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Experiments: The interfacial structure and friction of PhAA/MO-12 with water content up to 41.9 wt% were
investigated at mica surfaces. Atomic force microscopy (AFM) was used to measure normal force-separation
profiles, lateral images, and nanoscale friction.

Findings: Conductivity increases over twentyfold with the addition of 23.6 wt% water. AFM force curves reveal
that increasing water content in PhAA/MO-12 leads to a more pronounced interfacial structure with steps
extending further into the bulk. High-resolution near-surface images show a well-defined sponge-like nano-
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increased proton transfer from PhAA to MO-12 and segregation of polar and apolar domains driven by water-
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strengthened solvophobic interactions. Friction reduces up to 72 % for >7.0 wt% water compared to the neat
DES, due to a more robust boundary layer facilitated by water.

1. Introduction

Ionic liquids (ILs) are pure salts that exist as liquids at or near room
temperature. ILs containing alkyl chains of adequate length self-
assemble into sponge-like nanostructures due to the solvophobic ef-
fect, where polar domains are formed by attractive interactions between
charged moieties, and apolar domains are created by the solvophobic
exclusion of alkyl chains [1]. This nanostructure enables the concurrent
solubilization of both polar and non-polar substances in ILs [1]. Recent
atomic force microscopy (AFM) studies on ILs [2] have shown that ILs
with amphiphilic characteristics display a distinctive nanostructure in
the near-surface region. In this arrangement, the top half of a near-
surface aggregate moves slowly over the Stern layer. Compression of
these aggregates by the AFM probe produces the characteristic steps
observed in the force-separation profiles. Studies on ILs using X-ray
diffraction and neutron scattering have also revealed this characteristic
near-surface ordering [3,4]. The unique nanostructures and properties
of ILs have enabled their widespread adoption in diverse technologies,
ranging from lubricants [5], sensors [6], solar cells [7], electrolytes
[8,9], and biomass processing [10,11]. However, the toxicity of many
ILs and the high cost of their starting materials have prompted research
into more sustainable and cost-effective alternatives [12].

Deep eutectic solvents (DESs) are composed of a hydrogen bond
donor (HBD) and a hydrogen bond acceptor (HBA), mixed in a ratio that
results in a melting point lower than the individual components [13].
DESs exhibit useful properties of ILs, such as tunability, while offering
the advantage of being made from more cost-effective, environmentally
benign, and biodegradable materials. This makes DESs attractive for
various applications, including chemical syntheses [14-17], extraction
[18], separation [19], gas capture [20], drug delivery [21], and nano-
particle solubilization [22].

Conventional DESs are categorized into four types based on their
components [18,23-25]. Type I DESs are formed from quaternary
ammonium salts (e.g., ChCl) as the HBA and metal chlorides (e.g., FeCly)
as the HBD, analogous to metal halide/imidazolium ILs [26]. Type II
DESs are similar, but have metal chloride hydrates as the HBD, offering
lower cost and air stability which is ideal for large-scale applications.
Type III DESs are composed of quaternary ammonium salts and a wider
range of HBDs such as amides, carboxylic acids, and alcohols
[22,27,28]. These DESs are easy to prepare, relatively stable in the
presence of water, often biodegradable, and features relatively cheap
starting materials. Due to these advantages, Type III DESs have attracted
attention as they solvate various transition metal species [22], and their
physical properties can be tuned for specific applications by choosing
different HBDs. In contrast, Type IV DESs feature the same selection of
HBDs but with metal chloride hydrates as the HBA, such as ZnCl, mixed
with urea [29].

A new type of DES, known as Type V, was defined in 2019 based on
studies of thymol-menthol mixtures [23]. Type V DESs consist exclu-
sively of molecular substances and are formed through hydrogen
bonding between a HBA and a HBD that is a hydroxyl group directly
attached to an aromatic ring, such as a phenolic compound [25]. This
interaction enables the design of novel non-ionic DESs with unique
properties, including lower viscosities compared to ionic DESs, the
absence of chloride, and measurable vapour pressures, which may be
beneficial in applications requiring solvent recovery through evapora-
tion or distillation [30,31].

