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In this work, we investigate the transition from an amorphous state to crystal ordering of 3 mm-sized
polystyrene beads in a two-dimensional system between two plates, one of them fixed and the other is
mobile and can move across the beads. The system is vibrated vertically, and we have investigated the
effect of the frequency, the number of particles, and the different materials covering the bottom and
top plate. We found that crystallisation is promoted by the motion of the upper plate, which pushes

Received 27th August 2024, particles to the centre of the plate’'s configuration and by the onset of tribocharged-induced

Accepted 12th November 2024 electrostatic interactions. The motion of the upper plate creates an effective pressure over the particles.
Thus, the upper plate motion drives the ordered particle configuration, and electric charges stabilise it.

By changing the bottom plate surface and experimenting with steel balls, we found that strong charging
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1. Introduction

Crystallisation is ubiquitously present in nature. Therefore,
research on ordered systems has captivated scientists for
centuries as these studies are essential in the fundamental
understanding of the formation of crystals, glasses, polycrys-
tals, and many other systems belonging to the condensed soft
matter."”

Ordering in systems is intrinsically governed by attractive
and repulsive forces among the systems’ constituents. Still,
external perturbations can notably affect it, which can drive or
prevent ordered particle configurations. Vibrations, pressure,
electric fields and shearing can be considered among these
perturbations.®® These external factors can be exploited to
control phase transitions or change a system’s general
ordering.

A detailed description of the crystallisation process occurring at
the particle level at the microscale, or even smaller, is highly
complex and challenging as size and temporal resolutions need to

“ Instituto de Ciencias Bdsicas e Ingenieria de la Universidad Auténoma del Estado
de Hidalgo-AAMF, Pachuca 42184, Hidalgo, Mexico.
E-mail: fernando@uaeh.edu.mx

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

¢ Mesoscale Chemical Systems, MESA+Institute, University of Twente, P.O. Box 217,
7500AE Enschede, The Netherlands. E-mail: i.s.m.jimidar@utwente.nl

t Electronic supplementary information (ESI) available: Experimental videos and

additional graphs. See DOI: https://doi.org/10.1039/d4sm01017e

9434 | Soft Matter, 2024, 20, 9434-9443

can demote crystal formation, and no charging inhibits crystal formation.

be acquired in these studies. Also, microscopic and colloidal
particles in the dry state suffer from strong cohesive and adhesive
interactions,’®** adding to the complexity of studying their self-
organisation. Nevertheless, the assembly of dry colloidal powders
using rubbing,"*™"” horizontal agitation'® or electric-field driven'®
has been recently reported. Also, efforts are being made to study
the assembly of microscopic spheres using acoustic levitation.'*°

On the other hand, macroscopic systems, besides their own
importance, can serve as suitable models for processes that
happen at the microscopic level.>* Some studies in macroscopic
systems have addressed this general goal. For instance, a
combination of vibration, sedimentation, and shearing is used
to obtain crystal configuration in systems based on spheres or
cubes.®” Some works have addressed the nucleation process,
while the Whiteside group explored the formation of binary
coulombic crystals by vibrating two different mm-sized polymer
spheres.?>™24

In contrast to microscopic systems, macroscopic systems
encompass a great advantage as their temporal and spatial
characteristic lengths can be quantified by tracking each particle
using standard video microscopy. This data can be analysed to
subsequently calculate the orientational and spatial order para-
meters, which can be utilised to determine the degree of order of
the particle configurations.

