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The desiccation of microliter drops containing colloidal particles often results in the coffee-ring effect,
where non-volatile particles deposit at the drop periphery. Such deposits form primarily due to a radially
outward flow generated within the drop during the drying process. In this work, we consider drying
drops containing mixtures of oppositely charged species as a universal method to tune the morphology
of dried deposits, including a complete suppression of the coffee-ring effect. We show how a variety of
dried deposit patterns can be engineered by manipulating the mixing fraction (w¢) — the ratio of the mass
of positively charged species to the total particle mass of the dispersed phase, and the total concen-
tration of particles in the drop (Cy). Using video microscopy, electrophoretic measurements, particle
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tracking microrheology, and bulk rheology, we elucidate how the interplay between sedimentation,
capillary flow, and gelation in the evaporating colloidal drop governs the drying patterns formed in the
systems containing oppositely charged species. The fundamental insights gained through this study were
further applied to achieve uniform deposition of micronutrients on the surface of leaves for efficient

DOI: 10.1039/d5sm00226e

Published on 26 May 2025. Downloaded on 6/22/2026 4:54:26 PM.

rsc.li/soft-matter-journal surface deposition.

1 Introduction

When a drop of colloidal dispersion dries on a solid surface, the
dispersed particles generally accumulate along the three-phase
contact line, forming a ring commonly referred to as the coffee
ring." This phenomenon occurs as a result of the radial flow of
the solvent directed from the centre to the edge of the drop and
this flow transports the dispersed particles to the periphery.
Drying of drops containing particles, polymers, surfactants,
and biological matter, such as bacteria, blood, etc., has been
an area of intense research for several years.>* The analysis of
the patterns resulting from drying drops has found significant
applications in both industrial and medical fields.””

There is an increasing interest in developing effective strate-
gies to control the distribution of dispersed species in the dried
deposits. Various approaches have been extensively studied to
tailor evaporation-driven patterns, including the use of surface
acoustic waves,® electric fields,” magnetic fields,'® and manip-
ulation of interactions between the dispersed material, solvent,
and substrate."™** Drying of drops on a hydrophobic substrate
leads to uniform deposition of particles due to flocculation of

Polymer Engineering and Colloid Science (PECS) Lab, Department of Chemical
Engineering, Indian Institute of Technology Madras, Chennai 600036, Tamil Nadu,
India. E-mail: sumesh@iitm.ac.in, basa@iitm.ac.in

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5sm00226e

5242 | Soft Matter, 2025, 21, 5242-5254

larger particles and gravity settling of the flocs."® Additionally,
Marangoni flows'? arising due to the incorporation of addi-
tives, such as surfactants," and hydrosoluble polymers'® or
due to thermal effects’”*® also alter the deposition patterns.
To this end, drying of colloidal dispersion drops on substrates
inclined at different angles has also been explored.'®>' These
strategies have produced diverse patterns in the dried drop, such
as deposits with a uniform distribution of dispersed species,
asymmetric coffee rings, and enhanced central deposition,>?
to name a few. Such patterns hold significant potential for
applications in coatings, material science, and nanofabrica-
tion technologies.*’

Research on colloidal dispersions having different types of
dispersed particles has also gained attention. For example, in
the context of particle sorting and size-based separation,>*?
it is established that the smaller particles are transported closer
to the drop edge compared to the larger ones leading to size-
based segregation. The drying of drops containing gold nano-
spheres and nanorods has been shown to result in the
formation of distinct phases: a smectic phase characterized
by the side-by-side assembly of nanorods and a close-packed
assembly of nanospheres.”® These studies have primarily
focused on the drying of drops containing charge or sterically
stabilized binary/ternary systems.

In this article, we consider evaporation of sessile drops
containing oppositely charged particle-particle, particle-poly-
electrolyte and polyelectrolyte-polyelectrolyte binary mixtures.

