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The self-organisation of individual suspended colloids into ordered structures that can be mediated by
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confinement has garnered interest recently. Despite the push for solvent reduction for sustainability

reasons, the comprehension and development of solvent-free assembly methods remain largely unad-

dressed. In this study, we explore, the effect of confinement without rigid geometrical constraints,

i.e., wall-less confinement, on the assembly of monodisperse PMMA powder microspheres (diameter

of 3 pm and 10 pm) on a fluorocarbon-patterned heterogeneous substrate using a solvent-free rubbing

assembly approach. Our findings reveal that the PMMA microspheres self-align on the fluorocarbon
patterns, adapting to various geometrical shapes of these patterns through symmetry matching. The
assembly process is driven by triboelectric charging and elastic properties of the microspheres and

substrate.

Moreover, we observe that the host substrate and the particle and pattern size ratio

significantly influence the ordering of the microparticles on the fluorocarbon patterns. Ultimately,
we demonstrate the successful use of fluorocarbon patterns to assemble tunable crystal patterns on

rigid substrates, which typically do not exhibit any ordering.

1 Introduction

Self-organisation of individual building blocks into organized
large collective structures are ubiquitous in nature at different
length scales, e.g., molecules, living cells, colloidal particles,
granular matter, a flock of animals, pedestrians, robots, and even
for objects in space. T In particular, the controlled assembly and
crystallisation of colloids and granular matter into ordered struc-
tures is appealing from fundamental perspective™ 19, but can also
be advantageous for a sustainable society as these structures un-
lock many industrial applications, e.g., photonics, smart materials
and sensors, surface coatings, and robust-lightweight materials,
miniaturized devices.TTHI4 Ag such, the literature on colloidal as-
sembly is massive. 81114

Another avenue gaining attention within the soft matter com-
munity is steering the self-organisation of individual building
blocks through the confinement of different natures, e.g., in-
side microfluidic chips or simply an evaporating suspension

@ Department of Chemical Engineering CHIS, Vrije Universiteit Brussel, Brussels 1050,
Belgium; E-mail:ignaas.jimidar@vub.be

b Mesoscale Chemical Systems, MESA+ Institute, University of Twente, 7500AF En-
schede, The Netherlands; E-mail:i.s.m.jimidar @utwente.nl

¢ Physics of Interfaces and Nanomaterials, MESA+ Institute, University of Twente,
7500AE Enschede, The Netherlands; E-mail:k.sotthewes@utwente.nl

T Supplementary Information available: [Analysis of quality of monolayer arrays,
grain detection, and additional data.]. See DOI: 10.1039/cXsm00000x/

¥ These authors contributed equally to this work.

droplet. 28115116 By spatially confining colloids, their translational
and rotational degrees of freedom is restricted, altering possible
configurations or system order.

Research on colloidal self-assembly phenomena into ordered
structures has been primarily devoted to colloidal particles in
suspension, so-called "wet assembly" techniques. However, the
impetus for reducing solvent (waste) towards more sustainable
processes elucidates the necessity of comprehending solvent-free
assembly, i.e., "dry assembly" methods.’? To achieve this antici-
pated transition, a handful of dry assembly methods have been
proposed on different length scales (size of building blocks) over
the last decades as recently surveyed by Sotthewes and JimidarlZ,
including shaking™20 acoustic-drivenL, vacuum-assisted tech-

niques?223, and rubbing2427,

The rubbing method has recently emerged as an advanced
solvent-free assembly approach to rapidly (< 20 s) attain large
areas of ordered crystals, spherical colloids and cubic particles28,
using polydimethylsiloxane (PDMS). Recently, Sotthewes et al.28
reported the assembly of tunable hexagonal closely packed (HCP)
arrays driven by triboelectrification and contact mechanics. Tri-
boelectrification or contact electrification is the process of spon-
taneous electrical charge exchange when two bodies are in fric-
tional contact.2280 The exact mechanism at the onset of tri-
boelectric charging has not been resolved yet, as many factors
can play a role2230, A few of the mechanisms include elec-
tron transfer®, material transfer and bond scission in poly-
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mers=*, mechanochemistry , and water or humidity in am-
bient air%35737, In particular, understanding the role of ambient
humidity or water in contact electrification charging/discharging
has garnered interest in the context of improving the performance
of triboelectric nanogenerators (TENGs) and other green energy
harvesting applications. 2430

Besides the tribocharging-driven rubbing assembly proposed
by Jimidar and co-workers2526] the Whiteside group explored
the agitation concept to self-assemble millimetre-size polymer
beads122% into close-packed crystals of different symmetry struc-
tures using the triboelectrification mechanism. On the other
hand, Jimidar et al.1® reported that agitation was not commensu-
rate with the scale to achieve a close-packed monolayer of silica
and polystyrene microspherical particles (3 — 10 um).

The solvent-free rubbing method offers significant control over
the order and positioning of a broad spectrum of particles (size
and material), enabling the assembly of ordered crystals on any
desired pattern®, By utilizing a fluorocarbon-patterned (hetero-
geneous) substrate, microparticles are laterally confined to the
patterns, despite the fluorocarbon pads being at least 50 nm
higher than the host substrate. This confinement occurs without
physical boundaries or rigid walls, referred to as wall-less con-
finement. The driving mechanism underpinning this confinement
is the differences in triboelectric charging and contact mechanics
forces between the fluorocarbon coating and the host substrate.
However, the effect of the host substrate and size of the fluorocar-
bon patterns on the ordering of the particles remain unaddressed.

