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The transport properties of colloids in external potentials are often studied at low concentrations

to avoid particle—particle interactions. However, the impact of concentration on colloidal dynamics

under external potentials has received limited attention. We examine the effect of concentration on the
diffusivity of a quasi-2D colloidal dispersion subjected to a light-induced sinusoidal potential (inter-
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ference fringes). By measuring particle diffusivity perpendicular to the fringes at various concentrations
and laser powers, we find how the particle transport is governed by concentration and the structural
organization induced by the external potential. Specifically, we introduce the concept of modulated-

crowding for this physical scenario and characterize its influence on the long-time self-diffusion

rsc.li/soft-matter-journal

1 Introduction

Soft materials, such as colloidal suspensions, are known to be
susceptible to relatively weak external potentials,’ that is, the
potential has a magnitude around the thermal energy,® kT,
with kg and T being the Boltzmann constant and the absolute
temperature, respectively. Understanding the material response
to such potentials has been utilized to design tools that allow us
to precisely control or manipulate the material constituents.
Colloidal manipulation through different types of external poten-
tials has attracted interest during the last two decades due to its
potential technological applications.>* Several simulation, theore-
tical, and experimental studies have found that one simple
and effective way to control the properties of a colloidal suspension
is to use geometric confinement.*® Walls or boundaries act as
external potentials that can modify the thermodynamic properties
of the suspension. Furthermore, colloids between two parallel
plates,® circular cavities,” parallel charge colloidal layers®
and even one-dimensional colloidal systems®'' have been
extensively investigated because structural and diffusive prop-
erties are strongly influenced by confinement.®'*> Thus,
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coefficient. These findings are confirmed using Brownian dynamics simulations.

confinement has become an important physical mechanism
in many different areas of science and technology. Recent
reviews highlighting the use and understanding of colloids
under confinement can be found in ref. 1, 2, 4, 5 and 13, and
references therein.

The confinement of a colloidal dispersion between walls can
be treated as Brownian particles interacting with an arbitrarily
large external potential placed in the position of the confining
walls, effectively hindering the movement of the particles out of
a given region.*'*'® Decreasing the energy barrier and adding
some spatial variation to the external potential produces an
energetic landscape that could induce, for example, freezing-like
transitions.® Furthermore, a directional external field, i.e., gravita-
tional or electric, can produce sedimentation or electrophoretic
mobility, leading to interesting non-equilibrium thermodynamic
states or transport phenomena not typically seen under homo-
geneous conditions.'®™® Moreover, a spatially inhomogeneous
external field can also promote modifications in the phase beha-
vior of the colloids, e.g., laser-induced phase transitions.®**>*

The optical force imposed on a dielectric particle by the
refraction of light at the particle’s interface, known as pressure
radiation, is one of the experimental methods to create external
potentials to interact with colloidal particles. This mechanism
led to the development of optical tweezers.>® It is a suitable
option due to the flexibility to induce different spatially depen-
dent light potentials.>>"? Inspired by the pioneering work of
Ashkin,?? optical tweezers are now a widely used tool in physics
and biology."® This type of light potential has been used to
induce structural changes and explore both the influence of
external potentials on the diffusion of individual colloidal

This journal is © The Royal Society of Chemistry 2025
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particles®>”* and the hydrodynamic correlations between a few-
body colloidal system.>>® Currently, arbitrary light potentials
are created by manipulating the wavefront of the incident laser
using a spatial light modulator, even with a temporal evolution,
thus opening the opportunity for spatio-temporal manipulating
scenarios.>”

Although the phase behavior of colloids under the influence
of a periodic potential is currently well understood,**>"2°1 jt
is interesting to note that much less is known about the particle
dynamics of colloidal suspensions under the action of modu-
lated potentials. For example, the dependence of the particle
transport of highly charged colloids on the strength of the
sinusoidal potential was theoretically reported;** in that case,
the area fraction was fixed ~0.153 and an interesting non-
monotonic variation of particle diffusion emerged due to the
competition between particle-particle and particle-potential
interactions.>> Moreover, the behaviour of weakly charged
dilute colloidal suspensions under the influence of periodic
potentials has been experimentally reported.>* In the latter
case, the authors focused on how the periodicity and laser
power influenced the diffusive properties, specifically the
amplitude of the modulated potential and the size of the
particles. However, none of the previous contributions dealt
with crowding effects. Nevertheless, recent studies have
focused on understanding the physical phenomena that arise
from the crowding of microparticles suspended in fluids
subjected to periodic potentials, see, e.g., ref. 32-40.

In this contribution, we report experimental findings that
enhance the understanding of the dynamic behaviour of a
confined colloidal dispersion influenced by a periodic energy
landscape created by the interference patterns produced by the
convergence of two laser beams. Varying the concentration
of the sample from very dilute to moderate and adjusting
the amplitude of the energetic landscape, we elucidate the
impact of concentration on particle transport in periodic light
potentials. The periodicity of the external potential was fixed
and selected to be greater than the particle size. Specifically,
attention has been focused on the effects of concentration
(crowding) and amplitude of the modulated periodic potentials
on diffusivity. The competition of both mechanisms allows
us to introduce the concept of modulated-crowding for this
physical scenario. We identify that modulated-crowding effects
in the diffusion coefficient can be completely separated into
distinct factors. Then, an appropriate external-potential-
dependent normalization results in a universal dynamical
behavior that is entirely described by the particle concentration
and the structure induced by the external light field. This
dynamical scenario is accurately described and corroborated
by Brownian dynamics simulations.

