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Porous media used in many practical applications contain natural spatial variations in composition and
surface charge that lead to heterogeneous physicochemical attractions between the media and transported
particles. We performed Stokesian dynamics (SD) simulations to examine the effects of heterogeneous
attractions on quiescent diffusion and hydrodynamic dispersion of particles within geometrically ordered
arrays of nanoposts. We find that transport under quiescent conditions occurs by two mechanisms, diffusion
through the void space and intermittent hopping between the attractive wells of different nanoposts. As the
attraction heterogeneity increases, the latter mechanism becomes dominant, resulting in an increase in the
particle trajectory tortuosity, deviations from Gaussian behavior in the particle displacement distributions, and
a decrease in the long-time particle diffusivity. Similarly, under flow conditions corresponding to low Péclet
number (Pe), increased attraction heterogeneity leads to transient localization near the nanoposts, resulting
in a broadening of the particle distribution and enhanced longitudinal dispersion in the direction of flow. At
high Pe where advection strongly dominates, however, the longitudinal dispersion coefficient is insensitive to
attraction heterogeneity and exhibits Taylor—Aris dispersion behavior. Our findings provide insight into how
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1 Introduction

Particle dispersion within complex media is crucial for a wide
range of practical applications, including separation processes
like chromatography' and gel electrophoresis,” oil exploration
and production,® and drug delivery.*® These applications involve
media composed of solids, fluid mixtures, and macromolecules.
Particle transport in such heterogeneous environments is influ-
enced by physicochemical and hydrodynamic interactions with
the medium, as well as the coupling of particle dynamics with
local”® and cooperative’ ™" medium relaxations. Developing a
fundamental understanding of these processes is vital to control-
ling particle transport through the wide variety of complex media
encountered in practical settings.

Theoretical models’* ™ and simulation techniques
have been widely used to study particle transport at the pore
scale. Whereas most of these studies have focused on the
transport of infinitesimal tracers,'>**3> hydrodynamic and
steric interactions with the medium can significantly affect
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heterogeneous interactions may influence particle transport in complex 3-D porous media.

the transport of particles whose diameter is on the same order as
the characteristic pore size.">'%*”?*3> Moreover, non-steric phy-
sicochemical attractions, such as van der Waals and electrostatic
forces, are prevalent in many applications but are often neglected.
These interactions can lead to reversible and irreversible adsorp-
tion processes®®®” that strongly influence the transport of
tracer’>?%*%% and finite-sized particles.””*"**

Although a large body of work exists on the effects of surface
roughness and structural disorder on transport,**™* the influence
of heterogeneous physicochemical attractions on particle diffusion
and dispersion has received less attention. Heterogeneous physi-
cochemical attractions are challenging to characterize experi-
mentally,®>’ but commonly arise in practical settings in which
the transported particles and porous medium exhibit spatial varia-
tions in composition and surface charge.>**** Theoretical studies
suggest that such variations can strongly influence the effective
interactions between particle pairs and between particles and solid
surfaces.>**%%” aAdditionally, they have been shown to influence
transport properties near 2-D or quasi-2-D surfaces.”**** None-
theless, the effects of heterogeneous interactions on the micro-
scopic transport processes of particles through more complex 3-D
porous media remain incompletely understood.

In this paper, we performed Stokesian dynamics (SD) simula-
tions to examine the effects of heterogeneous attractive interac-
tions between the particles and medium on quiescent diffusion
and hydrodynamic dispersion within arrays of nanoposts, similar
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to the geometrically ordered materials used in separation
methods such as deterministic lateral displacement’®”* and
hydrodynamic chromatography.””””” Under quiescent condi-
tions, transport is determined by the interplay between diffu-
sion in the void space and intermittent hopping between the
nanoposts. Increasing either the attraction well depth u, or
heterogeneity § (the half-width of the well depth distribution)
leads to slowing of diffusion on long time scales, as the
hopping mechanism becomes dominant with the increase in
the fraction of strongly attractive nanoposts. For moderate
attractions, the particle displacement distributions become
increasingly non-Gaussian and the particle trajectories become
more tortuous as f increases. Under flow conditions, transport
is determined by the interplay between thermal fluctuations,
attractive particle-nanopost interactions, and advective drag
forces. Moderate attractions drive transient localization near
the nanoposts, which broadens the distribution of particles
and, thereby, increases longitudinal dispersion at low Péclet
(Pe) number. This effect strengthens as heterogeneity in-
creases. At high Pe, however, advection dominates and long-
itudinal dispersion is independent of f. Finally, we show that
heterogeneity in the strength of attractions does not strongly
affect directional locking behavior. Our findings provide
insight into how heterogeneous composition or surface charge
may influence particle transport in complex 3-D porous media.

