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ABSTRACT

In this study, we investigated the self-ordering process in Langmuir films of polydisperse iron oxide nanoparticles on a water surface, employ-
ing in situ x-ray scattering, surface pressure-area isotherm analysis, and Brewster angle microscopy. X-ray reflectometry confirmed the
formation of a monolayer, while grazing incidence small-angle x-ray scattering revealed short-range lateral correlations with a character-
istic length equal to the mean particle size. Remarkably, our findings indicated that at zero surface pressure, the particles organized into
submicrometer clusters, merging upon compression to form a homogeneous layer. These layers were subsequently transferred to a solid
substrate using the Langmuir-Schaefer technique and further characterized via scanning electron microscopy and polarized neutron reflec-
tometry. Notably, our measurements revealed a second characteristic length in the lateral correlations, orders of magnitude longer than the
mean particle diameter, with polydisperse particles forming circular clusters densely packed in a hexagonal lattice. Furthermore, our evidence
suggests that the lattice constant of this mesocrystal depends on the characteristics of the particle size distribution, specifically the mean par-
ticle size and the width of the size distribution. In addition, we observed internal size separation within these clusters, where larger particles
were positioned closer to the center of the cluster. Finally, polarized neutron reflectometry measurements provided valuable insights into the
magnetization profile across the layer.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190550
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. INTRODUCTION

Ordered arrays of magnetic nanoparticles (MNPs) offer
promising opportunities for innovative material design, allowing
for the fine-tuning of both individual MNP properties (such as
size, magnetic moment, volume, and anisotropy) and the inter-
actions between MNPs. These opportunities can be harnessed to
enhance the density of bit-patterned magnetic recording media,"”
develop novel sensors and optoelectronic devices,”* and design cat-
alyst surfaces.” Furthermore, the collective behavior of nanoparticle
assemblies holds significant relevance for the fundamental study of
self-ordering phenomena.

Various methods can be employed to create ordered single-
crystalline monolayers of MNPs, and the choice of synthesis con-
ditions can significantly influence the outcome. In the past decade,
it has been demonstrated” "' that highly ordered, large-area arrays
of MNPs can be assembled on the surface of water using the
Langmuir technique. The interactions among nanoparticles on the
water surface are primarily governed by magnetic dipole-dipole
forces, steric effects, and Van der Waals forces. These interac-
tions are intricately linked to the properties of the surfactant shell,
nanoparticle volume, and interparticle distance. Recent studies have
shown that the ordering of monodisperse MNPs is strongly depen-
dent on their size and magnetic moment. For instance, 10 nm
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iron oxide particles readily form large, highly ordered monolay-
ers, whereas 15 and 20 nm MNPs, as well as binary mixtures
of 10 and 20 nm MNPs, fail to assemble into stable monolayers
and instead form three-dimensional structures.'” '* Furthermore,
long-range ordering can be observed in some multicomponent
instances,'”'® even within polydisperse two-dimensional (2D) and
three-dimensional (3D) nanoparticle assemblies.”*” Consequently,
the self-organization of initially disordered systems, such as poly-
disperse ferrofluids, through diverse pathways holds the potential to
facilitate the controlled synthesis of mesocrystals for a wide range of
materials.”"*

Bulk-sensitive small-angle scattering is a valuable tool for inves-
tigating the bulk structural and magnetic properties of mesoscopic
systems.””" Conversely, surface x-ray and neutron scattering tech-
niques are well-suited for both in situ and ex situ characterization
of Langmuir monolayers.”” By employing a combination of x-ray
reflectometry (XRR), grazing-incidence small-angle x-ray scatter-
ing (GISAXS), and spin-polarized neutron reflectometry (PNR),
it becomes feasible to explore the electronic, nuclear, and mag-
netic structure and dynamics of these intricate systems in three
dimensions.”*"

In our current study, we leveraged the Langmuir technique
to fabricate arrays of polydisperse iron oxide MNPs on the lig-
uid surface of water. These assemblies were subjected to in situ
surface x-ray scattering analysis. In particular, a specular XRR
experiment at the air/liquid interface was conducted to investi-
gate the Langmuir film profile in the out-of-plane direction. In
addition, GISAXS was employed to examine in-plane interparticle
correlations. We complemented these structural measurements with
surface pressure-area isotherm recording and Brewster angle micro-
scopy (BAM). Furthermore, ex situ scanning electron microscopy
(SEM) was carried out to inspect the resulting film after its deposi-
tion on a solid substrate by means of the Langmuir-Schaefer tech-
nique. To gain insights into the depth distribution of the magnetic
moment within the thin film post-deposition, we conducted a PNR
experiment.

