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Hypothesis: Popular deep eutectic solvents (DESs) typically lack amphiphilic molecules and ions and
therefore do not have the useful self-assembled nanostructures prevalent in many ionic liquids. We
hypothesise that nanostructure in DESs can be induced via an amphiphilic hydrogen bond donor
(HBD), and that nanostructure becomes better defined with HBD chain length.

Experiments: The structure of DESs formed from choline chloride mixed with either butyric acid
(ChCl/BuOOH) or hexanoic acid (ChCl/HeOOH) in a 1:4 molar ratio were studied using atomic force
microscopy (AFM) imaging, force curves, and friction measurements combined with bulk rheology.
Findings: DESs formed with both the C, and Cg acids are nanostructured. As the length of the acid
group is increased from C, to C¢, AFM images reveal the nanostructure becomes larger and better
defined due to the longer acid chain, and AFM force curves show the interfacial nanostructure extends
further from the surface. Self-assembled nanostructure in these systems is a consequence of choline
cations, chloride anions, and acid alcohol groups clustering together due to electrostatic attractions
and hydrogen bonding to form polar domains. Acid alkyl chains are solvophobically excluded from the
polar domains and aggregate into apolar domains.
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Abbreviations: DESs, deep eutectic solvents; HBD, hydrogen bond donor; ChCl, choline chloride;
BuOOH, butyric acid; HeOOH, hexanoic acid; AFM, atomic force microscopy; DFT, density functional
theory; MD, molecular dynamics; ILs, ionic liquids; AM-AFM, amplitude modulation atomic force
microscopy; 2D FFT, two-dimensional fast Fourier transform; A, free amplitude; A, set amplitude;
A/Ao, amplitude setpoint ratio; y, friction coefficient; n, viscosity; y, shear rate.
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1. Introduction

Deep eutectic solvents (DESs) are mixtures of a salt and a hydrogen bond donor (HBD) in a specific
molar ratio which forms a homogenous liquid phase with melting point lower than the individual
components [1], and usually (but not always) lower than the expected effect of freezing point
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depression. The molar ratio which results in the lowest melting point is the eutectic composition,
although many studies of DESs may also occur at other nearby compositions. The first reported DES
comprised choline chloride (ChCl, m.p. =302 °C) and urea (m.p. = 135 °C) in a 1:2 molar ratio [1,2]. To
date, the DESs that have attracted the most research interest are composed of ChCl mixed with either
urea (reline), ethylene glycol (ethaline), glycerol (glyceline), malic acid, or oxalic acid [3-5].

Hydrogen bonding is critical for the formation and properties of DESs. Density Functional Theory (DFT)
calculations show that an “alphabet soup of many different types of hydrogen bonds” occurs between
the choline chloride and urea in reline [6]. The properties of the hydrogen bond network regulate the
magnitude of the DES melting point depression and viscosity [6]. Inelastic neutron scattering in
combination with ab initio calculations revealed that soft and strong interactions impart flexibility to
the hydrogen bond network in reline that contribute to the melting point depression [7]. DFT
calculations [8] and neutron diffraction [9] studies have also confirmed the structure, stability, and
behaviour of common DESs are a consequence of hydrogen bonding between the HBD and the
chloride anion, and choline and chloride ions. Molecular dynamics (MD) simulations of reline, ethaline,
and glyceline found that differences between hydrogen bond interactions lead to the different
eutectic temperatures and viscosities [10]. MD simulations of ChCl mixed with derivatives of urea
found that altering the HBD type changes interactions between the chloride anions and the HBD alkyl
chains [11]. DFT calculations of DESs composed of ChCl with carboxylic acid HBDs showed varying the
alkyl chain length affects the solute-solvent interactions and physicochemical properties of DESs,
including polarity and charge transfer [12].

