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ABSTRACT: Controlled evaporative self-assembly of colloidal 4 Small-on-Top
particles based on particle size is desirable when designing efficient, N 2',,2;7[” ;;_')Sma” Small-Big-Small

single-step deposition coating processes such as those encountered
in specialized antireflective silica coatings. Particle movement
during the drying process is complex. We experimentally and
numerically investigate particle concentration profiles in binary
colloidal films as a function of the small particle volume fraction
and particle size ratio. Using a chemical potential expression that
incorporates dilute interactions and also accounts for different
particle size ratios, initial concentrations, and Peclet values, we
calculate small and big particle concentration profiles. By
characterizing the full film profile, we observe complex sandwich
structures that were previously not predicted by theoretical models of film stratification and are relevant to specific coating
applications. We employ microbeam X-ray scattering to characterize dried film profiles as a function of the film depth. These
concentration data also show complex sandwich structures and highlight the necessity of full film characterization as opposed to only
examining the surface. The presented numerical model does not correctly predict the measured film configurations, implying that
additional particle interactions may need to be considered.
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B INTRODUCTION where 7 is the viscosity of the solvent; r is the particle radius; H,
is the initial film thickness; E is the speed of the receding air—
solvent interface, ie., the rate of evaporation; kg is the
Boltzmann constant; and T is the temperature.1 In single
particle size systems, Pe < 1 predicts a uniform volume fraction
across the drying film. This is because particles diffuse into a
homogeneous distribution faster than solvent evaporation.

There has been a growing interest in stratification within films
composed of two particle types formed through evaporative
assembly. It has been observed that small particles often gather
at the air—film interface. These experimental and computational
results contrast with those expected by the dimensionless Peclet
number, a previously determined parameter that showed good

agreement with single particle-type systems and is based on a Alternatively, Pe > 1 predicts layering, where the moving air—
simple diffusion model.'™* Appropriate agreement between film interface traps particles to form a layer, or skin, of particles.
stratification theory and experimental results is a critical step to Experimental works employing NMR depth profiling,"*"”
afford control over particle movement and subsequent atomic force microscopy (AFM);N'IB cryogenic-scanning
stratification within solidifying films. Some examples where electron microscopy (SEM)," as well as other techniques“’20
control is desirable include: paints and coatings with specialized have verified these expectations.

properties, such as antimicrobial,” rust-resistant,” high-gloss,” In a system containing particles of different sizes, if Pe values
antireflectivity,® and controlled hydrophobicity;” deposition at of the different particles straddle unity, expansion of the simple

dissimilar interfaces encountered in flexible electronics,®’

energy storage devices,'” and photonic materials;'" inkjet
printing;lz’m and pesticide applications.H’15 Received: February 1, 2024 EEELED s
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diffusion analysis predicts that larger particles with Pe > 1
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accumulate near the top of the film to generate big-on-top
stratification. These particles will not be able to diffuse away
from the moving air—solvent interface fast enough to avoid
entrapment and will jam into a layer near the top of the film,
while the smaller particles continue to diffuse throughout the
film. The degree of stratification depends on the Pe values of
both particles.'”*"** Samples where both Pe values are <I
should show a less stratified distribution compared to samples
where both Pe values >1."'*' Maximum stratification was
experimentally demonstrated in systems where the Pe values
straddle unity."”

This type of analysis does not predict inverted, or small-on-
top stratification, which has been observed computation-
ally’””™** and experimentally by multiple groups.'®**~*’
Evidently, factors beyond a simple diffusive analysis must also
influence particle movement. For small-on-top stratification to
occur, the big particle velocity away from the top of the film must
exceed that of the small particles such that U, > U; where i and j
denote small and big particles, respectively. Zhou et al
computationally demonstrated small-on-top stratification by
including cross terms in the chemical potential expressions.”
They use a second virial coefficient expansion to modify the
Za”.(/ﬁ]

(4/3)r}’

chemical potential, 4, such that #, r = In(¢) + 1 +

where a;is a cross term interaction defined as a; = 2 (r, + rj)3

ij
; ¢ is the particle volume fraction; and r is the particle radius.

The velocity term is U ~ %thi, and the guiding velocity™’

Vi

conditionis AU = (év—’ - 1) U, in which « is the particle size

ratio,a = Vi/,,l, and Vi is the chemical potential gradient. Zhou et

al. presented small-on-top stratification results for dilute samples
with large a values as AU > 0 in these cases. This is because of
the r* term in virial expansion.