2 Materials and methods
2.1 Brownian dynamics simulation and external potentials

In Brownian dynamics (BD) simulations, the configuration
space of the N particle trajectories is composed of successive

This journal is © The Royal Society of Chemistry 2025
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displacements 7t + At) — F{(t), i = 1,...,N, generated from the
following stochastic equation,**

Rt + At) = 7(t) + BDof(D)AT + 87(A7), (1)

where f§ = 1/kgT, and 87{At) a random displacement such that
(0F{A1)) = 0 and (37(At)d7;(0)) = 2Dyd AT, with D, being
the free-particle diffusion coefficient®® and &, the Kronecker
delta. In eqn (1), fi(¢) represents the total external force acting
on particle i, which includes the particle-particle and particle-
potential interactions. The equation does not explicitly include
hydrodynamic interactions. The particle-particle interaction is
considered a hard-core potential, which is represented by the
WCA potential,*?

o (OO e e

0 r>oB,

y—1
(. (0
Ai}(v—l) ’Bf(v—l) G

with ¢ being the energy parameter, which is a measure of the
repulsive strength between two colloidal particles. We have
chosen y = 50, and to reproduce the dynamics of hard disks,
the reduced energy parameter is chosen to be &* = &/kgT =
0.6816.** Using these potential parameters and without exter-
nal modulation, we successfully reproduced the experimental
long-time self-diffusion coefficients of quasi-two-dimensional
colloidal hard spheres for area fractions ranging from 0.001 to
0.68, and consistent with previous studies conducted using
dynamic Monte Carlo simulations of hard disks."* More speci-
fically, in Appendix A we evaluate the precision of the hard-core
potential model to replicate the particle dynamics across
varying particle concentrations without the influence of an
external field.

The particle-potential coupling is considered to be a peri-
odic field, which can be regarded as a potential that generates
energy barriers along the x-direction. Particles must overcome
these barriers to move along this axis. This potential is math-
ematically described by**?*

UwCA

where

N (x) = Ty COS(ZL;), ()

where V, is the potential amplitude and 1 its periodicity.
A comprehensive explanation of the connection between
eqn (4) and the experimental conditions is introduced in
Section 2.4.

The dynamics of the colloidal dispersion is then simulated
as follows. We consider a random initial configuration of N =
1024 colloidal particles placed in a rectangular box of dimen-

sions L, x L, with L, = \/T_LX' This condition is required in

order to correctly reproduce the density fluctuations of a hard
disk suspension.*? Periodic boundary conditions are applied in
each direction, with L, and L, being the sides of the simulation

Soft Matter, 2025, 21, 3868-3879 | 3869
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Fig. 1 Panels (a) and (b): regions of interest from experimental realizations
of a colloidal suspension at area fractions n = 0.20 and n = 0.45,
respectively, subjected to a light-induced sinusoidal potential (interference
fringes) at a laser power of 3 W. The horizontal bar indicates a scale of
15 um. Panels (c) and (d): snapshots of the simulated colloidal dispersion at
n = 0.20 and 5 = 0.45, respectively, subjected to a periodic light field with
amplitude Vo = 3.96kgT. The box size and particle number in panel (c) (455
particles) were adjusted to match the box length of panel (d) (1024
particles) for enhanced visual comparison.

box along the x and y directions, respectively. We investigated
particle concentrations that ranged from extremely low to
moderate densities. The number of particles used in the
simulations is large enough such that the results are indepen-
dent of the system size; in most cases reported, every obser-
vable is the result of averaging over 5 independent realizations.
Then, the particles move according to eqn (1), and the simu-
lated colloidal system evolves from a non-equilibrium state to
the equilibrium one.

The time step, At, in eqn (1) is chosen not to be too large to
ensure that the force acting on the particle is approximately
constant throughout its duration, but it must not be too small
to ensure that we can use the description given by eqn (1),
which is valid in the so-called diffusive regime. To do this, we
have used a reduced time step of At* = AtDy/c” =1 x 1074,
where ¢ is the diameter of the particles. The time window used
in the BD simulations was set to At} = | x 10%. Fig. 1(c) and
(d) shows representative snapshots of the Brownian dynamics
computer simulations designed to replicate the experimental
conditions.

2.2 Observables

The mean square displacement (MSD) is a key quantity used to
characterize particle motion in systems ranging from simple
liquids to soft materials and arrested states.* The MSD provides
a detailed statistical picture of particle motion and bridges the
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gap between microscopic trajectories and macroscopic trans-
port properties. The trajectories of particles within a periodic
potential exhibit pronounced anisotropy. Under such condi-
tions, particles diffuse mainly along the fringes (y-direction)
because their movement across (x-direction) them is impeded
by potential energy barriers.>**?*" In this contribution, we do
not present data on the motion of particles parallel to the
fringes since the external field does not influence particle
displacement along this axis. Instead, our focus is on the
particle movement perpendicular to the fringes. Hence, we
determine the MSD in the x-direction, through a temporal
average over all initial times ¢, and an ensemble average over
all particle trajectories (denoted by E) represented by the
following expression:

(Ax(1)) = ([x(to + 1) — X(t0)]") 1y, ()

where x(¢) is the position in the x-direction of any particle at
time ¢ and 7 is a delay time. Due to possible drift effects in the
experiments, the contribution corresponding to the center-of-
mass motion was removed from the MSD.