In this study, we leverage the solvent-free rubbing method
to investigate the self-alignment of poly(methyl methacrylate)
(PMMA) powder into hexagonally close-packed (HCP) monolayer
arrays on fluorocarbon-patterned substrates. Using the Voronoi
tessellation approach, we quantify the order of the assembled
monolayers composed of monodisperse PMMA microspheres (3
and 10 um) on the wall-less confined fluorocarbon patterns. Their
effect on particle orderings is examined by varying the shape and
size of the fluorocarbon pattern and the type of host substrate
(glass and SiO,). Our findings show that particles are confined
to the CF, and match the geometrical shape of the pattern, af-
fecting the local ordering of the particles. Additionally, the edge
between the fluorocarbon pattern and host substrate plays a cru-
cial role in the order achieved using the rubbing assembly process.
The insights gained in this study will impact our understanding of
reaching and tuning structural ordering using solvent-free (dry)
assembly methods, addressing the need for designing greener as-
sembly processes.

2 Experimental and Analysis section

2.1 Materials and Methods

The rubbing experiments, illustrated in Figure [T, were per-
formed using monodisperse dry PMMA powder (15 +3 mg) with
a diameter of 3.04 £0.11 um, and 9.95+0.22 um that were pur-
chased from microParticles GmbH. The manufacturer provided
the standard deviations on the particle diameter. Note that the
rubbing assembly (cf. Fig[lA) is a dynamic process, and concomi-
tantly time-dependent. Since only the final result can be micro-
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scopically examined, we repeated the process at least 6 times to
gain sufficient statistics. All experiments were performed under
standard lab conditions (7 =21+1 °C and RH = 40-55%). The
temperature and humidity are measured with a Digital Profes-
sional Thermo-Hygrometer KLIMA BEE, TFA, Germany.

The substrates are patterned using plasma polymerisation with
a 50 — 75 nm thick fluorocarbon (CF, with 2 < x < 3) coating.
The manufacturing process of these patterned substrates is de-
scribed in detail in our previous studies226, to which the inter-
ested reader is kindly referred.

Kelvin probe force microscopy (KPFM) measurements are per-
formed in a Bruker Icon atomic force microscope (AFM) at am-
bient conditions with RH = 45-50 % (measured with TFA Digital
Professional Thermo-Hygrometer KLIMA BEE). A heavily boron-
doped diamond cantilever with a resonance frequency of 100 kHz
and a force constant of 8 N/m (FM-LC, Adama Innovations) was
used. The FM-KPFM mode is utilized to detect the electrostatic
gradient through the frequency shift of the cantilever oscillation.
During the KPFM measurement, the tip was grounded, allowing
the determination of the contact potential difference (Vcpp) using
the following equation:

Vepp = &~ dp €y
lel
with e the elementary charge and ¢s and ¢y;, the work function of
the sample and tip, respectively.

2.2 Structure analysis of particle monolayer arrays

After rubbing the particles onto the substrates, optical microscopy
images were captured using a Leica DM2500 MH microscope con-
nected to a ZWO ASI294MC Pro camera, while in some instances,
scanning electron microscopy (SEM) images were taken with a
ZEISS Merlin high-resolution scanning electron microscope.

Voronoi diagrams were constructed from the images using
MATLAB routines to characterize the structure of the PMMA
monolayers. A Voronoi diagram is constructed by using the cen-
tres of the microspheres to partition the space into polygonal cells
comprising points closer to one microsphere centre than to all the
others, as elaborated in Sections $1&S2 of the SI.2859 The shape
of each obtained Voronoi cell i can be described by computing a
dimensionless quantity ©;, called shape factor:

2

Di
%= 2
" 4mA; &)

where p; and A; are the perimeter and area of Voronoi cell i, re-
spectively. From the definition, it can be concluded that ©; = 1
corresponds to a circular cell, whereas 1; > 1 for regular polygons.
For a perfect hexagonal crystal, the Voronoi diagrams would re-
sult in regular hexagons with ¥, y,¢x = 1.1027.

The orientational order of the obtained monolayers can be
quantified by computing the local 6-fold bond-orientation, or hex-

atic, order parameter y for each particle which is defined as:'19:40
1Y«
Y=y = ﬁ e619(rij) 3)
Jj=1
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where 6(r;;) is the angle between the vector connecting particles
i and its nearest neighbour j and an arbitrary reference axis. The
vector r;; is computed for all its N; nearest neighbours, identified
from the Voronoi constructions. What follows from Eq. 4 is that
|y| =1 for a particle oriented in a hexagonally close-packed crys-
tal, and |y| < 1 for all particles with neighbours deviating from
perfect hexagonal ordey, i.e., |y| < 1.

