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ABSTRACT

The drying of a multi-component dispersion, such as water-based paint, ink and sunscreen to form a solid
film, is a widespread process. Binary colloidal suspensions have proven capable of spontaneous layer for-
mation through size segregation during drying. To design bespoke stratification patterns, a deeper under-
standing of how these emerge is crucial. Here, we visualize and quantify the spatiotemporally evolving
concentration profiles in situ and with high resolution using confocal fluorescence microscopy of
custom-designed binary dispersions in a well-defined geometry. Our results conclusively establish two dis-
tinct stratification routes, which give rise to three layered structures. A first thin layer develops directly
underneath the evaporation front in which large particles are kinetically trapped. At later times, asymmet-
rical particle interactions lead to the formation of two subsequent layers enriched in small and large parti-
cles, respectively. The spatial extent and magnitude of demixing strongly depend on the initial volume
fraction. We explain and reproduce the experimental concentration profiles using a theoretical model
based on dynamic arrest and higher-order thermodynamic and hydrodynamic interactions. These insights
unravel the key mechanisms underlying colloidal auto-stratification in multi-component suspensions, and
allow preprogramming of stratification patterns in single-deposition formulations for future applications.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Drying of multi-component colloidal dispersions is an everyday
phenomenon occurring in paints, coatings, cosmetics, adhesives,
inks, mud puddles and many more materials|1-5]. Yet, at the
microscale, this evaporation process is far from mundane, featur-
ing an intricate interplay of hydrodynamics, mechanics, colloidal
stability, and manifold interactions. These phenomena evolve
heterogeneously in time and space, to ultimately determine the
spatial architecture of the dry colloidal packing[6]. In this struc-
ture, colloids of different sizes can be autonomously separated in
distinct layers. Leveraging auto-stratification to confer depth-
dependent functionalities is a promising alternative to the current
approach of sequential depositions, which is laborious, time-
inefficient and costly.

Auto-stratification can occur via different pathways: (i) sedi-
mentation or creaming, in which gravity acts upon particles with
density larger or smaller than the medium, respectively. Heavy
particles will be inclined to sink to the bottom, whereas light par-
ticles will tend to float upwards|7,8]. (ii) Marangoni flows arising
from gradients in interfacial tension may lead to differential parti-
cle fractionation in drying droplets[9]. (iii) Particle adsorption at
the liquid-air interface can create a monolayer of a specific type
of particles at the top of the film[10]. (iv) A recently described
pathway relies on the interplay between particle species of distinct
sizes, mediated by asymmetric interactions, to achieve stratifica-
tion[11]. In this work we focus on harnessing and understanding
the latter segregation process.

To describe this segregation process, we start with the well-
established drying of a monodisperse particle dispersion[12]. In
the absence of sedimentation, two competing phenomena can be
discriminated, namely (i) particle diffusion, and (ii) motion
induced by the descending evaporation front. The competition
between these two factors is captured in the dimensionless Péclet
number, Pe = #[6,12,7,11], with H the initial film thickness, v the
evaporation speed of the descending interface, and D the particle
diffusion constant. When Pe >> 1, particles become trapped at the
interface, because their diffusion cannot keep up with the receding
interface. By contrast, Pe < 1 implies that particle diffusion out-
paces the solvent evaporation, causing the particles to remain ran-
domly distributed throughout the film during drying.

A key parameter influencing the particle distribution is the dif-
fusion coefficient, which for dilute spherical colloids is given by the

Stokes-Einstein relation: D = 6’;3,7TR, with kg the Boltzmann constant,
T the temperature, 7 the viscosity of the solvent, and R the hydro-
dynamic radius of the particle. Different Péclet numbers can there-
fore be introduced by differently sized particles in one dispersion,
for example a binary dispersion featuring a small (Pes) and large
(Per) Péclet number[12,6]. According to diffusion theory and exper-
imental evidence, if Pes < 1 and Pe; > 1, the large particles will
accumulate at the top, thus depleting the small particles and giving
rise to ‘large-on-top’ stratification[12,13]. However, the situation
changes when both Pes and Pe; > 1, for which the counter-
intuitive ‘small-on-top’ stratification has been found in both exper-
iments and simulations[11,7]. In this scenario, small and large par-
ticles are jointly trapped at the evaporation interface, creating
concentration gradients and associated osmotic pressure gradients
perpendicular to the evaporation front. These gradients drive both
types of particles away from the interface through diffusion and
diffusiophoresis, which is the migration of one particle species
due to the concentration gradient of the other species
[14,7,15,16]. Combining the diffusiophoretic force with the pri-
mary counter force, i.e. viscous drag, results in a higher velocity
of the large particles away from the evaporation front compared
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to the small particles, ultimately leading to a small-on-top strati-
fied dry film[7,11].