This journal is © The Royal Society of Chemistry 2025
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Although binary dispersions of oppositely charged particles
(OCPs) have been extensively studied in the bulk®” " and have
been utilized in the preparation of Pickering emulsions®* and
in the making of porous materials,>*"** there are no studies of
sessile drop evaporation-driven pattern formation in these
systems. In general, the stability of colloidal dispersions con-
taining OCPs depends on charge ratio, number ratio, size ratio,
and concentration of the dispersed species. Therefore, these
parameters are expected to influence the deposition of oppo-
sitely charged species in the dried patterns. Here, we vary
the mixing fraction (wy), defined as the ratio of the mass of
positively charged species to the total mass of particles and the
initial concentration of the dispersed material (Cr), to modulate
the evaporative patterns. With the help of static and dynamic
light scattering experiments, optical microscopy, rheology, and
particle tracking, we elaborate on the interplay between various
physical phenomena, such as sedimentation, gelation, and
capillary flow, on the formation of the different types of dried
patterns. Using a large number of oppositely charged binary
mixtures, we have demonstrated a general strategy to tailor the
deposit patterns resulting from sessile drop evaporation. This
work offers a robust method for controlling the distribution of
particles in the dried patterns, which can have implications in
applications such as medical diagnostics, efficient delivery of
agricultural formulations, and industrial processes requiring
precise particle deposition.

2 Materials and methods
2.1 Materials

The positively charged species used in this study include -
surfactant-free amidine-functionalized polystyrene latex beads
of 190 nm diameter - PS" (Merck India), mono-dispersed
alumina-coated silica particles of 15 nm diameter - CL* (Ludox
CL-30, Merck India), and poly allylamine hydrochloride - PAH"
(M, = 50000 g mol*, Merck India). Surfactant-free sulfate-
functionalized polystyrene latex beads of 210 nm diameter —
PS™ (Merck India), mono-dispersed silica particles of 15 nm
diameter - HS™ (Ludox HS-30, Merck India), and poly sodium 4-
styrene sulfonate — PSS™ (M,, = 70000 g mol !, Merck India)
were the negatively charged particles. In addition to this,
amidine-functionalized, monodispersed polystyrene particles
1 um PS" (Merck, India) having zeta potential, { = +58.4 =+
2.4 mV and amine-functionalized monodispersed fluorescent
polystyrene particles 1 pm PS™ (Merck, India) with { = —86.4 +
4.2 mV were used for fluorescence microscopy. In addition,
uncharged polystyrene fluospheres of 1 pm diameter (F13083,
Thermofisher Scientific, USA) were used as tracers for particle
tracking microrheology.

2.2 Sample preparation

The drop drying experiments were performed by considering
five oppositely-charged binary systems: (i) PS™-PS™ (ii) CL'-HS~
(iii) CL"™-PSS™ (iv) PAH'-HS, and (v) PAH'-PSS ™. Additionally,
the system containing 1 pm PS'-PS™ was used for fluorescence
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microscopy. Prior to the preparation of binary mixtures, the
parent dispersions were diluted with deionized doubly distilled
water (resistivity ~ 18 MQ cm) to obtain dispersions of desired
particle concentration. The experiments were conducted by
fixing the total concentration of dispersed species in the binary
mixtures, Cr, at 0.01 w/v%, 0.1 w/v%, and 1 w/v%, while the
mixing fraction was varied from 0 to 1. For example, to prepare
200 pL of PS™-PS™ binary mixture at Cr = 1 w/v%, and w; = 0.25,
50 uL of 1% aqueous PS" dispersion and 150 pL of 1% aqueous
PS™ dispersion were taken in a 0.5 mL micro-centrifuge tube
and vortex mixed (Remi CM-101 PLUS Cyclomixer) at 2500 rpm
for 10 seconds. A similar procedure was used to make 200 pL
of oppositely charged species at other mixing fractions and
concentrations. All concentrations are expressed in weight by
volume percentage (w/v%) unless mentioned otherwise.

2.3 Drying experiments

The microscopy glass slides (75 x 25 x 1 mm, Riviera) cut into
smaller pieces of 25 x 25 x 1 mm dimension were used as solid
substrates for the drying drop experiments. The glass slides were
thoroughly cleaned and immersed in piranha solution, prepared
by mixing sulphuric acid and hydrogen peroxide (Merck India) in
a 3:1 volume ratio until further use. Piranha solution is highly
corrosive and reactive, posing serious hazards due to potentially
violent exothermic reactions and the release of toxic fumes; it
must be handled under a fume hood with appropriate personal
protective equipment. Before the start of each experiment, these
glass slides were washed with double distilled water to remove
impurities, if any, followed by rinsing with ethanol and, finally,
cleaned with compressed dry N, gas. This procedure ensured that
the glass substrate was homogeneously clean and hydrophilic.
The binary dispersion of 1 pL volume was cast onto a cleaned
glass substrate and allowed to evaporate at a temperature of 25 +
1 °C and a relative humidity of 60 £+ 2%. During the course of
drying, the temperature and humidity were monitored and mea-
sured using a hygrometer (HTC-1, Humidity Thermometer, India).
Each drying experiment was repeated at least thrice.