In previous studies,>” the ordering and phase behaviour
of a thin layer of steel balls has been explored between a bottom
plate and a fixed lid that was place over a certain distance
(>1.5 x particle diameter) from the bottom plate. Here, we
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present a study of crystallisation in a vibrated 2D-dimensional
granular system of polystyrene beads between two plates: the
bottom plate is fixed or immobilised, and the other is free and
sits on top of the particles, i.e., the distance between the plates
before the vibration experiments start is exactly one particle
diameter. The ordering is promoted by vibration and is stabi-
lised by triboelectric-induced charging. As we elaborate, the
free plate creates an effective pressure over the particles and,
combined with vibration, drives the system to ordered states.
We perform an extensive investigation of the crystallisation of
the system under varying conditions of frequencies and particle
number and utilise different material plate combinations. This
uncharted crystallisation mechanism could be used in packing
and storage processes for granular systems to increase the
volume fraction, reaching crystallisation ordering with arrange-
ments that minimise empty spaces. In flowing problems where
ordering influences the flowing properties, external perturba-
tions such as vibrations, as we used in this work, could promote
easy flow. Granular crystals could be used as modular structural
materials with enhanced mechanical properties compared to
traditional materials. Topologically interlocked, ordered struc-
tures display enhanced mechanical properties when forming
panels, thin 2D and 3D structures. Their properties depend in a
complex way on the geometry of the individual grains, their
orientation, and the friction between their surfaces. Vibration
is a way to promote self-assembly, but other mechanisms, such
as triboelectricity, shearing and strong confinement could also
be used‘6,7,21,28730

The manuscript is organised as follows: Section 2 describes
the experimental details, and the construction of the sixth
orientational order parameter is provided. Section 3 presents
the crystallisation results for several configurations and the
temporal evolution of the sixth-orientational-order parameter .
Finally, in Section 4, the conclusions and perspectives of this work
are given.

2. Experimental details

The system depicted in Fig. 1 comprises a planar square cell
with an inner width of 70 mm surrounded by acrylic walls. The
cell’s bottom surface is made of glass and rigidly attached to a
6.5” Kenwood speaker. An additional thin plate of various
materials is glued over the glass cell surface in the experiments.
This thin plate is referred to as the bottom plate. Over the
bottom plate, an ensemble of polystyrene spheres of 3 mm in
diameter, d, is distributed; in the experiments, the number of
particles varies. On top of the particles, another plate (usually
glass) of 68 mm in width is allocated, such that the plate can
move freely and may touch the particles; we refer to this plate as
the upper plate. Also, no liquid or solvent is added in this cell,
such that experiments are performed in air. Using an
A(f)sin(2nft) signal with a frequency fixed in each experiment,
we keep the system vibrating to compensate for the energy lost
by dissipative processes and maintain an effective temperature.
A camera (Canon DC4 3V) was employed to capture the beads’
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Fig. 1 A schematic representation of the experimental setup. The con-
tainer is fixed to a speaker. The ensemble of particles is sandwiched by a
bottom plate, which is attached to the square container, and an upper
plate, which lies over the particles and moves freely. The container moves
harmonically in the vertical direction, and top-view observations are
recorded using a camera.

dynamics during the experiment. We recorded a 200-second
video in AVI format at a standard resolution of 640 x 480 pixels
at 30 fps. In the videos [system before of the upper plate] and
[system with the upper plate] in ESL, T an experiment shows the
particle motion without the upper plate and the motion and
crystal formation after the upper plate was added.

For the fabrication of indium tin oxide (ITO) and fluoro-
carbon-coated MEMPAX substrate, we refer the interested
reader to earlier work."* In some experiments, MEMPAX was used
as the bottom plate. MEMPAX is a borosilicate glass substrate
with mobile sodium ions for anodic bonding purposes.®

