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Control of monolayer sheet size and spatial order
in colloidal assemblies by drying sessile drops
of suspensions on oil layers
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We investigate the assembly of monodisperse polymer-coated polystyrene colloids during the
evaporation of sessile drops on oil-coated substrates. In our system, the particles rapidly adsorb at the
air—water interface, and as evaporation proceeds, those left behind in the shrinking droplet, are immedi-
ately captured by the moving interface. In sufficiently dilute dispersions, nearly all particles adsorb well
before the interface becomes saturated, leading to the formation of monolayer sheets. In contrast, at
higher particle concentrations, the interface saturates while a significant fraction of particles remain in
the bulk, preventing monolayer formation. At any particle concentration, the thickness of the oil layer
relative to the initial drop size plays a key role in determining whether monolayers form. The thinnest oil
layers provide the broadest range of particle concentrations for successful monolayer assembly. A mini-
mal theoretical model, based on rapid adsorption and negligible influence of internal flows, predicts the
boundary between monolayer and non-monolayer regimes with good agreement to experiment. This
suggests that interface saturation—not capillary flow—is the controlling mechanism in these drop-on-oil
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systems. Finally, analysis of the hexatic order parameter reveals that crystalline domain size increases
with particle number. These findings offer a pathway to tune monolayer structure and order through
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1 Introduction

Understanding colloidal assembly driven by sessile droplet
evaporation has important implications for inkjet printing,
functional coatings, pesticide spraying, microfluidics, and
diagnostics." These applications demand precise control over
deposit patterns and scalable long-range order to enhance
performance. For instance, in inkjet printing, reproducible
control over droplet deposition is essential for fabricating
high-resolution functional devices." Similarly, in photonic crystal
fabrication, uniform nanoparticle deposition is crucial for achiev-
ing the desired optical properties.® Evaporation-driven assembly
also enables the formation of hierarchical colloidal patterns,
governed by factors such as temperature gradients, evaporation
rates, and the properties of solutes, solvents, and substrates.*
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controlled drying protocols, with potential applications in 2D materials and functional coatings.

Research on evaporation-driven colloidal assembly was
sparked by the seminal work of Deegan et al. (1997),” which
explained the coffee-ring effect. When a sessile droplet contain-
ing colloidal particles evaporates on a solid substrate, the
evaporative flux varies across the liquid-air interface. For small
droplets, surface tension causes the liquid interface to adopt a
spherical cap shape. This geometric constraint, combined with
mass conservation, induces an internal flow: as the droplet
loses volume due to evaporation, liquid within the droplet
redistributes to maintain its shape, resulting in internal fluid
motion. Since suspended particles typically do not adsorb at
the interface, they are advected by the internal flow as the
liquid evaporates. On substrates where the contact line remains
pinned, this flow transports particles to the contact line, forming
the characteristic coffee-ring pattern. This basic process can be
controlled by various strategies to modify the characteristics of
the deposit. For instance, adding surfactants induce Marangoni
flows that counteract the base internal flow leading to a uni-
form deposition on the substrate, rather than a ring at the
contact line.® Another method to realize homogeneous drying
patterns is to add high molecular-weight surface-active poly-
mers that coat the particle surfaces and facilitate particle
adsorption at the water-air interface.”

Soft Matter, 2025, 21, 4467-4475 | 4467


https://orcid.org/0000-0001-7764-5067
https://orcid.org/0000-0001-7357-4222
https://orcid.org/0000-0001-9442-0775
http://crossmark.crossref.org/dialog/?doi=10.1039/d5sm00215j&domain=pdf&date_stamp=2025-05-13
https://rsc.li/soft-matter-journal
https://doi.org/10.1039/d5sm00215j
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM021022

Published on 05 May 2025. Downloaded on 2/17/2026 7:40:26 AM.

Paper

These observations raise the fascinating possibility of exploi-
ting the liquid-air interface as a platform for 2D colloidal
assemblies. In a previous work,® we demonstrated the for-
mation of colloidal monolayers by drying sessile droplets con-
taining colloids and polyethylenimine (PEI) on an oil-coated
substrate. Crosslinking the PEI linked the colloids in the
monolayer. We could control the size of these monolayers
and the crystalline order of the particles by varying the droplet
volume and particle concentration. By doping the suspension
with small amounts of differently-sized particles, we were able
to induce defects in the crystalline domains and selective
dissolution of these particles controllably produced holes in
the monolayers. We demonstrated the ability to resuspend the
monolayers into other fluids and to transfer them to other
substrates to allow them to be easily imaged using optical
microscopy. This versatility makes these colloidal assemblies
attractive as model systems for fundamental studies as colloi-
dal analogues of 2D-materials. For instance, we used optical
microscopy and image analysis to probe the influence of cross-
linking on the flexibility of the monolayers.

