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In this study, Brownian dynamics simulations are implemented to investigate the motion of a bottom-
heavy Janus particle near a wall under varying shear flow conditions and at small Péclet (Pe) numbers.
The stochastic motion of the Janus particle impacted by surface forces is described using a set of
coupled Langevin equations that takes into account the Janus particle orientation. Interactions arising
from surface potentials are found to depend on the separation distance between the Janus particle and
the wall, the properties of the surfaces involved, and the thickness of the Janus particle cap. When shear
flow is introduced in the system, the dynamical behavior of the Janus particle is also governed by the
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Accepted 7th June 2025 shear flow is investigated and reveals that the rotational motion of the Janus particle slows down slightly
when the particle is close to the surface. In summary, we demonstrate the ability to utilize Brownian

dynamics simulations to capture the rich dynamical behavior of a bottom-heavy Janus particle near a
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1 Introduction

Besides their ubiquity as amphiphilic colloids in nature, Janus
colloids have a wide variety of applications in areas such as
biomedicine,' ™ energy storage,* catalysis,” and environmental
science.® In many of these anticipated applications Janus
particles will encounter various types of boundaries such
as fluid/fluid interfaces’ and solid walls of blood vessels,
channels, and porous structures. As such, understanding and
predicting individual particle-wall interactions is important.
For example, particle-wall interactions can determine drug
delivery rates,® guide particle swimming,” ™" result in scale for-
mation in pipes,'” or change the flow in porous media."?
There is a long scientific history regarding the description of
particle-wall interactions."*™"® Most of the literature addresses
spheres or ellipsoids near boundaries with a few studies focus-
ing on spherical passive Janus particles discussed below.
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wall and under a range of shear flow conditions, cap thicknesses, and surface charges.

Experimentally, three techniques, atomic force microscopy
(AFM), surface force apparatus (SFA), and total internal reflec-
tion microscopy (TIRM), have been used to measure particle-
wall interactions. AFM and SFA require the immobilization of
the probe particle,>*>* whereas TIRM does not. TIRM*? is an
experimental light scattering technique that indirectly mea-
sures particle position above a surface as a function of time
resulting in a probability density function (PDF), p(h), in which
h is the height of the particle surface from the wall. It then
infers the particle-wall potential, U(%), from analysis of the
PDF. The particle-wall interaction potential and scattering
morphology become more complex functions when Janus
particles are involved due to their non-uniform surface charge
and potentially heavier cap that influence particle height and
orientation in a complex manner. In a recent perspective
article, Yan and Wirth** introduced Scattering Morphology
Resolved TIRM (SMR-TIRM) and demonstrated that assessment
of anisotropic particle interactions near boundaries with
SMR-TIRM is more accurate when combined with Brownian
dynamics (BD) simulations. Using BD simulations, Rashidi
et al.*®*® explored the dynamics of a polystyrene Janus particle
with a non-uniform surface potential with and without a gold
cap in the vicinity of a negatively charged wall and successfully
derived the 3D potential energy surface of the particle that can
be used in the interpretation of TIRM measurements. In a
follow up study, Rajupet et al’’ used the surface element
integration (SEI) method to elucidate the impact of van der
Waals forces on Janus particle-wall interactions and found that
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at short distances (relevant in systems of high ionic strength)
van der Waals interactions and cap nonuniformity significantly
impact the potential landscape experienced by the Janus parti-
cle. More recently, the focus has been on understanding the
behavior of Janus particles in channels under shear flow, which
further complicates the interpretation of TIRM data. Therefore,
the development of robust theoretical models and their numer-
ical analysis are a central tool to fully capture the physics of
Janus particles, as models are needed to interpret experimental
results and, at the same time, might predict novel behaviors to
be in turn verified experimentally.

A number of simulation studies have investigated the
dynamic behavior of Janus particle suspensions in channels
and near solid boundaries with focus on particle-particle and
particle-wall interactions under shear flow. Using BD simula-
tions, Mohammadi et al.*® investigated the binding kinetics of
Janus particles under shear flow and determined the coagula-
tion rate of a particle pair. Kobayashi et al> studied the
rheology of Janus nanoparticle suspensions in nanotubes of
varying surface chemistry with dissipative particle dynamics
and found that flow properties strongly depended on the struc-
ture of the colloid phase and the wall chemistry. Nikoubashman
et al.*>*" employed hybrid molecular dynamics simulations to
investigate the shear-induced break up of Janus particle micelles
within a slit-like channel under shear flow and found that the
shear flow can lead to enhancement of micelles and the formation
of bigger aggregates some of which show enhanced stability due
to their cluster symmetry. In a follow up study,** they found that
increasing particle-wall interactions causes adhesion and cluster
formation on the channel walls. DeLaCruz-Araujo et al.>* showed
using BD simulations that exposure of micellar, vesicular, worm-
like and lamellar Janus particle aggregates to shear flow induces
rearrangement, deformation, and break-up of the aggregates that
is more easily controlled by the Peclet number (Pe) than the
interaction potential. In a second study,* they investigated the
switch between parallel and perpendicular alignment of lamellar
Janus particle aggregates by shear flow and developed a simple
scaling argument based on the torque balance on a single Janus
particle pair.

Other studies have focused on a single passive Janus particle
near a wall. For example, Ramachandran et al.*® used a finite
element method to study the dynamics and rheology of a dilute
suspension of slip-stick Janus particles in creeping flow. They
showed that depending on the ratio of the slip length to the
particle radius the rotational motion of the particle varies.
In addition, the translational motion of the particle is predicted
to be impacted by the initial orientation of the particle. Further-
more, the suspension exhibits non-Newtonian behavior for a
specific volume fraction of slip-stick Janus spheres. Troufa et al.*®
numerically simulated the dynamics of a slip-stick Janus sphere
within a Newtonian fluid confined in a cylindrical micro-channel
under Poiseuille flow and found two behavior regimes where
the particle either shows periodic oscillations near the wall or
migration towards the channel center if near the centerline.