Il. EXPERIMENTAL

The iron oxide (IO) nanoparticles used in this study were
synthesized through the chemical deposition of dispersed mag-
netite.”” The fabricated MNPs were coated with a layer of sodium
oleate, selected by weight, and dispersed in chloroform. Infor-
mation about the size distribution was obtained from wide-
angle synchrotron diffraction and transmission electron microscopy
(TEM).”® The size distribution followed a gamma distribution with
a mean size value of D = 10.8 nm and a dispersion of ¢ = 3.5 nm,
achieved after subsequent centrifugation. This sample is denoted
as I0-T30.

The Langmuir films were prepared using a custom-designed
Langmuir trough directly installed on the sample goniometer, with
the support of an active antivibration device, Halcyonics MOD2-S.
The maximum and minimum subphase surface areas were 456 and
115 cm, respectively. After spreading the nanoparticles, the sol-
vent was allowed to evaporate for 15 min before measurement. The
surface pressure was continuously monitored and recorded dur-
ing the Langmuir film formation using a Wilhelmy plate made
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FIG. 1. Distribution of the particle size D in the samples 10-T30 and 10-S26 (curves
are normalized to have an area equal to 1).

of Whatman paper and a microbalance, Model PS4 from Nima
Technology Ltd.

For ex situ observation of the monolayers forming directly on
the water surface, a Brewster Angle Microscope equipped with a
CCD camera and 10x and 20x lenses was employed, along with a
separate Langmuir trough.

SEM measurements of the MNP films transferred onto solid
substrates via the Langmuir-Schaefer method were conducted using
a LEO 1530 microscope at ESRF.

The in situ XRR and GISAXS measurements on the liquid sur-
face were conducted at the ID10B beamline at ESRF in Grenoble,
France. The beam size was 300 x 100 ymz (horizontal x vertical),
and the beam energy was 8 keV, corresponding to a wavelength
of 1 = 1.54 A. Two-dimensional PILATUS 300 K and linear Van-
tec detectors were utilized for the GISAXS and XRR measurements,
respectively.

Ex situ PNR experiments on the I0-T30 sample, which had
been transferred onto a Si substrate, were performed using the neu-
tron reflectometer Super ADAM at the Institut Laue-Langevin in
Grenoble, France.”” A monochromatic neutron beam with a wave-
length of A = 5.2 A and an incoming polarization of Py = 99.8% was
employed. The intensity of the scattered neutron beam was detected
using a two-dimensional *He detector DENEX 300 TN. A magnetic
field of H = 7 kOe, applied in the sample plane, was generated by an
electromagnet.

lll. RESULTS AND DISCUSSION

Polydisperse IO-T30 nanoparticles were deposited in the Lang-
muir trough for film formation. The pressure-area isotherm for this
sample, recorded during the compression process, is presented in
Fig. 2. Following the Harkins notation,’® this curve exhibits three
distinct regions: the liquid expanded and gaseous state (LE + G)
at pressures IT = 0-12 mN/m, the liquid condensed state (LC) at IT
= 13-25 mN/m, and the solid state (S) beyond 25 mN/m. The LC to
S transition occurs when the available area for one particle reaches
the calculated value of the area occupied by a particle with an average
size of 10 nm.

J. Chem. Phys. 160, 074703 (2024); doi: 10.1063/5.0190550
© Author(s) 2024

160, 074703-2

0S:8S°Z} ¥20T YdJe L0


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

11 (mN/m)

300 400 500 600
area per particle (nm?)

