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Self-organization of agitated microspheres on various
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We study the dynamics and self-organization of horizontally
agitated monodisperse silica or polystyrene microspheres on
various substrates. The tribocharging phenomenon promotes
the formation of monolayers on fluorocarbon-coated
substrates.
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1 Introduction

Self-organization of agitated microspheres on
various substrates

a

*30 Kai Sotthewes, ()¢ Han Gardeniers, (2 ° Gert Desmet

d

Ignaas S. M. Jimidar,
and Devaraj van der Meer

The vibration dynamics of relatively large granular grains is extensively treated in the literature, but
comparable studies on the self-assembly of smaller agitated beads are lacking. In this work, we
investigate how the particle properties and the properties of the underlying substrate surface affect the
dynamics and self-organization of horizontally agitated monodisperse microspheres with diameters
between 3 and 10 um. Upon agitation, the agglomerated hydrophilic silica particles locally leave traces
of particle monolayers as they move across the flat uncoated and fluorocarbon-coated silicon
substrates. However, on the micromachined silicon tray with relatively large surface roughness, the
agitated silica agglomerates form segregated bands reminiscent of earlier studies on granular
suspensions or Faraday heaps. On the other hand, the less agglomerated hydrophobic polystyrene
particles form densely occupied monolayer arrangements regardless of the underlying substrate. We
explain the observations by considering the relevant adhesion and friction forces between particles
and underlying substrates as well as those among the particles themselves. Interestingly, for both
types of microspheres, large areas of the fluorocarbon-coated substrates are covered with densely
occupied particle monolayers. By qualitatively examining the morphology of the self-organized
particle monolayers using the Voronoi approach, it is understood that these monolayers are highly
disordered, i.e., multiple symmetries coexist in the self-organized monolayers. However, more struc-
tured symmetries are identified in the monolayers of the agitated polystyrene microspheres on all the
substrates, albeit not all precisely positioned on a hexagonal lattice. On the other hand, both the silica
and polystyrene monolayers on the bare silicon substrates transition into less disordered structures as
time progresses. Using Kelvin probe force microscopy measurements, we show that due to the
tribocharging phenomenon, the formation of particle monolayers is promoted on the fluorocarbon
surface, i.e., a local electrostatic attraction exists between the particle and the substrate.

cohesive spheres with a diameter of d < 10 pm, usually the
agglomerate remains intact and rests as a solid block inside

Imagine a jar full of marbles (~12 mm) being emptied inside a
box. Intuitively these primary marbles flow from the jar into the
box and arrange themselves in an ordered packing. However,
when repeating the same experiment at a much smaller scale,
namely for an agglomerate comprising multiple primary
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the box. This example, albeit simplified, demonstrates that the
grain size strongly affects their dynamic behaviour, originating
from different dominating forces at various length scales.
Inspired by the complexity of the grains’ dynamics, a plethora
of scientists have devoted their work to granular materials in
recent years.' *?

In contrast to marbles, cohesive ultrafine powder particles
exhibit a relatively large surface to volume ratio, leading to
significantly stronger surface over body forces (e.g., gravity),
either among these particles or with other surfaces. As a result,
the gravity force can often be neglected in this respect. Their
interactions are dictated by a delicate competition of different
acting forces, such as van der Waals forces, capillary forces,
electrostatic forces, and others.""'*'* The intrinsic properties of
the particles, e.g., size, roughness, porosity, composition, charge
distribution, determine the dominance of these forces.'”® Due
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to these strong interaction forces, the particles tend to cluster
and form agglomerates or stick to other surfaces. Consequently,
handling micro- or nanoparticles in a dry state can be a daunting
task as these forces pose considerable challenges during appli-
cations, as exemplified by the very different outcome of the
simple experiment described above for large and small grains.

To circumvent the strong interaction forces, micro- or
nanoparticles are often suspended in liquids to study the self-
or directed organization of these particles on substrates using a
variety of techniques, such as manipulation by means of electric
and magnetic fields, or solvent evaporation."”’ In this respect,
a profound understanding of the competing interparticle forces
and the adhesion force between the particle and substrate is
key to attain well-controlled particle patterns®®*** which are
relevant in various applications, e.g., bio-inspired approaches to
materials engineering, paints, photonic crystals, self-cleaning
anti-reflective coatings, optical and biological sensors, chemical
catalysis, biomimicry.*** However, as the wet assembly techni-
ques rely on optimized conditions, such as solvent evaporation
rate, surface wettability, pH, it tends to be challenging to attain
perfect ordered crystals, without any cracks, on a large scale.*

On the other hand, dry assembly methods such as the
rubbing of dry particles, and vacuum-driven assembly of particles
from generated clouds, have proven to be promising and faster
routes to obtaining assembled particle arrays on surfaces.*®>®

In earlier reports, scientists primarily engaged in studying
the gravity-dominated pattern formation that emerged when
disordered granular packings comprising large, mm-sized
spheres or binary grain mixtures on substrates were vibrated
in lateral direction.>*"**> The well-established concept of vibro-
fluidization is commonly applied to mobilize solid granular
material or agglomerated powders, i.e., during vigorous horizontal
or vertical vibration, granular materials behave in a fluid-like
manner.*®>°

Inspired by this body of work, we explore in this study if
starting from disordered fine powder particles, the micro-
spheres can be arranged in ordered structures, ie., particle
monolayers, using the same concept. These ordered particle
structures may ultimately serve as building blocks for ordered
packing structures, e.g., photonic band structures, or a platform
to assemble particles within microfluidic devices employed as
catalytic microreactors or medical sensing devices.

We report on the observation that spontaneous order may
also occur in horizontally agitated small particle systems (with
diameter d < 10 pm), in spite of the many additional forces
that are of relevance in these systems. To the best of our
knowledge, this has not been reported yet in literature. We
approach this problem by agitating agglomerates comprising
10 pm silica particles in the horizontal direction with an
oscillation amplitude A and an angular frequency w. By exerting
a mechanically generated body force F,, < mpaerA on a
particle with mass m,,,, the aim is to break or at least mobilize
the bonds among the cohesive particles at the surface of the
solid agglomerate, leading to the formation of a particle
monolayer. This is a very different mechanism than the one
causing ordered monolayers for macroscopic grains and can be
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viewed analogous to a melting ice cube turning into a water
layer due to the supplied thermal energy.

In fact, it is not straightforward to break the bonds among
these cohesive silica particles as the attractive force among the
particles F,q is generally orders of magnitude stronger than the
generated force F,j,. Thus, the applied mechanical force due to
vibration is generally insufficient to break the bonds between the
particles. Nevertheless, instead of breaking, these mutual bonds
can be mobilized to obtain assembled particle monolayers.

Our study evidences that it is less challenging to obtain an
ordered monolayer of hydrophobic polystyrene than of hydro-
philic silica microspheres with diameters d < 10 um on various
substrates when agitated horizontally. These substrates include
flat uncoated and CF,-coated silicon surfaces (2 < x < 3)and a
micromachined silicon particle tray. The results show that for
silica particles a monolayer is only observed on the two flat
surfaces, whereas the polystyrene particles organize in a mono-
layer arrangement on all the investigated surfaces. The self-
organization of the agitated microspheres is examined by
analyzing the constructed Voronoi diagrams and the hexatic
orientational order parameter from images taken of the
ordered particle monolayers. It is shown that the microspheres
are not perfectly organized in a close hexagonally packed
arrangement, ie., some defects are present in the monolayers.
Surprisingly, a higher monolayer packing density of both silica
and polystyrene particles was attained on the (hydrophobic)
CF,-coated silicon substrates. Using Kelvin probe force micro-
scopy (KPFM),>" we show that this originates from the fact that
the particles and CF, layer get tribocharged: a phenomenon
typically observed in vibrated granular systems.”>>® To corro-
borate our observations, a physical mechanism accounting for
the friction between particles and substrates is proposed.