The formation of colloidal monolayers in our system suggests
a mechanism distinct from the conventional coffee-ring effect,
where particles accumulate at the pinned contact line due to
evaporative flows. Instead, the presence of an oil layer appears to
play a critical role in regulating particle adsorption at the liquid-
air interface, leading to the formation of well-defined monolayers.
This raises important questions: how does the oil layer influence
the availability of the interface for particle adsorption? What
determines whether the particles form a disordered or crystalline
monolayer, and how do particle concentration and oil-layer
thickness govern this transition? Here, we systematically investi-
gate these questions, identifying the conditions under which
ordered or disordered monolayers emerge. We have previously
demonstrated a method for fabricating polymerized colloidal
monolayers by evaporating particle-laden drops on a silicone-oil
layer of fixed thickness.® That study characterized the resulting
monolayers in terms of their size, flexibility, and particle ordering,
and highlighted the critical role of the underlying oil layer in
successful monolayer formation. In the present work, we build
upon these findings by systematically examining how the oil layer
thickness affects the dynamics of colloidal particle assembly at
the air-water interface. In particular, we provide an explanation
for our observation that monolayers fail to form when the initial
particle concentration exceeds a critical value, which depends on
the oil layer thickness. We also investigate how the oil layer
thickness influences the spatial ordering of particles in the final
monolayer. Our findings provide new insight into how oil-
mediated interfacial assembly can be harnessed to control the
structure and properties of colloidal monolayers, with implica-
tions for designing functional 2D colloidal materials.

2 Materials

Monodisperse PS latex (1.08 + 0.02 um) were obtained from
Microparticles GmbH, Germany as 10% w/v dispersions.
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These particles carry a negative surface charge due to the
presence of sulphonic acid groups. PEI (branched, M, =
25000 g mol ), hexadecyltrimethoxysilane (HDTMS, purity >
85%), poly(ethylene glycol) diglycidyl ether (PEGDE, M, =
500 g mol '), and silicone oil (50 cSt) were procured from
Sigma-Aldrich and used as received. All experiments were con-
ducted using Milli-Q water (pH = 7, resistivity = 18.2 MQ cm)
obtained from a Millipore system.

3 Methods

3.1 Preparation of oil-coated glass substrates

Square glass coverslips (Blue Star; 22 mm side and thickness
0.16 mm) were cleaned by sonication with isopropyl alcohol for
15 minutes. The glass substrates were hydrophobized as
described earlier.® Briefly, clean glass slides were placed in a
methanol solution containing 2% HDTMS and sonicated for
30 minutes. These surface modified glass slides were washed
extensively with isopropyl alcohol and then air dried. A water
drop placed on a hydrophobised glass slide shows a contact angle
of 98.2 + 3.6°. Thin oil layers (<35 pum) were achieved by spin
coating the silane-treated glass slide with silicone oil (50 cSt). Oil
layers thicker than 35 um were obtained by placing the coverslip
in a Petri dish filled with the required quantity of silicone oil. The
volume of silicone oil needed is calculated by subtracting the
volume occupied by the coverslip from the total volume of the
desired oil layer, which includes both the height of the coverslip
and the required thickness of the oil. The silicone oil spread
easily over the hydrophobized coverslip, and the petridishes were
kept undisturbed for 30 min to allow uniform spreading of oil
layer. Drop drying experiments were performed on the coverslip
placed within the Petri dish and covered with oil.

Oil layer thickness was measured by calibrating the micro-
scope travel, at first focusing on the coverslip and then on the oil
layer surface. We adhere 1 pm colloids to the coverslip surface
before adding the silicone oil and focus on these using the
microscope fine adjustment knob. We performed measurements
at various locations on coated substrates and this typically gave
us thickness values that were within +1 pm. The maximum
sample-to-sample variability (across 34 coated coverslips) ranged
from 10.8 pm for a film thickness of 95 pm; 7.8 um for 48 pm
films; 4.9 um for 35 um films and 2.6 um for 10 um films. For
thin oil layers prepared by spin coating, we were able to weigh the
samples and estimate the oil film thickness (since the area of the
cover slip and the density of the silicone oil are known). This
independent gravimetric estimate of the oil film thickness was in
good accord with the measurement using the optical microscope.

