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Deep eutectic solvents have shown the ability to promote the self-assembly of surfactants in solution.

However, some differences have been found compared with self-assembly in pure water and other polar

organic solvents. The behaviour of alkyltrimethylammonium bromides in choline chloride:glycerol deep
eutectic solvent has been studied by means of surface tension, X-ray and neutron reflectivity and small-
angle neutron scattering. The surfactants were found to remain surface active and showed comparable

Received 1st September 2016,
Accepted 21st November 2016

DOI: 10.1039/c6cp06053f

critical micelle concentrations to the same surfactants in water. Our scattering studies demonstrate that
these surfactants form globular micelles with ellipsoidal shape in solution. The size, shape and aggregation
number of the aggregates were found to vary with the chain length of the surfactant. Specific solvent-

headgroup interactions were not found in this system, unlike those we have previously postulated for
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Introduction

Ionic liquids and deep eutectic solvents (DES) have been studied
as an alternative to traditional solvents in many applications. The
environmentally friendly, “green”, nature of these solvents,
together with their tuneable properties has led to their promotion
for use in organic, inorganic and electrochemistry processes.">
Some of the recent interest has focused on the ability of ionic
liquids to support the self-assembly of amphiphiles.® Since the
first study of the micellization of surfactants in ionic liquids in
1982, there are an increasing number of investigations demon-
strating that a variety of ionic liquids are capable of sustaining
amphiphile self-assembly, including protic’ and aprotic liquids.®
The aggregation of anionic,” cationic™®° and non-ionic'® surfactants
has been studied through common, well-established techniques.

In some respects DES share characteristics and properties
with ionic liquids. DES are generally made by the complexation
of a hydrogen bond donor with a salt capable of sustaining a
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anionic surfactants in choline chloride deep eutectic solvents.

hydrogen bond network, unlike ionic liquids which are formed
from a discrete anion and cation.>'"'> The favourable inter-
action between these components in the liquid state leads to a
large depression in the melting point, with the term DES coined
for systems where this results in the mixture being liquid at
room temperature. Unlike ionic liquids, DES are formed by
non-toxic, organic precursors and many possible combinations
can be reached through the complexation of different salts with
alcohols, carboxylic acids, amines and other naturally-occurring
compounds.'® The various combinations of different salts and
hydrogen bond donors lead to changes in the physicochemical
properties of the solvent, which may allow the possibility to
control such properties.

The compatibility of DES with water has been reported and
this offers another variable with which the characteristics of the
solvent may be controlled."* Properties such as the viscosity are
particularly influenced by the presence of water, although the
mechanism by which this occurs is not yet understood.

Since the first application of a deep eutectic solvent as an
electrodeposition agent,'® these solvents have been used as green
alternatives in synthesis (of zeolitic materials,"® metal organic
frameworks'” and nanostructured materials'®) and in liquid-liquid
extraction,’® selective adsorption of CO,?° and pharmaceutical
applications.**

Recent investigations have found the ability of DES to support
the aggregation of amphiphiles. Phospholipid vesicles have been
reported by Gutierrez et al., highlighting the importance of DES
as alternative solvent to support self-assembly.>* More recently it
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has been shown that such vesicles can form spontaneously in DES.*®
DES can also support surfactants that have self-assembled into
ordered structures. Rengstl et al. reported the evidence of aggrega-
tion of choline dodecylsulfate surfactant in low-melting mixtures of
dicarboxilic acid-based DES.”* In subsequent studies a mixture of
choline chloride:urea with water was found to promote the self-
assembly of sodium dodecyl sulfate (SDS).>> Cationic surfactants
were also found to be soluble and form aggregates in choline
chloride:glycerol, although no structural detail on such aggregates
has yet been reported.*® Tan et al. have shown the self-assembly of
long chain ionic liquids in choline chloride:glycerol DES.”

We have recently published a detailed analysis of the micelliza-
tion process of SDS in pure choline chloride:urea.®*® Small-angle
neutron scattering (SANS) data showed the formation of elongated
micelles above the critical micelle concentration (CMC), unlike the
same surfactant in water and other polar organic solvents where it
forms globular micelles.***" In water an increase of the aggregation
number can be promoted by the presence of electrolytes, where the
adsorption of ions to the headgroups screens the charge and
enables micelle growth.’> We therefore inferred that the presence
of ions within the structure of the deep eutectic solvent has a
similar effect and results in larger micelles at low SDS concentra-
tions. The addition of water to the DES was found to substantially
reduce this effect and suggested that small quantities of water
could be used to control aggregate morphology.

The work presented here is part of a series of studies in which
we aim to understand micellization in deep eutectic solvents. Here
we report the aggregation of cationic surfactants, alkyltrimethyl-
ammonium bromides (C,TAB), in a DES. Different chain lengths
(n =12, 14 and 16) were studied in order to elucidate the effect of
the lyophobic moiety of the surfactant on micellization in DES.