Although their hydrogen bonding networks can facilitate sponta-
neous amphiphile self-assembly [32], conventional Type I-Type IV DESs
are usually composed of short alkyl chain species, thus lack inherent
amphiphilic nanostructures, which limit their wider applications.
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However, recent studies on DESs have shown that the use of amphiphilic
components facilitates spontaneous amphiphile self-assembly, which
can induce nanostructure similar to ILs [32]. This enables the creation of
DESs that combine the advantageous properties of ILs with greener,
more cost-effective materials. Compared to conventional Type I-Type IV
DESs, Type V DESs offer greater flexibility in tuning amphiphilicity
through the selection of non-ionic compounds with various alkyl chain
lengths [30], and thus have great potential for a variety of applications.
For instance, amphiphilic Type V DESs composed of environmentally
friendly components, i.e. phenylacetic acid (PhAA) as the HBD and
various N-oxides as the HBA [33-36], exhibit very low freezing points
and polarities similar to conventional ILs [37], making them promising
reaction media for chemical synthesis [38].

Water addition has been found to affect nanostructures of conven-
tional Type I to Type IV DESs both in the bulk and at the interface.
Neutron scattering and atomic force microscopy (AFM) [39,40] experi-
ments [41] as well as molecular dynamics simulations [42-45] on Type
III DESs composed of a 1:2 M ratio of ChCl and urea (reline), ChCl and
ethylene glycol (ethaline), and ChCl and glycerol (glyceline) have
revealed that ion arrangements are retained with up to 40 wt% water
both in the bulk and at interfaces, as water molecules solvate DES
components and take part in the network of hydrogen bonding. How-
ever, above 50 wt% water, these DES ions become fully solvated,
resulting in a homogeneous mixture [46,47]. Adding 10 wt% water to a
Type III DES with an amphiphilic HBD, ChCl:butyric acid (molar
ratio 1:4), enhances the bulk nanostructure by increasing the polarity
difference between charged and uncharged domains, promoting alkyl
chain segregation [48]. In other Type III DESs with amphiphilic cations
(ethylammonium bromide and butylammonium bromide mixed with
urea), increasing the length of the cation alkyl chains results in more
significant solvophobic interactions, thus more pronounced interfacial
nanostructures [49].

Liquids with stronger interfacial nanostructure, especially in the
Stern layer, have been found to promote lubrication [50,51], especially
in the boundary regime. This makes it critical to study boundary layer
lubrication of amphiphilic DESs and their water mixtures for a
comprehensive understanding of their properties and potential appli-
cations. Previous studies have found that ChCl-based and menthol-based
DESs are ideal lubricants, due to their strong surface adsorption, as well
as the advantage of a lower synthesis cost compared to conventional ILs
[52-54]. Surface force balance experiments have shown that ChCl-based
DESs with 30 wt% water exhibit lubrication properties comparable to
conventional ILs, attributed to water molecules strengthening polar
domains and forming a more robust Stern layer [55]. However, the
relationship between water content and lubrication is not always
straightforward. For instance, a DES analogue composed of ChCl and
magnesium chloride hexahydrate exhibits very low friction at water
concentrations between 2 and 10 wt% but increased friction above 10 wt
% [56]. This suggests the existence of an optimal water content range for
achieving the desired lubrication performance in DESs.

To date, the interfacial structure and lubrication properties of
promising amphiphilic Type V DESs, such as PhAA/N-oxides, remain
unexplored in both neat and water-containing states, limiting their
wider applications. Unlike conventional ionic DESs (Type I-Type IV) and
ILs where charged species are inherently present, Type V DESs are
unique in starting as purely molecular species. This fundamental dif-
ference suggests that their response to water addition could reveal new
mechanisms for tuning interfacial properties. While water effects have
been extensively studied in ionic systems [57-63], the potential for
water to mediate a molecular-to-ionic transition in Type V DESs, and the
subsequent impact on interfacial structure and properties, remains
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unexplored.

To address the knowledge gap, this work investigates the interfacial
nanostructure and lubrication properties of a 1:1 M ratio PhAA/N-
dodecylmorpholine-N-oxide (MO-12) DES (PhAA/MO-12) with varying
water content on mica substrates using AFM. MO-12 was chosen as the
HBA for its relatively low hygroscopicity compared to similar N-oxides.
The findings contribute to understanding nanostructure-friction re-
lationships in amphiphilic non-ionic DESs, potentially guiding the
development of economical, environmentally friendly lubricants and
other similar applications involving interfacial phenomena.

