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We demonstrate a simple strategy to create functional nanostructures at the air-watétn s Joine
interface by co-assembling an amphiphilic fatty acid (18-MEA) with a diazonium
compound (TDDS), and transferring the resulting films onto solid substrates. This work
shows that nanodomains emerging spontaneously at the interface can be tuned by
adjusting the molecular composition and surface pressure, offering a route to controlled
nano-patterning without the need for lithography. The use of TDDS, which can covalently
modify carbon-based materials such as graphene and MoS,, adds a chemical functionality
to the nanodomains, enabling further modification after film transfer. Unlike most studies
that rely on single-component films or post-assembly patterning, our approach exploits
co-surfactant behaviour and interfacial dynamics to guide structure formation directly
during film assembly. We also observe a transition from regular nanodomains to complex,
periodic 2D patterns resembling 3D water-in-oil-in-water systems (“cookie structures”),
suggesting new possibilities for designing hybrid interfacial architectures. This work
provides mechanistic insight into interfacial phase behaviour in mixed amphiphilic films
and opens up new pathways for creating chemically functionalised nanostructures with

potential use in soft patterning, sensing, or surface engineering of 2D materials.
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We hypothesise that the recent discovery of nanodomains at the air-water interface can be leveraged to nano-functionalize

DOI: 10.1039/x0xx00000x

surfaces through casting with incorporated functional species. The interfacial self-assembly of the amphiphilic molecules,

18-Methyl Eicosanoic acid 18-MEA and 4-(tetradecyl)benzene diazonium tetrafluoroborate TDDS, at the air-water interface

and cast on silicon wafer has been investigated using Langmuir-Blodgett (LB) techniques and Atomic Force Microscopy. The

impact of composition and surface pressure (SP) on the formation of nanodomains and microstructures was examined.

TDDS, (which can be used to modify the electronic structure of graphene), behaves as a co-surfactant in the 18-MEA film at

low concentrations, facilitating the formation of homogeneous nanodomains with functional capacity. At higher TDDS

concentrations, there is evidence for phase separation in the domains, and the TDDS furthermore partitions to the aqueous

phase at higher pressures. By manipulating the 18-MEA:TDDS ratio and SP, regular nano-patterns can be transitioned into

novel 2D structures reminiscent of 3D water-in-oil-in-water (WOW) analogues (“cookie systems”), offering a versatile

strategy for designing nanoarchitectures with potential applications in graphene patterning.

Introduction

The air-water interface is ideal for systematic investigations of
the self-assembly of insoluble, amphiphilic molecules.! The dual
nature of these compounds—containing both hydrophilic and
hydrophobic moieties—enables them to spontaneously
organize at interfaces into several structures, such as mono- or
bi-layers, in order to minimize energy and achieve
thermodynamic stability.2® The Langmuir-Blodgett (LB) method
enables precise control over such assemblies by mechanical
manipulation at the air-water interface, offering greater
molecular-level control for the precise formation of mono- and
multilayers. This technique also provides milder processing
conditions, simplicity, cost-effectiveness, versatility, and
environmentally friendly processes, making it highly attractive
for a wide range of applications in various fields, including
electronics,* optics,” sensors®’ and biomaterials.®8 In this
context, LB techniques have also been applied to deposit
nanoparticles, enabling the fabrication of novel nanocomposite
films,® the precise functionalization of surfaces'® at the
molecular level, and the development of organic electronic
devices,!! owing to their ability to create highly ordered
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molecular structures. These nanostructures depend on the
packing parameter, which determines the size and shape of the
various assemblies within mesophases and aids in
understanding the self-assembly of insoluble monolayers.12
Furthermore, building nanoarchitectures from two-component
monolayers must consider the monolayer composition and
intermolecular forces within it.13% The miscibility of the
components and the free-energy of mixing for the 2D-solution
can define the behavior of one component relative to the other,
thereby significantly influencing the resultant monolayer.

It has recently been reported,516 that the use of branched fatty
acids causes the water interface to be buckled by the formation
of self-assembly nanodomains. This in turn enables surface
patterning of the transferred films — for example, using 18-
methyleicosanoic acid (18-MEA). Non-branched fatty acids lead
to completely flat surfaces, whereas the presence of alkyl
branches results in the formation of surface domains, the size
and curvature of which depend on the position of the
branches.'” Moreover, combining branched and non-branched
fatty acids in different ratios allows systematic tuning of the
dimensions.

