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Deep eutectic solvents (DES) are mixtures of hydrogen bond donors and acceptors that
form strongly hydrogen-bonded room temperature liquids. Changing the H-bonding
components and their ratios can alter the physicochemical properties of deep eutectic
solvents. Recent studies have shown p-toluenesulfonic acid (pTSA) forms room
temperature liquids with choline chloride (ChCl) at different molar ratios: 1:1, 1:2 and
21 [Rodriguez Rodriguez et al., ACS Sustain. Chem. Eng., 2019, 7(4), 3940]. They also
showed that the composition affects the physical properties of these liquids and their
ability to dissolve metal oxides. In this work we evaluate the solubility and self-assembly
of cationic surfactants alkyltrimethyl ammonium bromides (CnTAB) in these pTSA/ChCl
based liquids. CnTABs are insoluble in 1pTSA:2ChCl, whereas in 1pTSA:1ChCl and
2pTSA: 1ChCl they form micelles. We characterise CnTAB (n = 12, 14, 16) micelles using
small angle neutron scattering and also look at interaction of water with the micelles.
These studies help determine the interaction of DES components with the surfactant
and the influence of varying pTSA and water ratios on these interactions. This provides
potential for controlled surfactant templating and for tuning rheology modification in
such systems.

1 Introduction

Deep eutectic solvents (DES) are molecular mixtures which share many features
with ionic liquids (ILs) e.g. tunable physicochemical properties which makes
them viable solvents that are more straightforward to prepare than typical ILs.">
They enable self-assembly for a range of surfactants where the shape, size and
morphology of micelles can be manipulated by altering the DES components and/
or their ratios. The interplay of factors such as solvent composition, water
content, the hydrophobicity of solvent components and their degree of dissoci-
ation all play a role in surfactant self-assembly in these ionic mixtures, but are not
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yet well understood. The manipulation of micelle morphology is key to exploiting
surfactants in applications from formulation of creams and gels for drug
delivery®™ to templating of mesoporous materials.®® Novel deep eutectic solvents
(DES) are now being investigated as solvents for materials synthesis, reaction
solvents and also as drug delivery systems since their components frequently
include species which can enhance skin penetration. We are therefore investi-
gating micelle formation and the key parameters to alter micelle morphology®*”
in these complex ionic solvents.

Recently deep eutectic solvents formed from p-toluenesulfonic acid (pTSA)
with choline chloride (ChCl) at different molar ratios were evaluated by Rodriguez
Rodriguez et al.*® comparing both their physical properties and ability to dissolve
metal oxides. Other authors have used pTSA:ChCl mixtures at various molar
ratios in applications ranging from the extraction of cellulose nanocrystals from
biomass' or biofuel production® to cathode recycling of Li-ion batteries.** In
water, pTSA is known to cause massive elongation in C;,TA" micellar systems,
causing formation of highly viscous wormlike micelles.”*** The mechanism is
proposed to be due to insertion of the amphiphilic anion into the micelle inter-
face, altering the headgroup area, to promote micelle elongation. We have
previously demonstrated that the presence of acidic species as DES components
can, through interactions with the quaternary ammonium headgroups of C,TA"
surfactants, cause micelle elongation to some extent" and hydrotrope induced
micellar growth for CTA" has been reported in choline chloride : glycerol DES
using sodium salicylate.' In this work we therefore have investigated the effects
of the DES component, pTSA, that can potentially have both electrostatic and
hydrophobic interactions with cationic micelles, to determine whether insertion
of the toluene group can also promote formation of wormlike micelles in these
solutions. We have prepared these DES, and demonstrated that cationic alkyl-
trimethylammonium bromide surfactants can be dissolved in these solvents but
only at some pTSA: ChCl molar ratios: 1:1 & 2 : 1. Here we therefore investigated
the effect of combining these molecular interactions on micellization of C, TAB
micelles in pTSA : ChCl solvents at molar ratios of 1: 1 and 2 : 1 without and with 3
moles of added water.

2 Methods and materials
2.1 Materials

p-Toluenesulfonic acid monohydrate (CH;CsH,SO3H-H,0; pTSA; 99%), choline
chloride ([(CH3);NCH,CH,OH]Cl; ChCl; =99%), dodecyl trimethylammonium
bromide (DTAB, =99%), tetradecyl trimethylammonium bromide (TTAB, =99%)
and hexadecyl trimethylammonium bromide (CTAB, =98%) were purchased from
Sigma Aldrich, UK. Deuterated choline chloride-d9 ([(CD;);NCH,CH,OH]C]; d-
ChCl; 99 at%, 98% D) and deuterated p-toluenesulfonic acid monohydrate-d7
(CD3CD4SO3H -H,0; d-pTSA; 99 at%, 98% D) were purchased from Cambridge
Isotope Laboratories. Isotopically labeled surfactants consisting of deuterated
head and tail components (d34-DTAB, d38-TTAB, d42-CTAB) or with selective
deuteration of the tail (d25-DTAB and d29-TTAB) were supplied by the STFC ISIS
Deuteration Facility. Due to the hygroscopic nature of choline chloride, both h-
ChCl and d-ChCl were dried under vacuum at 80 °C for at least 24 h
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immediately prior to use in order to minimize water content in the resultant DES.
All other chemicals were used as received without further purification.

