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We have performed confocal microscopy experiments and computer simulations of colloidal suspensions with
moderate volume fraction confined between two quasi-parallel, rough walls [A. Villada-Balbuena et al, Soft Matter,
2022, 18, 4699-4714]. Here we investigate many facets of the dynamical properties of the system, such as con-
fined and inhomogeneous diffusion, mean first-passage times and generalized incoherent scattering functions. We
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observe that the experiment features strong footprints of the confinement in the dynamical properties, such as
inhomogeneous diffusion coefficients and non-zero off-diagonal elements in the incoherent scattering function
which we can quantitatively model and analyze with computer simulations. This allows us, for example, to
systematically investigate the impact of surface roughness. Our comparative study therefore advances the
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1 Introduction

Inhomogeneous density profiles and dynamical properties in
confined systems are possible since the physical confinement,
for example two parallel walls, breaks the translational sym-
metry of the system. As a consequence, confined fluids can
behave very differently from their bulk counterparts. Important
emerging phenomena are layering and confinement-induced
crystallization," ™ inhomogeneous diffusion,”"*™ and multiple-
reentrant glass transitions.”* ' Such phenomenology can be
observed in a variety of different systems including atomic,”
molecular® and colloidal fluids.>* Consequently, understanding
the ramifications of confinement on the structure and dynamics of
fluids is essential for a variety of different applications,” including
lubrication in engineering,® blood flow in biology and medicine,>”
as well as flow through porous media.”® The impact of confinement
on the properties of fluids has thus been investigated in the physics
literature using a wide variety of different methods including
experiments,6,8,10,24,2%39 Simulationsz’ls"“yss and &leOIy.16’41'42'54’59_69
We refer to ref. 10 for a detailed introduction into this topic.

Most of the above works, however, focus on the structural proper-
ties of confined fluids, and thus only a few discuss their dynamical
properties. Notable exceptions are incoherent mode-coupling theory,™
computer simulations of hard-sphere fluids,”'"**** and diffusion
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fundamental understanding of the impact of confinement on dynamics in fluids and colloidal suspensions.

measured in experiments of confined colloidal suspensions.>***~*

The gist of these studies is that the inhomogeneous density
profiles leave a very strong imprint on the dynamical properties
of the system, in particular on the diffusion coefficient in the
direction perpendicular to the confinement plane.*

In recent work, we have employed a combination of experi-
mental techniques, simulations, and theoretical calculations to
examine the influence of confinement on the structural properties
of spherical colloids constrained between two quasi-parallel, rough
walls."® By modeling the short-range repulsive and medium-range
screened electrostatic interactions among colloids, we achieved
quantitative agreement between experimental and simulation
results. This alignment enabled us to offer detailed insights into
density profiles, radial distribution functions, and both anisotropic
and generalized structure factors.

Building on this foundation, the present manuscript adopts the
same methodology to provide an in-depth analysis of essential
dynamical properties, including confined mean-squared displace-
ments, inhomogeneous diffusion, mean first-passage times, and
incoherent scattering functions. We extended previous investiga-
tions of inhomogeneous diffusion in confinement by examining a
broader spectrum of dynamical descriptors and by comparing
experimental and numerical results on a quantitative level. The
latter approach allows us to disentangle the respective contribu-
tions of structural and hydrodynamic interactions to the dynami-
cal properties in confinement.

2 Experimental and simulation methods

In the following, we will give a brief recapitulation of the
experimental and simulation methodology. For any details,

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-6739-1603
https://orcid.org/0000-0002-4141-3659
https://orcid.org/0000-0002-6204-7192
http://crossmark.crossref.org/dialog/?doi=10.1039/d5sm00120j&domain=pdf&date_stamp=2025-04-29
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00120j
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM021020

Open Access Article. Published on 16 April 2025. Downloaded on 1/24/2026 8:00:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

we refer to ref. 10 since the methodology applied in the present
manuscript is the same as the one used in our previous publication.