2. Materials and methods
2.1. Chemicals and materials

Phenylacetic acid (PhAA) was purchased from Sigma-Aldrich and
was used as received. N-dodecylmorpholine-N-oxide (MO-12) was syn-
thesized using a previously published method [37].1-butyl-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)imide ([Py; 4] [TFSI]) and 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIm]
[TFSI]) were obtained from IoLiTec Ionic Liquids Technologies GmbH.
Milli-Q water was sourced from a Merck EQ 7000 ultrapure water
system.

Mica surfaces (V-1 Grade, 15 mm) were purchased from SPI Sup-
plies. Mica substrates were selected for their atomically smooth surfaces
with well-defined negative surface charge density, which enables reli-
able force measurements and imaging of interfacial structures. While
other substrates like silicon could potentially be used, the chemical
stability and reproducible surface properties of mica make it particularly
suitable for fundamental interfacial studies.

2.2. Sample preparation and characterisation

The PhAA/MO-12 DES samples were prepared by mixing the solid
compounds at the proper molar ratio and heating the mixtures at 90 °C
to obtain a homogenous liquid phase. MO-12 characterization was based
on a previously published method [37]. 'H NMR spectral data of the
PhAA/MO-12 DES are presented in Fig. S1.

The neat PhAA/MO-12 sample contained 0.3 wt% water, as tested by
Karl Fischer titration. Milli-Q water was added to PhAA/MO-12 to
prepare samples with varying water content. Table 1 lists the prepared
DES/water mixtures with the corresponding wt%. A PhAA/MO-12
sample with 50.1 wt% (95.6 mol%) water was attempted but did not
form a homogeneous phase required for AFM measurements.

2.3. Conductivity measurements

Conductivity measurements were conducted with an Keysight
E4980AL Precision LCR Meter with a 4-point probe Farnell LFA1107
Class B conductivity sensor. The cell constant (K) was empirically cali-
brated with two known ionic liquid standards, which were [Py 4]
[TFSI] and [EMIm] [TFSI], and was found to be 2.83 cm~ L All readings

Table 1

Experimental and reported conductivities (¢) for the DES within prepared
DES/water mixtures, [Py; 4] [TFSI], [EMIm] [TFSI], and Milli-Q water.
All conductivity measurements were taken with a cell constant of 2.83 ¢cm~! and
at room temperature.

Sample Experimental o Reported o
(mS~cm’1) (mS~cm’1)
Neat PhAA/MO-12 0.033 0.029 [37]
PhAA/MO-12 with 23.6 wt% 0.724
H,0
[Py1,4] [TFSI] 2.126 2.12 (73]
[EMIm] [TFSI] 6.634 6.63 [74]

Milli-Q H,0

0.000055 [75]
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were taken at room temperature. The results of the DES/water samples
together with two IL standards are listed in Table 1.

2.4. AFM experiments

AFM experimental protocols followed established methodologies
validated in multiple peer-reviewed studies investigating similar sys-
tems [49,64-67]. Normal force-separation profiles and lateral force-
normal force relationships were investigated using a Veeco Nanoscope
IV AFM on a newly exposed mica surface at 22 °C) with the laboratory
temperature continuously monitored and maintained by a central air
conditioning system. Thermocouples were used to verify thermal equi-
librium within the AFM enclosure throughout each experiment,
ensuring that any observed changes in interfacial structure could be
attributed to water content rather than thermal fluctuations. Sharp sil-
icon AFM probes (NSC36 model from Mikromasch, spring constants of
~0.7 N-m™!) were subjected to a cleaning protocol involving ethanol
and Milli-Q water, as well as a UV-Ozone treatment for 5 min prior to
use. An AFM fluid cell (Bruker) was cleaned with ethanol and Milli-Q
water, then dried with Ny before each experiment. Normal force vs
separation curves were acquired by advancing the surface towards the
AFM probe while recording cantilever deflection with separation. The
ramp size and rate of ramp are 50 to 100 nm and 0.2 Hz, respectively.
Established methodologies were employed to transform deflection vs
separation data into normal force vs separation curves. To measure
lateral forces, the AFM was configured to scan perpendicular to the
longitudinal axis of the AFM probe with the slow scan axis deactivated.
The scan dimensions were 500 nm, with a scan rate of 6 Hz. A
customized MATLAB function, accounting for the torsional spring con-
stant and cantilever geometrical parameters, was utilized to convert the
deflection signal in the lateral direction (cantilever twist) into lateral
force [68].