In this article, we commence with introducing the experi-
mental setup and methods (Section 2) and briefly discuss the
relevant particle interaction forces afterwards (Section 3). What
follows is a summary, analysis, and interpretation of the results
obtained after agitating the silica and polystyrene particles on the
different surfaces (Section 4). Additionally, in Section 4 we elabo-
rate on the friction forces to explain the distinct observations,
including the KPFM scan results, supporting the tribocharging
hypothesis. Finally, Section 5 contains the concluding remarks.

2 Experimental section
2.1 Setup

Fig. 1 depicts a schematic representation of the experimental
setup, in which either silica particles or polystyrene particles
are gently deposited on an oscillating substrate mounted
between two alumina blocks connected to a shaking device.
The device’s horizontal sinusoidal vibration is driven via a
function generator at frequency f and amplified amplitude A.
All experiments were performed under ambient conditions
(T = 21.5 °C; relative humidity (RH) = 40-54%).

To estimate the acceleration of the oscillating chips, a side-
view video of the moving stage was made using a high-speed
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Fig. 1 Schematic representation of the experimental setup comprising a
fixed chip with silica or polystyrene particles agitated by an electromecha-
nical shaker. An amplified signal of the function generator provides
sinusoidal vibrations in the horizontal directions. The arrow indicates the
oscillating direction of the system.

camera (Photron, FASTCAM SA-X®@), allowing to measure the
®

corresponding amplitude A at a set frequency f = 5 of the

n
stage. Since the silicon chip is firmly fixed between the two

alumina blocks, it is assumed that the silicon chip has the
same oscillation parameters. A dimensionless form I' of the
acceleration is defined as:*°

I = 4th£ = wz_A (1)
g
where g denotes the acceleration of gravity. Table 1 shows the
typical applied force F,;, applied on a single 10 um silica
particle (Mparsitica = 9.7 x 107 '* kg) and polystyrene particle
(Mpar,polystyrene = 5.5 x 107 '° kg) during the oscillating move-
ment of the chip.

2.2 Materials and methods

All experiments were performed using monodisperse hydrophilic
silica particles of diameter (4.89 + 0.12) and (10.02 £ 0.11) um, or
hydrophobic polystyrene particles of diameter (2.99 + 0.04) and
(10.14 £ 0.12) pm. The mentioned standard deviation (SD) values
were specified by the distributor microParticles GmbH (Germany).

The particles were deposited on three types of chips: bare
polished silicon substrates carrying a native oxide layer of 3 nm,
silicon substrates coated with a hydrophobic (CF,) layer of
50-75 nm,>® and a silicon chip carrying a micromachined
particle tray. The former two flat chips were diced in pieces
of 30 x 30 mm from either the uncoated or CF,-coated silicon
wafers (Si-Mat; Germany). The particle tray consists of a circular
plateau with a diameter of 18 mm and a depth of 100 um
separated by a wall (thickness = 1 mm) from a larger cavity with
depth = £300 pm and width = 4 mm. Note that as a result of
the micromachining, the bottom of the plateau is not perfectly
flat, with a larger surface roughness than the polished sub-
strates (see ESI' for further details). Prior to each experiment,
all substrates were sonicated for 10 min. in acetone followed by

Table 1 The measured amplitude A of the stage at a set frequency f to
compute the dimensionless peak acceleration I', and the peak vibration
force for a single 10 um silica particle and a polystyrene particle

f[HZ] A [Hm] r Fvib,silica [I'IN:I Fvib,polystyrene [HN]
250 82 21 0.20 0.10

500 34 34 0.33 0.18
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an additional 10 min. of sonication in isopropanol to eliminate
any traces of organic contaminants or dust particles from their
surfaces.

After agitating the particles, the substrates were inspected
using a Zeiss MERLIN HR-SEM to take scanning electron
microscopy (SEM) images. SEM inspection was preferred over
optical microscopy as the SEM provides a better resolution,
ensuing visualization of multiple particle layers without causing
any scattering effects.

The Kelvin probe force microscopy (KPFM) experiments
were performed to investigate if, due to the tribocharging
mechanism, any charge transfer occurred between the particles
and substrates during agitation. These KPFM measurements
were conducted in a Bruker Icon atomic force microscope
(AFM) at ambient conditions with a relative humidity (RH)
of 50-55% (measured with a Digital Professional Thermo-
Hygrometer KLIMA BEE, TFA, Germany). A Pt-Ir coated heavily
n-doped Si-cantilever (resistivity = 0.01-0.025 Q cm Antimony
doped) with a resonance frequency of 75 kHz and a force
constant of 3 N m™ ' (SCM-PIT-V2, Bruker) was used. The
FM-KPFM mode was used in which the topography and the
potential landscape are imaged simultaneously. The topography
was obtained in tapping mode, where the oscillation amplitude is
kept constant, while the potential signal is determined from the
frequency shift of the cantilever oscillation due to the change in
the electrostatic force gradient.>® The tip scans in a line-by-line
fashion (left to right and vice versa for all the images in this work)
from which an image is obtained. As the tip was grounded during
the KPFM-measurements, the contact potential difference (Vepp)
of the sample with respect to the tip is determined by:

P .
le]
with e the elementary charge and ¢ and ¢y, the work function of
the sample and tip, respectively. This equation also shows that a
positive (negative) shift in Vgpp corresponds to a negatively
(positively) charged surface.>

2.3 Structure analysis of particle monolayers

To characterize the structure of the silica or polystyrene mono-
layers, Voronoi diagrams have been constructed from the SEM
images using MATLAB routines. A Voronoi diagram, or
so-called tessellation, is constructed by using the centers of
the microspheres to partition the space into polygonal cells
comprising of points closer to one microsphere center than to
all the others.>”*® The shape of each obtained Voronoi cell i can
be described by computing a dimensionless quantity 9, called
shape factor:

2

Pi
= 3
4TCA,' ( )

where p; and A; are the perimeter and area of Voronoi cell i,
respectively. From the definition it can be concluded that 3; =1
corresponds to a circular cell, whereas 3; > 1 for regular
polygons. For example, §; = 1.1563 for a regular pentagon,
and &; = 1.0730 for a regular heptagon. In case of a perfect

This journal is © The Royal Society of Chemistry 2022
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hexagonal crystal, the Voronoi diagrams would result in regular
hexagons with 9; hex = 1.1027.

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

hexatic, order parameter  for each particle which is defined
59,60
as:””

b= =5 Y @

where 0(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
eqn (4), is that || = 1 for a particle oriented in a hexagonally
close-packed crystal, and || < 1 for all particles with neigh-
bours deviating from perfect hexagonal order, i.e., || < 1.

One can also compute the spatially averaged orientational
order parameter \/,, of an ensemble of N particles as:

1 N
lpav :N;‘wz| (5)

3 Relevant interaction forces

Before turning to the experimental results, we briefly review the
different interparticle and particle substrate forces that may play
a role and estimate their magnitude for the particles we used.
The interaction forces relevant at the studied scale encompass
(i) the van der Waals force, (ii) the contact mechanics force,
(iii) the capillary force, and (iv) the electrostatic force.

(i) van der Waals force

The van der Waals force stems from the electromagnetic
interactions between neutral molecular dipoles. Since we are
dealing with macroscopic bodies, the van der Waals force can
be calculated using the model proposed by Hamaker.®"** In the
case of two touching bodies, the van der Waals force Fyqw is
given by:

Ay R*
Fuqw = ——8—- 6
vdW 62()2 ( )

where Ay denotes the Hamaker constant, which is often
expressed in z/ and depends on the composition of the bodies
and the interstitial medium, z, ~ 0.3 nm is the equilibrium
separation distance between two perfectly smooth bodies, and
R* denotes the reduced radius. The reduced radius R* between
the two contacting bodies 1 and 2 with undeformed radius R,
and R, is defined as:

171+1
R R R

)

In the case of a particle with radius R (=R;) on a flat substrate
(R, = o0), the reduced radius is equal to R* = R, and for two
equally sized particles with radii R, R* = 7

This journal is © The Royal Society of Chemistry 2022
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In practice, the separation distance between the touching
bodies will be larger when the particles and substrates bear
some roughness on their surface, reducing the van der Waals
interactions across the bodies. It is noteworthy that the
nature of the van der Waals force is always attractive among
bodies with identical compositions. Consequently, the cohe-
sion among particles situated in the proximity of each other
will be enhanced, promoting the discerned formation of
agglomerates.