Fortini et al. reported”® small-on-top stratification via
computational results using a model that includes excluded
volume diffusiophoresis. Fortini et al. derive

K

AU = (azg' - I)Ui, where K is the sedimentation coeflicient.
7

In both the dilute and concentrated regimes, small-on-top

stratification is achievable assuming KA/K/ > 1 regardless of a.

They qualitatively supported this argument using both
simulation and experimental data with @ = 7 and large Pe
values of around 100. AFM and fluorescence data showed
accumulation of small particles near the top of the film. The
degree of this stratification increased as the number of small
particles increased. Their fluorescence data gave information
about intensity against depth for the large particles, although the
small particles were unlabeled. In subsequent work, both the
large and small particles were fluorescently labeled, to obtain
concentration profiles for both particle types.”® Our work shows
how microbeam SAXS can effectively obtain this information.
Howard et al. also utilized excluded volume diffusiophoresis

Vu.
ﬂi_l)q

T Vi,
where I is the effective friction coefficient.'® Thus, the V ratio
dominates the relative particle velocity. Howard et al. computa-
tionally observed small-on-top stratification for size ratios (o)
ranging from 4 to 8, and high initial small particle
concentrations. Their model captured big particle “trapping”
where a single layer of big particles is observed at the top of the

and posit a condition for stratification as AU = (
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film,"” a feature later shown to be an artifact of the specific
Vu

implicit solvent implementation.”” Assuming a large V—’, these
"

results match our expectations. Sear considered backflow
specifically and proposed a model to consider small-on-top
stratification based on the initial small particle concentration and
Pe, which considered the velocity of a jammed front of small
particles and the velocity of the big particles over the drying
time. This inclusion of backflow reduced the strength of small-
on-top stratification due to diffusiophoresis.*’

Previously, Trueman et al. derived a continuum model for
arbitrary chemical potential expressions and employed conven-
tional colloidal hydrodynamics. They argued that the gradient in
chemical potential and the particle size ratio affect particle
velocity.' Using a chemical potential expression y; = kg T In(¢;),
Trueman et al. computationally predicted big-on-top stratifica-
tion in systems using & ~ 2 and various geometric means of the
small and big particle Pe values. However, a small-on-top
conﬁ§uration was not predicted but was observed experimen-
tally.”" Atmuri et al. used the same equations as Trueman et al.
and included a surface attraction within the chemical potential
equation to induce stratification, albeit without a physical basis
for the surface attraction.”’

Recently, the continuum model developed by Trueman et al.
has been corrected.”> Considering both scaling and numerical
results, the diffusion-only model still predicts big-on-top
stratification when y; includes only an entropic term. However,
this model is general and allows the input of any chemical
potential expressions. When excluded volume diffusiophoresis is
included, accumulation of small particles at the top surface is
predicted. This fluid dynamics model therefore achieves similar
diffusiophoresis results as Langevin dynamics methods but
through a simpler means.">** There is a subtle argument
concerning the degrees of freedom for the particle chemical
potential expressions. This is discussed in the SI.

Notably, Cheng and Grest’® and Sear and Warren®* have
considered stratification computationally in systems using an
explicit solvent model, which may correct for overemphasis of
big particle movement in implicit model works. Explicit solvent
methods include backflow, which is neglected in implicit
methods. However, Tang et al? reported identical inverted
stratification results in comparable systems computed using
implicit and explicit solvents, implying that the effect of the
solvent modeling approach on the stratification results may be
less significant than previously thought. Continuity is ensured in
our continuum modeling, and hence the inclusion or otherwise
of solvent molecules is a complication for the molecular
dynamics technique, rather than being fundamental to the
stratification physics.

One particular challenge in studying stratification is
experimental development, as many techniques are limited to
sample surfaces. Liu et al. found good experimental agreement
with the model proposed by Zhou et al. via AFM character-
ization of film surfaces using films composed of low small
particle concentrations and « values between 2 and 11."°
Similarly, Makepeace et al.”> reported experimental and
computational agreement via cryo-fractured SEM and AFM
image analysis and simulation results for samples where a = 2, 7
and ¢;, varied between 0.0004 and 0.2. Their highly
concentrated sample stratification results deviated from the
model of Zhou et al,, although this is likely because expressing
the chemical potential solely through the second virial
coeflicient is only applicable at dilute concentrations. Small-
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Examples of stratification configurations in final dried films

Figure 1. Schematic of the evaporative assembly process used to fabricate the films in deep-well slides in this study (left) and summary of stratification
configurations (right), including complex sandwich structures where either particle type enriches both the top and bottom of a film.