Amplitude modulation AFM imaging of PhAA/MO-12 on a mica
surface was measured by the Cypher VRS AFM (Asylum Research) at
60 °C. Imaging attempts below 60 °C were unsuccessful due to high
viscosity of the liquid. The cantilever was excited acoustically using a
piezoelectric actuator, oscillating at or near its resonant frequency. As
the oscillating AFM probe approaches the mica surface, the free ampli-
tude (Ap) is attenuated to the set amplitude (A), resulting in a phase lag
of the cantilever oscillation relative to the input oscillation. A feedback
loop maintains A at an approximately constant value, generating topo-
graphical and phase images. Images were acquired using an amplitude
setpoint ratio (A/Ag) exceeding 0.6 [69]. The AFM probes used for im-
aging (AC40, Olympus) has a very low spring constant of 0.09 + 0.02
N-m™}, suggesting that the obtained features in AFM images are more
likely representative of the near-surface region rather than the Stern
layer. The AFM probes were cleaned with ethanol and Milli-Q water,
followed by UV-Ozone treatment for 5 min prior to use. Image acqui-
sition commenced only after the system reached a stable equilibrium
state. The entire imaging process was completed within a timeframe less
than 4 h. Amplitude modulation imaging data underwent quantitative
analysis to determine the repeat spacing of surface features using two-
dimensional fast Fourier transform (2D FFT) integral transformation
and the Fit Function tools in Gwyddion, a specialized AFM analysis
software [70]. The obtained repeat spacing was applied to ascertain the
dimension of image features, facilitating the determination of the near-
surface nanostructure at solid-liquid interfaces.

To ensure measurement reliability and reproducibility, AFM canti-
lever spring constants were calibrated using thermal tuning prior to each
force and imaging experiment. Both normal and lateral force measure-
ments were performed at a minimum of three different locations on each
surface to account for potential surface heterogeneity. A systematic
approach was used when studying DES samples with different water
content, in which measurements were conducted from lowest to highest
water concentration to minimize contamination effects. Each experi-
mental measurement was conducted a minimum of three times at
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different surface locations to account for potential surface heterogene-
ities. Only measurements showing consistent behaviour across these
repeated trials were included in the analysis. This approach ensures that
observed changes in interfacial structure and friction are representative
of genuine physical phenomena rather than artifacts from surface ir-
regularities or probe contamination. The AFM data interpretation was
validated through cross-correlation between force spectroscopy, lateral
force measurements, and imaging. These measurements were further
complemented by conductivity data to provide independent confirma-
tion of structural changes.

3. Results and discussion
3.1. Conductivity

Table 1 shows the conductivity of the neat PhAA/MO-12 DES
(0.033 mS cm 1) is three orders of magnitude larger than that of Milli-Q
water (0.000055 mS cm’l). As PhAA is a weak acid (pKa = 4.31) [71]
and MO-12 has a pKa close to 5.0 [72], proton transfer is limited from
PhAA to MO-12 in the neat DES, resulting in mainly molecular compo-
nents. However, the presence of [PhAA]~ and [MO-12]" cannot be
neglected, as the significant conductivity increase compared to Milli-Q
water suggests a small but notable ionic portion [37].

The addition of water to the PhAA/MO-12 DES significantly in-
creases its conductivity from 0.033 mS-cm™! to 0.724 mS-cm™!
(Table 1), comparable to conventional ionic DESs and ILs
[13,46,49,73,74]. The significant increase in conductivity upon water
addition for the PhAA/MO-12 DES indicates that the added water
molecules surround and hydrate PhAA and MO-12 molecules, enabling
them to dissociate and interact more freely. Consequently, proton
transfer from PhAA to MO-12 is facilitated, leading to higher concen-
trations of [PhAA]™ and [MO-12]" ions comparable to conventional
ionic DESs and ILs.

The dramatic conductivity increase observed in this study reveals a
previously unreported mechanism in Type V DESs, where water medi-
ates the transition from a predominantly molecular system to one with
significant ionic character. This behaviour differs fundamentally from
conventional ionic DESs and ILs, where water primarily affects the
mobility and distribution of pre-existing ionic species.