The patterns formed after the complete evaporation of the
solvent from the sessile drop of PS'-PS™, CL'-HS™, CL*-PSS",
PAH'-HS™, and PAH'-PSS™ binary mixtures were captured
using an optical microscope (Nikon, ECLIPSE LV100ND, Japan).
The evaporation of a drop containing PS'-PS™ particles (1 pm
diameter) at Cy = 0.01%, 0.1%, and 1% was recorded using an
inverted fluorescence microscope (DMI3000B, Leica Micro-
systems, Germany). Time-lapse imaging of fluorescent tracer
particles in the particle tracking experiments was also captured
using the same fluorescence microscopy setup. The images
were captured every 0.5 seconds and then processed using
Trackpy, a Python package for particle tracking that identifies
the coordinates of the particles in each frame. Using this data,
the mean square displacement (MSD) and trajectories of the
tracer particles were obtained.

2.4 Characterization of size and mobility of the particles

The diameter of the particles in the parent dispersions, as well
as the binary mixtures, were measured using the static light
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scattering (SLS) technique (Horiba LA950, Japan). The electro-
phoretic mobility of the particles was measured from the
electrophoretic dynamic light scattering technique (Horiba
SZ-100, Japan), and the zeta potential was calculated using
Smoluchowski’s equation. For these measurements, 0.05 w/v%
aqueous dispersions containing 1 mM NaCl were used. All the
measurements were carried out at 25 °C.

2.5 Rheological measurements

The binary mixtures of CL'*-HS™ and CL'-PSS™ (Cy = 10% at
mixing fraction corresponding to maximum hetero-aggregation)
were subjected to oscillatory rheology experiments, namely,
frequency and amplitude sweep measurements using a con-
trolled stress rheometer (Anton Paar Physica, MCR 301, Austria)
using the published protocol.”” A 25 mm diameter parallel plate
geometry at a gap of 0.5 mm was used. A few drops of silicone oil
were placed around the edge of the plates, over the sample to
minimize the evaporation of water. The solutions were pre-
sheared at 1% strain and 1 rad s~ " frequency, followed by a rest
period of 5 minutes to erase the previous shear history. The
amplitude sweep was performed starting from 0.01 strain% to
1000 strain% at a constant frequency of 1 rad s~ '. The samples
were also subjected to a constant strain% of 0.1% across the

frequency ranging from 0.1 to 100 rad s~

2.6 Analysis and characterization of the dried deposit

The height or surface profile of the dried pattern was measured
using an optical surface profiler (Bruker, Countour GT-1,
Germany). This data was further used to quantify the morpho-
logy of the evaporative patterns into various categories, such as
coffee rings, domes, uniform deposits, central deposits, and
coffee eye deposits, more details of which can be found in our
earlier work.?” This method uses A(x,y), where & represents the
height of the deposit at location (x,y), as an input to quantify
the spatial distribution of particles in the dried deposit. The
height profile data in the Cartesian coordinate system is
transformed into the polar coordinate system to obtain A(#,6),
where 7 and 6 denote the radial and azimuthal coordinates,
respectively.
A height-height correlation function (%h),

(hhy = (h(F,0)h(7, AD))

1 0=2n . .
= ELZO (h(#, 0)h(7, 0 + A0))dO "

1 Nol

No =

is calculated at each radial location 7. In eqn (1), Ny is the
number of azimuthal segments and 0; denotes the coordinate
of the ith segment. Exploiting the symmetry, an average of the
height-height correlation in the intervals (0,m) and (m,2m) is
calculated, which is then normalized with its maximum value
to obtain (hh).orr- When plotted against 7A0, (hh).or decreases
from 1 which corresponds to the perfectly correlated case to a
minimum value. The value of A0 at which the correlation
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function decays to the minimum, denoted by EZCOH provides an
estimate of the size of the particle clusters.