angle X-ray scattering (SAXS) offers another possible
experimental solution to considering different sample depths.
Others have used typical®>™*” and grazing incidence®® SAXS to
consider drying colloidal films over time but lacked depth
sensitivity. We previously investigated stratification within dried
binary colloidal films using a microbeam SAXS technique,”**’
focusing primarily on the effect of particle size ratio on
stratification. These experiments showed complex configura-
tions where one particle type enriches both the top and bottom
of a film nonhomogeneously,”” depicted along with other types
of stratification configurations in Figure 1. This so-called
sandwich structure has not, to our knowledge, been predicted
by leading stratification theory but has been hinted at in
computational works.””*’

In this paper, we investigate nonhomogenous small-on-top
and complex stratification structures both numerically, using a
model that includes diffusion and interaction terms within the
chemical potential expression, and experimentally, using
microbeam SAXS. The experiments presented here explore a
different parameter space than our previous microbeam SAXS
studies, focusing on the impact of the initial volume faction of
small particles, ¢;,, rather than particle size ratio, as some
theoretical studies have suggested this is an important factor in
determining stratification behavior. The experimental results are
thus distinct from those of previous work. The series of samples
presented here does include one newly prepared sample with a
similar particle size ratio, similar Pe values, and the same initial
volume fraction as reported in a previous publication. This
enabled us to validate our experimental approach.

Within our numerical studies, we are able to introduce any
physical interaction. We choose to explore the effect of particle—
particle cross terms in the description of the chemical potential
via a virial expansion, as proposed by Zhou et al. We present the
resulting predictions of the stratification behavior as a function
of both Pe ratio and initial volume fraction. It is important to
note that we are not including other interactions such as
electrostatic repulsion, van der Waals attraction, or depletion.
Previous diffusion-only models cannot show regimes such as the
small-big-small and big-small-big sandwich structures, which
have been observed experimentally. We compute particle
volume fractions as a function of film depth and drying time
using Zhou et al’s chemical potential expression within a
continuum model and compare these results to our experimental
data. We show that complex configurations are obtainable but,
perhaps unsurprisingly, find little experimental and computa-
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tional agreement. This implies that the current leading models
do not accurately describe our specific drying system, which
would necessitate inclusion of a specific interaction. This will
necessarily be more complex than Zhou et al.’s proposed first
order correction.

B EXPERIMENTAL METHODS

Numerical Analysis. A full derivation and description of the
governing equations is provided elsewhere.”> Briefly, in a system
composed of two different particles, i and j, and solvent, sol, the particle
volume average velocity, V, is described as

-1
Vi = %(K;‘i(ﬁbp ij)vﬂi + (iji/‘((b,-; @)Vﬂj) @)

and likewise for component j. For this paper, we take K to be
K=(1-¢- 43)6.55 3)

and K;; = Kj; = K; = K. This accounts for hydrodynamic hindrance as
the dispersion becomes more concentrated. We define the particle
chemical potentials using Zhou et al.’s equations™® as

1 2 2
—H, =In($) + —ayp + —a
kT vl ()
1 2 2
—u. =In(¢h) + =a,p + —a.dp
kyT' j y 0 , ii%) s)
where
o= ()i o ©
a; = 4y, (7)
4 = 4y (8)

and v is the volume of the particle.

We simulate drying by using a moving, time-dependent top
boundary. To enact these boundaries, we set the particle volume
fraction gradients to zero at the substrate, and we set the particle fluxes
(¢;V;) to zero at the top of the film. For a drying film with initial
thickness H, the height of the film, z, is scaled viaZ = z/ H,» s measured

from the bottom of the film. Similarly, the drying time is scaled with the

rate of evaporation E such that f = tE/HO. We create a static spatial
2
1-f
with the moving top boundary. The drying time is transformed via 7 =%
Taken together, in one dimension, the conservation equation for

particle type i is

domain using & = to eliminate numerical difficulties associated
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For particle type j the conservation equation is
o o Ou,
a_(? 1 f ‘r()_(? - Pej(ll— 1)2% @[K""(@’ 42')6_/2
-0, @‘;—’;]
(10)

The boundary conditions are no flux of particles across the top surface
or the substrate.”> The system is solved numerically using a finite
volume method with Euler time-stepping. The quasi-convective term,
(&/(1—1)) 0¢p;/ BE, is represented using backward finite differences for
stability. An implicit assumption of this calculation is that the system is
colloidally stable. We calculate the concentration of both particle types
over the film height as the drying process proceeds by utilizing a time
step, Az, of 1 X 1078 and a spatial step, A¢, of 0.01. Stratification was
determined via both particle volume fractions at the latest drying time
modeled, 20% of close-packing dryness, as discussed in the Results and
Discussion and Supporting Information.