2 Methods

We used SD to simulate the transport of particles (P) through
three-dimensional arrays of nanoposts (NP) with heteroge-
neous attractions. Simulations were performed and analyzed
using dp,, kg7, and 7q = Snndp3/4kBT as characteristic units for
length, energy, and time, respectively. Here, d,, is the particle
diameter, kg is the Boltzmann constant, 7 is temperature, 14 is
the diffusive time scale, and 5 is the dynamic fluid viscosity.

Following our previous studies,*>**”® each nanopost was
modeled as an immobile chain of 20 spherical beads of
diameter d,,, = dp,. The arrays consisted of 100 x 100 nanoposts
placed on a regular square lattice in the x-y plane of the
simulation cell with their major axes aligned along the
z direction (Fig. 1). Accordingly, the solid volume fraction is
given by ¢ = nd,,’/6L?, where L is the spacing between
adjacent posts.

Particle-nanopost interactions were modeled using the
Yukawa potential with a repulsive, hard-sphere core:*’

N —upjexp(—xry), ry >0
utry) ={ vz (1)

where u,; and x are the depth and range of the attraction well,
and r; is the surface-to-surface distance between the particle
i and nanopost j. Heterogeneity in the particle-nanopost inter-
actions was introduced into the system by assigning a random
well depth u,; to each nanopost drawn from a uniform dis-
tribution u,% (1 — f, 1 +p), where u, = (uo,;) is the mean well
depth and f is the half-width of the distribution (Fig. S1 and S2
in ESIt). We investigated systems with k = 30 and u, in the
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Fig. 1 Schematic illustrations of a 7 x 7 subsection of the 100 x 100
nanopost arrays. (a) A three-dimensional perspective view of the array
subsection. (b) A two-dimensional orthographic projection of the array
subsection in the x—y plane. The nanoposts are colored using a blue-to-
green scheme to indicate increasing well depth ug;. The transported
particle (red) is the same size as the spheres in the NPs (ie., d, = dnp).
L is the lattice spacing (center-to-center spacing between adjacent posts),
and 0 is the angle of the incident flow relative to the lattice vector a.

range 0-7, yielding interactions typical of those for particles in
porous media.*>*>”® Additionally, to prevent the Yukawa
potential from being repulsive for r; > 0, we only consider
b < uo.

The simulations were conducted under dilute conditions by
considering the transport of a single particle through the
nanopost arrays. Both short- and long-range hydrodynamic
interactions were modeled, using the Ewald summation
method to accurately treat the latter,”””®*®*> and periodic
boundary conditions were applied along all three dimensions
of the simulation cell. Flow through the arrays was driven by
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imposing a uniform suspension velocity V., with orientation
Vo -a
0 = arccos| ———
(\Voona\
Depending on u, and V,, = |V, the equations of motion were
integrated using a time step d¢ in the range 5 x 107°-5 x 107> and
the simulations were run for a total duration of 1 x 10’2 x 10°
time units (2 x 10°-4 x 10" time steps). Other details of SD
simulations are identical to those in our previous studies.*>**7®
Transport properties were determined by averaging over
approximately 100 independent particle trajectories. Under
quiescent conditions (i.e., V.= 0), the particle diffusivity was
extracted from the long-time limit of the ensemble-averaged,
three-dimensional mean-squared displacement (MSD), Dq =

) relative to the lattice vector a (Fig. 1(b)).

1
lim, ., gd<Ar2(t)>/dz. Under flow conditions, the asymptotic

longitudinal dispersion coefficient (dispersion in the direction

of flow) Dy was evaluated via:*>*
. 1 dO'Lz([)
Dy = — 5
- fg?oZ dr ’ (2)

where ¢, *(£) = ((Ar(£) — (VL)?)?) is the particle MSD evaluated in
the frame of reference of the average longitudinal velocity (V. ),
which was estimated from a linear fit to the average particle
displacements over time. The diffusivity of a freely-diffusive
particle D, = kgT/3nnd, was used to normalize D, and Dy.

