *

The wide variety of combinations forming DES present a high
variety of physicochemical properties.23 However an important
disadvantage is that they often have high viscosity which could
limit usage in some potential applications. The addition of
small amounts of water can reduce the viscosity, increase the
electrical conductivity and modify the solvent polarity, and
thereby offers a controllable way to modify the properties of
the solvent to suit different applications.24

Some work related to self-assembly in eutectic solvents has
been published recently. In 2009 a novel technique to
incorporate amphiphiles through freeze-drying in DES was
reported, highlighting the potential interest of amphiphile
behaviour in this media.®> Self-assembled DNA-based
microgels were also found in ethylene glycol DES.”® Self-
assembly without the presence of amphiphiles has also been
demonstrated.”” This study used dynamic light scattering and
small-angle X-ray scattering (SAXS) to demonstrate the
presence of the aggregates in the monophasic region of
ternary eutectic mixtures without surfactants. The results lead
to a new approach for creating surfactant and water-free
microemulsions using DES as the continuous medium.” The
formation of phospholipids vesicles in DES has been recently
reported highlighting that DES promote the spontaneous self-
assembly of amphiphiles.28 There have also been a few explicit
studies of surfactants in DES. Rengstl et al. have shown that
the rather uncommon surfactant, choline dodecylsulfate, is
soluble in binary mixtures of choline chloride-based DES.”
Meanwhile Pal et al. have shown some evidence of the
assembly of sodium dodecylsulfate (SDS) in
chloride/urea DES containing water.’® These results suggested
larger self-assembled structures in DES than those formed in
water, unexpected behaviour since this surfactant usually
forms smaller micelles in polar solvents other than water®!,
More recently Pal et al have expanded on this to provide some
evidence for the solubility of akyltrimethylammonium
bromides in a glycerol-based DES.*

In a recent publication we presented a more detailed
structural analysis of the surface adsorption and micelle
structure of SDS in pure choline chloride:urea DES.* The study
confirmed the existence of micelles above a critical micelle
concentration (approximately 2 mM) that is substantially lower
than that seen in for the same surfactant in water (8 mM).34
Small-angle neutron scattering (SANS) data suggested the

choline
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presence of micelles with an elongated shape rather than
spherical, considerably different behaviour to that seen in pure
water for this surfactant. Unfortunately the low concentration
of the CMC means that the signal to noise ratio of that SANS
data limits the amount of information that could be extracted
from model fitting.

In the present study, we expand on our previous work to
investigate a broader range of concentrations and provide
greater detail on the morphological behaviour of SDS in
choline chloride:urea DES. In addition, we have included
measurements aimed at understanding the effect of moderate
water content on the self-assembly in this system. This is a
particularly important aspect of this work the
hydroscopic nature of this DES means that it is unlikely that
any potential applications would use completely dry solutions.

since

Experimental

Materials

1:2 choline chloride:urea was prepared by mixing and heating
at 80 °C one mole equivalent of choline chloride (ChCl, >98 %,
Sigma) and two mole equivalents of urea (>99.5 %, Sigma) until
an homogeneous and transparent liquid was obtained. After
the synthesis the liquid was equilibrated for at least for 24 h in
an oven at 40 °C. The deuterated version of the DES was
prepared following the same procedure. dg-choline chloride
(N,N,N-trimethyl-dg, 99 % atom D, 99 % purity) and d,-urea (98
% atom D, 99 % purity) were supplied by QMX Laboratories
and manufactured by CDN Isotopes.

Sodium dodecylsulfate (SDS, >98.5 %) was purchased from
Sigma-Aldrich and used without further purification. d,5;-SDS
was supplied by the ISIS Deuteration Facility.

The high concentrations of protonated DES with surfactant
were prepared as a large stock solution. The lower
concentrations were prepared by subsequent dilution except
for the deuterated samples which were all prepared directly in
order to reduce the quantity of deuterated compounds
required.

The pure DES was dried on a vacuum line and freeze-dried to
reduce the water content before each experiment. The water
content was determined to be below 0.25 wt% by Karl-Fischer
titration (Mettler Toledo DL32 Karl-Fischer Coulometer
Aqualine Electrolyte A (Fisher Scientific) Aqualine Catholyte CG
A (Fischer Scientific)). As in our previous study, in order to
confirm that this water content does not vary substantially
during the whole experimental procedure we have repeatedly
measured the water content for a set of samples that were
stored under the same conditions as the samples used in our
scattering experiments. Each measurement was taken 3 times
using masses between 0.2 and 0.5 g. After synthesis the
samples containing water were prepared by simply adding
water to the DES samples as prepared above prior to the
addition of surfactant. Such samples were prepared with water
content in the molar ratios (choline chloride:urea:water) of
1:2:1, 1:2:2 and 1:2:4 and equilibrated at least for 24 h before
use. All the samples were sealed, stored and equilibrated in an

This journal is © The Royal Society of Chemistry 2016
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oven for at least 1 h at 40 °C before use in the experiments
described below.