DESs are closely related to the much more extensively studied class of ionic liquids (ILs) with the main
point of difference being that ILs are pure salts in a liquid state with no added HBD. ILs with sufficiently
long alkyl chains tend to form sponge-like nanostructures in the bulk liquid. Attractive interactions
between charged moieties lead to the formation of polar domains of anions and cation head groups,
which solvophobically exclude cation alkyl chains into apolar domains [13]. This ampbhiphilic
nanostructure leads to many useful properties, such as the ability to dissolve both polar and apolar
compounds simultaneously [13]. ILs are highly tuneable, but many are toxic and require expensive
starting materials [14]. DESs exhibit many of the useful properties of ILs, notably tunability and low
vapor pressure, but can be made from cheaper, non-toxic and biodegradable materials. However,
typical DESs lack any species with amphiphilic characteristics, so are not nanostructured in that there
are not separate polar and apolar domains [13]. Amphiphilic DESs that combine IL nanostructure with
these cheaper, greener materials are therefore of interest.

We have used neutron diffraction to show that nanostructure can be induced in DESs through the
amphiphilic cation via mixing glycerol with either ethylammonium bromide, propylammonium
bromide, or butylammaonium bromide [13]. In these DESs, the polar domain is composed of the cation
ammonium group, bromide, and glycerol, while the non-polar domain is formed by the cation alkyl
chains [13]. As in ILs [15], increasing the cation alkyl chain length amplifies the solvophobic effect,
resulting in better-defined and larger nanostructure, and changing the HBD to urea alters the
nanostructure [13,16]. A small angle neutron scattering study of the conformation of poly(ethylene)
oxide dissolved in alkylammonium DESs showed increasing the cation alkyl chain length reduces the
density of hydrogen bonding sites, which decreases the solvent quality for the polymer [17]. The
structure of DESs at solid/liquid interfaces has been investigated by atomic force microscopy (AFM)
and other interfacial methods. AFM studies have shown that at a charged graphite surface, chloride
and choline are attracted into the Stern layer at positive and negative potentials, respectively [18]. For
DESs with amphiphilic cations, the longer alkyl chains lead to stronger alkyl chain association at
interfaces, as in the bulk [19]. Addition of water to DESs has, surprisingly, led to stronger interfacial
nanostructure up to ~40 wt% water, which is attributed to the water molecules solvating and swelling
the DES structure, and participating in the hydrogen bond network [20]. Above 50 wt% the ions and
HBD are solvated which weakens intermolecular interactions, and interfacial nanostructure is reduced



0O NO UL WN -

10
11
12
13
14
15
16
17
18
19

20

21
22
23

24
25
26
27
28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44
45
46
47

[21,22]. This is in stark contrast to ILs where addition of small amounts of water decreases interfacial
nanostructure [20]. A combined AFM and simulation study of the interface of glycerine with graphite
and mica surfaces has emerged and shown interfacial nanostructure varies with surface type [23].
Scanning tunnelling microscopy [24], surface force balance [25], neutron reflectometry [26],
electrochemical studies [27-31], MD simulations [32—36], and DFT simulations [37] have also been
used to probe solid DES interfaces. The main finding of these studies is that the surface charge is the
main factor in determining which DES components are enriched in the Stern layer, except at neutral
potential [32].

The hypothesis for this work is that nanostructure can be induced in DESs by using amphiphilic HBDs,
instead of an amphiphilic cation, and that this nanostructure can be detected at the mica/DES
interface. DESs formed from terpenes and monocarboxylic acids have been studied previously using
phase diagrams, viscosities and solvatochromic dyes, [38] but the possibility of amphiphilic
nanostructure was not explored or postulated. In this study, the amphiphilic HBDs, butyric acid
(BuOOH) and hexanoic acid (HeOOH), are mixed with choline chloride, the archetypical DES salt. These
DESs liquids combine the nanostructure typical of ionic liquids with the low cost, green properties of
DESs. This study enables the influence of HBD alkyl chain length on interfacial nanostructure to be
explored using AFM imaging, as well as normal and lateral (friction) force measurements. The
outcomes will provide a new pathway for rational design of DES nanostructure towards applications,
such as low-cost biodegradable lubricants.