3.2 Drying experiments

PS particle suspensions containing PEI were prepared as
described earlier (Fig. 1A).® A 1 uL aliquot of PS latex suspen-
sion (~10° particles) was diluted in 100 uL Milli-Q water, and
sonicated for 2 min, and further vortexed for 2 min to obtain a
uniform colloidal dispersion. A PEI stock solution was prepared
by dissolving 1 mg of PEI in 10 mL of Milli-Q water, and a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Preparation of PEI coated PS particles. Negatively charged PS particles are coated with positively charged PEI, and PEGDE is used to crosslink

PEI which forms mesh around the particles. (B) Thick oil layers result in formation of non-monolayers as a significant number of particles still remain in
bulk after interface becomes saturated as evaporation proceeds. (C) Thin oil layers lead to monolayers as most particles are adsorbed on to the surface
before it becomes fully saturated on shrinking due to evaporation. In each case, the figures on the right show sample. Image-analysis steps for (B) non-
monolayer and (C) monolayer sheets: (i) optical micrograph of the colloidal sheet, (ii) synthetically generated image using (x, y) coordinates of particles
identified by image-analysis as belonging to a monolayer after removing non-monolayer regions, (iii) overlay of monolayer-particles coloured as cyan
circles on original micrograph image. B(i) and C(i) show magnified images of the interior of the non-monolayer and monolayer assemblies, respectively;

the insets show the complete assemblies, scale bar = 5 um.

working solution was made by diluting 1.25 pL of this stock in
100 pL of Milli-Q water. The PS suspension was then gradually
added to the PEI solution with intermittent vortexing to prevent
aggregation. The mixture was stirred for 15 min to allow
complete electrostatic adsorption of PEI onto the particle
surfaces. Post-coating, the {-potential increased to 0.9 mV for
PS, confirming surface saturation at near-neutral pH. A sessile
1 pL aqueous drop containing the desired number of colloidal
particles as well as PEI and poly(ethylene glycol) diglycidyl ether
(PEGDE) crosslinker was placed on a silicone oil-coated hydro-
phobic glass slide. The PEGDE to PEI weight ratio was kept
constant at 0.01. The drops were dried at a constant tempera-
ture of 25 + 3 °C and a relative humidity (RH) of 50 + 5%. The
evaporation process was monitored using an Olympus upright
microscope (BX-53) equipped with 20x, and 100x objectives.
The images were captured at a frame rate of 1 frame per second.

3.3 Estimation of monolayer fraction by image analysis

The optical micrograph of each sheet was converted into an
8-bit grayscale image. The threshold was then automatically

This journal is © The Royal Society of Chemistry 2025

determined using the iterative Isodata algorithm in Image],’
which calculates the threshold intensity as the mean of the
average background and average object intensities. The algo-
rithm iteratively updates the threshold value based on the
intensity histogram until the threshold converges.

After converting optical micrographs to binary images,
particles in monolayer regions appear as well-defined circles
with diameters matching the known particle size. In contrast,
non-monolayer regions exhibit arbitrary non-circular shapes
and varying sizes, due to light refraction through multiple
overlapping spherical particles. Image analysis was applied to
the thresholded binary images to identify monolayer particles,
defined as circular regions with an eccentricity greater than 0.8
and a diameter of 1 &+ 0.1 pm. Panels C and B in Fig. 1 display
representative images of monolayer and non-monolayer sheets.
Each panel includes (i) the original optical micrograph, (ii) the
binary image highlighting monolayer particles after removing
non-monolayer regions, and (iii) an overlay of detected mono-
layer particles on the original micrograph. The monolayer
fraction of a sheet is calculated as the ratio of the total
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monolayer-particle area to the entire sheet area, as determined
via image analysis. Sheets with a monolayer fraction of 85% or
higher were classified as monolayers; otherwise, they were
considered non-monolayers. In this work, we classify sheets
as monolayers or non-monolayer based on image analysis. The
term ‘‘non-monolayers” refers to any structure in which parti-
cles are not confined to a single layer at the interface; it does
not imply a regular, stratified stacking of particles.