Methods

Small-angle neutron scattering

The SANS measurements were performed on Sans2d® at ISIS
Pulsed Neutron Source, UK; and on D22 at Insitut Laue-
Langevin, France. Sans2d is a time-of-flight small-angle
neutron scattering instrument with two movable detectors.
The rear detector was placed at a fixed distance of 4 m from
the sample giving a total momentum transfer (q) range over
both detectors of 0.004 to 1.40 A™. D22 is a monochromatic
beam instrument with one movable detector. The experiment
used three detector distances, 1.4, 5.6 and 17.6 m to obtain a
total g-range of 0.003 to 0.64 A In both cases the output
data was the absolute scattered intensity, I(q) (cm'l), Vs q (A'l).
In order to obtain a set of different contrasts that could be
simultaneously modelled, samples were prepared in three
different isotopic mixtures. We will refer to these contrasts as
follows: h-SDS in d-ChCl:d-Urea, h-SDS in h-ChCl:d-Urea and d-
SDS in h-ChCl:h-Urea. It is worth noting that the “fully
deuterated” solvents referred to here are in fact partially
deuterated since the choline chloride used was only partially
deuterated (dg). Solutions were prepared at different
concentrations above the CMC (approximately at 2 mM): 8, 20,
41, 80, 200, 300 and 400 mM.

The procedure for each experiment was the same. The
samples were loaded in 1 mm path length, 1 cm wide, quartz
Hellma cells and placed in a temperature controlled sample
changer at 30 °C. The samples were allowed to equilibrate in
the cells at this temperature for a minimum of 2 hrs prior to
measurement. The data was reduced following the standard
routines using Mantid36, on Sans2d, and GRASP37, on D22. The
empty cell scattering was subtracted from each run and data
was normalised to the sample transmission, empty beam flux
and detector efficiency.

The scattering from the solvent (measured without surfactant)
was subtracted as a background accounting for the scaled
contribution to the incoherent scattering of each sample using
SasView.*® The data was analysed with the indirect Fourier
transformation tool (p(r) inversion) and fitted to analytical
inverse-space models using SasView.

Small-angle X-Ray scattering

The SAXS experiments were carried out on the 122 beamline at
Diamond Light Source. The set up of the instrument consisted
of a monochromated beam at 18.0 keV, A=0.69 A and a camera
length of 6.684 m. This gave a g-range of 0.0034 to 0.35 Al
Samples were loaded in glass capillaries of 1.5 mm diameter
and placed in a temperature-controlled brass block at 30 °C.
The data was reduced following the standard procedures in
DAWN.*

The solvent scattering was subtracted and the data analysed
with the same procedures as for the SANS data.

Data analysis

Two general approaches are widely used for the treatment of
small-angle scattering data. Indirect Fourier transformation

This journal is © The Royal Society of Chemistry 2016

(IFT) is a model-free numerical method to fit data in real space
and allows one to obtain the radius of gyration of particles in
solution.”® The IFT method uses an a priori value of the
maximum dimension of the scatterer to obtain the pair
distance distribution function (PDDF, p(r)) assuming
monodisperse particles in the system. The interpretation is
limited to non-periodic structures at low concentrations,
where the interparticle interactions are negligible. This
method can be applied to any scattering curve regardless the
actual structure of the particles. The information obtained
from the p(r) function can be used to develop a suitable model
for the particles, which can then be fitted to the experimental
scattering curve. The p(r) function differs from zero in a limited
region of real space, between 0 and D,. (the largest
dimension of the scattering particles). The shape of the
function directly enables an assessment of the particle shape,
such as globular or elongated particles, and also provides an
approximate value of the radius of gyration of these
particles.“'42

Our analysis, used the IFT procedure in SasView.” The input
parameters were D, the number of terms (the number of
base functions used to build the p(r) expansion) and the
regularisation constant (used to set the smoothness of the
resultant function, where higher values lead to smoother
curves, but with a worse fit to the original scattering pattern).
The value of D,,,, was optimised in order to reduce the chi-
square parameter, while the initial values for the number of
terms and regularisation constant were suggested by the
software and recalculated with each new value of D,.,. The
p(r) was found by fitting these base functions of the IFT
procedure to the I(q)/gq experimental data. The pair distance
distribution function is scaled to unity in order to make the
results comparable between contrast and techniques.

The value of D, obtained for a scattering pattern provides an
approximate value of the length of elongated particles. The
region around the maximum value of the p(r) function
corresponds to the scattering of the particle cross-section. In
this region, the inflection point in the decreasing part of the
curve, r,, provides of an approximate size of this cross-section.
This approach also allows us to calculate a first approximation
to the radius of gyration of the scatterers, R; (related to the
second moment of the pair distance distribution function of
the particles).