2. Materials and Methods

2.1. Materials
Choline chloride (Sigma, >98%), butyric acid (Sigma-Aldrich, >99%), and hexanoic acid (Aldrich, >99%)
were used as received. Mica substrates were obtained from SPI Supplies (V-1 Grade, 15 mm).

2.2. Sample Preparation

Choline chloride was mixed with either butyric acid or hexanoic acid in a 1:4 molar ratio, heated at
60 °C and stirred at 600 rpm until a clear, homogenous liquid phase formed. The samples were sealed
with Parafilm to minimise exposure to air. The residual water content of the samples was on average
0.42 wt% from Karl-Fischer titration measurements.

2.3. AFM Experiments

A Veeco Nanoscope IV AFM was used to measure normal force vs separation curves and lateral
(frictional) force vs normal load curves on a freshly cleaved mica surface. Sharp silicon AFM tips
(NSC36, Mikromasch) with spring constants of 0.7 + 0.3N! were cleaned with ethanol and MilliQ
water, followed by UV-Ozone for 10 min before use. The AFM fluid cell (Bruker) was washed with
ethanol followed by MilliQ water and dried with nitrogen flow before experiment. Normal force vs
separation curves were collected by moving the surface towards the AFM tip and detecting the
cantilever deflection as a function of separation. The ramp size ranged from 50 nm to 100 nm and
ramp rate was 0.2 Hz. Standard methods were used to convert deflection vs separation data to normal
force vs separation curves. Lateral forces were obtained by performing AFM scans with a scan angle
of 90° (with respect to the long axis of the cantilever) and with the slow scan axis disabled. The scan
size was 500 nm, and scan rate was 6 Hz. The lateral deflection signal (i.e. cantilever twist) was
converted to lateral force using a customised function produced in MATLAB, which takes into account
the torsional spring constant and the geometrical dimensions of the cantilever [39]. Every experiment
was repeated at least three times on different areas of the surface.

Amplitude modulation AFM (AM-AFM) in situ imaging of a mica surface immersed in both DESs was
conducted using the Cypher VRS AFM (Asylum Research) at different temperatures to determine the
impact that temperature has on interfacial structure. 40 °C was found to be the optimal temperature
to image interfacial structure, as any attempts to image below 40 °C were unsuccessful due to choline
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chloride precipitation. Feature in AFM images changed as expected with scan sizes and scan angles,
making image artefacts unlikely. The cantilever tips used for imaging have a reported spring constant
of either 6.0 Nm or 0.09 Nm; this is to optimise the opportunity to observe features in either the
Stern layer or the near-surface layer. Using a stiffer spring enables the AFM tip to disrupt and reach
the surface more easily, whereas using a softer spring means that the AFM tip cannot reach the surface
easily and will only interact with the near-surface layer. All images were taken after the system
stabilised and were collected over a period of 1-4 h. Any vertical measurements using AFM images will
be slightly inaccurate, due to the image stretching that occurs from the tip moving across and down
the selected area, and image analysis will therefore focus on horizontal measurements. AM-AFM
imaging data was analysed to extract the repeat spacing of the surface features, by using
two-dimensional Fast Fourier Transform (2D FFT) Integral Transformation with the radial profile and
the Fit Function tools in the Gwyddion program, which specialises in AFM analysis [40]. The calculated
repeat spacing value is used to determine the size of the structures of an image, which can be
employed to determine the near-surface structure of the solvents on interfaces.

2.4. Rheology Experiments

Rheological measurements were conducted using a TA Instruments DHR-3 rheometer with attached
Peltier plate. The geometry used was a 2° stainless steel cone with a diameter of 20 mm. For viscosity
vs shear rate tests, the shear ramp swept from 1s* to 1000 s? linearly over a 10 min period. For
viscosity vs temperature tests, the temperature ramp swept from 60 °C (333 K) to 40 °C (313 K) at a
fixed shear rate of 800 s. All runs were performed in duplicate with replacement of the solvent
between each run.