One can also compute the spatially averaged orientational or-
der parameter y;,y of an ensemble of N particles as:

1 N
Wavzﬁz,“l/i‘ C))

i=1

3 Results and Discussion

3.1 Initial observations on rubbing-induced assembly

Dry monodisperse PMMA powder sandwiched between a PDMS
stamp and another fluorocarbon-patterned substrate is manually
rubbed for approximately 20 seconds in a circular motion across
the substrates to assemble a monolayer array of hexagonal closely
packed (HCP) crystal structures, as depicted In Figure [TA. We
vary the geometrical shape and size of the confined CF, patterns
(height of 50 —75 nm) on the heterogeneous host substrates. Dur-
ing the rubbing motion, the operator applies a pressure P, which
can be adjusted to assemble a monolayer array depending on two
extreme cases: when the applied pressure is too high, the assem-
bled monolayer of particles is disturbed, whereas, at low pres-
sures, the powder is not spreading across the substrate, hindering
the assembly process.29 It has been reported that soft-elastomeric
substrates, like PDMS, induce a rolling motion on the spheri-
cal particles confined between the PDMS stamp and substrate,
which promotes the formation of a close-packed monolayeri.e.,
HCP crystal structures.2426

Initial rubbing experiments were performed on a fluorocarbon-
patterned SiO, substrate using 10 um PMMA powder micro-
spheres. It is striking to observe from Figures [IB-C that despite
the circular rubbing motion, the PMMA microspheres self-aligned
into HCP crystal monolayers matching the geometrical shapes,
square or circular, of the wall-less confined CF, patterns. This re-
sult indicates that the spherical PMMA powder particles have a
strong preference to remain and stick to the fluorocarbon coat-
ing rather than the SiO, substrate, highlighting that a key as-
pect for assembling HCP crystals on the substrates is the presence
of sufficient adhesion between the microspheres and underlying
substrate. Our team recently reported that the main drivers for
sufficient adhesion between the PMMA microspheres and the flu-
orocarbon coating are the contact mechanics force due to elastic
deformations of the particles and the underlying surface and the
triboelectric charging phenomenon?®. The latter is induced as
the microspheres and substrates get into frictional contact during
the rubbing motion.

The triboelectric charging is supported by KPFM measurements
performed on the PMMA particles and the fluorocarbon coating.
The contact potential difference Vcpp on the PMMA particles and
the CF, coating is measured, and it can be observed from Figures
[ID-E that the particle mainly acquired a positive polarity, whereas
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the fluorocarbon coating was negatively charged. It should be
noted that prior to the rubbing experiments, the PMMA particles
were negatively charged.2> This implies that as the particles roll
across the substrate, charge is exchanged from the particles to the
fluorocarbon coating, which aligns with the triboelectric series22,
Thus, a tribocharging-induced electrostatic attraction exists be-
tween the PMMA particles and the coating. It is remarkable that
although most of the PMMA particles have the same polarity, a
close-packed monolayer is present, as one would expect that a
Coulombic repulsion between the particles would counter crystal
formation. As such, it is elucidated that the electrostatic attrac-
tion between the PMMA microspheres and the fluorocarbon coat-
ing is sufficiently strong to overcome the repulsive force, enabling
the assembly of HCP crystals. We want to point out that humidity
effects may also influence the triboelectric charging between the
PMMA particles and CF, coating, particulary due to their differen-
nce in hydrophobicity. 2237 However, to exclude humidity effects,
experiments were only performed at ambient conditions.

As noticed before, the area of the conspicuously present close-
packed monolayers matches the geometrical shape of the con-
fined coating patterns exhibiting symmetry structures and defects,
e.g., a few excess particles on top, voids and grain boundaries,
even though the rubbing direction is performed random. These
symmetry structures and defects can be identified and quantified
using Voronoi decomposition=24l, as showcased in Figures —G.
Since our interest is in hexagonal symmetries, each cell in the
Voronoi diagrams is coloured according to its normalized shape
factor ¥, such that a perfect hexagonal cell ¥porm hex = 1. A fea-
ture that can be readily observed from Figures[IF-G is that seem-
ingly at the edge of the wall-less confined patterns, the symmetry
structures in the monolayers were distorted, indicating that inter-
actions of the particles on the edge (interface) between the coated
and uncoated part of the host substrate were altered. Further-
more, defects associated with the misalignment of grains, e.g.,
square symmetry structures between two grains, indicate that
grains with different orientations were assembled during the rub-
bing motion. This implies that several nucleation sites grow into
larger HCP crystal structures as the rubbing process is performed.
The assembled crystals then move as a single entity on the sur-
face during the rubbing motion, as shown by Park et al.24, Since
no geometrical constraint exists in the system, the attained crys-
tals can leave the confined CF, spaces during the rubbing assem-
bly process, which changes the interaction forces acting on them
when entering the uncoated areas on the heterogeneous sub-
strate. When the particles slide instead of rolling, they also tend
to disturb already assembled crystal structures due to their high
kinetic energy, causing voids in the crystal domains.?# Therefore,
Section 3.2 will elaborately discuss the effects of the geometrical
shape and size of the fluorocarbon patterns, as well as the proper-
ties of the host substrate on the defects and the symmetrical order
present within the assembled monolayers.

Next to the HCP crystals on the CF, coating, Figures -C show
PMMA microspheres, mostly single particles, on the uncoated
SiO, substrate. It is noteworthy that mostly the uncoated ar-
eas between the fluorocarbon patterns also contained HCP crystal
structures, i.e., the assembly of HCP crystals was not limited to
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Glass 500 nm SiO2

Fig. 1 (A) Schematic representation of the manual rubbing method of dry PMMA powder on a fluorocarbon-patterned substrate using a PDMS
stamp. SEM images of 10 pm PMMA microspheres assembled in a close-packed monolayer configuration on a (B) square and (C) circular fluorocarbon
pattern on a SiO, substrate. (D-E) KPFM measurements performed on assembled 500 nm PMMA colloids and the CF,-coated area. (D) Topographic
image and (E) the simultaneously acquired surface potential map of the particles and CF, layer, scale bar 700 nm. (F-G) The Voronoi diagrams
correspond to the assembled monolayers on the fluorocarbon square in (B) and circle in (C), respectively. The Voronoi cells are coloured according
to the normalized shape factor ®norm. (H) The normalized average shape factor (I-J)SEM images of 10 pm PMMA microspheres on an uncoated

homogeneous glass wafer. Scale bar: 100 pm (green); 30 pm (red).