The second approach consists of direct modelling of reciprocal
space data using shape-dependent models. The experimental
scattering curve is directly fitted to a mathematical model.
These models can be used with both dilute and concentrated
solutions, hence giving the possibility of evaluating both the
shape of the particles and their interparticle interactions.*” *
However this method requires the fitting of several
parameters, some preliminary information is
required to obtain reliable results. In these models, the total
scattered intensity of a monodisperse, homogeneous and
isotropic centrosymmetric particle dispersion can be written as
a product:

therefore

1(q) = NP(q@)S(q)
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Where N represents the contribution from the particle
concentration, volume and composition. P(q) is the form factor
and corresponds to the intraparticle contribution whilst S(q) is
the structure factor and includes the interparticle contribution
to the scattering. For a low concentration where the
interparticle interactions can be neglected, the value of S(q) is
equal to 1 and it does not contribute to the scattering,
therefore the P(q) determines the analysis. However with
increasing concentration, these interactions may become
more important, resulting in a non-negligible structure factor,
which modifies the apparent scattered intensity, particularly at
low-q.

This is illustrated in Fig. 1 (I), which shows the theoretical
scattering pattern of a system of monodisperse, elongated
particles with and without a significant structure factor.
Different reciprocal space models were tested for our data in
order to optimise the fitting and choose the most appropriate
option (see electronic supplementary information for details).
Of the models tested, the core-shell cylinder model was
chosen as the best fit to this data set.

Evidence exists for cylindrical SDS micelles in the literature, so
we believe that this model is more than empirically justified. A
spherical core-shell structure was initially used to model SDS
aggregates in pure water,** and SDS micelles have also been
described as ellipsoids in pure water and other polar organic
solvents.® *® However structural changes in surfactant
aggregates have been observed by the addition of salt to
screen charge interactions” or
penetrates into the head group layer and promotes micellar
growth.48’ 9 These changes can be easily understood through
the packing parameter.50 This parameter can be calculated as
v/al, where v is the volume of the lyophobic tail, / is the length
of the lyophobic tail and a is the effective area per monomer
at the headgroup-tail interface. The penetration
counterions into the charged head group layer screens the

where the counterion

of

charge between the neighbouring monomers, thus decreasing
the repulsion forces. This reduces the effective area per head
group, if steric factors are not important, and leads to a
different packing parameter. Given the ionic nature of the
solvent used in this study, we expect that such salt effects are
potentially important for our understanding of surfactant
behaviour in DES. Thus we believe that the presence of an
ionic media is one factor in promoting the micelle growth
observed here.

Elongated SDS micelles formed in the presence of salt have
been described using a cylindrical shape with an ellipsoidal
cross section instead of circular.” *? Furthermore a different
approach has considered the presence of flexible, wormlike
shaped micelles formed by SDS in the presence of NaBr.*” Such
models could improve the chi-squared quality of the fitting in
our case, but they represent a significant
complexity that is not justified for our data. Instead we take
the approach of minimising the number of parameters used

increase in

and hence prefer a core-shell circular cylinder model. In our
previous study33 we used a simple cylinder model because the
low concentrations meant that the signal-to-noise ratio was
not sufficient to support the use of a more complex model.

4 | PCCP, 2016, 00, 1-3
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0 50
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Fig. 1 An illustration of the influence of the structure factor in the measured scattering.
(1) Theoretical reciprocal space scattering intensity for a dispersion of rigid cylinders

with a non-constrained effective hard sphere structure factor S(q) (inset, same axes).
I(q) corresponds to the theoretical scattered intensity of a system with interacting
particles and P(q) corresponds to the scattering of such cylinders without interparticle
interactions. (ll) p(r) shows the pair distance distribution function resulting from P(q)
and i(r) includes the oscillations due to the interparticle interactions present in I(q). The
quantities r; and Dy, are defined in the text. The parameters used to create these
simulations were: Length 250 A, core radius 15 A, shell thickness 5 A, effect radius 35 A,
particle volume fraction 0.05 and effect scale 0.15.

The higher concentrations, multiple contrasts and the higher
flux instruments used in this work enable us to increase the
complexity of the model used and thereby to extract more
information from this data.

As explained above, at higher concentrations the IFT and
model-based methods require inclusion of the structure factor
in order to account for interparticle interactions. However,
evaluating the interparticle contribution to the scattering is
especially difficult for non-spherical charged particles and such
an analytical evaluation remains a challenge to colloid science.

Unfortunately previous approaches used to evaluate
interparticle interactions in similarly complex systems4' * are
not appropriate in this case because we have limited

information regarding the physicochemical properties of the
solvent.

This journal is © The Royal Society of Chemistry 2016
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In order to evaluate the data we have, therefore, used a
custom model that combines the form factor described above
and a hard-sphere structure factor (Percus-Yevick) that is not
constrained to the dimensions of the form factor. The Percus-
Yevick hard-sphere structure factor represents an interparticle
interaction defined as an excluded volume repulsion
This approach reflects the expected charge
screening effect of the high concentration of choline chloride.
We would expect that such charge screening will effectively
remove any longer range repulsive interactions between the
negatively charged surfactant micelles. The Percus-Yevick
hard-sphere approximation uses the following approach to
solve the interparticle potential, w(r), in the Ornstein-Zernike
equation.54

. . 53
interaction.