(ii) Contact mechanics force

As highlighted above, when two bodies approach each other
and come in contact, they will experience an attractive van
der Waals force. Once in contact, the two solid bodies will
inevitably deform their surfaces at their contact area due to their
finite elasticity. Consequently, the surface forces acting in this
contact area constitute another source of adhesion between the
two bodies. In the case of particulate systems, contact mechanics
forces between particles and walls may become dominant at
low RH levels (up to £40%) and on hydrophobic materials."*
The adhesion force Feoneer resulting from the deformation of a
smooth particle with radius R in contact with another surface
can be expressed as:

Feontact = 2TWagnR*. (8)

where w,qn, denotes the energy change when separating two
bodies in contact and depends on the surface energy of the
respective bodies and their interface energy. w,qp is commonly
expressed in N m~', and R* is again the reduced radius defined
in eqn (7).

(iii) Capillary force

Recall that water is an indispensable ingredient when shaping
rigid sandcastles from dry sand on the beach. The added water
forms a liquid meniscus around the contact area between
neighbouring grains. As a matter of fact, the liquid meniscus
accounts for the onset of the capillary force between the grains,
establishing a strong cohesion between wet sand particles.
Similarly, water vapour in ambient air inevitably condensates
or adsorbs particularly on hydrophilic solid bodies. The liquid
meniscus formed between a hydrophilic particle and another
hydrophilic surface further enhances the adhesion between
these two bodies in humid air.

The capillary force F.,p, acting between a hydrophilic particle
with radius R; in contact with another hydrophilic body of R,
radius can be approximated as:*">

Feap = 21y R*(cos 0, + cos 0,) 9)

where y; denotes the surface tension of water, 0, and 0, are
respectively the contact angles of the established capillary
bridge on the particle and the other surface, which may either
be a flat substrate or another particle, and R* is again the
reduced radius defined in eqn (7).

Even though eqn (6), (8) and (9) describe the interaction
between perfectly smooth solid bodies, they offer sufficient
insight regarding the implications posed by the interaction

Soft Matter, 2022, 18, 3660-3677 | 3663
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Table 2 Theoretically predicted van der Waals, contact mechanics forces,
and capillary forces for the silica particles with a diameter of 5 and 10 um
and the polystyrene particles with a diameter of 3 and 10 um

Particle Fyaw [nN] Feontact [NN] Feap [DN]
5 um silica 157 785 925

10 pm silica 315 1570 1850

3 pm polystyrene 99 353 —

10 pm polystyrene 330 1178 —

forces during the experiment. First of all, if the composition of
equally-sized particles is identical to the flat substrate, e.g., the
silica particles and native oxide present on the flat silicon
substrate, the adhesion forces between the particle and flat
substrates can be expected to be a factor two higher than
between the particles themselves. Secondly, the adhesion force
depends linearly on the radius ~ R of the particles, whereas the
generated force applied on an agitated particle scales with ~R>.
Consequently, the ratio of the interaction forces and the
mechanically generated body force during agitation scales as
~R7?, implying that the cohesive interactions among the
particles are clearly more pronounced as their size is reduced.
Hence, it is more demanding to fluidize agglomerates comprising
tiny grains.

To estimate the contribution of the different attractive
interactions among the employed silica and polystyrene particles,
we have computed the three different forces using eqn (6)-(9) and
compared them in Table 2. It should be stressed that the absolute
values in Table 2 need to be interpreted with caution, as the
surface of solid bodies naturally carries some roughness, reducing
the adhesion force between bodies. Nonetheless, the values in
Table 2 elucidate that the applied body force on the particles
(¢f Table 1) is significantly weaker than the interparticle forces
between touching particles. Additionally, the van der Waals force
can be neglected, in comparison to the much larger contact
mechanics forces between the particles. Furthermore, due to the
polystyrene particles’ hydrophobic nature, no liquid bridges
between neighbouring particles will be formed, resulting in a
negligible cohesive capillary force.

(iv) Electrostatic force

In contrast to the attractive forces reviewed above, the Coulomb
force could lead to either attractive or repulsive electrostatic
interactions between particles. Two charged particles in close
proximity of each other experience an electrostatic force F, that
is described by Coulomb’s law:®*

_ D192
¢ dned?

(10)

where g, and g, are the charges on the two particles, respectively,
¢ is the permittivity of the medium in which the particles are
dispersed, and d is the separation distance between the particles.
If the polarity on the charged particles has the same sign, the
force will be repulsive, whereas the force is attractive between
oppositely charged particles. In general, the studied particles are
insulators that carry charges on their surface, which could
emerge from collisions, friction or sliding, which is often

3664 | Soft Matter, 2022,18, 3660-3677
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referred to as tribocharging.* Tribocharging is a ubiquitous
phenomenon in which the surfaces of two solid materials, such
as metals, insulators, polymers, are charged whenever they are in
contact. This occurs, e.g., when rubbing a balloon on the hair of
humans or animals.

As already mentioned, under ambient conditions, water mole-
cules adsorb on a hydrophilic surface and form a water layer,
increasing the electrical conductivity of the particle and the
surrounding atmosphere.®* The water layer improves the distribu-
tion of charges on the particle and simultaneously enhances
the dissipation of static charge from the particle’s surface.®®
Regarding the latter, Coulomb interactions may not impose a
sufficiently dominant attractive or repulsive force for distances
less than 20 nm compared to the van der Waals interactions or
capillary bridge formation between particulates under humid air
conditions.®* Coulomb interactions may however become sub-
stantial if particles are subjected to an external electric field or in
case of opposite charging of opposing surfaces.'®

4 Results and discussion
4.1 The initial state of particles

In light of the aforementioned discussion on interaction forces,
the initial state of the hydrophilic silica and hydrophobic
polystyrene particles with a diameter of 10 pum is assessed,
and the dominant interaction forces between individual particles
are (qualitatively) identified. To this end, SEM images of the as-
received particles were taken prior to the agitation experiments.
It can be readily observed from Fig. 2 that the hydrophilic silica
particles (¢f Fig. 2a) contain massive agglomerates, even resem-
bling a crystal-like structure. The latter suggests that cohesive
interactions among the hydrophilic silica particles are substan-
tial, presumably resulting from the dominating capillary force

Fig. 2 SEM images of the silica particles (a) and polystyrene particles (b),
both with a diameter of 10 um directly scooped from the bottle of the
supplier microParticle GmbH (Germany). The top figures (al, bl) show
the scooped particles with a magnification of a single cluster in the insets.
The bottom figures (a2 and b2) show a magnification of a typical single
particle, and the insets the surface structure of each particle. Scale bar:
green = 30 um; white = 1 um.

This journal is © The Royal Society of Chemistry 2022
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among these particles. When this is contrasted with the appear-
ance of the polystyrene particles (¢f. Fig. 2b), we observe less and
considerably smaller agglomerates. The hydrophobicity of the
polystyrene particles, ie., the absence of capillary forces, in
conjunction with their larger surface roughness compared to
the silica particles may attribute to the weaker cohesive attraction
among the polystyrene particles. In addition, also due to the
polystyrene particles’ hydrophobic nature, supposedly, a water
layer that would screen the surface charge present on the poly-
styrene particles is absent.>* Thus, the likeliness of the presence of
a repulsive Coulomb force acting on particles carrying the same
polarity is substantial. Both effects will result in the observed
presence of mostly primary and few small clusters of polystyrene
particles (cf Fig. 2b).

Please also note from Table 1 that the generated force F,, on
a single silica particle is approximately twice as strong as on a
polystyrene particle. All these differences will lead to varying
dynamics and distribution of the silica and polystyrene particles
on the substrates.