Most recent studies have primarily focused on the steer-
ing of active particles near walls,>’ ™' though open questions
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regarding the interactions of passive Janus particles with walls
under shear flow persist. Additionally, Janus particles with
thick caps (50-100 nm) have been explored, where the cap
volume is required to attain the field interaction strength
needed to control the Janus particle behavior.””™*” Understanding
how the interplay of the particle’s and substrate’s properties
influences the particles height, rotation speed, and the frequency
with which its surface interacts with the substrate is essential for
advancing applications in self-assembly, catalysis, drug delivery,
and biosensing.

Here, a BD model is introduced that captures the interaction
of a bottom-heavy Janus particle exhibiting two distinctly
charged surfaces with a charged wall with and without shear
flow. The BD model is based on the Hogg, Healy and Furstenau
(HHF) sphere-sphere interaction model*® modified to apply to
a sphere-infinite plate interaction by setting one of the sphere
radii to infinity. Note, the model is limited to thin double layers
(i.e., kR » 1). The BD model is used to capture the non-trivial
interplay between surface properties of the particle, i.e., surface
potential and cap thickness, and the nearby wall in the
presence of shear flow, where surface forces and hydrodynamic
interactions (using Goldman et al’s dimensionless frictional
coefficients)*® govern the dynamics and determine the particle
height.

2 Simulation model

A hard sphere of radius R with two different hemispheres (1,2)
serves as a model particle for a system in which each face is
uniformly (assuming constant surface potential), but indepen-
dently charged, creating the Janus particle (Fig. 1). The Janus
particle is suspended in an aqueous solution of ionic strength I,
which throughout this study is considered to be deionized (DI)
water (Millipore, resistivity 18.2 MQ c¢m and viscosity u = 1 x
107 Pa s at 25 °C, I = 1 x 10~° M). The Janus particle is
bounded by a wall, ie., a substrate made of SiO,, which is
uniformly charged. The normal to the particle (n,), that passes

Fig. 1 Schematic representation of a bottom-heavy Janus particle
capped on face 2 with a metal of thickness é and a cap center of mass
COMc4p, bounded with a wall w and subject to shear flow of strain rate ;.
0, indicates the particle orientation with 6 = 0 indicating a cap/face 2 up
orientation, while 6 = = indicates a cap/face 2 down orientation. Other
relevant parameters are also depicted (see the text).

This journal is © The Royal Society of Chemistry 2025
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through the center of the particle and through the cap’s center
of mass (COM,,p) is employed to characterize the rotational
behavior of the particle, shown in Fig. 1. Finally, the Janus
particle is subjected to a shear flow with varying strain rates j.

Anisotropic interactions between the Janus particle and the
wall are modeled by utilizing the total interaction energy, Uot,
as the sum of electrostatic double layer (EDL) interactions and
the gravitational interaction. Hence, Uy is given by eqn (1):>**

Ueotl2, 0, W1, W2y W) = Uppr(z, 0, Yq, Yo, Yr) + Ugravity(z)y
(1)

where z denotes the height of the Janus particle, ie., the
distance of the Janus particle from the wall, 0 is defined as
the angle between the normal to the particle (i.e., unit vector n,,)
and the normal to the wall (i.e., unit vector ny,), and ¥4, ¥, and
Y are the surface potentials of the two faces and the wall,
respectively. The contribution from the EDL interaction
between a uniformly charged particle and a uniformly charged
wall (based on the modified HHF model) is given by eqn (2):

UepL (Z, l//p?l/lw> = 2nReo | Yp¥y ln%.
(t//.f + t//wz) e 2)
(- )

= %AWEDL (z, Dps b )

where A is introduced as a dimensionless parameter, eqn (3a),
and Wgpi(2, ¢p, ¢w) as the dimensionless EDL interaction,
eqn (3b):

A: = TReg B, (3a)
WEDL (z, By ¢W> =26, ¢, In i fZ: - <¢p2 ¥ ¢>W2) In(1 —e %),
(3b)

with Z = xkz, where z is the height of the particle non-
dimensionalized by measuring the length scale in units of
Debye screening length, k', In eqn (3a), W, = 1/gf is the
thermal electrostatic potential used to non-dimensionalize
the wall and surface potentials as ¢; = /(o with i = w and p,
respectively, where ¢ denotes the electron charge (in absolute
value) and f = 1/(k,T), where kT is the thermal energy. Note the
same notation is used in the ESI,{ Section S1, which provides
additional information on the derivation. Use of the modified
HHF model for the sphere-infinite plate interaction potential
assumes a small constant surface potential (<25 mV), i.e., the
Debye Hiickel approximation, and small double layer thickness
compared to the particle size, ie., the Derjaguin approxi-
mation. HHF showed in their work that the model can be
extended to surface potentials of 50-60 mV.*®

The Janus particle assumes various configurations in proximity
to the wall and each hemisphere of the Janus particle contributes
its own particle-wall EDL interaction to Ugp;. The anisotropic
interaction is a function of the Janus particle orientation with

This journal is © The Royal Society of Chemistry 2025
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respect to the wall as specified by 0 (see Fig. 1). The orientation of
the cap is incorporated into the model using the orientation-

(I £ cosb)
2

dependent factors g, (0) = yielding Uy for a Janus

particle interacting with a wall, eqn (4):
A -
Uiot(2, 0591, Y0, 0y) = ﬁ[g+(9)wEDL(Z§¢ly¢w)

+ g*(e)WEDL (E; ¢27 d)w)} + Ugravity~
©

The governing equations that describe both the transla-
tional and rotational motion of the Janus particle near the
wall, known as Langevin equations, are:

¢ Translation of particle center, O, along the x direction:

o~ AiHG) ) = o) ®)

e Translation along the z direction:

dz

Chdt

:FEDL(Z7 9%'//17l//27‘//w)+Fg+£:’7z(t) (6)
e Rotation around the y axis (passing through particle
center, O):