2.1 Confocal microscopy and linking of trajectories

We perform experiments of poly(methyl methacrylate) (PMMA)
colloidal suspensions (mean diameter ¢, ~ 1.85 m, polydis-
persity d;, = 4.8%) that are locked and stabilized with poly(12-
hydroxy-stearic acid) (PHSA). The charges of the colloids are
screened by adding tetrabutylammonium chloride (TBAC) salt.
As a solvent we use a mixture of cis-decalin and cyclohexyl
bromide (CHB6, purity >98%, TCI), which is adjusted to be
density-matched with the colloids thus avoiding, as much as
possible, sedimentation of colloids.® The colloids are confined
between two borosilicate cover-glass surfaces. The cover
glasses are arranged to create a wedge-shaped slit with an
inclination angle of less than 0.1°. The surface of the glass
cover is covered by melting the PMMA + PHSA + TBAC mixture
onto it, thus creating rough surfaces, to avoid particles sticking
to the glass.'® This creates a confinement geometry which has
approximately a constant wall separation H over many particle
diameters, however, also allows studying different wall separa-
tions H by measuring at various distant positions in the wedge.
We have studied colloidal suspensions with four different
volume fractions ¢ = N¢Vp/(LiLy(L + 6,)), where Ny is the number
of freely diffusing particles, V;, is the particle volume, L, and L,
are the dimensions of the box in the x and y-dimension,
respectively, and L is the confinement length. Volume fractions
between ¢ = 0.19 and ¢ = 0.32 were investigated, however, for
conciseness we focus only on the two limiting volume fractions
¢ = 0.32 (called ‘dense’ in the following) and ¢ = 0.19 (called
‘dilute’ in the following). The given values for ¢ correspond to
the volume fraction of the host mixtures which have been
inserted into the wedge. The inhomogeneous roughness and
chemical potential due to the varying wall separation®® will
induce inhomogeneities in ¢, as will be discussed in detail in
the results section and shown in Fig. 2 and 8. As in our previous
work we define the confinement length L as the distance
between the two liquid layers directly at the glass surface,
yielding a quantity that can be easily defined for both the
experiments and the simulations and is independent of wall
roughness (see Fig. 1 in ref. 10 for an illustration). Approxi-
mately this definition implies that the wall separation H ~ L +
op, consistent with the definition of the volume fraction above.

The samples are recorded using a confocal scanning unit.
At different positions in the sample we create stacks of two-
dimensional images with 512 x 512 pixels parallel to the glass
surface which corresponds to roughly 30 x 30 particles. The stacks
cover the whole slit from top to bottom and are recorded in vertical
steps of 0.25 m allowing us to extract particle positions using the
interactive data language (IDL) algorithm.”® Up to this point the
methodology is identical to the one described in detail in ref. 10.

To investigate dynamical properties we link the individual
measured snapshots to particle trajectories. Each scan takes
about 3 to 6 s, depending on the wall separation, which thus
defines the highest possible resolution in time for the dynami-
cal analysis performed in this manuscript. Consequently, we
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use T = 1 s as the characteristic time scale. The linking is
performed using the Crocker & Grier algorithm’® provided by
Trackpy.”! In short, the algorithm attempts to minimize the
global sum of the squared displacements of particles between
individual snapshots. We tried different combinations of algo-
rithms and found that the combination of IDL for particle
identification and Trackpy for linking gave the best performance
and was the most efficient. After linking, we observed a drift in
particle positions in all three dimensions, leading to unphysical
super-diffusive mean-squared displacements. We have confirmed
that this drift is caused by the motion of the probe relative to the
microscope during the three hour measurements, by ensuring
that the melted particles have the same drift as the freely
diffusing particles. To correct for this drift we have therefore
subsequently removed the center of mass movement of the
system, which proved to be more reliable than subtracting the
motion of the melted wall particles which were not perfectly
detected in each snapshot. We have not considered experimental
trajectories beyond ¢ > 3000t since imperfect linking implies
that very few trajectories reach times ¢ > 30007, leading to
significant statistical errors.

2.2 Computer simulations

We have modeled the experimental system using molecular
dynamics (MD) computer simulations. We use the melted and
experimentally-measured colloidal particles on the glass sur-
faces to create an artificial rough surface formed by frozen
particles. Between these two surfaces we use the first experi-
mentally measured snapshot to create a colloidal suspension,
interacting via short-range repulsive,

o\ %6
U(ry) = ews <%) ; 1)
y

and medium-range electrostatic forces,

24 —K(r,jﬂf )
€ Py 2
if/ Op.i 7 ®)

Uy (ry) =

here, we have introduced the Lennard-Jones energy scale &,
polydisperse particle diameters o, ; = (dp; + 0p,)/2 with
> op; = Nrop, and Var(s;) = 0.048. For the Yukawa potential
i

we also introduce the Yukawa energy scale ¢y and screening
length x~'. Each box consists of roughly Ny = 3000-8000
particles, depending on the confinement lengths L. These
parameters describing the static interactions between colloids,
and of colloids with the frozen wall particles, have been
determined from static properties such as the inhomogeneous
density profile and the radial distribution function in ref. 10.
We use exactly the same parameters in the present manuscript.

Particles are thermalized and kept at room temperature
using a Langevin thermostat with damping time scale t;, =
0.1t,,, where t,, is the reduced time scale of the simulation
model. We do not include any explicit hydrodynamic interac-
tions emerging from the coarse-grained fluid into the simula-
tion model. In consequence, on short time scales, the simulated
colloids will move ballistically instead of diffusively with a short-
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time diffusion coefficient D as in the experiments. This implies
that we cannot match a priori the reduced time scale 7., of our
simulation model to the time scale 7 of the experiments. Instead,
we have a single free parameter in the simulation model which we
fix by comparing the mean-squared displacement measured from
experiments and simulations, as will be detailed in the next
section. Comparing simulation and experimental results, thus
allows us to draw conclusions on the importance of hydrodynamic
interactions for the observed dynamical behavior.