Diffusiophoretic size segregation is governed by thermody-
namic interparticle forces. These interactions were first modeled
via a hard-sphere approximation and second-order virial expan-
sion of the free energy|17], and recently extended to more complex
potentials[16]. For dilute dispersions, these theories are consistent
with experimental data, but for higher ¢¢ (>0.10) they fail to pro-
vide correct predictions[7]. Also with implicit solvent simulations,
i.e. Langevin and Brownian Dynamics[18,19,11,5,20,13], the strati-
fication could be reasonably predicted. However, by switching
from implicit to explicit solvent models, a much smaller parameter
window for small-on-top stratification was found[21,22]. Clearly,
hydrodynamic interactions cannot be neglected. In addition to
osmotic pressure gradients stemming from particle accumulation,
also solvent pressure gradients arise, which lead to solvent back-
flow that counteracts the colloidal fractionation[15,14]. Yet, exper-
imental techniques have failed to measure how all these forces
dynamically interact, and how they lead to the final stratified film.

Experimental methods to study stratified coatings a posteriori
are atomic force microscopy and scanning electron microscopy
(SEM), which elucidate the particle size distribution at the top of
the film only, while cross-sectional SEM, Raman spectroscopy,
energy-dispersive X-ray spectroscopy, elastic recoil detection, con-
focal microscopy, and small-angle X-ray scattering (SAXS) have
been used to reveal the depth distribution of different parti-
cles[11,18,12,23-25,5,2,26-33]. These methods have identified
key parameters influencing the extent of demixing, notably the
size ratio of the two particle types[32,17,15,31], particle polydis-
persities[ 19], initial particle concentrations[11,15], particle inter-
actions|[12], evaporation rate[24,11], and medium viscosity[34].
For a comprehensive overview of the respective effects, we refer
to a recent review by Schulz and Keddie[7]. Although previous
studies have yielded valuable insights into how to tune the strati-
fication pattern of the final dried film, they fail to show the layer
development and the influence of all these parameters during
evaporation. To obtain a quantitative understanding of the stratifi-
cation process, a method is therefore needed that makes it possible
to follow the evolution of the concentration profiles in real time.

To measure the temporal evolution of size segregation, drying
states at specific time points can be fixated by rapid freezing.
Cryo-SEM subsequently allows unveiling the particle distribution
of freeze-fractured cross-sections[35,36]. However, this procedure
is laborious, prone to artefacts, and lacks access to particle dynam-
ics. Recently, SAXS proved to be an alternative candidate, but the
inherent analysis in reciprocal space makes it challenging to
extract meaningful and intuitive quantities[37].

In this paper, we use confocal fluorescence microscopy to visu-
alize stratification in a drying binary colloidal dispersion in real
time. While this method has been successfully applied to resolve
particle concentration profiles|38-40] its potential to shed more
light on the stratification mechanism is still untapped. By precisely
matching the density and refractive index of fluorescent particles
to the solvent, we are able to quantify the spatiotemporally devel-
oping concentration gradients of both particle populations with
high resolution. A well-defined capillary geometry allows us to
mimic unidirectional film drying in a controlled manner. Further-
more, we present a theoretical model that incorporates higher-
order particle-particle interactions, solvent backflow, and the for-
mation of a jammed layer, to fully describe the particle segregation
process. This unique combination of experiments and theory
enables us to wunravel the mechanisms underlying auto-
stratification in drying multi-componentdispersions with a high
level of accuracy.
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2. Materials and methods
2.1. Particle synthesis