2.2 Sample preparation

The pTSA : ChCl DES was prepared by combining the components in molar ratios
of 1:1 or 2:1, as required. These mixtures were stirred at 60 °C until a clear,
homogeneous liquid was obtained, which was subsequently sealed in a vial. The
DES containing water were made by mixing pTSA : ChCl : water in the ratio1:1:3
or 2:1:3 and then following the same procedure as above. Once formed, the
mixtures are stable in the liquid state at room temperature. Depending on the
isotopic contrast of the DES being produced protonated or deuterated pTSA, ChCl
or H,0/D,0 were used. The DES are labelled as HHH DES for h-pTSA : h-ChCl:
H,0, DDD DES for d-pTSA : d-ChCl: D,0 and HDD DES for h-pTSA : d-ChCl : D,0.

Surfactant in DES solutions containing DTAB, TTAB and CTAB were prepared
by mixing the required concentration of surfactant (2 wt%, 5 wt% or 10 wt%) in
the DES at 50 °C until homogeneous mixtures were obtained.

2.3 Methods

The densities of the solvents were determined from a triplicate average of
measurements on an Anton Paar DMA 4500 M at 25 °C. The molecular volumes
were calculated from the molar mass and density and used to calculate the
neutron scattering length density (SLD) for the DES. The water content of the DES
was measured in triplicate using a Hanna Instruments HI903 Karl Fischer Volu-
metric Titrator, which measures the ppm of water in a certain weight of the
sample, which is then converted to a wt%.

Flow curves for the DES and DES with added surfactants were measured using
a TA Instruments HR-3 Discovery Hybrid Rheometer operating in a parallel plate
geometry (50 mm SALS plate) and maintained at 50 °C using a Peltier control. The
stress response of the samples was measured for an applied shear rate ranging
from 0.1-500 s~ . Viscosity of the samples was calculated from the shear stress vs.
shear rate response.

Small-angle neutron scattering (SANS) measurements were carried out on the
SANS2D** instrument at the ISIS Pulsed Neutron and Muon Source, UK (experi-
ment number RB2010418).>* Using sample-to-detector distances of 2.4 m or 4 m
and neutrons with wavelengths 2-16.5 A, a useable g-range of 0.008-0.72 A~" was
obtained. The neutron beam incident on the samples was collimated to 8 mm
diameter. The samples were loaded into 1 mm path length rectangular quartz
cuvettes (Hellma GmbH) and placed on a computer-controlled sample changer
thermostatted by circulating fluid baths on the beamline. The measurements
were performed at 50 °C, to ensure the solutions were above the Krafft temper-
ature for all CnTAB in the DES. Data collection took 30-60 min per sample. Data
reduction was performed according to the standard procedures at the instrument
using the routines within the Mantid framework,* resulting in output converted
to scattering intensity (I(g), cm~") in absolute units on an absolute scale as
a function of the scattering vector (g, A™"). Subtraction of the scattering from the
pure solvents was performed afterwards using the NIST NCNR SANS reduction
macros in Igor Pro* to account for the background contribution to each sample
arising from incoherent scattering (primarily from 1H atoms).
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Samples were prepared in different concentrations of CnTAB (2, 5 and 10 wt%)
and different isotopic mixtures in the three DES (1pTSA: 1ChCl, 1pTSA:1ChCl:
3W and 2pTSA: 1ChCl: 3W). Concentration series were measured for deuterated
surfactant (d-Cn d-TAB or d-CnTAB) in protonated solvent (HHH DES; h-pTSA : h-
ChCl: H,0). To model the micelle structure, the 5 wt% CnTAB solutions in the
three DES were measured at four contrasts: deuterated surfactant (d-Cn d-TAB or
d-CnTAB) in protonated solvent (HHH DES; h-pTSA : h-ChCl: H,0), protonated
surfactant (h-Cn h-TAB or h-CnTAB) in deuterated solvent (DDD DES; d-pTSA: d-
ChCl: D,0), tail deuterated surfactant (d-Cn h-TAB) in protonated solvent (HHH
DES; h-pTSA : h-ChCl: H,0) and deuterated surfactant (d-Cn d-TAB or d-CnTAB)
in partially deuterated solvent (HDD DES; h-pTSA : d-ChCl: D,0).