Incorporating functional into this bottom-up
approach enables their controlled and systematic placement on
different nanomaterials. To explore this potential, we
investigate whether the nanodomains formed by branched
fatty acids could act as templates to organize reactive
amphiphilic molecules within thin films—an important step
toward precise surface patterning and nanoscale chemical
modification.

molecules

As a model system, we incorporated a para-substituted
salt, 4-(tetradecyl)benzene diazonium

tetrafluoroborate (TDDS), into the nanodomains described

diazonium
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above.'>® TDDS was specifically chosen due to its long alkyl
chain, which enhances its compatibility with the hydrophobic
environment of the monolayer, and its reactive diazonium
functionality, which opens the door for future chemical
modifications.

Although functionalization of materials like graphene!®?®?
represents a long-term motivation—given its unique
physicochemical properties?®22 and emerging role in
nanotechnology—the current study is focused on
understanding the interfacial organization and structural
properties of these hybrid monolayers.

Here, we report the serendipitous discovery of the complex
hierarchical self-assembled nanoarchitectures formed by the
coexistence of 18-MEA (a fatty acid) and TDDS, offering a
promising foundation for bottom-up approaches in
nanofabrication and surface chemistry.

Results and discussion

As a calibration, the deposition of pure 18-MEA from the air-
water interface onto a silicon substrate was carried out using
the LB technique at a surface pressure (SP) of 20 mN/m (Figure
la). As previously reported, pure 18-MEA exhibited
monodisperse nanodomains (Figure 1b).1® Subsequently, a
homogeneous mixture of 18-MEA and TDDS (see ESI, Figures S1
and S2 for additional details) in a 90:10 mol% ratio was
prepared as described in the Experimental Methods section,
and deposited under the same conditions at a SP of 20 mN/m
(Figure 1c).

a) 18-MEA 0

Figure 1. a) Molecular structures of the organic compounds: 18-methyleicosanoic acid
(18-MEA, top) and the diazonium salt TDDS (bottom); b) AFM height image of
monodispersed nanodomains of pure 18-MEA deposited at 20 mN/m; c) AFM height
image of a mixed monolayer of 18-MEA:TDDS (90:10 mol%) deposited at 20 mN/m. Scan
area: 500 x 500 nm. Insets in the top right corners show the corresponding Fourier
transforms.

The resulting domains are relatively monodispersed, indicative
of a thermodynamic minimum in the self-assembly process, and
are significantly larger than those observed in Figure 1b. This
observation is consistent with a reduced curvature associated
with the increased proportion of the unbranched TDDS
component. Consequently, this results in domains with a larger
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radius, and lower curvature, at the air-water interface,hence
the elongation and correspondingly largefPdépidires PANHEOAFNA
images. Corresponding height images are provided in Figure S3
of the ESI. This necessarily implies that a substantial portion of
the TDDS is homogeneously distributed within the domains,
suggesting solubilization in the major component, 18-MEA. A
close inspection of the isotherm in Figure 2 reveals variations in
the gradient, which may imply the possibility of structural
differences depending on the deposition pressure, as further
discussed below.

To comprehensively investigate the joint behaviour of these
two organic compounds, a systematic series of isotherms at the
water-air interface were recorded for different 18-MEA:TDDS
molar ratios (Figure 2): 100:0, 90:10, 80:20, 70:30, 65:35, 50:50,
35:65, 30:70, 20:80, and 0:100. A clear trend emerges, allowing
for the identification of three distinct regimes based on the
shape of the isotherms: (i) fatty acid-like behaviour (100:0 to
70:30), (ii) a phase transition regime (65:35 to 30:70), and (iii) a
regime dominated by solubilization of TDDS molecules (20:80 to
0:100). The rationale behind these assignments is discussed in
detail below.

In the fatty acid-like regime (100:0 to 70:30 mol%) the lift-off of
the surface pressure (SP) occurred at a mean molecular area
(MMA) of approximately 25—-32 A2 It is important to note that
MMA is classically calculated under the assumption of a flat
interface defined by the barrier positions and therefore does
not accurately reflect the true molecular area within the curved
nanodomains SP>0 mNm=.22 The MMA decreases slightly with
increasing TDDS concentration within this regime, which is
consistent with the absence of branching. However, caution
should be exercised in interpreting these changes, as minor
variations—on the order of a few A2—may also arise from
experimental uncertainties in the estimation of the number of
molecules deposited (see Materials and Methods). The
isotherm subsequently increases until film collapse, occurring at
a nearly constant pressure of 46—-52 mN/m. This behaviour
aligns well with previously reported isotherms of pure fatty
acids, suggesting a single-component system exhibiting
characteristic nanodomain formation.>6.23 Within this regime,
TDDS appears to behave as a dilute additive within the surface
film.

