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When films are deposited from mixtures of colloidal particles of two different sizes, a diverse range of
functional structures can result. One structure of particular interest is a stratified film in which the top
surface layer has a composition different than in the interior. Here, we explore the conditions under
which a stratified layer of small particles develops spontaneously in a colloidal film that is cast from a
binary mixture of small and large polymer particles that are suspended in water. A recent model, which
considers the cross-interaction between the large and small particles (Zhou et al., Phys. Rev. Lett., 2017,
118, 108002), predicts that stratification will develop from dilute binary mixtures when the particle size
ratio (a), initial volume fraction of small particles (¢s), and Péclet number are high. In experiments and
Langevin dynamics simulations, we systematically vary o and ¢s in both dilute and concentrated
suspensions. We find that stratified films develop when ¢s is increased, which is in agreement with the
model. In dilute suspensions, there is reasonable agreement between the experiments and the Zhou
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et al. model. In concentrated suspensions, stratification occurs in experiments only for the higher size
ratio o = 7. Simulations using a high Péclet number, additionally find stratification with o = 2, when ¢s is
DOI: 10.1039/c7sm01267e high enough. Our results provide a quantitative understanding of the conditions under which stratified

colloidal films assemble. Our research has relevance for the design of coatings with targeted optical and
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Colloidal particles can be cast from suspensions to make a
coating or film on a substrate. Colloidal films have a wide variety
of applications, including inks," cosmetics,” pharmaceutical
encapsulation,>* active ingredient binders,>® adhesives,”® and
paints.”'® Waterborne colloidal polymer particles, commonly
known as latex, are attractive because they form dry films with
only a small (or no) release of volatile organic compounds (VOCs)
into the environment,"" whereas their solvent-cast analogues are
polluting to the atmosphere.

Mixtures of more than one type of colloidal particle are of
interest because they hold the potential to control and alter the
properties of a final composite film. For example, the addition
of hard polymer particles to soft polymer particles (with a
glass transition temperature, T,, below the temperature of use)
decreases the tack of film surfaces, even when present at
relatively low concentrations,'” increases the dynamic storage
modulus significantly,”* ™ but decreases the strain at failure."®

Binary colloidal suspensions in which the number ratio of
large : small particles is 1:1 or 2:1 etc. have been shown to
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mechanical properties at their surface.

create close-packed arrays, known as binary colloidal crystals
(bCCs), which have structural similarities to the NaCl crystal
structure.”” Depending on the size ratio and relative numbers
of spherical polymer particles, a variety of crystal structures
can be deposited.'®'® Computer simulations predict a huge
variety of possible structures in these systems, some of which
have been experimentally verified.”® There has been previous
work using dilute binary colloidal polymer suspensions to
deposit dried particle monolayers or multi-layers via dipping,®
horizontal deposition,®® and lifting from the air-water
interface.?” However, there have been fewer systematic studies
of particle ordering in structures deposited by horizontal
drying from concentrated binary colloidal suspensions of
similarly charged (nano)particles.

Excellent progress has been made in understanding the
phase equilibria of binary colloidal suspensions. However,
when depositing films by the evaporation of the continuous
phase, the colloidal suspension is not at equilibrium. Non-
equilibrium behaviour is much less well understood but can be
richer. In most film applications, the colloidal system is not at
equilibrium. In this work, we consider the distribution of the
two populations of particles in a binary colloidal film in which
the particles are stratified in layers of particles with different
size during the non-equilibrium process of drying.

Soft Matter, 2017, 13, 6969-6980 | 6969
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Stratified films are desirable for many applications®*>°
because they allow the top, bottom or bulk interior regions to
have differing properties. Stratification of particles during
drying will occur in a mixture of two (or more) types of particle
when there are differences in their diffusivity. When the top
surface of a wet film descends during evaporation, colloidal
particles will accumulate near the liquid/air interface if their
rate of diffusion is slow relative to evaporation.>” The relative
rate of evaporation over diffusion is measured using a Péclet
number, Pe.

According to the Stokes-Einstein equation, the diffusion
coefficient for a colloidal particle in a fluid is inversely related
to its size. Trueman et al”®*° showed with modelling and
experiments of mixtures of particles with two sizes that strati-
fication by size developed at intermediate evaporation rates.
In this regime, slow-diffusing large particles accumulate at the
top air/water interface, but the faster-diffusing small particles
are more uniformly distributed. This mechanism applies when
Pe for the large particles, Pe;, is greater than unity, but Pe
for small particles, Peg, is less than unity. The simulations of
Trueman et al. showed that stratification by size is inhibited at
higher volume fractions of particles. Interactions between the
particles®®*" can also result in the motion of the particles in a
mixture. This motion is caused by gradients in the concentration
of the mixture components and is called diffusiophoresis or
cross-diffusion.

Fortini et al.>* recently discovered a stratification mechanism
that relies on particle interactions, and is applicable at higher Pe
when both large and small particles have large values of Pe.
During the drying process, a gradient of the small particles
pushes large particles away from the descending air/water inter-
face faster than the smaller particles are pushed away. Their
work used both simulations and experiments to consider strati-
fication in a mixture of particles with a large : small size ratio, «,
of 7. They found that stratification occurred only when the
concentration of small particles in relation to large particles
was sufficiently high. More recently, Fortini and Sear®® presented
simulations of polydisperse colloids in which stratification by
size occurs.