3 Results and discussion
3.1 Quiescent diffusion

We first examined how the particle MSDs are affected by the
attraction strength (u,) and heterogeneity (f3). For weak attrac-
tions (¢, = 3), the MSDs exhibit (Ar*(¢)) ~t" scaling over the full
range of time scales examined and vary little with f, indicating
that the attractions with the nanoposts are too weak to signifi-
cantly hinder diffusion (Fig. 2(a)). Similar behavior is observed
for systems with strong attraction strengths (u, = 7) and low
heterogeneity (f < 2). As f§ increases, however, we observe the
appearance of a crossover at ¢t ~ 10" — 10> to a second diffusive
regime at long times characterized by significantly slower
dynamics (Fig. 2(b) and Fig. S3 in ESIY). This crossover behavior
reflects the interplay between two transport mechanisms: diffu-
sion through the void space and intermittent hopping between
the attractive wells of different nanoposts (Movies S1 and S2 in
ESIT). The former is a rapid process that is dominant on all
time scales in arrays with weak attractions. For systems with
moderate and strong attractions, it is also dominant on short
times scales on which particles are unlikely to become localized
in the attractive wells surrounding the nanoposts. Accordingly,
as u, and f§ increase, the characteristic time scale of the cross-
over decreases due to the increased prevalence of nanoposts
with highly attractive wells. By contrast, the latter mechanism
results in a slower diffusive process that becomes increasingly
dominant on long time scales as the fraction of highly attractive
nanoposts increases.

The normalized asymptotic diffusivity Dy/D, is strongly
influenced by the interplay between these two diffusive
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View Article Online

Paper
T T T T T
105 L (a) Ug = 3 i
— 103 - .
=
b
d
10t .
107t
10° .
— 103 L .
T
d
10t .
107t

1 1 1 1 1
10 10* 102 10® 10°
t
Fig. 2 Particle mean-squared displacements (Ar3(t)) as functions of lag
time t in nanopost arrays with ¢ = 0.014 and ug = (a) 3 and (b) 7. The
dashed lines are references indicating oct scaling. The legend in (b) applies

to both panels.

mechanisms on long times as u, and f§ are varied. As shown
in ref. 42, in the case of purely repulsive interactions (u, = 0),
the diffusive behavior is well described by a hydrodynamic
theory for hindered diffusion.®® For u, = 3 and B = 0, Do/D, is
approximately equal to that for the repulsive case, indicating
that thermal fluctuations allow the particles to readily escape
the weakly attractive regions surrounding the nanoposts
(Fig. 3(a)). As f increases, Dy/D, slowly decreases and departs
from the limiting vale for u, = 0. For u, = 5, Dy/D, is significantly
lower than the limiting value for #, = 0 even when f = 0, and it
decreases more rapidly with increasing f than in the case for
up = 3 (Fig. 3(a)). The sharp decrease in Dy/D, at large u, is
consistent with previous investigations of porous media with
homogeneous attractions (i.e., f = 0), including a theoretical
model®® and simulations of particle transport in nanopost
arrays*? and hydrogel matrices.?” Interestingly, in contrast with
the decrease in D4/D, upon increasing f3, experiments on similar
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nanopost arrays suggest increasing structural heterogeneity pro-
duces large void spaces that enhance the overall particle
diffusivity.”* Upon further increasing the well depth to u, = 7, the
normalized diffusivity exhibits a precipitous drop at low f3 (Fig. 3(a)).
The decrease in Dy/D, with f8 for u, = 7 is less pronounced than for
the case of u, = 5, and the normalized diffusivity appears to
eventually saturate at a low value at high f, indicating that the
hopping diffusion mechanism is dominant. Thus, the effects of
attraction heterogeneity () on diffusion are most pronounced at
intermediate u, where the particle-nanopost interactions begin to
compete with thermal fluctuations, resulting in two diffusion
mechanisms. Due to enhanced confinement, the diffusivity
decreases as the nanopost volume fraction ¢ is increased (Fig. 3(b)
and Fig. S4 in ESIf). Nevertheless, the trends observed upon

0.5f Yo .
o --0 45
Q
> 3 47
= <
0.3} .
0.1} .

Dy/Dy

0.1 .