Additionally, to analyze the effect of the rough boundary on
the presented results, we introduce a second simulation model
which will be referenced as FLAT. In this model, we remove the
frozen and melted wall particles extracted from the experi-
ments and replace them by a flat repulsive boundary which
interacts with colloid i according to a 48/24-WCA potential,

Vi(r:) =4 {(O;P)“—z (?) 24} : (3)

where r,; is the distance of the colloid from the wall. To
maintain approximately the same volume fraction in the chan-
nel, we choose the position of the wall such that the layers
adjacent to the wall are at the same position as in the case of
rough boundaries.

Each simulation was equilibrated and then run sufficiently
long to reach the same time scales as in the experiments. With
a discretized time step of At = 10~ * this implied equilibrating
for Nyeq = 2 x 10" time steps and simulating for N, = 10° time
steps. The total CPU cost of each simulation on our local cluster
sums up to about 7 days.

2.3 Dynamical observables

We will characterize the dynamics of the confined colloidal
suspension using various descriptors, each allowing us to
highlight and better understand different aspects of confined
dynamics. We will always compare results from confocal micro-
scopy (shown as full lines in each figure) with the MD simula-
tions (dotted lines). Here, and in the following, x,(¢) and y(¢)
will denote the in-plane positions of particle i at time ¢, and z,(t)
its lateral position, orthogonal to the walls. Any in-plane
observable defined below will always be averaged over the two
in-plane directions, even if not stated explicitly, and denoted by
the subscript x. This is possible since the inclination angle of
the wedge geometry in the experiments is very small and the
particles have shown very similar behavior in x- and y- direc-
tions after removing the drift. As detailed above, our trajec-
tories are discretized with a time step At.

2.3.1 Mean-squared displacement and diffusion coeffi-
cients. The most basic quantity we will analyze is the mean-
squared displacement (MSD),

Ni—m N

1 / ; /
(Ax(1)?) = N —mN ; ;[xt(“r"m ) = x(nA)], (4)

for time ¢ = mA¢. The MSD is thus averaged over all N particles
in the system and uses the whole trajectory by averaging over
N, — m different starting times denoted by n. We similarly
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calculate the MSD in the confined lateral direction. The MSD
thus denotes the ensemble- and time-averaged squared-
displacement of the particle. Here and in the following, we
have approximated the statistical error of the simulations and
experiments by varying the step size At’ = kAt and evaluating
the standard error of the mean for different k (simple boot-
strapping). Additionally, we have evaluated the standard error
of the mean by calculating the variance over particles, which are
largely independent, leading to similar results. We thus find
that the relative errors are of the order of 1%. With this
procedure we could thus validate that the fluctuations observed
for different confinement length L and the deviation between
simulations and experiments is statistically relevant and caused
by systematic differences such as different wall roughness and
approximations made in the simulation model.

The diffusive behavior of the MSD is then fitted for 507 < ¢t <
20007 using the linear function 2D¢ to extract the longitudinal
and lateral diffusion coefficients, D, and D,, respectively. In the
lateral direction we need to restrict the time window to ¢t < 500t
because the lateral MSD reaches a long-time plateau (see Fig. 1).
The extracted diffusion coefficients D, thus only describe the
intermittent dynamics, which is also slightly subdiffusive. From
this analysis we find that choosing the simulation time scales as
Tm & 21 (for ¢ = 0.32) and 1,,, ~ 2.87 (for ¢ =0.19) leads to a good
overlap between the diffusion coefficients and will thus be used
throughout the manuscript. In consequence, all simulation
results are rescaled in time using the factors 2 and 2.8, respec-
tively, and all figures show the experimental time scale .
Additionally, it should be noted that the matching of time scales
is based on the long-time diffusive regime. Therefore, the simula-
tion time scale should not be used to approximate, for example,
the unit of mass of the colloids, since the ballistic regimes of the
experiments and simulations will likely have very different time
scales. Since we solely focus on the long-time diffusive behavior
here, this has no impact on the result shown in the following.

The above definition of the MSD is blind to any potential
inhomogeneities in the system induced by the inhomogeneous
density profile in the lateral direction.”'*** We therefore
similarly define the z-dependent in-plane MSD,

> [xir + nAr) = xi(nAr).
iEN-
(5)

here, N, includes all those particles i which are within a tiny
slab [z — H,/2, z + H,/2] at time nA¢'. Thus, we calculate the MSD
only for such particles which start their diffusion process
around the lateral position z. We choose H, = 0.155,. We also
calculate the same quantity in lateral direction,

2 | Ni—m
(X0 = (= 2

n=

Z[zf(z + nAt') = zi(nAl)].
‘ 6

from the z-dependent inhomogeneous MSD we extract a
z-dependent diffusion coefficient, D,,(z) using the same fitting
procedure as detailed above.