3.4 Hexatic order parameter characterisation

The centres of the monolayer-particles identified as described
above were used to determine the hexatic order parameter for
each particle. The hexatic order parameter ; is calculated for
any particle i as

1L
Yl = ﬁz e, @)
Lj=1

where N; is the number of nearest neighbours of particle 7, and
0; is the angle between the vector connecting particle i to its
neighbour j and the x-axis. This order parameter evaluates how
closely the arrangement of the nearest neighbours of that
particle reflects a perfect six-fold symmetry. A value of 1
indicates perfect six-fold symmetry, while disordered regions
have values close to zero. The centres of particles within a
single colloidal layer were identified using the algorithm
detailed in Section 3.3. Fig. 2 visualizes the distribution of the
order parameter across a monolayer sheet containing approxi-
mately 5000 particles. Boundaries between highly-ordered domains
with hexagonal close-packing of the particles and disordered
regions are clearly visible.

To estimate the typical size of ordered regions, the spatial
autocorrelation function of i was computed for each mono-
layer sheet as

Ni(r
NFI (I”) le (lpz - W)(W/(/) - l//)
Cplr) = —— L 2)
(W —¥)

Here, the overlines indicate averaging over all particles i in a
given sheet and y is the average of the hexatic order parameter
for the sheet; Ny(r) is the number of neighbours of particle i
located between r and r + J, and j(r) is the j-th neighbour of
particle i in that range. We set 6 = 1 um. The autocorrelation

r (um)
Fig. 2 (A) Typical hexatic order parameter () distribution in a monolayer
sheet and (B) the corresponding spatial autocorrelation function (Cye) and
the correlation length, (.. Scale bar = 5 pm.
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function defined above decays exponentially from 1 at r = 0
(Fig. 2B). In all our samples, the spatial autocorrelation func-
tion C(r) was empirically observed to decay exponentially with
distance. We use this functional form to fit the data and extract
a characteristic length scale [., which serves as an estimate of
the average size of ordered domains in each sheet. The correla-
tion length /. is determined as the characteristic length scale
over which the autocorrelation decays exponentially, and pro-
vides a measure of the size of a typical ordered domain in a
given sheet.

4 Results and discussion
4.1 Oil-layer thickness and monolayer formation

We conducted experiments following the procedure described
previously.® Drops of aqueous suspensions of PEI-coated PS
particles were deposited onto a hydrophobized glass substrate
coated with silicone oil and then left to dry. The charge-neutral
PEI-coated PS particles readily adsorbed at the water-air inter-
face. After complete evaporation, the polymer was crosslinked,
and the resulting sheets or structures were examined under a
microscope. We investigated the effect of oil-layer thickness on
suspensions containing different particle numbers. Fig. 3A
presents representative micrographs of polymerized structures
obtained at various oil-layer thicknesses and particle concen-
trations, while Fig. 3B shows a phase map depicting the
conditions under which monolayers formed. Our results indi-
cate a clear separation between monolayer and non-monolayer
regimes, with the boundary following a systematic pattern.
Further evidence for the mechanism underlying the for-
mation of monolayers comes from detailed time-lapse videos
of the evaporating drops. Upon deposition, the drop rapidly
penetrates the oil layer and assumes a spherical cap shape.
Since the substrate is hydrophobic, the drop does not wet it,
and a thin oil layer remains between the drop and the solid
substrate. This configuration is consistent with previous stu-
dies on oleoplaning and slippery lubricant-infused surfaces,
which demonstrate that an intercalating oil film just a few
nanometers thick can persist between an aqueous droplet and a
hydrophobic solid substrate.®'°** The absence of contact line
pinning and the smooth receding motion observed in our
experiments are hallmark features of such lubricated systems.
In cases where monolayers are formed (e.g. green box in Fig. 3A
and panel C), as the water evaporates, most particles in the bulk
suspension are first captured at the interface before they
are pushed together by the shrinking area of the air-water
interface. They form domains which are further assembled
together into a sheet when the area shrinks sufficiently to be
completely saturated by the particles. The process of mono-
layer formation does not involve the steady radial growth of a
single domain. Instead, multiple domains nucleate indepen-
dently across the curved interface, and these domains are
further brought together to form a sheet when the area
shrinks sufficiently to be completely saturated by the parti-
cles. Because these domains appear and evolve at different