The materials used in this study and elaborate synthesis proto-
cols are provided in SI 1.1-1.5. In brief: small particles (0.46 + 0.04
pm, Fig. S1) and large particles (1.6 & 0.06 um, Fig. S1) were syn-
thesized by surfactant-free emulsion polymerization and disper-
sion polymerization, respectively[41,39]. The small particles were
fluorescently labeled by adding the dye (pyrromethene 546) to
the monomer phase. The large particles were fluorescently labeled
by trapping the dye (pyrromethene 650) after swelling. Both parti-
cle species were almost perfectly refractive index and density-
matched with the solvent formamide by using a 24:76 ratio (v/v)
of the monomers tert-butyl methacrylate and 2,2,2-trifluoroethyl
methacrylate. See SI 1.6 for details about the particle
characterizations.

2.2. Preparation of evaporation chambers

Capillaries (Vitrocom nr. 5012-050, 10 mm in length) were
glued to microscope slides (1 mm thickness) with Norland optical
adhesive 61 (NOA 61), whose refractive index is similar to that of
glass after curing, here achieved by illumination with UV light
for ~10 min (366 nm, Camag UV lamp 4). The surfaces of the cap-
illaries were modified in two steps: first, they were activated using
a plasma cleaner (Anadis instruments) for ~2 min. Thereafter, they
were reacted with a  mixture of 425 ul @3-
chloropropyltrimethoxysilane and 75 ul trichloro(1H,1H,2H,2H-p
erfluorooctyl) silane in a glass vial for ~3 h at 70 °C in a vacuum
atmosphere (desiccator) via vapor deposition. This ratio was
empirically found to optimize the contact angle with formamide
to slightly below 90°, such that the particles did not stick to the
glass (which causes additional solvent flows, see Fig. S2), yet the
dispersion would still enter the capillaries through capillary suc-
tion. The surface-modified capillaries were subsequently filled
with ~1 ul sample with different initial volume fractions of small
and large particles. Their ends were sealed with NOA 61 that was
partly taken up in the capillary, and cured with a 365 nm UV
LED (OmniCure LX 300, 320 mW). This ensured that the sample
would dry only at one side of the capillary, thus providing a 1D
evaporation profile. The reference samples for a calibration to
determine the volume fractions from the fluorescent intensities
were created in the same manner, yet with both ends closed using
NOA 61.

2.3. Controlled drying and fluorescence imaging

The fluorescence signal of both dyes was collected in the hori-
zontal direction. Evaporation was initiated and maintained by
applying a low pressure (100 mbar, 22 + 1°C) to the filled capillar-
ies using a pressure adjustable vacuum pump in a custom-made
3D printed vacuum chamber, that fitted precisely inside the micro-
scope stage (Fig. S3). This chamber was closed by pressing the
microscope slides onto a polydimethylsiloxane (PDMS) rubber slab
(glued to the vacuum chamber), so that the chamber became air-
tight. The drying of the sample and the concentration of both par-
ticle populations were followed using an inverted Nikon C2 confo-
cal laser scanning microscope and a 4x air objective (NA 0.15) to
capture a large part of the capillaries around the evaporation front.
The fluorescent dye of the small particles was excited at 488 nm,
and fluorescence was collected between 500 and 525 nm. The flu-
orescent dye of the large particles was excited separately at
564 nm, and the emission was collected between 575 and
615 nm. In this way the fluorescence signals of the two particles
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were well separated, and no significant cross-talk between the
dyes was found. The fluorescence images were collected every
minute over a time span of ~22 h. Note that in this time span, com-
plete evaporation of the sample was not reached. Further details
about the data analysis can be found in SI 1.7.

3. Results and discussion
3.1. Experimental set-up

To measure evaporation-induced stratification in time, we
insert a binary colloidal dispersion into a well-defined capillary
(Fig. 1). We close one side to impose one-dimensional drying from
the open end, thus resembling top-down evaporation of typical
coatings. The dispersion consists of two types of custom-
synthesized polymer colloids: small particles with a diameter of
0.46 + 0.04 pum and large particles of with a diameter of 1.6 +
0.06 um (Fig. 1b, Fig. S1). By using a specific ratio of two co-
monomers, the particles have a refractive index and density that
matches the dispersing fluid formamide[39]. Onto the surfaces of
the particles, a slightly negatively charged polymer brush is cova-
lently attached, to provide steric and electrostatic stabilization and
identical particle surfaces. The two types of particles are each
labelled with a fluorescent dye, which are spectrally separated.