the fluorocarbon layers. This can be corroborated by our ear-
lier reported ﬁndings in which it was shown that similar to
the fluorocarbon coating, the adhesion on the SiO, substrate was
also promoted due to the contact mechanics and tribocharging
mechanism. However, on the SiO, substrate, it was observed that
the assembled monolayers were less stable as these could be dis-
turbed during the rubbing motion, and more powder supply was
needed to form these rnonolayers. This observation ascertains
distinct interactions on the coated and uncoated areas, i.e., the
adhesion on CF, was stronger than the SiO, substrate, which is
ascribed to the lower Young’s modulus?® and the stronger tri-
boelectrification property of the CF, layer®>. This explains why
certain areas on the substrate were still visible where we could
distinguish between the fluorocarbon patterns covered with close-
packed monolayers and the uncoated substrate (cf. Figs. [IB-C).

The above underscores that by tuning the interactions induced
during the rubbing motion between the microspheres and surface
(triboelectric charging and contact mechanics), the structural or-

4 Journal Name, [year], [vol.], 1

der can be laterally confined on the CF, patterns. The confine-
ment is achieved without the use of physical boundaries or rigid
walls, i.e. wall-less confinement. The properties of the chosen
materials (coating surface as well as the host surface) determine
the efficiency of the lateral confinement. This underlines the ne-
cessity of a host substrate on which the formation of HCP crys-
tals is not promoted such that we can examine the effect of the
confined CF, pattern geometry and size on the assembled sym-
metry structures. This implies that the PMMA powder particles
should clearly discriminate between the fluorocarbon layer and
the surrounding host substrate. To select such a substrate, we
first compare two substrates that we have available, namely SiO,
and borosilicate glass substrates, on which the fluorocarbon pat-
terns can be applied. This comparison is performed by assembling
close-packed monolayers on 8 smaller samples (14 x 14 mm?) of
these homogeneous substrates. Subsequently, the quality of these
monolayers can be quantified by determining the average normal-
ized shape factor (Onorm,av = 1)-
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Figure displays the normalized shape factor (Snorm,av) ob-
tained on the bare SiO, and glass substrate and a uniformly
fluorocarbon-coated SiO, substrate. Given the discussion above,
it is unsurprising that the best results with close-packed monolay-
ers were attained on the fluorocarbon-coated substrates. As men-
tioned, the close-packed monolayers are present on the SiO, sub-
strates but can be disturbed, as the particles experience a lower
adhesion than the fluorocarbon coating. This results in a lower
Onorm,av With a lower reproducibility. In contrast, on the glass
substrate, it can be readily observed that HCP crystal structures
were scarcely present. It should be remarked that similar to the
other surfaces, glass is also an insulator and is also shown to be-
come tribocharged??. On the other hand, the glass substrate is
stiffer (Y = 89+ 5 GPa) compared to the SiO, (¥ =54 £5 GPa)
and the fluorocarbon coating (Y = 21 +5 GPa) 26l resulting in
smaller elastic deformations on the glass surface. This leads to
a lower contact mechanics force and, concomitantly, to less adhe-
sion between the PMMA particles and glass substrate, impeding
the assembly of HCP crystals (cf. Figure[I]).

On the other hand, we could observe regions, albeit relatively
small domains, of HCP crystals on a full glass wafer (cf. Fig-
ure IJ). Like the small samples (Figure ), the full glass wafer
was also covered with single PMMA microspheres. This eluci-
dates that assembled crystals are less stable on the uncoated glass
wafer. Furthermore, these results support the notion that nu-
cleation sites are needed to promote the assembly of the HCP
crystals, and a larger substrate inherently contains more available
sites than a sample with a smaller area. Moreover, on a smaller
sample, the PDMS rubbing stamp moves more frequently past the
same region, increasing the chances of disturbing any HCP crys-
tallized seeds compared to larger wafers. Thus, HCP crystals are
demoted on the glass wafer, i.e., the poor ordering on glass.

These results highlight that changing the substrate properties
and concomitant interactions between them and the PMMA mi-
crospheres can change the system’s order. As such, the confined
CF, pattern will be applied on two different host substrates (SiO,,
and glass) on which distinct structural ordering is expected from
the data shown in Fig. [IH. Consequently, the following sections
will give us insights into how the geometrical shape and size of
the wall-less confined CFy patterns combined with the host sub-
strate affect the order of the assembled monolayer arrays on re-
spective patterns.