The simulations of Fortini et al.”® were consistent with a
model in which the downward velocity of the large particles, vy,
is greater than the velocity of the small particles, vs. According
to their physical model, the difference in these velocities is
related to the particle size ratio, a, as:

l. 32

Av=v —vg = —%g(rxz -1) )

Here, ¢ is a drag factor, which is related to the viscosity of the
continuous liquid phase; 0P/0z is the osmotic pressure gradient
in the direction normal to the substrate, which is created by the
water evaporation. The findings of Fortini et al. were supported
by additional simulations and the use of dynamical density
functional theory by Howard et al.>* They found that a stratified
layer of small particles grew faster and thicker when « was
higher. Stratification occurred even at lower evaporation rates
where Pe was near unity.**
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Very recently, Zhou et al.>® presented a related model, which
considers the interactions between the small and large particles.
They used a second-virial coefficient theory that will be accurate
in dilute suspensions. They derived an equation, applicable for a
dilute binary mixture of particles, which defines the parameter
space where stratification is expected. The boundary between
stratified and non-stratified regimes was predicted to be:

2*(1 + Peg)ps = 1 (2)

where ¢s is the initial volume fraction of small particles. Peg
refers to the Péclet number for the small particles. Stratification
is predicted to occur at a high size ratio («), a large Peg, and a
high initial volume fraction of small particles (¢s). Interest-
ingly, Zhou et al. found that stratification is not influenced by
the initial concentration of large particles, ¢;. We will refer to
their model hereafter as the ZJD model.

The computer simulations of Fortini et al**> and Howard
et al.** employ very similar models. Howard et al. demonstrated
that their results are consistent with the results of Fortini
et al*® Similarly, Zhou et al*® specifically compared their
predictions to the results of Fortini et al. and found general
agreement. We note that Howard et al.*>* found stratification in
their simulations when Peg = 1.5, o = 8, and ¢g = 0.03, such that
o*¢ps(1 + Peg) = 4.8 > 1, which predicts stratification according
to the ZJD model (eqn (2)). Thus, there is some consistency
between these two works.

This analysis suggests that although the Z]JD model should
only be valid for dilute suspensions, it at least predicts trends
observed in simulations when the volume fractions are higher.
The ZJD theory,*® our theory,>* the density functional theory
of Howard et al,** and the simulation results agree that the
interaction between the small and large particles drive the
segregation by particle size. They also agree that stratification
requires a gradient in the concentration of the small particles,
which is only present for Péclet numbers greater than unity.

Martin-Fabiani et al®® studied stratification in a binary
system in which o had an initial value of 7. In their experi-
ments, the radius of the small particles was increased, while the
number of particles remained constant. Thus, o decreased at
the same time that ¢g increased. They found no stratification
when o was lower and ¢s was higher. They argued that with
a higher ¢g there was less time available for stratification prior
to reaching the point of particle jamming. Also, the differences
in the velocity of the large and small particles was lower,
according to eqn (1).

The ZJD model®® provides a useful framework to design
colloidal systems to undergo stratification. However, their theory
strictly applies to the dilute regime only. All three models
(ZJD, Fortini et al.** and Howard et al.**) use implicit solvents.
To keep the computation fast and the theories simple, the
solvent (water) is replaced by a uniform continuum, which
exerts viscous drag and random Brownian forces on the colloidal
particles in Langevin or Brownian dynamics simulations. There
is a clear need to test these models, particularly when the initial
particle concentration is high.

This journal is © The Royal Society of Chemistry 2017
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It has been shown previously via Monte Carlo simulations,
in combination with experimental studies, that the disorder of
particle packing increases with size polydispersity.®” It was also
reported that increasing evaporation rate increases the disorder.
Other experimental work has shown how small numbers of large
particles can disrupt the local packing of small particles.*®*° In
monosized latex films, hexagonal close-packing is commonly
observed.*° It has been recognised in the literature that particles
of a differing size disrupt the ordering, but a greater quantitative
understanding of the phenomenon is needed.**

Randomly-packed colloidal structures have applications
in disordered photonic materials to suppress the propagation
of light.*> Random close-packed structures are also found in
nature and give rise to structural colour.*® Disordered colloidal
structures that scatter light at specific wavelengths and angular
distributions hold potential to create colours in paints.**
Disordered structures of electron donor and acceptor particles
have uses as bulk heterojunctions in photovoltaic applications.*>
Despite this potential in applications and numerous advantages
over ordered structures, disordered binary particle assemblies
have been largely unexplored.”’ There is a particular need to
understand the relation between particle concentrations and
particle ordering in binary colloidal films, and we address this
topic here.

In this work, we examine whether stratification occurs in
systems with one of two different size ratios: « =2 and o = 7. We
employ both experiments and Langevin dynamics simulations.
First, we consider the dilute system and compare experimental
results to the predictions of the ZJD diffusion model. Then,
we examine stratification in a concentrated system in which
the total initial volume fraction of particles is fixed at ¢or =
¢s + ¢ = 0.4. Our experiments and simulations constitute the
first systematic tests of the ZJD model. We provide a compre-
hensive set of data to build the understanding of stratification
in colloidal films. We also examine quantitatively the develop-
ment of disorder in binary colloidal films as the fraction of
small particles is increased.