3. Results and Discussion

3.1. Force-Separation Profiles

Normal force-separation profiles for an AFM probe approaching a mica surface immersed in 1:1:4
Ch:Cl:BUOOH or 1:1:4 Ch:Cl:HeOOH, referred to as ChCl/BuOOH or ChCl/HeOOH respectively, at 40 °C
are shown in Fig. 1a and Fig. 1b. The force curves shown best represent the key features of several
hundred force curves collected over different days. A single representative force curve is presented
rather than an average, as averaging can obscure common features at small normal forces, as
described previously [18,41]. Additional exemplar force separation profiles can be found in Fig. $1 and
Fig. S2 in SI, which are consistent with Fig. 1. In an AFM experiment, the absolute distance between
the AFM tip and the surface cannot be determined as the compliance region (zero apparent
separation) corresponds to probe pushing against material that cannot be displaced, and not
necessarily contacting the surface. For a silica AFM tip and a mica substrate, steps in force profiles
result from material being displaced from the mica surface rather than the silica tip [42,43]. This is
because the silica AFM tip has lower charge density and is rougher than mica, which means that
material silica tip will be displaced at lower force [42,43].

Previous work on DESs [18—-20] and ILs [44-51] have shown that near smooth solid surfaces the liquid
forms discrete layers, which produce steps in AFM force curves. The width of the steps is determined
by physical size of the species enriched in a given layer. The number of steps (layers) and magnitude
of push through forces depend on the level of order and lateral cohesive interactions within a layer.
Generally, liquids with well ordered Stern layers and strong bulk nanostructure have strongly
structured interfaces [18,19,52,53].

Key features in Fig. 1a and Fig. 1b are indicated by arrows. For ChCl/BuOOH in Fig. 1a, as the AFM tip
approaches the surface from large separation, the measured force is zero. At an apparent separation
of 1.3 nm a repulsion is detected, which increases monotonically to 4 nN at an apparent separation of
0.9 nm. At this point, there is an inward jump in the force-separation data, followed by push-through
into compliance at a force of 3 nN. For ChCl/HeOOH in Fig. 1b, the distance at which the repulsion is
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Fig. 1. Representative normal force-separation profiles of an AFM tip approaching mica immersed in
ChCl/BuOOH (A) and in ChCl/HeOOH at 40 °C (B). Insets show the structure and dimensions of the
respective carboxylic acids, choline, and chloride calculated using Avogadro software [49,54].

The large, near-surface step for ChCl/BuOOH has a width of 1.3 nm from the onset of repulsion to the
end of the jump, which is too large to be due either to layers enriched in choline and chloride, which
have previously been shown to be 0.3 to 0.5 nm thick [18], or a monomer layer of BUOOH, which has
an extended length of 0.65 nm. However, 1.3 nm matches twice the extended length of BUOOH,
consistent with these large near-surface steps due resulting from solvophobically self-assembled
BuOOH aggregates. These acid aggregates form because the choline cations, chloride anions, and acid
alcohol groups cluster together due to electrostatic attractions and hydrogen bonding to form polar
domains, which exclude the acid alkyl chains into apolar domains. As the AFM tip pushes againt the
aggregates, they are first compressed (1.3 nm to 0.9 nm) and then ruptured as the tip jumps to
compliance, whereupon the AFM tip pushes against the cation-enriched Stern layer which it cannot
displace [18].

A similar argument holds for ChCl/HeOOH. The longer alkyl chain for ChCl/HeOOH compared to
ChCl/BuOOH leads to stronger lateral cohesion between neighbouring acid molecules within apolar
regions. Consequently, rather than the compression and explusion observed for ChCl/BuOOH,
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expulsion of HeOOH aggregates occurs via two 0.9 nm sublayers, first from 1.8 nm to 0.9 nm, then
from 0.9 nm to compliance. The two steps immediately adjacent to the surface are both 0.9 nm wide,
consistent with the extended length of HeOOH, so these steps are due to solvophobically self-
assembled HeOOH aggregates atop a cation-enriched Stern layer which cannot be displaced at
compliance [18]. The additional steps at 2.1 nm and wider distances are due to liquid nanostructures
that are less well ordered but extend further from the surface.