3. Results

3.1. The effect of the mobile upper plate on crystallisation

To rationalise the crystallisation mechanism observed in our
experiments, we conducted experiments to determine the effects
of the upper plate’s vibration and how its motion promotes
crystallisation. To our knowledge, studies of beads covered by
a mobile plate precisely on top of them on a vibrating platform
are unexplored. Instead, we found related studies that helped us
understand the crystallisation mechanism. Dorbolo et al*?
reported a study of a dimer on a vibrating platform and observed
three possible motions of the dimer. In one mode, the dimer
bounces parallel to the plate; in the other mode, the dimer
oscillates; in the third mode, the dimer drifts, keeping one end
in contact with the plate and the other oscillating. In our experi-
ment, the motion of the top plate and the particles against it
corresponded to the first two modes in a 3D version (Fig. 2).
The effective force by the upper plate on the particle layer in
our system is illustrated in Fig. 2 when the system is vibrating
vertically. Note that the upper plate does not remain in a fixed
horizontal position while the system vibrates vertically. As such,
during the experiments, the upper plate is inclined, first hitting
the distant particles and pushing them to the centre. Of course,
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Fig. 2 (a) Scheme of the interaction of the upper plate with the particles
and the origin of the effective pressure to the centre of the plate. When the
system vibrates vertically, the upper plate gets slightly inclined in the
vertical direction, hitting the particles farther from the centre and pushing
them to the centre of the plate. This creates an effective potential that
drives the particles to form ordered configurations. (b)—(d) Histograms of
the observed inclination angles of the upper plate side (for glass—glass
combination) with respect to the horizontal in a sample with 250 particles
at a fixed frequency of 105 Hz and parameter I' = 15, 2.3 and 2.74,
respectively.

the direction of the effective pushing changes while the experi-
ment runs. Thus, similar to Dorbolo et al.,*? it is understood
that the main effect is to create an effective potential that drives
particles to occupy a minimum energy configuration centred
below the plate’s centre of mass.

To corroborate that in the experiments, the upper plate
created an effective potential driving the beads to the centre
of the plate, we placed a second layer of particles on the top at
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Fig. 3 (a) Scheme of the experiment to show the origin of the effective
potential created by the upper plate motion. A layer of particles is put on
the top of the upper plate. (b) At the beginning, there are many particles,
and trajectories at the centre are more confined than trajectories farther
from the centre. (c) After 60 s only a few particles remained on the upper
plate, note that the remaining particles are concentrated at the centre of
the plate.

the other side of the mobile upper plate, as shown in Fig. 3(a),
such that this particle layer is not confined at the top. When the
system vibrated, the second layer’s particles were also fluidised
and moved around, as shown in Fig. 3(b). Because these
particles were not forced to move between plates, they experi-
enced larger jumps as they were farther from the plate’s centre.
Interestingly, the particles close to the centre of the plate
moved less than the particles near the edges of the upper plate.
Eventually, most of the particles of this second layer were
expelled from the container. Still, a few remained in the plate’s
centre, as shown in Fig. 3(c). Thus, the upper plate centre
moves less than the plate edges and sides as it oscillates around
its centre. The effect on the particles below the plate is the kicks
toward the centre of the plate, creating an effective restitutive
force or soft potential toward the centre of the plate.

In addition, lateral view recordings confirmed that the upper
plate did not always move parallel to the bottom plate but got
inclined and oscillated around its centre of mass, changing the
direction of inclination as the system vibrated, see Fig. 2(b) and
Video [upper plate movement] in ESL} It can be observed that
the plate centre moved relatively less than its corners and sides,
which supports the observation that particles on the upper
plate farther from the centre were expelled from the container,
whereas particles in the centre remained there. On the other
hand, the confined particles beneath the upper plate and
farther from the centre experienced an effective lateral pressure
when the upper plate hit them during the plate’s inclination
phase (cf: Fig. 2). This effective pressure pushes the particles to
the centre of the box.

This journal is © The Royal Society of Chemistry 2024
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We use the dimensionless I parameter to characterise the
system’s vibration, showing the ratio between the acceleration
of the system and the acceleration due to gravity, g. It is defined
as follows:

r 4A4Anf?

7 1)

where A and f are the amplitude and frequency of vibration,
respectively. When the frequency is varied, the I" parameter also
does. We measured I' parameter using an Arduino acceler-
ometer GY ADXL335. It ranges from 0.90 (for f = 170 Hz,
A = 0.007 mm) to 4.45 (for f = 65 Hz, A = 0.26 mm). In our
system I’ parameter increases when frequency decreases
because the amplitude of the vibration increases (¢f Fig. 5a),
and its effect dominates the decrement of the frequency.