Next, we also calculate the root mean square of the correla-
tion function in the azimuthal direction for each radial loca-
tion, by substituting A6 = 0 in eqn (1) and is given by:

hrws () = v/ (h(F,0)h(7,0)) (2)

The variation of the deposit height in the radial and azi-
muthal direction is further quantified using three parameters -
m,, ms, and my. These parameters determined from hgys and
deor take values ranging from 0 to 1 facilitating the pattern
classification, and are defined as follows.?

e The parameter m,, the ratio of the first moment of Agys
with respect to 7 to the zeroth moment of Arys, is given by:

Ny

1. . 7ihrwms,j
_ Jofhrmsd? _ 20: J /

) (3)

my = J‘lh dA Ny
RMSAr
0 > hrwms,
0

where N; is the number of radial segments and 7 is the jth
radial segment. An m, value close to 0 indicates that most of the
particles are deposited at the centre of the deposit, while an m,
value near 1 signifies a coffee-ring-like pattern. Intermediate m,
values suggest that particles are present in the interiors of the
dried pattern.
e The parameter mg, which characterizes the radial spread of
the particle distribution in the deposit, is given by:
(hrms)
s = RMS (hiewss)’ 4)

where o is standard deviation of Zgys and RMS(frys) is the root
mean square value of Agys in the radial direction. A low value
of mg close to 0 implies a uniform distribution of particles in
the dried deposit, whereas mg ~ 1 suggests that particles are
distributed in a narrow region along any radial location.

e The parameter my, which provides an estimate of the size
of the deposit in the azimuthal direction, is defined as:

2 X dCOI‘I‘
my = ———

(5)

2ni
This parameter is the ratio of acm to the perimeter of the radial
segment over which the analysis is performed. The prefactor 2
accounts for the averaging performed in the 0 direction.
Note that m, is defined at each radial location. We report my,
evaluated at 7= 0.5 in this work. An my value close to 0 indicates
no variation in the height of the deposits in the radial segment
considered, and a value close to 1 implies particle deposition
across the entire azimuthal direction.

Based on the values of m, and mg the dried deposits can be
classified into various patterns. An estimate of the size of the
clusters in the dried deposit formed can be obtained from my.
We refer readers to our earlier work for additional details.*>

This journal is © The Royal Society of Chemistry 2025
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3 Results and discussion
3.1 Patterns from dried drops of oppositely charged colloids

The optical microscopy images of the patterns formed after
drying a sessile drop consisting of a mixture of positively
charged polystyrene, PS* and negatively charged polystyrene,
PS™ particles (each of approximately 200 nm diameter) at
different mixing fractions (w¢ = 0, 0.25, 0.5, 0.75, and 1) and
total initial particle concentrations (Cy = 0.01%, 0.1%, and 1%)
are presented in Fig. 1. The height profiles corresponding to
these samples are shown in Fig. S1 in the ESI.{ The diameter of
the contact line and the initial contact angle of the sessile drops
of 1 pL volume used in these experiments were measured to be
~2.2 + 0.3 mm and 6. ~ 35 + 3°, respectively. The drying of
the sessile drop followed a constant contact radius (CCR) mode,
with the complete evaporation of water occurring in approxi-
mately 10 minutes. The parameters m,, ms, and m, that quantify
the spatial distribution of particles in the dried deposits shown
in Fig. 1 calculated from the height profiles of these patterns
have been shown in Fig. 2 as contour plots.

The evaporation of drops containing either PS" (w¢= 1) or PS™
(w¢ = 0) produced coffee-ring patterns irrespective of Cr, as
expected. Correspondingly, m, and m exceeded a value of 0.8,
indicating the predominantly ring-like deposition. Due to the
absence of any particle in the interior of the deposit, m, evaluated
at a radial position 7 = 0.5, for these patterns, was found to be 0.

©)
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At Cy = 0.01%, for the intermediate mixing fractions w¢ =
0.25, 0.5, and 0.75, small clusters of particles were present in
the inner region of the dried deposit, alongside the persistent
coffee ring at the periphery (Fig. 1(A)). Consequently, the
parameters m, and mgs decreased slightly compared to the
limiting cases w¢ = 0 and 1. Furthermore, m,, evaluated at
7= 0.5, showed a slight increase. When the concentration was
increased to Cr = 0.1%, the patterns at w = 0.25, 0.5, and
0.75 showed a significant increase in the size and number of
clusters in the interior region (Fig. 1(B)) along with a weak
coffee ring deposit at the peripheral region. The considerable
increase in the presence of particles in the interior of the
pattern at wf = 0.5 suggests enhanced hetero-aggregation at
this composition (increase in both size and number of clusters).
Correspondingly, the magnitude of m, and mg decreases consid-
erably (~0.45 at w; = 0.5), indicating suppressed coffee-ring
formation. The parameter my also increases, reaching a value of
~0.21 at w¢ = 0.5, suggesting the presence of larger clusters at
radial location 7 = 0.5.