The step widths found in Fig. 1 are significantly larger than those of DESs composed of ChCl mixed
with conventional HBDs [18]. This is consistent with amphiphilic DESs featuring distinct polar and
apolar domains, and therefore larger near-surface layers.

3.2. Images

Fig. 2a and Fig. 2b present 5 nm x 5 nm AFM phase images of near-surface nanostructure (above the
Stern layer) at a mica surface for ChCl/BUOOH and ChCI/HeOOH, respectively. Phase rather than
topography images are presented because differences in height are minimal, whereas differences in
phase are more sensitive to the liquid compliance between the AFM tip and the surface, and thus
reveal near-surface structures more clearly [55-57]. In Fig. 2, dark areas are compliant and bright
areas are non-compliant, which can loosely be conceptualised as compressible and stiff, respectively,
similar as seen before for nanostructured ILs [58]. All features scaled and rotated as expected as
imaging parameters were changed and were reproduced in topographical images.

To obtain these images the cantilever is completely immersed in the DESs. A piezoelectric actuator is
used to acoustically excite the cantilever, which oscillates at or near its resonant frequency with a
user-determined amplitude. A photodiode and laser are used in combination to monitor the vertical
motion of the cantilever with resolution less than an Angstrom. As the oscillating tip nears the mica
surface, the free amplitude (A) is dampened to the set amplitude (A), and the cantilever oscillation
phase lags behind the input oscillation. A is kept approximately constant via a feedback loop, from
which topographical and phase images are produced. The images for ChCl/BuOOH and ChCl/HeOOH
were obtained using an amplitude setpoint ratio (A/A,) > 0.6 [57].

Comparison of Fig. 2a and Fig. 2b reveals some similarities and stark differences. For ChCl/HeOOH, the
image shows a well-defined, interconnected, sponge-like structure, with the distance between the
centres of light (or dark) features of the order of a few nanometres. For ChCl/BuOOH, the near-surface
structure is less well defined, and consists of smaller, irregular blobs with a spacing of 1 to 2 nm
between the centres of corresponding areas. Structures in both images are too large to be due to
Stern layer cations adsorbed to the mica, which typically form hexagonal rows aligned by the mica
0.52 nm apart [53]. This confirms that the images in Fig. 2a and Fig. 2b are of the near-surface
structure, and not the Stern layer. The bright (non-compliant) areas in the image show the location of
polar domains, where electrostatic and hydrogen bonding interactions between groups lead to a
relatively rigid local structure, and the dark regions are the more compliant, apolar domains of self-
assembled acid alkyl chains. Comparable near-surface nanostructures were observed previously for
1-butanol, 1-octanol and 1-dodecanol dissolved in the ionic liquid propylammonium nitrate at similar
volume fractions [58], as well as bulk nanostructures of propylammonium nitrate, ethanolammonium
nitrate, and ethylammonium nitrate [59,60].

The insets to Fig. 2 show phase image FFTs and radial profiles extracted from the FFT. The FFTs exhibit
broad peaks consistent with the disordered images. The peak in the radial profile for ChCl/BuOOH is
at 0.646 nm, and for ChCl/HeOOH at 0.350 nm™, which correspond to real space repeat spacings of
1.6 nmand 2.9 nm, respectively. These values are larger than the aggregate sizes detected in the AFM
normal force curves due to flattening of nanostructure structures by the smooth flat mica substrate,
as per ionic liquids [61].
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Fig. 2. 5 nm by 5 nm AM-AFM phase images of mica immersed in ChCl/BuOOH (A) and in ChCl/HeOOH
at 40 °C (B). Insets show the 2D FFT image and radial average of the FFT.

Given that near-surface and bulk nanostructure are usually closely related [14], the AFM images and
force curves in combination provide compelling evidence that amphiphilic nanostructure in these DESs
has been induced via the HBD. We have completed neutron diffraction measurements for
ChCI/BuOOH, which reveal a low g pre-peak that confirms bulk nanostructure on the same length
scale.