Alkyltrimethylammonium bromide surfactants have widely been
studied in water and other solvents. The formation of globular
micelles has been reported as the preferable shape for these
surfactants in pure solvents.** > However the transition to elongated
micelles can be achieved by specific ion interactions between salt in
solution and the surfactant headgroup.®*>® These surfactants were
found to have a very low solubility in the choline chloride:urea DES
used in our previous work. In the work presented here we have used
choline chloride:glycerol DES (eutectic composition: 1: 2 molar ratio;
melting point = —40 °C) which represents one of the most studied
DES and showed high solubility for these surfactants.® It has
physical properties that may be more useful for many applications
such as lower viscosity and is liquid over a wider range of tempera-
tures. We present here the results of our investigations of the
properties of these systems using surface tension, X-ray and neutron
reflectivity, and small-angle neutron scattering (SANS). Use of selec-
tive deuteration of both surfactant and solvent molecules allowed us
to check for any significant interaction between micelles and
components of the DES.

Experimental
Materials

Choline chloride (>98%, Sigma) and glycerol (>99%, Sigma)
(1:2 mole equivalence) were mixed at 80 °C on a hot plate until
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a transparent, homogeneous mixture was achieved. The mixture
was afterwards equilibrated for at least 24 hours in an oven at
40 °C. Isotopic mixtures were identically prepared using dgs-choline
chloride (N,N,N-trimethyl-dy, 99% atom, 99.9% D, Cambridge
Isotope Laboratories) and dg-glycerol (99% atom, 98.5% D, Qmx
Laboratories).

C1,TAB (Acros Organics, 99%), C;,TAB (Acros Organics, 99%)
and C;6TAB (Sigma, >99%) were purchased and used without
further purification. Versions of the surfactants with either just
tail or both head and tail deuterated were supplied by the STFC
ISIS Deuteration Facility. We have chosen not to further purify
either the DES materials or the surfactants because we are
interested in the behaviour of these systems under the condi-
tions in which they may be used in potential applications.
Impurities in choline chloride are likely to be trimethylamine
and ethylene glycol,® and in the C,TABs are most likely to be
long chain amines which were not fully quarternised during
synthesis. Based on their behaviour in water we believe that none
of these impurities are likely to significantly alter the phase
behaviour of the C,, TABs in this DES.

The surfactants were used to prepare high-concentration
stock solutions in order to reduce the variability between
samples whilst low concentrations were prepared by dilution
of the stock solution with pure DES for the protonated samples.
In order to minimise the waste of deuterated chemicals,
samples for the SANS experiments were prepared by direct
mixing of the DES with the surfactants. The resulting solutions
were sealed and kept in an oven at 40 °C for at least 24 hours to
equilibrate.

The resulting samples were found to absorb water from the
atmosphere due to the hygroscopicity of the solvent. In order to
control the presence of water in the system, samples were
freeze-dried before each experiment and water content was
determined through Karl-Fischer titration (Mettler Toledo
DL32 Karl-Fischer Coulometer Aquiline electrolyte A (Fisher
Scientific), Aqualine Catholyte CG A). The water content was
therefore maintained below 0.35 wt% during the experimental
procedure discussed here.

Methods

Surface tension. Drop-shape analysis of a pendant drop was
used to determine the surface tension of the samples and
solvent in a Kriiss DSA100. The samples were equilibrated in
the oven at 40 °C prior to measurement. Several drops for each
concentration were suspended using a dispensing needle.
Pictures of a drop were taken after equilibration and the
contour of those was fitted to the Young-Laplace equation.
The values of surface tension were measured repeatedly for at
least three measurements of each concentration and averaged
to obtain the final value. The temperature was not controlled
during measurement. Although we expect some variability in
temperature that adds some uncertainty to our measurements,
we have found that this method provides self-consistent
measurements.>®

X-Ray and neutron reflectivity. Reflectivity measurements
were intended to determine the scattering length density of the
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pure solvent and subsequently calculate the molecular volume
of the DES. Three different contrasts of the pure solvent were
measured using X-ray and neutron reflectivity. The X-ray reflectivity
(XRR) measurements were taken on 107 beamline at Diamond
Light Source, at 12.5 keV using the double-crystal-deflector
system.*' Samples were placed in temperature-controlled PTFE
trough at 30 °C and kept in an inert helium atmosphere. Data
were collected after at least one hour of equilibration.

Data were collected in four different regimes of angle and
attenuation to provide a total momentum transfer (g) from
0.018 to 0.7 A™%. Data reduction consisted of stitching the
attenuation regimes together and normalising to the critical
edge, a footprint correction to account for over-illumination
ignoring meniscus effects and background subtraction. This
background was measured simultaneously by integrating two
regions of interest on a Pilatus 100k detector, one for the
specular reflection and the other offset for the background.

The neutron reflectivity (NR) measurements were performed
on the FIGARO instrument at the Institut Laue-Langevin.** This
time-of-flight instrument was used with a chopper pair giving
pulses with 7% d//4 in the wavelength range A = 2-30 A. Data
acquisitions were carried out at incident angles of ® = 0.62 and
3.8°, providing a g-range from 0.005 to 0.4 A™%,

Delrin adsorption troughs (50 mm x 60 mm surface) were
used to load the sample. These troughs were placed in an inert
nitrogen atmosphere (a box with sapphire windows) to avoid
the adsorption of water. As with X-rays, at least 90 minutes was
allowed for equilibration. Data was collected and reduced using
the standard procedures of the beamline.