We start our experiments with initial volume fractions of 0.050
and 0.025 for the small (¢s,) and large (¢, o) particles, respectively.
The capillary is positioned in a pressure-controlled atmosphere,
which we reduce to 100 mbar (Fig. S3). This set-up yields highly
similar evaporation rate profiles for the different experiments
(Fig. S4). At the onset of drying, both particle species are homoge-
neously distributed throughout the capillary. However, near the
evaporation front a narrow zone of predominantly large particles
is visible immediately after the reduction of the pressure
(Fig. 1c). After approximately 20 h, a clear change in fluorescence
intensities starts to occur: small particles accumulate directly
behind the intense band at the front, while large particles accumu-
late further away from the evaporation front.

3.2. In-situ imaging of stratification

During the first ~4 h, both small and mainly large particles
accumulate at the evaporation front, which essentially sweeps up
the colloids (Fig. 2). Since the particles cannot diffuse away suffi-
ciently fast to homogenize the concentration throughout the capil-
lary, a sharp inhomogeneity in fluorescent intensity near the
evaporation front arises rapidly at the start, when the drying rate
is highest (Fig. S4b). This layer remains intact, and the constituent
particles remain immobilized during the following evaporation
stages (Fig. 2, Movie S1). Most likely, the strong and long-ranged
electrostatic interactions between the charged particles [42] in this
layer lead to a liquid-to-solid transition, so that a dynamically
arrested layer is formed at the evaporation interface[43]. This
jammed layer contains a pronounced excess of large particles.
We note that this excess of large particles near the front is not
the result of preferential adsorption at the air/liquid interface.
However, while the large particles do not adsorb significantly,
the small particles do form an adsorbed monolayer at the interface
(Fig. S10). This layer of small particles is not visible at the resolu-
tion used in Fig. 2, but becomes apparent at higher magnification
(Fig. S10).

As time progresses, the evaporation front propagates further
inwards, thus lengthening the path that the solvent vapor mole-
cules need to travel through the capillary. As a result, the evapora-
tion rate decreases and the Péclet number is reduced
proportionately (Fig. S4b). After ~4 h, the jammed layer does not
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Fig. 1. In-situ imaging of evaporation-induced stratification in a binary suspension. a) Schematic of the capillary used to mimic and control 1D evaporation. At the back the
capillary is closed, ensuring inward solvent flow.b) Magnification of the colloids, which are labeled with dyes providing good separation of emission wavelengths, as
indicated. The particles feature identical polymer brushes at the surface, and are density- and refractive-index matching with the solvent. In the scanning electron
micrograph, the two particles are delineated. The scale bar represents 1.0 um. c) Representative fluorescence measurements in the early stages (t;,after ~ 0 h) and later stages
(ty,after ~ 20 h) of drying. The top row shows the small particle signal, the middle row the large particle signal, and the bottom row the overlay. The scale bar represents
0.25 mm for all confocal images. With this experimental set-up we are able to follow the changing fluorescence intensities of both particle species during drying.

z(mm)

Fig. 2. Superimposed kymograph of the average fluorescence intensity of 10 pixel
rows in the middle of the capillary of a drying suspension with ¢s,=0.050 and
¢10=0.025. The increasing black region at the left indicates the drying of the sample.
From the start a red band is visible indicating an excess of large particles in the
jamming layer. From t~4 h the evaporation rate decreases, and concentration
gradients start to occur deeper in the sample.

grow thicker anymore, but instead the accumulating particles
retain their mobility and give rise to more gradual concentration
gradients behind the jammed layer (Fig. 2). In line with well-
established theories, osmotic pressure gradients consequently
develop, which lead to particle self-diffusion and collective diffu-
sion away from the evaporation front[44-46]. In addition, the
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two particle species segregate due to diffusiophoresis, which dis-
proportionately affects the large particles: the net force exerted
on them by small particles is much greater than the other way
round|14,7,15]. This asymmetry leads to an excess of small parti-
cles directly behind the jammed region, while the large particles
are expelled from this layer into a band with higher concentration
further away from the evaporation interface (Fig. 2). Continued
evaporation ultimately leads to an enrichment of small particles
behind the jammed layer and of large particles near the closed
end of the capillary. See Movie S1 for the full time series of all
the collected images.