Two observables are derived from the MSD. First, the time-
dependent diffusivity, D(t), which describes how the rate of
particle displacement evolves with time, capturing dynamic
heterogeneity and complex interactions within the system.
Second, the anomalous diffusion exponent, «(z), that shows
the scaling of MSD with time, quantifying the transitions
between normal, sub-, and super-diffusive behavior. Both
quantities are obtained using the following expressions:

X2 T

D(x) = %W’ (6)
2 T

() = dloiﬁgf( )> 7)

Therefore, the information obtained from the MSD, time-
dependent diffusivity and the anomalous diffusion exponent
provides a comprehensive framework for understanding particle
transport,** including transitions between dynamical regimes and
the effects of confinement, crowding, or external potentials in
complex systems. Despite this, studying directed self-assembly
at finite concentrations and its connection to colloid dyna-
mics is far from trivial. This work focuses on unraveling how
crowding affects particle transport in colloids subjected to
different amplitudes of an external periodic potential, provid-
ing evidence that the structure arising from the interplay
between crowding and the potential determines long-time
diffusivity.

To quantify the structure arising from the interplay between
crowding and the external potential, at least two different types
of pair-correlation functions can be calculated:**** (a) the pair
correlation function along the y-direction, g{(y); it describes the
spatial organization along any fringe, (b) the pair correlation
function along the x-direction, g(x); it provides information on
the spatial correlation of particles in the direction perpendi-
cular to the fringes.

This journal is © The Royal Society of Chemistry 2025
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2.3 Sample preparation, experimental setup and particle
tracking

The colloidal suspensions were prepared using polystyrene
sulfate latex particles with a radius of 1.48 pm and a polydis-
persity of <10% (Invitrogen Molecular Probes, Cat. No.
S37222). The particles were suspended in ultra-pure water with
a resistivity of 18.2 MQ cm (Purelabs Flex, Elga). The suspen-
sions were loaded into custom-made capillary cells of thickness
~160 pm, and sealed with UV curing glue (Norland Optical
Adhesive 61, Norland Products Inc.). Due to their size, the
particles settled to the bottom of the sample cell, forming a
monolayer and creating a quasi-two-dimensional (quasi-2D)
colloidal system. The area fractions (1) studied in this work
ranged from 0.015 to 0.45. All samples were allowed to equili-
brate for one day prior to measurements. At moderate and
higher concentrations, particle interactions occasionally led to
vertical stacking, which caused the particles to leave the focal
plane. However, this effect disappeared when the particles were
subjected to the laser light potential, as the optical force pushed
them against the bottom glass plate.

The experimental implementation of the periodic external
potential is based on the interference of two coherent beams, as
detailed in a previous study.*® In summary, light coming from a
laser source (Coherent Verdi V5, wavelength = 532 nm, beam
diameter 2.25 mm) is expanded 3 times using a telescope and
directed to a Koster’s prism, providing two beams of almost
equal intensity traveling parallel to the optical axis. These
beams are focused onto the focal plane of an inverted micro-
scope using a biconvex lens. The periodicity of the potential,
determined by the crossing angle of the two beams and thus
independent of the laser power, was set to A = 3.8 um.
To determine the amplitude of the potential V, as a function
of the laser power, the interaction between the particles and the
potential must be characterized (see Section 2.4).

Bright-field images of colloidal suspensions were captured
using an inverted microscope (Nikon, Ecplise Ti2-U) equipped
with a 20x objective (Nikon, CFI Plan Fluor, NA 0.5) and a
CMOS camera (Mako U-130, Allied Vision) with pixels of 4.8 x
4.8 um?. This leads to a pixel pitch of 0.24 um per px. Images of
1024 x 1024 pixels were acquired at a frequency of 10 Hz. The
field of view size was 246 x 246 um®. Fig. 1(a) and (b) shows
representative regions of interest extracted from the experi-
ments. The effective recording time for each concentration and
the laser power was carefully limited to ensure that concen-
tration fluctuations, caused by particles entering or leaving the
field of view, remained below 10%. The recording durations
ranged between 1200 s and 3600 s. To determine the position of
the colloidal particles, a modified MATLAB-based particle
tracking routines based on the ones from D. Blair and E.
Dufresne?” was implemented, which combined with the Micha-
let algorithm*® led to a localization uncertainty of 10 nm. The
number of extracted trajectories ranged from ~ 150 for an area
fraction of 0.015 to ~4000 for an area fraction of 0.45. The
trajectories are openly available in Zenodo at https://doi.org/
10.5281/zen0d0.14514294.

This journal is © The Royal Society of Chemistry 2025
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2.4 Connection between laser power and potential amplitude

The external potential defined along the x-direction, u*(x),
experienced by the particles is controlled by adjusting the laser
power, LP. Its analytical expression is given by'*2"°

u™(x) = gocLP(l + 3%%0005((])6)) exp(—2x? cos?(0/2) /R?),

(8)

where g is a parameter dependent on the setup, o = a’ng*(n* — 1)/
(n* + 2) is the polarizability of the particles (with a the radius of
the particle, n = nc/ng the ratio of the refractive indices of the
colloid n¢ and solvent ng) and j; is the first-order spherical
Bessel function. The Gaussian shape of the laser beams gives
rise to the factor exp(—2x” cos*(0/2)/R?), with R being the radius
of the beam and 6 the cross angle and the wavevector g = 2n/A.
It is possible to define a simplified external potential as,**

u™(x) = Vo cos(gx) + Vig, 9)

which is basically the one used in the BD simulations; see
eqn (4) with amplitude V, oc LP and a potential offset V},, that
does not contribute to the force felt by the particle due to the
external field (see eqn (1)).