At intermediate TDDS mole fractions (65:35 to 30:70 mol%), a
distinct behaviour emerges—referred to here as the phase
transition regime. This regime is characterized by the
appearance of a shoulder in the isotherms at approximately 10
mN/m. As the TDDS content increases, the lift-off area shifts to
significantly larger values (ca. 35-40 A2), which are indicative of
a liquid-expanded phase. Although these samples collapse at
the same pressure as those in the fatty acid-like regime, the
observed MMA at collapse is unrealistically low if all molecules
are assumed to remain in the film. However, the collapse areas
are consistent with the amounts of fatty acids in the original
films, or at least with a low concentration of TDDS. These
observations suggest that, at low surface pressures, the film
behaves as a mixed monolayer of TDDS and 18-MEA, but as the
pressure increases, the more soluble TDDS is progressively

This journal is © The Royal Society of Chemistry 20xx
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excluded. Ultimately, the film collapses at a composition and
area characteristic of the fatty acid-dominated regime.

Finally, the third regime, referred to as “solubilized molecules”
(20:80 to 0:100 mol%), is characterized by the absence of
collapse and an extremely low slope in the isotherm. This
regime can be considered as an extension of the pressure-
induced exclusion behaviour observed in the second regime,
but with a sufficiently diluted fatty acid composition such that
there is not enough barrier range to reach collapse pressure.
Pure TDDS, on the other hand, can achieve a pressure of
approximately 30 mN/m; however, the molecular area per
molecule suggests that less than a quarter of the molecules
remain on the surface (assuming a cross-sectional area of 20 A?
per molecule and a flat surface).

sof — 1000
—— 00:10
50F — 80:20
— a0l 7 0:30
_zE_ — 5505
Z % — 50:50
% 20 —— 35:65
30:70
ol —— 20:80
— 10:90
Of . ‘ ‘ ‘ = (:100

0 10 20 30 40 50 18-MEA : TDDS

MMA (A2/molec) ratio

Figure 2. Isotherm trend for different 18-MEA:TDDS molar ratios. Surface pressure is
plotted against the mean molecular area, assuming a 2D interface.

Based on the behaviour observed in the different isotherms,
two new samples were selected for a more detailed study and
comparison with the 90:10 mol% sample (chosen due to its
similarity to previous studies). These samples were deposited at
different surface pressures to investigate domain formation and
packing. The selected samples were 65:35 mol% and 35:65
mol%, both within the phase transition regime, with the latter
being very close to the behaviour of “solubilized molecules”.
Given the initial goal of this project, which was to achieve
nanopatterns containing an active component, mixtures with a
higher fraction of TDDS (which is partially soluble in water) were
not considered viable.

Surprisingly, no nanodomains were obtained for the 65:35
mol% mixture when deposition was performed at 20 mN/m or
higher (including 35 mN/m, close to collapse). Instead, circular
particles with varying lateral sizes were observed across the
surface, which were transferred onto the silicon substrate (see
ESI, Figure S4 for images). The particles, with a height of 16 + 8
nm, appeared to be systematically distributed, with some
vestigial hexagonal packing remaining, except in areas where
larger particles (83 + 17 nm in height) were surrounded by bare
regions—suggesting aggregation. This observation implies that,
in the presence of higher amounts of TDDS, when high surface
pressure is applied, molecules tend to partially dissolve in the
subphase and coalesce into circular macrodomains , probably
during deposition onto the substrate.

This journal is © The Royal Society of Chemistry 20xx
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However, experiments performed at low surfage, pressure,
below the shoulder observed in Figure 38P4tl8r0aW@ IO RINAS,
showed very different, novel morphologies. Such a shoulder is
not observed for pure 18-MEA (Figure 3a) or low fractions of
TDDS (Figure 2). This change in slope indicates that different
structures can be expected on either side of it, with expulsion
and possibly coalescence at higher SP .