3.2 Fluorocarbon squares: Influence of the host substrate
and pattern size

To further investigate the influence of the host substrate on the
ordering of the assembled monolayer arrays, square fluorocarbon
patterns of different dimensions are made on glass and SiO, host
substrates. The order of the assembled arrays, particularly HCP
crystals, on the wall-less confined fluorocarbon squares, is quan-
tified by determining the normalised shape factor Ynorm,av-

The result is shown in Fig. 2J(A) and reveals a clear decrease
of the shape factor as the square area increases. This holds for
all three investigated cases on the CF, patterns: (i) 3 um PMMA
on the glass host substrate (blue bars), (ii) 3 um PMMA on SiO,
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as a host substrate (red bars) and (iii) 10 um PMMA on on glass
as a host substrate (yellow bars). In the case of the 3 um PMMA
particles, it can be readily observed that for small square sizes,
no difference is observed between a glass and a SiO, surface,
whereas distinct results are obtained on larger CF, squares to the
extend that significantly better ordered monolayers comprising
HCP crystals are attained when the SiO, surface is utilized as
the host substrate. This result agrees with previous studies22/26/
When 10 um PMMA particles are used on glass, a similar trend
is observed as for the 3 um particles, the ordering is improved
(lower ¥norm,av values) with increasing pattern size. In contrast
to the 3 um sized spheres, the highest possible packing density
(lowest Unorm,av) is not yet reached on the largest square sizes 26
and Bnorm,av is higher for similar square sizes. Altogether, these
observations elucidate that a combined effect of particle size, the
interface between patterns and host substrate, and the pattern
size affects the ordering of the arrangements on the wall-less con-
fined CF, patterns.

As noted before, deviations from ¥Unormav = 1 (hexagonal
closed packing) are mainly caused by grain boundaries, defects,
second layer particles and/or poor ordering of particles at the
edges. From Figs. F)-(G), it was already inferred that HCP
crystal domains with different orientational order, i.e. various
grains, were attained during the rubbing assembly on the CF,
patterns. As such, we examine the rotational order to identify
the assembled crystal structures on the CF, squares, as elabo-
rately discussed in section 3 of the SI. Fig. [3| shows that on the
large squares, poly-crystalline monolayers were attained, whereas
a single crystal, albeit relatively small, were attained on the small-
est CF, square. In addition, Fig. |3| suggests that larger grains can
be obtained on these square patterns when the SiO, substrate is
utilized as a host. Therefore, we quantified the number of grains
(Ng), i.e. HCP particles with a specific rotational orientation)
and their corresponding size on the fluorocarbon squares on the
glass and SiO, substrate. Fig. B) shows that the number of
grains present on the confined CF, squares is lower for the SiO,
substrate than the glass host, while the grain size on the larger
squares is relatively larger on the SiO, host compared to glass
(cf. Fig. [3).

To explain the observations, two-dimensional (2D) classical nu-
cleation theory (CNT) is used as the microspheres are confined
between the surface and the stamp during the rubbing assembly
process. The CNT uses two terms to obtain an expression for the
free energy of the formation of a nucleus#2*42 Particles at the
perimeter add a positive energy term through the edge line ten-
sion and particles in the bulk add a negative term due to the free
energy gained from bonding to a crystal (cf. Eq.[5). For a circular
flat grain of size A, the Gibbs free energy (G) is given by

AG = f%Au+2\/ﬂAy (5)

where Q is the area occupied by one particle in the grain, y
the grain edge line tension and Au the difference in chemi-
cal potential of a particle within or outside the grain. Grains
that are smaller than the critical nucleus size (approximated by

2
Ac = (%’: ) ) tend to decay while grains that are larger have the
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Fig. 2 (A) The normalized average shape factor (Unorm,av) for (blue) 3
and (yellow) 10 um PMMA spheres arranged on CF, squares on glass
and (red) 3 um PMMA spheres on CF, squares on SiO,. The squares
are defined by the length of the sides (Isq) which is related to the total
square area (Asq). The number of samples per bar are between N =5 and
N =15. (B) The number of grains per square (Ng) as a function of the
square dimension for (blue) glass and (black) SiO, as a host substrate.
(C) The average grain coverage with respect to the total square area
(®g) as a function of the square dimensions for glass and SiO; as the
host substrate. The data in (B) and (C) represents the assembled grains
obtained using 3 pm PMMA microspheres.
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(A) (B)

Fig. 3 A single crystal structure identified comprising 3 pm PMMA
microspheres on CF, pattern of 25 x 25 pm? on (A) glass and (B) SiO, ad
a host substrate. Multiple identified crystals (each coloured differently)
comprising 3 pm PMMA microspheres on CF, pattern of 200 x 200 pm?2
on (C) glass and (D) SiO, ad a host substrate.

tendency to grow.

The CNT explains the roughly linear increase of Ng with in-
creasing square size (Fig. B)). As the available area of the con-
fined CF, squares doubles, the number of critical nuclei that can
occupy this area also doubles. Hence, a linear dependence is ex-
pected between the number of grains and the area. Eq. |5| also
accounts for the observation with larger microspheres. For the
10 um PMMA spheres, a larger critical nucleus size is expected
(large Q, thus a larger A. is needed), resulting in fewer nuclei per
square. Since the critical nucleus size scales with Q2, the squares
need to be approximately 10 times larger (> 1x1 mm?) for 10
um particles compared to 3 um particles to achieve low Snorm,av,
i.e,. highly ordered monolayers comprising HCP crystals. In a
previous study, we demonstrated that 10 um microspheres can
be assembled in HCP crystals using larger pattern dimensions of
fluorocarbon-coated areas2S. This is further supported by the
data presented in Fig.[T(H) compared to Fig.[2(A), as low Onorm,av
were attained on the uniformly coated fluorocarbon-coated sub-
strates (14 x 14 mm?) compared to significantly smaller confined
squares in the latter case.

From the slope of the curve in Fig. [2B), the average area
(particles and surrounding space) per grain (Ag, not to be con-
fused with the grain size) is extracted which is approximately
30x30 um? for glass and 45x45 um? for SiO, (when projected
on a square grain). Thus, the smallest squares in this study
(25x25 um?) are smaller than Ag and indeed, only one grain
(and sometimes even no grain) is present on average on these
squares (Fig. [2|(B)). However, the average normalized shape fac-
tor is large, indicating poor overall ordering.