To determine V, for a series of laser powers, we have used
two dynamical approaches based on the long-time self-
diffusion coefficient, D;. As a first approach, we employed the
one proposed by Festa et al,”® here referred to as Festa’s
approach, who solved the Smoluchowski equation for a
Brownian-like particle in a periodic potential and obtained
the following analytical expression,

L : o)
Dy (exp[u(x)/kpT]){exp[—pu(x)/kpT1)
where D, is the free diffusion coefficient, and (- - -) denotes an
average over a period of the external periodic potential. Then,
by solving eqn (10), using eqn (4), one gets>*~>?

DL 1
Dy [Iy(Vo/ksT)]*

(1)

where Iy(x) is the modified Bessel function of the first kind.
Note that in this context, V;,, has no effect on D;. In the second
approach, based on Kramers escape rate theory, Egelhaaf
et al>* derived the following analytical expression for the
long-time self-diffusion coefficient, Dy, of a colloid trapped in
a sinusoidal potential,

DL (2V,
Do n(kBT) exp[—2Vo/ksT].

(12)

Within this approach, a Brownian particle has to overcome
an energetic barrier of magnitude 2Vy/kgT to escape from the
potential well. Interestingly, eqn (12) can also be derived from
eqn (11) considering that Iy(x) ~ ¢*/v/2nx for x > 1.>* There-
fore, eqn (12), here referred to as Egelhaaf’s approach, becomes
the exact solution of the Smoluchowski equation for a Brownian-
like particle diffusing in a sinusoidal potential in the limit of
strong coupling, ie., Vo » kgT.

Soft Matter, 2025, 21, 3868-3879 | 3871
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Fig. 2 Top panel: Long-time self-diffusion coefficient, D, of a single
spherical colloid in a periodic potential as a function of Vq for several
laser powers, LP. Experiments (open symbols), Brownian dynamics simula-
tions (black symbols), Festa's approach egn (11) (solid line) and Egelhaaf's
approach (12) (dashed line); experiments and BD simulations were per-
formed at an area fraction of 0.015. Bottom panel: Dependence of the
potential amplitude, Vo, on the laser power, LP. The dashed line was
obtained by applying a simple linear regression that allowed us to establish
the following relationship Vo/LP = (1.41 £+ 0.01)kgT/W.

To validate the BD simulation scheme with an external field,
we have calculated, for a given V,, the normalized long-time
self-diffusion coefficient (D/D,), described by the limit T — o
of eqn (5), represented as a continuous line in the top panel of
Fig. 2. In the same figure, the results of the BD simulation
(closed symbols) are shown. The excellent agreement found
validates our simulation scheme. Additionally, in the top panel
of Fig. 2, the dashed line displays the results from the
Egelhaaf’s approach (eqn (12)), which clearly performs well
for external potential barriers of two times the thermal energy
of the particles. Then, eqn (12) can be confidently used when
Vo > 2kgT, that is, when Dy, < 0.2D,.

From the previous results, a clear connection emerges
between the laser power and the amplitude of the potential
experienced by the particles. This connection is mediated
through D;/D,. In summary, determining D;/D, and using
Festa’s or Egelhaaf’s (with its respective limitations) approach,
Vo can be experimentally estimated for a given LP in a specific
experimental configuration. In general, this relationship is
instrument-dependent and varies with the experimental
configuration; such dependence is accounted for by the term g

3872 | Soft Matter, 2025, 21, 3868-3879
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in eqn (8).>* The previous description represents the calibration
protocol that we have used for our setup.

Finally, the open symbols in the top panel of Fig. 2 corre-
spond to the experimental results for an area fraction of 5 =
0.015 used as calibration for the periodic light field. The
calibration was performed for six different laser powers. These
results show excellent agreement with the theoretical predic-
tions from eqn (11) and (12). The explicit dependence of V, on
LP is presented in the bottom panel of Fig. 2. Applying a simple
linear regression, we have obtained the following relationship
between LP and Vj: V,/LP = (1.41 &+ 0.01)kgT/W.

It is important to note that in the experiments, D, is not the
bulk diffusion coefficient, as it includes hydrodynamic effects
due to particle-wall interactions,'*** which could be factorized
by replacing D, with the short-time self-diffusion coefficient
D,."> To simplify the notation and facilitate a direct comparison
between the experimental results and the BD simulations,
we used the short-time diffusion coefficient Dy instead of D,
from the calibration experiments. This point will be discussed
in more detail in Section 3.2. The good agreement between
experiments, simulations, and theory allows us not only to
highlight the equivalence between the BD simulations and the
analytical solution provided by the Smoluchowski equation, but
also to make evident that in the dilute limit, the diffusivity is
basically driven by the external modulation.

2.5 Mean squared displacement, time-dependent diffusivity
and anomalous diffusion exponent: experiments vs. Brownian
dynamics simulations

The particle trajectories of a colloidal suspension, with an area
fraction of x = 0.015, were analyzed across the fringes
(x-direction) to extract the mean squared displacement (MSD,
eqn (5)), the time-dependent diffusivity (D(z), eqn (6)), and the
anomalous diffusion exponent (x(z), eqn (7)). The experimental
data was acquired for several values of the laser power, LP, and
BD simulations were performed for V, values calculated with
the Festa approach for each LP. In Fig. 3, results from experi-
ments (symbol) and BD simulations (lines) are summarized,
showing a very good agreement.

As expected for these experiments, the MSD (Fig. 3, top
panel) exhibits diffusive behavior at short and long times that
depends on LP. In general, at short-time scales, the MSDs
increase linearly with time, reflecting the Brownian motion of
the particles in the fringes, before the influence of the potential
becomes significant. At intermediate-time scales, the MSDs
deviate from linearity as particles interact with the barriers
formed by the potential, showing sub-diffusive behavior. Finally,
at long-time scales, when the particles can overcome the potential
barriers (due to thermal fluctuations), the MSD exhibits again a
linear dependence on time but with a reduced effective diffusion
coefficient. These coefficients are related to the local slope of the
MSD, which can be easily quantified through D(z). In the middle
panel of Fig. 3, the values of D(t) normalized by D, are explicitly
shown. The reduction in the long-time diffusion coefficient is a
clear indication of the effect of the particle jumping between
fringes.