1 Ni—m
(Az(z, 0)?) = N —m)N. 1

z n=
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2.3.2 Mean first-passage time. To obtain even more detailed
information on the inhomogeneities of the particle dynamics we
calculate the expected time colloids require to travel a lateral
distance Az. For this we define as t{n, Az) the time particle i
requires to travel a lateral distance |z(nAt’ +1,) — z{nAt')| = Az, i.e.
the first-passage time. Consequently, the mean first-passage time
(MFPT) can be calculated as,

> i(n,Az). 7)

Ni—m
1 ieN-

1
(t(z,Az)) = 7(]\7[ N

n=

Compared to the inhomogeneous diffusion coefficient D,(z)
the MFPT also has the important advantage that it is well
defined and it does not rely on fitting an intermittent, slightly
subdiffusive behavior.

2.3.3 Incoherent scattering function. To capture spatio-
temporal dynamics of a tracer particle in the slit, generalized
intermediate scattering functions need to be introduced.'**"**">
Here we recall how these objects are constructed and why they
encode information on the dynamics of the particle. In a Cartesian
coordinate system, the position of the particle given by the pair (7,
z) where 7 = (x, )" is a vector in the plane and z € [—H/2, H/2] is the
transverse coordinate. The probability of finding the particle at (7,
2) at lag time ¢ provided it was originally at (¥, ') is given by the
van-Hove self-correlation function,

G T2, 2,0) = 4 D (86~ )3 ~ 7 (0))

x 8(z — z;(2))d(z — z;(0))).

Since the system is translationally invariant along the plane
and invariant with respect to rotations in the plane, it depends
only on the relative distance in the plane, but separately on both
transverse coordinates z, z/, ie. GV = GY(|F—7'],z2,1).
Rather than displaying the van-Hove self-correlation function
we base our discussion on its Fourier transform. The depen-
dence on 7— 7’ is captured by an ordinary planar Fourier
transform resulting in a dependence on a planar wave vector
g. By rotational invariance in the plane the van-Hove function
depends only on its magnitude g = |¢|. The dependence on z, 2’
is encoded in discrete Fourier transforms with wavenumbers
being integer multiples of 2n/H. Correspondingly the general-
ized intermediate scattering function is defined as

H/2
dzj

H/2
S8 (g,1) = j
—H/)2

dz’Jd(f’— FYGYO(F = F'), 2,7, 1)
—H/2

©)
x exp(—iQ,z +1Q,2')e 4T,

where p1, v € Z and Q,, = 2mu/L. The physical significance is now
clear. The discrete indices p, v resolve the transverse dynamics
of the particle, while g probes the lateral displacement of the
particle. In particular, S§)(¢,t) reduces to the conventional ISF
for the in-planar dynamics, and S§)(¢,£) is non-zero only if G
depends explicitly on z and 2’ and not just on the difference z-2’.
Using the microscopic definition of the van-Hove self-
correlation function in terms of thermal averages of delta
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functions, an equivalent representation can be elaborated”?
which amounts to evaluating

() R o R WA
S 1) = eiqlxi(t+n t")—x;(nAt’
(g, 1) (N[_m)N’;;

x exp|—1Q,zi(t + nAt")|exp[iQ,zi(nAt")].

(10)

For the case of symmetric walls, S}(f,)(q, t) is a real valued
quantity. We will therefore only report the real part of the ISF in
this manuscript. We have validated that the imaginary part is
more than one order of magnitude smaller for all experimental
measurements, and statistically consistent to zero for the simu-
lations, showing that the channel is nearly symmetric and the
impact of gravity is small. This is already visible from the
density profiles.’® Small deviations from the expected behavior
could be created by asymmetries in the melted wall particles,
gravity, or other experimental noise.

It has been shown that for ¢ = 0 the ISF fulfills, Sfjl,) (g,t=0)=
n,—y and is thus g - independent.”” Here, the density modes , are
calculated from the Fourier transform of the density profile,

(11)

H)2 )
n, = J dze"Q*“'n(z)A
—HJ2

We have also evaluated the coherent scattering function'??°

but the statistics, in particular for the experimental measure-
ments, are not sufficient to allow for a useful interpretation of
the data. We have therefore decided not to include them into
the manuscript. Similarly, we will focus on the lowest modes
W < 1, since they are the natural modes to analyze the impact
of confinement on the length scale L. Additionally, higher order
modes become increasingly noisy.

3 Colloid dynamics in the dense
sample (¢ = 0.32)

We will start our analysis with the dense sample which has a
volume fraction of around ¢ = 0.32, since we expect the impact
of confinement to be most pronounced in denser systems.