Journal of Colloid And Interface Science 683 (2025) 722-730
3.2. Force-separation profiles

Fig. 1a shows characteristic normal force-separation profiles as an
AFM probe approaches a mica surface submerged in neat PhAA/MO-12
and with water contents of 7.0 wt%, 11.6 wt%, 23.6 wt%, and 41.9 wt%.
These force curves are vertically offset to enable clear visualization of
the changes in interfacial structure, but all systems exhibit zero force at
large separation distances. Single representative force curves are pre-
sented instead of averages, since the process of averaging multiple
curves can potentially obscure or eliminate important features at low
normal forces [76,77]. The exact distance between the AFM probe and
the substrate cannot be achieved, as the compliance region at zero
apparent separation corresponds to the AFM probe pushing against
material that cannot be penetrated, which is not necessarily in contact
with the substrate. The maximum force of each step, known as the push-
through or rupture force, indicates the AFM probe disrupting the
interfacial layer. The step numbers and the rupture force magnitude in
force-separation curves generally increase with the interfacial structure
of the liquid [49,76,78].

Fig. 1a shows that for neat PhAA/MO-12, no significant force is
detected until a separation of 3.5nm. From 3.5 nm to 1.5nm, a
monotonic increase in force to approximately 3 nN is observed, followed
by a steeper increase to 12 nN at compliance. This lack of discrete steps
indicates the absence of well-defined interfacial structures [39,47,51].

The first weak layer detected at 3.5 nm may be due to the AFM probe
encountering some weak near-surface liquid nanostructures, likely ag-
gregates of PhAA and MO-12, which are compressed first and then
pushed through as the force exceeds 3 nN. The second layer starting at
1.5 nm, consistent with the MO-12 alkyl chain length (1.48 nm, Fig. 1b)
[61,79], suggests the rupture of a MO-12 enriched layer. However, ac-
cording to previous studies [80-82], there may exist another layer
enriched in MO-12/[MO-12]" with alkyl chains towards the upper MO-
12 layer, and polar heads strongly attaching to the negative mica surface
via hydrogen bonding and electrostatic interactions, which cannot be
pushed through. The schematic of this MO-12 bilayer structure is shown
in Fig. 2a.

The absence of discrete steps in neat PhAA/MO-12 is different from
conventional ionic DESs and ILs, where interfacial structure typically
exists even without water addition due to their inherent ionic nature.
This difference highlights the unique starting point of Type V DESs as
molecular systems, enabling the observation of water-induced structural
evolution from a truly non-ionic state.

A5° B Phenylacetic acid (PhAA)
45 6.0 9.0 12.0
0 . 41.9 wt% H,0 0.49 nm
¢
.35
=z . 23.6 wt% H,0
30 My, R i 0.85 nm
§ ”s N-dodecylmorpholine-N-oxide (MO-12)
o
[
SO ¥y T 0.48 nm
g 15
> - 7.0 wt% H,0
10 ",;; D T T R e La .2 L L LRV 1.48 nm
5 %, 1.91nm
"’q,* Neat PhAA/MO-12
0+ \.;-..,...‘--w...-§.....‘..~x..,.’..‘—-..u.n....~.....‘....-..... Water
5 H N B i . . i . 0.18 nm I &e
2 0 2 4 6 8 10 12 14 18
" A S
Apparent Separation (nm) 0.27 nm

Fig. 1. (a) Typical normal force-separation profiles of a silicon AFM probe approaching a mica surface immersed in neat PhAA/MO-12 and with increasing water
content at room temperature. The force curves are vertically offset for visual clarity. Key features are indicated by dotted red lines. (b) Structures and dimensions of
PhAA, MO-12, and water molecules, calculated using Avogadro software [61,79]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic illustrating the interfacial structure of (a) neat PhAA/MO-12
and (b) PhAA/MO-12 with >7.0 wt% water on a micra surface at the nanoscale.
Note that the real structure is more intricate and constantly changing compared
to that shown in the schematic.