(G fig?) = Moot ) + Nt B0, )

In the above equations, Cg4 = 6muR and ¢ = 8muR> are the
translational and rotational drag coefficients, respectively, and
fx and f; are Goldman et al.’s*® dimensionless frictional coeffi-
cients for translational and rotational motion. Note that expres-
sions for Cq and ¢ represent a perfect sphere and that the
contribution from the cap to the particle shape is neglected
here. V,(z.) = yz. denotes the velocity of the external shear flow
that is being exerted on the position of the center of the Janus
particle, O (see Fig. 1), by the externally applied strain rate, j.
x(t) and Z.n,(t) are the Brownian forces in the x and z
directions, respectively, while En,(t) is the rotational Brownian
force. F; = m*g and N, = —E*sin(0) are the gravitational force
and torque, respectively, where m* and E* correspond to the
effective mass of the particle and effective weight of the cap,
respectively. Note that in the absence of shear flow, 7 = 0, one
clearly has V, = 0. Finally, Fgp;, and Ngpy, are the contributions
from the electric double layer interaction and defined as:

oU,
FEDL(Zae;l//h’»b%l//W) = - aE;DL, (8)
oU,
NEDL(Z7 9?'1017‘//2:¢w) = - 8E0DL. (9)

The conservative wall-particle interaction forces are com-
puted through the wall-particle interaction energy as Fio =
—VU, Which includes the electrostatic double layer inter-
action and gravitational potential energy. Eqn (5)-(9) describe
the most general system under analysis in this work and is
referred to as model IV. In particular, they account for different
surface potentials of the two sides of the Janus particle, an
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asymmetry in the mass distribution as implied by the cap of
thickness o, the torque induced by the shear flow, and the
hydrodynamic friction. Note that an imbalance in the surface
potentials and the mass asymmetry induce a force, Fgpi, and F,
respectively, as well as a torque, Ngp;, and Ny, with the forces
acting also on symmetric systems while the torques are zero.

Before considering model IV, we first consider two simpler
models of Janus particles that assess the role of various para-
meters appearing in the governing equations (eqn (5)-(9)).
In Section 4, results from model 0 and model I are presented.
Model 0 is not truly a Janus particle: the cap is absent (6 = 0,
homogeneous mass distribution) and the surface potential of
the two faces is identical (i.e., ¥/; = ,), making it impossible to
distinguish between them. Model I differentiates the role
played by inhomogeneity in the surface potentials (1 # ¥5)
of the particle and is the simplest representation of a Janus
particle considered in this work. Note that both model 0 and
model I represent particle behavior in the absence of shear
flow, ie., 7 = 0 and therefore V, = 0. In Section 5 the cap
thickness is introduced, i.e., we consider 6 > 0, while still
keeping 7 = 0 (hence V, = 0) and we refer to this formulation as
model II. In model II as well as in the subsequent models III
and IV, where J > 0, the geometry of the cap is assumed to be
thickest at the pole and becomes gradually thinner as it
approaches the equator of the particle, which agrees well with
recent experimental observations.>® The cap volume is esti-
mated as the volume of a cylinder with a diameter of 2R of
thickness 6, Veap = nR*5. Typically, Janus particles are coated
with a thin layer of metal, e.g., platinum, which is denser than
the SiO, core of the particle (e.g., ppe = 21.45 vs. Psio, = 2.64 g
cm ®). Consequently, both the density mismatch and the
geometry of the cap render the particle ‘“bottom-heavy”’. Model
III differs from model II as the effect of shear flow (i.e., 7 # 0)is
included in the Langevin equation through a non-zero velocity
term, V,. The system Pe number at the highest shear flows
studied here (7 = 8 s7%) is small (Pe < 0.006) using the Debye
length (k') as the geometric length scale. Note even when the
particle diameter is used as the geometric length scale, the
system Pe < 1. For the particle, the ratio of the advection to
Brownian forces for the particle is expressed by the particle
Péclet number, Pe, = 9R%*/Dy, where D, is the translational
diffusivity of the isolated Brownian particle in the bulk (ESL
Section S1). Depending on the particle size and strain rate, Pe,
numbers vary over the range of 0 < Pe, < 0.5 x 10" Subse-
quently, the effect of the hydrodynamic friction is evaluated by
inclusion of frictional parameters, f; and fj, in the translational
and rotational terms in model IV. Table 1 summarizes
the model parameters for radius (R), surface/wall potentials
(Y1, ¥2, and V), cap thickness (9), and shear rate (7).

Note that, in all equations the particle height (z) and posi-
tion (x), time (¢), force (F), and the torque (N) are non-
dimensionalized by the Debye length (x~'), the characteristic

. 3nuR
time (To T TR
energy (kpT), respectively. Non-dimensionalized variables are
indicated by a bar, e.g., 2.

), thermal force (k,T/x '), and thermal
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Table 1 Parameters used in this study

Parameter Symbol Value

Particle radius R 0.75,1, 2, 4 um
Potential on face 1 /A —20, —40 mV
Potential on face 2 /2 —20, —40 mV
Wall potential /. —20, —50 mV
Cap thickness 0 0-100 nm
Shear rate P 0-8s7"

3 Methods

A BD simulation is conducted to evaluate the rotational and
translational trajectories of a Janus particle by integrating the
Langevin equations forward in time employing the explicit
Euler time integration scheme. Thermal fluctuations are incor-
porated in the integration by sampling from the normal dis-
tribution N(0,1). Note the standard white noise assumption for
the Brownian force applies for the system studied here as
the ratio of y over the bath frequency (x10"* s™") is less than
10~ . For larger ratios, i.e., very large 7 or more viscous fluids,
a non-white noise more accurately describes the random
fluctuations.>® Each state point is integrated from time ¢, up
to time ¢; and N, independent particles are simulated. Specific
settings of numerical simulations are detailed in Section S2 of
the ESL{

Analysis of the trajectories results in PDFs that show the
frequency with which the particle is found in a particular
orientation and height at various conditions. In order to assess
and minimize bias in the behavior of the Janus particle with
respect to the initial position and orientation, random initial
positions and orientations are utilized. Equilibrium behavior of
the Janus particle is verified to be independent of the initial
condition and the early-time stages of the dynamics are dis-
regarded from the data analyzed, removing data from the
beginning of the simulation up to the equilibration time t.q
when necessary. See the ESI,f Section S2 for details on the
initial condition and on the equilibration time. This approach
ensures that the results obtained studying different trajectories
of the same Janus particle are statistically equivalent.