Besides the mechanical interactions between the upper
plate and the particles, which is the primary interaction, the
system’s dynamics are governed by the particle-particle inter-
actions, which are hard-sphere interactions when no charge is
present. As the particles move across and hit the plates, they
also experience friction.>* Furthermore, as the beads and plates
are in frictional contact, the triboelectric charging pheno-
menon,* % in which charge is exchanged between bodies in
contact, occurs. This may lead to attractive Coulombic forces
between the beads and the plates and repulsive Coulombic
interactions between the beads if they have the same polarity.
Depending on the material of the plates, the electric charge can
stabilise a particle configuration or prevent ordering if particles
get stuck to the plates. It should also be remarked that the
triboelectric charging may cause charge patches on the beads,
such that only the areas in contact with the plates get charged,
i.e., the bead surface is not uniformly charged.*****°

We characterised the configurational order of a system with
n particles in terms of the sixth orientational order parameter
W for each particle and its average value g, calculated as
follows (c¢f eqn (2)). First, we acquired each particle’s position
by capturing the centre of mass using the image processing
software Image].*" Then, we triangulated all mass centre posi-
tions following the Delaunay criterion to find the closest
neighbours N; for each particle i. We established a cut-off
distance, as the size of a sphere diameter, to determine the
nearest neighbours in contact with each particle i, its coordina-
tion number, Njs.*> We proceed to calculate the average of the
six-fold bond-orientation, or hexatic, order parameter ¥, as
expressed in eqn (2).

_ 1 n 1
be=d, {NI-

i=1

Ni
Z exp(6i0;)
=

:| s 0< 0,‘/ < 2m. (2)

in which 0; represent the angle between the vector connecting
bead 7 and its nearest neighbour j. The expression between the
rectangular parenthesis is the s value for the particle i.

In the next subsections, the effect of two different top plates,
namely glass and ITO, on the ordering of the beads is delineated.
Next, we elaborate on the influence of the bottom’s plate material

This journal is © The Royal Society of Chemistry 2024
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and the effect of residual charge on the attained order of the
shaken polystyrene beads.

3.2. Glass-Glass plates

In Fig. 4, we present coloured maps where each particle
position is coloured according to its coordination number at
different frequencies for a fixed number of particles where both
the bottom and upper plate were made of glass, i.e., the glass—
glass combination, see, for instance, videos [290 66 Hz G-G],
[290 100 Hz G-G] and [290 170 Hz G-G]. Note that increasing
the frequency in our system leads to lower plate vibration
amplitudes (¢f. Fig. 5a), decreasing the system’s energy. Thus,
the fluidization of the granular media prevents the ordering at
lower frequencies, i.e., high-energy systems. As the frequency
increased, the fluidization decreased, and the system mani-
fested a higher order. It can be inferred from Fig. 4 that the
system reached its maximum order at frequencies around
110 Hz, whereas for frequencies around 170 Hz, the system
presented some defects and vacancies. For lower and higher
frequencies with respect to 110 Hz, the formation of a main
grain and one or more additional grains oriented differently
can be observed, preventing full ordering. Fig. 4 shows a grain
enclosed by a red ellipse that has a different orientation from
the main grain.

O =_NWhUIO

80 100 120 140 160 180

Frequency (Hz)
Fig. 4 Comparison of the final particle configuration (images on the left)
for 290 particles at different frequencies for the combination glassglass
plates, with corresponding orientational order parameter (a) and coordi-
nation number plots (b). (c) Shows the values of the characteristic time
obtained from fitting of curves in (a) and (c). Red ellipse indicates smaller
grains that are misaligned with respect to the main grain.
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Fig. 5 (a) The amplitude A as a function of frequency f for different

control voltages. The power laws fitting have a an exponent of 3.24 +
0.12. (b) Comparison of final particle configurations obtained in the glass—
glass case for different frequencies and amplitudes at a constant particle
number of 250. The coloured map shows the different phase regions
formed by the different combinations of frequency and amplitude.