0,r=2R

w(r) = {OO,r < 2R

Where r is the distance to the centre of a sphere with radius R.
This approximation of the structure factor contains 2
parameters, effective radius and structure factor volume
fraction (S(q) volume fraction). We have fixed the effective
radius to a value of 35 A for all concentrations in order to
follow the evolution of the S(gq) volume fraction with
concentration and water content. This value of the effective
radius was found from an initial fit of both the effective radius
and S(q) volume fraction. This procedure was repeated for
several concentrations and water contents to obtain an
average radius of 35 A. This approach results in an effective
structure factor, the form of which reflects the intermicellar
interactions, though the parameter values may not have direct
physical interpretations. Although this approximation has only
limited physical relevance, it does enable us to obtain
information on the structure of the micelles for solutions at
high of SDS which
interactions.

concentrations show intermicellar

Results

We have performed SAXS and SANS experiments to study the
SDS micelle structure within the choline chloride:urea DES and
its mixtures with water. Our previous study demonstrated the
presence of elongated micelles above the CMC point at low
concentrations (up to 25 mM).33 Here we expand that study
and analyse the system for a range of concentrations between
the maximum concentration of the previous study and the
limit of solubility of the system.

The available SAXS data covers a limited g-range (0.04 to 0.3 A”
1) due to scattering from the beam-stop at low q. This low-q
limitation meant that the SAXS data is not appropriate to
determine the length of the micelles. Instead we have used
this data to constrain the micelle cross-section in the SANS fits
rather than to attempt a simultaneous fit. The SAXS data has
significantly better resolution at high-q and better contrast
between the shell-head group and the solvent than we can
achieve with SANS. We believe that this approach produces a
reliable overall fit since the head group sensitivity (and
therefore tight cross-sectional constraint) of the SAXS data is

This journal is © The Royal Society of Chemistry 2016
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complementary to the wider g-range and variable contrasts
provided by SANS.

Indirect Fourier transformation

We begin the data analysis by using the IFT method without
considering interparticle interactions. Fig. 2 shows the pair
distance distribution function of different concentrations of
SDS in pure DES and DES containing water. The parameters
extracted from this data are shown in Fig 3.

At an SDS concentration of 20.8 mM, the shape of the p(r)
function is similar to that expected from cylindrical micelles.*
At this concentration the p(r) function is above zero for all
values between r = 0 and r = D, (c.f. Fig. 1). This pair distance
distribution function could also resemble a multimodal system
with diversity of sizes and/or shapes, however this is unlikely
given the thermodynamics of micellization.

Fig. 3 shows how the parameters of the IFT fits vary with
surfactant concentration and water content. In the absence of
water the position of the point of inflection, r, and therefore
the approximate cross-sectional size of the micelles, remains
constant at 39 + 1 A with increasing concentration.

1
20.8 mM
42.5 mM
81.3 mM
— 199 MM
315 mM
424 mM

—_— ) )

\ 1
'
Lt IPTPE A

,,,,..W..,,‘WHH{

1k I 1 I 1 =
0 50 100 150 200 250
r/ A

Fig. 2 Pair distribution functions, p(r), obtained from the SANS patterns at the contrast

o

d-SDS in h-ChCl:h-Urea:H,0 without considering interparticle interactions for (1)
different concentrations of SDS (with no water)and (Il) a fixed concentration of
surfactant, 190 mM of SDS, in solvents containing different molar proportions of water.
The error bars come from the calculation of the p(r) function through the IFT
procedure.
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Given the invariance of the cross-sectional size, the surfactant
concentration dependence of D, and Rg suggest a change in
the length of the particles. Although an increase in the micelle
length at increasing surfactant
concentration was observed in our previous work, the data

low concentrations with

here, at higher concentrations, show a reversal in that
behaviour around 42 mM of SDS. Above this
concentration the aggregate length decreases
surfactant is added to the system from a maximum length of
232 + 11 A at 42.5 mM to 71 + 2 A at 424 mM. The p(r)
functions for our measurements at higher concentrations

from

as more

show the presence of weak oscillations. This probably comes
from a weak intermicellar contribution to the scattering. The
error bars in p(r) also increase at these concentrations
(particularly obvious for the data at 424 mM), showing a
variability that intermicellar
interaction. The highest concentration also shows a minimum

probably comes from this

below zero, which is a clear indication of a non-negligible
structure factor, hence a strong influence of the interactions.
Since the IFT assumes no intermicellar interactions, we have
not used this to draw further conclusions regarding these
concentrations.

Although r, is unaffected by the presence of water and is about
41 + 1 A, D,y is seen to decrease with increasing water
content except at the highest SDS concentration where the
change is not significant within the errors. This behaviour
suggests a uniaxial decrease in the length of the micelles. The
DES containing 199 mM SDS fits to a model with a D,,,, of 149
+ 17 A while this value decreases to 114 + 3 A for the same
concentration of SDS in the DES with a water content of 4
mole equivalents (See Fig. 3). These values were found to be
much higher than those calculated for SDS in pure water: 42 A,

using the generalised indirect Fourier transformation
method.>
48 | Ty LA = § = | 1 1 1 | =
44 |- -1 - EB -
<L B ¢ 1r -
= op o Vet : %‘.
36 -1 -
32 1 |||||I . 3 1=l | 1 | 1=
250 = o T LA = | = | 1 1 =
< 200 o C|> -1~ -
x 150 |= ¢ = -
£
0 100 - e | K -
©
50 T | |||"|I PR = | | ] | 1=
2 4 68 4