For PhAA/MO-12 DESs with >7.0 wt% water, discrete steps are
detected due to the AFM probe contacting structures in the near-surface
region, consistent with previous studies [66,67,83-85]. As the water
content increases from 7.0 wt% to 23.6 wt%, the number of steps, the
separation at which forces are first detected, and the push-through
forces all increase, revealing more extensive and strongly ordered
interfacial nanostructures. This systematic enhancement of interfacial
structure with increasing water content follows similar trends observed
in conventional Type I-IV DESs, where water molecules preferentially
associate with polar groups to strengthen the hydrogen bond network
[39]. The addition of water also promote higher concentrations of
[PhAA] and [MO-12]" ions, as indicated by the conductivities (Section
3.1), resulting in the formation of more pronounced near-surface
structures, c.f. Fig. 2b. However, as the water concentration reaches
41.9 wt%, the number of steps decreases to two, suggesting the break-
down of the nanostructures and transition toward a DES-in-water
mixture where dilution weakens the cohesive interactions between
DES components [46,47].

The average step width of 3.0 nm for all DES/water mixtures is larger
than individual components shown in Fig. 1b, this instead indicates the
presence of hydrated MO-12/[MO-12]" self-assembled bilayers sur-
rounded by PhAA/[PhAA] in the near-surface region. As mica is hy-
drophilic, water molecules tend to be attracted to the surface, increasing
the robustness of the boundary layer and strengthening the interfacial
nanostructure [41,59,86-91]. The non-vertical nature of the steps may
arise from compression of the MO-12 alkyl chains by the AFM probe
prior to layer rupture, or from undulations within the near-surface layers
[70].

Therefore, the force-separation profiles of these DES/water mixtures
can be interpreted as follows: initially, the AFM probe encounters near-
surface liquid nanostructures, likely self-assembled aggregates
composed of MO-12/[MO-12]" bilayers surrounded by PhAA/[PhAAT,
which are compressed and then displaced when the push-through force
is exceeded. Subsequently, the next detected layer is more ordered due
to a higher enrichment of ions resulting in stronger electrostatic in-
teractions, leading to a higher push-through force. This continues until
the surface bound Stern layer is reached, where much stronger
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electrostatic interactions occur between the negatively charged mica
surface and the highly ordered [MO-12]" enriched bilayers, which
cannot be pushed through up to high force.

Comparable large near-surface steps resulting from solvophobic self-
assembly have been observed previously for DESs and ILs [67,92,93].
AFM studies on DESs composed of ChCl and carboxylic acids on a mica
surface revealed that the acid alkyl chains form a “toe-to-toe” bilayer
arrangement in the near-surface structure, due to the solvophobically
self-assembled apolar domains, which can be disrupted and compressed
by the AFM probe [67]. Similarly, surface force balance experiments on
imidazolium-based and pyrrolidinium-based ILs with Cj¢ alkyl chains
found the formation of bilayers at mica surfaces [94,95]. The imidazo-
lium bilayers adopt a “toe-to-toe” arrangement, while the pyrrolidinium
bilayers feature fully interdigitated alkyl chain. Additionally, the tran-
sition from monolayers to bilayers occurs at different alkyl chain lengths
for the two types of ILs, with a Cs chain length being sufficient for
imidazolium cations, whereas a C;¢ chain length is needed for pyrroli-
dinium cations. Recent AFM studies on the mixture of one IL (1-butyl-3-
methylimidazolium 1,4-bis-2-ethylhexylsulfosuccinate) with 13 vol%
water shown noticeably more steps in force curves than neat the IL on
both gold and steel [81], due to a transition from a curved 3D sponge-
like structure to a 2D lamellar structure [70].

The observed evolution of interfacial structure with increasing water
content aligns with previous studies using complementary techniques.
Neutron scattering experiments by Hammond et al. [41] have shown
that water molecules initially integrate into and strengthen DES
hydrogen bonding networks before eventually disrupting the structure
at higher concentrations. Similarly, molecular dynamics simulations by
Sakpal et al. [45] demonstrate how water molecules systematically
modify the spatial arrangement of DES components.