3.1 Mean-squared displacement and diffusion coefficients

The mean-squared displacement (MSD) highlights a funda-
mental difference between diffusion along the in-plane and
the lateral direction for both experimental results and simula-
tions. While the former corresponds to free diffusion and scales
as (Ax(t - ©)?) o t for long times, the latter reaches a plateau
value which is directly connected to the inhomogeneous den-
sity profile,

H/2
dz'n(2)n(2)(z — 2)?,

dz.‘.H/z (12)

(81— o) = | o

J_np2
as accurately reproduced by the experimental and MD data (see
Fig. 1).

In general, we observe good agreement between experiments
and simulations, although small statistically relevant devia-
tions can be observed. This finding is non-trivial since there

Soft Matter, 2025, 21, 4010-4020 | 4013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00120j

Open Access Article. Published on 16 April 2025. Downloaded on 1/24/2026 8:00:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

F " oy =100, (Rd(0)2) — s

T Ljo, = 1.9,{Az()?) SOl

~a 10 L/UP =24, <Ax(t)2> - ‘ —
& E L/o, =24,(Az(t)?) E
& [ Ljop =44,(Az(t)?) — 3
S [ Loy =44,(82(1)?) 1
3 L J
. 1k -
S F 3
P r ]
g . -
<= 0.1 .
—I L II| L 1 L1 11 II| L L L1l III| L L 1 11 III:

10 100 1000 10000

t/T

Fig.1 Mean-squared displacement in the dense sample (p = 0.32) mea-
sured using confocal microscopy (full lines) and computer simulations (dotted
lines). Shown are the in-plane ((Ax(t)%)) and lateral direction ((Az(t)?)) for
channels with different confinement length L. The arrows indicate the long-
time limit presented in egn (12). Here and in all the following figures, typical
statistical errors are smaller than the line thickness.
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Fig. 2 Diffusion coefficient D along the in-plane (x) and the lateral (2)
direction for different confinement lengths L. The diffusion coefficient was
extracted from the data in Fig. 1 using linear fits. The diffusion coefficient is
compared to the volume fraction ¢.

is only a single fit parameter to match the simulation time scale
for all confinement lengths and dimensions. In particular, the
good agreement implies that the long-time dynamics is only
weakly influenced by the complex hydrodynamic interactions
between the colloids induced by the solvent in experiments.
Instead, the dynamics is mainly dominated by the dense
packing of the colloids and their direct interactions. The very
simplistic MD simulation approach using Langevin dynamics is
thus sufficient to quantitatively describe the complex dynamics
of dense confined colloidal suspensions.

To investigate more systematically the impact of confine-
ment on the dynamics, we extract the diffusion coefficient for
all measured confinement lengths L. We clearly observe for
both techniques that diffusion is significantly faster (about a
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factor of 2) along the in-plane direction compared to the lateral
direction (see Fig. 2). This can be explained by the fact that
motion in the in-plane direction can be achieved by simply
diffusing within the two-dimensional layers formed by the
inhomogeneous density profile.”' In contrast, diffusion in
the lateral direction requires jumping between layers.

We also clearly find in Fig. 2 that diffusion accelerates for
larger L, consistent with previous findings for hard spheres and
colloids.®?*?*3! For soft spheres, however, the opposite effect
has been observed in the case of flat, smooth walls,”® for which
strong confinement actually accelerates the dynamics. There-
fore, we have also evaluated the confinement-dependent diffu-
sion coefficient for the FLAT model, which is identical to the
experimental model, just replacing the rough surface by a flat
wall. Interestingly, we indeed find that this modification qua-
litatively changes the in-plane diffusion coefficient D, which
now accelerates in strong confinement (see the blue dotted
curve in Fig. 2). The reason for the observed behavior in the
experiment is therefore very likely the rough boundary, and not
the colloid interactions as in ref. 9, 21, 24 and 51.

Another important subtlety observed in previous works is a
non-monotonous dependence of the diffusion coefficient D,(L)
on the confinement length L.>'*°" This effect emerges because
it is favorable for the colloids to be packed into n well-defined
layers (commensurate packing) rather than having many parti-
cles located between layers (incommensurate packing) as dis-
cussed in detail in ref. 9, 10, 16 and 20. We observe a similar
behavior here for the MD simulations which feature a very
subtle non-monotonic dependence of D,(L) oscillating on a length
scale o}, as expected. The effect is not very pronounced since the
volume fraction is significantly lower than in previous works and the
polydispersity J,, = 4.8% additionally weakens the effect. In contrast,
the experiments do not show the same behavior and instead feature
a purely monotonous dependence. The reason is, most likely, that
albeit the simulations try to mimic the experiments as well as
possible, including the static interactions, heterogeneous glass
surfaces and polydispersity, experiments have additional sources of
randomness such as polydispersity in the colloid charge. We believe
that these effects could additionally weaken the non-monotonous
dependence. Furthermore, we observe that the local volume fraction
depends quite non-monotonously on the position in the wedge
due to locally varying wall roughness (see the full black line in
Fig. 2). This of course leads to additional noise in the signal and
thus damping of the non-monotonous behavior observed in
ref. 9, 16 and 20.