When the shear flow is included in the model, i.e., model III,
the focus is particularly on the rotational degree of freedom of
the Janus particle. To characterize this, the average angular
velocity of each trajectory is measured by temporally averaging
the velocity as

) =] i (10)

11 — leq. feg

where the instantaneous angular velocity vy(Z) is simply esti-
mated as (0(f + df) — 0(f))/di. The ensemble average of the
angular velocity is then computed by averaging over different
simulations, obtaining a constant angular velocity value, . The
o value is used as the order parameter of a dynamical transition
between a rotating state, where w > w,, and a non-rotating
state, where o < w,. The two states are distinguished by setting
the threshold w, = 0.05 and verifying the robustness of the
results by considering similar values of the threshold.

This journal is © The Royal Society of Chemistry 2025
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The trajectories, 0(f), exhibit a rich behavior, which is
classified using statistical testing. Specifically, time is binned
and an average value of the instantaneous velocity vy(f) is
computed for each bin to obtain a time-dependent average
angular velocity w(?) (see the ESL T Section S2), whose behavior
is fitted to two functions: a constant and a sinusoidal.
A constant behavior of w(f) indicates that the particle rotates
with a velocity that is independent of its orientation and
possibly does not rotate at all, if @ = 0; a sinusoidal behavior
indicates that the rotation is accelerated over time, an effect
that is the consequence of the complex interplay between shear
forces, gravitational attraction between the particle and the wall
and electrostatic repulsion between the wall and the two sides
of the Janus particle (which in general have different surface
potentials and hence experience different repulsion strengths).
The best model among the constant and the sinusoidal is
selected using the Akaike Information Criterion,> which appro-
priately accounts for the larger number of fitting parameters (four)
that the sinusoidal model has over the constant (which has one).
In this way, each trajectory is classified as being sinusoidal
or constant, providing a number of classifications equal to the
number of trajectories simulated per state point. The more
populated class is selected as the most representative of the
state point. Noting that the classification results in two possible
classes for each state point, and its reliability is further tested
as follows. The class is regarded as a binary variable and the
null hypothesis that the outcome of the classification results
from the sampling of a binomial distribution with parameter
1/2 and with N, trials is formulated. The null hypothesis is
tested setting the p value to 0.01 and computing the probability
of the classification outcome under the null hypothesis. The
classification is regarded as reliable if this probability is found
to be smaller or equal to p. In this way, each state point is
classified as sinusoidal, constant or is not classified at all
(i.e., when the classification is regarded as not reliable).

4 Dynamics of a Janus particle near a
wall

The behavior of a homogeneously charged (i.e., constant sur-
face potentials: 1 = ¥,) “Janus” particle of R = 1 pm without a
cap (0 = 0) near a wall (SiO,) with negative surface potential of
VYw =—50 mV is studied first to test the formulation and validity
of the BD simulation, i.e., model 0, and compared to a Janus
particle without a cap (6 = 0), but with differing surface
potentials (Y1 # V), i.e., model I, in Fig. 2.

Fig. 2(A) shows the expected PDF with equal probability for
all orientations for a “Janus” particle with uniform surface
potential (; = ¥, = —20 mV, model 0) near a wall with v, =
—50 mV. The PDF is uniform because the driving force to rotate
each face of the particle toward the wall is equal for both
particle halves due to the identical surface potential. The
particle rotates around its center, O, at an equilibrium height
of Z = 6.19 £+ 0.45 as shown in the height trajectory of the
particle in Fig. 2(B).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Impact of surface potential, i, on the probability density function
(PDF) for a Janus particle of R = 1 um without a cap (6 = 0), with surface
potentials, Y3 and y,, interacting with a wall of surface potential, ¥, =
—50 mV, using model 0: (A) PDF and (B) equilibrium height for y; = ¢, =
—20 mV and model I: (C) PDF for y; = —20 mV and y, = —40 mV.
(D) Boltzmann distribution prediction of the orientation distribution for the
particle simulated in (C).

The PDF shown in Fig. 2(C) is obtained for a Janus particle
where the surface potential of the two halves differ (model I)
and are specified as 1, = —20 mV and ¥, = —40 mV, while the
wall surface potential is kept at i, = —50 mV. Comparing the
PDFs in Fig. 2(A) and (C), it is apparent that the particle stays at
a similar equilibrium height but shows a bias in its configu-
ration, ie., the particle tends to orient the face of lower surface
potential, face 1, toward the wall (0 = 0) due to the greater
surface potential gradient. Calculation of the equilibrium
height reveals z = 6.32 £ 0.50 slightly increased from the
particle with even surface potential. Careful inspection of the
height distribution reveals that the particle is closer to the
surface when face 2 is rotated away from the wall than when
rotated toward the wall (Zmax,0 = 6.07 VS. Zmax,x = 6.70) explaining
the increased average equilibrium height value.

The dynamics of a Janus particle with the total potential
interaction energy of Ug(z,0) should follow the Boltzmann
distribution prediction for which the probability distribution

(—Ulm(z,())>
of various configurations is given as ps(z,0) = 4, -e\ *»7
with 4, chosen such that [py(z,0)dzd0 = 1. Fig. 2(D) shows the
Boltzmann distribution prediction for the same parameters
used in the simulation of the PDF shown in Fig. 2(C). Compar-
ison of Fig. 2(C) and (D) shows agreement thereby inferring the
accuracy of the BD simulation methodology used here. Note
data shown in the ESI{ indicate that this holds true also for the
plain particle model (see the ESI,{ Section S3).