Two different contrasts were measured, varying the isotopic
mixtures in the system: fully protonated solvent, h-choline
chloride: h-glycerol, and partially deuterated solvent, h/d-choline
chloride:h/d-glycerol (a mix of protonated and deuterated
materials were used rather than fully deuterated to minimise
the cost of obtaining the substantial volume of DES required for
the experiment).

Small-angle neutron scattering. The SANS measurements
were performed on SANS2D at ISIS Pulsed Neutron Source.*?
SANS2D is a time-of-flight instrument with two movable
detectors. The rear detector was placed at 4 m distance from
the sample giving, together with the front detector, a momentum
transfer range of 0.004-1.40 A~'. Samples were loaded into a
temperature-controlled sample changer using 1 mm path length,
1 cm wide, quartz Hellma cells. The temperature was kept at 30 °C
during the collection of the data for the C;,TAB and C,,TAB
surfactants whilst samples with C,,TAB were measured at 40 °C,
in order to avoid the solidification of samples with high surfactant
concentration.

Data were reduced using the routines within Mantid.** The
data were normalised to the sample transmission, and corrected
for detector efficiencies, then scattering from the empty cell was
subtracted. The output data were the absolute scattered inten-
sity, I(g) in cm ™, versus the momentum transfer, g in A~*. The
scattering of the pure solvents were afterwards subtracted
accounting for the incoherent contribution to each sample
using SasView.*> Instrument resolution was accounted for by
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smearing of the model functions using a Gaussian function at a
constant 8% dgq/gq.

Samples were prepared in different concentrations above the
critical micelle concentration (CMC) point and different isotopic
mixtures. Different contrasts were measured to model the micelle
structure formed by each surfactant: h-choline chloride:h-glycerol +
d-C,-d-TAB, d-choline chloride:h-glycerol + h-C,-h-TAB, d-choline
chloride:d-glycerol + h-C,-h-TAB and h-choline chloride:h-glycerol +
d-C,-h-TAB. Note that for ease reading we refer to a ‘fully
deuterated’ solvent in fact an isotopic mixture, which contains
a partially deuterated precursor, do-choline chloride.

Data analysis

Small-angle neutron scattering. Model-based fitting was
used for the whole range of concentrations studied here. The
scattered intensity in SANS of isotropic, centrosymmetric particles
can be described by the function:

I(g) = NV*(ASLD)*P(9)S(q)

where N is the number of particles, V the volume of the particles
and ASLD corresponds to the difference in the scattering length
density between the solvent and the particles. P(q) and S(g) are
respectively the form factor and the structure factor. P(g)
depends on the intraparticle scattering and thus on the shape
of the particle. S(g) corresponds to the interparticle interactions
within the system and generally depends on the concentration of
particles in the system.

As in our recent study of SDS in DES, a range of different
analytical models were tested to find the best option to fit
the present data.”* These models included a sphere model
(Schulz-radius distribution), a cylinder model, an ellipsoidal
model, and both prolate and oblate core-shell ellipsoid
model. In addition we also considered both micelle and reverse
micelle models. A complete record of these tests is included in
the ESL{

The core-shell ellipsoid model (prolate distribution of mass)
was chosen as being most suitable approach. This model
describes an ellipsoidal particle with a core-shell radial
distribution.>”*® The structural parameters of the model are:
equatorial radius of the core (req,core), Shell thickness on the
equatorial axis (Teq,snen), axial ratio of the core (X.ore) and axial
ratio of the shell (Xsnen). Where Xeore = 'po,core/Teq,core aNd Xghen =
Tpo,shell/Teq,shelly (rpo,core = POlar radius of the core; Tpo,shell =
shell thickness in the polar axis).

As in our previous study (and for the same reasons) we have
used a hard-sphere structure factor (Percus-Yevick approxi-
mation) to account for the intermicellar interactions between
charged particles.?® This structure factor is described by two
parameters, effective radius and S(g) volume fraction. Since the
potential interactions are dominated not only by the charged
headgroup but also the media, these parameters were not
constrained to the dimensions of the form factor. Although
this apparent structure factor does not provide a direct physical
interpretation of the intermicellar contribution, we believe that
it is a good approximation that allows the deconvolution of the
interparticle and intraparticle contributions to the scattering.