3.3. Friction

Fig. 3 shows lateral (frictional) force versus normal force of mica immersed in ChClI/BuOOH and
ChCl/HeOOH, with air for comparison at the nanoscale. Nanofriction was measured instead of
macrofriction because nanoscale friction studies are less affected by surface asperities and roughness
than macroscale measurements, and thus can elucidate molecular scale lubrication effects critical for
understanding the lubrication mechanism. For both DESs, two friction regimes are apparent, similar
to previous studies on mica and other surfaces [62—65]. In the low normal force (multilayer) regime,
the AFM tip is in contact with multiple layers near, but not bound to, the mica surface (i.e. the
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near-surface layers). In the high normal force (boundary) regime, the AFM tip is in contact with the
layer strongly bound to the mica surface (i.e. the Stern layer, referred to as the boundary layer in
friction). The jump in lateral force for the two DESs are at the normal loads of 4 nN for ChCl/BuOOH
and 15nN for ChCl/HeOOH. This jump indicates the critical normal force (breakpoint), which
delineates the transition from the multilayer regime to the boundary regime. The scheme in Fig. 3
illustrates this transition for ChCl/HeOOH on mica. The longer alkyl chain of HeOOH than BUOOH leads
to stronger solvophobic interactions in the apolar domains, resulting in a stronger multilayer regime
in ChCl/HeOOH than in ChCI/BuOOH, which is consistent with the force-separation curves (Fig. 1) and
near surface layer imaging (Fig. 2). This means a higher normal load is required for the AFM tip to
disrupt the multilayer regime for ChCl/HeOOH compared to ChCl/BuOOH. Studies of ethylammonium
nitrate confined between mica and silica found the breakpoint was consistently between normal loads
of 15 nN and 20 nN at different temperatures [62], which is consistent with the ChCl/HeOOH results.
Both normal force values are in good agreement with the final push-through forces (3 nN and 16 nN,
respectively) detected in the normal force curves in Fig. 1. The push-through to compliance in the
force curves indicates the tip is now in contact with the Stern layer, which matches with the jump in
the friction data indicating the tip is now in contact with the boundary layer.

In the multilayer regime, friction is affected by many factors, including adhesion and the near-surface
layer structure. The friction coefficient (i), which is the proportionality between the lateral force and
the normal force, is higher for ChCl/HeOOH (0.20) than for ChCI/BuOOH (0.18) in the multilayer
regime, mainly because ChCl/HeOOH has stronger near-surface layers, and more energy is dissipated
when the AFM tip slides across and brushes aside these near-surface layers. In the boundary regime,
the AFM tip is in contact with a strongly adsorbed ion layer. The friction coefficients are almost the
same for ChClI/BuOOH and ChCI/HeOOH in the boundary regime and consistent with previous
reported ChCl/ethylene glycol DES [25], whereas much smaller than that in air. In the boundary regime,
the friction coefficient is mainly determined by the boundary layer composition. The similarity in
friction coefficients for ChCl/BUOOH and ChCl/HeOOQOH together with ChCl/ethylene glycol strongly
suggest that in the boundary regime, HBD molecules and chloride have been squeezed out for both
systems, and the boundary layers are enriched in choline cations which are strongly bound with the
negatively charged mica surface. These results are consistent with the normal force curves in Fig. 1,
and with a choline cation enriched boundary layer remaining between the AFM tip and mica surface
to increase lubricity. Further, the sudden jump in lateral force at the critical normal force is higher for
ChCl/HeOOH (30 nN) than for ChCI/BuOOH (15 nN). Previous studies have shown this sudden jump is
proportional to the energy dissipated to brush aside the ion layers adsorbed on top of the sliding
plane [65—68]. In this study, as HeOOH has longer alkyl chain than BuOOH, the solvophobic interaction
between the final HeOOH enriched near-surface layer and the underneath choline cation enriched
boundary layer is stronger, thus requires more energy to brush aside the final near-surface layer.
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Fig. 3. Lateral force vs normal force of mica in air (black), ChCl/BuOOH (blue), and ChCl/HeOOH (red)
at 40 °C. The friction coefficient, |, is extracted from the gradient of the plot in the boundary regime.
Inset shows representative schematic of the transition from the multilayer regime to the boundary
regime for ChCl/HeOOH on mica.

