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The non-equilibrium assembly of bimodal colloids during evapora-
tive processes is an attractive means to achieve gradient or stratified
layers in thick films. Here, we show that the stratification of small
colloids on top of large is prevented when the viscosity of the
continuous aqueous phase is too high. We propose a model where
a too narrow width of the gradient in concentration of small colloids
suppresses the stratification.

Multi-layered films and coatings have numerous applications,
ranging from pharmaceuticals™” to photovoltaic devices® and
automobiles.” Stratified microstructures with designed surfaces®
are known to tailor coating properties, including the abrasion
resistance,®’ wetting,®° antifouling,'® corrosion resistance,'* and
even flame retardancy.'” Self-stratifying coatings'® offer greater
sustainability through efficient use of resources: materials, time
and energy."* In certain circumstances, binary mixtures of large
and small colloids,">™ or colloids with soluble polymers in a
common solvent,'®® stratify during drying such that a layer of
the smaller species spontaneously assembles at the top of a film,
called the “small-on-top” structure.*' One explanation (but not
the only one) for the phenomenon is a diffusiophoresis
mechanism®? in which the larger particles diffuse downward in
a concentration gradient of the smaller species that develops
during drying.
Experiments
that the stratification of small particles above larger particles
occurs when the volume fraction of small particles, ¢g, is
sufficiently large, and the Péclet number, Pe, for the process
is sufficiently high. Pe depends on the velocity, ve,, at which an
evaporating solvent surface moves downward, the collective
diffusion coefficient of a particle, D, at the initial time, and

162325 and simulations®®*” have both shown
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the initial film thickness, H. It is given by Pe = Hv.,/D, and is
large when evaporation is faster than diffusion.

Most of the reports in the literature have investigated
colloidal binary systems of large and small particles. However,
there have been some experiments® and simulations®® consid-
ering stratification in ternary systems consisting of colloids of
three different sizes and also experiments on polydisperse
systems.”® Elsewhere, mixtures of colloids with polymers in
dilute solutions have been investigated in experiments,"®
simulations,"®?° and theory®® with a Pe defined for the coiled
chains.

Models developed by Zhou et al.,** Sear and Warren,*
Sear,*” and Rees-Zimmerman and Routh®* make predictions
for the parameter values for which stratification is observed.
Rees-Zimmerman and Routh and Zhou et al. both used models
in which the large and small colloids each obey diffusion-like
equations. In contrast, Sear-Warren and Sear use models that
assume a large size difference between the large and small
colloids. They then compute the forces arising from the concen-
tration gradient along the surface of the large colloid and hence
find an induced motion of the large colloid due to the gradient
in concentration of the small. Experiments have generally
found good agreement with these models for colloid (and
polymer/colloid) mixtures.>"** However, in experiments on model
systems of colloids dispersed in water or organic solvents, values
of Pe > 100 are not typically obtained, and this regime has been
largely unexplored.

Stratification with higher values of Pe were investigated
using Langevin dynamic simulations, which suggested that there
is an optimum value of Pe to obtain the maximum stratification.*®
However, the optimum value was not found, and there were no
experimental investigations. Tang et al*® found in large scale
molecular dynamics simulations that the amount of “small-on-
top” stratification increased monotonically with Pe. The stratifica-
tion was most enhanced at an intermediate value of Pe ~ 300 for
their system. They separately explored the effects of strong tem-
perature gradients achieved by raising the temperature of the
substrate and accounting for the effects of evaporative cooling.*”
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Fig.1 Schematic diagram of the initial film system (thickness of H)
consisting of three components in water. Large (acrylic) and small (poly-
urethane) colloids are represented by the purple and orange circles,
respectively. A water-soluble polymer (thickener) is represented by the
white coils.

With very high evaporation rates (greater than are achievable in
experiments), they found “large-on-top” stratification.

Here, we experimentally explore stratification in the high-Pe
regime, seeing if there is an upper limit to the effect. We do not
use excessively high evaporation rates or temperatures, but we
slow the diffusivity of the colloids by raising the viscosity of the
continuous aqueous phase. When used in waterborne coatings,
colloidal dispersions contain additional components, such as
thickeners, pigments and wetting agents.*® We studied a mix-
ture of two colloids with a water-soluble polymer that is used as
a non-associative thickener, as is illustrated in Fig. 1. As water
evaporates and the polymer becomes more concentrated, Pe
increases further. We propose a physical model to explain the
experimental observations.

In our experiments, we mixed acrylic copolymer particles
(mean diameter of 160 nm) with polyurethane particles (28 nm)
in water (see Table S1 (ESIT) and a description of the materials
in the ESIf). In all cases, the volume fraction of the small
polyurethane particles, ¢s, in the initial mixture was 0.1.
To achieve a range of Pe values for the smaller colloid, Peg,
varying over four orders of magnitude (from 4 to 4 x 10%), we
raised the viscosity of the aqueous phase by adding a water-
soluble, non-associative thickener at two volume fractions of
¢r = 0.01 and ¢r = 0.02 (based on the total volume of the
dispersion). We varied the evaporation rate by increasing the
temperature or by flowing air across the film surface, and
adjusted the film thickness (Table S2, ESIt). For each sample,
we used Raman depth profiling (described in ESIt and Fig. S1)
to determine the extent to which the surface was enriched with
the small polyurethane particles. We then classified the films
as being stratified (having greater than a 15% excess concen-
tration of the small particle than expected in a random mix-
ture), intermediate (an excess of 12 to 15%), or non-stratified.