This journal is © the Owner Societies 2016
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The rescaled mean square approximation was initially used for
S(q), however the limited information about the physicochemical
properties of the solvent means that such an analysis is not
sufficiently reliable.*”"*®

In order to resolve the micelle structure, we have followed a
systematic fitting procedure for all the surfactant-DES mix-
tures. The system h-choline chloride:h-glycerol + d-C,-h-TAB,
dominated by the scattering of the micelle core, was used to
obtain the size of the micelle core by averaging the results from
intermediate concentrations (with better statistics than low
concentrations and less affected by S(g) than high concentra-
tions). Subsequently, we have fixed those values for all the
contrasts and simultaneously fit them in order to determine the
structural parameters of the entire micelle, including the head-
group shell. The radius of interaction used in the structure
factor approximation was calculated as that of a sphere with the
same second viral coefficient as the ellipsoidal shape and the
value was fixed during the fitting procedure.*’

Results
Surface tension

Fig. 1 shows surface tension data for each of the C,TABs in
choline chloride:glycerol DES. The surface tension values are
plotted against the concentration of surfactant in the solvent.
The diffusion rate of the different surfactants to the surface has
been evaluated in order to assess the validity of our experi-
ments (see ESIt). The surface tension of the pure solvent and
surfactant-DES system were measured as a function of time in
order to follow the equilibration of the sample. Our experi-
ments demonstrate that equilibration is achieved after a few
seconds in concentrations around the CMC, however these
kinetics are much slower at concentrations far below the CMC.
Due to the difficulty of assessing the equilibrium at these really
low concentrations, we can not draw further conclusions about
surfactant thermodynamics at the interface from this data.

The absolute value of surface tension of the pure DES is
63.5 = 0.5 mN m". This value was found to be higher than
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Fig. 1 Surface tension of different C,,TAB in 1: 2 choline chloride : glycerol
against the concentration of surfactant. The black dashed lines help to
show the trend which finds the CMC.
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values previously reported by Abbott et al. using a Wilhelmy
plate technique, 48 mN m™" at 40 °C.*° However we do not
know the source of this difference. The surface tension is
slightly lower than our measurement of choline chloride:urea
system, 66 + 1 mN m™ ', which was made using the same
apparatus.”®

For each surfactant, the shapes of the surface isotherm
exhibit the classic behaviour of a surfactant in aqueous
solution. The surface tension is gradually reduced with the
addition of surfactant until it reaches the CMC.”® We have
determined the CMC from these plots to be 0.9 + 0.1 mM for
C,(TAB, 3.9 + 0.2 mM for C,,TAB and 22 + 2 mM for C,,TAB.
Table 1 shows the CMCs of different C,,TABs in various solvents
for comparison. The CMC was found to decrease with increas-
ing the surfactant chain length, suggesting a lower solubility of
free surfactant monomers for the longer chains. This behaviour
is well known in polar solvents where the lyophobic effect
drives the aggregation. Our measurement of the CMCs in
choline chloride:glycerol were found to be slightly higher than
in water in the case of C;,TAB and C,,TAB, and in the case of
C,6TAB similar to the value observed in water.”*™>* However our
values are not in agreement with the previously reported values
obtained using fluorescence spectroscopy, which were reported
to be one order of magnitude above ours.>® Evans et al. reported
significantly higher CMCs of akyltrimethylammonium bro-
mides in an ionic liquid, ethylammonium nitrate.* These
considerably higher CMC values were explained by the greater
affinity of the ionic liquid for lyophobic moieties by compar-
ison to water. In protic ionic liquids, the non-polar domain of
the solvent shows a higher capacity to solubilize free surfactant
monomers and, hence, the CMCs of these surfactants appear to
be higher.

X-Ray and neutron reflectivity

The scattering length density (SLD) of the DES can be obtained
from the position of the critical edge from reflectivity experi-
ments. This value depends from the exact composition of the
solvent (the scattering length) and the molecular volume, and
can also be calculated based on the atomic composition of the
sample. Our reflectivity measurements were therefore intended
to calculate the molecular volume of the solvent and in order to

Table 1 Critical micelle concentration (mM) from surface tension mea-
surements for C1,TAB, C14TAB and Ci5TAB in a variety of polar solvents
where these surfactants were found to form micelles

Surfactant  Solvent Temp./°C CMC/mM

C1,TAB 1:2 choline chloride: glycerol ~ 40 22 £2
Water®! 40 15.0
Ethylammonium nitrate® 50 190

C14TAB 1:2 choline chloride: glycerol ~ 40 3.9+ 0.1
Water™ 30 3.51
Ethylammonium nitrate® 50 46

C16TAB 1:2 choline chloride: glycerol 40 0.9 £ 0.1
Water> 25 0.92 + 0.02
Ethylammonium nitrate® 50 18

Phys. Chem. Chem. Phys., 2016, 18, 33240-33249 | 33243
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Fig. 2 (a) Reflectivity profiles and best fits to the data (dashed lines) and

(b) scattering length density profiles of each contrast: (red circles) X-ray
contrast, (green squares) h/d choline chloride:h/d glycerol, and (blue
triangles) h-choline chloride:h-glycerol.

use these values to validate the volume of each component used
during the SANS data fitting.

Fig. 2 shows the reflectivity data from XRR (one contrast)
and NR (two isotopic contrasts). The fits shown were obtained
using Motofit.>* This package uses the Abeles optical matrix
method to simulate the reflectivity profile. For fitting the pure
solvent profiles a subphase model was used with the following
parameters: the SLD of the solvent, the surface roughness (¢) and a
residual background level. The results from the co-refinement of
the three contrasts are included in Table 2.