T T
0 100 200

0.1 mm

FIG. 2. (a) Surface pressure isotherms obtained for polydisperse 10-T30 particles
spread on water. The gray vertical line indicates the value of the nominal area
occupied by a particle of radius r, = 5 nm covered with a surfactant layer of thick-
ness ls = 2.5 nm. BAM images at (b) 1 mN/m, (c) film relaxed to 20 mN/m after
original compression to 35 mN/m, and (d) after decompression to 6 mN/m. The
bright areas correspond to the particles, and the dark areas correspond to the
water surface.

The BAM image [Fig. 2(b)] depicts the formation of solid clus-
ters immediately after deposition [Fig. 2(b)], corresponding to the
LE+G state. Subsequently, a homogeneous coverage of the water sur-
face is observed in the relaxed ensemble at IT = 20 mN/m, following
an initial compression to 35 mN/m (LC) [Fig. 2(c)]. Further relax-
ation leads to the formation of the hashed structure at IT = 5 mN/m
(LE) state, as shown in Fig. 2(d).

Significantly, the surface pressure isotherm exhibited by the
polydisperse sample can be viewed as a superposition, containing
the distinctive features observed in the isotherms of monodis-
perse nanoparticles as reported in Ref. 12. Consequently, the S
regime corresponds to small particles with an approximate size of
10 nm, the LC regime aligns with medium-sized particles of around
15 nm, and the LE+G regime corresponds to larger particles with
an approximate size of 20 nm. This comparative analysis provides
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FIG. 3. (a) Experimental XRR data for 10-T30 particles on the water surface (gray
symbols) together with the best fit model curves (black lines) together with corre-
sponding reference data for water (blue symbols and curves). (b) Best fit model
SLD profiles as obtained at different pressure values.

valuable insights into the surface behavior of polydisperse mix-
tures, revealing how different size fractions contribute to the overall
self-organization dynamics and drawing parallels with the behavior
observed in monodisperse systems.

The XRR curves, along with the corresponding electron scat-
tering length density (SLD) profiles for the IO-T30 sample, obtained
from the fit, are presented in Fig. 3. As an example, the experimental
XRR curve from the pure air/water interface, fitted with the Fresnel
decay function, is also included. Due to the particle size distribu-
tion in the polydisperse sample, the roughness of the layer is of the
same order of magnitude as the layer thickness. As a result, no thick-
ness oscillations are observed in the XRR curve at the low coverage
regime (LE+G), owing to the rapid decay of the reflected intensity
induced by the roughness. The first Kissieg fringe is evident in the
XRR curve at pressure values of IT = 24 and 34 mN/m when the layer
reaches the S state and becomes more homogeneous. The model
incorporates a layer with a wide distribution of electron density, cor-
responding to the size distribution of the nanoparticles [Fig. 3(b)].
Further compression of the layer leads to an increase in the SLD,
indicating the elimination of gaps between the nanoparticles, while
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FIG. 4. (a) Two-dimensional GISAXS pattern obtained from the 10-T30 sample on
the water surface at IT = 34 mN/m (a). (b) Evolution of the GISAXS intensity along
the cut taken at g, = q,, in the course of compression: dashed line 10 mN/m, solid
line 34 mN/m (d). Note the log-log scale.

the total film thickness remains constant and no transition to a bi-
or multilayered structure (hashing) is observed.

In-plane correlations of the polydisperse IO-T30 sample were
studied using GISAXS [Fig. 3(c)] at a constant incident angle
a; = 0.13°, which is slightly below the critical angle o = 0.15°, at two
surface pressures of IT = 10 mN/m and IT = 44 mN/m. The scattered
intensity exhibits a nearly homogeneous decay along the g, vector
without the appearance of Bragg peaks. Images at both pressures
suggest the absence of inter-particle correlations in the Langmuir
film, primarily due to the high polydispersity of the nanoparticles.
To determine the mean in-plane interparticle distance parameter g,
the Krattky representation I - qﬁ of the intensity along the cut taken
at q, = g, was utilized [Fig. 3(d)]. The mean in-plane interparticle
distance was found to be a = 14.9(1) nm, with an average coherent
domain size of D = 230 nm (Fig. 4).