Note that exclusively probing the air interface of this sample
would reveal a predominance of large particles. In some earlier
research, this was erroneously considered the only form of stratifi-
cation, as deeper layers remained obscured. Our findings thus open
the way for re-evaluation of existing literature in which only the
end state is analyzed. In reality, the evaporating binary colloidal
dispersion can be subdivided into different regions: (I) directly at
the evaporation front a jammed, solid-like phase is formed,
because the particles cannot escape this boundary sufficiently fast
and thus get trapped in a jammed zone where diffusion is severely
halted; (II) tens of um away from the interface, a relatively concen-
trated phase of mobile particles develops, from which large parti-
cles are expelled by the small particles due to diffusiophoresis;
(III) around x ~ 0.5 mm the expelled large particles gather, and
(IV) a final region corresponding to the homogeneous bulk of the
sample, which gets progressively depleted.

To obtain insight into the developing concentration profiles of
both particle species (Fig. 3a), we convert these confocal micro-
graphs into 1D fluorescence intensity profiles of both channels,
while accounting for the curvature of the evaporation front
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Fig. 3. a) Representative confocal micrograph with superimposed large (red) particle fluorescence and small (blue) particle fluorescence after 13 h of evaporation. b) Average
fluorescence intensities of the small and large particles in blue and red, respectively, computed by averaging all pixels with a certain distance to the evaporation front in (a). c)
Fluorescence intensity versus ¢s and ¢;, offset by 2 for the large particles for clarity. The solid lines are linear fits to the data. The error bars represent the standard deviations
over all intensities of the pixels in one image of the homogeneous samples. d) Linear conversion of the fluorescence signals in (b) to ¢ and ¢;, using the fit results in (c). This
routine allows quantifying 1D concentration profiles of both particle species for every confocal micrograph.

(Fig. S5), and plot these intensities I against the distance to the ini-
tial position of the evaporation front (x) (Fig. 3b). Since the fluores-
cence intensities are linearly related to the volume fraction of the
small (¢s) and the large (¢,) particles within our range of interest,
as validated from concentration series (Fig. 3c), we can directly
convert the fluorescence intensities to 1D volume fraction profiles
of the two particle populations (Fig. 3d). This method enables us to
independently measure both ¢s and ¢, throughout the capillary
during drying.

3.3. Effects of the initial volume fraction

An important tuning knob for the segregation of the particles is
¢so, as predicted by different theoretical models and experimen-
tally witnessed in the final dry state[17,16,24,29,7]. However, no
experimental work addresses how this influences the temporal
evolution, which is essential to fathom the underlying mecha-
nisms. This temporal evolution of the concentration profiles can
be obtained following the procedure described above. To investi-
gate how ¢, affects the evolution of the concentration profiles
in the different regions, we change ¢s, to 0.025 and 0.10, while
keeping ¢, , constant. For all samples, a sharp surplus of large par-
ticles is visible near the evaporation front at all times, in which the
particles are not mobile, indicating a jammed solid-like phase
(Fig. 4a-c). As a measure for this surplus, we compute the volume
fraction ratio (R;) via:

¢L(X7 t)
¢L(X7 t) + ¢5(X, t)

in which ¢, (x,t) and ¢g(x, t) are the local volume fractions at time t
(shown in Fig. 4d-i). Plotting R; confirms the strong influence of the
starting concentration on the jammed layer: while ¢,= 0.025 fea-
tures only a slight local excess of large particles, which partly disap-
pears over time (Fig. 4j), for higher ¢, a quite pronounced excess
of large particles is observed (Fig. 4k,1). Also the thickness of this
layer increases with increasing initial ¢g. After ~20 h of evapora-
tion, the jammed zone of ¢5,= 0.025 is highly reduced and not
clearly visible any more in the confocal micrographs (Fig. 4a). By

Ri(x,t) = (1)
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contrast, for ¢5,=0.050 a jammed layer with sharp excess of large
particles is visible (Fig. 4b). This band is even thicker for ¢s,=
0.10 (Fig. 4c). Most likely, a larger initial ¢ leads to a faster
build-up of steep particle concentration gradients near the evapora-
tion front, and consequently a larger region where ¢ exceeds the
critical jamming fraction.