3.3. AFM images

AFM phase and amplitude images were taken to study the near-
surface nanostructure (above the Stern layer) of PhAA/MO-12 with
23.6 wt% water at the mica surface (Fig. 3). The images were acquired at
60 °C because the high viscosity of the liquid at lower temperatures
prevented the collection of high-quality AFM images. Phase images are
derived from the phase lag of the cantilever response, which is related to
the stiffness of the material being probed [96]. Consequently, phase
images exhibit sensitivity to the liquid compliance between the AFM
probe and the surface, thereby providing a more distinct visualization of
near-surface structures compared to topography images. In Fig. 3a, the
darker regions represent compliant domains that are easily compressible
by the AFM probe, while the brighter areas indicate stiff, non-compliant
domains. This pattern is consistent with previous observations of
nanostructured ILs and DESs [67,97]. The observed features demon-
strated consistent scaling and rotation in response to alterations in im-
aging parameters, ensuring that these features are unlikely to be
artifacts of the imaging process.

Fig. 3a and b display consistent features, revealing an interconnected
sponge-like nanostructure arising from the solvophobic effect. Water
molecules preferentially hydrate the charge centres of the DES compo-
nents, causing the expansion of polar domains [48]. The enhanced polar
domains strengthen solvophobic segregation, repelling MO-12 alkyl
chains into apolar domains, enabling the formation of the pronounced
sponge-like nanostructure [48]. Promoted proton transfer from PhAA to
MO-12 further enhances the solvophobic effect.

The bright, non-compliant areas in Fig. 3a correspond to polar do-
mains enriched in water, [PhAA]” and [MO-12]" ions, as well as polar
headgroups of PhAA and MO-12. These domains exhibit relatively rigid
local structure due to electrostatic, solvophobic, and hydrogen bonding
interactions. In contrast, the dark, compliant areas represent apolar
domains composed of solvophobically excluded MO-12 alkyl chains,
likely arranged in bilayer-like aggregates. The dimensions of both bright
and dark domains are 3-4 nm, c.f. Fig. 3, which are consistent with the
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Fig. 3. 20 nm by 20 nm AM-AFM (a) phase and (b) amplitude images of
PhAA/MO-12 with 23.6 wt% water on a mica surface at 60 °C.

repeat spacing of 3.3 nm extracted from both 2D FFTs (Fig. S2) as well
as the step widths observed in the force curves (Fig. 1a). These struc-
tures are too large to be attributed to individual molecules or ions
adsorbed in the Stern layer adsorbed to the mica surface [98], con-
firming the image depicts near-surface nanostructures. These findings
align with previous AFM near-surface imaging studies of amphiphili-
cally nanostructured DESs and ILs as well as their mixtures with water
near a variety of surfaces [67,70,99,100].

In contrast, near-surface AFM image of neat PhAA/MO-12 (Fig. S3)
reveal no discernible features, indicating structural homogeneity in the
near-surface region, consistent with the absence of steps in the force
curves (Fig. 1a). The lack of charged groups, such as [PhAA] ™ and [MO-
12]" ions, in the neat DES likely weakens the solvophobic effect that
drives the formation of nanostructures.

The high-resolution imaging data corelates well with force-
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separation profiles and conductivity measurements, strongly support-
ing the proposed structural evolution. This multi-technique validation
approach extends established protocols for studying conventional DESs
to probe the unique behaviour of Type V DES systems as well as main-
taining methodological precision.

3.4. Nanoscale friction

Nanoscale friction was examined instead of macroscale friction due
to its reduced susceptibility to surface asperities and roughness
compared to macroscale measurements. This approach also enables the
detection of molecular scale lubrication effects, which are crucial for
elucidating the underlying lubrication mechanisms. AFM measured
nanoscale friction mainly in the boundary lubrication regime due to the
high contact pressure between the AFM probe and surface, leading to
rapid removal of the bulk liquid. Consequently, the frictional response in
these studies is dominated by the adsorbed boundary (Stern) layers.

Fig. 4 presents lateral (frictional) force as a function of normal force
for neat PhAA/MO-12 DES and its mixtures with water content at 7.0 wt
%, 11.6 wt%, 23.6 wt%, and 41.9 wt% on mica surfaces. Neat PhAA/
MO-12 exhibits higher lateral forces than the DES/water mixtures
across the entire normal force range investigated. A jump in lateral force
is observed for neat PhAA/MO-12 at a normal force of ~10 nN, in line
with the final rupture forces in the force curves (Fig. 1a). This sudden
jump corresponds to high energy dissipation as the AFM probe breaks
the boundary bilayer structure, brushing aside the top half of the MO-12
enriched layer and contacting the bottom half MO-12/[MO-12]"
boundary layer, c.f. Fig. 2a, similar to previous studies [80-82]. How-
ever, this jump is less obvious for PhAA/MO-12 with >7.0 wt% water,
which suggests that less energy is consumed as the AFM probe brushes
aside the near-surface aggregates and contacts the boundary MO-12/
[MO-12]" enriched bilayers, c.f. Fig. 2b, consistent with other DES/
water mixtures [55].