The molecular volume of the solvent was calculated from the
reflectivity results and averaged to a value of 453 + 8 A,

Small-angle neutron scattering

A core-shell ellipsoid model was used to fit the SANS data using
SasView. Different concentrations of the surfactants were measured
and fitted between 0.006 and 0.4 A~ of momentum transfer. The
SLD of each component of the system was calculated by accounting
for the scattering length of each component and the volume that it
occupies (see Table 3). The molecular volumes of the DES pre-
cursors were validated through the reflectivity results, shown to be
in agreement, and subsequently used during the SANS data fitting.
The SLD values of the solvents and micelle tails were fixed during
the data analysis. The core of the micelle, composed of surfactant
tails, was considered not to be affected by solvent penetration,
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Table 3 Scattering lengths, volumes and extended lengths of each
constituent of the system

Neutron scattering

Unit Length/A Volume/A® length/fm
CsH;4NOCI — 198 5.6
CsHsDoNOCI — 198 99.3
C3H;0; — 126 7.4
C;D50; — 126 90.7
N(CH3);~ — 135%3 —4.3
N(CD3);~ — 135 89.3
C1oHas 16.68° 350° —-13.7
C12Dys5 16.68° 350° 246
C14Hy 19.21¢ 404° —15.4
C14D30 19.21¢ 404° 286
Ci6Hs; 21.74% 458" -17.1
C16D33 21.74° 458“ 326

“ Extended lengths and volume for surfactant tails were obtained from
Tanford equations.” Scattering lengths were calculated as the summa-
tion of the neutron scattering lengths of the atoms which form the unit.

while the SLD of the headgroup layer was fitted in order to account
for solvation by the DES. The systems containing partially
deuterated surfactants were intended to resolve the structure
of the micelle core (see ESIT). Fixing those parameters, the four
contrasts were simultaneously fitted in order to obtain a detailed
picture of the micelles in choline chloride:glycerol.

Fig. 3 shows the SANS data and one of the isotopic mixtures
(deuterated solvent, protonated surfactant) of the three surfac-
tants. The results of the simultaneous fits are included in
Tables 4, 5 and 6 for C;,TAB, C,,TAB and C,,TAB, respectively.
The plots corresponding to the other isotopic mixtures are
included in the ESI,{ as well as a detailed summary with all
of the results from the fits.

Micelle dimensions were successively used to calculate other
parameters of interest. The volume of the core of a single micelle,
containing only surfactant tails, was calculated and used to deter-
mine the aggregation number of the micelles (N,g).>> The contrast
protonated surfactant in partially deuterated solvent, was used to
evaluate the possibility of selective solvation of the headgroup
region by either glycerol or choline chloride from the DES.

The effective radius for the structure factor model was
determined for different concentrations of surfactant and the
resulting values were averaged to obtain a value fixed during
the fitting procedure: 22 + 2 A for C;,TAB, 26.0 + 0.5 A for
C,,TAB and 28.0 + 0.2 A for C;TAB. Therefore, changes in the
structure factor volume fraction were observed with varying
concentration of surfactant. The fitted volume fraction of
micelles (¢g¢) and structure factor volume fraction (¢s(;)) were
obtained during the data analysis.

Table 2 Scattering length density and surface roughness of pure solvent obtained from the fits. The scattering length was calculated by accounting for
the atomic contribution to the scattering of each component (1 mole of choline chloride, 2 moles of glycerol) and subsequently used to calculate the

molecular volume

Contrast SLD/x1072 A~2 al/A Scattering length/fm Volume/A®
X-Ray 10.8 £ 0.1 3.3+0.1 496 459 + 4
h/d-Choline chloride:h/d-glycerol 3.15 &+ 0.02 3.3+0.1 140 445 + 4
h-Choline chloride:h-glycerol 0.45 + 0.03 3.3+0.1 20.5 455 £ 30
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Fig. 3 SANS patterns and best fits for different concentrations of surfactant
in choline chloride:glycerol DES: (a) h-Cj>-h-TAB in d-choline chloride:
d-glycerol, (b) h-C14-h-TAB in d-choline chloride:d-glycerol and (c) h-Cyg-
h-TAB in d-choline chloride:d-glycerol. Surfactant concentrations are
quoted in the legend of each graph. The black-dashed lines represent the
best fits obtained through co-refinement of all the contrasts.

Fig. 4 shows the results for the equatorial radius of the
micelle core (Req,core), cOre axial ratio (Xqore, ratio between the
equatorial radius and the polar radius). Surfactant tails are
situated inside the micelle while the headgroups form a shell at
the interface with the liquid. The size of the micelles was found
to be dependent on the surfactant chain length and are bigger
for longer surfactant chain lengths (Rgci = 17.7 + 0.9 A,
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Rgcia = 18.9 £ 0.1 A, Rycy6 = 26.1 £ 0.6 A, average). For the
reported structural parameters in water and ethylammonium
nitrate,®>*® the radius of gyration of the micelles in those
solvents were calculated and compared with our results. The
radius of gyration in choline chloride:glycerol were found to be
larger than in water (R, = 16.8 A, Rgci6 = 25.4 A) and in
ethylammonium nitrate (Rg,c1, = 12.4 A, Ry c16 = 15.5 f&).