200 - 0 1 2 3 4

SDS concentration / mM Water mole equivalents

Fig. 3 Parameters from the IFT fitting, Dna and r (left) as a function of SDS
concentration in 1:2 choline chloride:urea and (right) as a function of water content for
three different SDS concentrations: 81.4 (blue), 204 (green), and 319mM (black). These
parameters and the error bars were obtained from the IFT results for all of the
contrasts. The solid lines show the trend followed by the parameters.
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The p(r) corresponding to the DES mixed with water also
shows some weak oscillations at lower SDS concentrations
than in the SDS solutions without water. This suggests a weak
structure factor and might imply that increased water content
leads to an increase in intermicellar interactions.

Model-based fitting

Sodium dodecyl! sulfate in 1:2 choline chloride:urea

As explained above, SAXS data was used to determine the
dimensions of the cross-section. Fig. 4 shows the SAXS data
and the resulting fits for different concentrations of SDS. The
parameters of the cross section of the micelles are presented
in the Table 1.

The scattering length densities (SLD) for the surfactant tails
and the solvents (1:2:n choline chloride:urea:water, n=0, 1, 2,
4) were calculated and kept constant during fitting. The SLD of
the micelle core, corresponding to the tail of the surfactants,
was considered to not be affected by solvent penetration.

The shell SLD was fixed to 12.6x10° A'Z, considering solvent
penetration to the shell.®® This value is an arbitrary choice and
was used to allow the determination of the radius of the
micelle core, rather invariant with small changes in the shell
SLD and/or thickness. Therefore we have not drawn
conclusions about the shell dimensions or solvation from the
X-Ray data.

10"
10° |
10°
10"
10°
10°
10°

| / a.u.

10°
10
10°

10°

0.1
q/A'1

Fig. 4 SAXS data together with best fits (black solid lines) for (1) different
concentrations of SDS in 1:2 choline chloride:urea and (Il) an averaged
concentration of 85.0 mM of SDS in 1:2:1, 1:2:2 and 1:2:4 choline
chloride:urea:water.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Dimension of the cross-section of the micelles determined by fitting of
the SAXS data of different concentrations of SDS in pure solvent and water/DES
mixtures

SDS concentration Shell thickness

Core radius (A) Total radius (A)

(mM) (A)
1:2 choline chloride:urea
12.8 14.210.1 6.4+0.1 20.6+0.1
18.4 14.310.1 6.5+0.1 20.8+0.1
41.2 13.8+0.1 6.00.1 19.840.1
82.4 13.740.1 5.7+0.1 19.4+0.1
212 14.0+0.1 5.910.1 19.940.2
326 14.320.1 6.210.1 18.9+0.1
449 14.7+0.2 7.0£0.1 19.840.1
1:2:1 choline chloride:urea:water
84.5 14.10.2 6.310.1 20.410.1
216 13.90.2 5.910.1 19.840.1
314 14.10.2 6.00.1 20.1+0.2
1:2:2 choline chloride:urea:water
85.1 14.50.2 6.710.1 21.2+0.1
217 14.010.1 6.1+0.1 20.1+0.1
345 14.10.2 6.00.1 20.1+0.1
1:2:4 choline chloride:urea:water
85.3 15.040.1 6.8+0.1 21.8+0.1
217 14.510.1 6.410.1 20.9+0.1
330 14.410.1 6.310.1 20.7+0.1

The length was firstly included in the X-Ray fitting as a
parameter to fit. However, the limited g-range did not allow to
obtain accurate values for this parameter. Although variances
in this parameter have not shown major impact in the size of
the cross-section, the results from the neutron analysis were
afterwards used to refine the X-Ray fitting and shown to be
consistent between both techniques.

Fig. 5 shows the normalised-to-concentration SANS data for
the h-SDS in d-ChCl:d-Urea contrast and fits of different
concentrations of SDS. The parameters used for these fits are
Table 2. Three different were
simultaneously fitted to a core-shell cylinder model with a

shown in contrasts
circular cross section. The scattering length density of the
micelle core and solvent were held constant during the fitting
procedure. The radius of the core was held to a value of 14.5 A
(from the SAXS data described above). This value is consistent
with our previous study.33 The length, thickness and volume
fraction parameters were linked between contrasts. The
scattering length density of the shell was allowed to vary for
each contrast, expecting a change with solvent penetration.
Two different approaches to the fitting were compared:
simultaneous fitting and averaged independent fitting. Both
approaches were found to be in good agreement (See
supporting information) with the former selected as the most
appropriate option.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Normalised-to-concentration SANS patterns and (b) best fits for
samples in d-ChCl:d-Urea. The concentrations quoted are the average from the
three contrasts. Data was fitted with a core-shell cylinder model with the hard-
sphere structure factor. The fits are plotted as black-dashed lines over the data
points. An additional plot of the other contrasts is included in the Electronic
Supporting Information.