Finally, we also analyze inhomogeneities in the diffusion by
separating particles according to their initial lateral position.
The most important finding in Fig. 3 is the very pronounced
inhomogeneity in the lateral diffusion D,(z) which shows a
negative correlation with the density profile, i.e. high density
implies a low diffusion coefficient.”***" This effect emerges
because it is preferable for the colloids to be immersed inside
one layer instead of being squeezed between them. Thus, if they
start between two layers they quickly move towards one of the
neighboring layers. Importantly, the experimental results are
perfectly modeled by the MD simulations. Interestingly, this

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Position-dependent diffusion coefficient D(z), as defined in egn (5)
and (6) for the dense system (¢ = 0.32) and L = 2.45,. Shown are the in-
plane coefficient, D4(z), the lateral coefficient, D,(z), as well as the density
profile n(z).

effect is completely absent in the in-plane diffusion coefficient
D,(z), which shows a very weak z-dependence. The only visible
inhomogeneity is the slightly faster diffusion in the center of
the slab since the rough, frozen walls hinder the motion of the
particles at the boundary.

We have also analyzed the position-dependent diffusion
coefficients D(z) for the FLAT model, which were qualitatively
identical to the results shown in Fig. 3.

3.2 Mean first-passage time

To analyze these inhomogeneities in more detail we calculate the
MFPT introduced in eqn (7). For both techniques we find that for
very small Az « g, the MFPT is homogeneous (see Fig. 4),
however, there is a significant quantitative difference between
experiments and MD simulations. Both observations are caused
by the fact that the short-time behavior is more affected by
hydrodynamic interactions with the fluid than by the inhomoge-
neous packing. Only when reaching Az ~ ¢,,/2 the full extent of
the inhomogeneities is observable and the agreement between
experiments and simulations is significantly improved. This is
reasonable since this length scale corresponds to the average
distance a colloid has to move from between two layers to the
center of a neighboring layer. In consequence, inhomogeneities
are also not growing beyond Az > ¢,/2, as seen in Fig. 4.

3.3 Incoherent scattering function

The generalized ISF contains basically all information on the
inhomogeneous diffusion process and is therefore invaluable
to characterize the dynamics. The lowest mode, v = u = 0,
integrates out any dependence on the lateral direction and thus
characterizes the in-plane dynamics. For small g the ISF shows
the usual diffusion process corresponding to an exponential
decay in time,

Sti(g,e) = e TP

(13)
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Fig. 4 Mean first-passage time, (t(z, Az)), as defined in eqgn (7) for the
dense system (p = 0.32) and L = 2.40,. The results for different lateral
distances Az, as well as the density profile n(z) are shown.

as clearly visible in Fig. 5 (dark red line). Experiments and
simulations are in very good agreement. In contrast, for larger g
we observe the emergence of significant deviations between
experiments and simulations. As observable in Fig. 5, this
deviation is directly connected to the departure from the
diffusive behavior shown as dashed-dotted lines. The rationa-
lization for this observation is that larger wave numbers g are
becoming increasingly sensitive to the behavior on small length
scales and thus the interactions and dynamics on the molecular
scale and fluid flow between colloids, which are both not
modeled in the simulations. In Fig. 6a we then investigate Sg%
(g,t) for channels with different confinement length L. Consis-
tent with the MSD we find that the diffusion process is slowed
down in systems with small confinement length L.

The most important feature highlighted by the ISF is the
non-zero off-diagonal component St)(g,£). This behavior is only
possible in systems that violate translational symmetry and

1 T T T T T T
: qop/2mr =02 —
0s L 7F qop/2m =05 — |
= 0.6 - —
o4 b |
[}
[a=t
0.2 —
0 Lol il :‘*I‘V';'?tm"":
1 10 100 1000
t/T

Fig. 5 Incoherent scattering function Skb(g.t) for the lowest mode y = v =
0 for ¢ = 0.32 and L = 1.90,. Results for different wave numbers q are
obtained from confocal microscopy experiments (full lines), MD simula-
tions (dotted lines) and the diffusive approximation eqn (13) using the
diffusion coefficient D extracted from experiments, as shown in Fig. 2.
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Fig. 6 Incoherent scattering function Sff,}(q, t) for different mode indices,
u=v=0(@),u=0v=1(b),and u=r=1(c)for ¢ = 0.32. Results are shown
for different wave numbers g and various confinement lengths L. The
arrows indicate n,_,, i.e. the behavior for t — 0. We have included error
bars in (b) for the experimental results since they are larger than the typical
line width.

feature inhomogeneous diffusion processes, as characterized
above. The behavior for ¢ — 0 is well described by the density
mode 7n,, as defined in eqn (11) and denoted by the arrows in
Fig. 6b. We observe that the strength of the inhomogeneities
increases with decreasing confinement length L, as expected.
Finally, we also calculate the second lowest diagonal element, S(f%
(g,%)- Tts time-dependence generally follows very closely the behavior
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we have observed for the lowest mode u = v = 0 (see Fig. 6¢). This is
expected since we have shown on quite general grounds that the
dynamics of 5{)(g,t) couples strongly to the lowest mode.?" Despite
this overall similarity there are nevertheless notable differences, in
particular the inverted order of the curves for the smallest wave-
number gop,/2n for both experiments and simulations at times ¢ <
5007. This observation highlights a notable coupling between relaxa-
tion in the in-plane and transverse directions.