For each individual surfactant, the shape and size of the
micelle were found to show small variations with concentration.
Although we have not found evidence of large variations related
to the modelling of the structure factor, we believe that these
rather small fluctuations may arise from the fitting procedure for
data from low concentrations of surfactant, where the statistics
are more affected by the background subtraction at low concen-
trations, and also the effects of S(g) at high concentrations.

The equatorial radius of the micelle core was found to vary
with the size of the surfactant. This dimension was fitted to
14.8 + 0.3 A, 18.9 + 0.1 A and 19.6 + 0.1 A for C,,TAB, C;,TAB
and C;¢TAB, respectively. The polar radius was found to be
bigger for all surfactants, as expected from a prolate distribu-
tion of mass (Xeore > 1). Also the equatorial radii of the core
were found to be comparable but smaller than in water, while
the axial ratio observed in this DES is larger than in water
(Fig. 4).

The presence of a structure factor contribution is negligible
up to a relatively high surfactant concentration, whereas inter-
micellar interactions are effective at lower surfactant concen-
tration in water.>*®*” Although there is limited physicochemical
information about the solvent, we can qualitatively infer that the
high ionic strength of the DES reduces the intermicellar inter-
action in comparison with water.

The aggregation number in DES was found to not change
with surfactant concentration, unlike anionic surfactants in
choline chloride:urea DES.?° In choline chloride:glycerol DES,
the average number of surfactant molecules per micelle
increases with the chain length of the surfactant (Nygec12 =
64 + 2, Nagoc14 = 120 £ 1, Nygo c16 = 125 £ 2), as they vary in
water and ethylammonium nitrate.”?’

Although we previously reported a morphology transition in
micelles of an anionic surfactant, SDS,>°® we do not observe a
similar effect with the cationic surfactants studied here. The
unusual behaviour of SDS in such a solvent was suggested to
arise from specific interactions in the headgroup region, which
we do not see with the cationic surfactants in the present DES.
Although a similar type of transition was found for alkyltrimethyl-
ammonium bromides and salts in aqueous solutions,?®3%57-8

Table 4 Fitting parameters for SANS data of different concentrations of C;1,TAB in choline chloride:glycerol shown in Fig. 3a. The shell SLD column is
distributed as follows for the different contrasts: h-Ci,-h-TAB + d-choline chloride:d-glycerol, h-Cy,-h-TAB + d-choline chloride:h-glycerol

Conc./mM req,core/A Xeore Teq,she[l/A Xshell SLDshell/Xl()76 A72 ¢ﬁt/><1072 ¢calc/><1072 (Ibs(q)/><]-072
43.5+ 3 14.8 + 0.3 1.64 + 0.01 44 +1.8 1.8 £ 0.5 5.1+ 0.8,1.2 £ 0.4 0.7 £ 0.2 0.5 £ 0.1 1.8 £ 0.3
79.7 £ 3.1 14.8 + 0.3 1.64 £+ 0.01 3.8+1.5 1.5+ 04 4.6 £1.1,0.6 £1.2 1.6 £ 0.4 1.6 + 0.1 2.1+0.2
205 + 12 14.8 + 0.3 1.64 £+ 0.01 4.6 £ 04 1.3 £ 0.2 4.2 +0.3,0.0 £ 04 48 +£04 5.2+ 0.1 7.4 £ 0.1
422 £ 44 14.8 + 0.3 1.64 + 0.01 4.4 £0.2 1.4 £ 0.2 3.6 £0.2,0.1 £0.1 11+£0 11+1 15+1
943 + 92 14.8 + 0.3 1.64 £+ 0.01 49 £+ 0.1 1.8 £ 0.1 4.3 +0.1,0.1 £ 0.2 22 +£1 23 £2 27 £1
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Table 5 Fitting parameters for SANS data of different concentrations of C14TAB in choline chloride:glycerol shown in Fig. 3b. The shell SLD column is
distributed as follows for the different contrasts: h-Cy4-h-TAB + d-choline chloride:d-glycerol, d-Cy4-d-TAB + h-choline chloride:h-glycerol, h-Cy4-h-
TAB + d-choline chloride:h-glycerol

Conc./mM req,core/A Xeore Teq,shell/A Xshell SLDshell/>< 1076 A72 ¢fit/>< 1072 ¢calc/>< 1072 d)S(q)/X 1072
40.3 £ 3.4 18.9 £ 0.1 1.71 £ 0.04 4.2 +£2.3 1.1 £1.0 4.5+ 1.2,2.9 £ 1.6, 0.1 + 0.2 1.0 £ 0.2 1.3+ 0.1 2.9+ 0.4
779 £ 7.1 18.9 + 0.1 1.71 £+ 0.04 53+1.1 1.3 £ 04 4.6 £ 0.5,3.1 £0.7,0.8 £+ 0.6 2.5 +£0.2 2.6 £0.3 5.2+ 0.3
182 £ 9 18.9 £ 0.1 1.71 £ 0.04 4.4 £ 0.2 1.6 £ 0.1 4.1+ 0.2,3.2 £0.3,0.5+0.3 5.8 £ 0.2 6.1 £ 0.5 11+1
390 £ 36 18.9 + 0.1 1.71 +£ 0.04 4.7 £ 0.1 1.6 £ 0.1 3.3 +0.3,4.8£0.1,0.2 £ 0.1 9.9 £ 0.6 12 £1 18 +£1