A summary of the results from fits is included in Table 2 and
Fig. 6. In good agreement with the IFT analysis, these fits show
that the micelles are elongated at both low and high
concentrations. The head group is situated at the micelle-
solvent interface, whereas the lyophobic tails are at the core
of the structure. As explained above, the thickness and SLD of
the shell layer were allowed to vary since the presence of
solvent may affect both parameters. The expected volume
fraction of micelles (@.,) was calculated from the actual
amounts of each component in the system, surfactant and
solvent, minus the equivalent amounts at the CMC. The
aggregation number (N,g,) was calculated considering the
volume of the lyophobic core and the volume of a surfactant
tail.>®

The possibility of small differences in the particle size and
fluctuations due to interchange of surfactant molecules
between micelles are accounted by means of a polydispersity
term. Polydispersity terms for length, core-radius and shell-
thickness were tested as an extra parameter for the optimum
fits. However, the implementation of these did not show an
improvement in the fits, hence were not included during the
fitting procedure.
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Fig. 6 Radius, S(g) volume fraction and length (left) as a function of SDS
concentration in 1:2 choline chloride:urea and (right) as a function of water content for
three different SDS concentrations: 81.4 (blue), 204 (green), and 319mM (black)

Micelles were found to be larger than seen in pure water and
other polar solvents.® * In agreement with the IFT analysis,
the axial length of the micelles increases from 414 + 39 A at
8.16mM to 668 + 28 A at 42.5 mM. The presence of an
interaction peak, commonly found in SDS micelles in water due
to repulsive electrostatic interactions, seems to vanish at low
concentrations.

Although we were careful to evaluate the possible structure
factor, it was found to be negligible below a SDS concentration
of 71 mM. Therefore the fitting of the structure factor model

leads to zero values. Above 81.3 mM of SDS, the structure
factor increases to values above 0 and the length gradually
decreases with increasing concentration up to 108 + 1 at 424
mM of surfactant. The trend regarding the length of the
aggregates was found to be in good agreement with our
previous work, though the utilisation of a different model and
limited g-range of the previous data are probably driving these
differences.

The apparent size of the head group appears to be bigger than
determined from SAXS data. We believe that this is because of
the insignificant X-Ray contrast between the two solvent
molecules. Unlike with neutrons, this means that solvation of
specific components within the head group does not have a
significant impact on the SLD.

The volume fraction of micelles (@) with
concentration and the fitting results are comparable with the
calculated values. Since the radius of the core
unchanged over the whole range of concentrations, the
aggregation number shows a similar trend to that of the length
of the particles. The values for N,,; @ are comparable to those
found in another system composed by SDS and a hydrotropic
salt in the limiting situations, where the charge on the SDS
micelles are totally screened by the presence of the salt.>
Sodium dodecyl! sulfate in 1:2:n choline chloride:urea:water,
n=1, 2 and 4

The scattering data and the fits corresponding to SDS micelles
in the mixtures of the DES with water are presented in Fig. 4
(X-Ray) and 7 (neutron). The neutron data was simultaneously
fitted using two contrasts for the core-shell cylinder model
with the non-constrained hard sphere structure factor. The
same fitting procedure was as for the SDS in dry DES. The
presence of interparticle interactions is suggested by the
oscillations found in the IFT analysis (Fig. 2), and a structure
factor is required to fit this data. Fig. 6 and Table 3 compare
the results from these fits with the same concentrations in
pure DES.

increases

remains

Table 2: Parameters for the best fit of different concentrations of SDS in 1:2 choline chloride:urea: Structural parameters, shell SLD, fitted volume fraction of micelles (&),

calculated volume fraction of micelles (¢ic), aggregation number (N,g) and structure factor volume fraction were obtained from the model-based fitting. The shell SLD was

included following the format shell SLD in h-choline chloride:h-urea (hh), shell SLD in d-choline chloride:d-urea, shell SLD in h-choline chloride:d-urea.

Page 8 of 12

SDS . Shell Shell SLD S(q) volume
. Choline:SDS o i 2 2 X
concentration . Length (A) thickness hh, dd, hd @i (x107) Bealc (x107) fraction Nagg
molar ratio R 622 >
(mM) (A) (+0.1, x10°A?) (x107?)
8.71+1.16 553+2 414+39 5.6+0.4 1.4,6.0,3.0 0.10+0.04 0.20+0.04 0.1+0.5 781+74
20.8+0.4 2204 568+81 6.1+0.8 2.0,5.3,2.6 0.43+0.02 0.68+0.02 0.1+0.5 1071+153
42.5+1.7 109+1 668+28 7.4+0.4 2.2,5.0,2.3 1.3+0.1 1.240.1 0.2+0.5 1260+53
81.3+9.2 55+8 328+12 10+1 1.6,6.1,3.1 3.5+0.1 2.3+0.2 2.8+0.1 619+23
194+10 2242 176+4 8.4+0.2 2.5,5.8,3.0 6.7+0.1 5.5+0.1 5.1+0.1 33248
315424 14+1 119+1 6.5+0.1 2.9,5.6,2.6 8.2+0.1 8.7+0.1 8.1+0.2 224+2
424421 10+1 106+8 4.7+0.1 3.2,54,19 9.6+0.1 11+1 12+1 206+2
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Fig. 7 SANS patterns and fits for SDS in ChCl:Urea:H,0 in the ratio 1:2:n where n=1 (1 a & b), 2 (2 a & b) and 4 (3 a & b). Data for three SDS concentrations is shown; average
concentrations of 81.4 (red), 204 (blue), and 319mM (green), for two isotopic contrasts d-SDS in h-ChCl:h-Urea:H,0 (1a, 2a, 3a) and h-SDS in d-ChCl:d-Urea:D,0 (1b, 2b, 3b) The