Experimental
Latex synthesis

Latices were prepared by emulsion polymerisation of methyl
methacrylate (MMA), butyl acrylate (BA) and methacrylic acid
(MAA) at Akzo Nobel Decorative R&D (Slough, UK). A monomer
ratio of 18.3:13.3:1 of MMA : BA: MAA made a copolymer with
a T, of ca. 40 °C (determined by differential scanning calori-
metry with a heating rate of 10 °C min~' (TA Instruments,
New Castle, DE, USA)). Two sizes of these ‘hard’ particles were
synthesized (see Table 1). Through the same method, ‘soft’
particles were synthesised with a higher proportion of BA
to yield a copolymer with a T, of 12.9 °C. Synthesis of
these particles is described in greater detail in a previous
publication.*® The particle diameters and polydispersity index
(PDI) were measured using dynamic light scattering (Malvern
Zetasizer Nano Series, Malvern, UK).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Characteristics of the particles used in the experiments

Particle name  Hydrodynamic diameter, dy (nm)  PDI Ty (°C)

Lgsf 378 0.069 12.9
MedHd 181 0.005 41.1
SmHd 54 0.242 33.6

Hard nanoparticles (with a hydrodynamic diameter of 54 nm)
were prepared through emulsion polymerisation of MMA, BA
and MAA. A description of the synthesis is provided elsewhere.?
For the purposes of this work, the particles will be named
according to their relative diameter (large (Lg), medium (Med),
small (Sm)) and type (hard (Hd) of soft (Sf)), i.e. ‘LgHd’ denotes
‘large hard’ particles. Table 1 summarises the types of particles.

Mixtures of soft and hard particles were made by mixing the
dispersions of the particles listed in Table 1. They are named
according to their nominal size ratio of large to small particles ().
Compositions with a range of volume fractions of small particles,
¢s, and large particles, ¢, were made. Table 2 lists the initial
volume fraction of the mixtures used in experiments. In the first
series of experiments, the suspensions were dilute; ¢;, was fixed
at 0.05 and ¢g was always below 0.1. In the second series of
experiments, the suspensions were concentrated with the total
initial volume concentration, ¢, set to 0.4.

Film formation

Glass substrates (18 mm x 18 mm) were cleaned in acetone in a
sonicating bath for 5 min. They were dried using nitrogen gas
and placed in a UV ozone cleaner (Bioforce, Nanosciences) for
5 min to produce a hydrophilic surface. The volume fraction of
particles in the initial dispersion was reduced, as needed, by
dilution with deionised water. Films were cast by depositing
0.05 mL from a pipette onto the substrate and then spreading
to coat the entire surface area. When ¢ = 0.4, the initial
thickness of the films was estimated to be H = 0.16 mm. Films
were formed in static air at a room temperature of approxi-
mately 22 °C and relative humidity of 50%. Under these
conditions, the evaporation rate, E, of water in a latex film
has been reported to be 1.1 x 1077 m s~ ' (expressed as the
velocity of the falling surface),*” and this is taken as the value in
our calculations that follow.

Image analysis

Images of the surface of each of the surfaces of each of the
cast films were obtained using an atomic force microscope
(NTEGRA, NT-MDT) and analysed using NT-MDT Nova software.
An NT-MDT Au-coated cantilever with a nominal spring constant
of 0.5 N m~ ' was used. Images were obtained using intermittent
contact over areas of 5 um x 5 pm and 2.5 um X 2.5 pm for
qualitative analysis and over areas of 5 pm x 5 pm for quanti-
tative analysis of the surface ordering.

Order parameters

In the present work, the coordinates were determined for the
LgSf particles (and LgHd) in 5 um x 5 um AFM images using
Image] software (version 1.49), from the United States National

Soft Matter, 2017, 13, 6969-6980 | 6971
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Table 2 Binary mixtures used in the experiments
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o Composition

LgSf + MedHd (dilute)

LgSf + MedHd (concentrated)
LgSf + SmHd (dilute)

LgSf + SmHd (concentrated)

NN NN

Institute of Health (http://imagej.nih.gov). A custom macro
script was used to generate the coordinates of the particles in
the images. Any mistakes, such as missed particles or inaccurate
selection of a particle, were corrected manually.

The local symmetry of the particles was calculated using a
two-dimensional version®® of the g¢ orientation bond order
parameter.’® The type of local symmetry of a particle is deter-
mined by looking at the distance between, and the orientations
of, the neighbouring particles. More information is provided in
the ESI.7 Here, we distinguish between disordered particles and
particles with hexagonal or square ordering. An example of the
analysis is presented in Fig. 1.