5 Dynamics of a bottom-heavy Janus
particle near a wall

After evaluating the accuracy of models 0 and I for a uniformly
charged “Janus” particle with equal surface potentials (¥; = 5)

Soft Matter, 2025, 21, 5773-5784 | 5777
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and the simplest Janus particle with differing surface potentials
(W1 # ), respectively, model II introduces the effect of the
cap, here made of platinum (pp = 21.45 g cm™°), creating a
bottom-heavy Janus particle. The weight of the cap and its
geometry are incorporated in the simulations as described in
Section 2. In this context, the cap of the particle (i.e., its bottom-
heaviness) contributes to the rotational dynamics of the parti-
cle and tends to rotate the cap toward the wall to antiparallel
align the particle director (np,) with the wall’s director (n,) via
the corresponding torque of Nj.

Fig. 3 shows the effect of incorporating a Pt cap (0 > 0) in
the dynamical behavior of a particle with ; = i, and a Janus
particle (Y, # ,) with varying J. Generally speaking, the
bottom-heavy Janus particle stays at an equilibrium height
and fluctuates with different preferred configurations near
the wall due to an interplay of the effects of the cap and surface
potentials. The PDF in Fig. 3(A) shows that for the case in which
V1 = ¥, (the wall potential is kept at y, = —50 mV), the particle
prefers rotating the face with the cap, face 2, toward the wall
(0 = m). Furthermore, according to the height trajectory
(Fig. 3(B)), the bottom-heavy Janus particle fluctuates at an
equilibrium height of z = 6.09 + 0.46 slightly smaller (and
therefore closer to the wall) compared to the “Janus” particle
with uniform surface potential in Fig. 2(B) due to the additional
gravitational force of the cap.

Fig. 3(C) displays the PDF for the case in which the cap
weight and the more negative surface potential on the same
particle face, face 2, exert competing demands on the particle
orientation; the cap forces face 2 towards the wall (0 = nt) due to
the gravitational torque, while the more negative surface
potential forces face 2 away from the wall (§ = 0). For § =
10 nm, the surface potential gradient dominates over the cap
torque, and the particle exhibits a preference for rotation of
face 2 away from the wall. The average height is found to be
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Fig. 3 Impact of cap thickness and surface potential on the probability
density function (PDF) of a bottom-heavy Pt-capped Janus particle of
R = 1 um with cap thickness, 4, and surface potentials, y; and 5,
interacting with a wall of surface potential, y,, = =50 mV using model II:
(A) PDF and (B) equilibrium height z for ¢y = = =20 mV and 6 = 10 nm.
(C) Same as (A) with y, = —40 mV. (D) Same as (C) with § = 30 nm.
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Z = 6.37 £ 0.51, with the preferred height for the cap-up
configuration (0 = 0) peaking at z = 5.99, while the particle in
cap-down configuration (0 = nt) is found most often at z = 6.70,
in good agreement with the stronger repulsion between the wall
and face 2. An increase in cap thickness to 6 = 30 nm leads to
the dominance of the gravitational cap torque that quenches
the rotational motion of the particle to a mostly cap-down
configuration (0 = m) as shown in Fig. 3(D). The average
equilibrium height of the particle during the simulation is
Z=6.50 £ 0.45 with cap-up and cap-down configuration heights
peaking at Z = 5.80 and 6.51, respectively. It is clear that the
dynamic rotational behavior and the height of a bottom-heavy
Janus particle depend strongly on the interplay of cap and
surface properties. The complexity of this interaction is
increased further by the introduction of shear flow and particle
radius variations discussed in the next section revealing an
intricate Janus particle flow behavior near a wall.

6 Dynamics of a bottom-heavy Janus
particle near a wall under shear flow

In model III, the bottom-heavy Janus particle is subjected to
shear flow with strain rate j acting on the particle center, O.
Initial simulations are performed with a strain rate of 7 =6 5~ *
for sets of three Janus particles with R =1 um, 6 = 86 nm, {; =
—20 mV, {, = —40 mV, and ¥, = —50 mV. Data for translation
in x, 0, and z as a function of 7 are provided for the three
particles in the ESI,T Section S4 (Fig. S7, top left). The three
traces shown for X(7) indicate that the Janus particles move
forward in the direction of the flow. The 0(f) traces show that
each Janus particle starts in a unique, random orientation. Over
time, 0 values fluctuate between 0 and 2= in a cyclic fashion
implying that the Janus particle rotates from a cap-down
orientation (0 = 0) to a cap-up orientation (0 = =) back to a
cap-down orientation (0 = 2rt). Note that the particle orientation
0 = 0 is equivalent to 0 = 2w resulting in the abrupt change in 0
at the end of each cycle. The Z(¢) traces closely follow the 0(%)
traces with the particles at a high z when the particles are cap-
down and a lower z when the particles are cap-up. A change in
particle radius to R = 4 um at the same y = 6 s~ and cap
thickness, and for the same simulation length shows the
expected longer distance X(z) and overall smaller z values with
the oscillations in Z more clearly matching the particle rotation
(ESL,t Fig. S7, bottom left). Decrease of j to 1 s~ (ESI, Fig. S7,
top and bottom right) leads to a different 0 behavior for both
Janus particle sizes, where the Janus particle rotates until it
assumes a constant 6 value, ie., the strain rate is not strong
enough to induce rotation (@ < w,) and the particle slides
along the wall with constant 0. The distinct behavior observed
in the cap rotation, i.e., 6(¢), between the two particle sizes and
as a function of y prompts a careful search of the y,J-parameter
space for R = 0.75, 1, 2, and 4 pm with y,/i,/\, combinations
of —20/—20/—20 mV, —20/—20/—50 mV, —40/—20/—20 mV,
—40/—20/—20 mV, —20/—40/—20 mV, and —20/—40/—50 mV

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Angular velocity maps for a bottom-heavy Janus particle under varying shear flow (y = 0-8 s™%) and cap thickness (6 = 0-100 nm) using model Il|
for: (A)R =1pum, ¥y = =20 mV, o = =20 mV and y,, = =50 mV. (B) As in (A), but y, = —40 mV. (C) Asin (B), but R = 4 um. The color represents the average
angular velocity as displayed by the color bar on the right. The transition line (white) is drawn at @ = 0.05 s™%

(see the ESI, Section S5 and Fig. S8-S12). The findings from
this parameter scan are summarized here.

