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Bottom up self-assembly of functional materials at liquid-liquid interfaces has recently emerged as
method to design and produce novel 2D nanostructured membranes and devices with tailored
properties. Liquidiquid interfaces can be seen as a “factory floor” for nanoparticle (NP) self-
assembly, since NPs are driven there by a reduction of interfacial energy. Such 2D assebw#ly can
characterised by reciprocal space techniques, namely X-ray and neutron scatteringtoityefle
These techniques have drawbacks however, as the structural information is averaged over the finite
size of the radiation beam and non-periodic isolated assemblies in 3D or defects may noy be easil
detected. Real-spade-situ imaging methods are more appropriate in this context, but they often
suffer from limited resolution and under-perform or fail when applied to challenging liquid-liquid
interfaces. Here we study the surfactant-induced assembly efr@iiparticle monolayers at a
water-oil interface usingn-situ atomic force microscopy (AFM) achieving nanoscale resolved

imaging capabilities. Hitherto, AFM imaging has been restricted to solid-liquid interfaces since



applications to iuid interfaces have been hindered by their softness and intrinsic dynamics,
requiring accurate sample preparation methods and non-conventional AFM operational schemes
Comparing both AFM and grazing incidence X-ray small angle scattering (GISAXS) data, we
unambiguously demonstrate correlation between real and reciprocal space structure determination
showing that the average interfacial NP density is found to vary with surfactant concentration.
Additionally, the interaction between the tip and the interface can be exploited to locally determine
the acting interfacial interactions. This work opens up the way to studying complex nanostructure

formation and phase behaviour in a range of liquid-liquid and complex liquid interfaces.

KEYWORDS Nanomaterials, Thin films, Surface coverage, Force Spectroscopy, Inter-particle

distance, Tapping Mode AFM.

Achieving high resolution imaging of liquid interfaces in the real space has always been
challenging. Brewster Angle Microscopy (BAM) is widely employed but has a limited riesolut
Other techniques such as super-resolved fluorescence microscopy can providé andgegen
topographical informatich® with a resolution of few tens of nanometers but are limited to the

localization of fluorescent molecules.

AFMs are excellent tools to characterize routinely solitifaimd solid/liquid®*2 interfaces; the

proper choice of experimental conditions has even allowed to image liquid-dispersed micrometer-
sized drops and bubbles deposited on a solid substrate and to locally measure their interfacial
tensio*. However, despite very rare investigations limited to the liquid/air ‘t¥sehigh
resolution images of liquid interfaces containing morphological information have not yet been
reported. Here we present an approach to perform routinely high resolution AFM imaging at
liquid/liquid interfaces. We succeeded to characterize> 8IB monolayers self-assembled at the

water/heptane interface achieving a lateral resolution inferior to 10 nm. The main advantage of



these measurements is their very local nature which permits characterization of local defects such as

holes and aggregates that cannot be detected easily by reciprocal space techniques.

Self-assembly ofNP at liquid-liquid interfaces has recently raised considerable fundamental
scientific interest’ and demonstrates great potential for technological applicitidrssed on the
magnetic, electronic or opti¢dinature of the NP core. This represents an emerging strategy to
obtain novel materials via massively parallel assembly of nanoscale building blocks characterized
by extraordinary physical and chemical properties and allowing fabrication of complencihieak
structure$>22,

Reciprocal space technigues such as grazing incidence small angle X-Ray scatteringS)G&AX
widely employed to characterize these systénfdowever, in order to get structural information on
localized areas of the interface, real space imaging is required. This, so far, has been aclyieved
exsitu, by transmission electron microscopy (TENY or for limited cases of interfaces containing
fluorescent moleculé® Here we investigate the self-assembly of silica NPs omtflahinterface

of a water sub-phase in contact with a bulk phase of immiscible oil, such as hexane or heptane. A
cationic surfactant, namely cetyl trimethylammonium bromide (CTAB), dissolved in the water sub-
phase in sub-millimolar concentrations, decorates the NPs to make them amphiphilic, thus they
spontaneously adsorb at the interf4®é Depending on the amount of adsorbed CTAB it is
possible to control the monolayer den&itgnd, as we will show below, the inter-particle distance

In this work we investigate two concentrations of CTAB at 0.01 mM and 0.05 mM, for monolayers
of CTAB-decorated Si©NPs & 20 nm diameter) adsorbed at the water/oil interface by AFM and
GISAXS. AFM was employed to both characterize the interfacial forces and the morphology of the
NP monolayers in real space in situ for the first time, showing full consistency with the reciprocal
space GISAXS results.