At the highest initial concentration considered, Cr = 1%, the
patterns at intermediate mixing fractions w¢ = 0.25, 0.5, and
0.75 have most particles deposited in the interior region, as
evident from the optical microscopy images in Fig. 1(C) and the
height profiles shown in Fig. S1(C) in the ESL.t The m, and m;
for these patterns were lower than 0.4 due to the accumulation
of more particles in the interior region. A marginal increase in

0 0.25

0.5 0.75 Oy

Fig. 1 Optical microscopy images of the dried deposit patterns formed by drying binary dispersions drops containing PS*—PS™ (x~ 200 nm diameter) at
(A) Ct = 0.01%, (B) C+ = 0.1%, and (C) Ct = 1% for various mixing fractions (wf). The microscopy images shown have been recorded soon after complete
evaporation of the liquid from the sessile drops, which had a typical lifetime of about 10 min. Scale bar = 500 um.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The contour plots showing the variation of (A) m,, (B) m, and
(C) my for the dried deposit patterns formed by drying binary dispersion
drops containing PS*-PS™ (~200 nm diameter) as a function of concen-
tration (C7) and mixing fraction (wy).

the value of mg at w¢ = 0.5 suggested that the pattern was close
to being dome-like. The m, was approximately 0.2 at w¢ = 0.25
and 0.75, indicating the deposition of larger clusters in the
central region compared to the case of lower Cr. At w¢= 0.5, my
at 7 = 0.5 was calculated to be the highest, 0.72, reflecting the
presence of large clusters spanning this radial location. Similar
to the case of Cr = 0.01%, faint peripheral rings were observed
at wr = 0.25 and w¢ = 0.75.

The modification of the dried patterns in the deposit is a
direct consequence of the hetero aggregation of the oppositely
charged particles dispersed in the drop. While the evaporation
driven radial flow of the solvent convects both the individual
particles that do not participate in the hetero aggregation and
the smaller hetero aggregates to the peripheral region of the
patterns, the larger aggregates result in an enhanced deposition
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in the interior of the dried deposit. Since the size and size
distribution of the aggregates formed by the hetero aggregation
process depends upon the mixing fraction w¢ and the total
concentration Cr, we focus on the hetero-aggregation process
of oppositely charged colloids in the next section.

3.2 Hetero-aggregation of oppositely charged colloids

We study the hetero-aggregation of oppositely charged colloids
in the aqueous dispersion prior to drying. To this end, static
and dynamic light scattering analyses were used respectively to
measure the mean diameter, Dy, and electrophoretic mobility,
u, of the dispersed species in the binary dispersions. The
electrophoretic mobility () of the dispersed species in a binary
aqueous dispersion of 190 nm diameter positively charged
polystyrene, PS" and 220 nm diameter negatively charged
polystyrene, PS™ particles as a function of mixing fraction at
Cr = 0.05% is presented in Fig. 3. For dispersions of PS™
particles (wf = 0), the measured electrophoretic mobility was
—0.046 + 0.001 mm* V' 57!, and the corresponding zeta
potential was —59.4 & 1.39 mV. As PS' particles were intro-
duced, the overall mobility of the dispersed species decreased.
At a mixing fraction in the vicinity of 0.5, the mobility was
reduced to 0. A black dashed line corresponding to u = 0 has
been shown in Fig. 3. Beyond this point, the mobility shifted to
a positive value as more PS" particles were added. At o = 1,
where only PS" particles are present in the dispersion, u =
+0.052 + 0.001 mm® V" s™" and the zeta potential was +68.1 +
1.86 mV.

The D, of the dispersed species in the binary mixture mea-
sured at different mixing fractions plotted in Fig. 3 shows a non-
monotonic trend with a peak at w¢ = 0.5. The average diameter of
the dispersed particles at w¢ = 0 and w¢ = 1 was 187.3 £ 1.7 nm
and 223.3 + 5.1 nm, respectively, consistent with the diameter of
individual particles provided by the manufacturer.

