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Abstract

2D colloidal assembly is a vital process in the fabrication of nanostructured devices
and remains of widespread interest in fundamental research. Characterising the order-
ing is crucial to develop an understanding of the driving forces behind the assembly and
to optimise processing conditions. Image analysis offers a direct evaluation pathway,
typically via the radial distribution function or the 2D-fast Fourier transform. Both
methods have inherent limitations; the former provides no angular dependence while the
latter is challenged when confronted with imperfection on the mean size, spacing and
coverage of the building blocks. Here, we introduce the 2D spatial distribution function
(SDF) as an alternative pathway to evaluate colloidal ordering. We benchmark the
method in case studies of prominent examples and provide a tool-kit for implementa-
tion, either as imageJ plugin or standalone software. Application and interpretation is
straightforward and particularly powerful to analyse and compare colloidal assemblies

with limited order.



Introduction

Evaluating colloidal ordering is of widespread importance to determine crucial process con-
ditions, which in turn allows for a greater degree of control over the materials assembly.?
Important parameters include the structural symmetry, inter-particle spacing, and the dis-
tance over which order persists. While small angle X-ray scattering and laser diffraction
provide powerful routes for evaluation, the most common techniques are predominantly
microscopy-based, such as transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), and optical microscopy. Among a plethora
of available image analysis routines,?* two of the most common ones are the 2D fast Fourier
transform (2D FFT) and the radial distribution function (RDF).

The 2D-FFT represents an image of the assembly in the frequency domain. This process
converts patterns within an image into frequencies, which highlights information about the
structural symmetry and the extent of order. A high degree of order translates into distinct
spatial frequencies in the Fourier transform, and thus well-defined peaks can be found in
the frequency image. With compartmentalization and translational rotation of individual
domains, the peaks blur into rings; as the inter-particle spacing decreases in coherence, the
peaks render less profound and eventually vanish.!® The effectiveness of the 2D FFT (and
the associated power spectral density) to gain a qualitative and quantitative understanding
of the colloidal ordering has been demonstrated in numerous studies, e.g. to understand the
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principles and dynamics of the assembly process,®® evaluate the symmetry and orderliness

of building block arrangement,®? and determine the structure of binary superlattices. %12
The RDF, or pair correlation function, represents the density of particles as a function of
distance from a reference particle.'® The resulting plot shows peaks at prescribed distances
depending on the type of packing observed.!* Many studies have used the RDF for structure
determination (based on the positions of the peaks) and evaluation of the extend of ordering

(via the number and broadness of the peaks).'® ¥ While for less well-ordered assemblies the

footprint of the underlying structure may not directly depictable from the RDF, it provides a



robust pathway to determine inter-particle spacing and assess long vs. short range ordering.

Although both techniques are undoubtedly useful, each has intrinsic limitations. The 2D-
FFT does not show the results in real space and additional processing is required to extract
the inter-particle spacing. Furthermore, as disorder in the system increases, evidence of the
extent of order is quickly lost. The 2D-FFT is a fully reversible analytic process; its inverse
will accurately reproduce the original image of the sample used. As such, the 2D-FFT must
store additional information such as particle size, gradient, etc. This information is not
useful in determining the spatial arrangement and may negatively impact the analysis. The
RDF, in contrast, excludes this information and focuses solely on the positional data. It
retains information about the extent of ordering even in noisy systems, but it lacks any
directional information and extracting structural information can be difficult or impossible
for imperfect assemblies.?’ Thus, both techniques often need to be used in combination to
evaluate the ordering within a colloidal assembly.?!

The 2D spatial distribution function (SDF) represents an alternative that combines as-
pects of 2D-FFT and RDF. Variations of this method have been used in the past to elucidate
local atomic densities, where it provides the angular dependency in contrast to the RDF and
manages with the disorder arising from natural fluctuations in bond length and angle.??2*

Here, we introduce the use of the 2D spatial distribution function (SDF) in evaluating
colloidal ordering. Various examples of symmetry and order serve as case studies to bench-
mark the SDF to the more widely established 2D FFT and RDF. Importantly, we provide
both an ImageJ plugin and a standalone software for the implementation of the SDF and

provide guidelines for interpretation.