Behind the jammed region, diffusiophoresis-driven stratifica-
tion is visible in all samples, which appears after ~6.5 h when
the evaporation rate decreases (Fig. 4d-i and Fig. S4). For ¢g,=
0.025, the large particles are partly expelled from the area directly
behind the jammed front (Fig. 4d,g,j). For ¢s,= 0.050, this band is
even clearer, and additionally a local minimum in ¢, emerges after
~13 h (Fig. 4e,h,k). The increased initial volume fraction of the
small particles gives rise to a stronger concentration gradient,
resulting in a stronger expulsion of the large particles. Interest-
ingly, further increasing ¢s, to 0.10 does not further enhance the
intensity of the third region, even though the small particles accu-
mulate more strongly behind the jamming layer (Fig. 4 f,i,l). Most
probably, the high total volume fraction in this sample leads to
slower diffusion due to particle interactions, thus reducing the dif-
fusiophoretic drift speed. Since the evaporation front propagates at
unaltered rate, the large particles that are too slowly expelled will
be included in the jamming front. Consequently, this sample fea-
tures the most pronounced excess of large particles in the jamming
layer (Fig. 4c), while the optimum for diffusiophoretic demixing is
at ¢s,=0.05. See Movies S2, S3 and Fig. S6, S7 for the full time ser-
ies of all the collected images and concentration profiles corre-
sponding to ¢so= 0.025 and ¢so= 0.10, respectively.

3.4. Theoretical prediction of the developing concentration profiles

To gain a deeper understanding of the mechanisms underlying
stratification, we proceed to establish theoretical predictions of
our experimentally measured volume fractions. Matching the spa-
tiotemporally resolved ¢ profiles allows us to pinpoint the key
phenomena governing stratification. In the Supporting Informa-
tion, sections 2.1-2.5, we provide comprehensive details of our
theoretical model, and sequentially incorporate different elements
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Fig. 4. Superimposed confocal micrographs of a drying binary dispersion after 20 h of evaporation for samples ¢, = 0.025(a), 0.050 (b) and 0.10 (c). The insets show a zoom of
the evaporation interface. The scale bar in (a) represents 0.5 mm, and that in the inset 0.25 mm. They apply to all images. d-f) ¢s and (g-i) ¢, profiles after 1 h (lightest shade)
3.5h,6.5h,13.5 h and 21 h (darkest shade) from the start of drying. The columns represent ¢, = 0.025, 0.050 and 0.10, respectively. j-1) Excess of large or small particles
computed from (a-f) using Eq. 1. Increasing ¢, increases the excess of large particles in the jammed layer, while the excess of large particles in the third region shows an

optimum for ¢ S, 0 of 0.05.