4.2 Global dynamics and distribution of the agitated silica
agglomerates

Before elaborating on the microscopic particle distribution on
the three different substrates in the following sections, we first
visualize the global dynamics manifested by the silica agglom-
erates during agitation. Fig. 3a—c shows a series of snapshots on
the respective substrates at four instances when agitating the
silica agglomerates using the same parameters. As the large,
solid-like silica particle clusters were agitated, they slowly
moved across the substrate while spreading simultaneously,
reminiscent of a fluid-like behaviour.*"*® Consequently, it can
be observed from Fig. 3a—c that the pattern formation of the
agitated silica agglomerates on the substrates includes large
clusters, small clusters, and monolayers indicated by green
circles, blue squares, and dashed red lines, respectively.

On the confined particle tray, the silica agglomerate moved
towards the boundary where segregated stripes were formed
perpendicular to the oscillating direction (cf Fig. 3a-3, and a-4).
In contrast, from Fig. 3b and c, we infer that the agglomerate
tends to leave marked particle traces (a milky layer) as they
moved across the two distinct flat substrates parallel to the
driving direction. These milky layers in Fig. 3b and c¢ suggest
that the flat surfaces were covered by silica particle monolayers,
which were, interestingly, even more pronounced on the CF,-
coated substrates (c¢f. Fig. 3d-1).

However, when the less agglomerated polystyrene particles,
i.e., loose polystyrene powder, were agitated, they rapidly moved
parallel to the oscillating direction on the respective substrates.
As a result, and inferred from Fig. 3d-1, a significantly high
fraction of all the substrates surfaces were covered with mono-
layers. Moreover, Fig. 3d-1 shows that the loose polystyrene
particles covered the substrates more dominantly than the silica
agglomerates with monolayers as time progressed.

Fig. 3d-2 presents the evolution of the three types of coex-
isting silica or polystyrene particle arrangements covering the
fluorocarbon-coated silicon substrate. The data suggests that
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the cohesion forces among the silica particles are so strong that
the agglomerate is mobilized into relatively large and small
silica particle clusters. On the other hand, it is less challenging
to mobilize the smaller polystyrene particles, even though the
generated force F,;p, is two times smaller compared to that on a
single silica particle. These macroscopic observations support the
hypothesis that the competing interaction forces among the parti-
cles control the dynamics and obtained particle arrangements on
the substrates.

In addition, these findings imply that the chemical compo-
sition of the substrate and the physical properties resulting
from that, has a pivotal effect on the dynamics and especially
the distribution of the agitated particles on the various sub-
strates. The underlying mechanism for these observations
could presumably be ascribed to the interaction forces, including
the friction force between the particles and substrate.”*® With
this in mind, we introduce a mechanism that entails the friction
forces next, and turn to the detailed discussion of the observations
afterwards.

4.3 Physical mechanism

To rationalize the distinct observations made on the different
substrates, a simplified mechanism accounting for the friction
and concomitantly the interaction forces is proposed. This
mechanism based on stick-slip motion provides a basic frame-
work to interpret the dynamics of the silica agglomerates on the
flat substrates and particle tray.

Naturally, a so-called static friction resists the movement of
bodies with respect to each other, i.e., the bodies remain in a
fixed position during this stick phase. However, when applying
a force that exceeds this static friction, the bodies start moving
relative to each other, and their motion is retarded by the
dynamic friction, during the so-called “slip phase”. Note that
the static friction typically exceeds the value of the dynamic
friction for a given system, implying that the friction force is
reduced when the bodies start moving with respect to each
other. On an oscillating body, a transient force is applied
(¢f eqn (11) such that a dynamic stick-slip cyclic process might
be induced on the body.

Consider, for simplicity, a particle resting on a surface
subjected to a harmonic oscillation with amplitude A and
frequency fin the horizontal direction:

x = Asin(2nft) (11)

Consequently, a tangential body force F, will be induced on the
particle and can be expressed as:

Fy = mpa,A(27f)” sin(2nft). (12)

In this respect, the peak driving force Fu, = mpaA(27f)” is a
crucial parameter that dictates the particle’s dynamics on the
substrate. As a matter of fact, when this peak force exceeds the
threshold static friction Fgi. acting between the particle and
surface (Fyip > Fpic), the particle will change from the sticking
state to a slipping motion, ie., the particle will move with
respect to the surface. The tangential driving force inevitably
produces a torque on the particle, changing the angular velocity
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Fig. 3 Snapshots of the 10 um silica particle distribution agitated at a frequency f = 250 Hz and amplitude A = 82 um on the etched particle tray (a), the
bare silicon substrate (b), and the CF,-coated silicon substrates (c). The snapshots of each sample are taken at four instances during the corresponding
experiment. The arrow indicates the motion of the oscillating system. The green circles, blue squares, and red dashed lines highlights where the area is
covered with large clusters, small clusters, and monolayers of silica particles, respectively. (d1) The evolution of the fraction of the area covered with
monolayers of either 10 um silica or polystyrene particles on three different employed substrates. (d2) Fraction of the CF,-coated silicon surface covered
with coexisting particle arrangements (large cluster, small cluster or monolayer) for both the 10 pm silica and the 10 pm polystyrene microspheres. In the
last two subfigures, the solid and dashed lines denote the silica and polystyrene microspheres, respectively.

o of the particle. As a result, particles can, in principle, either
slide or rotate or exhibit a combination of both on the oscillat-
ing surface.

The friction force on the particles can be modelled using a
modified Coulomb friction law and is given by:°>®7~%°

(13)

Faic = t(Lioad *+ Ladn)

3666 | Soft Matter, 2022, 18, 3660-3677

where p is either the rolling or sliding friction coefficient
depending on the particle motion, L;,,q denotes the loading
force, typically the particle’s weight including the weight of the
particles on top, and L,q is the adhesion force between the
particle and surface. It must be stressed that the friction force
for microparticles predominately depends on the adhesion
force,*”%® but for thick layers could also be affected by the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Schematic representation of the agglomerated silica particles on
an oscillating silicon chip. (i) Is the layer in contact with the substrate, and
(i) the second layer of the particle agglomerate with respect to the
substrate. The arrow indicates the oscillating motion of the system.

loading force.”® Also, Laqy is not independent of Lyyaq: applying
a stronger loading force results in a larger effective contact area,
thereby increasing the adhesion force between the touching
bodies. Note that the rolling friction coefficients ., are gen-
erally smaller than the sliding friction coefficients yigiging, such
that a rotating motion of the particle on the substrate is readily
induced.®>”%"*

Here, however, we are dealing with an assemble of agglom-
erated silica particles (¢f Fig. 2), such that it can be intuitively
argued that a particle in the silica agglomerates will not start
rolling on the substrate. Owing to this strongly agglomerated
state, a complex balance of frictional forces between particles
and substrates should be considered to understand their
dynamics on the different substrates. In contrast to the exam-
ple of a primary particle on a substrate with a single frictional
contact, a silica particle in the first layer of the depicted
agglomerate in Fig. 4, layer (i), inevitably has multiple frictional
contacts with neighbouring particles as well as the substrate.
The static friction in the latter case is denoted with Fi;c sp, While
the static friction between a particle in the first layer and a
neighbouring particle layer (ii) is denoted with Fjc pp,.