Langevin dynamics simulations

We simulated a binary mixture of smaller and larger spherical
purely repulsive particles with diameters of dg and dy, respec-
tively. The simulation box has dimensions of L, x L, x H, where
H is the height. We used periodic boundary conditions in the
x- and y-directions, while in the z-direction the box is delimited
at the bottom by a hard substrate, and at the top by a soft wall,
which models the air-water interface. The particles are modelled as
hydrophilic, with a contact angle with respect to the model interface
equal to zero, which means that the particles are hydrophilic and
not surface-active. We do not explicitly simulate the water molecules
in which the particles are suspended, and describe the motion of
the colloidal particles using an overdamped Langevin dynamics at
constant temperature, 7. The simulations were carried out using the
LAMMPS package.” Evaporation is modelled by the downward
movement of the model air-water interface at constant velocity
Vey = 0.2dg/t,, with ¢, being the unit of time used by LAMMPS.
Our LAMMPS simulations use Langevin dynamics to model
diffusing (i.e., Brownian) particles. In the simulations, we set

Fig. 1 (a) AFM topographic image obtained from a binary film for which
o = 2 and ¢s = 0.025. The image shows hexagonally-ordered, square-
ordered, and disordered particles. Image area is 5 um x 5 um. (b) Image
analysis highlights the different local ordering of individual particles in
image (a). Green = hexagonal, red = square, and blue = disordered.

6972 | Soft Matter, 2017, 13, 6969-6980

¢s o
0.004, 0.02, 0.05, 0.08 0.05
0.004, 0.01, 0.02, 0.04, 0.08, 0.12, 0.16, 0.2 0.4 — ¢
0.004, 0.02, 0.05, 0.08 0.05
0.02, 0.04, 0.08, 0.12, 0.16, 0.2 0.4 — ¢s

the thermal velocities and drag coefficients of the particles to
reproduce diffusive dynamics (on length scales of the particle
diameters and above) with defined diffusion constants. These
diffusion coefficients obey the Stokes-Einstein relation in the
sense that they scale as one over the particle diameter. Details
of the parameter values and how the diffusion constants are
calculated have been reported previously.>® The initial volume
fractions of our simulation runs are reported in Table S1 of the
ESI.T We simulated two different size ratios: « = 2 and o = 7.

Data from the LAMMPS output file was analysed using a
Python3 program. To compare with experiments on dried
colloidal films, we used the configuration with a volume fraction
nearest 0.64. The exact volume fractions are given in Table S1 in
the ESI.T We choose the value of 0.64 because hard spheres jam
at volume fractions around this value.”" It was observed that the
pressure rose sharply at later times in the simulations, which
reveals that the particles were being compressed. Concentration
profiles were constructed in the top layer through a depth of 20ds
with a bin width set to 1ds. It was found that bin widths of 0.5dg
and 2dg gave similar profiles.

Scanning electron microscopy (SEM)

SEM images were obtained using a JEOL JSM-7100F electron
microscope. Before imaging, samples were sputter coated with
a 2 nm layer of Au. For cross-sectional imaging, films were
submerged in liquid nitrogen until frozen then snapped using
plastic tweezers. Images were obtained using an accelerating
voltage of either 5 or 10 kV.

Results and discussion

We will first review the experimental results for films made
from suspensions that were initially dilute. We use AFM
analysis to determine if a greater number of small particles is
found at the top surface than is expected from a random
mixture. An excess of small particles is taken as a signature
of stratification. After exploring the dilute regime, we next
present experimental results and simulations for films deposited
from concentrated suspensions.

Dilute regime

We start by presenting the surface structures of films in which
¢, was fixed at 0.05 and ¢s was varied. AFM images were
obtained from the surfaces of films cast from mixtures with
o =2 and o = 7. The small, hard particles do not deform during
film formation, and hence they protrude from the film surface,
making them apparent in the AFM topographic images.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 AFM height images obtained from binary blend films for which
¢ = 0.05 (dilute regime). o is shown before each row. ¢s is varied (as stated
for each column). All image sizes are 5 um x 5 pm.

Representative images obtained with both size ratios, with ¢g
increasing from 0.004 to 0.08, are presented in Fig. 2.

When the initial volume fraction of small particles is low
(¢s = 0.004) there are ordered regions of large particles at the
film surface, in experiments with both size ratios. Only a few
small particles can be seen. In contrast, when ¢s = 0.08 the
surfaces are nearly fully covered with small particles. It is
apparent that an increase in the number of small particles
has a pronounced effect on the surface structure.

To test whether there is an excess of small particles at the
interface we compared the surface compositions with a model
that assumes that the particles are randomly mixed. For the
situation in which there are n small particles (with a diameter
of ds) per every large particle (diameter of d;), the number of
large particles per unit area, N, is given via a simple geometric
model as:

N = 4; (3)
(rdi? + nmds?)
Here, it is assumed that the particles cover a fraction, f; of the
area of the surface. For hexagonal packing of mono-sized circles,
[ is defined as 7/(2./3). In our experiments, we measured the
number of particles per unit area through the analysis of AFM
images to investigate the extent of stratification.

Particles were counted in AFM images manually. Particles
with their areas being 50% or more visible contributed to the
count total; those less than 50% visible by eye were not
counted. An experimental result in which the number of large
particles per unit area is lower than the simple theoretical
prediction indicates that stratification of small particles has
occurred at the top of a film.