When no thickener is added, there is a value of Peg above
which stratification is observed (see Fig. 2a). The transition
point is very similar to what is found from a model by Sear**
(as is shown by the dotted line). This model assumes that
stratification will occur when Peg is above a threshold value:
Pes > Qjam/Ps, where ¢jam is the jamming volume fraction for
spherical colloids. Because of the effects of jamming, ¢s must
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Fig. 2 Parameter maps (Pes and ¢s) for stratification for colloid mixtures
(a) without thickener; (b) with thickener at ¢t = 0.01 and (c) ¢t = 0.02.
Experimental data are shown with the symbols with their size being
proportional to H. The colour of symbols indicates when stratification
has occurred (green: yes) or has not occurred (red: no) or is intermediate
between the two (yellow). The minimum Pes for stratification according to
the Sear model*? is shown as a dotted line. The upper Peg limit, above
which stratification does not occur according to our revised model, is
dependent on the ratio of initial film thickness to the radius of the large

H H
colloid, = The solid line at the upper boundary uses R= 6250 (corres-
L L

ponding to an average H of 500 um). See the Jupyter notebook (Master-
plot) in the ESI.t (d) Schematic diagrams showing a large colloid (purple) in
a concentration gradient of small particles (yellow) in water (blue). At the
left, width of the gradient layer, Ag, is less than the diameter of the large
colloid.

typically be <0.2 for stratification to occur, according to
the model.

When thickener was added, Peg is always large enough so
that Sear’s model*? predicts stratification, and indeed with an
initial thickener volume fraction of ¢ = 0.01 (Fig. 2b), strati-
fication was observed for some values of Peg. However, at the
highest values of Pes, no stratification was found, contrary to
the expectations of Sear’s and Zhou et al.’s models. With ¢ =
0.02 (Fig. 2c), only high values of Pes were obtained, and
stratification was never observed. There was intermediate stra-
tification only for very thick films.

The existence of an upper limit on stratification in our
experiments at high Peg is a new discovery that has not been
predicted by existing models in the literature. We therefore
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analyse our ternary system under high Pe and why the original
model fails.

First, we reconsider our model for diffusiophoresis, which is
the motion of one species, here the larger colloid, arising from
a gradient in concentration in another species, here the smaller
colloid. Hence, the diffusiophoretic speed U of the larger
colloid is proportional to the spatial gradient in the volume
fraction of the smaller colloid, ¢, as given by

0= 20, (%) o

where z is the distance along the axis normal to the descending
evaporating interface. The diffusion coefficient for the small
colloid of radius, Rs in a liquid with a viscosity of # is given by
the Stokes-Einstein expression as Ds = kT/6mnRs, with kT
representing the thermal energy at a temperature of 7. A large
colloid in a concentration gradient of smaller particles is shown
schematically in Fig. 2d.

To achieve stratification, the diffusiophoretic speed U must
be large enough to separate the large and small colloids
during drying. This requires a large enough gradient of the
concentration of the smaller colloid. At high Pes, the smaller
colloid will rapidly accumulate below the descending water/air
interface, and so its volume fraction will reach ¢;jom. As Okozune
et al>® and Sear’® realised, when jamming occurs, a jammed
layer of the smaller colloid descends at a speed

Ps
Vjam = ch/( -0

jam
is an accumulation zone of width Ag = D/Vjs,, Wherein the
volume fraction of the smaller colloid is

). Below this descending jammed layer

05(82) = b5+ (dm — 05) | -5 8220 @)

with Az being the distance below the jamming front.** This
accumulation zone is shown as the gradient in colour in Fig. 2c.

For stratification to happen, the large colloids must outrun
the descending jammed layer of the smaller colloids, i.e., U(Az =
R;) > Vjam. Here we consider a large colloid with top edge
touching the descending jammed layer and so with a centre of
mass at a distance of R;, below this layer. In our model, the
jamming front is descending at a constant speed Vjar, and with
a concentration profile ahead of the front that moves at the
same speed. Stratification then occurs if - at that front - the
large colloids are being pushed down by this gradient at a
speed that is at least as fast as vjm.

Using the derivative of the small colloid volume fraction to
determine the diffusiophoretic speed, and requiring that it
exceed Vjam, We have

(Gn 05 e |- 1 )

where a factor of vj,, cancels, simplifying the expression.

In earlier experimental work®' at moderate Pe values of
order one to ten, the width of the accumulation zone Ag was
much larger than the size of the larger colloids, so that the
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exponential term, exp [_T}’ was close to 1. Sear and
Warren®® approximated the ratio as 1. Thus, they and
others®** neglected the effects that occur when the width of
the accumulation zone for small particles becomes comparable
to the size of the larger colloids. This neglect is typically
reasonable for Pe values of order ten or less. However, in the
current experiments, we are reaching very large values of Peg by
greatly increasing the viscosity. The resulting strong decrease in
Dy also dramatically decreases Ag, meaning that Ag can become
comparable to the size of the larger colloid, thereby weakening
diffusiophoresis.