The average diameter at intermediate w¢ was considerably
larger (by an order of magnitude) due to the formation of

0.08 7— . . . . — 14
0.06 - 12
0.04 - 10
Q
> 0021 g
s 0.02 g
L6 ~—
& 0.00 o
s H4
-0.02-
-2
-0.04-
-0
'006 T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
@r
Fig. 3 Electrophoretic mobility u and diameter D, of the dispersed
species as a function of mixing fraction. The black dashed line represents

the zero mobility line. The red dotted line represents the critical diameter
above which the dispersed species will settle over the lifetime of the drop.
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hetero-aggregates. Note that as u = 0 at w¢ = 0.5, the average
diameter of the hetero-aggregates was the highest. The larger
clusters or particles in the drying drop are expected to settle
during the course of drying.?’*®> Therefore, the maximum
particle size above which the dispersed species would settle
during the lifetime of the drying drop was calculated. For this
purpose, we considered a typical drop with a diameter of
2.2 mm, apex height of 1 mm, and initial contact angle of
35°. By substituting the total drying time and the drop height at
the apex in Stokes’ settling equation, we estimated the critical
diameter, Dy, ., of the cluster in the PS'-PS™ system that would
settle during the drying process to be approximately 7.8 um.
The horizontal dotted line has been drawn in Fig. 3 to mark this
critical diameter.

The dried patterns, when the electrophoretic mobility of the
dispersed species in the drop is considerably high and when
the particles did not form aggregates i.e., at w¢ = 0 and 1, were
coffee rings. The large-sized hetero-aggregates formed in the
drops at w¢ = 0.25, 0.5, and 0.75 were weakly charged (low u).
Therefore, the particle clusters started to appear in the inner
regions of the deposits and the patterns were not typical coffee-
rings anymore. We point out that SLS measurements were
performed for the binary mixtures at Cy = 0.05%; however,
the microscopy images in Fig. 1 show deposits at Cr = 0.01%,
0.1%, and 1%. The average diameter of the clusters in the latter
cases would be much larger. Therefore, the concentration of
particles deposited in the interior regions of the deposits for
w¢ = 0.25, 0.5, and 0.75 increases progressively as the concen-
tration increases from Cr = 0.01% to 1%.

3.3 Drying drop of oppositely charged
colloids - generalization of pattern formation

We now extend our study to analyze evaporative patterns resulting
from the drying of aqueous drops having different oppositely
charged species, namely, particle-particle (CL'-HS™), particle-
polyelectrolyte (CL'-PSS™ and PAH'-HS™), and polyelectrolyte-
polyelectrolyte, (PAH'-PSS™). In order to reduce the parameter
space of analysis, here, we took a different approach; the hetero-
aggregation behaviour was investigated to identify the wr at which
u = 0, and drying drop experiments were conducted at this ws.
Fig. 4(A) shows the variation of u with wr. A black dashed line
corresponding to # = 0 has been shown in Fig. 4 for the ease of
identifying the isoelectric mixing fraction, that is, w¢ for which
u = 0. The intersection of the u vs. w¢ curve with the dashed line
gives a specific mixing fraction at which the electrophoretic
mobility of the oppositely charged binary mixture becomes 0. In
general, w¢ corresponding to « = 0 will depend on size ratio, charge
ratio, surface chemistry, and solution conditions (such as pH).
At this isoelectric mixing fraction, the size of the clusters attains a
peak, which is general to all the binary systems as illustrated in
Fig. 4(B), where the ratio of the diameter of the dispersed species
scaled with critical size above which the particles will settle
(calculated from Stokes’ settling equation) has been plotted as a
function of wy.

Fig. 5-7 show the optical microscopy images of the deposits
obtained after evaporation of water from drops of different

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Electrophoretic mobility and (B) ratio of the diameter of
dispersed species (Dp) to the critical diameter of the dispersed species
which settle over the lifetime of the drop (D) for the CL*-HS™, CL*-
PSS™, PAH*-HS™, and PAH*-PSS™ binary mixtures as a function of mixing
fraction (wy).

binary mixtures at Cy = 0.01%, 0.1%, and 1%, respectively. The
binary mixture system, along with the corresponding isoelectric
mixing fraction, has been inscribed on the top of each dried
pattern. The first row in Fig. 5-7 shows the microstructure of
the entire deposit. The particle depositions near the contact
line (square with solid lines) and in an interior region (square
with dotted lines) at higher magnification have been shown in
the next two rows.