Figures 5(a) and 5(b) depict the IO-T30 sample deposited on a
gold thiol-treated surface from the Langmuir layer at IT = 34 mN/m.
The SEM images reveal a non-uniform, disordered layer of three-
dimensional clusters of nanoparticles with varying sizes. The large-
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scale image [Fig. 5(b)] illustrates that larger MNPs aggregate into
clusters with an average size of 200 nm, surrounded by smaller
particle domains. This size separation is likely driven by magnetic
dipolar interactions, favoring the agglomeration of MNPs with a
larger volume and, consequently, a greater magnetic moment. This
magnetically induced self-separation mechanism has been previ-
ously proposed for simplified systems consisting of binary assem-
blies of monodisperse nanoparticles.”'* Interestingly, the clusters
form a short-range ordered mesocrystal on the scale of hun-
dreds of nanometers, visible in the real-space image [Fig. 5(a)]
but not in the GISAXS pattern, as the instrument configura-
tion was tuned to detect signals from smaller objects at higher
scattering angles. The mean interparticle distance a =17.7 nm,
derived from the radial average of the fast Fourier transformed
(FFT) SEM image [Fig. 5(c)], is in reasonable agreement with
the in situ experiment results, accounting for the local nature of
the SEM probe.

The manifestation of large (>100 nm) ferromagnetic domains
in the ordered nanostructures of iron oxide nanoparticles has been
recently revealed through neutron scattering,”’ ** resonant soft
x-ray scattering,”” and off-axis electron holography.”® In this study,
PNR was applied to investigate the out-of-plane distribution of mag-
netization within the nanoparticle film after deposition onto a solid
substrate. Previous reports have unequivocally demonstrated the
effectiveness of this approach, even in the case of very thin films,
such as monolayers of MNPs with a 10 nm diameter.”” Theoretical
descriptions and experimental details can be found in Ref. 38. The
two-dimensional PNR (p;, p ;) map obtained from the I0-T30 sam-
ple is presented in Fig. 6(a), featuring the specular and off-specular
contributions of neutron reflection from the film. The integrated
specular reflection curves R (g,), measured with opposite neu-
tron polarizations in the saturating magnetic field H = 7 kOe applied
in the sample plane, were fitted using the Parratt algorithm within
the GenX software package’ﬂ")‘”J [Fig. 6(b)].The magnitude of the
applied field is sufficient to fully saturate the magnetization in the
sample plane.”! The PNR curves were fitted with the same model as
the XRR. The model allowed a reduced nuclear SLD p, compared
to the in situ x-ray study in order to account for possible density
reduction of the film during the transfer from the water subphase to
the solid substrate.”” The magnetic SLD part p,, was allowed to vary
freely.

As a result of the fitting routine, nuclear and magnetic SLD
profiles were obtained, as shown in Fig. 6(c). Similar to the elec-
tron density profiles obtained in the XRR study, the nuclear and
magnetic densities of the film are primarily concentrated in an
~15 nm-thick layer above the substrate (z = 0). The round-shaped
profile with a maximum at z~ 6.3 nm from the Si surface cor-
responds to the center of the MNPs layer. The magnetic SLD is
directly proportional to the in-plane net magnetization compo-
nent M[kA/m] =3.5-10°p,,[A 2] According to this equation,
the peak value of magnetization is M = 450 + 24 emu/cm’, match-
ing the expected value for magnetite (480 kA/m>).”* Therefore,
the shape of the neutron SLD confirms the chemical depth profile
obtained from XRR and the planar homogeneity of the film observed
by SEM. The magnetic depth profile reflects the original particle size
distribution in the ferrofluid, with magnetization values enhanced
compared to the monodisperse case of I0-10.”” The absence of any
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FIG. 5. (a) and (b) SEM images of the 10-T30 layer with different magpnifications. (c) Corresponding FFT image showing two contributions: individual polydisperse MNPs
and orientationally disordered mesocrystals of the nanoparticle clusters. (d) Magnification of the low-q part of the FFT pattern. (e) Radially averaged FFT showing two
characteristic correlation lengths.
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FIG. 6. Two-dimensional experimental PNR intensity for 10-T30 particles deposited onto Si wafer as a function of the projection of the incoming and outgoing wavevectors
normal to the sample plane [p; = (27/1) sina; and p; = (2m/1) sin a7, where a; and a are the incident and scattering angles, respectively] (a). Integrated specular
reflectivity intensities measured with neutron polarization parallel (R*) and antiparallel (R™) to the applied magnetic field H = 7 kOe as a function of momentum transfer
vector g, (b). Solid lines represent the fitted curves according to the reconstructed nuclear and magnetic SLD profiles of the film shown in panel (c).
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FIG. 7. SEM image of the 10-S26 sample showing a large cluster of polydisperse
MNPs.