0 1 2 3 4
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Fig. 3 Normalized diffusion coefficients Dq/Dg as functions of the het-
erogeneity parameter f§ in nanopost arrays with ¢ = (a) 0.014 and (b) 0.028.
The dashed lines indicate the values of Dqy/Dg for cases where ug = 0. The
legend in (a) applies to both panels. Estimated uncertainties are smaller
than the symbol sizes.
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changing u, or f remain qualitatively similar for all values of
¢ investigated.

These two diffusion mechanisms also result in qualitatively
different particle displacement distributions. In the presence of
weak attractions (&, = 3), the particle displacement distribution
P(Ax) is Gaussian, as is typical for normal diffusion (Fig. S5(a)
in ESIf). Whereas Gaussian behavior is still observed for
moderate attractions (x, = 5) and f = 0, the distribution p(Ax)
becomes increasingly non-Gaussian as f§ increases (Fig. 4). This
non-Gaussian behavior manifests itself on both the short (¢ = 5)
(Fig. 4(a)) and long (¢ = 10%) (Fig. 4(b)) time scales relevant to the
early and asymptotic diffusive regimes in the MSDs, respec-
tively. Hence, although the hopping mechanism is not domi-
nant on short time scales, transient localization around the
nanoposts results in anomalous diffusion in which the MSDs
scale oc t but the displacement distributions deviate from
normal Gaussian behavior. Similar behavior has been reported
in structurally disordered nanopost arrays, where it was attrib-
uted to the spatially heterogeneous particle distributions and
local dynamics.®® The localization of particles around highly
attractive nanoposts, which are randomly distributed through-
out the arrays, has similar effects on the particle distribution
and local dynamics and thus also produces non-Gaussian
behavior.

Lastly, we characterize the effects of u, and S on the
tortuosity of the particle trajectories:*”

‘ . k Li
{r) = lim (z) = JL‘E‘O<,Z A—Lk> ?

where L; and AL, are the linear distances between points along
the trajectory separated by time intervals &¢ and kdt, respec-
tively, and (---) denotes the average over the ensemble of
particle trajectories. For u, = 3, f has little effect on the
tortuosity of the particle trajectories, consistent with the rela-
tively small change in diffusivity observed under these condi-
tions (Fig. 5 and Fig. S6 in ESIt). By contrast, for u, = 5, (1) is
initially independent of f and then increases for § > 2. For
Uy =7, (1) exhibits similar behavior; however, its rate of increase
decreases at sufficiently high f as the hopping diffusion
mechanism becomes dominant in this regime. Thus, these
results show that transient localization in the attractive wells
around the nanoposts significantly increases the diffusion path
length through the nanopost arrays, resulting in a concomitant
decrease in the particle diffusivity and slowing of the overall
dynamics.

3.2 Transport under flow

We investigated the effects of attraction heterogeneity on
particle transport under flow by imposing a uniform suspen-
sion velocity V, oriented at an angle of § = 45° with respect to
the lattice vector a. The spreading of particles in the direction
of flow was characterized by computing the normalized long-
itudinal dispersion coefficient D;/D, as a function of the Péclet
number Pe = (Vy)d,/D,, the dimensionless ratio of the rate
of advection to the rate of diffusion. Imposed suspension

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Particle displacement distributions for nanopost arrays with

¢ = 0.028 and ug = 5 at different lag times t = (a) 5 and (b) 1000. The

lag times are chosen to lie within the different diffusive regimes observed

in the corresponding MSDs. The legend in (b) applies to (a) also. (c) Non-
1

Gaussian parameters «(f) :g(Ax4(1)><Ax2(t))*2 — 1 for the particle dis-

placement distributions p(Ax) calculated as functions of the heterogeneity
parameter f§ at lag times of t = 5, 10, 100, and 1000.
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Fig. 5 Tortuosities (7) as functions of the heterogeneity parameter f for
ug = 3,5, and 7 in nanopost arrays of ¢ = 0.028. Estimated uncertainties
are smaller than the symbol sizes.