The relatively high shape factor for small square sizes is re-
flected in the total grain coverage (@g, relative to the square
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area), shown in Fig. C). For the small confined CF, squares, a
coverage of < 50% is obtained regardless of the host surface. This
is due to the small grain sizes (much smaller than Ag), which
result in ill-defined grain boundaries and poor ordering of the mi-
crospheres.

As the wall-less confined squares on the heterogeneous sub-
strates become larger, the grain coverage also increases, decreas-
ing the shape factor (Fig.[2). Larger grains imply that the propor-
tion of grain boundaries and defects on the overall ordering de-
creases, reducing the average shape factor. For large CF, squares,
the difference between the glass and SiO, host substrate becomes
more pronounced. The coverage on the CF, squares is twice as
large on SiO, compared to glass, even though the number of
grains is less (Fig. B,C)). This is attributed to the much larger
grain sizes obtained when a SiO, host substrate is involved (see
Figs. C—D) & Fig. S5 in SI). In addition, it is observed that on
the 200 pum CF, squares on the SiO, host substrate, the normal-
ized shape factor coincides with the value obtained on uniformly
fluorocarbon-coated samples (cf. Fig.[I), implying the order en-
hancement effect that the SiO, substrate has on the formation of
HCP monolayers.

The observations above underscore a combined effect of the
confined CF, squares and the host substrate on the order of the at-
tained monolayer arrays using the solvent-free rubbing assembly
process. As elaborated in the previous section (Sec. [3.1)), rolling
particles are needed during the rubbing process to attain ordered
structures1Z2426l  Dye to the wall-less confinement, the micro-
spheres can enter, leave or stay on the CF, patterns, affecting
their assembly behaviour. Those that are located and stay on the
CF, pattern are arranged into ordered structures, as shown in
Figs. [1{B-C) and previous studies 726,

Assembled grains attained on the CF, layer and cross the edge
towards the host substrate may remain intact or be disturbed,
depending on the host substrate’s properties, as was noted in
Sec. Due to the higher contact mechanics force and the better
triboelectric charging, particles tend to roll more easily on SiO,
(resulting in a lower shape factor, see Fig. H)) compared to
glass2® making them less likely to be disturbed when crossing
the edge. This promotes grain formation. Additionally, the for-
mation of close-packed monolayers will be promoted on SiO,, (see
Fig. [1[(H)), increasing the likelihood that an ordered monolayer
can cross the edge to the CF, layer as a grain, further enhancing
grain formation and ordering on the CF, layer. This is reflected
in the values found for Ag, which are higher for SiO, compared
to glass. Therefore, the grain size and the ordering heavily de-
pend on the host substrate and pattern material. As noted before,
glass is a poor performing host substrate, significantly affecting
the grains on the CF, squares. Thus, as the host substrate’s prop-
erties improve, Ag and @¢g will increase, while Ng will decrease
as the host substrate aids in the formation of larger grains.

Altogether, the results elucidate that particle arrangement on
the confined CF, square patterns is significantly affected by the
host substrate in two main ways: (i) the formation of grains on
the host substrate that is transferred to the CF, squares, and (ii)
the disturbance of pre-existing grains that cross the wall-less edge
towards the host substrate. The quality of particle ordering is de-
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termined by both the contact mechanics force and the triboelec-
tric charging strength of the host surface726, In addition, larger
patterns exhibit better particle arrangement (for the same particle
size) due to the reduced influence of the host substrate, leading
to larger grains (cf. Fig. S5) and relatively fewer grain bound-
aries or defects. However, the edge and its geometry have not
been considered in this analysis, which is investigated in the next
section.

3.3 Fluorocarbon geometrical shapes: edge effect

As briefly pointed out in section (sec.[3.1)), the geometrical shape
of the confined CF, patterns seemingly affected the order, partic-
ularly at the edge. Therefore, the influence of the edge confine-
ment on the particle ordering is explored in this section, focusing
on the geometrical shape and symmetry. To make a fair compar-
ison between the different patterns, a form factor is introduced,
which is defined as FF = 22 with Ap the pattern area and L;, the
pattern perimeter. A highgr form factor indicates a larger sur-
face area of the confined CF, pattern with a relatively small edge

(perimeter) contribution.

Fig. [(A) presents the normalized average shape factor as a
function of the form factor for different geometries of the CF, pat-
terns on the glass substrate. Similar to the squares in Fig. 2)(A),
Bnorm,av decreases for circles and right-angle triangles as the form
factor increases (or larger pattern sizes), and Onorm,av Saturates at
higher FFs. For all three geometries on the heterogeneous glass
substrate, the shape factor converges to approximately the same
shape factor, suggesting that for large patterns, geometry has a
minor to negligible effect on the order of the assembled mono-
layers. However, as soon as the different geometrical patterns
become smaller, distinctive packing orders are attained on the
various patterns.

The local ordering of particles at the edge is analysed to further
examine the geometrical effect of the CF, pattern on the quality
of the assembled packing. As such, this analysis focuses solely on
particles located at the edge of the pattern, i.e., the interface be-
tween the CF, pattern and host substrate. Using this analysis, the
number of nearest neighbours (NN) is quantified for each individ-
ual particle at the edge (cf. Section 4 in SI), which can range from
zero (no neighbours) to four (the maximum number of neigh-
bours). A distribution of the number of nearest neighbours for
different geometrical shapes is shown in Fig. 4[(B) and Fig. S4 for
various form factors. Across all geometries (and form factors),
the contribution of particles at the edge with three neighbours
is most common, but their relative distribution varies. Circular
patterns host more edge particles with two neighbours than four
neighbours, while this trend is reversed for right-angle triangular
and hexagonal geometries.