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Optical micrographs of colloidal sheets formed at varying oil layer thicknesses h, and particle numbers N for 1 um-sized particles and an initial
drop volume of 1 pL. The blue line separates monolayer sheets from contiguous but non-monolayer structures. The orange line marks the boundary
between monolayer sheets and scattered, non-contiguous particle deposits that cannot be polymerized into a sheet. (B) Points in the (N,h,) space
colour-coded according to whether a monolayer (green) was observed or not (red): error bars indicate the minimum and maximum observed values, and
the blue line is the prediction obtained by solving egn (7) in our model. Crosses indicate dispersed particles that could not be polymerized as single
coherent structures. (C)—-(F) Time-lapse images of sheet formation for the four cases in (A) as indicated by the coloured boxes; values indicate the time in
seconds from the start of the evaporation. The scale bar on all microscopic images corresponds to 10 um.

heights across the drop surface, they cannot all be captured
simultaneously in a single focal plane, as observed, for
instance, in Fig. 3C. Evaporation continues through gaps in
this colloidal “skin” and finally a monolayer sheet is left

This journal is ©

The Royal Society of Chemistry 2025

behind. If the number of particles exceeds a critical threshold
for a given oil-layer thickness (e.g. blue box in Fig. 3A and
panel D), then as the drop evaporates, the interface becomes
saturated with particles while there are still many particles

Soft Matter, 2025, 21, 4467-4475 | 4471
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remaining in the interior of the drop. In this case, the final
structure after evaporation is not a monolayer.

When the oil layer is large (e.g. purple and red boxes in
Fig. 3A; panels E and F), the drop height falls below the oil layer
height and the drop becomes submerged while a significant
fraction of the particles still remain in the bulk. Evaporation
then proceeds slowly via diffusion of water through the oil
layer. Particles do not adsorb at the oil-water interface but
remain suspended in the bulk. If the particle density is high,
they form pellet-like aggregates as the volume decreases (e.g.
red box in Fig. 3A; panel F), whereas at lower particle densities
(e.g- purple box in Fig. 3A; panel E), the particles form scattered
deposits that cannot be polymerized into a cohesive sheet.

4.2 Minimal model for monolayer formation

These observations suggest a model that qualitatively explains
the role of oil-layer height in this process. We introduce the
following simplifying assumptions. First, the droplet penetra-
tion time into the oil layer is much shorter than the overall
evaporation time. The time scale for the water drop to sub-
merge into the oil layer, driven by interfacial energy minimiza-
tion, scales as © ~ ph,, /Ay, where u is the oil viscosity and Ay is
the difference in interfacial tensions. For oil layers with z,, <
100 um, this gives t < 102 s, which is negligible compared to
the total evaporation time (~10* s) in our experiments. Fig. 4A
illustrates the initial shape of the droplet and the surrounding
oil layers surface after deposition and penetration into the oil.
The corresponding simplified geometry used in our model is
shown in Fig. 4B. Experimental observations reveal a slight rise
in oil height at the three-phase contact line, consistent with
previous reports in the literature."®'® However, for simplicity,
we neglect this effect in our model and assume that the oil-
layer thickness, % ., remains unchanged by the presence of the
droplet.

The thickness of the thin oil layer between the droplet and
the substrate is negligibly small compared to both the initial
droplet size and &..."> Furthermore, the effective contact angle
at the pseudo-contact line on the substrate is expected to be
slightly greater than 90°,'®'® but for simplicity, we approximate
it as 90° throughout the evaporation process until the air-water
interface is fully covered by particles. Up to this point, the
pseudo-contact line on the substrate remains mobile.