Deposition at 5 mN/m, resulted in novel morphologies of the
deposited films: microdomains containing nanodomains. As
shown in Figure 3b, rounded domains encapsulating circular
holes were observed after deposition, reminiscent of a
chocolate-chip cookie structure. Figures 3c and 3d show
zoomed-out images of the same substrate. The patterned
surface was homogeneous, with rounded domains measuring
2.6 + 1.1 um, and circular encapsulated holes with a diameter
of 228 + 65 nm. Corresponding AFM phase images are provided
in ESI, Figure S5. These domains suggest the spontaneous
formation of a two-dimensional double emulsion-like
architecture (presumably W/O/W, where the “water” phase is
TDDS rich and the “oily” phase is 18-MEA rich), due to the higher
content of TDDS relative to 18-MEA, which is nonetheless still
low enough to allow domain formation.

SP (mN/m) 2
Now oSG
o & o &

-y
o
T

10 20 30 40
MMA {(A%molec)
c) PR ) X

Figure 3. a) Isotherm profile of the 65:35 mol% sample; b), c) and d) AFM height images
of 65:35 mol% at a surface pressure of 5 mN/m. Scanning size of 6 x 6 um, 24 x 24 um
and 60 x 60 um, respectively.

In this context, we propose that the rounded domains are
almost entirely composed of 18-MEA, with TDDS dissolved
within it, acting as a cosurfactant. It is likely that the holes are
the result of phase separation within the domains and
subsequent dissolution of TDDS, but whether this occurs at the
water-air interface, or because of deposition is impossible to
determine. (Alternatively, but less probably, they may the result
of a significant change in area of the domain as it is deposited
on the substrate.) The thickness of the cookie matrix structure
is 2.6 £ 0.3 nm, measured both at the edges of the cookie and
inside the holes, which appear to be empty (Figure 4).

J. Name., 2013, 00, 1-3 | 3
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Figure 4. a) AFM height image from deposition of 65:35 mol% 18-MEA:TDDS at SP of 20
mN/m, showing line cuts for b) and c). Scanning size of 12 x 12 um; b) height profile of
the cookie surface and c) height profile of four empty-holes.

To further confirm this behaviour, depositions immediately
below (7.5 mN/m ) and above (10 mN/m ) the shoulder pressure
were also performed. At 7.5 mN/m, the cookie-like architecture
was maintained, with the appearance of a mesh-like network
between the rounded domains. This suggested that 18-MEA
molecules could reaggregate into monodispersed, ellipse-like
domains. At 10 mN/m, the domains began to deform, with
some collapsing into neighbouring domains, and smaller
circular particles appeared at the junction points. This
behaviour indicated that as the transition phase approached,
TDDS may have been released from the 18-MEA moiety,
promoting the crystallization of smaller circular TDDS droplets.
At 12.5 mN/m, the architecture was completely lost, and a
continuous amorphous monolayer with circular particles was
observed, like those seen at 10 mN/m. For a more detailed
analysis, including AFM images of the depositions at 7.5, 10, and
12.5 mN/m, refer to the Supporting Information, Figures S6, S7,
S8 and S9.

In the concentration regime where TDDS is highest and is
expelled from the film at the water air interface (regime (iii) in
Figure 2), the deposited films have rather interesting
morphologies involving circular particles but are difficult to
interpret and are unlikely to attain any practical
applications. This regime is thus fully addressed only in the ESI
(Figures S10, S11 and S12).

Experimental

Reagents and solvents

18-methyleicosanoic acid (18-MEA, > 99 % GC with
approximately 1 % of ethanol as stabiliser) was brought from
Larodan and used as received. 4-tetradecylaniline (97 %) was
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brought from Sigma Aldrich and used as precyrsor.anothe
synthesis of 4-(tetradecyl) He&nzén&039/Deligzdhivn
tetrafluoroborate, (TDDS). Sodium hydroxide (NaOH), sodium
chloride (NaCl) and sodium bicarbonate (NaHCOs3) were also
brought by Sigma Aldrich and used as provided.

All water used was supplied via Milli-Q water purification
system (Merck MilliPore). The system consistently monitors
resistivity (above 18.2 MQ) and total organic content (below 4
ppb).