The visible traces of possible silica particle monolayers (cf.
Fig. 3b and c) on the flat substrates suggests that a part of the
agitated agglomerate sticks on them. Therefore, we postulate
that as the agglomerate is being oscillated, the particles touch-
ing the substrate will stick to its surface, while simultaneously
its remainder, including layer (ii), slips past the particles in
contact with the flat substrates. Presumably, the tangential
driving force is insufficiently strong to transcend the static
friction with the substrate, but surpasses the static friction
acting between the particles in the first and second layer
provided that Fgicpp < Fpric,sp- The latter is indeed plausible
as the friction force acting between two silica particles is at
least two times smaller than that of the particle and the flat
substrate (cf, Section 3).®® Once the second layer starts sliding,
the static friction transitions into the dynamic friction, reduc-
ing the friction force acting between the first and second
layers. This difference in friction force emerging across layer
(i) precisely mimics the application of a shear force required to
separate the agglomerate from the fixed silica particles in
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contact with the substrate. Simply put, to ensure that the rest
of the agglomerate slips past an arrested monolayer on the
substrate, the following condition should be satisfied: Fic pp <
Fyi, < Fgicsp- During a driving cycle the vibration force F,
increases until the particles in layer (ii) are mobilized, whereas
the particles in layer (i) remain stuck at the substrate, at least
for some period of time. In addition, one could argue that the
monodispersity of the particles is helping to create a smooth
and evenly distributed layer of particles on the substrate on
which the remaining particles may slide.

On the particle trays, the agglomerates were sliding as a
whole, albeit slowly, on the substrate. Apparently, the friction
between layer (i) and the particle tray substrate was insufficient
to sustain the tangential driving force, ie., Fip > Fricsps
resulting in the dynamic friction acting between the tray and
the bottom layer of the moving agglomerate. The fact that
micromachined structures exhibit a larger surfaces roughness
than polished silicon flat substrates offers a simple explanation
for the observed results. Owing to the significant surface
roughness of the micromachined particle tray, the effective
contact area between the silica particles and tray is smaller,
presumably leading to a significantly reduced adhesion
force.”””" Inherently, a lower friction force acts between the
first layer and the tray compared to the flat substrate’s case.
In addition, the fact that agglomerates move as a single piece
implies that the tangential force did not surpass the static
friction acting between the particles of layer (i) and (ii). Thus, it
can be safely concluded that on the particle tray Feic sp < Fyip <
Firic,ppy, implying that the condition for the adherence of a
monolayer of particles on the particle tray is not satisfied.

4.4 Agitating silica or polystyrene particles on a
micromachined particle tray

Intuition seems to suggest that the boundary of the confined
particle tray would ease the disruption of the continuously
colliding agglomerate against the wall during agitation, which
was the reason for considering such a micromachined particle
tray in our experiments. The idea was that the former should
result in excess particles spilling over the boundary, while the
remaining (primary) particles would form a monolayer on the
tray. However, instead of monolayers, Fig. 5a-1 and a-2 reveals
that indeed segregated dense layers comprising smaller silica
particle clusters were present regardless of the applied
frequency and amplitude. As already inferred from Fig. 3a, these
segregated stripes were formed perpendicular to the oscillating
direction. Similar phenomena are observed in other studies for
horizontally agitated larger particles (mm-sized) or granular
suspensions,*®™** or Faraday heaps in vertically shaken systems.

On the other hand, when the less agglomerated polystyrene
particles were employed, Fig. 5b-1 and b-2 clearly show that
most primary polystyrene particles tend to form a quasi-
monolayer on the tray. Local density variations in the polystyr-
ene particle distribution can be observed with regions densely
occupied with ordered structures. These results are reminiscent
of the onset of a gas-crystal-like phase transition observed in
granular systems comprising mm-sized beads.*® Furthermore,
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Fig. 5 SEM images of the 10 um silica particle (a) and the 10 um poly-
styrene particle (b) distribution agitated at a frequency (1) f = 250 Hz and
amplitude A = 82 um, and (2) f = 500 Hz and amplitude A = 34 um for t =
30 + 2 min on the etched particle tray. Scale bar in all images is 100 pm.

a few polystyrene particles were present on top of the mono-
layer arrangement, which might be resulting from the higher
provided energy to the system. As a result of the particle
collisions occurring during agitation, the particles might lose
contact with the bottom of the surface, such that a few particles
will inevitably expand in the vertical direction.**®

4.5 Agitating silica particles on flat substrates

To investigate our hypothesis that the substrate’s surface
chemistry affects the friction force and concomitantly the
particle dynamics, we agitated the silica agglomerates on
hydrophilic silicon and hydrophobic CF,-coated silicon sub-
strates. In light of these experiments, it is noteworthy that
surfaces are traditionally coated with fluorocarbon layers to
avoid the formation of a capillary bridge between the particles
and substrates in practice. Consequently, the adhesion force is
reduced, preventing particles from sticking on these
fluorocarbon-coated surfaces.

The areas indicated by the red dashed line on the snapshots
shown in Fig. 3b and c already suggested that the flat surfaces
may be partially covered with monolayers, which is now indeed
confirmed by the SEM images displayed in Fig. 6. In addition, it
is understood from these findings that the monolayers are solely
formed locally on the substrates, as many small and large
clusters are still dispersed over the monolayer (¢f Fig. 6b-1).
Following the discussion of Section 4.3, it appears that the
particles remained sticking to the flat substrates, while simulta-
neously, the rest of the agglomerate moved past the monolayer,
with some particles and small clusters remaining on top
of them.

What immediately stands out from both Fig. 3 and 6 is that
even though the adhesion force is expected to be reduced on
the CF,-coated substrate, the formed monolayers occupied a
conspicuously larger area with a higher packing density.
Presumably, the silica particles counterintuitively have a higher
tendency to adhere on the CF, layer, ie., they experience a
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Fig. 6 The 10 um silica particle distribution agitated at a frequency f = 250 Hz
and amplitude A = 82 um (1-2), and f = 500 Hz and amplitude A = 34 um (3) on
flat (a) bare silicon and (b) (CF,)-coated silicon substrates for (1 and 3) t = 10 min
or (2) t = 30 min. Scale bar: green = 100 pm; white = 10 um.

stronger adhesion force. This observation is consistent with
previous studies in which silica particles preferentially adhered
to the CF,-coated substrates due to the tribocharging
phenomenon.’®”*> Running the experiments for longer time
intervals resulted in larger areas of monolayers prevalent on
both types of substrates (¢f. Fig. 6a-2 and b-2) but still more
pronounced on the CF,-coated substrate. In addition, when
comparing the results obtained with a frequency of f = 250 Hz
versus f = 500 Hz, it can be inferred from Fig. 6 that the higher
amplitude obtained at f= 250 Hz is apparently advantageous to
mobilize the silica agglomerates and form monolayers.

Collectively, these results, including those of the particle
tray, convincingly show that the surface properties indeed
dominate the dynamics as well as the self-organization of the
agitated agglomerate on the substrate. This implies that the
interaction between the particles and substrate is key to obtain
monolayers by agitating silica agglomerates.

4.6 Agitating polystyrene particles on flat substrates

Next, the experiments on the flat substrates were repeated
using the polystyrene particles. Similar to our observations in
the case of the particle tray, the agitated polystyrene particles
moved extensively across the substrates parallel to the oscillating
direction, leading to the formation of monolayers. Interestingly,
the results in Fig. 7 show a slightly higher density of polystyrene
particle monolayers on the CF,-coated substrates than on the
bare silicon substrates already after 10 min of agitation. The
former is in agreement with the results obtained for the silica
particles on these flat substrates. However, a closer inspection of
the images shown in Fig. 7a-1 and a-2 reveals that the distance
between adjacent particles on the bare silicon substrate

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 The 10 um polystyrene particle distribution agitated at a frequency
of (1-2) f = 250 Hz and amplitude A = 82 um, and (3) f = 500 Hz and
amplitude A = 34 um on flat (a) bare silicon and (b) (CF,)-coated silicon
substrates for (1 and 3) t = 10 min or (2) t = 30 min. Scale bar: green =
100 pm; white = 10 pm.

progressively became smaller, ie., the packing density of the
particle monolayers increased. Therefore, temporal evolution
experiments were performed to study this effect in more detail.