This journal is © The Royal Society of Chemistry 2025
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Fig.3 Top panel: Mean-square displacement, (Ax*(z)), middle panel:
time-dependent diffusivity, D(z), and bottom panel: anomalous diffusion
exponent, «(z), of a colloidal dispersion with an area fraction of # = 0.015
and several values of the laser power, LP, or external potential amplitude, Vo,
as indicated. Symbols denote experiments and solid lines Brownian dynamics
simulations.
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Furthermore, these time-dependent behaviors are related to
the time dependence of the MSD, quantified through o(t). The
results of the analysis of o(t) are shown in Fig. 3 (bottom panel),
where the full dynamical transition from short-time to long-time
diffusion (otr) = 1) can be observed. Similarly, as before, for
intermediate times the dynamics of the particles is subdiffusive,
i.e. o(t) < 1. The observed downward shift in short-time is partially
due (particle-wall effects are discussed in Section 3.2) to the
increasing restriction in the movement of the particles in the
potential minimum, which becomes more attractive with LP.
It should be emphasized that although it is widely accepted that
when of(7) = 1 a long-time diffusion coefficient can be obtained, the
diffusivity analysis reveals a flattening behaviour for D(r) where
a(t) < 1 without any significant change for more of an order of
magnitude in 7. This ensures that simulations and experiments
were conducted under comparable temporal conditions.
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3 Particle dynamics: coupling with the
external field and concentration effects

Understanding particle dynamics in complex systems, such as
crowding in periodic potentials, requires a multifaceted analy-
tical approach. The combined analysis of dynamic and static
observables provides valuable insights into particle transport
phenomena, revealing how particles navigate through different
dynamic regimes.

3.1 Pair-correlation-like functions, g(x) and g(y)

As stated above, in this contribution, we investigate the effects
of crowding on particle dynamics in a quasi-2D colloidal system
subjected to a modulated potential. To explicitly characterize
modulated-crowding effects, it is essential to understand how
the external potential may affect the spatial organization of
particles and, consequently, their transport properties. To achieve
this, we investigate the arrangement of particles along the x- and
y-axis (with respect to the laboratory frame of reference) at various
laser powers. We define pair-correlation-like functions, g(x) and
g(v), to analyze spatial particle correlations in directions perpendi-
cular and parallel to the optical fringes, respectively. The pair
correlation-like function g(y) was determined for the particles in
each potential minima and averaged over all fringes, providing
information on the spatial organization of particles within
potential wells.

Analyzing g(x) and g(y) reveals how particle density fluctua-
tions affect the spatial particle arrangement within the
potential landscape. For illustrative purposes, in Fig. 4 and 5,
g(x) and g(y), respectively, are shown for LP = 2.5 W and area
fractions ranging from 0.015 (dilute) up to 0.45 (intermediate).
Our findings reveal that spatial correlations in the direction
perpendicular to the fringes (Fig. 4) make it evident that the
particles are, on average, pinned to the fringes. Additionally,
one can see that the characteristic distance of the particles
in the x-direction is determined by the periodicity of the light
field (long-dash arrow) and not by the size of the particles o
(short-dash arrow). This is because the periodicity is larger than
the diameter of the particles, A > ¢. To facilitate comparison
between different area fractions, we have normalized g(x) by
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Fig. 4 Pair-correlation-like function, g(x), for a laser power LP = 25 W
and several values of the area fraction, 5, as displayed. Arrows indicate the
values at x = g and x = 4.
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Fig. 5 Pair-correlation-like function, gly), for a laser power LP = 2.5 W
and several values of the area fraction, 5, as displayed. Arrow indicates the
increase in the particle concentration.

g(x = 2). The same phenomenology is also observed for the
other laser powers and area fractions (data not shown).

In the direction parallel to the fringes, g(y) illustrates the
effect of a structured system; see Fig. 5, which presents density
correlation peaks that grow in magnitude with increasing
concentration and extend over long ranges, as indicated by
the arrow. In particular, the contact value, g(y = o), becomes
more pronounced at higher area fractions. A summary of the
contact values, g(y = g), for all laser powers and area fractions is
presented in Fig. 6. As seen, g(y = ¢) shows a systematic increase
with # for all laser powers, revealing the structural evolution of
the particles under the effect of the external potential. At low
area fractions (n < 0.2), g(y = o) shows minimal variation
between different laser powers, suggesting that direct parti-
cle-particle interactions primarily govern particle correlations.
However, as 1 increases beyond 0.2, we observe a marked
differentiation in g(y = ¢) values across different laser powers.
Higher powers (LP > 1.5 W) lead to significantly higher contact
values, indicating strong spatial correlations and local ordering
induced by the combination of particle crowding and the
external periodic potential.
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Fig. 6 Contact values, g(y = ¢), as a function of the area fraction, 5, for all
laser powers, LP, as indicated.
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The nonlinear growth of g(y = ¢) with increasing 1, especially
seen at higher laser powers, suggests a combined effect between
the external field and particle concentration in promoting local
structure formation, fundamentally altering the system’s spatial
organization compared to the unperturbed case (LP = 0.0 W).
In other words, g(y = ¢) contains both effects that we define here
as modulated-crowding, which will be essential to establish a
connection between the spatial organization and the particle
dynamics, as we discussed further below.