The agreement between simulations and experiments is
generally very good for all modes of the ISF indicating that
indeed all facets of colloid dynamics are very well reproduced in
the simulation model. This shows how well structure and
dynamics of dense colloidal suspensions can indeed be under-
stood by simulating hard or soft, repulsive spheres, potentially
with electrostatic interactions.'®”* Even the inclusion of confine-
ment and walls can quite easily be quantitatively incorporated into
simulation models. The only real exception are the large ¢ modes
which were not perfectly described in Fig. 5. Correctly reproducing
these modes would require a more detailed simulation model, but
also a molecular resolution of the confocal microscopy experi-
ments to parameterize the model.

4 Colloid dynamics in the dilute
sample (¢ = 0.19)

In the previous section we have found traces of the confined
dynamics for a dense sample (¢ = 0.32) in many different
dynamical observables. In the following, we will contrast these
results to the dynamics in a significantly more dilute sample
(¢ =0.19).

The mean-squared displacement shows a similar behavior as
observed for the dense sample (see Fig. 1 and 7). In particular, we
find a significantly reduced diffusion in the lateral direction. The
most noteworthy difference to the dense system is that the

100 g
E Loy = 4.3, (Aa(f)2) — ]
E Loy = 43, {Ax(1)?) ;
~a L L/op=5.2,(Az(t)?) — Pt
K} 2, {Az(1)?)
& 5, (Ax(t)?) |
> 5, (Az(t)7) E
4 7
Nb’E. :
=
T ;
a ]
01 "/’ll' 1 Lol 1 Lol
10 100 1000
t/T

Fig. 7 Mean-squared displacement in the dilute system (¢ = 0.19) mea-
sured using confocal microscopy (full lines) and computer simulations
(dotted lines). Shown are the in-plane ((Ax(t)?)) and lateral direction
((Az(t)%)) for channels with different confinement length L. The arrows
indicate the long-time limit in egn (12).
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experimental trajectories show unphysical behavior for ¢ > 600 s.
This is mainly because the colloid dynamics is significantly
accelerated (factor 3 in the diffusion coefficient) and the scanning
time increases due to the larger confinement lengths L for this
experiment. In consequence, the linking of the trajectories is much
more difficult and leads to instabilities for longer trajectories.
Additionally, particles were traveling faster and thus more quickly
left the field of view of the microscope which means that there are
fewer long trajectories for the dilute sample. Finally, the colloids
also bleached faster since they were more exposed to the laser,
making it increasingly difficult to identify particles in the later
measurements. In contrast, the simulation model does not suffer
from these technical details and perfectly shows convergence
towards the long-time plateau in Fig. 7, as predicted by eqn (12).

We also observe in Fig. 7 that the simulation model slightly
underestimates the values for (Ax(£)*) compared to the experi-
mental results, while it overestimates (Az(¢)*). This observation
is different from the dense system in which the single time
scale was sufficient to superimpose the MSD in both spatial
dimensions. We believe this is caused by the absence of
hydrodynamic interactions in the simulation model which
becomes more critical in dilute samples. Hydrodynamic inter-
actions affect the in-plane and lateral dimensions differently,
since the walls reflect any fluid flows and thus has a strong
impact on hydrodynamics. In consequence, the assumption
made in the present manuscript to just match the dynamics
using a single, dimension-independent time scale becomes
questionable. In other words, we can use our modeling
approach to separate dynamics induced by the dense packing
of colloids from the hydrodynamic interactions which are only
visible in experiments.

Extracting the diffusion coefficients D, and D, from the MSD
we observe for both experiments and simulations that diffusion
becomes slower in systems with larger confinement length L
(see Fig. 8). This result stands in stark contrast to the behavior

0.013 0.21
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- 02
0.01 S
=]
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= 0.008 | - 0.19 &
Q o)
0.007 E
0.006 | 3
4 018"
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0.004 |-
0.003 AN S [ E—— 0.17

Ljoy,

Fig. 8 Diffusion coefficient D along the in-plane (x) and the lateral (2)
direction for different confinement lengths L in the dilute sample (¢ =
0.19). The diffusion coefficient was extracted from the data in Fig. 7 using
linear fits. The diffusion coefficient is compared to the volume fraction ¢.
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discussed above for the dense system in which diffusivity was
faster for larger L. This surprising observation can be explained
by the increase in volume fraction ¢ for larger confinement
length as shown in Fig. 8. This increase in volume fraction ¢
emerges from the wedge geometry measured in the experi-
ments. As shown in ref. 16, this kind of wedge geometry can
induce volume fractions ¢(L) that increase with L and, in
polydisperse mixtures, to slower diffusion.’® The impact of
the increase in volume fraction thus outweighs the tendency
of higher diffusivity at larger L observed in Fig. 2.