2.4 Data analysis

The SANS data were analysed by co-fitting the various isotopic contrasts using
standard spherical and ellipsoidal form factors and their core-shell variants in
SasView.”® The SLD calculations for the solvent and surfactants can be found in
ESI Tables S3 and S4.t1 Details of the model fitting are provided in ESI Fig. S3 and
Table S5.7 Both spherical and ellipsoidal form factors can fit the data with low x*
values, but ultimately a spherical model was used to determine the micelle
morphology as it gives more physically realistic parameters, and also the aspect
ratio of the micelles as determined from the elliptical form factors is =1 and
there is no improvement in the quality of the ellipsoidal fits (reduction in x>
values).

CnTAB surfactant self-assembly in DES has been shown to result in the
formation of micelles with a core-shell density distribution, where the surfactant
tails remain at the core of the aggregate surrounded by a shell of solvated
headgroups.”**** Here, a uniform sphere model was initially used to find the
overall shape and trends in size of the micelles. Subsequently, a core-shell model
was used to determine the characteristics of the micelle cross-section. We
considered either penetration of the solvent into just the head-group (core-shell
spherical model) or also into a part of the tail region (core-2 shells spherical
model) to capture the full details of the micelle structure in the DES, since there is
some evidence of solvent penetration into the tail region of the micelles.

In the case of high concentration data, where inter-particle interactions were
observed, the Percus-Yevick hard sphere structure factor*® was used to account
for the structure factor contribution to the scattering as employed in previous
work on similar systems.*"” Details for the fitting models and procedure can be
found in the ESI} (Section S4).

3 Results and discussion

Despite previous reports in the literature that pTSA : ChCl mixtures remain liquid
at room temperature, we found that 2pTSA : 1ChCl and 1pTSA : 2ChCl froze when
left on the benchtop overnight. This may be due to water content in the solvents -
our measured water contents (see ESI Table S1T) were lower than those reported
by other investigations on the same system. The 1:1 mixture solidified in the
fridge at 5 °C, but remained liquid at 25 °C. The 2pTSA : 1ChCl DES became liquid
on heating above 30 °C, and dissolved CnTAB surfactants at 60 °C, however the
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Krafft temperature for these solutions was high, so the solutions were not reliably
stable at 50 °C. For our SANS experiments therefore we have studied the solutions
at 50 °C in the 1pTSA : 1ChCl mixture, and then compared the structures found in
1pTSA: 1ChCl:3W and 2pTSA:1ChCl: 3W, where the micellar solutions were
stable.

3.1 Small angle neutron scattering studies

SANS was initially measured for all of the solvents alone, as backgrounds for the
subsequent studies with surfactants. These data (see ESI Fig. S2t) indicate that
these solvents are homogeneously structured, with no apparent clustering
causing small angle scattering in the range measured (0.008-0.72 A™"). The
contrasts where the choline cation and water are deuterated while pTSA is
hydrogenated would be expected to have a signal in this range if significant
clustering of the hydrophobic anion occurs. We also note that any pre-peak due to
cation-anion ordering is at wider angles than measured in this experiment.
Further studies of the structure of these solvents are currently underway.*
SANS was measured from solutions of d34-DTAB, d38-TTAB and d42-CTAB at
2, 5and 10 wt% in each of the three HHH DES: 1pTSA : 1ChCl, 1pTSA: 1ChCl: 3W
and 2pTSA: 1ChCl: 3W. The SANS data is shown in Fig. 1. These concentrations
lie in the range 65 mM to 400 mM, depending on the surfactant and solvent
(80 mM to 400 mM for DTAB, 70 mM to 360 mM for TTAB and 65 to 330 mM for
CTAB; see ESI Table S21), which is similar to the concentration range probed in
previous studies of CnTAB surfactants in DES.*'"'>'” We do not have a reliable
way to determine the critical micelle concentration (cmc) in this DES - the

01 : o
a(Ar) qa(Ar)

(a) (b) (c)

Fig. 1 SANS measured from 2 (red trace), 5 (blue trace) and 10 (green trace) wt%
deuterated CnTAB surfactants in HHH DES: d34-DTAB (top panel), d38-TTAB (middle
panel) and d42-CTAB (bottom panel). (a) CnTAB in 1pTSA:1ChCl DES. (b) CnTAB in
1pTSA : 1ChCl: 3W DES. (c) CnTAB in 2pTSA : 1ChCl: 3W DES. The data is fitted to uniform
spherical model (dashed lines).
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hygroscopic nature and high viscosity makes surface tension measurements
unreliable, the ionic strength is already high, preventing conductivity measure-
ments, and fluorescence measurements were also unsuccessful, so previous
studies were used to inform concentration studies. Confirmatory SAXS studies for
CTAB show that at 1 wt% (ca. 32 mM) in 1pTSA: 1ChCl micellar scattering is
observed however at 0.5 wt% (ca. 16 mM) we lose the micellar scattering signal
suggesting that we may be close to the cmc so few if any micelles exist, or that we
do not have enough contrast to measure them. For DTAB the same loss of micellar
scattering is observed close to 1 wt% (ca. 40 mM). For comparison, in choline
chloride : malonic acid (1 : 1) mixtures the cmc values were found to be 54 + 6 mM
for DTAB, 4.6 + 0.5 mM for TTAB and 1.5 + 0.3 mM for CTAB," so the longer
CTAB surfactant appears to be more soluble in the 1pTSA : 1ChCI mixture, while
DTAB forms micelles at similar concentrations in both mixtures.