Experimental

ImageJ was used to determine the (x,y) positions of each particle in a given assembly. Further

details on this step can be found in the SI (Figure S1). This positional array was then fed



Figure 1: Construction of the SDF and related angular distribution. After the centroid
position of each particle is determined by image analysis, the positional data is fed into the software.
a. Plot of the positional array with the first reference particle circled in red. b. The positional
array is then aligned such that the reference particle lies on the (0,0) point. c. Another particle
is selected as a reference particle, the array is aligned and stacked on the previous array. d This
process is continued until every particle has been used as a reference particle. e. A grid for the 2D
histogram is defined by the user. f. The particle density per cell in the grid is calculated, which
produces the spatial distribution function. g. A grid, defined in polar coordinates, is overlaid on
the stacked array. h. The particle density within each cell of the grid is determined, normalised,
and then plotted in polar coordinates to provide the angular distribution.

into either the ImageJ plugin or the matlab GUI, which conducted image analysis as folllows.
The algorithm first selects one particle as a reference (Figurela). It then aligns the entire
positional array such that the reference particle lies at the (0,0) point (Figure 1b). Next,
the algorithm selects the next particle as the reference, aligns the array and then stacks this
array on top of the previous one (Figure 1c). This process is repeated until every particle
has been used as a reference (Figure 1d). The user then chooses the range over which to
calculate the density (i.e. the x and y distance from the reference particle). These values
should ideally be less than one half of the size of the original image to avoid artefacts.
The user provides the size of the square bin to produce a 2D-histogram of the array, which
will display the spatial density of particles in relation to a reference at (0,0) (Figure le-f).

The reference particle is excluded from the SDF calculation as it would result in an intense



peak; the resulting empty space relates to the excluded volume associated with the particles.
Figure S2 (SI) demonstrates this process. Finally, the SDF is normalised by the average
number of particles across the sample; this is non-trivial for finite samples. Often in RDF
algorithms, a periodic boundary is applied or data around the edge of the sample is excluded
to allow for accurate normalisation. Both have limitations, either through the introduction
of incorrect assumptions and artefacts or the loss of valuable data. Recent studies suggested
bypassing these methods by calculating the effective volume (3D) or area (2D) over which
the particles are being counted.?>2% A process inspired by this technique was implemented
herein through tracking the area covered by the shifted array to normalise the SDF'.

The methodology can also serve to determine the angular distribution. The same process
is applied for selecting each reference particle, aligning the positional array, and stacking
the data. The user then selects the radial range for investigation, Figure 1g. This is usually
guided by the RDF, i.e. the minimum and maximum radius should correspond to the minima
before and after the peak of interest, respectively. The user then provides a bin width.
The angle and the particle density within each bin is then calculated and plotted in polar

coordinates, Figure 1h.

Results and discussion

Validation

In order to compare the effect of increasing disorder on 2D FFT, RDF and SDF, respec-
tively, computer generated, regular hexagonal arrays were created with a set inter-particle
spacing of 100 a.u. and mean radius of 10 a.u. for each particle. Noise of a specified stan-
dard deviation ranging from 0-30% of the inter-particle spacing and particle dimensions was
then added to the x,y positions of each particle and the radius respectively. Figure 2 shows
how different spatial and radius variation affect the three different analytical methods. For

illustration, the SDF-based angular distribution is plotted alongside in 2e.
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Figure 2: Validation of the SDF. On the left, the radius variation was set to oyagius = 15% of
the mean radius and the spatial variation was investigated at ogpatial = 0 to 30%. On the right,
the spatial variation ogpatial Was maintained at 15% of the set inter-particle spacing and the radius
variation o,,qius Was investigated at 0 & 30% of the set particle radius. a. Corresponding computer
generated images used for the analysis. Different analytical methods were compared: b. 2D FFT,
c. RDF, d. SDF, and e. angular distribution.

On the left in Figure 2, the variation in the radius o,aqius Was set to 15% of the mean
radius. The spatial variation ogpatia Was then investigated for values of 0, 10, 20, & 30% of
the inter-particle spacing, respectively. The RDF at 0% showed distinct peaks characteristic
of hexagonal packing; at 10 and 20%, evidence of the hexagonal structure fades due to
broadening of the peaks. For 30%, no clear peaks of hexagonal packing could be identified.
In contrast, both the SDF and 2D-FFT provided evidence of hexagonal packing up to a

spatial variation of 20%. At 0% both depict the high level of order, but the footprint of the



hexagonal packing diminished more rapidly in the 2D-FFT at 10 and 20%. For 20%, the
2D-FFT only shows nearest neighbours, while the RDF and SDF retained more information
on the ordering of the assembly for a longer range from the particle of interest. The ability of
the SDF to perform well even with high levels of noise is related to how the SDF is obtained;
the relative position of each particle in reference to every other particle is considered and
the data is combined and normalised. This process helps to balance out random noise and
allows the underlying structure and extent of order to be illustrated in the resulting SDF. In
contrast, the 2D-FFT confounds positional information with particle size and shading which,
while allowing the process to be entirely reversible, can increase the noise. The angular
distribution (Figure 2d) is a product of the SDF, which looks at the angular dependence of
the n'* neighbour, in this case the nearest neighbour. After processing the positional data
to produce the SDF, a subset of the data is presented as a polar plot to produce the angular
distribution. The angular distribution confirmed hexagonal packing for 0, 10, & 20% spatial
variation, while any information on symmetry was lost for 30%.