We have employed Amplitude-Modulation mode AFM (AM-AFfI)which has been already
exploited for the three-dimensional imaging of solid/liquid interfécés image two monolayers of

CTAB-decorated Si@nanoparticles (NPs) adsorbed at the water/hexane interface. In both cases,



the monolayer was left to equilibrate for half an hour under continuous hexane refilling, then
hexane was slowly substituted with heptane which, owing to the lower surface pressure, evaporates
more slowly and thus allows reproducible AFM imaging without continuous solvent refilling. The
set-up is presented in Fig. 1&.key point is the depth of the water layer, which hasnbept

below 100 pm to avoid surface waves originatingin deeper water layeis The cantilever is excited

with a blue laser using a photothermal excitation operational séhehés set-up is capable io-

situ locally image the NP monolayers with unprecedented nanometric resolution, thus displaying
not only the single particles but also local single nanoscopic defects (see Fig.1a inset) which cannot
be detected by reciprocal space techniques. Fig. 1b reports AFM images of 0.01 mM CTAB-
decorated 20 nm diameter NP monolayers where single NPs can be distinguished. Fig. 1d shows the
AFM images for 0.05 mM CTAB-decorated NPs monolayers. We clearly observe higher interface
coverage at higher CTAB concentration. This higher coverage is directly related to thed reduce
inter-particle distance (ID) which, at 0.05 mM CTAB concentration, does not allow the ARM tip
penetrate in between single NPs (Fig. 1e). As a consequence, NPs are observed to have a diamete
close to 20 nm (Fig. le ingetonsistent with that determined by small angle X-ray scattering
(SAXS) data for NPs in solution (see Supporting Information Fig. 1). By contrast, at 0.01 mM
CTAB concentration the ID is larger and the tip can penetrate in between single NPs (Fig. 1c). As a
consequence, the convolution between the tip and the NPs produces AFM images with larger
effective NP diameterg~25nm) (Fig. 1c inset) compared to the 0.05 mM CTAB case. These
images report the highest lateral resolution ever achieved by AFM at a liquid intédialctonal

AFM images acquired with larger and smaller scan size are reported in the Supporting Information
(Fig. S2). It must be noted that, due to the fluid nature of the interface, lateral drift of the samples, at
speeds as high as fractionspaii/sec, may severely hamper the imaging (see Fig. S3). Therefore,

fast imaging, typically an image acquisition time between 25 and 50 seconds, is required t

minimize the drift effect on the image quality. Additionally, diffusion may severely hamper the



imaging in the case of sparse or inhomogeneous samples, thus dense homogeneous layers are

currently preferred to perform reliable and reproducible imaging.

From these AFM images it is also possible to measure the NP interface cogsbag@ar R?/ A,

where N is the number of NPs in a given area A and R the NP ¥5@ieis Supporting Information

4 for a more detailed description of the surface coverage measurements). Since the NP radius value
could be affected by tip convolution effect, we employed for the calculation the value determined
by SAXS (see Fig. S1). As expected, the measured surface coverage increases vBth CTA
concentration, resulting ifo.05 ctag = 0.53+ 0.06 and ®o.01 ctae = 0.40 = 0.06. In the assumption

of hexagonally closed packed nanoparticles (see white hexagon in Fig. 1), the ID can be directly

calculated from the surface coverage values as

2mR? 24
ID = = |-
V3 N3

For the monolayer formed at CTAB 0.01 mM the inter-particle distance is 28.7 £ 2.7 nm, whereas

for the one formed at CTAB 0.05 mM is 24t&.5 nm. It should be noted that this NP counting
approach, provided a known value of the NP radius, yields ID results that are not affected by the
different apparent NP sizes observed at different CTAB concentrations. These values also explain
why, despite only 4 nm difference between the two inter-particle distances, NPs at CTABM.01