Film Formation. We prepared drop-cast colloidal films using
polystyrene (Invitrogen) (PS) and silica (Ludox, Sigma-Aldrich) (S)
nanoparticles. As previously reported,”® the hydrodynamic radii Ry of
the PS and S were 21.4 + 1.2 nm and 8.4 & 1.1 nm, respectively, at their
stock pH values and were measured using dynamic light scattering
(NanoBrook Omni, Brookhaven Instruments). Dispersions containing
3 v/v % polystyrene particles and different concentrations of silica
particles, with water as the solvent, were mixed and loaded into plastic,
deep-well slides (Diatec) approximately 2.35 cm in diameter and 0.15
cm in height (Figure 1). The concentrations of silica were: 2, 3,4, S, and
10 v/v %. Films of each pure particle were also created. Samples were
dried for about 24 h in an environmental chamber with a controlled
temperature of 40.0 °C and relative humidity of 60%. Using our
previously reported evaporation rate*® value of 3.5 X 10~% + 3.0 X 10~°
m/s, we calculated the Pe values via eq 1 to be 3.2 + 0.2 and 1.3 + 0.2
for polystyrene and silica, respectively. Final films were clear and
colorless and displayed some cracks. Film thicknesses ranged from 100
to 200 pym.

Microbeam Small-Angle X-ray Scattering. Scattering data were
collected on beamline 11-BM at the National Synchrotron Light Source
IT at the Brookhaven National Laboratory. The incident beam energy
was 13.5 keV, i.e,, a beam wavelength of 0.918 A, and the beam flux was
2.2 x 10° photons/s. The full width at half-maximum beam size was
29.9 pm. Scattered and incident beam data were collected using a
Dectris Pilatus 2 M detector with a pixel size of 172 ym positioned
5.130 m from the sample.

Film pieces were cut using a razor blade, while the films were within
the Diatec deep-well slides, such that the film thickness in the beam
direction did not exceed ~0.1 mm, to discourage excessive absorption.
We then excised these cut pieces from the slides using tweezers,
mounted them on glass coverslips with a minimal amount of grease, and
attached the coverslips to an aluminum stage using a minimal amount of
grease. Scattering data were collected under a vacuum at ambient
temperature over a g range of 2.38 X 107> to 1.80 X 10™' A~ starting at
the top of the film. The sample stage was then translated in 10 yzm steps,
such that the incident beam probed different film depths (Figure 2).
Data were collected for 120 s at each spot to provide good resolution.
Films containing mixtures of silica and polystyrene and pure films
containing only silica or polystyrene were considered. When scanning
through the films, the top surface and bottom surface of the films could
be identified both using the highly asymmetric patterns obtained when
the beams hit the vacuum—film and film—coverslip interfaces and from
the order of magnitude changes in intensity that occurred at these

8105

Incident
Beam

Figure 2. Schematic showing microbeam small-angle X-ray scattering
setup and procedure. An X-ray source generates a beam, which is
focused through various optics and clipped via shutters to obtain a small
beam spot size. This incident beam travels through the sample, and
both the incident beam and the one scattered at a small angle 26 are
detected. The distance between these signals is called g. The sample is
translated in the positive z direction from location z; to a new location
z,, and the process is repeated on a new film depth.

interfaces, when going from vacuum to the films at the top interface and
then from the films to the solid glass coverslips. The scattering patterns
at these interfaces were not included in the analysis. We could not adjust
the tilt of the stage to account for any potential issues with poor leveling
of the film, although in principle this could be done if the stage were
adjustable, using the scattering patterns from the interfaces.

Collected scattered data were analyzed using a linear combination
analysis.”®*” The film mixture intensity scattering data, Ipg, are fit using
pure film scattering data, Ipg and Ig for polystyrene and silica,
respectively, by minimizing the normalized sum of squares to obtain
coefficients a and b. In other words,

alp(z) + blg(2) = Ipg,4(2) (11)

This was completed for each measured film depth. The factors a and b
were normalized to the average intensity value of each pure sample and
multiplied by the expected maximum volume fraction to generate local
volume fractions. Equation 11 is an approximation; strictly speaking,
the binary mixture will have different structure factors from the pure
systems, as packing in the binary system can give rise to local
configurations not present in either pure system. However, both our
pure films and the binary films are disordered and do not show any
signatures of long-range order; thus, we find that eq 11 gives a
reasonable approximation of the total scattering. We also note that eq
11 does not account for any scattering from interstitial regions. The
results presented in this paper are on dried films and were performed
under vacuum; thus, we do not need to account for scattering from
solvent or air between the particles. Our analysis would need to be
modified for systems containing solvent.