3.2 Effect of concentration

Previous studies have indicated that in choline chloride and acid based DES,
micelle shape and size can be concentration dependant.* Here, in contrast, the
shape of the micelle for all three surfactants, DTAB, TTAB and CTAB, is inde-
pendent of the concentration, and a spherical model best describes the scattering
data for all three concentrations. We note that in water, although CTAB forms
more elongated micelles at higher concentrations, DTAB and TTAB are much less
prone to elongate at high concentrations® even in the presence of salt,** while
CTA" with chloride counterion has spherical micelles even at 1 M concentration.**
In this DES there are multiple anionic species present, Br—, Cl~ and pTS~ (likely to
be dissociated due to the presence of water), which can compete to bind to the
micelle surface, as well as with the quaternary ammonium moiety on the choline
in the solvent. Using multiple contrasts, the SANS data were analysed to try to
determine how the micelles might interact with these solvent components. As
a starting point the SANS curves from various concentrations of DTAB, TTAB and
CTAB in the three pTSA:ChCl DES, fitted to a uniform spherical model, with
a hard-sphere structure factor to account for the inter-particle interactions at high
concentrations, are shown in Fig. 1. The radius from the fits for the micelles at the
different concentrations is given in ESI Table S61 and shown in Fig. 2.

1pTSA:1ChCI DES 1pTSA:1ChCI:3W DES 2pTSA:1ChCI:3W DES
25 25 25
20 20 ¢ ] 20 |
5 ‘ ¢ 5 A 5 ’
)
S 15| S | A 315 -
z 15, . Al z 15 —{a o z 15 , ) N
® 10-a ® ® 10 ¢ “10-a . o
o ° o e °
5 5 — 5 —
T T T T T T T T T T T T T I T
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
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(a) (b) (c)

Fig. 2 Radius (from uniform spherical fits to the SANS data for d-CnTAB in HHH DES) vs.
concentration for DTAB (red circles), TTAB (blue triangles) and CTAB (green diamonds) in
the three DES: (a) 1pTSA: 1ChCL DES; (b) 1pTSA: 1ChCl: 3W DES; and (c) 2pTSA: 1ChCl:
3W DES. The error bars are smaller than the symbol size.
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For all surfactants in all three DES, the effective spherical radius of the micelle
increases as the concentration of the surfactant is increased. The biggest changes
are observed for the surfactants in 1pTSA:1ChCl, where the micelle radius
increases with surfactant concentration by 3 A for DTAB, 5 A for TTAB and 4 A for
CTAB, and the smallest changes are observed for 1pTSA: 1ChCl: 3W, where the
micelle radius increases by 5 A for DTAB but shows little/no change for TTAB and
CTAB over the concentration range studied.

A similar increase is observed for DTAB, CTAB and CTACI micelles in water,
where the size of the micelle increases (as an increase in the aspect ratio of
elliptical micelles) as the concentration of the surfactant is increased over
a similar range.** This is in contrast to the observation for CnTAB micelles in
ChCl: malonic acid DES, where the size of the micelle (radius and aspect ratio)
remains unchanged for DTAB and TTAB but micelle length decreases (aspect ratio
decreases while radius stays constant) for CTAB as the concentration of the
surfactant increases. In other DES, containing neutral species such as urea or
glycerol, rather than acids, the micelle size (both radius and aspect ratio) are
independent of surfactant concentration.®*>"” In the case of micelles in water, the
change in size of the micelles with concentration is attributed to the increase in
charge neutralization of the headgroups due to an increase in the counterion
condensation on the micelles with the concentration. This allows more surfactant
molecules to pack into the self-assembled structures. Previous studies have also
indicated that counterion condensation plays an important role in determining
both the shape and size of micelles in DES*>*® but trends opposite to that of water
can be observed for ionic surfactants in DES, possibly due to the adsorption of
bulky solvent molecules at the micelle interface.™

In the three DES studied here, both water and non-water solvent interactions
with the micelle are important; we note that even the 1pTSA : 1ChCl DES contains
water (1 mole) from the water of hydration of pTSA and therefore the variation of
the size of micelle with concentration is dependant both on the surfactant
investigated and the DES composition.

3.3 Effect of solvent constituents

Due to interparticle interactions between micelles at high concentrations (10 wt
%), and low intensity and therefore poor signal to noise ratio at 2 wt%, 5 wt% was
chosen as the optimum concentration to do multi-contrast studies to determine
the detailed structure of the micelles in the three DES.