Fig. 4a and b displays the time behaviour of the average of
the sixth orientational order parameter, i, and the average of
the coordination number, N, for different frequencies, show-
ing similar temporal behaviour for both quantities. A sharp
initial increase is observed, reaching a saturation value. It can
be readily observed that the system did not reach ordering at a
frequency of 66 Hz due to the high fluidization energy prevent-
ing ordering. It can be inferred that similar saturation values
reached 95 Hz and 110 Hz, although the 95 Hz case reached
this condition faster.

To quantify how fast saturation values were reached, we
used the following fitting

—t
Y=Ajexp—+ Y., 3)
T
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where Y could be Y or Ny and ¢ is the time and 7 is the
characteristic time. For Ny curves and for 95, 110 and 170 Hz, the
corresponding t values are 1.05, 5.60 and 1.25 s, respectively. For
the /4 curves, the  values are 1.09, 3.88 and 1.94 s for 95, 100 and
170 Hz, respectively (¢f. Fig. 4d). These characteristic time scales
corroborate that, indeed, the order is reached more rapidly in the
95 Hz case. The lower energy system at 170 Hz case also rapidly
becomes ordered, albeit less than the 95 Hz case. Additionally,
more fluctuations can be observed than in the cases of 95 Hz and
110 Hz, elucidating that more perturbations of the ordered grain
structure occur over time.

As mentioned before, the parameter I' depends on the
frequency f and amplitude A of the lower plate motion, and a
separate control of both quantities is challenging in our system.
The amplitude A depends on the speaker’s response and,
thus, is not controlled directly by the voltage control signal.
Therefore, comparing results is not evident. We have carried
out a series of experiments for several fixed frequencies, and by
varying the amplitude of the voltage that feeds the speaker, we
determine the parameter I' and the orientational order para-
meter. Using eqn (1), we obtained the amplitude A. Fig. 5a
shows that when the frequency was increased, the amplitude in
the system decreased, and concurrently the decrement in the
parameter I value is more significant than the increment due
to the frequency. Fig. 5b shows a coloured map that is coloured
according to the orientational order parameter. We observed
that intermediate values of the parameter I' promote crystal-
lization observed in the region coloured in yellow. For high
parameter I (=high amplitude and low frequency), the system
presents the coexistence of a central crystalline configuration
surrounded by a gas-like state. The system remains in a solid
glass-like state configuration for low parameter I' (low ampli-
tude). Crystallization is observed for intermediate values of
parameter I" and intermediate frequencies. The coexistence of
glass and crystalline phases is observed for intermediate values
of parameter I' and high frequency. The glass-like state and
crystalline state can also be observed in g(r) curves (see
Fig. 11(a) and (b) in Appendix). For the glass-like state in
Fig. 11(a), some peaks in the g(r) around sizes that are multiples
of particle diameter are observed, after which the curve approx-
imates unity. For the crystalline state, the peaks are almost
down until zero values are observed, and two close peaks
around two particle sizes are observed, which is the footprint
of a hexagonal arrangement.

Next, we studied the effect of the number of particles on the
system’s ordering while keeping a fixed frequency. Fig. 6(a)
compares two cases with different numbers of particles for a
constant frequency at 110 Hz. For the case of 315 particles,
some crystalline defects can be observed. Fig. 6(b) shows the
behaviour of the order parameter as a function of particle
number. We have observed that i/, increases as the frequency
increases. However, for more than 295 particles, some defects
in the attained structures can be noticed and the values of ¥
tend to decrease. Particularly, the formation of at least two
grains separated by disordered boundaries can be observed.
The grains presented limited mobility for systems with many

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Comparison of final particle configurations attained in the
glass—glass case for different numbers of particles at a fixed frequency
of 110 Hz; the particles are coloured according to their coordination
number. (b) Average of the orientational order parameter as a function
of particle number at a fixed frequency of 110 Hz.

beads because they were stuck, so the arrested beads could not
dissolve the disordered boundaries. When more free space is
available, particles are easily reordered because the fluidisation
mechanism is more efficient than in cases where the particle’s
mobility is restricted by strong spatial confinement.