The initial Bond number, Bo = ApgR,>/y, for our droplets
with an initial radius of R, = 0.5 mm, a water-oil density
difference of Ap = 30 kg m™, and an average surface tension
coefficient y = 0.040 N m™' is of the order of 1073.2°

Triple
A contact-ine B

and plane

0

Thin oil-layer between mobile oil-
water interface and substrate

Fig. 4 (A) Geometry of the drop in the experiments. (B) Simplified geo-
metry in the model.
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As evaporation proceeds, the Bond number decreases further.
As is well known, when the Bond number is small, the droplet
shape is dictated entirely by surface tension. Consequently, the
air-water and oil-water interfaces form sections of spherical
caps. For a partially submerged drop, the curvatures of the air-
water and oil-water interfaces, is determined firstly by the
instantaneous volume of the drop and its contact angle with
the substrate. The relative volumes above and below the air-
oil-water contact line, as well as the air-water and oil-water
interfacial tensions further modify these curvatures. However,
since the surface tensions of the two interfaces (72 and
40 mN m™', respectively) are comparable in magnitude,
as a first approximation, we neglect the differences between
the curvatures and assume that the whole drop is a single
spherical cap.

PEI-coated particles are charge-neutral, and dynamic inter-
facial tension measurements have previously confirmed the
rapid adsorption of these particles at the water-air interface.®
We therefore assume that the particles left behind by the
evaporating water are immediately captured by the moving
air-water interface. While the curvatures of these interfaces
differ, we make the first-order assumption that they share
the same radius of curvature. This assumption simplifies
the droplet shape above the substrate to a hemispherical cap
of radius R until the air-water interface reaches saturation.
At any instant, the total droplet volume V = 2nR*/3 and, from
the geometry of spherical caps, the air-water interface area is

MW:%MO—%) (3)

We now assume that the particles left behind by the evapor-
ating water are immediately captured by the moving air-water
interface. For particles that adsorb rapidly onto the interface,
the adsorption flux is given by c;,, where J, is the volumetric
evaporative flux of the liquid, and ¢; is the particle concen-
tration at the interface. Because this adsorption flux exactly
matches the local particle loss due to evaporation, no concen-
tration gradient develops at the interface. Given that the initial
particle concentration within the drop is uniform, and no
interfacial gradient emerges during evaporation, the concen-
tration field within the drop remains uniform and constant
throughout the process:

Ny 3N,

€= SRy

where the subscript ‘0’ refers to the initial state.

The crucial consequence of this uniformity is that the
advective flux of particles, u-Ve, due to the internal capillary
velocity field u, is identically zero. Unlike in conventional
coffee-ring systems—where particles are not captured by the
interface and accumulate at the drop perimeter due to capillary
flows—our system exhibits no such advective concentration
buildup. This justifies our assumption that the velocity field
plays no role in determining the spatial distribution of particles
within the droplet.

This journal is © The Royal Society of Chemistry 2025
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Thus, in the case of rapidly adsorbing particles, When the
drop radius shrinks to R < R,, the number of particles
adsorbed at the interface is given by:

(4)

2 Ry — R
N, = CTTE(ROS ~ R =N, (07)

Ry

At the point of interface saturation, the radius R; satisfies:

Ry — R\ 2 ho
— =2nRI (1 -2,
No ( Re )xa T R, (5)

where a is the particle radius, and y is a factor dependent on
the packing type. For instance, for hexagonal close packing in
2D, y = 2+/3. To obtain monolayers, the interface must remain
unsaturated even when only a single particle remains in the
drop. We denote the radius at which adsorption is nearly
complete and the number of unadsorbed particles in the drop
decreases to one as R.. This is related to N, and R, as:

For a given R, and #,, the maximum initial number of
particles, Ny max, that can assemble as a monolayer is deter-
mined by requiring that the surface becomes saturated exactly
when only one unadsorbed particle remains. The drop radius
at the point where the saturation and complete-adsorption
conditions are simultaneously satisfied is denoted as R..
Substituting Ny max in terms of Ry, from eqn (6) into eqn (5),
we obtain:

2MRs > — 2mh,Re ' + y@’Rs e’ — 1a’Ry’° = 0. (7)

With y = 2+v/3 and a = 1 um, we find that, for the range of
Ry and £, values in our experiments, a single real root for Ry .
exists in the quintic equation above. The resulting values of R; .
were substituted into eqn (6) to obtain the blue curve for Ny max
shown in Fig. 3(b).

Despite the simplifications, the model prediction closely
matches the boundary of the monolayer regime observed in
the experimental data. This agreement supports the argument
that due to rapid adsorption at the interface, the velocity field
within the droplet has minimal influence on the interfacial
assembly of particles. This is in sharp contrast with conven-
tional coffee-ring phenomena. In those cases, particles cannot
adsorb into the interface as the liquid evaporates, leading to
concentration gradients. The particles are then advected along
the streamlines of the internal capillary flow and end up
collecting at the points of maximum evaporative flux on the
interface where the streamlines terminate.