Typical goodness of fit values, R?, were >0.97. Uncertainty in the
volume fractions derived from our fits was calculated based on R?, and
these are shown as error bars in Figure 3. In most cases, the error bars
are too small to be easily seen. A large number of data points,
approximately 800 values of I(g), are generated at each film position
and are used as inputs into the fits; thus, the resulting estimated
uncertainties in the silica volume fractions are small. We attempted an
alternative method of estimating the uncertainty based on the average
uncertainty in I for each film position, which we estimate as I,
[errg + erry?]'/?, where erry,, is the Poisson-like shot noise error
associated with photon counting statistics for a signal of a given
intensity in the 1D average curve and errgy is the standard deviation of
the 2D data along an arc at a particular g. However, this resulted in
uncertainty estimates smaller than the uncertainty based on R thus, we
plotted the more conservative estimate of the uncertainty in Figure 3.
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Figure 3. Experimentally determined small particle volume fraction data vs scaled height up the film, with representative small-angle X-ray scattering
detector images at the center of each film (left of each plot) and three-dimensional visualizations (right of each plot) for (A) ¢, = 0.10; (B) ¢, = 0.05;
(C) ¢byp=0.04; (D) ¢h;o = 0.03; and (E) ¢h; o = 0.02. In all cases, ¢h;, = 0.03, the particle size ratio @ = 2.55, and Pe; = 1.3. Color bars accompanying the
data visualizations scale from blue to green for the small particle volume fraction. Black dashed lines represent the expected average small particle

volume fraction for each plot.

Given the relatively weak scattering of polystyrene relative to silica,

only the concentration of silica is considered in this paper, although we

expect that this procedure can also be applied to films composed of two

particles which scatter well, assuming the structure factors of each

particle within the pure film are sufficiently similar to the structure

factors of each particle within the mixed film.
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B RESULTS AND DISCUSSION

We probed the small particle volume fraction as a function of
film depth with microbeam SAXS. Films were prepared by using
a constant amount of big particles, ¢, = 0.03, and a varied
amount of the small particles. We present the determined small
particle volume fraction over the normalized film, representative
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values are calculated via eq 12.

SAXS detector images from the middle of each film, and 3D
visualizations of the concentration data in Figure 3. The black
dashed lines indicate the expected average small particle volume
fraction in the film, calculated based on the initial dispersions.
The areas above and below this line should be equal due to
particle conservation; in practice, we find they are within
approximately 10% of one another.

At the highest small particle initial volume fraction, ¢, = 0.1
(Figure 3A), the small particle volume fraction matches that of
the expected average volume fraction across almost the entire
film. We observed a dip in the small particle volume fraction near
& ~ 0.20. Because our scattering analysis uses scattering data
from both the big and small particles, we can reasonably assume
big particles occupy vacant spaces between small particles. Thus,
there are likely more big particles at this film depth. Overall, the
film is homogeneous or nonstratified. When we decrease ¢, to
0.0S (Figure 3B), we observe a depletion of small particles at the
top of the film. The small particle volume fraction tends to hover
above the expected average from & = 0 to 0.75. At the top of the
film, large particles likely dominate the scattering signal.
Although there is only one datum at the top of the film
supporting a lack of small particles, we characterize the sample as
big-on-top because each datum represents 10 ym of film depth,
and we intentionally oversample to increase the reliability of the
obtained data. We suspect in these cases the particles distribute
homogeneously via Brownian diffusion. Any plausible weak
stratification is overpowered by the higher concentration of
small particles, with respect to the big ones.

At ¢, = 0.04 (Figure 3C), we see a different particle
distribution. The small particle volume fraction slightly
surpasses the expected average concentration, and particles
congregate near £ = 0.3. Toward the top of the film, the small
particle volume fraction matches the expected average. At the
bottom of the film, however, there are notably fewer small
particles and an excess of big particles. Given the excess of small
particles near £ = 0.3, we classify this sample as a complex big-
small-big sandwich structure. This complex stratification is
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highlighted in the visualization of the concentration data (Figure
3C, right).