3.2 Long-time self-diffusion coefficient and modulated-
crowding effects

The normalized long-time self-diffusion coefficient, D;/D,, is
directly obtained from the normalized time-dependent self-
diffusivity, D(t)/D,, for = > 20 s. As shown in Fig. 7, all
functions reach a plateau for © > 20 s, indicating that the
long-time regime has been achieved. In Fig. 7, we present D(t)/
D, for laser powers ranging from 0 W to 3 W and three area
fractions: 0.08, 0.30, and 0.45, corresponding to panels (a), (b),
and (c), respectively. Importantly, BD simulations (solid lines)
quantitatively capture the experimental data (symbols).
However, minor discrepancies are always present, leading to
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Fig. 7 Time-dependent self-diffusivity, D(z), for different laser powers or
external field amplitudes, as indicated, and an area fraction of (a) n = 0.08,
(b) » = 0.3 and (c) n = 0.45. Symbols represent experiments and solid lines
Brownian dynamics simulations.
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reasonable deviations between experiments and BD simulations.
Possible sources of these small discrepancies include: (1) in the
simulations, we employ a model pair potential — a shortrange
repulsive and continuous potential — which, in principle, reproduces
the thermodynamic properties of hard disks.* (2) Simulations do not
include hydrodynamic interactions, which mainly influence and
reduce the short-time self-diffusion coefficient. However, their
effects can be effectively factorized and disentangled from
particle-particle contributions at long times; see ref. 14 and
55. Despite these minor approximations, the agreement
between experiments and BD simulations remains noteworthy.

D(t) shows the expected and previously reported dynamical
behaviour, which can be explained as follows: for short times,
the particle moves freely, sampling short distances around a
potential minimum with a short-time diffusion coefficient Ds.
This is found to be 35% lower than the bulk value (D,) due to
the hydrodynamic interaction of the particle with the wall."®
In the dilute case, the short-time diffusion coefficient shows
slight variations with laser power. An increase in laser power
results in a more pronounced force effect on the particles,
pushing them closer to the wall and slowing their dynamics
due to the wall-particle hydrodynamic interactions. Therefore,
to factor in these effects and establish a connection with the BD
simulations, D, is considered to be D; for each corresponding
LP in 5 = 0.015, with the same values used for the dilute case
applied to higher concentrations. For higher concentrations, Dy
also includes contributions from particle-particle interactions.
At intermediate times, the particles become localized due to
their interaction with the laser field. This localization resem-
bles the well-known caging effect, where D(t) decays faster as
the laser power increases. However, at long times, normal
diffusion is recovered, i.e., D(t) reaches a plateau, but with a
self-diffusion coefficient, D;, smaller than D, (i.e., D;, < D),
which clearly depends on both laser power and particle concen-
tration. Interestingly, the time at which the particles reach the
plateau—transitioning from localization to delocalization—is
essentially the same in all cases, with 7.ns ~ 20 s (see also
Fig. 3). This regime is related to particle hopping across
minima, as discussed in other works,>****" resembling a
random walk and thus leading to a diffusive regime once again.

The long-time self-diffusivity behavior reveals a complex
interplay between laser power (LP) and area fraction (). Our
analysis of D(t)/D, at long-time demonstrates that increasing
the laser power from 0.0 W to 3.0 W systematically reduces the
long-time diffusion coefficient, with the most dramatic effects
observed at higher area fractions. At # = 0.45, the normalized
long-time diffusivity decreases by three orders of magnitude
when exposed to the maximum laser power (3.0 W), indicating
strong particle localization within the periodic potential wells.
This effect is less pronounced at lower area fractions (17 = 0.08),
where reduced particle—particle interactions allow greater
mobility even under strong field conditions. The relationship
between laser power and long-time diffusivity follows a non-
linear trend, with a critical threshold around 1.5 W where
significant mobility reduction begins to manifest. Notably,
the area fraction acts as a mobility-limiting factor, enhancing
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Fig. 8 Long-time self-diffusion coefficient, D,/Dg as a function of the
area fraction, 5, obtained from experiments (open symbols) and Brownian
dynamics simulations (closed symbols with solid lines) for several values of
the laser power, LP, or external potential amplitude, Vj, as indicated. The
dotted lines are parallel to the particle—potential-free case (LP = 0.0 W).

the confinement effect of the laser-induced potential landscape.
This combined interaction between laser power and area fraction
suggests that particle crowding amplifies the effectiveness of the
external field in restricting long-time particle diffusion, providing
a tunable mechanism for controlling colloidal dynamics in con-
fined geometries.

To quantify the effect of both particle-particle and particle-
field interactions on particle transport, we extracted the ratio
Dy/D, for all laser powers. In Fig. 8 we summarized the
experimental results (open symbols) for D;/D, as a function of
area fraction (1) for several laser powers (LP) of the applied
periodic potentials. BD simulations for the corresponding
amplitude of the potential are shown as closed symbols with
solid lines. Again, BD simulations demonstrate excellent agree-
ment with experimental results. The data reveal two key physi-
cal mechanisms: first, a systematic decrease in particle mobility
with increasing area fraction for all laser powers, evidencing
the role of crowding effects; second, a marked reduction in
diffusion as the laser power increases from 0 to 3.5 W (corres-
ponding to V,/kgT from 0 to 3.96), demonstrating the enhanced
confinement of particles within the optical potential wells.

Notably, at the highest laser power (LP = 3.5 W), the
diffusion coefficient drops by two orders of magnitude com-
pared to the particle-potential-free case (LP = 0.0 W), while the
impact of crowding becomes more pronounced as evidenced by
the steeper decline in D;/D, with increasing .