are observed to be larger than the values extracted by SAXS. Indeed, at this condition, ttihe wall-
wall distance, that is the free available space between two adjacent NPs, is comparabl to the ti
radius (nominal value 8 nm), thus allowing the probe to penetrate between single nanoparticles (Fig.
1c) causing the above mentioned tip/NP convolution yielding a larger apparent NP diameter. This
shows that the lateral and vertical resolution strongly depends on the AFM tip radiascurate
calibration of both tip radius and tip-sample interaction force is required in order to extract
guantitative topographical information of NPs monolayer if the NPs diameter or interfacial contact

angle are unknown.



Photothermal excitation

Figure 1. a AFM operational scheme and images of the NPs monolayers. The depth of the water
layer confined by a mica contain@r kept inferior to 100 um and the cantilever is excited by
photothermal actuation (blue laser) inside the heptane drop. Inset: typical AFM images including
ordered monolayers containing local defects such as holes and aggregates highlighted by red circles.
b-d AFM images of the Si©®NP monolayers at the water/heptane interface as measured by AFM at
different scan sizes, the white hexagon and the corresponding zoom highlights the local hexagonal
packing of NPsb Images of 0.01 mM (CTAB)-decorated SiO2 NP monolayers: since thdowall-

wall distance between adjacent NPs is comparable with the radius of curvature of thethip (

probe can penetrate between single nanoparticles and the tip/NP convolution yields a nanoparticle
diameter slightly largef~ 25 nm) than the one determined by SAXS experiments, as evidenced by
the morphological profile of the surface along three NPs in the idséhages of 0.05 mM
(CTAB)-decorated SiO2 NPs monolayers: given a wallvall distance inferior to the radius of
curvature of the tipd), the tip cannot penetrate between adjacent NPs.



The impact of the CTAB concentration on the inter-particle distance and interface eobgrs§

is confirmed by GISAXS investigations performed on the same systems.

In Fig.2a-b GISAXS data from the two monolayers of CTAB-decorated &a@oparticles (NPs)
adsorbed at the water/hexane interface are reported. The inter-particle distance at the aaerfac
be measured in situ by GISA¥SS, Indeed, the two rods at ¢gnd—gy equidistant aroundyg0

are the structure factor peaks given by the interference of X-rays scattered by ingpteteted
NPs and, in the assumption of hexagonally closed packed nanoparticles, their pagitadiovs
direct calculation of the inter-particle distance (ID) according to:

a1

ID=—o
V3q,

In Fig.2c-d the horizontal cuts of the GISAXS patterns together with their fits are reported. The ID
is significantly higher for the monolayer formed at CTAB 0.01 mM (28.4+0.6 nm) than for the one
formed at CTAB 0.05 mM (24.7+0.3 nm) and both values are fully consistent with the ones

calculated from AFM images.
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Figure 2: GISAXS 2D patterns of theP monolayer at 0.01 mM CTABaf and 0.05 mM CTAB
(b). Below each pattern is the corresponding horizontal cut at 0.9230@6 A* (c-d), indicated
by the yellow box in the 2D pattern, together with its best fit.

This proves that state of the art Atomic Force Microscopy is an excellent technique to investigate
reliably in the real space, even at liquid-liquid interfaces having low interfacifhess.
Complementary to reciprocal space investigations by neutron and X-Rays, AFM indeed provides
very local images of the interface, including defects such as holes and aggregateddeeith irg.
1) that cannot be detected reliably by those techniques. Moreover, AFM can be employed to image
rough 3D aggregates formed under higher CTAB concentrations (se&4righus allowing to

follow the progressive disruption of the 2D NP ordering.