As we have already seen, in Fig. 1, the micelle size depends both on concen-
tration and on the DES used, e.g. for d-DTAB in HHH DES at 5 wt% the fitted
micelle radius is 9 A in 1pTSA:1ChCl, 12 A in 1pTSA:1ChCl:3W and 9 A in
2pTSA:1ChCl: 3W. These values are small compared to the radius of a similar
micelle in water (measured as ca. 8-17 A in water depending on counterion®)
which suggests that both counterion effects may play a role and also that solvent
components may penetrate into the tail-filled core region, influencing the
apparent size of the micelles.

To investigate this, contrast variation SANS was measured from 5 wt% d-
CnTAB in HHH DES and h-CnTAB in DDD-DES and co-fitted to uniform spher-
ical models. The SANS data along with the model fits and details of the param-
eters are shown in ESI Fig. S3 and Table S5.7 The spherical micelle radius from
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the fits for the three DES compositions is shown in Fig. 3a. For all three surfac-
tants the micelles are largest in the 1pTSA : 1ChCl: 3W DES (radius is 12.5 A for
DTAB, 15.6 A for TTAB and 19.4 A for CTAB), implying that high water content
favours bigger micelles and the micelles are smallest in the 2pTSA : 1ChCI DES
(radius is 9.8 A for DTAB, 12.0 A for TTAB and 15.4 A for CTAB), implying higher
PTSA content favours smaller micelles. An effect similar to this is seen for DTAB in
ChCl : malonic acid DES, where the aspect ratio of the micelles remains fairly
constant but the equatorial radius increases on increasing the water content of
the DES." In the ChCl : malonic acid DES, this was attributed to change in solvent
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Fig.3 Micelle radius from the fits to the SANS from 5 wt% CnTAB in the three DES: 1pTSA:
1ChClL (red circles), 1pTSA:1ChCl:3W (blue triangles), and 2pTSA:1ChCl:3W (green
diamonds). (a) Radius from uniform spherical model cofitted to d-CnTAB in HHH DES and
h-CnTAB in DDD DES; (b) core radius and shell thickness (inset) from core—shell spherical
model cofitted to d-CnTAB in HHH DES, h-CnTAB in DDD DES and d-Cn h-TAB in HHH
DES. The error bars are smaller than the symbol size.
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penetration and polarity of the solvent which affects both micelle size and
morphology.

There are two effects at play here: the counterion condensation from the ions
(mainly C17) and the effect of water and organic components, particularly pTSA,
on the polarity of the solvent. For the three DES used in this study the molar ratio
of pTSA: choline : water : chloride is 1:1:1:1 (all organics:water:Cl is 2:1:1)
for 1pTSA:1ChCl, 1:1:4:1 (all organics:water:Cl is 0.5:1:0.25) for 1pTSA:
1ChCl:3W and 1:0.5:2.5: 0.5 (all organics: water: Cl is 0.6:1:0.2) for 2pTSA:
1ChCl: 3W. The water ratio is therefore the highest in the 1pTSA:1ChCl:3W
DES, followed by the 2pTSA: 1ChCl: 3W DES and finally the 1pTSA: 1ChCl DES.
However, the 2pTSA: 1ChCl: 3W DES also has a large fraction of the non-polar
PTSA, so on the balance of polar to non-polar components we would expect the
1pTSA: 1ChCl: 3W DES to be the most polar. This would mean that it is less
energetically favorable for the surfactant molecules to leave the micelle and
interact with the solvent. The presence of water would also impact counterion
condensation/charge screening of the CTA" micelles. The two effects lead to larger
spherical micelles, when compared to the other two solvents.

The 1pTSA:1ChCl and 2pTSA: 1ChCl: 3W DES have a smaller difference in
micelle size. The 1pTSA: 1ChCl DES is likely to be the least polar solvent overall
and therefore more of the surfactant will dissolve in the DES than be found in
micelles. This also results in a smaller micelle size, though not to the same extent
as the 2pTSA:1ChCl: 3W DES. The 2pTSA: 1ChCl: 3W, in addition to the non-
polar pTSA reducing the polarity, also has the fewest Cl™ ions which can shield
the quaternary ammonium headgroup of the surfactants. The reduced shielding
means greater charge on the molecules reducing their packing. Together with the
lower polarity, this leads to smallest spherical micelles.

3.4 Micellar structure

Berr et al.*® have shown that CTA" micelles in water can be quite small (elliptical
micelles with radii 8 A and 13 A for CTAOH and spherical micellar radius of 13 A
for CTAC]) for counterions that exhibit inadequate screening, which prohibits
close proximity of headgroups and limits the number of surfactant molecules that
can pack into the micelle. Micelles with these counterions also do not show any
elongation with increasing concentration even for C16 chain lengths, unlike that
observed for CTAB and CTANO; in water. Our systems show similar behaviour,
where due to charge screening effects and reduction in polarity of the solvent
small, spherical micelles are formed for concentrations up to 10 wt% (ca. 330
mM) of CTAB. This may be also due in part to counterion exchange at the micelle
surface of chloride and pTS anions from the solvent with the native bromide
counterion of the surfactant. The bulky pTS anion could ion pair with the
surfactant headgroups but prevent a reduction in headgroup area through steric
bulk at the micelle surface, while chloride anions are less effective at screening
than bromide. However, another possibility is the insertion of non-polar DES
components (e.g. pTSA) into the micelle core, which leads to a change of neutron
contrast and the micelle tail region appearing small.