Table 6 Fitting parameters for SANS data of different concentrations of C16TAB in choline chloride:glycerol shown in Fig. 3c. The shell SLD column is
distributed as follows for the different contrasts: h-Cy6-h-TAB + d-choline chloride:d-glycerol, d-Cy5-d-TAB + h-choline chloride:h-glycerol, h-Cig-h-
TAB + d-choline chloride:h-glycerol

Conc./mM req,core/A Xcore Teq,shell/ji Xshell SLDshell/>< 10_6 A_Z d)fit/x 10_2 d)calc/x 10_2 ¢S(q)/>< 10_2
36.3+3 19.6 + 0.1 1.82 £ 0.05 5.6 £1.5 1.8 £0.2 4.0 + 0.6, 2.4 £ 0.5, 0.4 =+ 0.2 1.3 £0.2 1.2 £ 0.1 —
68.3 + 4.8 19.6 = 0.1 1.82 £+ 0.05 5.4 £ 0.5 1.9+ 0.1 4.0 £0.3,2.3 £0.3,0.2 £ 0.1 2.5 £0.2 2.3 £0.1 —
172 £ 8 19.6 £ 0.1 1.82 £ 0.05 5.7 £ 0.5 1.7 £ 0.1 4.8+ 0.2,2.4 £0.2,0.8+0.1 5.3 +0.1 5.5+ 0.2 0.7 £ 0.1
352 £17 19.6 + 0.1 1.82 £ 0.05 6.1 = 0.2 1.7 £ 0.1 3.6 +£0.1,2.6 £ 0.1, 0.3 £ 0.1 11+£1 11+1 89 +0.1
22F 1T T T T ] 22F T T T T T J of these surfactants were found to be in disagreement with our
(@ (b) .
20k & - 2.0k - measurements, although our SANS data confirms the presence
4
< 8l ’: 7 i 1.8} X" x - of micelles below the values reported in such work (see Fig. 3
Ny %
o R 2 16k * - - and Table 4).
g 16 P 1.8 . .
< X < 1.4f - The values of the CMCs determined in the present work
3 14F - ° . .
I~ ° 1.2F ® - were found to be comparable to those in water but considerably
[ =S S S b lower than in ethylammonium nitrate. Therefore, our values of
o 0 Tq@'eop T T 4 the CMCs suggest that the micellization process in this DES is
3 ) 5 - . . . . . . . .
sk . i 120k x o% ] more similar to that in water rather than in ionic liquids, and,
! i | 7 | as evidenced by the SANS results from isotopic variations, also
f 6 ;( 4 8 so} e " e - the interaction lack the surfactant-solvent interactions pre-
oL ox---% - 1% - ’.‘ * 4 viously reported for anionic surfactants in DES.>°
4r 7 401 * 7 Differences in the shape of the SANS data are observed with
o 1 1 1 1 1] L 1 I 1 . . . . . .
12 14 16 12 14 16 changing surfactant chain length, suggesting variation in the
C, C, morphology of the aggregates. Micelle morphology can be

Fig. 4 Comparison between the averaged structural parameters of
micelles in different solvents: (black crosses) choline chloride:glycerol,
(blue dots) water®¢7°6 and (red stars) ethylammonium nitrate.®° The plots
represent the number of carbons in the tail of the surfactant against (a) the
equatorial radius of the core, (b) the axial ratio of the core, (c) the shell
thickness on the equatorial axis and (d) the aggregation number of the
micelles. Error bars are included for all of our experimental data. Where not
visible, the error bars are within the marker.

the ammonium group does not show affinity for the positively
charged choline ion, meaning that such a mechanism for screening
and curvature modification is not present in these cationic
surfactant — DES systems.

Discussion

The cationic surfactants studied in the present work were
found to remain surface-active in the present DES as shown
by the surface tension data. Pal et al. previously reported
evidence of aggregation of alkyltrimethylammonium surfac-
tants in choline chloride:glycerol.>® Their values for the CMCs

33246 | Phys. Chem. Chem. Phys., 2016, 18, 33240-33249

understood through the packing parameter, v/ayl.,, where v
corresponds to the volume of the surfactant hydrocarbon tail,
l. is the length of such tail and a, is the apparent area per
monomer at the headgroup-tail interface.>® Spherical micelles
can be found with values less than or equal to 1/3, rod-like for a
packing parameter between 1/3 and 1/2, and surfactant bilayers
are found for values between 1/2 and 1. The formation of
micelles by analogous surfactants with the same headgroup
but differing chain lengths will lead to variations in the packing
parameter. Therefore, in the present case, changes in micelle
structure can be related to variations in the surfactant chain
length.