Fig. 4 displays the angular velocity w (see Section 3) of a
Janus particle with the same /4, {, and , values considered in
Section 5 (Fig. 3) for the same particle radius R = 1 pm (Fig. 4(A)
and (B)) and for a larger particle with radius R = 4 pm and
surface potentials y/; = —20 mV, , = —40 mV and ¥, = —50 mV
(Fig. 4(C)) for cap thicknesses d = 0-100 nm and strain rates j =
0-8 s~'. All systems display the transition between a rotating
(o > ) and a non-rotating behavior (» <) described above
as marked by the white line in Fig. 4. Above the transition line,
o increases with increasing 7 at a constant cap thickness J,
whereas at constant y and increasing J, the change in » is non-
trivial. As the distance between the particle center, O, and the
top of the cap, i.e., the lever arm, grows linearly with R at a given
0, the torque acts more effectively on large particles, leading to
the higher values of w observed at the larger R (see colors in
Fig. 4(A), (B) vs. Fig. 4(C)).

The onset of a non-negligible angular velocity at 6 = 0 follows
the expected trends by increasing from Fig. 4(A)-(B) due to the
higher surface potential asymmetry and decreasing from
Fig. 4(B) and (C) due to the increase in particle radius. However,
once the cap is introduced (6 > 0) and increased in thickness,
the transition line shows a distinct behavior for each system,
ranging from a monotonic increase (Fig. 4(A)) to a slight
decrease followed by a slow increase (Fig. 4(B)) and sharp
decrease followed by a linear increase. The transition line, a
locus of points in the diagram of the form (d,7), fully charac-
terizes the transition: above (below) the locus the system is in
the rotating (non-rotating) state. For example, if two points of
the locus (d4,71) and (d,,7,) are chosen such that the system is at
the transition at those points, it is true for (almost) all systems
that if 6; < d,, then 7; < },. In other words, it is (almost) always
true that increasing the cap thickness requires a stronger shear
flow for the rotating phase to be entered (see Fig. 4(A) and
the ESI,T Section S5). The only exception to this behavior is

This journal is © The Royal Society of Chemistry 2025

observed for Janus particles whose heavy side (face 2) is more
repelled (, = —40 mV) by the wall then the light side (face 1,
Y1 = —20 mV) as shown in Fig. 4(B) and (C) (see also the ESL,+
Section S5, Fig. S8 and S9). In this case, it is observed that J; <
0, results in j; > 7, for sufficiently small ¢ (lower left corner).
This behavior is persistent across different particle sizes and is
more discernible for particles with R > 2. A different way of
describing this phenomenon is to see the locus of points as a
set of values of y that is a function of 4. In this perspective, it
can be stated that 7 is (almost) always a growing function of 9,
with an exception at small 6 when the surface potential
asymmetry (; less negative than /,) makes the heavy face,
face 2, more repelled by the wall. A minimum in the transition
line then represents the cap thickness at which the opposing
cap torque and surface potential gradient balance each other.

Surprisingly, the location of the non-rotating region
depends only weakly on the particle radius, surface potential
balance, and cap thickness. This behavior is explained by
taking into account the complex interplay between particle
radius, surface potential, and cap thickness, which together
determine - for a given strain rate - the average distance 2z
between the particle and the wall (see the ESIL, T Section S5, and
Fig. $10). For example, the strain rate is less effective when a
more negative i, than y/, results in a low z, but is more effective
when a large R and/or a strong asymmetry in the particle’s mass
distribution due to a large ¢ also result in a low 2.

At fixed R (Fig. 4(A) vs. Fig. 4(B)), an increase in electrostatic
repulsion only slightly shifts the transition line to lower 7§
values, as it pushes the bottom-heavy particles farther from
the wall, thus favoring their rotation. On increasing R (Fig. 4(B)
vs. Fig. 4(C)), the lever arm grows, favoring the rotating beha-
vior at a given 7, but this kind of increase is compensated by an
increase in particle weight, which brings the particle closer to
the wall, thus disfavoring the particle rotation due to the
electrostatic repulsion. The previous argument helps to clarify
the aforementioned complex dependence of w on ¢ at constant 7.

Soft Matter, 2025, 21, 5773-5784 | 5779
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In particular, a non-monotonic behavior is observed when the
repulsion strength between the wall and the heavy side of
the particle is strong. This is because, as a consequence of the
electrostatic repulsion, the particle is further away from the wall
when the heavy side is closer to it. This effect interplays with the
previously noted ones and triggers the rotation of particles with
thin caps (including the é = 0 case) at values of j that would not be
sufficient to trigger it in the absence of the surface potential
asymmetry: the surface potential asymmetry pushes the particle
upward enough to allow 7 to act more effectively on it, hence
triggering the rotational behavior.