In addition to nanoscale resolved imaging, AFM offers the possibility to characterize thetioera

force between the tip and the interface. When approaching a non-oscillating AFM tip to the



liquid/liquid interface, we observe the absence of attractive forces (our force resolutioseisoc

100 pN). Once the mechanical contact between the tip and interface is established, the tip can indent
the surface over several hundreds of nanomét€rsn contrast with the solid-liquid interface
cases, as occurring when indenting complex fluid interfaces such living cells merfbhiarég. 3

shows the Force vs Distance curves at the water/heptane interface in the absence (Blue) and

presence (Red) of the 0.05mM CTAB NP monolayer.
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Figure 3: Indentation measurements at the water/heptane interBloe. AFM Tip-interface
interaction force as a function of their distance in the absence of the NP morREy&FM Tip-
interface interaction force as a function of their reciprocal distance in presence of theM.05
CTAB decorated NP monolayer: a discontinuity in the force curve is highlighted by theoed ar
Inset: Pictorial representation of the indentation experiments and distributions of the linear slope of
the indentation curves in the absence and presence of the NP monolayer.

The presence of the silica NP monolayer consistently changes the indentation curves at the
water/heptane interface. Data clearly show a softer interface in the presence of thayemonol
compared to the free water/heptane interface (Red and blue curves respectively 8). Fig
Employing the model introduced in reference 34, the linear slope of the force curves is evaluated

be 20+3 mN/m for the free water/heptane interface whereas idsntN/m for the interface



covered with a monolayer of 0.05 mM CTAB-decorated NPs. Since the deformability of the liquid
interface was found to be comparable to the surface tension at the air/water itiettfaceigher
achievable deformation of the interface in the presence of NPs can be interpreted in terms of
reduction of the interface free enefyyacilitated also by interfacially adsorbed CTAB. The
combination of topographical images and force curves could therefore be exploited, in the case of
multi-component heterogeneous interfaces, to acquire nanoscopically-resolved interface dsee ener

maps.

Moreover the force curve shows a jump whichinterpreed as the maximum local force that

single nanoparticle can withstand before being displaced (red arrow in Fig. 3) which, for the
specific systems herein investigated, ranges between 1 and 5 nN. Since the AFM tg size
comparable to the size of a single NP, the discontinuity force value depends on the relative position
between them during the indentation process. This kind of force discontinuity events are frequently
observed in AFM Force Spectroscopy (AFM-FS) indentation experiments carried out on thin films
supported by solid substrates and they are interpreted as rupture events characterizing the
mechanical stability of the film8%. In the liquid/liquid interface case, such a rupture event occurs
however at large indentation depths of several hundreds of nanometers, since the wholeigterface
deformed under the pressure of the AFM tip. The Supporting Information reports additional
possible events occurring during local indentation experiments performed on fluid interfaces (Fig.
SH including positive jumps in the force. A complete rationale of these events and the proper
choice of the experimental setup may allow in future the direct measurement of interfacial forces
such as inter-particle interactions, whose quantification and interpretation is currently puzzling the

scientific communit§?.

In summary, our results open the door to nanoscale resolved imaging in real space in-situ at liquid-
liquid interfaces by means of conventional AM-AFM. In this work we have investigated silica NP

monolayers adsorbed at a liquid/liquid interface in real space by AM-AFM and reciprocal space

10



using GISAXS. The correlation between the data sets is high, leading to a powerful new combined
approach for studying NP assembly. Our nanoscale AFM imaging resolves single silica
nanoparticles and detects defects and isolated 3D structures that might not be captured
unambiguously by reciprocal space methods. The approach can also be employed to chatacterize
the nanoscale in real space thin films such as polymers, emulsifiers or lipids deposited at liquid-
liquid interfaces. Finally, the AFM indentation curves permit access to variations of the interfacial
stiffness and related interface tension. This will enable the characterization of local changes of the
surface tension through 2-dimensional maps which will be particularly interesting for more

heterogeneous samples compared to the systems investigated in this work.

Materialsand Methods

The 0.1wt% silica NP 1 mM NacCl solutions used in this work were obtained by dilution of Sicastar
(Micromod) mother aqueous solutions of charge stabilized bare silica NPs, featuring 10 mg/ml.
CTAB (purity > 99%), hexane (purity > 99%), heptane (purity > 99%) and NaCl (purity >
99.999%) were all purchased from Sigma Aldrich. Ultrapure deionized water (resistivity 18.2
MQ-cm, ELGA) was used to prepare the dispersions, which were sonicated for 30 minutes before

their characterization.