The friction coefficient in the boundary layer regime, which is the
proportionality between the lateral force and the normal force, is
extracted from the gradient of the curves in Fig. 4 at normal forces >10
nN, as listed in Table 2. Neat PhAA/MO-12 exhibits the highest friction
coefficient, whereas all DES/water mixtures demonstrate significantly
lower values, up to a 72 % reduction, which are comparable to Type III
ionic DESs (0.12-0.20) and ILs (0.14) at mica interfaces under boundary
lubrication [55,67,101]. This enhanced lubrication can be attributed to
a more ordered boundary layer enriched in [MO-1 21" ions due to
increased proton transfer leading to more pronounced solvophobic and
electrostatic interactions [41,59,86,87]. Water also likely increases
molecular fluidity within PhAA/MO-12 [102], allowing displaced mol-
ecules/ions to be quickly replenished and maintaining boundary layer
robustness. In contrast, the absence of a well-defined interfacial
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Fig. 4. Lateral force as a function of normal force for the AFM probe on mica
immersed in neat PhAA/MO-12 and its mixtures with water. All measurements
were taken at room temperature.
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Table 2
Friction coefficients (1) at normal force >10 nN for neat
PhAA/MO-12 and its mixtures with water.

Sample 1 >10nN
Neat PhAA/MO-12 0.69
7.0 wt% H,0 0.20
11.6 wt% H,0 0.21
23.6 wt% HyO 0.32
41.9 wt% H,O0 0.19

nanostructure, especially the boundary layer, for neat PhAA/MO-12, as
evidenced by the force curves and near-surface imaging, increases fric-
tion. The lack of water also hinders rapid replacement of displaced
molecules, further contributing to higher friction.

This dramatic improvement in lubricity demonstrates how water can
transform Type V DESs from molecular lubricants into ionic boundary
lubricants with performance comparable to conventional ILs. The
mechanism — whereby water promotes both proton transfer and sol-
vophobic segregation — represents a new approach to developing sus-
tainable lubricants that can be tuned through simple water addition.

4. Conclusion

Type V DESs have excellent properties and potential applications in
extraction, drug delivery, gas capture [23,30,37]. However, to date, the
interfacial structure of Type V DESs are unexplored in both neat and
water-containing states, limiting their wider applications especially
involving interfacial phenomena [23,30,37]. This study reveals funda-
mentally new insights into Type V DESs, demonstrating for the first time
how water can transform their chemical nature from molecular to ionic
while simultaneously promoting interfacial nanostructure formation.
The conductivity has been found to increase over twentyfold from 0.033
mS-cm ™! to 0.724 mS-cm ™! with 23.6 wt% water addition, which pro-
vides direct experimental evidence for enhanced ion mobility and con-
centration and suggests increased proton transfer from PhAA to MO-12
in the presence of water [37]. This increase in ion concentration en-
hances electrostatic interactions and thus interfacial nanostructure, as
demonstrated by the systematic evolution from unstructured neat DES to
well-defined sponge-like morphology at 23.6 wt% water, evidenced
consistently across force curves, AFM imaging, and 2D FFT analysis. The
increased lubricity with water content compared to the neat DES, as
detailed in the nanoscale friction tests, suggests the formation of a more
robust boundary layer, likely because water molecules facilitate the
enrichment and replenishment of [MO-12]" ions at the interface.

These findings provide insight into the relationship between the
composition, nanostructure, and tribological performance in amphi-
philic DES systems, creating a new pathway for the development of Type
V DESs in various applications, particularly as economical, environ-
mentally friendly lubricants. Future molecular dynamics simulations
will aid understanding of precise spatial distribution and dynamics of
PhAA, MO-12 and water molecules in both bulk and at the interface, as
well as the impact of water content on proton transfer between PhAA
and MO-12, and interfacial nanostructure.
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