From the neighbours’ distribution shown in Fig. [4(B), the av-
erage number of nearest neighbours is calculated by NNy =
Y._,nk, with n the number of nearest neighbours and k, the per-
centage of particle with nearest neighbours n. In Fig.[4(C), the av-
erage number of nearest neighbours is plotted as a function of the
form factor. As expected based on Fig. [4(B), the right-angle tri-
angular geometry exhibits the best particle ordering at the edge.
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Fig. 4 (A) The normalized average shape factor (0 nor) for 3 um PMMA
particles on CF, patterns on glass for different pattern geometries: (Q)
circles, (O) square and (V) triangular geometry. (B) Distribution of
the number of nearest neighbours (NN) of 3 um PMMA edge particles
(particles located at the edge) on patterns with different geometrical
shapes. The form factors (FF) of the different shapes is approximately
37. (C) Distribution of the average number of nearest neighbours (NN, )
of edge particles on patterns with different geometrical shapes. CF,
patterns on glass: (Q) circles, () square and (V) triangular geometry.
(*) square geometry pattern on SiO,. The edge ordering is improved
when SiO, is employed as a host substrate. All data represents a sample
size of N=5-15.
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For the triangular pattern NN,y remains constant for large form
factors, unlike to the square and circular geometries, where NNay
continues to increase with larger FF.

The quality of particle arrangement at the edge follows the or-
der: circle < square < right-angle triangle for all form factors.
This sequence is also observed in Ynorm,av for small form factors
(FF < 30, Fig. A)). This observation can be directly attributed
to a discrepancy in the symmetry of the CF, pattern and the pack-
ing symmetry of the assembled PMMA microspheres. When the
microspheres are arranged in an HCP orientation, a three-fold
symmetry is present, matching the three-fold symmetry of trian-
gular patterns. On small right-angle triangular patterns, a single
grain of HCP-assembled particles can align with two of the three
edges. However, in the 90° corner of the right-angle triangle,
the ordering is locally disrupted due to the mismatch in symme-
try. On the other hand, for square patterns, only two of the four
edges would match the grain symmetry. Especially at the cor-
ners of the pattern, disordered particle assembly is obtained, re-
sulting in fewer neighbouring particles (Fig.[4(C)). Regarding the
circular patterns, it is obvious that straight edges are absent, pre-
venting alignment with HCP grain symmetry, which leads to even
lower local ordering compared to the other geometries. Thus, the
results highlight that the edges influence the ordering, while per-
fect ordering is unequivocally also affected by the host substrate
(Sec. . Perfect ordering is occasionally achieved on small pat-
terns, particularly on equilateral triangles, where the 60° angles
align perfectly with the three-fold symmetry of the HCP-arranged
particles.

As the form factor increases, the impact of the geometrical
shape of the pattern and its symmetry on the overall particle
ordering diminishes, see Fig. [(A). This reduction is caused by
two factors: (i) the larger pattern-to-particle ratio and (ii) the re-
duced edge influence on the ordering. With larger patterns, the
pattern-to-particle ratio increases, reducing the influence of the
CF, pattern corners that define their symmetry. More particles
experience straight edges, which simplifies the particle arrange-
ment through grain rotation compared to alignment in corners.
This is particularly true for larger circles, where the edge becomes
locally straighter, enhancing edge ordering and increasing the av-
erage number of nearest neighbours (NNay). Additionally, the
influence of the edge is reduced on the total ordering, as shown
in Fig.[2]and Fig.[4(A). For FF > 40, the ordering is primarily dic-
tated by the presence and properties of the host substrate, even
though the ordering at the edge of the triangular and hexagonal
patterns remains superior compared to square and circular pat-
terns (cf. Fig.[4(B)). While the local symmetry of the pattern still
affects particle ordering near the edge, it no longer influences par-
ticles away from the edge where grain boundaries and defects be-
come dominant factors consistent with the observations in Fig.
This is further confirmed by the average nearest neighbour data
of square CF, patterns on SiO, (stars in Fig. @(C)). The obtained
NNay on SiO, are higher than for any pattern on glass. Thus,
these results emphasize the importance of the host substrate on
the HCP monolayer ordering on the confined CF, patterns.
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3.4 Enhancing particle assembly using nucleation sites
From the previous sections, it is understood that poor ordering of
HCP crystals on the confined CF, patterns on the glass substrate
was attained (cf. Fig.[2). To improve the ordering on this host
substrate, we performed an experiment in which the surface den-
sity of confined CF, squares was higher than the previous patterns
on glass, i.e., the separation between subsequent squares became
smaller.