In open spaces where another substrate at the top does not
cover the beads, increasing the particle concentration leads to
the ordering of the particles.”*** In confined conditions, as
studied here, increasing the particle concentration promoted
the ordering. The complete order, i.e., when each particle has a
value of ¢ = 1, is reached only if there is a commensurability
between the particle size and the dimensions of the container.
Without commensurability, the system’s ordering could be
high, but the complete order is not reached. For instance, there
is no commensurability between a hexagonal arrangement and
circular and square containers.**™*° Thus, complete order in
our system could be reached if we used a hexagonal container
where the container side is multiple of the particle size see
video [hexagonal geometries] in ESL.f It reached a complete
order in the biggest hexagonal container, where the container
side is a multiple of the particle size. At the same time, in the
smallest one, it did not because the container size is not a
multiple of the particle size.

This journal is © The Royal Society of Chemistry 2024
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When the available free space is limited, the ordering driven
by vibrations is prevented because particles are in jammed
configurations, i.e., stuck in an ordered or disordered local
configuration, forming grains separated by disordered boun-
daries.”® To attain larger ordered configurations, particles
should be able to explore their surroundings to minimize the
configurational energy. However, finding such minimum energy
configurations remains elusive when free space is severely limited.

3.3. Glass-ITO plates

In the next set of experiments, we changed the upper plate with
a MEMPAX substrate coated with a layer of indium tin oxide
(ITO), while the bottom plate was still made of glass. Fig. 7
displays the final configuration for different frequency cases for
the glass-ITO combination. It can be observed that the system
already reached an ordered state at 70 Hz, while almost complete
ordering is attained at 90 Hz. As the frequency increases,
similar ordering is obtained, albeit some imperfections hinder
complete order.

We define the ordered particle crystal configurations in all
experiments as an aggregate. In contrast to the glass-glass case,
higher aggregate mobility was observed in the glass-ITO case;
see video [upper plate L-GLASS R-ITO lower plate glass 250P
100 Hz] in ESLt This distinct observation can plausibly be
ascribed to tribocharging-driven electrostatic interactions.
As mentioned earlier, tribocharging may occur as the beads
are in frictional contact with the upper and bottom plates.
Since ITO is conductive,'* weaker charging is expected in the
glass-ITO case than in the glass-glass case,*” recently reported

= 110Hz
= 130Hz
Exponential
adjustment

PR
e o o
150 Hz

T %9

Fig. 7 Comparison of the final particle configuration (images on the left)
for 250 particles at different frequencies for the combination glass—ITO
plates, with corresponding orientational order parameter (a) and coordi-
nation number plots (b).
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by Sotthewes et al'* using Kelvin prove force microscopy
(KPFM). Thus, in the latter case, the stronger tribocharging
and concomitant attractive Coulombic interactions stabilized
the aggregate, leading to lower mobility and higher stability of
the particle crystal configuration.'®

Fig. 7 shows the behaviour of the average of the sixth
orientational order parameter and the average of the coordina-
tion number. Only for the case of 70 Hz, both parameters have
low values, i.e., the system contained defects in the formed
crystal structure, whereas the other cases have similar values.
For Ny curves at 70, 95, 110, and 130 Hz, the corresponding t
values are 22.9, 5.31, 8.9, and 13 s, respectively. Thus, as the
frequency increases, ordering in the system is slower.

3.4. Other combination plates cases

To investigate how the bottom plate’s conductivity affects the
system’s order, we performed experiments by changing the
bottom plate and keeping the upper plate as glass or ITO.
It is known that all these three bottom substrates (glass,
Mempax, and Mempax + FC) tend to tribocharge, particularly
the fluorocarbon surface can gain a strong tribocharged
state.'*'>° Based on the triboelectric series,>**® different
polarities can be predicted on the beads and the bottom and
top plates, which are summarised in Table 1. Note that no
charge was previously measured on the conductive ITO-coating
and is therefore identified as neutral.™ The top side of the bead
may acquire a negative polarity but can also discharge some of
its charge through the ITO-coated surface, leading to weaker
charging." On the other hand, the combination which involved
the utilisation of a fluorocarbon-coated substrate illustrates a
significant case where the top and bottom part of the polystyr-
ene bead are expected to gain an opposite polarity, such that
the final charge on the polystyrene bead can not be predicted.
This fluorocarbon-coated case signifies that the polymer bead
can acquire charge patches,*"? i.e., different polarities on the
same particle surface.