to highlight the resulting effects (Fig. 5). We use the average time-
resolved evaporation rate of the three samples to optimally mimic
the experimental conditions (Fig. S4d). We start our theoretical
framework from the pioneering model for colloidal stratification
proposed by Zhou et al., which is founded on a second virial
hard-sphere approximation (Fig. 5a-b) [17]. While this approach
captures the asymmetric cross interactions to some extent, it is
clear that the second virial approximation becomes inaccurate
especially in the later stages of drying, when the volume fractions
at the front become very high. We therefore modify the theory by
adopting a more accurate expression for the free energy of the mix-
ture, based on the equation of state proposed by Mansoori et al. for
binary mixtures of hard spheres [47], which has been shown to be
accurate up to volume fractions approaching close packing. The
profiles predicted using this more accurate thermodynamic
expression show a similar stratification as for the second virial
approximation, but the higher-order interactions lead to a lower
total volume fraction at the drying front (Fig. 54c-d). As discussed
above, our experimental results strongly suggest the formation of a
jammed region of particles immediately behind the drying front,
where particle motion is arrested. To account for this jammed
region, we assume that the particle diffusion coefficients gradually
decrease with increasing volume fraction, until they are com-
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pletely immobilized at a critical volume fraction. We find a very
good match between experiments and theory when we use a
smooth S-shaped decline of D for both species between 0.05< ¢g
+¢, <0.30 (Fig. 5e-f, Fig. S8). These volume fractions are lower
than those where hard spheres typically arrest, which may be
due to a long-ranged electrostatic repulsion between the charged
particles, which has been shown to significantly reduce diffusion
already at ¢ ~ 0.3[42]. Finally, we have also considered the effects
of solvent backflow and electrostatic repulsion on our model pre-
dictions, but found these to be relatively small (Fig. 5g-j).
Combining all of the above described components leads to
excellent agreement between the main experimental and theoret-
ical trends; see Fig. 6a,c for comparisons of the final ¢ profiles.
First, we find a clear excess of large particles near the evaporation
front, where local accumulation leads to a jammed layer (Fig. 6c).
Second, the extent of diffusiophoresis-driven demixing reaches an
optimum at intermediate ¢g,: only in the ¢so= 0.050 sample we
observe a distinct dip in ¢, at x ~ 1.0 mm (Fig. 6¢). Thirdly, the spa-
tial extent of the diffusiophoretic stratification increases for higher
¢s0, which is visible in the position of the secondary maximum of
the ¢, (Fig. 6a,c). To quantitatively examine this effect over time,
we determine the spatial extent of diffusiophoretic demixing (A)
as the distance between the secondary maximum of R, (Fig. 4g-i,
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Fig. 5. Theoretical predictions of ¢ (first column) and ¢, (second column) after ~ 0 h (lightest shade), 1 h, 2.5 h, 6.5 h, 13 h and 21 h (darkest shade) of drying for ¢, = 0.025,
based on only second order virial coefficients (a,b); higher-order particle-particle interactions (c,d); higher-order particle-particle interactions and slowing down of particle
dynamics (0.05 < ¢ < 0.30) (e,f); higher-order particle-particle interactions, slowing down of particle dynamics (0.05 < ¢ < 0.30) and solvent backflow (g,h); and higher-
order particle-particle interactions, a larger effective radius (50 nm), solvent backflow and slowing down of particle dynamics (0.05 < ¢ < 0.30) (i,j); All the ingredients are

essential to predict the volume fractions in a decent way.

Fig. S9) and the position of the evaporation front for both experi-
mental (Fig. 6b) and theoretical (Fig. 6d) data. At the beginning,
these extremum values are not yet present, but after several hours
of drying they arise clearly. (Fig. 6b,d). In both experiments and
theoretical predictions, we find an approximately linear relation-
ship between A? and the evaporation time for all samples, under-
lining that particle segregation in these regions is driven by the
collective diffusion of the small particles. Furthermore A rises fas-
ter for higher initial volume fractions. The thermodynamic driving
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force for diffusiophoresis, namely the osmotic pressure gradient of
the small species, can reach higher values for higher initial ¢s. The
associated steep ¢ profile builds up over length scales of >0.5 mm
at t = 21 h (Fig. 4¢), due to enhanced collective diffusion. Note that
while the ¢, = 0.10 sample displays a large length scale of demix-
ing, the associated amount is smaller compared to the other sam-
ples, as explained before. The high total volume fraction kinetically
restrains the demixing process, thus limiting the extent of diffusio-
phoretic segregation.
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Fig. 6. Experimental (a) and theoretical (b) profiles of ¢ (blue) and ¢, (red) after ~21 h of drying. The derived diffusiophoretic distance A? over time for the experimental
data (c) and theoretical data (d). Similar trends as the experimental data are visible in a jamming front with excess of large particles, an optimum in the amount of
diffusiophoretic demixing for ¢s,= 0.050, a linear increase in diffusiophoretic demixing and time and a faster increase in A? for higher ¢s..