We observe another sandwich structure for ¢, = 0.03 (Figure
3D) where small particles exceed the expected average small
particle volume fraction at both the bottom and top of the film to
generate a small-big-small structure. In this case, ¢, , is also 0.03.
The presence of the sandwich structure in this sample agrees
with structures observed in a separate series of samples, prepared
similarly but with slightly larger small particles and slightly faster
evaporation rates.”” In the current work, we find this small-big-
small sandwich for conditions of ¢ = 0.03, ¢, = 0.03, and
particle size ratio @ = 2.55, Ry;; = 8.4 nm, Ryj=21.4 nm, Pe; =
1.3, and Pe; = 3.2, where Ry are the hydrodynamic radii. In our
previous study,”” we found a small-big-small sandwich under
conditions of ¢;, = 0.03, ¢; o = 0.03, particle size ratio a = 2.2,
Ry;=9.9 nm, Ryy; = 21.4 nm, Pe; = 2.1, and Pe; = 4.6. It should
also be noted that this small-big-small structure has not been
observed through evaporative assembly outside of the current
study and previous work from our §r0up,27 except in cases where
there are sedimentation effects.*”"'

As the initial small particle volume fraction decreases again to
¢, = 0.02, a small-on-top structure is obtained (Figure 3E). We
speculate that these complex sandwich structures occur when
there is a delicate balance between the particle size ratio and
initial particle volume fractions that allows an observable
crossover from an entropically dominated chemical potential
gradient to an interaction-dominated chemical potential
gradient. The two obtained sandwich structures at ¢, = 0.04
and ¢, = 0.03 employ this careful balance of initial particle
volume fraction and a.

We numerically considered systems with small Pe and a
values and varied the starting concentration of both particles as
well as Pe;. We verified the reasonableness of these calculations
by checking the mass balance for each particle type as the
number of particles is conserved throughout the drying process
(Figure S1). Stratification type was determined by visually
inspecting both the small and big particle volume fractions at the
latest computed drying time. Although our fluid model can only
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consider systems before close-packing, significant structural
changes are unlikely to occur during late stage drying, as particle
movement becomes progressively hindered.”> We describe film
dryness, y, by taking the film concentration at the latest
computed time in the drying process, 7 as a percentage of the
close-packing fraction, ¢, taken here to be 0.64. Specifically

3 $(7) + 45}-(Tf)
- &, (12)

In our systems, the dryness value at which the model was
stopped was 20%. It was checked that, for all runs, ¢,(7) + ¢,(7)
< 0.40 at all times; i.e., eqs 4 and S for dilute solution remain
reasonably valid. Significant structure changes are unlikely to
occur at drying times later than 20% dryness of the close-packing
dryness. At later times, a region of the film reaches close packing,
and the applicability of the model ceases. As stressed, because
the final film stratification is determined during early stage
drying, we are comfortable in not being able to extend the model
to later stage drying.”** We characterize films visually by using
the latest computed dryness.

Representative concentration data calculated at different
times within the drying process are listed in Figure 4. Figure 4A
shows a final small-on-top structure calculated using ¢, = ¢, =
0.01, Pe; = 0.9, and @ = 4. From y = 0—0.15, big particles jam near
the top of the film. From y = 0.175—0.2, we observe an
accumulation of small particles near the top of the film. This
movement generates the final inverted or small-on-top
stratification structure. A final complex sandwich structure is
presented in Figure 4B, as determined using ¢,y = ¢;, = 0.01, Pe;
= 1.7, and a = 4. Again, for y = 0—0.175, the big particles
congregate at the top of the film. However, by y = 0.2 (Figure
4B), we observe an increase in the small particle volume fraction
at the very top of the film. While there remains a large amount of
big particles near £ ~ 0.90, the small particle volume fraction
dominates that of the big particles at £ ~ 1.0.

We calculated volume fraction values for a range of ¢, and Pe,
values using a = 2, 4, and 6 and plot these values with their final
stratification classifications (Figure S). For our smallest size
ratio, o = 2, we see only big-on-top stratifications over all values
of Pe; and ¢, . Increasing a to 4 yields different particle profiles.
For ¢, = 0.01, inverted small-on-top stratification occurs when
Pe; < 1.3. Interestingly, for Pe; values between 1.4 and 1.7,
complex small-big-small sandwich structures appear. The largest
tested size ratio, @ = 6, shows only small-on-top stratification.
These data demonstrate that a diffusion model with cross terms
in the interaction potential can show different stratification
regimes, including complex sandwich structures.

In addition to characterizing the stratification type, we
quantified the amount of stratification for the obtained
concentration profiles, which is a potentially useful parameter
within a variety of stratification applications. For each system, we
calculated the degree of stratification (DS) for both the small
and big particles using eq 13 where 7; is the final computed
drying time and i and j represent small and big particles.