Fig. 3 shows the number density of large particles at the film
surfaces determined experimentally compared with the geo-
metric model assuming random mixing (given by eqn (3)) for
both size ratios as ¢s is increased. The figure shows for the
lowest value of ¢s (0.004) that the number of large particles at
the film surface is consistent with the predictions of the model.
However, for the highest ¢s (0.05 and 0.08), the number of large
particles falls toward zero and is much lower than predicted by
the model. This analysis indicates that stratification of the
small particles in a layer at the top of the film has occurred.
For the intermediate concentration, ¢s = 0.02, the number

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Counts of large particles per unit area, N, in experiments using
particle mixtures with o = 2 (filled squares) and « = 7 (open circles) as a
function of the volume fraction of small particles, ¢s. In all experiments,
¢ = 0.05 (dilute regime). Dotted line (& = 2) and dashed line (x = 7) show
results from the simple geometric model given in egn (3).

density of large particles is approximately one-half what is
expected from the model, which we consider to be partial
stratification.

Next, these experimental results are compared to the
predictions of the ZJD model. For each experiment, « and ¢g
are known. For the small particles, Peg is defined as:

_HE _ HE(3nuds)

Pec = 212 _
= Dg keT

(4)
where H and E are as reported here earlier, and Dy is the Stoke-
Einstein diffusion coefficient for the small particles. To calcu-
late Dg, the viscosity of the continuous phase (water) is taken
to be u =1 x 107 Pa s, ky is Boltzmann’s constant, T is the
absolute temperature during drying (taken to be the room
temperature), and ds is the hydrodynamic particle diameter for
the small particles in the particular mixture, as was listed in
Table 1. Thus, experimental values were obtained for each of the
parameters in eqn (2). In typical experiments, Peg had values of
2.2 for the SmHd particles and 7.4 for the MedHd particles.

Following on from the simple analysis present in Fig. 3, each
of the surface structures of the samples was classified as being
either (1) stratified, (2) non-stratified, or (3) intermediate. The
stratification of the binary colloidal films are represented in
relation to the ZJD model by the symbols in Fig. 4. The region
above and to the right of the solid line presenting eqn (2)
is where stratification is predicted. At ¢s = 0.004, the films are
not stratified in experiments, as is expected from the theory.
At ¢g = 0.05 and ¢g = 0.08, the films are stratified, which is also
consistent with the theory. At the intermediate composition of
¢s =0.02, there is an intermediate amount of stratification, and
the two data points straddle the line separating the stratified
and non-stratified regions.

A clear weakness in our experimental AFM analysis is that
we only consider the surface structure here, and we do not
obtain depth profiles of particle concentrations. The theory
defines the stratified state as having a decreasing concentration

Soft Matter, 2017, 13, 6969-6980 | 6973
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Fig. 4 Experimental data points (obtained using AFM analysis) in compar-
ison to the prediction of egn (2) (solid line). In all experiments, ¢_ = 0.05
(dilute regime). Red open symbols designate stratified films according to
analysis of the film surface, and filled blue symbols designate non-
stratified. The two-colour symbol represents the intermediate situation.
Results are presented for blends with two different size ratios: o = 2
(squares) and o = 7 (circles). According to ZIJD model, the parameters
above the line should be stratified.

0.15

of large particles going toward the surface (a negative concen-
tration gradient). Without sub-surface information, the strati-
fication cannot be fully characterised.

Concentrated regime: low ¢s

Colloidal films used in a variety of applications are often deposited
from a concentrated dispersion, rather a dilute system.”

Increasing ¢

View Article Online
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Therefore, stratification in concentrated dispersions is of great
practical interest, and hence we consider it next. We present
experiments and simulations in which ¢ is fixed at 0.4, as
¢s and ¢, are varied.

Fig. 5 and 6 presents a series of AFM images of the surfaces
of colloidal films as ¢s was increased with o = 2 and o = 7,
respectively. In conjunction with the experimental results,
Langevin dynamics simulations were also conducted. From
these simulations, the final snapshot of the top surface of the
film was captured. The surfaces are shown and compared to
their respective experimental results for « = 2 (Fig. 5) and o = 7
(Fig. 6).

When o = 2, as ¢ is increased, both experiments and
simulations show less hexagonal ordering of particles. This
can be seen qualitatively through a visual comparison of
simulation snapshots and experimental AFM images in Fig. 5.
This general agreement illustrates that the structure formation
in the colloidal films observed experimentally can be adequately
described by simulations of repulsive Brownian particles without
any trapping of particles at the air/water interface.

Quantitative analysis of ordering also shows very similar
trends in the hexagonal ordering up to ¢s = 0.04. Comparisons
of the experiments and simulations are shown in the ESI{ in
Fig. S1. Both the experimental and simulation data indicate a
decrease in the hexagonal fraction by ca. 0.6 over this range.
Above ¢s = 0.04, the simulations show a greater decrease in
hexagonal ordering relative to the experimental results. The
disorder in simulations also correlates with the experimental
results up to ¢s = 0.002; both sets of data show an increase of
ca. 0.30. Above ¢g = 0.002, the quantitative disorder shows a

Simulation

Experimental

Fig. 5

Images of the top surfaces of films obtained from Langevin dynamics simulations (upper row) and AFM topography (bottom row). For all images,

o = 2 and the initial volume fraction of particles, ¢, is 0.4. The initial volume fraction of small particles, ¢s is shown in the label for each image. The area
of each image is 5 pm x 5 um. Particle colours in the simulations indicate a particular particle’s ordering parameter: hexagonal (green), square (red), or
disordered (blue). The order parameters for small particles (in yellow) were not found.
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Increasing ¢

Simulation

Experimental

Fig. 6

v

Images of the top surfaces of films obtained from Langevin dynamics simulations (upper row) and AFM topography (bottom row). For all image,

o =7 and the initial volume fraction of particles, ¢, is 0.4. The volume fraction of small particles, ¢s, is shown in the box for each image. The area of each
image is 2.5 um x 2.5 um. Particle colours in the simulations indicate each particle's order parameter: hexagonal (green), square (red), disordered (blue).