At Cr = 0.01%, much like the case of PS™-PS™, a considerable
quantity of the dispersed material has been convected to the
boundary, as illustrated in Fig. 5. As seen in the second row and
the third row of Fig. 5, there was deposition at the contact line
as well as in the interior region at the isoelectric mixing
fraction.

The coffee-ring suppression is evident in the deposits
formed by drying of different oppositely charged binary mix-
tures at Cr = 0.1%, see Fig. 6. However, the spatial distributions
of hetero-aggregates in the deposits of (i) CL'-HS™ and CL'-
PSS~ and (ii) PAH'-HS™ and PAH'-PSS™, are strikingly differ-
ent. These differences are clearly visible in the microscopy
images of the entire deposit, as well as the magnified views
of the boundary and central regions, as shown in Fig. 6. In the
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Fig. 5 Optical microscopy images show the entire dried deposit (top panel), a region near the contact line (middle panel), and the central region (bottom
panel). These patterns are formed by drying sessile drops containing (A) CLT-HS™, (B) CL*-PSS™ (C) PAH*—HS™, and (D) PAH*-PSS™ binary mixtures
prepared at isoelectric mixing fraction and at a total concentration, Ct = 0.01%. The scale bar in the top panel represents 500 um. The scale bar in the

other two panels corresponds to 100 um.

CL'-HS™ and CL'-PSS™ systems, the hetero-aggregates were
distributed uniformly across the entire area of the deposit.
In PAH'-HS™ and PAH'-PSS™ binary mixtures, the deposits
have voids or particle deficit regions co-existing with hetero-
aggregates. Further analysis of the mechanism underlying
the formation of these distinct patterns in the binary mixtures
of CL'-HS™ and CL'-PSS™ have been presented in the next
section.

At Cy = 1%, the images shown in Fig. 7 reveal more particles
in the interior region as compared to the edge. This is similar to
the case for the PS*™-PS™; however, in the systems shown in
Fig. 7, cracks form in the inner regions with higher particle
deposition. The presence of cracks in these systems is due to
stress release developed during drying.*® This phenomenon is
significant when the size of individual particles is small and the
particle concentration is sufficiently high.

3.4 Mechanism of pattern formation

As discussed in the previous sections, evaporation of aqueous
sessile drops containing oppositely charged binary mixtures
resulted in a variety of patterns, such as (I) a coffee ring,
(I) a coffee ring with small clusters in the interior region,
(I11) deposits with uniform distribution of (a) hetero-aggregates,
and (b) hetero-aggregates with voids, and (IV) dome-like

5248 | Soft Matter, 2025, 21, 5242-5254

deposits - without and with cracks in the interior region.
To unravel the mechanism of pattern formation, we performed
evaporation experiments containing 1 um PS™-PS™ particle
system. Here, the negatively charged amine-coated polystyrene
particles are fluorescently labelled. We show that the formation
of different patterns is dictated by the interplay of three
competing phenomena that contribute to the transport of
individual particles and hetero-aggregates as the solvent eva-
porates from the sessile drop, namely: (i) evaporation-driven
flows, (ii) gravity-aided sedimentation, and (iii) gelation, which
are further discussed in detail in this section.

3.4.1 Competition between transport due to capillary flow
and sedimentation. The capillary flow of the solvent from the
centre to the periphery of the drop facilitates the transport of
individual particles as well as small hetero-aggregates to the
three-phase contact line. The deposition of solids at the edge of
the dried pattern is mainly due to this radially outward flow."
The particle clusters in the drop experience the outward capil-
lary force throughout the evaporation process, the strength of
which increases as the evaporation proceeds. During the final
stages of evaporation, the temporal divergence in the velocity
field of the solvent (and thereby the dispersed species) results
in a dramatic increase in the transport of particles to the drop
edge.’” Therefore, the capillary flows that transport particle