To compare with experiment, we note that we can write Peg =
VeyH/(Vjam4c), i.e. the Péclet number varies as 1/Ag so that the
left-hand side of eqn (3) decays exponentially with increasing
Pe. If we replace the inequality by an equality, we obtain an
upper limit on Pe for stratification. Here, we set H = 500 pm and
Ry, = 80 nm, which is appropriate for our experiments. This
upper limit is plotted in Fig. 2 as the solid curve.

From the experimental results we can see that only weak
(vellow points) or no (red) stratification is observed at very high
Peg in the systems containing thickener, therefore suggesting
an upper Peg limit exists. Looking at the solid lines, which show
the predictions of a stratification window from our revised
model with an upper limit, a general agreement with the data is
apparent.

When the thickener was introduced into the binary mixture,
the initial viscosity of the continuous phase, #, increased, as
presented in Fig. S2 (ESIt). This effect appears in our model as
a smaller Ag arising from the smaller Dg. However, as the
viscosity increases rapidly with thickener concentration during
drying, the viscosity will rapidly increase. This effect is not in
our very simple model. However, we can estimate the time
dependence of the viscosity during drying, as follows.

Knowing the initial volumes of thickener and water, and
having measured v.,, we calculated the time evolution of the
volume fraction of thickener in the aqueous continuous phase,
¢cp(t). With an experimental scaling relation of i ~ ¢¢&s, found
via rheology measurements at a low shear rate of 0.1 s * (Fig. S2
and Table S3, Viscosity_fitplot Jupyter notebook in ESIf),
we transformed ¢cp(t) into 7(t), which is the time-dependent,
low-shear-rate viscosity of the continuous phase during water
evaporation. See Fig. 3a. Note that due to the steep dependence
of viscosity on concentration, the viscosity increases by orders
of magnitude during drying.

Using 7(¢) and the Stokes-Einstein expression to find the
evolving Dy (Fig. S3, ESIt), we plot an estimate of Ag as a
function of time during evaporation in Fig. 3b. We estimated
the change in Ag for a film with ¢ =0.01, H =300 pm, and ve, =
140 nm s~ . The evaporation velocity is approximately constant
for drying times ¢ < tjam, however, Dg decreases strongly with ¢.
We see in Fig. 3c that A; decreases by orders of magnitudes
during drying.

The upper solid curve in Fig. 2 is the Péclet number above
which even the initial width of the accumulation zone is
too narrow to drive stratification. At lower initial viscosities,

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Time evolution of the viscosity of a thickener solution, 5(t), and
(b) the width of the gradient layer, /g, during the evaporation of water at a
rate £ = 140 nm s~ at T = 30 °C, in a film an initial thickness of H = 300 pm
with ¢ = 0.01 initially.

although A may be initially wide enough for stratification, it
may become too small during the evaporation process, thus
switching off stratification during drying. Thus, for systems just
below the solid curve in Fig. 2, there may be only very weak or
partial stratification. Note that the time-dependent viscosity in
Fig. 3a is only an estimate, which was obtained from measure-
ments of low-shear viscosities of thickener solutions at a few
different concentrations.

Our experiments clearly observe suppression of stratifica-
tion at high Pe, and our model is consistent with that finding.
However, within our simple model, the thickener solution is
treated as a uniform continuous phase. The thickener’s only
effect in our model is to slow the diffusion of the large and
small colloids strongly, via an increased viscosity that appears
in the Stokes-Einstein expression for Ds. The thickener mole-
cules in the continuous phase could potentially stratify during
film formation, as has been reported already for polymer/
colloid mixtures.'® However, the swollen thickener particles
(>300 nm) are large compared to the colloids and at high
concentrations will raise the viscosity, which will act against
their stratification. The Raman depth profiling method was not
applied to the thickener molecules to explore this possibility.
Our system is a complex four-component mixture of two
colloids, highly-swollen thickener particles, and water. Hence,
it is possible that other mechanisms are at play beyond those
considered in our model. Further work is warranted.

Information on the evolving particle dynamics during the
evaporation process, such as has been obtained elsewhere
using laser speckle imaging,*® would provide essential informa-
tion to understand the evolving effects of the thickener on
stratification. Also, as the thickener is shear thinning, future
work could consider both the colloidal diffusion and the
diffusiophoresis in viscoelastic media.

In summary, we have shown that self-stratification does
occur in drying bimodal colloid films with a thickener in the
continuous phase, but only over a range of Péclet numbers.
We discovered that when the value of Peg exceeds an upper
limit, stratification is suppressed. Our simple model predicts
that this upper limit depends on H/R;, and occurs when the
width of the gradient layer becomes too narrow (less than Ry).
Our results provide a warning for the formulators of stratified
systems to avoid the high-Pe limit.

This journal is © The Royal Society of Chemistry 2022
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