Although our theoretical model reconstructs the experimental
trends well, we observe mismatches in the exact volume fractions
and A. These discrepancies are partially technical in origin, because
the conversion of fluorescence intensities to volume fractions devi-
ates from the assumed linear trend at high volume fractions
(Fig. 3c). The experimentally determined volume fractions in the
jamming front are thus underestimated. Moreover, our model does
not include wall effects and spatial heterogeneities in the y, z direc-
tions, which could occur due to e.g. small density mismatches
between the colloids and medium, yet only incorporates (moving)
boundary conditions along x. Furthermore, effects arising from
Marangoni flows, due to gradients in (trace amounts of) surfactants
[9] and/or particle adsorption at the formamide-air interface could
play a minor role in the final stratification pattern (Fig. S10, SI 1.5),
yet these phenomena are neglected in our theoretical model.
Finally, the practical reality is inevitably more complex than the
theoretical representation, featuring small contributions from par-
ticle polydispersity, spatiotemporal gradients in salt and surfactant
concentration, complex ¢-dependent variations in the particle dif-
fusion coefficients, etc. Nevertheless, our model captures and
underlines the essence of particle-particle interactions, solvent
backflow, and variable particle mobility to describe the evolving
stratification in binary suspensions.

4. Conclusions

Auto-stratification in drying multi-component colloidal disper-
sions occurs via the build-up of concentration gradients and resul-
tant changes in dynamics and interactions. While a substantial
body of work has been devoted to elucidating this intricate process,
experimental research to date has been focused on the end state
[7,11,33,24,34,27]. Yet, untangling all layers of complexity requires
direct spatial and temporal access to the colloidal concentrations.

In this work, we image and quantify the evolving volume frac-
tion profiles in drying binary colloidal dispersions. By monitoring
the profiles of both types of particles in time and comparing to
numerical simulations, we find that the stratification process pro-
ceeds in a much more complex manner than commonly assumed.
In particular, we show that the interplay between particle jamming
near the moving drying front and colloidal diffusiophoresis in the
region underneath gives rise to a structure consisting of three dif-
ferent layers. Both jamming and diffusiophoresis are rooted in the
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intrinsically out-of-equilibrium nature of drying, yet jamming is
purely kinetic in origin, while diffusiophoresis is shaped by asym-
metric interactions between the two particle species. The first layer
initiates at the rapidly receding evaporation front, which sweeps
up primarily the slower-diffusing large particles. Consequently, a
critical volume fraction is reached locally, causing dynamic arrest
of the particles. Behind this thin jammed layer, more gradual yet
mobile concentration gradients emerge over time. Because both
thermodynamic and hydrodynamic forces are size-dependent,
the larger particles are effectively pushed deeper into the capillary,
i.e. they move away from the second region by diffusiophoresis
away from the second region. The resultant fractionation grows
over progressively larger distances.

To elucidate the governing mechanisms in more detail, we have
mapped the spatiotemporally heterogeneous concentration pro-
files onto theoretical predictions from a three-pillar numerical
model. The foundations of our model are inspired by previous
work, notably asymmetric particle interactions|[17], solvent back-
flow[15,14], and particle jamming beyond a critical volume frac-
tion. We show that merging all of these ingredients is essential
to describe the intricate, dynamic interplays in our three-
component system. In addition, inter-particle interactions beyond
the second-virial approach and concentration-dependent diffusion
coefficients appear indispensable extensions to the existing
theories.

Both experimentally and numerically, we confirm that altering
the initial volume fraction of the small particles is a powerful tun-
ing knob for the extent of the two stratification modes, and hence
the final layered structure. Specifically, the thickness of the
jammed interfacial region increases monotonically with increasing
¢s. The widths and intensities of the diffusiophoretically size-
separated layers display a less clear-cut trend: at low ¢, the con-
centration gradients are shallower and hence the diffusiophoretic
force remains smaller, while at high ¢s,, the colloidal dynamics
are slower and thus the migration of particles is restricted.

Our combined experimental and numerical approach provides
new handles to e.g. study the effects of evaporation rate, particle
sizes, volume fraction of the large species, particle interaction
potential, medium viscosity, etc. For future work we envision
expansion by imparting functional physical [48] or chemical [24]
properties to the particles, so that the established layers in e.g.
coatings gain different desired macroscopic properties.
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