velocities V., = 0-1000 resulted in Pe = 0-10%, covering the
range accessible in experiment and relevant to probing regimes
dominated by different transport mechanisms.”"”®5%% In the
absence of attractions (¥, = 0), Dy /D, increases gradually with Pe
for 10° < Pe < 10" (Fig. 6). At large Pe (Pe > 10'), where
advective transport is dominant, D;/D, increases rapidly and
eventually crosses over to Pe” scaling with n ~ 2, as predicted
for Taylor-Aris dispersion.'>”®®” Longitudinal dispersion is
increasingly enhanced for Pe > 10" as the attraction strength
up is increased. For systems with low heterogeneity (f < 2),
the increase in Dy/D, is relatively uniform for Pe > 10'. As
f increases, the asymptotic dispersion behavior at high Pe
remains largely unchanged, but D;/D, increases significantly
at low Pe. Similar qualitative trends are observed when the
particle-nanopost attraction strength has a log-normal rather
than a uniform distribution (Fig. S7 in ESIY). This behavior
reflects a complex interplay between advective transport and
the two diffusion mechanisms. At low Pe, where transport is
dominated by diffusion, increasing u, and/or f results in
attractions with the nanoposts that are sufficiently strong to
overcome thermal fluctuations. These attractions lead to
enhanced particle localization, which broadens the distribution
and increases dispersion in the direction of flow. By contrast, in
the advection-dominated regime at high Pe, the viscous drag
force on the particles is larger than those arising from particle-
nanopost interactions or thermal fluctuations, and hence dis-
persion is largely unaffected by modest changes in u, and/or f.

Computational studies of passive tracer particles in disor-
dered media predict a crossover from n = 2 to n = 1 scaling at
high Pe as the degree of structural heterogeneity is increased.*
Whereas the n = 2 scaling is associated with molecular diffu-
sion, the n = 1 behavior is associated with mechanical disper-
sion arising from heterogeneity of the locally averaged fluid

Soft Matter, 2024, 20, 837-847 | 841
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Fig. 6 Normalized longitudinal dispersion coefficients D, /Dy as functions
of Pe for nanopost arrays with ¢ = 0.028 and ug = (@) 3 and (b) 7. The
legend in (b) applies to both panels. The dashed lines are linear fits at high
Pe. Estimated uncertainties are smaller than the symbol sizes.

velocity field.'>®° Although we observe that n decreases slightly
with increasing attraction strength u,, the scaling for a given u,
is relatively insensitive to f. Thus, no such crossover with f is
observed for our systems because increasing the attraction
heterogeneity does not affect the fluid velocity field.

The degree of localization was quantified by computing the
particle residence time distribution P(¢g), where ¢z is the
duration spent within a thin shell around the nanoposts. To
encompass the attractive well around each nanopost, a shell
width of 0.1 based on the particle-nanopost surface-to-surface
distance was used in evaluating ¢z. In the absence of flow
(Voo = 0), the residence time distribution P(tg) exhibits a
pronounced initial decrease arising from local Brownian
motions that cause particles near the boundaries to fluctuate
in and out of the shell regions (Fig. 7). For homogeneous
systems (f = 0), this initial decrease is followed by a sharp
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Fig. 7 Particle residence time distributions P(tg) at flow rates V., = (a), (c)
0 and (b), (d) 80 for nanopost arrays with ¢ = 0.028. Panels (a) and (b) show
distributions for homogeneous arrays (f = 0) as functions of well depth ug,
whereas panels (c) and (d) show distributions for heterogeneous arrays
(B > 0) with ug = 5 as functions of 8. The dashed black lines are fits of the
exponential tail regions to Pltg) = cexp™®'™®, where c is a fitting constant.

crossover to exponential decay at large ¢z. As u, increases, the
width of the exponential tail increases, but the crossover
remains relatively sharp. Although increasing f also widens
the P(tg) distributions, it broadens the crossover region and
shifts the exponential decay to larger tz. The broadening of the
crossover region is due to the superposition of different loca-
lization processes with different characteristic ¢z associated
with the heterogeneous distribution of particle-nanopost inter-
actions. The eventual crossover to exponential decay at large tx
in these heterogeneous systems indicates that this region is
dominated by a single process associated with localization near
the most strongly attractive nanoposts. Under flow (V,, = 80),
P(tg) also exhibits a pronounced initial decrease and exponen-
tial tail at small and large tz, respectively. At intermediate tg,
however, P(tg) exhibits a local maximum associated with tra-
jectories in which particles advect along flow streamlines
through the shell regions around the nanoposts.