In order to investigate this possibility, in addition to the above mentioned
contrasts, we also measured d-Cn h-TAB in HHH DES and fully deuterated d-
CnTAB in HDD DES. The first contrast was co-fitted with the d-CnTAB in HHH
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DES and h-CnTAB in DDD DES to a core-shell spherical model with a core
comprising the surfactant tails and a shell comprising head-groups with solvent
penetration. The details of the fitting procedure are given in the ESI (Fig. S41) and
the parameters are summarised in Table S7.1 The core-shell spherical micelle
radius and the thicknesses from the fits for the three DES compositions are shown
in Fig. 3b. The core-radius was found to be ~2 A smaller than that found in fits
using the uniform spherical model, but following the same trend with the core-
radius being smallest for 2pTSA:1ChCl:3W DES and largest for 1pTSA:
1ChCl: 3W DES. The shells have a thickness of 5.5 = 1.0 A, independent of the
DES or surfactant, with a high DES volume fraction of 0.8 £ 0.1. The high volume
fraction of DES in the shells masks any variations between different DES and may
imply a layered solvent penetration i.e. two distinct regions of solvent penetration.

To account for any solvent penetration into the tail region of the micelles in
addition to solvation of the headgroups, the data from the 4 measured contrasts
(d-CnTAB in HHH DES, h-CnTAB in DDD DES, d-Cn-h-TAB in HHH DES and d-
CnTAB in HDD DES) was therefore fitted to a core and two-shell model, with
a core comprising only the tails of the surfactant, a shell taking into account some
solvent penetration into the tail regions and a final shell comprising the head-
groups along with the solvent components. The details of the fit constraints on
the parameters are available in ESI Table S8.1 The fits to DTAB in the three DES at
all four contrasts are shown in Fig. 4 along with the fit parameters in Table 1. The
data and fits for TTAB and CTAB are provided in ESI Fig. S5 and S6 and Tables S9
and S10,} respectively.

In these fits, we can see three distinct regions: an inner core comprising only
the surfactant tails with a radius of 6.5-7.5 A for DTAB, 7-8 A for TTAB and 9-11 A
for CTAB, followed by a 4-7 A shell (shell 1) and finally a 2-4 A highly solvated (70~
90% solvent) second shell (shell 2). It is difficult to get detailed volume fraction
profiles of various components in the different shell regions due to the complexity
in the system: shell 1 may comprise surfactant tails, along with the toluene ring of
the pTSA and potentially the organic component of the choline cation; shell two
can contain the surfactant head group along with some of the Cl™ and Br™ ions,
the sulfonic acid part of the pTSA and water molecules. However, from the fitted
value for the scattering length density (SLD) of the shell 1 region for the d-Cn d-
TAB in HDD DES contrast (highlighted in italics in Table 1; SLD ca. 2.5 x 10~°

10 | 10 3 ‘
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Fig. 4 SANS data from 5 wt% DTAB in the three DES at 4 contrasts: d-DTAB in HHH DES
(red), h-DTAB in DDD DES (blue), d-D h-TAB in HHH DES (green) and d-DTAB in HDD DES
(orange). (a) 5 wt% DTAB in 1pTSA: 1ChCl, (b) 5 wt% DTAB in 1pTSA: 1ChCl: 3W, and (c)
5wt% DTAB in 2pTSA : 1ChCl: 3W. The data is fitted to core and two-shell model (dashed
lines). The SANS patterns are offset along the y-axis for clarity.
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Table 1 Fit parameters for core and two-shell model fitted to the SANS data from 5 wt%
DTAB solutions in the three DES co-refined for the four contrasts: d-DTAB in HHH DES, h-
DTAB in DDD, d-D h-TAB in HHH DES and d-DTAB in HDD DES

Core- Shell 1 Shell 2 Shell 1 SLD/ Shell 2 SLD/
radius/A thickness/A thickness/A x107° A2 x107% A2
1pTSA: 1ChCl
d-D d-TAB in 6.6 + 0.4 4.6 + 1.1 3.2+ 1.2 1.3 £0.2 1.2 £ 0.1
HHH DES
h-D h-TAB in 3.5+ 0.1 3.2+ 0.1
DDD DES
d-D h-TAB in 1.3 £0.2 0.9 + 0.1
HHH DES
d-D d-TAB in 2.3 +0.3 3.4+ 0.2
HDD DES