Low roughness Si/SiO, wafers were purchased from Sil’Tronix
ST and used after through in 5%
chromosulfuric acid for 5 minutes followed by thorough rinsing
with Milli-Q and drying with N, flow. Graphene substrates
(supported on Si/SiO,) were purchased from Graphenea and
used as received.

washes: immersion

Synthesis of 4-(tetradecyl) benzene diazonium tetrafluoroborate

The formation of the diazonium salt was performed as
previously reported?* by our group. Briefly, 4-tetradecylaniline
(500 mg, 1.73 mmol, 1 eq) and nitrosonium tetrafluoroborate
(301 mg, 2.59 mmol, 1.5 eq) were dissolved in 10 mL into two
different Schlenk flasks under nitrogen atmosphere and cooled
to -40 °C. Then, 4-tetradecylaniline was slowly cannulated into
the second solution and mixture was stirred for 1h. After that,
solutions were gradually warmed up to O °C during 2h, while
stirring. Finally, it was poured into cold Et,0, and yellow
precipitate was then filtered, washed with Et,0 and dried under
vacuum, (89 % yield). Solid was storage at -4 °C.

Solutions

Solutions of 1 mg/mL 18-MEA and TDDS were prepared through
dissolution in CHCl; at room temperature, and storage at -8 °C.
The subphase was prepared by mixing 5 mL of 0.18 mM NacCl
and 5 mL of 0.1 mM NaHCOs; and buffered to pH = 10.0 with the
addition of NaOH.

Langmuir-Blodgett isotherm and deposition

A KSV NIMA 5000 system (Biolin Scientific, Sweden) was used
for isotherms and depositions. It was equipped with PTFE
(polytetrafluoroethylene) trough with hydrophilic POM
(polyoxymethylene) barriers. Wilhelmy plates from lint free
paper (Biolin Scientific) were used to monitor surface pressure
to a certainty of £ 0.01 mN/m. The temperature of the subphase
was set to 22.0 + 0.1 °C. Monolayers were spreading on top of
the subphase and CHCI; was allowed to evaporate for 10 — 15
minutes before starting the experiments. Barriers were then
compressed by 3 mm/min for both isotherm and depositions
experiments. Isotherms were analyzed in terms of surface
pressure keeping the movement of the barriers constant.
Depositions were performed on silicon wafers keeping the
surface pressure constant at a different value, (from 5 to 35
mN/m).

AFM

A Multimode Microscope LN (Bruker, United States) was used
in tapping mode for imaging of deposited monolayers. Silicon
cantilevers (HQ:NSC35/AL BS, MikroMasch, Switzerland) with a

This journal is © The Royal Society of Chemistry 20xx
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nominal radius of 8 nm were used. The nominal resonance
frequency and force constant of the cantilevers were 150 kHz
and 5.4 N/m respectively. AFM images were analysed using the
WsXM 5.0 software.

Conclusions

A range of well-defined self-assembled micropatterns with
nanosized inclusions can be achieved at the air-water interface
and transferred onto silicon substrates using mixtures of TDDS
and 18-MEA in water. The morphology of the patterns can be
controlled through variations of the film composition and
surface pressure.

TDDS appears to behave as a cosurfactant within the insoluble
18-MEA monolayer, particularly at low concentrations where it
remains in the nanodomains. Thus, under these conditions,
regular nanopatterns containing small amounts of the
functionalizing agent can be systematically and reproducible
deposited on a substrate where the 3D self-assembly
nanodomains at the water surface are deposited intact.?* This
results in the homogeneous spatial arrangement of the
functionalizing species. These complex and homogeneous
structured films could in principle be reacted with a graphene
substrate, achieving the goal of patterned covalent decoration.
As the TDDS proportion increases, the ability of TDDS to
solubilize within the monolayer decreases. This reduction leads
to two phenomena: Firstly, TDDS appears to be increasingly
expelled from the interfacial film at higher pressures. Secondly
TDDS appears to phase separate within domains in the
interfacial film, which leads to the formation of micro-sized
circular domains on the surface, containing circular holes of
nanoscale dimensions . At even higher concentrations of TDDS
the domain structure becomes poorly defined.

At the intermediate TDDS levels, novel, apparently 2D
microemulsion structures can be obtained. The formation of a
W/O/W-like structure (cookie system), where TDDS remains
incorporated as domains within the 18-MEA film is a novel
observation which could be leveraged for other systems to
deposit well defined 2D droplets of a lipid matrix incompatible
species .

The approach provides a flexible strategy for patterning and
creating diverse nanoarchitectures, as well as for delivering a
functionalizing agent with regular spatial control. This approach
thus shows particular promise for graphene patterning, where
diazonium salts could be delivered at will and subsequently
covalently anchored.
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