We estimated the characteristic residence time 7y associated
with the exponential tail of the residence time distributions by
fitting this region to P'(tg) =ce ™™, where ¢ is a fitting
constant.>>®® Previous studies have demonstrated that disper-
sion behavior is strongly correlated with 75.>>?° For the homo-
geneous systems (f = 0), we observe that ty increases
exponentially with u, for all flow rates examined (Fig. 8).
Similar exponential increases in 7z with u, have been observed
in computational studies of polymer transport in nanopost
arrays®® and across surfaces.®” This behavior is also in accord
with the Frenkel model, which predicts that the average resi-
dence time will increase exponentially with adsorption strength

This journal is © The Royal Society of Chemistry 2024
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for a first-order desorption process.>>°*°" Although ty also

increases with f, the growth deviates from exponential beha-
vior. These deviations indicate that the tail regions of P(t) for
these heterogeneous systems may be influenced by competing
localization processes, despite their apparent exponential decay
with increasing tx.

The interplay between advective drag forces, thermal fluc-
tuations, and attractive interactions can be visually observed by
inspecting the log-probability density distribution of the parti-
cle positions in the x-y plane log;,P(x, y) (Fig. S8 in ESIt). At
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low flow rate (V,, = 10) and moderate interaction strength
(1o = 5), increasing f leads to an increase in particle localization
around highly attractive nanoposts and a greater degree of
heterogeneity in the density distributions. As the flow rate is
increased, however, the advective drag forces become increas-
ingly dominant, resulting in more uniform sampling of the void
space, except in regions of wake behind the nanoposts along
the direction of flow. These changes are also reflected in the
average tortuosity (z) of the particle trajectories (Fig. 9 and Fig.
S9 and S10 in ESIY). At low Pe (<0.05; low V), increasing the
fraction of highly attractive nanoposts (by increasing «, and/or
p) results in the hopping mechanism becoming dominant and
more tortuous trajectories characterized by larger (), similar
to the behavior observed under quiescent conditions. At
Pe ~ 0.08, () exhibits a sharp decrease, indicating an abrupt
transition from transport via hopping to an advection domi-
nated mechanism where particles move along streamlines
through the nanopost array. Further increases in Pe beyond
this threshold value results in a gradual decay in (t) as it
approaches its asymptotic value of unity as Pe —» 0.

Lastly, we examine the influence of attraction heterogeneity
on the phenomenon of directional locking. In our previous
study of particle transport in square and hexagonal arrays with
repulsive, non-hydrodynamic particle-nanopost interactions
(i.e., up = 0), we observed a pronounced reduction in mean
particle velocity and longitudinal dispersion for flow orienta-
tions slightly offset from the primitive lattice vectors.”® This
reduction was caused by directional locking, where steric
interactions with the nanoposts lead to particle dynamics
dominated by advection along a specific vector across a range
of 6.2 In the context of practical applications, this phenom-
enon can be exploited in deterministic lateral displacement

T T T T
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10! - B=0 7]
B=1
—~ B=2
E B=3
B=4
B=5

O
100 F MV o ¢ v ool
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1072 101! 100 10!

Pe = (V\)d,/Do

Fig. 9 Tortuosities (r) as functions of Pe in nanopost arrays with
¢ = 0.028 for all ug and f studied. The symbols and colors denote different
values of # and ug, respectively.
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Fig. 10 Log-probability density distributions of particle positions log;go
P(x, y) at flow rates V., = (a), (d) 80, (b), (e) 320 and (c), (f) 1000 and
orientation 6 = 1.25° in 5 x 5 subsections of nanopost arrays with
¢ = 0.058, ug = 7, and heterogeneity parameter f = (a)—(c) 0 and (d)-(f)
5. The nanoposts are colored using a blue-to-green scheme to indicate
increasing well depth ug .

devices to sort particles by size.>*°* It has also attracted
attention as a route to separate particles driven through peri-
odic potential fields.'>'* 1718202124

For square nanopost arrays, directional locking is most
pronounced for flow orientations slightly perturbed from
0 = 0° (i.e., slightly misaligned from the primitive lattice vector
a).”® Thus, we examined this behavior at a flow orientation of
1.25°. Consistent with our previous study,”” log-probability
density distributions of the particle positions reveal that direc-
tional locking in homogeneous systems (f = 0) with attraction
strength u, = 7 is only observed at high flow rates (V,, = 1000)
(Fig. 10). Indeed, the particle distributions become increasingly
narrow as V. increases, reflecting the onset of direc-
tional locking (Fig. 10(a)-(c)). Relative to repulsive systems
(uo = 0),”® the onset of this behavior is observed at larger V.,
demonstrating that attractive interactions compete with advec-
tive and steric forces to frustrate directional locking. At low flow
rates, the attractions are sufficiently strong to drive particles to

844 | Soft Matter, 2024, 20, 837-847
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Fig. 11 Normalized longitudinal dispersion coefficients D,/Dq as func-
tions of flow orientation 6 for nanopost arrays with ¢ = 0.058 at ug = 7
when (@) f = 0 and (b) f = 5. The legend in (a) applies to both panels.