For GISAXS experiments, the NP dispersion was poured into a polyoxymethylene (POM; Delrin)
cell and then gently covered by a macroscopically thick (3-5 mm) layer of hexane. Finaigfl the

was sealed to prevent hexane evaporation and the NP monolayer was left to stabilize for 30 minutes

before starting the measurements.

For AFM experiments, the aqueous dispersion was poured into a home-made cell and then gently
covered by hexane. The cell was obtained by drilling a hole into a 100 pum thick mica disk and by
gluing it to a second disk. This hole acts as reservoir for the aqueous phase. Its depth was limited to
the micron scale (< 100 pum) to minimize the waves originated by deeper water layers. Since this

cell was open at the top to allow access for the AFM cantilever, the hexane layer was gonstantl

11



refilled to ensure the full coverage of the aqueous phase. Finally, the high evaporation rate of
hexane disrupted the execution of AFM measurements, therefore, hexane was replaced by lower
vapour-pressure heptane after formation of the NP monolayer. Heptane refiling was then
performed every 20 minutes, thus allowing, between each refilling, to acquire several AFM images.
AFM images were obtained in Amplitude Modulation mode (AM-AFM). We used an Asylum
Research (Oxford Instruments) Cypher AFM. Olympus AC40 cantilevers were employed for
imaging. Cantilevers were excited with BluDriVe photothermal excitation. Details on the
cantilever excitation are reported in the Supporting Information Section 7 andS&iglhe
cantilever resonance in heptane was ~ 30 kHz and the free oscillation amplitude was set to 10 nm.
Images were acquired at constant amplitude with a set-point ~80% of the free amplaustana

rate was in the range 5-10 lines per second. The cantilever stiffness was calibrated employing the
thermal methotf. typically it was close to 150 mN/m. The deflection sensitivity of the
photodetector was calibrated acquiring approach-retract curves on a solid surface (mica) in heptane
environment during experimental sessions prior to the liquid-liquid interface measurements. For
AC40 cantilevers this sensitivity was found to be in the range 10 - 15 nm/V. Indentation
measurements were acquired in static mode in a Force Spectroscopy operational scheme (FS-AFM)
employing the very same cantilevers used for imaging in AM-AFM. The linear slopes were
averaged over 200 indentation curves and plotted in the histograms of Fig. 3. The error reported for
the linear slope of the indentation experiments, representing the interface deformability, is
propagated from the error resulting from the calibration of the cantilever stiffness through the
thermal method (approximately 20%) and from the standard deviation of the linear slope
distributions. Supporting Information Fig. S3 @dreport data from typical experimental sessions
which may occur while performing AFM imaging of liquid interfaces. Figure S7 preseEMn

image of the NP system lying on mica due to the disappearance of the water layer after a liquid
leakage in the AFM sample holder. Figur8 Suggests that the monolayer is not stable once

deposited onto mica since it has the tendency to form aggregates loosing flatness and ordering.

12



GISAXS measurements were obtained at ID 10 beamline of ESRF. The 22 keV X-ray beam was
deflected down to the liquid interface by rotating a Ge deflector crystal around the beam direction
and by keeping it at the Ge(111) Bragg reflection. The incident angle was kept at 0.03 de@tees (95
of the water/hexane critical angle for total external reflection at 22 keV). The 2D GISAXS patterns
were recorded with a Maxipix 5:1detector kept at a distance of 1213.16 mm from the sample center.
The resulting 2D scattering patterns (Fig. 2) are presented as a functigrard q, which are
respectively the interface-normal and interface-parallel components of the x-ray mmmentu

transfer.

Supporting Information. Small angle X-ray scattering data of the NP dispersion; high and low
resolution AFM images of the monolayers at the liquid-liquid interface; AFM imaging of the drift at
the liquid-liquid interface; method for the calculation of the inter-particle distance from the AFM
images; AFM and GISAXS data of the CTAB 0.1 mM-decorated silica nanoparticles at the liquid-
liquid interface; indentation curves, photothermal excitation of the AFM cantilever; silica
nanoparticle monolayer at the mica-heptane interface. This material is available free of charge via

the Internet at http://pubs.acs.org.
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