The ordering parameter for small particles (in yellow) was not calculated.

significant increase relative to the experimental results, as is
discussed in the ESI.{

When o = 7 (Fig. 6), both the experiments and the simulations
show the same trends of increasing disorder and a reduction in
hexagonal order as ¢g is increased. Despite showing the same
general trends, the values of ¢s at which hexagonal ordering is low
(i.e. disorder is increased) are significantly lower for the simula-
tion results. Simulations show a rapid decrease in hexagonal
ordering, dropping to 0.00 at ¢s = 0.04 and a corresponding
disorder of 1, whereas experimental results show significant
hexagonal ordering of 0.83 at ¢s = 0.04. In this system, the
presence of small particles stratified at the surface has an even
greater impact on ordering results as significant stratification
occurs in simulations at values as low as ¢g = 0.04.

Concentrated regime: high ¢g

We next consider films cast from suspensions that start with a
total volume fraction of 0.4. A series of AFM images of the top
surface of films with ¢g ranging from 0.12 to 0.2 is shown in
Fig. 7 for both size ratios. We can see that stratification occurs
for o« = 7 when ¢s > 0.12, where there are very few large
particles at the surface; it is nearly saturated with small
particles. For o = 2, it is not clear from a simple visual
observation whether stratification has occurred.

When o = 7, the quantitative measurements of large number
density, presented in Fig. 8, also show that stratification occurs
when ¢s > 0.12. It is seen that the number of particles per unit
area is significantly lower than in the theoretical model that
assumes random mixing. When « = 2, the experimental results
shown in Fig. 8 are very similar to the geometric model
predictions, indicating that stratification has not occurred.

This journal is © The Royal Society of Chemistry 2017

Increasing ¢

Fig. 7 AFM height images of binary blend films for which « = 7 (a—c), and
o = 2 (d—f). The initial volume fraction of particles, ¢t = 0.4 (concentrated
regime). Three volume fractions of small particles, ¢s were used: (a), (d)
¢s = 0.12; (b), (e) ps = 0.16; and (c), (f) ¢s = 0.2. Allimages are 5 um x 5 pum
in area.

Both the ZJD model®® and the model of Fortini et al.*?
predict that at a fixed initial volume fraction of the small
particles, stratification is stronger for larger values of «. We
observe that the trend in our experiments matches the model’s
predicted trend. The ZJD prediction in eqn (2) defines a threshold,
above which the gradient in the concentration of small particles
becomes large enough to push the large particles away from the
top surface. It appears that for « = 2, and with a high initial
volume fraction, the gradients of the small particles during drying
never become large enough to deplete the large particles from the
top surface. Note that our particle concentrations start at a volume
fraction of 0.40 but presumably jam as the volume fractions

Soft Matter, 2017, 13, 6969-6980 | 6975
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Fig. 8 Counts of large particles per unit area in experiments using particle
blends with o = 2 (filled squares) and o = 7 (open circles). The dotted line
(x = 2) and dashed line (¢ = 7) show results from the simple geometric
model given in egn (3). In these experiments, the initial total volume
fraction of particles, ¢, was 0.4.

approach random packing®" at 0.64. Thus, the film height reduces
by only about one third before particle mobility and hence
stratification ceases.

The experimental results are compared to the predictions of
the ZJD model (eqn (2)) in Fig. 9. The theory predicts that all
samples should show stratification at o = 7, whereas only three
samples with the highest ¢g exhibit stratification in the experi-
ments. At o = 2, the theory predicts stratification when ¢ is high,
but there is no stratification in the experiments. The diffusion
model was derived for dilute concentrations, and hence it is not
surprising that it over-estimates stratification when compared
with experiments on concentrated suspensions.

We performed a similar analysis of the results of the
simulations, such as those shown in Fig. 5 and 6, by counting
the numbers of large particles per unit area at the film surfaces.
The results are presented in Fig. S2 (ESIf). The simulated
surfaces were analysed when the particles had reached the

100

1 L 1 L L
0 0.05 0.1 0.15 0.2

#s

Fig. 9 (a) Experimental data points (obtained using AFM analysis) in
comparison to the prediction of egn (3) (solid line) in the concentrated
regime where ¢t = 0.4 (concentrated regime). The red open symbols
designate stratified films according to analysis of the film surface, and filled
blue symbols designate non-stratified films. Results are presented for
blends with two different size ratios: o = 2 (squares) and o = 7 (circles).
According to the predictions of the ZID model, the parameters above the
line should be stratified.

0.25
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point of close packing. The specific arrangement of particles
of the surface depends strongly on the applied pressure at the
time when the simulation is analysed. The results in Fig. S2
(ESIT) show that there are fewer numbers of large particles
being counted at the surface (with less than one-half their area
being covered by small particles) than are predicted from
random mixing. However, the Langevin dynamics simulations
contain information on the positions of the particles through-
out the film thickness during the drying process. Hence, they
can be used to determine stratification through measurements
of particle concentration gradients in the z direction, normal to
the substrate. This method to analyse the stratification in the
simulations is more reliable than counting large particles at the
surface and hence is used hereafter.