The phenomenology is, however, richer than what can be
deduced from Fig. 4 only. A visual inspection of individual
trajectories (Fig. 5) for the same system under different condi-
tions shows evident differences. All curves are for R = 4 um,
Y1 = —20 mV, Y, = —40 mV and ¥, = —50 mV, ie., they
correspond to state points in the angular velocity map shown
in Fig. 4(C). In Fig. 5(A), the curve for § =86 nm and j = 1.0 s "
(blue) is an example of a trajectory sampled in the non-rotating
phase and indeed the particle orientation simply experiences
Brownian fluctuations. On increasing the shear rate to 6.0 s~*
while reducing the cap thickness to 16 nm (orange), the particle
enters the rotating phase. The trajectory shows a growth of 0
with time that is well approximated by a linear function,
indicating a constant angular velocity. On increasing the cap
thickness back to 86 nm (green), the behavior of (¢) changes
significantly: the first half of the rotation, for 0 < 0 < = is
much faster than the second half. This change in angular
velocity happens because the cap is heavy so gravity tends to
keep it close to the wall and more work is required for the
torque to fully rotate a particle in the opposite orientation,
where the heavy side is aligned with the wall normal n,, (0 = 0).
This behavior is ascribed to an oscillating trend of the angular
velocity, which is higher in the first part of the rotation and
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lower in the second. The observation motivates the classifica-
tion introduced in Section 3. Fig. 5(B) illustrates a difficulty
encountered by the classification. The curves in Fig. 5(B) show a
mixed behavior despite corresponding to different simulations
of the same state point in the angular velocity map. One of the
curves (red) shows a single rotation over the whole temporal
window of the numerical integration (¢ ~ 47), the purple curve
also shows a single rotation, but almost at the end of
the integration (f ~ 52) and the cyan curve does not show a
rotation at all, despite the fact that a rotation would be
observed if a longer numerical integration time were used.
However, there is not a length of the numerical integration time
that guarantees observation of at least one rotation for systems
that exhibit rotations and not to observe rotation at all for
systems that do not undergo rotations. When the model para-
meters are such that the rotational behavior exists, but
the angular velocity is small, two different scenarios can be
observed: very slow rotations with constant angular velocities,
or the limit behavior of the sinusoidal angular velocity pre-
viously described.

Fig. 5(B) is an example of this kind of limit behavior: as
shown by the red curve, the time it takes to complete the first
half of the rotation is extremely short, due to the heavy cap
driving face 2 toward the wall, while the time it takes to
complete the second half of the rotation is exceedingly large
as shear flow and surface potential repulsion must overcome
the gravitational torque from the cap. This phenomenon can be
described by the first passage time distribution as a parametric
function of the orientation 6:°° this kind of function describes
the probability that 6 reaches a certain (parametric) value in a
time ¢*, which is the random variable of the distribution.
Stochastic processes near a phase transition are typically char-
acterized by a fat tailed distribution of the first passage time®
and the results presented here suggest that the system under
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Fig. 5 Representative angular trajectories for a system with R = 4 um, ; = =20 mV, » = =40 mV, and ,, = =50 mV. (A) Angular trajectories in a short-
time window for state points specified in the legend shown in (B). (B) Angular trajectories in a long-time window for systems whose parameters are given

in the legend. Note that the three trajectories shown in (B) correspond to
equilibration time after which the data are analyzed.
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different simulations of the same system. The dashed vertical line is the
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analysis makes no exception: for a large value of the parameter
0, the distribution would likely appear heavy tailed, indicating
that no matter how long the numerical integration is, the
probability to not observe a full rotation would still be non-zero.

Note the regime of constant angular velocity can also be seen
as a purely rotational regime, where the translational motion of
the particle is strongly correlated with its orientation, as one
expects for a ball rotating on a plane, while the variable angular
velocity, induced by surface potential imbalance and asym-
metry of the mass distribution, can be seen as a type of motion
in which the correlation between orientation and position along
the plane is increasingly weaker as the linearity in 0(¢) is lost, due
to a “slipping” behavior in which the particles translate while
rotating independently of the translating motion.

The results of the classification are shown as state diagrams
in Fig. 6 and in the ESI,} Section S6. The transition line between
the rotating and the non-rotating behavior is identified by the
white transition line. Almost all the state points below it are
ascribed to constant angular velocity (green state point) with a
small region of unclassified states (red state point) inside the
non-rotating phase only for large particle radius, small cap
thickness, and small shear flow. Just above the transition line, a
region of unclassified states points is systematically observed.
This is due to the phenomenon exemplified in Fig. 5(B) and
explained in the previous paragraph: near the transition, some
realizations appear as constant (cyan curve) and some are
clearly not well fitted by a constant function (red and purple
curves), resulting in state points that are not classified at all.
Further above the transition line, at large cap thickness and
strong shear flow, the system is systematically characterized by
a sinusoidal angular velocity (blue state point). On progressively
reducing the cap thickness, the system enters first a region of
unclassified state points in which the distinction between the
two behaviors is not simple as the difference in slopes between
the two regimes of rotation is extremely small, but not small

(A) (B)
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enough for the state points to be systematically ascribed to
a constant behavior. On further reducing the cap thickness,
a region of constant angular velocity is entered. This region
displays an interesting behavior as the model parameters
change: on reducing R, it systematically shifts to the left
(Fig. 6(C) vs. Fig. 6(B) and ESI, Fig. S12), it is observed to shift
to the right (Fig. 6(A) vs. Fig. 6(B) and ESL,t Fig. S11, S12) if the
surface potential of the heavy side of the particle is increased
(in absolute value, at fixed R) and it shifts upward if the other
side is overcharged with respect to the wall (ESLt Fig. S11). See
the ESIL,T Section S6 for a more detailed analysis of the results.

Despite being apparently intricate, this behavior is relatively
simple to understand. Constant but sinusoidal angular velocity
is observed when the shear rate is strong enough to induce
rotational motion (above the transition line), but the surface
potential and density imbalances are not so strong that one
side is more prone to be closer to the wall than the other.
Hence, at comparable repulsion between the two sides and the
wall (¥, =1,), only the cap induces asymmetry and this can be
compensated when the cap is small and the shear flow is large.
Reducing y/, to more negative potentials means that the light
side of the particle is more likely to stay close to the wall, which
is balanced by the cap pushing the particle in the opposite
orientation, hence increasing the width of the constant regime.
When the light side is strongly repelled by the wall, the region
shifts upward as a given asymmetry in the mass distribution
requires a strong shear rate to compensate the repulsion at
small cap sizes. Furthermore, when the constant behavior
region is observed at large cap thickness, it is also seen that
a new sinusoidal region exists on its left, when both cap
thickness and shear rate are small (ESL, Fig. S11 and S12,
bottom row).