In a second example displayed on the right of Figure 2, the spatial variation was main-
tained at 15%. The variation in the radius o,.4ius Was investigated for values of 0 & 30%.
It is evident that due to the nature of the RDF, SDF and angular distribution, variation in
the particle radii has no effect on the outcome. The 2D-FFT is vulnerable to this variation
and artefacts from the outline of the particles themselves (i.e. the pronounced ring present
in the 2D-FFT in Figure 2b) impact the interpretation of the results. A full investigation
on the effects of spatial and radius variation can be found in the Supporting Information
(Figures S4-8).

Further validation was performed to evaluate the robustness of the SDF with respect to
sample size and vacancies. It was found that all three methods were comparatively sensitive
to the number of measurements used for analysis; the SDF and RDF excelled at providing the
characteristic range of order while the SDF and 2D-FFT depicted the underlying structure

(see Figure S9). Similar results were found for assemblies with vacancies; however, the



SDF slightly outperformed the 2D-FFT (see Figure S10). Finally, anisotropic variation was
considered (see Figure S11). Again, the extent of order was best represented by the SDF and
RDF while structural information was provided by the SDF and 2D-FFT. The performance
of these analytical methods was also examined for the other four 2D Bravais lattices (see
Figure S12-16) with similar results.

This comparison provides justification for the validity and applicability of the SDF. When
deviating from perfect ordering, it offers a more robust evaluation for both noise and under-
lying symmetry. With only one analytical routine, i.e. the SDF, details about the symmetry,
inter-particle spacing, and the extent of ordering are revealed simultaneously in an intuitive
plot. In contrast, 2D-FFT and RDF must be used in tandem and interpreted in a less

straight forward fashion.

Applications

The SDF was applied to four experimental systems. Figure 3a shows an optical image of
polystyrene latex particles assembled at a water-octane interface.!® This self-assembly at a
liquid-liquid interface approach developed by Reimhult and coworkers allows for the forma-
tion of a non-close-packed, i.e. open structure with inter-particle spacing to be significantly
above the particle diameters. Similar structures with large inter-particle separation were

achieved by Law et al.?”
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Figure 3: Polystyrene latex particles assembled at a water-octane interface a.Optical
microscopic image of the assembled particles after transfer to a silicon substrate (Image width:
100 pm; 483 px), which served for analysis using different techniques: b. 2D-FFT, ¢. RDF, d. SDF
and associated e. angular distribution. (a) Reprinted with permission from reference.t? Copyright
American Chemical Society 2010.

Due to the non-closed packed nature of the assembly and associated variability in terms of
spatial translation, the 2D-FFT (Figure 3b) is unable to fully resolve the hexagonal ordering.
While the 2D-FFT image is indicative of more than one period of ordering, no clear evidence
is provided by the image. The RDF in Figure 3c indicates 2-3 periods of ordering, which
is reflected in the SDF (Figure 3d). The SDF also suggests hexagonal packing; this is
confirmed by the angular distribution, which displays six broad peaks. In this example,
the SDF clearly outperforms traditional methods (i.e. the combined 2D-FFT and RDF) in

providing informative value of the assembly.
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Figure 4: Microgel monolayer between transitional states. a. AFM image of the assembled
particles (Image width: 10 pm; 822 px), which was analysed via: b. 2D-FFT, ¢. RDF, d. SDF and
associated e. angular distribution.(a) Reprinted with permission from reference.?® Copyright Royal
Society of Chemistry 2016.