The variation in the data trend is now discussed. As seen in
Fig. 9, Di/D, exhibits a notable deviation from the reference
case (particle-potential-free, LP = 0.0 W) as both the area
fraction () and the laser power increase. This behavior is
evidenced by the deviation of the experimental data and the
BD simulation results, which are parallel to the particle-
potential-free case. It reveals a nontrivial coupling between
particle concentration and the periodic potential landscape.
At low laser powers (< 1.0 W), the system maintains a trend similar
to the particle-potential-free case, where crowding effects domi-
nate the reduction of the particle mobility. However, as the laser
power increases (>1.5 W), we observe a pronounced deviation
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from this trend, particularly at higher area fractions (3 > 0.3),
where the diffusion coefficient drops more steeply than predicted
by simple crowding effects. Furthermore, these variations appear
to be similar across all cases, indicating a consistent trend
regardless of the specific conditions, much like the behavior of
the contact value of g(y) (Fig. 6). This enhanced reduction in
particle mobility suggests a combined, synergistic effect between
particle-particle (entropy-driven) and particle-potential (energy-
driven) interactions, where crowding amplifies the localizing effect
of the periodic potential. Brownian dynamics simulations corro-
borate these experimental findings, accurately capturing the tran-
sition from a crowding-dominated regime to one where the
interplay between spatial confinement and particle interactions
results in a more dramatic dropping of the long-time diffusion.
This behavior indicates that the presence of neighboring particles
enhances the trapping efficiency of the potential wells, resulting in
a nonlinear response to increasing area fraction that becomes
more pronounced at higher potential amplitudes.

The results presented in Fig. 8 reveal a remarkable finding
in the behavior of the long-time self-diffusion coefficient of
colloidal particles confined in a quasi-2D geometry under the
combined influence of many-body interactions (crowding) and
an external modulated potential; a physical scenario that we
refer to as ‘“modulated-crowding.” To analyze the concen-
tration effects in this context, we introduce the normalized

long-time self-diffusion coefficient, Dy, / D/*, where D] repre-

sents the long-time diffusion coefficient of a dilute suspension
under the influence of the modulated potential (eqn (11)). This
quantity is presented as a function of the area fraction, #,
for different amplitudes of the periodic potential, V,, and is
mathematically expressed as:

U
- (13)
D* Do

This kind of factorization has been useful for separating or
estimating the effects of the direct interactions, i.e., particle-
particle interactions, from the indirect ones, i.e., hydrodynamic
interactions (see ref. 14, 15 and 55-57).

In Fig. 9, the ratio D, / D,I_/‘J as a function of the area fraction

for all the considered laser powers (open symbols) is displayed.
In this representation, the deviation of the data from the LP =
0.0 W case (blue open squares), discussed in the previous
section, is evident. As mentioned above, this deviation results
from the competition between particle-particle and particle—
potential interactions, which a priori cannot be considered
decoupled. However, this competition must, in some way, be
related to the structure, which should incorporate concen-
tration effects and a contribution from the periodic potential.
The latter disrupts the homogeneity of the material distribu-
tion, as we have quantified and demonstrated in Section 3.1.
Interestingly, we found that an excellent approximation for
quantifying the effects of local structure on diffusivity is the one
proposed by Brady,>” which provides a simple relation-
ship between the long-time self-diffusion coefficient, D;, the
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Fig. 9 Ratio DL/DE0 as a function of the area fraction for all the

considered laser powers, as indicated. Open symbols are the results from
the experiments, closed symbols are the results from Brownian dynamics
simulations, and spheres are determined using egn (14). Inset shows the

D
product —V"O(l + 2ng(o)) ~ 1 as a function of the particle concentration for
D

L
Vo # 0.

short-time self-diffusion coefficient, D,, the local structure,
£(y), and the concentration, 5. It has the following mathe-
matical form:

= (1 +2ng(a)) ", (14)

n

—L

Dy
where g(o) is the contact value of g(y). Again, it is important
to emphasize that g(y) incorporates both the effects of
concentration, 1, and the periodic field (see Fig. 5 and 6),
which means that g(¢) quantifies the mechanism defined as
modulated-crowding. Thus, as we will see later, the factor
2ng(o) carries the physical information of both crowding
effects and the periodic field.

We then determined D{/D, for all measurements using
eqn (14). The results (spheres) are plotted in Fig. 9. Surpris-
ingly, despite the quasi-2D nature of the colloidal system,
eqn (14) reproduces the experimental data (open symbols) with
remarkable accuracy, which was originally derived for three-
dimensional systems. This agreement is particularly significant
given that the colloidal system is strongly confined and subject
to a periodic external potential. Our physical interpretation
of this unexpected behavior is that by imposing spatially
periodic energy barriers, the laser potential effectively restricts
the configuration space accessible to the particles. This con-
straint reduces the effective dimensionality of the transport
problem by preferentially confining the particles within the
potential minima. It is important to note that when the
measurements of Dy, for V, = 0.00kgT are compared directly
with those using eqn (14), do not quantitatively reproduce

This journal is © The Royal Society of Chemistry 2025
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the experimental data. This aspect was previously noted and
reported by Thorneywork et al.*
The inset of Fig. 9 highlights the fact that in the presence of

D

a sinusoidal potential, the product D_I];o(l +2ng(o)) ~ 1 for all
L

particle concentrations confirms our description. The black

closed symbols correspond to the average of all LP values for
the same area fraction, with an error bar representing the
standard deviation, indicating variations of less than 10 per-
cent. These observations have important implications for
understanding and controlling particle dynamics in confined
systems, confirming that the imposition of periodic external
potentials can be used as a tool to systematically modify
transport properties in quasi-2D colloidal dispersions.