black-dashed lines represent the best fit for each pattern.

As for the dry DES system, the radius of the micelle core was
held to 14.5 A during the fitting. The total radius was found to
vary since the head thickness of the micelle varies with both
surfactant concentration and water content. Despite variations
with surfactant concentration and water content, the total
radius for the micelles was found to be in the same order of
magnitude as SDS in water (27.3 A at 100 mM) and formamide
(~18 A at 80mM).>"**

This data demonstrates some interesting changes in self-
assembly behaviour relative to that seen in the dry DES. In
each case the self-assembled structures tend towards shorter
aggregates with increasing water content, but the effect is not
of the same magnitude for all concentrations. The length of
the micelles at the lowest SDS concentration, 81.4 mM, was
found to decrease by 64 % at the highest water content
compared to the dry solvent. However this effect is less
pronounced at higher concentrations, decreasing by 31 % and
remaining rather unchanged for the 204 and 319 mM SDS
solutions respectively. This decreasing effect of water on the
length appears to correlate with an increase in the influence of
S(q). The aggregation number shows a similar trend to the
length since the change is mainly governed by the change in

This journal is © The Royal Society of Chemistry 2016

the length. This value decreases with both increasing
surfactant concentration and increasing water content.

Discussion

The shape and size of SDS micelles in DES is dependent on
surfactant concentration and on water content. Increasing the
concentration we found that the length increases to a
maximum before decreasing. Such behaviour is unusual and
suggests that intermicellar interactions within the system
become more important with increasing SDS concentration
and so modify the molecular packing. The evolution of the
packing parameter can be understood through changes in the
effective area of the surfactant head group, which is affected
by interaction of the head group with solvent counterions.
With increasing the concentration above 42.5 mM or
increasing the water content, the packing parameter evolves
and leads to shorter elongated micelles.

In pure water the surfactant forms a structure in which the
counterions, Na‘, act as a non-penetrating counterion and
remain highly solvated.”” However soft ions, such as the
choline cation, may show greater affinity for the head group of
the surfactant and possibly directly bind to this layer.

PCCP, 2016, 00, 1-3 | 9
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Table 3 Results of the best fits for three different concentrations of SDS in 1:2:0, 1:2:1, 1:2:2 and 1:2:4 choline chloride:urea:water

Wat'er mole Length A) Shell-tl'lickness f]:i” 3:2 Brit £><10’ Ooae (><10'2) S(q) vqumi fraction N
equivalents (A) (0.1, <10 A'Z) ) (107)
81.4+10.8mM
0 328412 10£1 16,6.1 3.5£0.1 2.3+0.2 2.8+0.1 619423
1 270+1 5.3+0.2 2.9,5.7 2.1+0.1 2.1+0.1 2.3+0.1 509+2
2 21944 7.440.1 21,58 2.140.1 2.240.3 4.2+0.1 41348
4 11741 6.7+0.1 21,57 2.1+0.1 2.3+0.1 8.7+0.1 22142
204 15 mM
0 1764 8.4+0.2 2.5,5.8 6.7+0.1 5.5£0.1 5.1¢0.1 33248
1 174+1 8.4+0.1 16,5.9 7.7+0.1 5.3+0.1 5.5+0.1 32842
2 143+1 1041 21,57 6.5+0.1 5.6+0.1 6.8+0.1 27042
4 12141 6.9+0.1 2.2,5.6 6.00.1 5.30.1 8.7+0.1 228+2
319 £22 mM
0 11941 6.6+0.1 2.9,5.6 8.2+0.1 8.7+0.1 8.1+0.2 22442
1 1211 6.6+0.1 21,59 10+1 8.3:0.3 8.7+0.1 22842
2 114+1 8.7+0.1 22,58 8.8+0.1 8.4+0.1 8.7+0.1 21542
4 1161 7.0£0.1 21,58 9.1+0.1 8.0£0.2 10£1 21942
A recent study presented by Dolan et al. has shown Using the intermediate contrast for the pure solvent, h-choline

remarkable differences between amphiphile behaviour in
water and ionic liquids. lonic liquids have shown the ability to
exchange counterions from the bulk solvent with the
surfactant and the surfactant counterions can be incorporated
to some extent into the hydrogen bond network.** The DES
studied here could behave in a similar way with the choline
cation interacting with the negatively charged head-group of
SDS. At low concentrations, the charge neutralisation provided
by the choline in the DES allows a closer packing of the SDS
head groups than in water making elongated micelles more
energetically favourable and resulting in uniaxial growth of the
micelles.>™ °® In this scenario, as the ratio of SDS to choline
chloride increases, the availability of choline counterions
decreases and results in an increase in the average area
occupied by the sulfate head group, changing the molecular
packing and leading to a shape transition between elongated
to globular micelles.