Fig. 10c presents a plot of how the final concentrations
of small and large particles, ¢§ and ¢, respectively, vary at
and just below the top surface. The final concentration was
obtained from the data set in which the total volume fraction
of particles was approximately 0.64, which corresponds to the
point of random packing.>! Fig. 10b shows a cross-sectional
view of a simulation for o = 2 and ¢g = 0.19.

The concentration profiles in Fig. 10c show almost complete
depletion of large particles at the top surface and an excess of
small particles there. The negative concentration gradient of
large particles indicates stratification according to the defini-
tion of Zhou et al.>* Note however that the depletion is only over
a few particle diameters at the surface. This is different from
the thick layers of solely small particles observed by Fortini
et al.*® in their simulation studies, which all started at the lower
volume fraction of 0.1. We estimate the width of the stratified
layer, w, by fitting an equation of the form:

w

oF :f+AeXp(Z_h> (5)

to the experimental data. Here, f is a volume fraction far from
the top surface, 4 is the amplitude of the excess concentration
at the surface, and £ is the position of the top of the film.
In Fig. 10c, the best fit value is w = 4.2, which indicates that
the stratified layer has a thickness on the order of four small
(or two large) particle diameters.

In experiments, the extent of stratification can be investi-
gated qualitatively in SEM images of cryo-fractured cross-
sections. When o = 2 and ¢g = 0.2, there is no clear evidence
for stratification (Fig. 10a). The cross-sectional structure
appears similar near the top and bottom of the film. Quantita-
tive analysis of the cross-sections is not reliable because of
difficulty in distinguishing large and small particles in the SEM
images. Pull-out and fracture of particles creates additional
uncertainty, making the method unreliable.

In Fig. 11, we show similar analysis for colloidal mixtures
with a higher size ratio of « = 7. For experiments with ¢g= 0.2, a
distinct layer of small particles is seen to lie above a layer
containing large particles (Fig. 11a). The thickness of the stratified
layer is not uniform, but in some regions it is approximately the
thickness of two large particles (ca. 700 nm). As was also
concluded when observing the top surface of the film, there is

This journal is © The Royal Society of Chemistry 2017
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(a) SEM image of cryo-fractured cross-sections of dried films for which o = 2, ¢s = 0.2 and ¢ = 0.4. Scale bar is 1 um. There is no apparent

stratification of the film. (b) Cross-sectional visualisation of the results of a Langevin dynamics simulations for which « = 2, ¢s = 0.16 and ¢ior = 0.4. The
small particles are shown in yellow. (c) Particle concentration profiles near the top surface for the simulation in (b). The distance in the vertical direction, z,
is expressed in units of the small particle diameter, ds. The red circles show £ for the small particles, and the blue squares show ¢f for the large particles.

The characteristic width of the profile is w = 4.2ds.

Fig. 11
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(a) SEM image of cryo-fractured cross-sections of dried films for which o = 7, ¢s = 0.2 and ¢ior = 0.4. Scale bar is 1 pm. The white line demarcates

the boundary of the stratified layer of small particles. (b) Cross-sectional visualisation of the results of a Langevin dynamics simulations for which o = 7,
¢s = 0.044 and ¢ior = 0.4. The small particles are shown in yellow. (c) Particle concentration profiles near the top surface for the simulation in (b). The
distance in the vertical direction, z, is expressed in units of the small particle diameter, ds. The red circles show ¢% for the small particles, and the blue

squares show ¢} for the large particles.

stratification. In the Langevin dynamics simulation for this
same size ratio, but with ¢g = 0.044, there is a similar distinct
layer of small particles at the top of the film, with a thickness
on the order of two large particle diameters (Fig. 11b and c).
Similar layers can be seen in simulation and experiment,
although at a lower ¢s in the simulation. The computer
simulations use a simple approximate model that appears to
over-predict stratification.

Other simulation results in Fig. 12 show a variety in the
extent of stratification. For mixtures with o = 2, Fig. 12a
presents the profiles when ¢g = 0.02, whereas Fig. 12b presents
the profiles for a higher ¢s of 0.12. At the lower ¢s, there is no
enrichment below the surface, and no depletion of the large
particles, but when ¢s is increased, an enriched layer of small
particles develops. As we expect, upon increasing ¢s, there is a
transition from no stratification (Fig. 12a), to a weak stratifica-
tion (Fig. 12b), and finally to a thick stratified layer of the small
particles (Fig. 10c).

Similarly, with « = 7, small particles partially decorate the
film surface when ¢ is low (0.005), but there is no depletion of
large particles near the surface (Fig. 12c). The width of the

This journal is © The Royal Society of Chemistry 2017

surface layer of small particles is only w = 1.9ds, which is less
than one large particle diameter.

We compared the results of the simulations at high initial
particle concentrations (¢ = 0.4) to the predictions of the
Z]JD model. To be consistent with the theory, we define
stratification as having a negative concentration gradient of
large particles at the film surface. We consider only concen-
tration gradients extending over distances greater than at least
one large particle diameter. We present the results of the
comparison in Fig. 13.