Figure 4a shows an AFM image of a microgel monolayer in a transitional state between
two crystalline phases, reprinted from a recent study by Isa and coworkers.?® Within the
islands of particles there is close hexagonal packing discernible without apparent character-
istic inter-island spacing or orientation. Several other studies have also shown this transition
from a close packed state to an open structure.?3° The 2D-FFT shows some evidence of

the underlying hexagonal symmetry, while the RDF indicates 2-3 periods of order. In com-

parison, the SDF provides evidence for hexagonal packing with two well-defined periods.
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Alongside, the angle distribution for the first period confirms regular hexagonal ordering.

a.
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Figure 5: Polystyrene beads assembled at an air-water interface in the presence of an
amphiphile. a. An SEM image of the assembled particles (Image width: 25 pm; 346 px) was
analysed using different techniques: b. the 2D-FFT, c. the RDF, d. the SDF, and e. the Angular
Distribution. (a) Reprinted with permission from reference.®! Copyright American Chemical Society
2018.

Typically, close packed spherical particles will form a hexagonal assembly. Vogel and
coworkers achieved more complex arrays by introducing amphiphiles into a system containing
polystyrene beads that were assembled at an air-water interface.®* An SEM image of a
colloidal assembly achieved through this protocol is shown in Figure 5. Note that similar
assemblies were attained by Hummel et al via a novel stretching protocol, which also provided
access to four other 2D Bravais lattices.?? An alternative assembly with cubic symmetry was

realised in binary lattices by co-assembling geometrically anisotropic colloidal particles.?3
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Image analysis shown in Figure 5b-e clearly indicates a high degree of order and square
symmetry. The 2D-FFT demonstrates the underlying structure and suggests 3-4 periods of
ordering. However, the regular shape of the particles and small domains of hexagonal order-
ing affect the 2D-FFT and interfere with the structural information. To mitigate this effect,
the positional information was extracted and analysed via a separate 2D-FFT (Figure S17).
While for the other examples such pre-processing did not result in significant improvements,
in this case more pronounced evidence on the structural symmetry was obtained. In compar-
ison, the RDF and SDF indicate a much higher degree of order and the SDF reproduces the
cubic packing. Note that minority regions of hexagonally packed particles resulted in a slight
anisotropy in the intensity of the peaks discernible by SDF. Finally, the angular distribution
exhibits eight peaks, which confirms a 2D cubic packing. The width of the peaks are narrow
and distinct, which provides further evidence of a high degree of ordering.

We further analysed a system exhibiting highly anisotropic ordering. Reven and cowork-
ers exploited line defects in a smectic liquid crystal to create a unique assembly of gold
nanoparticles.® A solution of gold nanoparticles in 8CB was placed in a wedge cell, which
induced linear alignment of nanoparticle aggregates. This type of structure has been observed
in other experimental systems such as that of Miiller et al., who deposited nanoparticles onto

the wrinkled surface of pre-stretched PDMS. 3
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Figure 6: Gold nanoparticles in a smectic liquid crystal. a. Polarized optical microscopy
(POM) image of the composite inside a homeotropic wedge cell (Image width: 190 pm; 274 px),
which was analysed via: b. 2D-FFT, c. RDF, d. the SDF and associated e. angular distribution.
(a) Reprinted with permission from reference.’* Copyright Royal Society of Chemistry 2012.

The assembly shown in Figure 6a is unique in in the fact that there is no characteristic
inter-particle distance within each line defect but a periodic arrangement of the line defects
themselves. The 2D-FFT is able to show up to 5 periods of the line defects (two on either
side of the central peak) while the RDF shows some evidence of order. In comparison, the
SDF is able to more accurately reproduce the extent of the ordering of the system. The
angular distribution for this system reflects the anisotropy (here conducted for a range of
0-20 px). Along the direction of the defect, an increase in the particle density can be seen

while perpendicular to the defect, this density reduces to the bulk value.

In conclusion, we provide a comprehensive evaluation on the use of SDF to assess order-
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ing in colloidal monolayers. Systematic variation of inter-particle spacing, diameter, total
population and monolayer coverage as well as the application to four prominent examples in
the literature reveal that a) the SDF is at least as successful as the RDF in determining the
orderliness of an assembly; and b) the SDF is equally capable of demonstrating the under-
lying symmetry when compared to the 2D-FFT. Experimental data for less highly ordered
systems confirms the RDF fails at providing information about structure in non-crystalline
systems. The 2D-FFT rapidly looses information about the extent of the order and, at times,
could not determine the underlying symmetry for less ordered assemblies. In contrast, the
SDF is able to retain information regarding the structure and the extent of the order while
providing an accurate representation of the ordering in the assembly in real space. With
our accompanying imageJ plugin and standalone software, the implementation of the SDF
is straightforward and should provide a valuable addition in the toolbox of monolayer char-

acterisation.
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