Estimated uncertainties are smaller than the symbol sizes.

the regions of wake behind the nanoposts, where they are then
transported along flow streamlines that lead to the upper
hemisphere of the next nanopost (Fig. 10(a)). Thus, particles
are able to transport in the direction perpendicular to the
incident flow under these conditions. At high flow rates, how-
ever, the attractions are overcome by strong advective forces
and the particles remain nearly perfectly locked along the
vector a due to frequent collisions with the nanoposts
(Fig. 10(c)). For systems with heterogeneous attractions
(8 = 5), the particle distributions exhibit larger variations at
low flow rates (Fig. 10(d)). Nonetheless, similar to the case for
systems with homogeneous attractions, near perfect directional
locking is observed as advective forces become dominant at
high v, (Fig. 10(f)).

In agreement with the particle position distributions, we
observe that the variations in the normalized longitudinal
dispersion coefficient Dy/D, with flow orientation and rate are
qualitatively similar in nanopost arrays with homogeneous and
heterogeneous attractions (Fig. 11). At low flow rates, the
dispersion coefficient exhibits a maximum at ¢ = 0° and
gradually decreases as 0 is varied from this value due to the
ability of the particle to sample all streamlines under these
conditions. At high flow rates, by contrast, directional locking
results in deep local minima in D;/D, at flow orientations
slightly perturbed from 0°. Although the trends are qualitatively
similar in systems with heterogeneous and homogeneous
attractions, the magnitude of the changes in D;/D, as 6 or V,
is varied appears to be less pronounced in the heterogeneous
systems. Hence, whereas attraction heterogeneity generally
enhances dispersion, particularly at low flow rates, it appears
to reduce the sensitivity of D;/D, to variations in flow.

4. Conclusion

We examined the effects of heterogeneous attractive particle-
medium interactions on transport in ordered nanopost arrays
using SD simulations. Transport under quiescent conditions
was found to be influenced by the interplay of mechanisms
involving diffusion through the void space and intermittent
hopping between the attractive wells of different nanoposts. As

This journal is © The Royal Society of Chemistry 2024
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the attraction heterogeneity increased, the latter mechanism
became increasingly dominant, resulting in an increase in the
particle trajectory tortuosity, deviations from Gaussian beha-
vior in the particle displacement distributions, and a decrease
in the long-time particle diffusivity. These behaviors are differ-
ent from those observed in previous studies of structurally
heterogeneous materials. Whereas non-Gaussian particle dis-
placement distributions have also been reported in structurally
disordered media, increasing structural heterogeneity creates
large void spaces in the medium that enhance diffusion.>
Under flow conditions, transport was found to be strongly
influenced by the interplay between thermal fluctuations,
attractive particle-nanopost interactions, and advective drag
forces. At low Pe, increased attraction heterogeneity led to
transient localization near the nanoposts, resulting in a broad-
ening of the particle distribution and enhanced longitudinal
dispersion in the direction of flow. At high Pe where advection
strongly dominates, however, the longitudinal dispersion coef-
ficient was insensitive to attraction heterogeneity and exhibited
approximately quadratic scaling with Pe, consistent with the
Taylor-Aris model for dispersion via molecular diffusion.'”%8”
By contrast, prior studies of tracer particles show that increas-
ing structural heterogeneity in porous media results in
mechanical dispersion becoming increasingly dominant and
an associated crossover from quadratic to linear scaling with Pe
in this regime.®® Finally, we found that attraction heterogeneity
does not strongly affect directional locking behavior. To our
knowledge, the effects of structural disorder on directional
locking have not been systematically studied, but due to the
sensitivity of this behavior to flow orientation and lattice
structure, we expect that it would be increasingly suppressed
as structural heterogeneity increases. Interestingly, computa-
tional studies of flexible arrays have revealed that directional
locking can be enhanced by local distortions that occur in
response to interactions with transported particles.’” Thus, this
topic presents an interesting avenue for future investigation.
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