1pTSA:1ChCl: 3W

d-D d-TAB in 8 £0.8 6.1 +1.4 2.6 £1 1.4 £0.2 1.2 £ 0.4
HHH DES
h-D h-TAB in 3.8+ 0.4 4.2 +0.2
DDD DES
d-D h-TAB in 1.4 £0.2 0.3 £ 0.2
HHH DES
d-D d-TAB in 3.2+0.3 54 +1.1
HDD DES

2pTSA: 1ChCl: 3W

d-D d-TAB in 6.3 £ 0.4 3.7 +1.1 3.8+1 1.8 £ 0.5 1.1 £ 0.3
HHH DES
h-D h-TAB in 3.2+ 0.6 3.8+ 0.2
DDD DES
d-D h-TAB in 1.8 £ 0.5 0.9 £ 0.3
HHH DES
d-D d-TAB in 22+£03 3.3+£0.3
HDD DES

A7) and the fact that all other components apart from pTSA are deuterated:
surfactant tail (SLD 6.4 x 10~® A=?), surfactant head (SLD 7.1 x 10~° A~?), choline
chloride (SLD 5.2 x 107® A™2) and D,O (SLD 6.4 x 10~° A7), we can unambig-
uously say that pTSA (SLD of the toluene ring of pTSA 1.1 x 10~° A™?) is inserting
into the tails forming the first shell region. The toluene of the pTSA is the most
non-polar moiety in the solvent and therefore can indeed interact with the
surfactant tails and insert into the core of the micelle. The size of this regions is 4-
7 A, which is consistent with the size of the toluene section of this molecule (~5
A). The SLD of this region is not very dependant on the tail length of the surfactant
(it stays constant between C12, C14 and is slightly higher for the C16 tails), but
shows a small and consistent variation between the three DES with 1pTSA:
1ChCl : 3W showing the highest SLD (lowest content of the hydrogenated toluene
from the pTSA) and 2pTSA : 1ChCl: 3W showing the lowest SLD (highest content
of the hydrogenated toluene from the pTSA) across the three CnTABs that are
investigated here. The micelle core radius added to the shell 1 thickness is the size
of the tail region and was found to be 10-12 A for DTAB, 12.5-15 A for TTAB and
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15.5-16.5 A for the CTAB, still following the trend seen above of being the smallest
for the 2pTSA:1ChCl:3W DES and largest for 1pTSA:1ChCl:3W DES. The
micelle size in the three DES is still small, due to the charge screening and
polarity effects in our solvent, but more comparable to the smaller micelles
observed for some CTA" in water systems.** A schematic showing the proposed
micelle cross-section is shown in Fig. 5.

3.5 Rheology

The viscosity vs. shear rate curves for the three DES, 1pTSA:1ChCl, 1pTSA:
1ChCl: 3W and 2pTSA: 1ChCl : 3W, with 5 wt% DTAB, TTAB and CTAB are shown
in Fig. 6. The three DES without surfactants exhibit Newtonian behaviour with no
shear rate dependence of the viscosity over the shear range studied (0.1-500 s~ )
and an average viscosity of 0.125 + 0.004 Pa s for 1pTSA:1ChCl, which is
consistent with the values obtained by Rodriguez Rodriguez et al.*® The viscosity
of 1pTSA : 1ChCl: 3W is 0.061 & 0.006 Pa s and that of 2pTSA : 1ChCl: 3W is 0.064
=+ 0.006 Pa s. The lower viscosity of the two DES with added water is consistent
with the reduction in viscosity observed for DES upon addition of water.'®**¢ The
water content was found to be 5.2 wt% in the 1pTSA : 1ChCl, 16.8 wt% for 1pTSA :
1ChCl: 3W and 16.0 wt% for 2pTSA : 1ChCl : 3W. The similar water concentration
could also explain the similar values for viscosity observed for the 1pTSA : 1ChCl:
3W and 2pTSA: 1ChCl: 3W DES.

The Newtonian behavior observed in the native DES is transformed into
a pronounced shear-thinning behavior once CnTAB surfactants are added. The
low shear viscosity of Cn'TAB solutions in 1pTSA: 1ChCl and 1pTSA: 1ChCl: 3W is
almost 2 orders of magnitude higher than that of the native DES solution. For
solutions CnTAB in 2pTSA: 1ChCl: 3W the low shear viscosity is almost an order
of magnitude higher than that of the native DES. The 2pTSA: 1ChCl: 3W system
has the smallest micelles out of the three DES studied here and therefore shows
the least increase in viscosity whereas the 1pTSA:1ChCl:3W has the largest

Fig. 5 Micelle schematic for CnTAB micelles in the pTSA: ChCl DES based on the core
and two-shell model.
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Fig. 6 Viscosity vs. shear rate curves for the neat solvent (black squares) and solutions of
5 wt% DTAB (red circles), TTAB (blue diamonds) and CTAB (green triangles) in the three
DES: (a) 1pTSA : 1ChCL DES; (b) 1pTSA: 1ChCl: 3W DES; and (c) 2pTSA: 1ChCl: 3W DES.