Fig. 8 displays the results of polystyrene particles agitated
for four different time intervals on the bare and CF,-coated
silicon substrates. From these results, it can be inferred that the
packing density of polystyrene particle monolayers gradually
increased on the bare silicon substrates as fewer voids were
apparent in the monolayer. The packing density on the CF,-
coated substrates remained approximately constant, but more
extensive substrate regions were gradually covered with a
monolayer. Thus, even for these loosely packed polystyrene
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particles, the results indicate that the packing density of the
monolayers strongly depends on the surface chemistry and the
time interval of the experiment. Note that performing experi-
ments for longer time intervals did not necessarily improve the
obtained results.

Overall, taking the discussion on friction forces of Section 4.3
into account, we infer that the active movement of the agitated
polystyrene particle across all three types of substrates implies
that the driving force acting on the particles exceeded the static
friction between the particles and these substrates at some point
in the driving cycle, ie., Fi, > Fpicpp- Consequently, these
particles were at least rolling over the surface, if not sliding.
The primary polystyrene particles move and collide against
neighbouring particles, eventually forming monolayers that stick
to the surface. This can possibly be explained by a mechanism in
which the energy of the colliding particles is dissipated in the
process, enhanced by the inelastic nature of the collisions.
Furthermore, when two particles collide, apart from the already
present frictional contact with the substrate, another frictional
contact emerges instantaneously at their mutual contact point,
suppressing their rolling motion and consequently their angular
velocity w. The latter leads to a situation colloquially referred to
as “rotational frustration”.*"”*”° Therefore, in densely occupied
regions, particles are less mobile with respect to their neigh-
bours. Eventually, this process yields larger areas covered with
dense monolayers as time progresses.

4.7 Agitating smaller particles on flat substrates

Finally, within the set of experiments performed on flat sub-
strates, spherical particles with a smaller diameter than those
of the preceding sections were employed. These experiments
yielded similar results (c¢f Fig. 9) as reported above, with some
subtle differences. One deviation from the preceding results (¢f.
Fig. 5) is the presence of a significant amount of small clusters
on top of the silica monolayers that formed in the experiment,
as displayed in Fig. 9a1, a2. As already highlighted in Section 3,
the cohesive interactions are relatively stronger for smaller
grain sizes, implying that the applied body force during

Fig. 8 The time evolution of the 10 um polystyrene particle distribution agitated at a frequency f = 250 Hz and amplitude A = 82 um on flat (a) bare
silicon and (b) (CF,)-coated silicon substrates for (1) t = 5 min, (2) t = 10 min, (3) t = 15 min, and (4) t = 30 min. Scale bar: green = 100 um.

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 The distribution of the (1) 5 um silica particle and (2) 3 pum
polystyrene particle agitated at a frequency of f = 250 Hz and amplitude
A = 82 um on flat (a) bare silicon and (b) CF,-coated silicon substrates for
t = 10 min. Scale bar: green = 100 um; white = 5 pm.

agitation was supposedly too weak to mobilize these small
clusters from the monolayer. In addition, it is inferred from
Fig. 9b1, b2 that the packing density of these smaller polystyr-
ene particles is lower than the larger ones (¢f. Fig. 7 and 8), even
on the CF,-coated silicon substrates. The relatively stronger
cohesive forces suggest that it is more challenging to mobilize
these smaller particles, and should therefore result in a higher
packing density. As a consequence, the unexpectedly low packing
density of small polystyrene particles observed here suggests that
an electrostatic repulsive force acts between the agitated poly-
styrene particles, i.e., that the particles have the same polarity.

4.8 Analysis of monolayer structure

The preceding sections elaborated that particle monolayer
structures with varying packing densities are prevalent depending
on the agitating condition. However, as noticed before, voids and
particles present on top of the monolayers appear as topological
defects, compromising the organization of the particles in a
closely hexagonally packed monolayer structure.

To shed light on the morphology of the assembled mono-
layers, we apply the Voronoi approach to obtain a tessellation of
the acquired SEM images from the monolayers attained on the
uncoated and coated silicon substrates. Each pattern encoun-
tered in the particle monolayer results in a cell of a given shape,
forming a so-called Voronoi diagram. Fig. 10a1, a2 and b1, b2
show the Voronoi diagrams constructed from the SEM images
of respectively the 10 pm silica and polystyrene microspheres,
in which the individual cells i are coloured according to their
shape factor 9; (eqn (3).

First of all, from the constructed Voronoi diagrams, it is
understood that the particle arrangements on the flat silicon
substrate comprise a higher number of irregularly shaped
polygon cells than those on the fluorocarbon-coated silicon
substrates. The former is an artefact from the clusters remain-
ing on top of the monolayers on the bare silicon substrates.
However, more regularly ordered polygons can be observed on
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the fluorocarbon-coated silicon substrates, which supports the
hypothesis that the monolayer formation of silica or polystyr-
ene microspheres is promoted on these coated substrates.

Although densely packed monolayers are present on the CF,-
coated silicon substrates, different symmetry structures are
readily noticed from Fig. 10a-2 and b-2, for example, Voronoi
cells with a pentagonal shape, as well as a distorted hexagonal
shape, i.e., hexagons deviating from regular-shaped hexagons.
The former indicates that those particles have only five (instead
of the ideal six) nearest neighbours, confirming the presence of
voids in the monolayer structure. The irregularities imply that
the particles are not positioned on a perfect hexagonal lattice. If
the latter were the case, the diagrams would encompass regular
hexagons, and the structure would be classified as monocrystal-
line. It is plausible that particles are carrying the same polarity
on their surface and thus experience an electrostatic repulsion
from their neighbouring particles; consequently, they are not
tightly packed.

To quantify which patterns dominate the monolayer struc-
tures on a particular substrate, the distribution of the normal-
ized shape factor 3norm,; = 3i/Fhexs With Jpex = 1.1027 for a
perfectly hexagonal cell, is determined for the Voronoi
diagrams of both the 10 um-sized silica (Fig. 10a-3) and poly-
styrene microspheres (Fig. 10b-3) by analyzing at least three
SEM images of the obtained monolayer on a respective sub-
strate. Note that 9,orm = 1 in the case of a perfect hexagonally
packed monolayer. It is understood from these results that the
peak of the distribution of the normalized shape factor does
not coincide with 1, suggesting that self-organized monolayers
are indeed not perfectly packed in an ideal hexagonal crystal
structure as already concluded from visual inspection of the
Voronoi diagrams. However, the results undoubtedly highlight
that the obtained monolayer structures are better organized on
the fluorocarbon-coated substrates. Apparently, the formation
of the hexagonal crystals is significantly enhanced on these
substrates, but the spheres are not closely packed as they may
repel each other. Furthermore, the data shows that more
regular-shaped polygons can be identified in the polystyrene
monolayers compared to the silica ones on the silicon sub-
strate, which can be ascribed to the weakly agglomerated state
of the polystyrene particles. Consequently, more structured
monolayers are attained in the polystyrene case, which are also
less covered with clusters.

4.9 Analysis of the orientational order of the monolayer

The Voronoi approach is also applied to get insight into the
orientational order within the particle monolayers. Fig. 11a-1
and b-1 show the Voronoi tessellation of the monolayers
obtained with respectively 10 ym and 3 um polystyrene micro-
spheres on the CF,-coated silicon substrates, where the
colour of the individual Voronoi cells now indicates the magni-
tude of the hexatic order parameter (eqn (4), which is between
0 < || < 1, with || = 1 for a microsphere positioned in an
ideal hexagonal lattice, i.e., with six perfectly positioned nearest
neighbours.

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Voronoi diagrams of the 10 um silica (a) and the 10 pm polystyrene (b) particle monolayers attained after agitating the particles at a frequency of f =
250 Hz and amplitude A = 82 um for t = 10 min., obtained on the flat bare silicon (1) and CF,-coated silicon substrates (2). The diagrams are constructed
from the corresponding SEM image displayed in Fig. 6a2[(al)], b2[(a2)], 7a2[(b1)] and b2[(b2)]. The Voronai cells are coloured according to their shapefactor
9. The distribution of the normalized shape factor 9nom, of the 10 um silica (a3) and polystyrene (b3) microspheres monolayers obtained on the respective
substrates. At least three SEM images of the monolayers obtained on the uncoated or fluorocarbon-coated silicon substrates were analysed.