Fig. 8a shows the value of the average of the sixth orienta-
tional order parameter of the final particle configurations of
the different combinations of plates after 60 s are displayed. It
can be inferred that less-ordered stable crystal structures can be
assembled on the MEMPAX substrate, while on the strong
tribocharged fluorocarbon-coated substrate, a similar ordering
is reached as for a glass substrate. However, in the fluorocarbon
case, the charging from the top plate counteracts the charging

Table 1 The predicted polarity of each pair's bottom and top plate and
polystyrene bead. The net charge on the bead results from the contribu-
tions of the top and bottom plates. The triboelectric series®** are used to
predict the polarities

Bead

Y _
. _
. _
— /= _
+/— X
+/— X

Pair Bottom  Top Net charge on bead

Glass-glass
Glass-ITO
Mempax-glass
Mempax-ITO
Mempax + FC-Glass
Mempax + FC-ITO -

+ + + +

o + O + o +
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Fig. 8 Comparison of the average of the sixth orientational order para-
meter of the final particle configurations of 270 particles at 100 Hz for
different bottom plate materials and glass materials and ITO cases for the
upper plate. The data represents the condition of the particles before the
experiments: (a) discharged or (b) charged. (c) Comparison of the final
order after 5 cycles of order—disordering without discharging in the
case MEMPAX-Glass. We repeated all experiments three times to obtain
average values (N = 3).

of the bead with the bottom plate (¢f. Table 1), such that the
charging effect is negligible and the system can reach an
ordered state. On the other hand, the data suggests that on
MEMPAX, the charging inhibits the formation of ordered
crystals, as a lower sixth orientational order parameter value
was obtained. Fig. 8(b) supports this charging mechanism, as it
can be readily observed that the ordering deteriorates as the
number of cycles without discharging (using an ioniser in
Fig. 9) the system is increased. Before proceeding with the next
cycle, we disorder the beads again by stirring them. Thus, the
history of the experiment affects the tribocharging® and,
concurrently, the order in the system. These results demon-
strate that when the charging is too pronounced, the effective
pressure created by the upper plate is insufficient to promote
the ordering of the beads, as the beads become immobile due
to the electrostatic interactions with the plate. Regarding the
MEMPAX substrate, we should mention that recently, Jimidar
et al.'” showed that 10 pm PMMA beads were also less ordered
on MEMPAX substrate after rubbing dry powder. They attrib-
uted this to the stiffness of the substrate. Still, it remains an
open question to be investigated, as also the surface interaction
forces, e.g., contact mechanics, are more dominant in the case
of the 10 um polymer beads than our mm-sized polystyrene
beads studied here."?

As the history of the system seems to affect the final order in
the system, we studied the effect of residual charge, as can be
observed from the data in Fig. 8c. First, we carried out experi-
ments using initial uncharged particles and plates. For the

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 A schematic illustration of the procedure we used to discharge
particles and plates. The ioniser produces a flow of positive (red circles)
and negative (blue circles) ions and neutral air molecules that are directed
to the container with the particles and the lower plate through a tube for
some seconds. A mesh prevents particles from escaping from the con-
tainer. The upper plate is also exposed to the same airflow, which
neutralises positive charges and promotes the neutralisation of negative
charges.

discharging step, we used a Nutri-Tech System™—Carico air
purification system with an ionisation stage; it reduced the
spheres and plates’ charge almost entirely, see Fig. 9.