The variation of the scattering length density of the shell
shows the adsorption of solvent to the surfactant head group
(Table 2 and 3). Changes of this value between contrasts have
provided qualitative information about the role of the solvent.
The fully protonated and fully deuterated solvents modify the
SLD of the shell reducing and increasing the SLD respectively.

This journal is © The Royal Society of Chemistry 2016

chloride:d-urea, a decrease in the SLD of the shell suggests a
higher affinity of the protonated entity for the head groups, in
this case the positively charged choline chloride. This
observation confirms the suggestion that there is a specific
interaction between the choline choride and the sulfate
headgroups. This behaviour is not as clear in the presence of
water, because the additional component complicates matters
and the composition changes in the headgroup layer cannot be
disentangled from changes observed in the SLD.

A recent investigation has demonstrated the internal structure
of the choline chloride:urea DES using neutron diffraction.>®
This research shows the presence of a hydrogen bond
network, which maintains the components in a slightly
ordered structure. The introduction of surfactant to the
system may disrupt this hydrogen-bonding network by
competing for interaction with the choline cation. In such a
case, the self-assembly would be driven by the competition
between the counterion affinities for the head group interface
and the solvent structure. At low concentrations the ratio
between choline ions and SDS is relatively high, so the head
group layer can be screened by the adsorption of choline
cations effectively without changing the concentration of
choline ions in the solvent network. However, with increasing

PCCP, 2016, 00, 1-3 | 10
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concentration of surfactant a competition between the
surfactant and the solvent hydrogen bond network becomes
more important. In such a case, the strong hydrogen bond
interaction within the solvent may limit the displacement of
choline ions to the micelle-solvent interface and result in
insufficient screening, therefore reducing the size of the
aggregates. The contribution of intermicellar electrostatic
forces is observed in the S(q) volume fraction parameter. At
low concentrations of SDS, up to 42.5 mM, the presence of
these forces appears to be negligible, but above this
concentration, the intermicellar interactions increase as more
surfactant is added to the system.

Similar behaviour was found with the addition of water to the
system. The presence of water seems to modify the molecular
packing and promote formation of shorter aggregates. This
behaviour is accompanied by an increase in the repulsive
forces between micelles, as observed through changes in the
structure factor; S(q) volume fraction was found to increase
with the addition of water. The introduction of water must
substantially modify the competition
interface and hydrogen bond network. However a more
detailed understanding of the effect of water content is not
possible from this data and we have already begun further
studies on the effect of water on the choline chloride:urea

between micelle

solvent structure.

Whilst the SAXS and contrast variation SANS data allow us to
identify the specific interaction between the choline chloride
and the surfactant, the structural details are beyond the
resolution of those techniques. We have therefore already
begun some further studies with neutron liquids diffraction in
order to examine the interactions of the solvent with the head
group layer in more detail. These further investigations will
help to develop an accurate atomistic model of the micelle and
the surrounding environment.®°

Conclusions

We have shown that surfactant aggregation in DES is possible
and that the properties and composition of these solvents
have significant effects on the structural properties of the
surfactant aggregates in these systems. Control of these
properties offers new possibilities and potential for future
applications. Furthermore DES can play a key role in
understanding the fundamentals of the self-assembly process,
since they have different characteristics from water and polar
solvents. SDS has been shown to form highly tuneable micelles
with peculiar characteristics such as a cylindrical morphology
at low concentrations, undergoing an unusual shape transition
as the surfactant or water content is increased.

SAXS and SANS measurements consistently show the presence
of cylindrical micelles with the polar head groups situated at
the interface between the micelle and the solvent and the
non-polar tails in the core. At low concentrations, the micelle
interaction peak characteristic of SDS in water disappears due
to the high charge screening by the solvent, probably due to
the presence of the positive charged choline chloride. This
charge screening undergoes a reduction with increasing

This journal is © The Royal Society of Chemistry 2016
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concentration, which favours shorter aggregates, while
keeping the cross section constant. The implementation of a
model with an effective hard sphere S(q) structure factor,
without constraints, incorporating an effective radius and
effective volume fraction, allows us to account for the effect of
the intermicellar interactions.

The contrast variation SANS results show a specific interaction
between the choline chloride component of the DES and the
surfactant headgroups. We propose that this interaction is
driving the morphological transitions through changes in
charge screening.

These results also demonstrate the potential for modifying the
allowing control

structures by altering the solvent. The measurements reported

self-assembly process, of the micellar
here were accomplished for up to 4 mole equivalents of water,
however extrapolating the behaviour, the addition of greater
amounts of water will enable formation of different
aggregates becoming more similar to those found in water as

the proportion of water is increased.
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