By replacing eqn (14) in eqn (13), the expression becomes,

(15)

Dy —1
D—EO* [1+2ng(a)]".

The preceding equation accurately describes the diffusivity
in the direction perpendicular to the fringes of a colloidal
dispersion subjected to a periodic field, allowing us to identify
the underlying physical mechanism, called modulated crowd-
ing. However, it remains important to clarify the limits of
applicability of eqn (15). To address it and motivated by the
strong agreement between Brownian dynamics (BD) simulations
and experimental data, we conducted an extensive analysis using
BD simulations (see Appendix B). Our analysis confirms that
eqn (15) quantitatively describes particle dynamics up to an area
fraction of approximately n ~ 0.50. Furthermore, a closer exam-
ination of certain limiting cases (also discussed in Appendix B)
reveals that at low concentrations (up to n ~ 0.20), eqn (15)

D

reduces to: D_I]/-u ~ 1 — 2p, indicating that, in this dilute regime,
L

diffusivity is essentially determined by the modulation introduced

by the periodic potential, as described by eqn (11).

4 Concluding remarks and
perspectives

In this work, we have provided experimental and theoretical
evidence on the role of crowding in the diffusivity of confined
colloids subjected to a light-induced sinusoidal potential with
fixed periodicity and variable amplitude. We have also reported
and explicitly discussed the dynamical properties along the
perpendicular direction of the fringes as a function of the
particle concentration and laser power, having introduced
the concept of modulated-crowding for this physical scenario.

In particular, we focused on the long-time particle dynamics.
Our results indicate that, after an appropriate renormalization,
the long-time self-diffusion coefficient, crowding effects on particle
transport can be fully explained in terms of two main contribu-
tions: particle concentration and the structural correlations
imposed by the external modulation. This finding highlights that
the effects of modulated-crowding on the long-time self-diffusion
coefficient of colloids interacting via short-range repulsive forces

This journal is © The Royal Society of Chemistry 2025
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can be entirely disentangled from the contributions of the external
field. A particularly significant aspect of our findings is that, due
to particle trapping induced by the periodic potential at any
concentration, the Brady relation, originally developed for three-
dimensional systems and particularly effective in concentrated
regimes, accurately reproduced the experimental results even in
low-concentration conditions. This suggests that the underlying
dynamics in the presence of modulated-crowding closely resemble
those of highly concentrated three-dimensional systems, offering a
new perspective on the role of spatial structuring in the diffusion
of confined colloidal systems.

Last but not least, we should stress that exploring other
types of external potentials, i.e. periodic with other symmetries
or nonperiodic potentials, will allow us to better understand
the relationship between the static properties and the transport
of colloids in well-controlled heterogeneous environments.
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Appendices

A Appendix: comparison between dynamic Monte Carlo and
Brownian dynamics simulation schemes

To assess the validity of the hard-core potential (eqn (2)),"* we
have chosen y = 50, and &* = ¢/kgT = 0.6816 to reproduce the
dynamics of hard disks. The Brownian Dynamics simulations
were performed as described in Section 2.1. In Fig. 10, we
compare the normalized long-time self-diffusion coefficients of
quasi-two-dimensional colloidal hard spheres for area fractions
ranging from 0.001 up to 0.68 with previous studies conducted
using dynamic Monte Carlo simulations of hard disks."* The
long-time diffusion coefficient was determined following the
procedure described in Section 3.2 of the main text. As seen in
Fig. 10, excellent agreement between both methods is obtained.
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Fig. 10 Comparison of the normalized long-time self-diffusion coeffi-
cients for area fractions ranging from 0.001 up to 0.68 for Brownian
dynamics simulations based on the hard-core potential and dynamic
Monte Carlo simulations of hard disks.**

B Analysis of the modulated-crowding approach: testing the
limits of Brady’s diffusivity formula

As discussed in Section 3, eqn (15) quantitatively describes the
long-time diffusion behaviour (along the perpendicular direc-
tion of the fringes) of colloids subjected to a light-induced
sinusoidal potential up to an area fraction of n ~ 0.5. To gain a
deeper understanding of the physical mechanisms driving this
transport behaviour, one should analyze certain intriguing
limiting cases of the eqn (15).

Let us consider the case where 25g(o) « 1. In that limit,
eqn (15) simply reduces to,

Dy
o 1 — 2ng(0), (16)

L

which results from neglecting all terms of the order ¢(2) and
higher. In that limit, % is very low, so g(o) is expected to be close
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Fig. 11 Assessment of the validity of egn (15) tested by Brownian
dynamics simulations. For area fractions (1) exceeding 0.50, deviations
from eqn (15) become apparent, indicating its breakdown. Different
symbols correspond to different potential barrier heights (Vo/kgT), as
indicated.
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to unity because it does not depend strongly on either # nor V.
Hence, eqn (15) reduces to DL/DKO ~ 1 —2n. By explicitly

comparing with Brownian dynamics simulations, we conclude
that the previous equation is a good estimate up ton < 0.2 and
Vo < 4kgT. This means that particle dynamics is given at low
concentrations by modulation of the periodic potential,
eqn (11), as expected.

By means of Brownian dynamics simulations (under the
same conditions as previously written), we investigated the
limits of validity of eqn (15). Fig. 11 clearly illustrates that for
area fractions exceeding 0.50, eqn (15) ceases to be valid. This
threshold area fraction ensures sufficient spacing between
the fringes, allowing the particles to jump from one fringe to
another.
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