The simulations find that stratification occurs in concen-
trated suspensions for the highest concentrations of small
particles, as is expected from the theory. However, the
boundary between the stratified and non-stratified regions is
found at a higher ¢s than expected from the theory. Experi-
mental results (presented previously in Fig. 9) are overlaid
for comparison. The experiments and simulations used
different values for Pes. Nevertheless, Fig. 13 reveals that
stratification is observed for both simulations and experiment
when o?(1 + Peg) has a value on the order of 100 and when
¢s is greater than 0.1. The dashed line in Fig. 13 represents

Soft Matter, 2017, 13, 6969-6980 | 6977
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Fig. 12 Cross-sectional visualisations (left column) and concentration
profiles (right column) obtained from Langevin dynamics simulations of
three different colloidal films, all with ¢ = 0.4. The red circles show ¢,
and the blue squares show ¢f. (a) & = 2 and ¢s = 0.02. There is no evidence
for stratification. (b) « = 2 and ¢s = 0.12. The characteristic width of the ¢&
profile (red line) is 4.5ds. (c) « = 7 and ¢s = 0.005. The characteristic width
of the ¢£ profile (red line) is 1.9ds.

10000
B0 0
1000
q)(li
a
+ 100
=) R B8 B0
3
10
1

0 005 01 015 0.2 025

95

Fig. 13 Data points obtained through analysis of the Langevin dynamics
simulations and experiments in comparison to the prediction of egn (3)
(solid line) in the concentrated regime where ¢ = 0.4. The red/pink open
symbols designate stratified films according to the analysis, and filled blue
symbols designate non-stratified films. Results are presented for blends
with two different size ratios: o = 2 (squares) and « = 7 (circles). Experi-
mental results presented previously in Fig. 9 are shown as pink and light
blue; simulations results are in red and dark blue. According to the ZJD
model, the systems with parameter values above the solid line are
expected to be stratified. The dashed grey line represents the approximate
boundary that is observed between the stratified and non-stratified regions
in experiments and simulations.

an approximate boundary between the stratified and non-
stratified regions. The boundary predicted by the ZJD model
appears at lower values of the parameters, and hence the
model appears to over-predict stratification in concentrated
suspensions.
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Conclusions

We have completed the first experimental test of the stratifica-
tion theory of Zhou et al.’>® We have found quantitatively the
range of parameters for which stratification is (and is not)
obtained. Our experiments and our simulations both find
stratification of small particles in a surface layer during film
formation. In dilute suspensions, with ¢, = 0.05, the stratifica-
tion observed in experiments is broadly consistent with the
predictions of the ZJD model. In concentrated suspensions,
however, stratification is observed in both experiments and in
simulations only when o = 7 and when ¢5 is sufficiently high.

We found that the parameters that are predicted by the ZJD
model to lead to stratification do not always have this effect in
the experiments and simulations for concentrated systems.
However, the ZJD model makes several approximations, one
of which is only valid at low particle concentrations. Hence, the
model is not strictly applicable to concentrated systems. The
comparison between the results of experiments and simula-
tions for concentrated systems in Fig. 13 shows good agreement
between the two where there is overlap in the parameter space.
The simulations considered values of Peg that are higher than
used in the experiments. As such, the simulation results can be
compared to the predictions of the theory in parameter space
that was not accessed experimentally. The simulations find
stratification for o = 7 when Peg and ¢g are large. Looking at
Fig. 13, the boundary between the stratified and non-stratified
regions for both the experiments and simulations appears at
values of o”¢s(1 + Peg) higher than what is predicted by the ZJD
theory.

The simulations for « = 2 show stratification when ¢g is
greater than 0.1. However, stratification is not observed for o = 2
in any of the experiments. Thus, it appears that the model
employed in our computer simulations has some limitations.
The assumption of an implicit solvent and the consequent
neglect of water flow during drying may be causing the simula-
tions to over-predict stratification. We hope that our experi-
ments will inspire future modelling work to overcome these
limitations.

We can confirm that the ZJD model, as supported with our
data, enables the prediction of how to make either thick or thin
stratified surface layers or vertically uniform coatings from
dilute suspensions. For example, using Fig. 4, and taking « =
3.5 as an example, we predict that there will be weak stratifica-
tion in a suspension with approximately 2 vol% small particles.
When there is 5 vol% small particles, we predict that a distinct
layer of mainly small particles will be found at the surface. If
stratification is undesirable, then it can be avoided with a low
particle size ratio (such as o = 2) and with relatively low volume
fractions of small particles (¢s < 0.1). Furthermore, to sup-
press stratification, the Péclet number could be reduced by
reducing the evaporation rate or the initial film thickness.

This work highlights the need to control the size ratio and
volume concentration of particles when making films from
colloidal suspensions, using the horizontal deposition method.
We have identified the importance of the particle size ratio and

This journal is © The Royal Society of Chemistry 2017
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the concentration of small particles when aiming to create or to
avoid stratified layers. Our data will allow other researchers to
engineer stratified coatings in a quantitative way, such as in the
manufacture of scratch-resistant coatings from binary blends
of hard and soft particles.’* Additionally, the results highlight
the effects of stratification in disrupting the formation of binary
colloidal crystals at film surfaces in a horizontal drying process,
which has relevance to optical properties.****
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