micelles and also shows the largest increase in viscosity when compared to the
native DES. While typically shear thinning behaviour is not associated with
spherical micelles, the shear forces could induce morphological/size changes in
the micelles.?**” The initial low-shear increase in viscosity correlates with micelle
size and the shear dependant lowering of viscosity could be associated with
reduction in micelle size. The mechanism for this needs to be confirmed using
a rheo-SANS experiment. We note that the distance between the largest micelles,
even in the most concentrated solutions is still around 25 A (i.e. for CTAB micelles
in 1pTSA: 1ChCl: 3W DES where maximum micelle size is ca. 20 A at 10 wt%;
assuming all surfactant is in the micelles gives a highest possible volume fraction
of 0.12, although from SANS fitting the volume fractions of the micelles are lower,
around 0.08). The pTS™ anion has a length of roughly 6 A while the choline cation
is 4.5 A (see Fig. S1t) so between 2-3 cation-anion ion pairs would be needed to
span the gap between micelles. Solvent binding to the micelle surface therefore
seems unlikely to be directly responsible for the high viscosities measured in
these solutions, although strong hydrogen bonding between solvent components
and dissolved surfactant monomers, not in the micelles, may contribute.

For CTAB micelles in water, sodium toluenesulfonate is known to cause shear
dependant flow behaviour, where shear thinning is observed at low shear rates
followed by Newtonian plateau and finally leading to shear thickening at high
shear rates.*® This behaviour is attributed to the insertion of the pTSA moiety into
the micelles, causing micellar elongation and the orientational and deforma-
tional effects of shear rate. Such behaviour is also observed for aqueous CTAB
micellar solutions upon the addition of sodium salicylate, where rheo-optical
methods show flow-induced stretching and alignment of micelles leading to
shear-dependent flow behaviour. Here, however, the rheological studies on these
solutions show that the micelles, although spherical in shape when the solution is
at rest, can produce shear thinning behaviour indicating shear induced align-
ment, breakup/shrinkage or deformation of the micelles and potentially paving
the way for these solutions to be used for rheology modification applications.

4 Conclusions

This study of cationic micelles in a deep eutectic solvent prepared from pTSA with
choline chloride demonstrates the complex interplay of molecular interactions
affecting self-assembly in these systems. Despite rheology data showing shear
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dependant behaviour that is typically associated with non-spherical micelles our
studies indicate that the scattering from the micelles can be adequately described
by spherical models, even though the insertion of the pTSA species into the
hydrophobic core of the micelles is also evident in this data. The SANS studies
indicate that as the solvent mixture becomes more polar, containing more water,
the micelle size increases, and in the less polar solvents smaller micelles form.
Fitting of the SANS data for multiple contrasts indicates penetration of the pTSA
component of the solvent into the micelles. The extent of pTSA penetration into
the micelles is slightly lower in the largest micelles (and most polar solvent), but
higher in the smallest micelles formed in the less polar solvents. pTSA carries
a negative charge on the headgroup, and is a strong acid, so it is likely to be highly
dissociated in these solutions, especially at the higher water contents. The
dissociated pTSA will interact with the quaternary ammonium cations — both
those in the surfactant and those in the choline likely forming ion pairs with both.
In standard CTA" micelles in water at 303 K with different counterions the
dissociation degree of Cl™ is 0.425, Br~ is 0.291 and pTS™ is 0.212 (ref. 39) so in an
aqueous solution pTS might be assumed to out-compete the other two anions to
bind to the micelle surface. However, this assumes these counterions are other-
wise solvated by water. Here we have very little water, and a lower polarity solvent,
in which pTS may be more soluble. From our results, the bulky nature of this ion,
and its coordination to choline cations in the solvents appears to hinder strong
shielding of the quaternary ammonium headgroups of the CnTA" surfactants,
leading to the micelles remaining spherical under these conditions. In choline
chloride : glycerol DES with added choline salicylate, similar penetration of the
organic anion into the palisade region of CTAC micelles has been shown to occur,
but in that case charge screening of the headgroups by this anion causes
a reduction in headgroup area, facilitating formation of rod-like micelles at low
water contents.™ In that case addition of water also promoted formation of larger
micelles, but via further elongation into wormlike micelles, rather than the larger
spherical micelles observed in our case. Clearly the micelle geometries rely on
a delicate balance of hydrophobic and electrostatic interactions, as well as steric
factors in molecular packing into self-organised micelle structures. Deep eutectic
solvents can support the self-organisation of amphiphilic molecules into nano-
scale structures but resolving the competition between such interactions in these
highly ionic mixtures to predict micellar morphologies remains challenging.
Further experiments on solvent structures and their interactions with amphi-
philes and small molecules such as water are needed, including under non-
equilibrium conditions, to enable full use of the potential new toolbox of deep
eutectic solvents.
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