Summarizing the behavior of bottom-heavy Janus particles
under shear flow, it can be stated that outside of the rotating
region the system is characterized by a sinusoidal angular
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Fig. 6 State diagram of a bottom-heavy Janus particle under varying shear flow (j = 0-8 s~%) and cap thickness (6 = 0-100 nm) for: (A) R = 1 um,
Y1 =-20mV, o = =20 mV and ¢, = =50 mV. (B) Same as in (A), but iy, = —40 mV. (C) Same as in (B), but R = 4 um The white line is the same transition
line drawn in Fig. 4, and colors represent the classification of each state point as described by the legend on the right. Symbols in the legend stand for
sinusoidal (S), i.e., non-constant angular velocity, constant (C), i.e., constant angular velocity, and unclassified (U).
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velocity if the cap is thick enough to induce a strong asymmetry.
Reducing the cap thickness at a given shear rate implies reducing
the variability in ®(f) up to completely balancing the speed of
rotation in the two half periods and, possibly, on further reducing
the cap thickness a sinusoidal angular velocity is observed again
(especially for large particles), as the surface potential imbalance
is not compensated by the weak flow. Data provided in the ESI}
(Sections S5 and S6) shows that this behavior is persistent across
different model settings.

Last but not least, in model IV, the impact of hydrodynamic
friction is considered taking into account the Janus particle’s
closeness to the wall for the R = 1 pym and R = 4 pm systems
discussed at the beginning of this section (6 = 86 nm, ¥, =
—20 mV, ¥, = —40 mV, and ¥, = —50 mV). Based on Goldman
et al.’s report,*® frictional factors f; and f;, which are functions
of z, are determined and introduced into eqn (5) and (7),
respectively. For a bottom-heavy Janus particle of R = 1 pm
and cap thickness of 86 nm at an average height of 2 =6 + 1,
fx = 09887 and fy = 0.9882 indicating that these particles
experience very little hydrodynamic friction. The situation
changes when the particle size is increased to R = 4 pm and
the particles display an average z = 3 £ 0.5 resulting in an
fx=0.8342 and fj = 0.8428. Inclusion of these friction factors in
the simulation reduces the angular velocity of the R = 4 um
Janus particle resulting in approximately 20% fewer rotations
as shown in the ESI, Section S7, Fig. S13, while the R =1 pm
Janus particle is too far away from the surface to be substan-
tially impacted by friction. Note that Goldman et al.’s*® friction
coefficients were calculated for a uniform, neutrally buoyant
sphere near a plane wall under simple shear flow. Geonzon
et al.”” experimentally verified Goldman et al.’s*® friction coeffi-
cients for unmodified SiO, spheres (R = 1.25 pm) under shear
flow using optical tweezers. More recently, the translational
and rotational drags of a Janus particle close to a wall without
shear flow were determined using fluorescently labeled Pt-
coated MF beads of R = 1.24 + 0.05 um and were also found
to be in good agreement with Goldman et al’s values.’®
Experimental verification of the effect of shear flow on the
hydrodynamic drag force for Janus particles near a wall would
be desirable. Unfortunately, Janus particles with metal caps
experience thermophoresis in optical traps due to the heating
of the metal cap making such measurements non-trivial.>®

7 Conclusion

The behavior of a bottom-heavy, charged Janus particle near a
charged wall under shear flow is fully rationalized, providing
insights into how both confinement and shear flow can be
utilized to manipulate the particle’s translational and rota-
tional motion.

The dynamical behavior of a Janus particle is described
using a model based on gravitational and electric double layer
interactions. The simplest Janus particle model, model I, shows
that the Janus particle without a cap of differing density tends
to orient toward the wall with the face of lower surface potential
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because of the greater potential gradient. For the case of a
uniformly charged bottom-heavy Janus particle, i.e., a particle
with a cap of mismatched density but uniform surface
potential, model II, the cap quenches the rotational motion
of the particle leading to a preference for a cap-down orienta-
tion adjacent to the wall in good agreement with existing
literature.>>*® Adjustment of the caps surface potential leads
to a competition between gravitational torque and electrostatic
repulsion in which the position of the particle above the wall
and its rotational behavior become a function of radius, surface
potential, and cap thickness.

The relationship is further complicated by the introduction
of shear flow at small Pe, in model III. Thorough analysis of the
particle behavior for a range of shear flows (0-8 s~ '), cap
thicknesses (0-100 nm), radii (0.75-4 pm), and surface
potential combinations (Y, = —20, —50 mV and ¥, = —20,
—40 mV) reveals complex angular velocity profiles for the
bottom-heavy Janus particle with regions of no rotation, con-
stant rotation, and time-varying rotation. Use of statistical
analysis leads to state diagrams that reveal ¢,y-combinations for
which the passive, bottom-heavy Janus particle shows constant
angular velocity with and without rotation and a sinusoidal
angular velocity. The latter state can be described as the particle
reaching a cap-down orientation followed by a sliding event
before completing its rotation where the sliding time can be
engineered and therefore is of potential interest when patch-
wall interactions need to be timed in applications such as drug
delivery or environmental remediation. Finally, we note that
hydrodynamic friction, model IV, effectively reduces the parti-
cle’s ability to rotate by ~20% when the particle is close to the
wall, which occurs for large radii and/or thick caps at high
shear rates, but can be neglected for small particles and/or
thin caps.

For future work, it is worth noting that the choice of
(1 £cosB)

2
plicity and numerical efficiency in the BD model employed

here. A more rigorous formulation could be developed based on
the Janus sphere-sphere potentials presented by Popov and
Hernandez.®® A detailed discussion on the selection of weight-
ing factors and their influence on the torque is provided in
Section S8 of the ESI.T

orientation-dependent factors g, (0) = balances sim-
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