There are two factors which reduce the impact of confine-
ment on the dynamics of the dilute samples compared to the
denser system: (i) the reduced volume fraction leads to less
pronounced density fluctuations which will likely also manifest
itself in the dynamics, and (ii) the generally larger confinement
lengths L imply that, in particular in the center of the channel,
the behavior is nearly bulk-like as already discussed in ref. 10.
Nevertheless using the MFPT approach introduced in this
manuscript we are able to visualize inhomogeneities in the
dynamics, as shown in Fig. 9. While in the center of the channel
the MFPT is nearly flat showing that layering only plays a minor
role, and the impact of the pronounced boundary layer is very
well visible in the dynamics. Consistent with what we have
discussed for the dense system, we can thus conclude that there
is a very strong correlation between the observed inhomoge-
neous structural properties and emerging dynamics.

Finally, we also investigate the incoherent scattering functions
for the dilute system. Interestingly, the agreement between experi-
ments and simulations is even better than what we observed for
the dense sample (compare Fig. 6 and 10). In particular, there is
basically no discrepancy between experiments and simulations in
the long-time behavior for larger q. We explain this by the fact that
particles are less in contact in more dilute samples and thus any
molecular details play a subordinate role. The simulation model
thus becomes more precise in the dilute sample on the level of the

oo | Azloy =04 — Azjo, =09 —
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Az/op =075 — n(z) —
)
=)
©
N
-
> 100
0
<
X
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Fig. 9 Mean first-passage time, (z(z, Az)), as defined in egn (7) for the
dilute system (¢ = 0.19) and L = 6.5a,,. Shown are results for different lateral
distances Az, as well as the density profile n(z).
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Fig. 10 Incoherent scattering function S{)(g, 1) for different modes p =

=0 (top), p = 0, v = 1 (center), and u = v = 1 (bottom) for ¢ = 0.19. Results are
shown for different wave numbers g and various confinement lengths L. The
arrows indicate n,,_,, i.e. the behavior for t — 0. We have included error bars in
(b) for the experimental results since they are larger than the typical line width.

static interactions. The missing hydrodynamic interactions, in
return, are less important since we do not study very small g.

It is noteworthy that we still find statistically significant devia-
tions from zero for the off-diagonal component S§)(g,£), emphasiz-
ing the importance of confinement and inhomogeneities on the
colloid dynamics. However, due to the increased dilution and
confinement length L, the amplitude S$)(q,t — 0) = n, is signifi-
cantly smaller than in the dense system and, consequently, the
signal is more noisy, in particular for the experimental results.
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5 Conclusion and outlook

We have investigated the impact of confinement on the dyna-
mical properties of colloidal suspensions. The confinement is
induced by two (nearly) parallel, rough surfaces, thus creating a
channel which is just a few colloid diameters wide. In agree-
ment with previous work, we find strong correlations between
the structural properties, such as layering, and the dynamics,
described by inhomogeneous diffusion coefficients and mean
first-passage times.

The major contribution of the present work is that our
modeling approach allows us to quantitatively compare results
from confocal microscopy experiments and molecular-dynamics
simulations. For most descriptors, we find good agreement
between both approaches, despite the simplicity of the simula-
tion model. This highlights that the dynamics of dense colloidal
suspensions can be modeled using computer simulations,
although both static interactions and dynamics are described
only by four parameters in the coarse-grained model and no
long-range hydrodynamic interactions were considered. Larger
deviations have only been observed for the incoherent scattering
function in dense suspensions for large wave numbers, and for the
mean-squared displacement in dilute suspensions. We account the
former to details in the shortrange interactions between colloids
which are not perfectly modeled by the coarse-grained simulation
model, and the latter to the missing hydrodynamic interactions.
Finally, replacing the rough boundary in the simulation model by a
flat wall, allowed us to isolate the impact of the glass surface coating,
thus showing that it qualitatively changes the confinement
dependence of the in-plane diffusion coefficient.

The goal for future experimental studies should be to go to even
denser systems and investigate dynamical arrest, similar to the
multi-reentrant glass transition described in ref. 16. While dense
systems have been studied experimentally before in ref. 24, the steps
between two measured confinement lengths L was too large, AL >
oy, and thus it was not possible to see any of the non-monotonous
effects caused by the difference between commensurate and incom-
mensurate packing. The challenge for such experiments will be to
avoid crystallization which was observed in simulations even for
high polydispersity due to fractionization induced by the walls.>®
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