notable peaks in the off-specular PNR signal [Fig. 6(a)], which is sen-
sitive to lateral correlations with sizes from a few hundred nm to a
few microns, implies that there is no long-range order formed by the
mesoscale clusters.

Previous studies have shown that the formation of mixed clus-
ters of nanoparticles is energetically favorable in binary mixtures
of monodisperse MPNs as a result of the interplay between mag-
netic dipolar interactions, van der Waals interactions, and steric
repulsion.'”"* Similar mechanisms should also apply to polydisperse
mixtures with comparable mean particle sizes. Notably, within the
polydisperse ensemble featuring slightly larger average particle sizes,
such as in the case of S26 [Fig. 1(a)], the phenomenon of size-
separated mesoscale structures becomes even more pronounced.
As illustrated in Fig. 7, the self-organization of micrometer-scale
clusters of MNPs is evident, with larger particles concentrated in
the central region and smaller ones at the periphery. We hypoth-
esize that the increased magnetic moment of this assembly plays
a crucial role in fostering the formation of these more substan-
tial clusters, distinguishing it from the behavior observed in the
T30 configuration. This observation underscores the significant
influence of both particle size and magnetic characteristics on
the intricate self-assembly process within polydisperse nanoparticle
ensembles.

Recent studies have revealed that small monodisperse self-
assembled particles with diameters less than or equal to 20 nm
tend to exhibit not only disordered (superparamagnetic) behavior
but also anti-ferromagnetic ordering.””***’ Consequently, fur-
ther exploration of mesoscopic magnetic textures that may emerge
atop the structural clusters in polydisperse samples represents an
intriguing avenue for future research.

IV. CONCLUSION

The observations made in this study provide valuable insights
into the self-organization of polydisperse iron oxide nanoparticles
on a water surface. While previous research has primarily focused
on the self-ordering of monodisperse nanoparticles, the behavior of
polydisperse systems adds complexity to the understanding of these
processes. In contrast to the self-ordering observed in monodisperse
MNPs reported in Ref. 12, where 10, 15, and 20 nm MNPs form
in-plane ordered structures, the polydisperse mixture I0-T30 tends
to assemble into a more homogeneous, amorphous monolayer.

ARTICLE pubs.aip.org/aipl/jcp

Furthermore, a short-range ordered mesocrystal of larger particle
agglomerates is formed due to a magnetically driven self-separation
process, similar to what has been previously investigated in the case
of binary mixtures.'”'* The fact that polydisperse particles tend to
form a more homogeneous amorphous monolayer suggests that size
variations play a significant role in the self-assembly process. This
observation has practical implications for the controlled synthesis
of mesocrystals, as it highlights the need to consider particle size
distributions when designing nanoparticle-based materials. The for-
mation of the mesoscale clusters of MNPs generates another degree
of freedom that can be used to control the self-assembly, for exam-
ple, by aligning the clusters into long-range ordered structures using
external magnetic fields.” "

These findings contribute to our understanding of self-
assembly processes in complex nanoparticle systems. The insights
gained here can inform the design and synthesis of materials with
tailored properties, opening up new possibilities for applications in
areas such as magnetic data storage, sensing, and catalysis.

Further investigations into the magnetic textures that may
arise within polydisperse nanoparticle assemblies promise excit-
ing prospects for future research. Understanding the interplay
between structural and magnetic properties in these systems
could lead to the development of novel materials with unique
functionalities.
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