. () (- e

| (=) s

In a stratified system containing a layer of small particles, DS; > 0,
as the normalized difference between ¢; and the expected
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assigned visually based on both the small and big particle volume
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D0
1-1
0, we anticipate no small particle stratification, as the small
particle volume fraction matches that of the average particle
volume fraction. In this case, the small particles are
homogeneously distributed. To distinguish between no
stratification and big particle stratification, we define a separate
degree of stratification term to consider the big particles in the
system. For a system containing a stratified layer of large
particles, DS; > 0. Similarly, a homogeneous distribution of big

average particle volume fraction

is large. As DS; approaches

https://doi.org/10.1021/acsanm.4c00702
ACS Appl. Nano Mater. 2024, 7, 8102—-8112


https://pubs.acs.org/doi/10.1021/acsanm.4c00702?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00702?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00702?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00702?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

particles yields DS, = 0. Taken together, these metrics can
provide characterization of both traditional and complex
layering regimes, the latter of which may be misclassified by
considering only one particle type. For example, a partially dried
system of evenly distributed small particles with more big
particles toward the top of the film differs from a system
containing small particles at the bottom of the film and big
particles at the top. Both of these may be characterized as big-on-
top although their specific particle makeup over depth differs.
Using these DS parameters though, we would expect DS; ~ 0 in
the first case and DS; > 0 in the latter, while DS, > 0 in both cases.

We plotted DS for both the small and big particles over the
initial small particle volume fraction and small particle Pe
number for & = 4 (Figure 6). DS data for the remaining a values
are provided in Figure S2. At ¢, = 0.01 and Pe; < 1.3, both DS,
and DS; ~ 0, implying that the sample is not strongly stratified
with either particle (Figure 6A, B). For 1.4 < Pe; < 1.7, both
degrees of stratification remain close to zero, but the final film
configuration changes to a small-big-small sandwich structure.
Given the low stratification values, this complex stratification
does not include obvious layering, and particle volume fractions
tend to remain close to the average value. For Pe; > 1.7, DS;
remains close to 0, but DS; increases slightly, implying that the
big particles are more stratified than the small ones. Given the
final classification as big-on-top, we infer that the big particles
jam into a distinct layer during the drying process. As the initial
small particle volume fraction increases, both degrees of
stratification also increase dramatically, with final DS; and DS;
approaching 0.06 (DS;) and 0.08 (DS,)) for all Pe; at ¢, = 0.04
and 0.0S. These larger degree of stratification values imply that
the sample is strongly stratified at higher Pe; and ¢, ; values. Both
the big and small particles distinctly congregate nonhomoge-
neously to yield small-on-top structures.

Evidently, complex sandwich structures are obtained only for
specific initial concentrations, Pe, and size ratio values. We posit
that sandwich structures form because the cross terms within the
chemical potential equations become more significant at
different rates for each particle as drying proceeds and the
total concentration increases. At the beginning of the drying
process, the entropic term, In(¢)), dominates the chemical
potential values for both small and large particles. Large particles
jam near the top of the film because they cannot escape the
moving air—solvent interface. As drying continues, the film

L 2 2
concentration increases, and the cross term, —aij(ﬁi + —a].jd)j for
0 y

particle j, becomes sufficient such that the flux of particle j is
greater than for particle i. Thus, the big particles move away from
the air—solvent interface faster than the small particles, and
small-on-top structures can be obtained. Systems with very low
avalues (a =2) are therefore diffusion-dominated and yield big-
on-top stratification (Figure SA). Systems with higher a values
(a = 6) are instead dominated by the cross term and show small-
on-top stratification (Figure SC). Complex sandwich structures
occur when the chemical potential for the big particles crosses
from diffusion-dominated to cross-term-dominated at some
critical concentration during drying. Depending on the point in
the drying process at which this concentration is achieved,
sandwich structures may be obtained.