Micelles were indeed found to vary in shape and size with
different surfactant chain lengths, from smaller micelles
formed by C;,TAB and larger for C;,TAB. With increasing the
length of the surfactant tail, the axial ratio of the micelle varies
and the aggregate curvature slightly decreases. Although a
trend can be observed from our fits, the variance between
concentrations does not allow us to draw further conclusions
about this effect.

These surfactants in DES show larger aggregates than in
water, unlike other ionic surfactants in solvents with lower

This journal is © the Owner Societies 2016
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polarity than water.>>*" The aggregates were also found to be
smaller in ethylammonium nitrate (see Fig. 4). The aggrega-
tion numbers of micelles increase with larger surfactants, as
reported for water and ethylammonium nitrate. The axial ratio
of the micelles was found to be larger in DES than in the water.
In water, the interaction between headgroups is driven by the
electrostatic interactions, modulated mainly by counterion
binding. In the DES, the high ionic strength reduces such
interactions and permits closer surfactant packing, thus
the formation of aggregates that are more elongated than
in water.

The structure factor volume fraction for C;,TAB and C,,TAB
was found to be systematically larger than the physical volume
fraction of micelles (see Tables 4 and 5). This indicates that the
intermicellar contribution cannot be simply described using
the excluded volume approximation, but some other contribu-
tions need to be accounted for. Although we cannot extract
direct physical information from these values, this approach
allows us to successfully analyse the form factor. Interestingly,
this behaviour was not seen for C;cTAB. In that case a structure
factor was not required (and could not be reliably fitted) for the
two lowest concentrations, whilst the highest two concentra-
tions showed structure factor volume fractions that were lower
than the physical volume fraction. These results clearly show
the limitations of the approach of approximating the structure
factor as a hard sphere interaction. Future work making use of
neutron diffraction should provide information about the
specific environments of the headgroups in each of these
surfactants. Combined with computational studies, more infor-
mation about the interaction potentials in these solvents can be
obtained.

For this type of cationic surfactants, SANS studies from
different systems have been used to elaborate different pictures
of the micelle. The first studies concluded that these surfac-
tants form globular micelles with a headgroup layer thick-
ness between 2 and 8 A, depending on the hydration
number.**?3737%¢ A more recent study through the use of wide
grange neutron diffraction provided an atomistic configu-
ration of a C;,TAB micelle in pure water with the micelle
headgroup layer composed of a hydrated shell of thickness
about 7.5 A.°° This detailed model of the aggregate offered an
important advance in understanding the hydration effect and
the location of the counterions in the Stern layer. The limited
resolution of SANS at high ¢, in comparison with wide-angle
neutron diffraction, does not allow us to elaborate a highly
accurate model of the micelle interface. The complexity of the
system, where preferential adsorption of individual DES con-
stituents may be taking place, complicates the determination of
the characteristics of the headgroup layer and solvation effects.
The variations of the shell SLD indicate solvation of the head-
group layer (see Tables 4-6) with a possible preferential adsorp-
tion of glycerol. However, our estimation of the shell thickness
(4.4 £ 0.5 A, 4.7 £ 05 A, 5.7 + 0.5 A, averaged for C;,TAB,
C14TAB and C;6TAB respectively) and solvation of the head-
groups can probably be refined through the application of
liquid neutron diffraction experiments.

This journal is © the Owner Societies 2016
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Conclusions

This study furthers the understanding of the self-assembly of
alkyltrimethylammonium bromide in a choline chloride:glycerol
deep eutectic solvent. Unlike the previously studied choline chlor-
ide:urea deep eutectic solvent, which has a low solubility for these
surfactants, the present solvent was found to solubilise and promote
the self-assembly of cationic surfactants. Surface tension measure-
ments have shown comparable CMCs to those values in water but
they are considerably lower than the CMCs in ethylammonium
nitrate, an ionic liquid. This experiment suggest that the solubility of
free monomers in the choline chloride:glycerol DES is comparable to
that in pure water, implying that the formation of micelles will be
akin to that in water. The CMCs were also found to increase with the
length of the surfactant chain, suggesting that the lyophobic effect
drives the formation of micelles in this solvent.

Small-angle neutron scattering data shows the presence of
self-assembled structures with similar shapes and sizes to those
found in water. The polar radius of the aggregates was found to
increase with the number of carbon atoms in the surfactant tail.
Nonetheless, the axial ratio increases at longer surfactant molecules,
as seen in pure water. The interaction between the colloidal particles
in the system was, however, found to be increased compared to that
in water, probably as a result of the high ionic strength of the deep
eutectic solvent in comparison with water. The core-shell ellipsoid
model in choline chloride: glycerol showed a similar micelle dimen-
sion to aggregates in pure water but with a slightly larger axial
ratio. Such a difference was attributed to the weaker interaction
between headgroups at the micelle interface due to the high
ionic strength of the deep eutectic solvent. The modelling of the
four isotopic contrasts has helped to find an approximate
dimension of the headgroup shell surrounding the core of the
micelle. However, since solvent penetration affects the contrast
resolution further investigations, ideally using wide-angle liquid
diffraction, will be needed to make firm conclusions about the
precise composition of the micelle-solvent interface.
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