At the oil-water interface, where the evaporative flux (due to
water diffusing through the oil layer) J, is much smaller than
that at the air-water interface and the particle flux ¢jJ, ~ 0; that
is, there is no significant adsorption nor accumulation of
particles. Consequently, the motion of the oil-water interface
cannot drive particles toward the air-water interface and
plays no direct role in particle assembly. Instead, a larger oil
height i, for the same drop radius R means that the available

This journal is © The Royal Society of Chemistry 2025
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air-water interface area for particle assembly is relatively smal-
ler as more of the overall surface is taken up by the passive oil-
water interface. Further, the overall evaporation rate is also
smaller.

The best conditions for monolayer formation occur with
thin oil layers. For any given droplet volume, the range of
particle numbers that yield monolayers is widest as 4,, — 0.
To estimate the maximum achievable sheet size within the
regime where our model applies, we consider the limiting case
of vanishing oil layer thickness. Here, the relevant Bond
number is Bo = pgRo’/yaw, With yaw the air-water interfacial
tension. A Bond number of less than 10 corresponds to a
droplet radius of approximately 5 mm, which, when substituted
into our model, gives a particle number Ny < 10° as the upper
limit of monolayer sizes achievable in the capillary-dominated
regime.

We note that a thin oil layer beneath the drop is essential: it
prevents the polymerized sheet from adhering to the hydro-
phobic substrate during drying. Thus, although thinner oil
layers are optimal for forming larger monolayers, the oil layer
cannot be entirely eliminated in practice.

Cloaking of aqueous droplets by a thin oil film is a well-
established phenomenon on lubricated surfaces, including
systems similar to ours. Cloaking occurs when the spreading
coefficient of the oil on water is positive:

So/w = Ywa — Ywo — Voa

where V4, Ywo, and 7,4 are the surface tensions of the water-air,
water-oil, and oil-air interfaces, respectively. For silicone oils
and water, this quantity is typically positive, indicating that the
oil will spontaneously spread over the drop surface to minimize
the interfacial energy. This has been confirmed in multiple
studies of slippery lubricant-infused surfaces (SLIPS) and oleo-
planing droplets'®™* The resulting cloaking layer is extremely
thin - typically in the range of 5-50 nm, depending on the
oil viscosity, molecular structure, and interfacial tensions.''
Its presence cannot be directly visualized using optical micro-
scopy due to its nanometric thickness. In our experiments, the
presence of such a cloaking film does not appear to hinder
evaporation; water continues to diffuse through the thin oil
layer into the air. Further, we experimentally observe that
particles readily adsorb at the air-water interface, even in the
presence of a cloaking layer. The model does not explicitly
incorporate the evaporation flux; it further assumes rapid
adsorption. Thus, the cloaking layer plays no role in the
assumptions or predictions of our minimal model. The success
in predicting the transition between monolayer and non-
monolayer regimes suggests that finer-scale details such as cloak-
ing are not dynamically relevant at the level of our analysis.

4.3 Particle ordering

Fig. 5(a) presents images of the spatial distribution of the
hexatic order parameter in the monolayer sheets. The hexatic
order parameter was obtained as described in Section 3.4.
As shown in Fig. 5(b), for a given oil-layer thickness, the average
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Fig. 5 (A) Spatial distribution of hexatic order parameter (¥¢) in monolayer sheets across particle concentrations (N) and oil layer thicknesses. (B)
Variation of characteristic domain size (l.) with number of particles (N) in the monolayer.

size of domains containing hexagonally close-packed particles
increases with the number of particles, and consequently, with
the sheet size. The domain size increases approximately line-
arly, doubling when the number of particles increases eightfold
from around 500 to 4000. However, with a further 25% increase
in particle number to 5000, the domain size exhibits an abrupt,
nearly fourfold growth. This trend appears to be independent of
the oil-layer thickness. However, the underlying mechanism
behind this trend remains unclear. Note that while we focus on
ordering in monolayer sheets here, a closer inspection of non-
monolayer sheets formed at high particle concentrations
(Fig. 3D and E) clearly shows crystalline ordering. Thus, colloi-
dal particles form ordered assemblies when the dispersion
concentration in the deposited drop exceeds a critical value.