Just as in the previous section, it is inferred that the majority
of the individual Voronoi cells deviate from a regular hexagonal
shape, which is even more pronounced in the case of the 3 pm
particles. That is, monolayers with a lower packing density are
obtained with the smaller sized spheres than the 10 pm ones.
Next to that, the data depicted in the Voronoi diagrams indicate
a significant local disorder in the assembled structures, which
is enhanced for the smaller-sized particles. These observations
align with the hypothesis that as the interaction forces among
the particles are strong relative to the generated vibrated force
F.ip, such that it is more challenging to mobilize these small
spheres. Considering this, it is suggested that the probability of

This journal is © The Royal Society of Chemistry 2022

attaining perfect hexagonal structures tends to be more difficult
as the size of the agitated particles decreases.

The symmetry of the obtained monolayers on the
fluorocarbon-coated silicon substrates is quantified by finding
the distribution of the hexatic order parameter || of the 10 pm
and smaller-sized silica or polystyrene monolayers on these
substrates. The results displayed in Fig. 11a-2 and b-2 show that
the structures have a low 6-fold positional order, even more
significant for the smaller silica and polystyrene microspheres.
These results indicate that the monolayers are highly disor-
dered as different symmetries coexist, i.e., the monolayers are
not monocrystalline. However, these results highlight that in
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Fig. 11 The respective Voronoi diagrams of the 10 um (al) and 3 pum (a2) polystyrene particle monolayers obtained on the flat CF,-coated silicon
substrates are constructed from the corresponding SEM image displayed in Fig. 7b-2[(al)] and 9b-2[(a2)]. The Voronoi cells are coloured according to the
magnitude of their hexatic order parameter ||. The distribution of the hexatic order parameter || of the 10 um silica and polystyrene particles (b1) and
the 5 um silica and 3 um polystyrene particles (b2) on the CF,-coated silicon substrates are also provided. (c) The time evolution of the spatially averaged
hexatic order parameter ,,. the solid lines represents the data obtained from the 10 um polystyrene particles, while the dashed lines correspond to the
10 pm silica particles. All experiments were performed at a frequency of f = 250 Hz and amplitude A = 82 pm.

comparison to the large agglomerates silica particles, a much
more regular orientational ordered monolayer can be obtained
with the polystyrene microspheres as these weakly agglomer-
ated spheres move more actively across the substrate during
agitation.

To understand the temporal evolution of the monolayer
structure’s order on the bare and fluorocarbon-coated silicon
substrate, the spatially averaged bond orientation parameter
Vav (eqn 5) has been computed for the 10 pm silica and
polystyrene microspheres. As already mentioned in Section
4.6, and now confirmed by computing the local bond order

3672 | Soft Matter, 2022, 18, 3660-3677

parameter y/,,, the packing density and order of the polystyrene
particles increased in time on the bare silicon substrates. Also,
in the silica particles case, a higher orientational order,
although lower than that of the polystyrene spheres, is obtained
on the uncoated substrates as time progresses. A more signifi-
cant amount of the agglomerated powder is possibly mobilized
on these substrates as energy is continuously being transferred to
them during agitation. As such, more agglomerates move on the
substrates and leave particle traces on the substrates. In particu-
lar, for the extensively moving polystyrene particles, a steeper
increase is observed in the order of the attained monolayers.

This journal is © The Royal Society of Chemistry 2022
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Interestingly, for both type of particles, the orientational
order of the monolayers remains constant on the fluorocarbon-
coated substrates despite the more extensive areas covered with
monolayers on these substrates. This suggests that the micro-
spheres are arrested on the substrate as they are being agitated,
such that the applied vibration force F,j, is insufficient to
mobilize these particles from the substrate. Consequently, the
particles stay approximately in the same place, leading to an
unaffected spatially averaged order parameter \,, of the den-
sely packed monolayers.

4.10 KPFM Measurements

As mentioned briefly in the previous sections, we hypothesize
that the tribocharging mechanism***>>7%7” lies at the heart
of the high packing density of both silica and polystyrene
particle monolayers attained on the CF,-coated substrates. To
verify this hypothesis, we performed Kelvin probe force micro-
scopy (KPFM) measurements using an atomic force microscope
(AFM) to measure the surface profile and simultaneously
measure the potential difference caused by the surface charge.
In this manner we examine if any charge is transferred between
the particles and the substrate during agitation. The results of
these topography scans together with the contact potential
difference (Vgopp) measurements between the tip and particles
or substrate are presented in Fig. 12 and 13, respectively. Note
that the sign of the Vgpp-values in these figures are always the
opposite of the polarity sign (¢f. Section 2.2).

Before agitating the microspheres, either the silica or poly-
styrene particles were gently deposited on a CF,-coated sub-
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strate and subsequently scanned to determine the sign
(polarity) of their surface charge using KPFM. In Fig. 12a-1
and a-2 we respectively show the topographic map and the
simultaneously obtained surface potential map of the 10 pm
silica particles prior to agitation, whereas Fig. 12b-1 and b-2
contain the same quantities for the 3 pm polystyrene particles.
These results show that, initially, the surface of the silica and
polystyrene particles is negatively charged (positive Vepp-value).
As already suspected in Section 4.1 and now clearly confirmed
by these results, the surface of the polystyrene particles carries
more charge relative to the silica particles. With respect to these
measurements, it should be mentioned that it proved difficult
to scan a large group of particles, as the particles could not be
held in place when scanning their surface with the tip, ie.,
these particles were less strongly adhered to the CF,-coated
substrates before agitation.>® This explains why only a small
portion of the surface was scanned prior to agitation in
Fig. 10a-1, a-2 and 10b-1, b-2. After agitation, on the other
hand, it was less challenging to perform a single scan on a
larger group of silica and polystyrene particles as shown in
Fig. 10a-3, a-4 and b-3, b-4, respectively.

After being agitated on the CF,-coated substrates in separate
experiments, the KPFM measurements reveal that the surface
charge of some the silica (¢f. Fig. 12a-4) and the majority of the
polystyrene particles (¢f. Fig. 12b-4) changed from negative to
positive. This implies that some negative charge must have
been transferred from the particles to the CF, coating during
the driving cycles, i.e., the system is in a tribocharged state. In
addition, it can be inferred from Fig. 12a-4 that the charge on

after
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Fig. 12 Results of the KPFM measurement performed on (a) the silica particles and (b) the polystyrene particles before (1 and 2) and after (3 and 4) they
were agitated on the CF,-coated silicon substrates. (al) The topographic (20 x 20 um?, scale bar 3 pm) and (a2) simultaneously obtained surface potential
map of the 10 pm silica particles before shaking. (a3) The topographic (30 x 30 pm?, scale bar 5 pm) and (a4) simultaneously obtained surface potential
map of the 5 um silica particles agitated for t = 10 min on the CF,-coated substrates. (b1) The topographic (5 x 5 um?, scale bar 1 pm) and (b2)
simultaneously obtained surface potential map of the 3 um polystyrene particles before shaking. (b3) The topographic (15 x 15 pm?, scale bar 3 pm) and
(b4) simultaneously obtained surface potential map of the 3 um polystyrene particles agitated t = 10 min on the CF,-coated substrates. Note that in the
surface potential maps (a2,4; b2,4) the red colour represents a negatively charged surface (positive Vpp), and the blue colour corresponds to a positively
charged surface (negative Vcpp).
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large part of the silica particles remained unaltered after the
experiment, ie., the polarity remains the same as in Fig. 12a-2
(before agitation). These results corroborate our global obser-
vations that the polystyrene particles moved actively across the
substrates during agitation, whereas the silica agglomerate
slowly slid on the surface, ie., the polystyrene particles had
significantly more opportunities to interact on all sides with the
CF, layer; hence, more polystyrene particles acquired a posi-
tively tribocharged surface.