To further support that charging aids the stabilisation of
formed crystals, we performed experiments using steel balls.
In this case, we used steel particles with a remanent magnetiza-
tion in the same container used in our experiments. Crystal-
lization was not observed even though we used the same
condition as the polystyrene beads between glass-glass plates.
However, we can observe from [STEEL BALLS]| movies in the
ESIT that the configurations do not reach a minimum of energy
due to the lack of an effective stabilization mechanism. When
particles collide, they undergo elastic collisions and acquire
enough energy to separate other particles that otherwise would
form linear structures. Particle configurations form gaslike
states. When order is reached, in a larger container, there is
no stabilisation mechanism present to preserve it, see video
[STEEL BALLS big plate] in ESL In this case, the effects of
magnetization are more effective, and linear assembly is more
evident than in the smaller container. The general structure
evolves to be ordered. The reordering is slow, and even at the
end, the structure is not stabilized.

It can be readily observed that, in the experiments we have
described, the bottom plate material and residual charge obtained
after one experiment of charged/discharged particles only has a
small influence, albeit slightly better in the charged case, on the
final order of a particle configuration. Seemingly, for most cases,
regardless of the charged/discharged state of the beads, similar
dynamics were observed when the ITO plate was used as the top
plate. This suggests that as the ITO substrate is conductive, the
charge beads intrinsically lose some of their charge, not affecting
the formation of crystal structures.

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Comparison of the temporal evolution of the average of the sixth
orientational order parameter between an initial condition of uncharged
particles and plates and an initially charged condition for (a) MEMPAX, (b)
MEMPAX + FC, and (c) glass as the bottom plate.

Fig. 10 shows that, in the beginning, the system’s behaviour
differs depending on whether the discharge is used, see videos
[L-charged R-discharged G-G] and [L-charged R-discharged
M-G]. In the cases where the lower plate is glass Fig. 10(c),
the differences between the initial charged and discharged
state are small; however, when the lower plate is MEMPAX or
MEMPAX + FC, Fig. 10(a) and (b), respectively, this difference is
more pronounced, corroborating the strong tribocharging
properties of the MEMPAX and fluorocarbon surfaces. After
~20 s, the initial charge/discharge role had no significant
effect as the system possibly reached a saturated charged state.

4. Conclusions and final remarks

We have studied the transition from an amorphous particle
configuration to crystal ordering in a granular two-dimensional
system between two plates, one fixed and the other that is
free to move across the system. The system is under acoustic
vibration, and we have investigated the effect of the frequency
of the vibration, the number of particles in the system and the
material properties of the plates on the attained crystal order-
ing in the system.
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Fig. 11 g(r) curves of the vibrated polystyrene beads in which the (a)
glass-like state and (b) crystalline state can be observed.

Crystallisation is achieved through a combination of fluidi-
sation created by the vibration of the system and the effective
pressure created by the upper plate, from outside to inside of the
plate, which lets particles find the minima of energy configurations.
We found that the oscillatory motion of the upper plate around its
centre creates an effective pressure over the ensemble, and particles
are pushed toward the centre of the plate. This effective pressure
acts independently of the charge of the particles.

By continuously rolling and hitting the particles with the
plates, particles acquire electric charges and tend to stick to one
of the plates. When a crystal, an ordered particle configuration,
is reached, it is stabilised because of the electric interaction
between particles and the material plates. Thus, the results
corroborate that electrostatic interaction between the beads
and the plates appears to play a significant role for a stabilised
crystal configuration. In the absence of these forces, for
instance, when steel beads are used, the order in the particle
configurations is more challenging to reach, see video [STEEL
BALLS small plate] in ESI.¥ This highlights the need for some
particle charge to stabilise the ordered particle configuration.
However, when electric particle-plate surface interactions are
stronger, crystallisation order can be lowered in some cases, as
was observed on the MEMPAX plate.

Our work opens a new research avenue on driven crystal-
lisation using “kicks of pressure” stabilised by electric charges.
Different particle materials can be used in different plate combi-
nations (plastic plates), and the method could be extended to
work with microspherical and colloidal particles in the future.
In addition, the assembly of such beads or colloids can also be
studied in electrolyte solutions,*® understanding the effect of
electrostatic interactions on the assembled crystals, with a stron-
ger focus on solid-liquid contact electrification phenomena.
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