Fig. |5 shows the result of the 3 um PMMA microspheres on
200 um squares (A-B) and 50 um squares. It can be readily ob-
served that assembled HCP crystals are predominantly present
in Figs. [fA-C. In particular, it is challenging in Fig. [BC to distin-
guish the confined coated areas from the uncoated glass regions
on squares of only 50 um. This implies that the assembled crys-
tals do not discriminate between the two areas on the hetero-
geneous substrate. As the spacing on the uncoated areas is less
(on the order of 10 — 50 um), the crystal has limited time to ex-
perience the uncoated areas of the glass substrate. Consequently,
the weaker interactions between the PMMA microspheres and the
glass surface have an insufficient chance to disturb already assem-
bled crystals, leading to stable crystals that can move across the
heterogeneous glass substrate (almost 80% covered with CF, pat-
tern overall). Additionally, it is implied that the particle-particle
interactions are sufficiently strong to keep the assembled crystals
in tact. On the other hand, Fig. shows that when the dis-
tance between subsequent CF, squares of 50 um becomes larger
(coverage < 10%), poor ordering is achieved on the confined pat-
terns, which aligns with preceding results in Sec. 3.2 and 3.3.
Thus, these results signify that a local high density of nucleation
sites is needed to achieve long-range ordering on a host substrate
unfavourable (low elasticity and tribocharging) for HCP crystal
formation.

As inferred from the previous sections, SiO, is an ideal host
to form HCP crystals on the wall-less confined fluorocarbon pat-
terns. To demonstrate the merit of the solvent-free rubbing as-
sembly technique, we performed an experiment which highlights
that the HCP crystals self-align to match any arbitrary geometry of
the CF, confinement on a SiO,, substrate, as showcased in Fig.@\.
Fig.[6B corroborated the notion that several nucleation sites exists
which grows into grains, as different orientations of the particles
can be identified.

As the assembled HCP crystals comprising PMMA microspheres
match the geometry of the confined fluorocarbon patterns, Fig.
shows that the shape of the ordered monolayer array patterns
can be tuned, which can open avenues in photonics, (bio-
)analytics, anti-counterfeiting, sensing, and (flexible-)
microelectronics™®,

4 Conclusion

This study demonstrates that PMMA microspheres (3 and 10 wm)
can be rapidly (< 20 s) assembled into highly ordered, close-
packed monolayers on various substrates using the solvent-free
rubbing method. These microspheres can be confined laterally
into any desired shape without physical barriers, attributed to the
different contact mechanics force and triboelectrification of the
materials. The ordering process of dry powder into HCP crystals
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Fig. 5 SEM images of 3 pm PMMA spherical particles on the glass
host substrates with (A-B) 200 pm CF, confined squares and spacing of
50 pm, (C) 50 pm CF, confined squares (indicated with dashed lines)
and spacing of 10 ym, and (D) 50 pm CF, confined squares and spacing
of 500 pm. Scale bar: 100 pm (green); 20 pm (red).

was examined by taking two distinct host substrates and vari-
ous pattern geometries and sizes. In agreement with previous
studies on homogeneous substrates, we found that the best or-
dering is achieved on CF, patterns, whereas poor ordering was
attained on glass substrates due to the lower contact mechanics
force and triboelectrification. The tribocharging is corroborated
through KPFM measurements, and elastic properties explain the
contact mechanics contribution26.

The critical nucleation theory effectively describes the ordering
process using the rubbing method. The results show that HCP
ordering on the wall-less confined geometrical patterns is primar-
ily influenced by two factors: (i) the ratio between the pattern
and particle size and (ii) the host substrate properties (the un-
coated surface surrounding the pattern). In particular, larger pat-
terns promote the formation of grains and reduce the presence
of grain boundaries and defects, leading to better overall order-
ing. The ability of the host substrate to support grain formation,
determined by the aforementioned contact mechanics force and
triboelectrification, further enhances ordering.

For smaller patterns with a form factor FF < 25, pattern sym-
metry affects particle assembly. Geometrical shapes that match
the symmetry of the particle grains (three-fold symmetry) result
in better edge and overall ordering. For larger patterns, edge in-
fluence on ordering diminishes and is mainly determined by the
host substrate, such that conspicuous HCP monolayer arrays are
attained on the SiO, substrate. However, even for large patterns,
those with matching symmetry, e.g., triangles, exhibit better edge
ordering.

Ultimately, it is elucidated that with a high density of pat-
tern distribution, highly ordered close-packed monolayers can be
formed on hard, and non-elastomeric surfaces. The patterns act
as nucleation points, promoting the growth of ordered monolay-
ers.

This solvent-free rubbing technique unlocks the potential of re-
ducing solvent waste in a more sustainable assembly era to create
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Fig. 6 (A) SEM images of 3 pm PMMA spherical particles on a CF,
pattern (shaped in the logo of the RSC) with SiO, as the host substrate,
scale bar: 100 pm. (B) Same image as in (A) but now with the grain
distribution highlighted. The color bar indicates the rotational orientation
of the grains.
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fully ordered monolayers and patterned arrays of HCP crystals
on wall-less confined areas. The assembly of such tunable pat-
terned arrays can hold promising applications in fields such as
(bio-)analytics, photonics and electronic/sensing technologies™”.
Additionally, from a fundamental perspective, the system can
function as an assembly toolbox to study grain formation on var-
ious patterns, geometries, and substrates with different colloids,
which can be supported by numerical modelling®?. From recent
experiments, we already know that under the right environ-
mental conditions, HCP monolayers of 500 nm colloids (silica and
PMMA) can be assembled using the rubbing method. But, more
research is needed to understand what the size limit is to obtain
ordered arrays and how surface interaction forces influence the
ordering and which surface forces become dominant¥50, Fur-
thermore, by changing the wettability properties of the particles,
we will explore in the near future the effect of humidity condi-
tions on the achieved order in the system (see e.g., our work25126
on silica microspheres at different humidity levels), as humidity
levels may affect triboelectric charging and other surface force in-
teractions, e.g., capillary forces, among the particles themselves
and between the particles and substrates 2512635
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