3.4. Viscosity

Fig. 4 shows the viscosity (n) of ChCl/BuOOH and ChCl/HeOOH as a function of shear rate (y) at
313 K (red) and 333 K (blue), respectively. For all conditions investigated, shear-thinning is observed,
where viscosity decreases as shear rate increases, indicating the non-Newtonian nature of the
investigated DES systems. A log-log plot based on the same data as Fig. 4 can be found in Fig. S3 in
Supplementary Information, which further supports the shear-thinning properties of ChCl/BuOOH and
ChCl/HeOOH. This is similar as seen before in studies of ChCl-based DESs and their aqueous mixtures
[10,19], likely caused by disruption of hydrogen bond network and/or bulk nanostructure.

The inset of Fig. 4 shows the viscosity as a function of temperature at a fixed shear rate of 50 s and
the fits with the natural logarithmic form of the Arrhenius equation (Eq. 1):
E71
Inn=1Inne,+ ¢y (Eq. 1)
where E,, is the activation energy for viscous flow, n..is the viscosity at infinite temperature, and R is
the universal gas constant [69,70]. The fitted E,, is 21.2 k) mol* for ChCl/HeOOH, which is 35% higher
than that for ChCl/BuOOH (15.6 kJ mol?). This difference is likely due to the increased solvophobic
segregation and better-defined nanostructure due to the longer alkyl chain of HeOOH compared to
BuOOH. This results in a greater force needed to disrupt the interfacial layers, leading to higher energy
barriers for the molecules and ions moving past each other under shear, which further shows the
correlation between lubrication, friction, and normal force curves.
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Fig. 4. Viscosity (n) as a function of shear rate (y) from 1s? to 1000 s* for ChCl/BuOOH (blue) and
ChCI/HeOOH (red), at 313 K (circles) and 333 K (triangles). Inset shows viscosity as a function of
temperature at a fixed shear rate of 800 s and fits to the Arrhenius equation.

4. Conclusions

Nanostructure in DESs has previously only been reported for amphiphilic cations, [13,16,71] that is,
in the same way as for ionic liquids. In this work, we show that nanostructure in DESs can also be
induced via amphiphilic HBDs. AFM imaging, force curves, and friction measurements have been used
to study the interfacial properties of ChCl/BUuOOH and ChCI/HeOOH. The results demonstrate that
amphiphilic nanostructure can be induced in DESs by using intermediate chain length carboxylic acids
as the hydrogen bond donor, and that this nanostructure becomes better defined as alkyl chain length
increases. The force-separation profiles show the near-surface layers for ChCl/HeOOH extend further
into the bulk compared to ChCl/BuOOH, due to the longer alkyl chain length of hexanoic acid. The
near-surface structure seen in the AFM images features more distinct and larger structures for
ChCl/HeOOH in contrast to ChCl/BuOOH. This is consistent with the longer alkyl chain of hexanoic acid
forming larger apolar domains and a better-defined nanostructure due to the stronger solvophobic
interactions. The friction data reveals that both solvents are lubricating, with ChCl/BuOOH showing
better lubricating properties, despite ChCl/BuOOH being less viscous than ChCl/HeOOH. These results
provide a new pathway for DESs in applications where liquid nanostructure is desirable, such as
low-cost biodegradable lubricants.
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Fig. 1. Representative normal force-separation profiles of an AFM tip approaching mica immersed in

ChCl/BuOOH (A) and in ChCl/HeOOH at 40 °C (B). Insets show the structure and dimensions of the
respective carboxylic acids, choline, and chloride calculated using Avogadro software [49,54].
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