Colloids at fluid interfaces represent model systems for
investigating the evolution of order in two-dimensional
systems.”” Routes to glass formation in two-dimensional sys-
tems, comprising colloids with tunable interactions localized at
interfaces have been reported.”>>* Here, colloids have been
shown to organize into clusters with local order, that frustrate
the emergence of large scale crystalline ordering. Similar to the
case of three-dimensional systems, the pathway to crystal-
lization in two-dimensional colloidal systems is strongly deter-
mined by range and strength of interparticle interactions.*” In a
recent report, grazing incidence SAXS (GISAXS) was employed
to investigate the crystallization of nanoparticles at a fluid
interface.>® It was suggested that electrostatic interactions
resulted in a deformation of the fluid interface in the vicinity
of particles, inducing a long-range attractive interaction that
drove colloidal crystallization in two dimensions.

In our case, where monolayers form, particles are initially
adsorbed at random locations on the air-water interface. This
initial state can be considered a dilute 2D hard-sphere suspen-
sion. As evaporation proceeds, the shrinking interface leads to
a progressive increase in the local particle density. Simulta-
neously, the rate at which particles are brought together by
interface shrinkage can be characterized by a Peclet number.
We have reported® that ordered colloidal rafts form above a
critical dispersion concentration, and that as evaporation

4474 | Soft Matter, 2025, 21, 4467-4475

proceeds, these rafts come together to form a polydomain
crystalline assembly. Capillary interactions appear to play an
important role in generating attractive raft-raft interactions,
especially during the later stages of evaporation. At lower
dispersion concentrations, only disordered colloidal clusters
are formed, that do not reorganize to form crystalline struc-
tures. It appears that only for specific combinations of the
droplet dimensions and initial interfacial particle densities
does the system, during evaporation, encounter an optimal
interplay between increasing particle density and shrinkage-
induced Peclet number that promotes crystallization. This
scenario could explain why large crystalline domains emerge
only under certain experimental conditions.

Although a detailed investigation of this phenomenon is
beyond the scope of this work, a deeper understanding of the
relationship between interfacial particle adsorption, evapora-
tion dynamics, crystal nucleation, capillary attraction-induced
aggregation and Péclet number could provide a framework for
independently tuning both sheet size and crystalline domain
size. In particular, adjusting parameters such as the oil-layer
thickness %, the number of adsorbed particles N, the initial
droplet radius Ry, and the evaporation rate could offer greater
control over monolayer formation and ordering.

5 Conclusions

Colloidal monolayers can be assembled at the air-water inter-
face of evaporating sessile drops by coating colloidal particles
with a suitable polymer, such as PEI, which promotes their
adsorption at the interface. Crosslinking the polymer further
stabilizes these monolayer sheets. In addition to particle coat-
ing, depositing the droplet on a hydrophobic surface with an oil
layer is crucial. Monolayer formation depends on both particle
concentration and oil layer thickness.

For a fixed oil layer thickness, increasing the number of
particles in the droplet leads to continued accumulation until a
saturation limit is reached, dictated by the packing fraction and
maximum particle accommodation. A thicker oil layer reduces

This journal is © The Royal Society of Chemistry 2025
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the available air-water interface for evaporation, causing
saturation to occur at lower particle concentrations. A simple
theoretical model predicting the maximum achievable mono-
layer size based on the initial droplet volume, oil layer height,
and particle size shows good agreement with experimental
data. This agreement suggests that internal flow within the
drop has minimal influence on particle adsorption at the
interface.

Analysis of the hexatic order parameter in our monolayers
reveals that crystalline domain sizes increase with particle
concentration but remain unaffected by oil thickness. These
findings suggest that the interplay between interfacial particle
density and flow during interface shrinkage influences particle
ordering and may govern the emergence of crystalline domains.
Understanding this mechanism remains an open and intri-
guing problem in the field.

Our results also show that, for any given drop size, the
widest range of monolayer sizes can be obtained by keeping the
oil layer thin. This suggests that lubricant-impregnated sur-
faces (LIS), liquid-infused slippery surfaces (LISS), and slippery
liquid-infused porous surfaces (LIPS)*>™'7'®?” could be ideal
platforms for controlled synthesis of polymerized colloidal
monolayers and for investigating tunable particle ordering in
these monolayers.
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