Lastly, we calculated the small and large particle volume
fractions over the drying process for all film depths using o =
2.55 for different Pe; and ¢, values to mimic our experimental
data. The degrees of stratification for both particles plotted over
Pe; and ¢, are shown in Figure 7. For all calculated parameters,
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only a big-on-top stratification is observed. DS; ~ 0 and DS; ~ 0
for all Pe; values when ¢, = 0.01. For ¢,, = 0.02, DS, remains
close to 0, while DS; increases rapidly with Pe;. This increase in
stratification with Pe; is as expected for these big-on-top systems
in which movement is dominated by the balance of diffusion and
evaporation. For the remaining concentrations examined, the
degree of stratification for both the small and big particles
increases with both Pe; and ¢, other than for DS; and DS;
having values at ¢, = 0.05 that are lower than those at ¢,y =
0.04. This decrease in DS; and DS; with ¢, for larger ¢, values
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Figure 7. Degree of stratification of small particles, i, (A) and big
particles, j, (B) plotted over small particle Peclet number (Pe;) and
initial small particle volume fraction (¢}, ) using a size ratio () of 2.55

and ¢i,0 = ¢j,0-

may be due to less time for stratification to develop before y =
20% is reached. The metric DS; approaches 0.1 and DS;
approaches 0.2 for Pe; = 3 and ¢, = 0.04, meaning in these
cases the samples are significantly more stratified than their low
concentration counterparts. These final predicted structures
agree with our experimental data only for ¢, = 0.05. All other
samples do not match. Experimentally, we observe small-on-top
stratification and two different complex sandwich structures, and
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computationally we only predict big-on-top stratification. The
obvious explanation is that the chemical potential term used in
the modeling is that due to Zhou et al.*’ and is not fit to our
experimental system.

Evidently, the current computational approach does not fully
capture the particle movement in our drying films. While our
diffusion model with cross terms included within the chemical
potential formulas assists in particle congregation calculations
and demonstrates complex stratification regimes, the final film
structures do not match our experimental data. We speculate
that a different balance between the diffusion and interaction
terms of the chemical potential is necessary to predict particle
movement. Nonetheless, the calculated data presented may
serve as a guide for future complex stratification experiments.
The experimental and computational mismatch likely means
that other forces present during the drying process dominate
particle movement. Because our model uses an arbitrary
chemical potential equation from Zhou et al.*’, one could
measure and include these interaction potentials directly. The
present work does not utilize excluded volume diffusiophoresis
but ensures material continuity. Adding diffusiophoresis with
different interaction potentials is another possible improvement.

B CONCLUSIONS

We investigate particle stratification in films composed of two
differently sized particles using both computational and
experimental methods. Controllable stratification is desired in
specialized film applications, such as antireflective silica coatings.
Our computational model uses a diffusional approach and
includes a cross term proposed by Zhou et al.*” in the governing
chemical potential expressions and approximations for the
particle compressibility. For small Peclet numbers and small
particle size ratios, @ = 2, we calculate big-on-top stratification.
At a slightly larger particle size ratio, @ = 4, complex sandwich
structures emerge for very dilute concentrations and midrange
Peclet values where the small particles enrich both the top and
bottom of the film. Larger Peclet values show big-on-top
stratification, and all higher concentrations display inverted
small-on-top stratification. At the largest size ratio, a = 6, all
calculated data show small-on-top stratified. We speculate
complex regimes form in systems where the chemical potential
experiences a crossover from diffusion to interaction dominated.
This change is observed only in specific cases that balance the
initial particle volume fractions and size ratios. In other cases,
particles are governed either entirely by diffusion, as shown for o
=2, or entirely by the interaction terms, as shown for a = 6.
Experimentally, we employ microbeam small-angle X-ray
scattering to probe small particle volume fraction as a function of
height up the film. As we progressively vary the initial
concentration of small particles, we observe no stratification,
big-on-top, small-big-small sandwich, big-small-big sandwich,
and small-on-top. The calculated data under the same
conditions do not match our experimental observations.
Interestingly, if we consider particle volume fractions compared
to the expected average volume fraction, we observe a slight
agreement between the experimental and computational results.
The model predicts that particles will congregate into distinct
layers, which we observe. The disagreement between the
modeled and experimental data highlights the necessity for
accurate chemical potential expressions. The interparticle
interactions within the drying system are more complex than
the utilized first order correction, and control over these is
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needed to achieve controllable stratification in industrial films of
interest.

We numerically and experimentally identify a potential regime
in which complex stratification configurations may be
considered. These sandwich structures highlight the importance
of examining the full concentration profiles of dried films as
examination of only the film surface may be misleading.
Additionally, complex structures are subtle and may be
mischaracterized by insuflicient instrument resolution.

Our model emphasizes the relationship of obtained
concentration values and the input chemical potential equations.
Interestingly, we observe complex sandwich structures using
simplified chemical potential expressions that modify our
previous diffusional approach. Additional works probing the
physical basis of the chemical potential formulas and different
formulations are necessary to link calculated concentration
profiles and experimental results.
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