To inspect if the underlying CF,-coated silicon substrate is
indeed tribocharged by the agitated particles, KPFM measure-
ments were performed on the same substrate before (cf. Fig. 13a)
and after (¢f Fig. 13b and c) the agitating experiment. To this
end, the silica or polystyrene particles were carefully removed
from the CF,-coated substrate using a dry nitrogen gas flow prior
to the KPFM measurements. In Fig. 13a the topography and
concurrent surface potential map obtained on the CF,-coated
coated silicon substrate are presented before agitating the micro-
spheres on them. These initial scans show that the substrate is
flat devoid of any inhomogeneities (¢f. Fig. 13a-1), and that
the substrate has a homogeneous negatively charged surface
(¢f Fig. 13a-2). These results are opposed to the scans obtained
after agitating either the 5 um silica or 3 pm polystyrene particles
on them shown in Fig. 13b and c, respectively.

From Fig. 13b-2 and c-2 it can be readily observed that the
charge on the flat CF,-coated silicon substrates is more

before

after

auaxrfysAjod

Fig. 13 The KPFM measurements performed on the flat CF,-coated
substrates without particles (a) before and after agitating (b) 5 pm silica
particles or (c) 3 um polystyrene particles on these substrates. (1) The
topographic (30 x 30 pm?) and (2) simultaneously obtained surface
potential map of the CF,-coated substrates were all obtained after blowing
off the particles with dry nitrogen air from the surface. The inset in (b and c)
corresponds to the impact craters. The scale bar in all images is 5 pm.

3674 | Soft Matter, 2022, 18, 3660-3677

View Article Online

Paper

unevenly distributed than before (compare with Fig. 13a-2).
In particular, after agitation, areas with a higher surface
potential on the CF,-coated surface are observed, which implies
that locally the substrate is more negatively charged. In fact,
this can be ascribed to the movement of the agitated silica
agglomerates or polystyrene particles in contact with the sub-
strate during agitation. Furthermore, the surface potential
maps of the CF,-coated substrates show a higher contrast in
the case of the silica particles compared to the polystyrene
ones, implying that the fluorocarbon layer is charged substan-
tially by the silica particles. This observation is supported by a
previous study that has reported that due to their mechanical
properties the silica particles tend to deform and charge the
CF, coating significantly more than the polystyrene particles.””

Next to this, also notice the presence of small craters on the
topography and corresponding surface potential maps of the
substrate shown in Fig. 13b-1, b-2 and c-1, c-2, implying that
some particles impacted on them during agitation. These obser-
vations concur with our recent particle impact study,”* in which
we reported that only at the point of the craters an increase in
surface potential could be observed. Both the movement as well
as the impact of particles constitute a local charge transfer
between particles and the underlying CF, layer, i.e., the substrate
charges more negatively at the point of contact. Thus, the CF,-
coated substrate is tribocharged by the silica or polystyrene
microspheres as the system is being agitated.

However, as reported in previous studies,”®’? no significant
change in surface potential was measured on the surface of the
particles or substrate in the case of the bare silicon substrates
(not shown). A moderating remark in this respect is that, also in
this case, it proved to be challenging to measure the charge on
the particles after agitating them on the bare silicon substrate.
As the packing of particles on these substrates is less dense, the
particles could not be held in place when scanning the surface
with the KPFM-tip, i.e., the particles are much less firmly adhered
to the bare silicon substrate (weak electrostatic attraction) com-
pared to the CF,-coated substrate after agitation. Thus, it can not
be excluded that charge, albeit relatively small, is transferred or
even rapidly dissipated on the bare silicon substrates.”

Summarizing, consistent with our previous studies,*®”> the
data displayed in both Fig. 12 and 13 jointly show that, as a
result of the tribocharging mechanism, the silica or polystyrene
particles, independent of their size, and the CF,-coated
substrates acquire opposite charges, positive and negative,
respectively, after agitating the system. This mechanism
induces a significant local electrostatic attraction, promoting
the particles to adhere to the CF,-coated substrates. Conse-
quently, gradually more particles remain stuck on the CF,-
coated substrates, leading to the conspicuous high packing
density of silica or polystyrene particle monolayers on these
substrates. In addition, the particles sticking on the surface
may repel other particles on top with the same polarity,
enhancing the formation of a particle monolayer. Hence, it
can be safely concluded that the tribocharging mechanism is a
crucial factor in assembling monolayers of microspheres on
polymer surfaces.

This journal is © The Royal Society of Chemistry 2022
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5 Conclusions

We studied the dynamics and self-organization of horizontally
agitated monodisperse dry powder comprising either hydro-
philic silica or hydrophobic polystyrene microspheres with
diameters of 3-10 um on various substrates. In particular, the
focus has been on the formation of monolayers on three
substrates with different surface properties: a micromachined
silicon particle tray and two flat silicon substrates, namely an
uncoated hydrophilic and a CF,-coated hydrophobic substrate.

At first, we established that the silica powder contains massive
agglomerates, whereas the polystyrene particles are more loosely
packed, consistent with the different dominating interaction
forces applicable to the two types of particles, namely the capillary
force for the silica particles, and the contact mechanics and
electrostatic forces in the case of the polystyrene particles. Con-
sequently, we observed distinct particle and agglomerate migra-
tion dynamics: the large agglomerated silica particles moved
slowly as a single piece, while the less agglomerated polystyrene
particles moved extensively, having ample interactions with the
substrate.

We consistently observed that the agitated silica agglomer-
ates partially covered the flat substrates with particle mono-
layers as they moved across the flat substrates. On the particle
trays, on the other hand, segregated bands of silica particles
were formed perpendicular to the oscillating direction, which
was attributed to their larger surface roughness resulting from
the micromachining. As an explanation, a mechanism based on
a simple frictional stick-slip motion is proposed.

According to this physical mechanism a monolayer of silica
particles will adhere to the substrate if the magnitude of the
interparticle friction Fc pp is smaller than the vibrational body
force Fp, which in turn should be smaller than the particle-
substrate friction Faic spy (Fric,pp < Fuib < Firic,sp) during some
part of the driving cycle. This is true for the case of the flat
substrates on which the bottom layer of the silica agglomerate
may stick, but the condition fails for the particle tray which has a
rougher surface. As a result of the larger surface roughness, the
adhesion and concomitantly the friction force between the silica
particles and particle tray is reduced, such that the sticking part of
the stick-slip motion between the silica agglomerates and particle
tray is absent. The polystyrene particles, on the other hand,
formed closely packed monolayers regardless of the substrate.
This implies that the applied body force in this case exceeded the
static friction, ie., Fii, > Firic,sp, Such that the polystyrene particles
were at least rolling, if not sliding across the substrates.

The morphology and orientational order of the obtained
monolayers is examined by employing the Voronoi approach.
The results consistently show that better structured, albeit not
perfectly hexagonally packed, self-organized polystyrene mono-
layers can be attained than strongly agglomerated silica parti-
cles. However, the order of the monolayers on the silicon
substrate can be enhanced by agitating the particles for a
longer time.

Despite the hydrophobic nature of the CF,-coated sub-
strates, these substrates were observed to become covered with

This journal is © The Royal Society of Chemistry 2022
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large areas consisting of densely packed monolayers of silica or
polystyrene particles which was attributed to increased tribo-
charging of the CF,-coated surface. Additionally, the Voronoi
analysis supported the observation that more structured mono-
layers, covered with less clusters, can be obtained on these
substrates. KPFM measurements were performed to corrobo-
rate these findings. The results show that, due to the tribocharg-
ing mechanism, the particles and CF,-coated substrates gain
opposite charges, inducing an electrostatic attraction between
the particles and substrates. Consequently, this enhances the
adhesion of the particles on the CF,-coated substrates during
agitation.

Altogether, these results highlight that depending on the
substrate and particle properties, different dominating surface
interaction forces affect the self-organization of agitated micro-
spheres. Furthermore, it tends to be even more challenging to
attain a self-organized monolayer as the size of the micro-
spheres decreases.
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