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Optical microscopy images showing the entire dried deposit (top panel), a region near the contact line (middle panel), and the central region
(bottom panel). These patterns are formed by drying sessile drops containing (A) CL*—=HS™, (B) CL*—PSS™ (C) PAH*—=HS~, and (D) PAH*-PSS™ binary
mixtures prepared at isoelectric mixing fractions and a total concentration, Ct = 0.1%. The scale bar in the top panel represents 500 pm. The scale bar in

the other two panels corresponds to 100 pm.

clusters to the edge become dominant in the final stage of
drying (¢t > 0.85¢.).*® The fluorescence microscopy video,
Movie M1 in the ESI, recorded during the drying of a sessile
drop containing 1 um PS* and fluorescently labelled PS™
particles at Cy = 0.01% and w¢ = 0.7 (isoelectric mixing fraction),
showed the migration of individual particles and hetero-
aggregates to the contact line of the drying drop. In Movie M1
(ESIT), only fluorescently labelled particles are seen. The deposi-
tion due to such evaporation-driven flows is predominantly seen in
the patterns formed (i) at Cy = 0.01% regardless of wy, and (ii) at
higher Cr when o is sufficiently away from the conditions of
maximum hetero-aggregation (u = 0).

In addition to transport towards the contact line, the deposi-
tion of aggregates in the interior region of the dried deposit can
also be seen in Movie M1 (ESIt). These are the larger-sized
hetero-aggregates that sediment over the base area of the drop
due to the action of gravity. The extent of deposition of hetero-
aggregates in the interior is much larger for the case of binary
drops of 1 pym diameter particles even when Ct = 0.01%, unlike
the patterns presented in Fig. 5 where the size of the individual
species (and hence that of hetero-aggregates) is smaller by at
least one order.

At higher Cr (= 0.1%, 1.0%) and when wy is in the vicinity of
the isoelectric mixing fraction, the deposition of large-sized

This journal is © The Royal Society of Chemistry 2025

clusters onto the solid substrate occurs immediately after the
drop was cast on the solid substrate. These clusters, being large
in size, are not convected to the drop edge. This is evident in
the fluorescence microscopy videos for Cr = 0.1% (Movie M2,
ESIt) and Cr = 1% (Movie M3, ESIt). The patterns presented in
Fig. 6 and 7 also correspond to the cases where the settling of
hetero-aggregates in the interior region is dominant. Based on
the particle sizes obtained from dynamic light scattering (DLS),
the time scale of settling, i.e., the ratio of the time of settling
(based on Stokes’ settling) to the total drying time for each
system is calculated and tabulated in Table 1 for a total particle
concentration of Cy = 0.05%. This indicates that the larger
clusters formed at higher concentrations are expected to settle
during the initial stages of drop drying.

Thus, depending on initial concentration and mixing frac-
tion, a competition between capillary flow-driven transport and
gravity-driven sedimentation dictates the formation of coffee
stains, coffee rings with small clusters in the interior region,
deposits with uniform distribution of hetero-aggregates with
voids, and dome-like deposits across a wide range of binary
mixtures of oppositely charged species considered in this study.

3.4.2 Gelation-aided suppression of coffee-rings. The bin-
ary drops of CL'-HS™ and CL'-PSS™ prepared at the isoelectric
mixing fraction and Cr = 0.1% when dried resulted in patterns
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Fig. 7 Optical microscopy images show the entire dried deposit (top panel), a region near the contact line (middle panel), and the central region (bottom
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Table 1 Time scale of settling (ts/t) for various systems based on the size
obtained from the SLS experiments for C; = 0.05%. The second column
shows the effective particle density of the hetero-aggregated species

System pp (kg m™3) tolts
CL'HS™ 2170 0.03
CL'PSS™ 2030 0.03
PAH'HS™ 2070 0.03
PAH'PSS™ 1100 0.17

with a uniform distribution of hetero-aggregates (without any
voids), i.e., a complete suppression of the coffee stain, as shown
in Fig. 6(A) and (B). The mechanism behind the formation of
these patterns was further studied by incorporating fluores-
cently labelled uncharged polystyrene particles of 1 um dia-
meter into the drop of the aqueous binary mixture prior to the
evaporation experiments. As tracer particles do not have any
surface charge, they do not take part in the hetero-aggregation
process. The motion of the tracer particles was tracked using an
inverted fluorescence microscope. The trajectories of the uncharged
tracer particles in the drying drop in a region (500 pm x 375 um)
close to the centre over the lifetime of the drop ¢ were analyzed
to obtain the mean square displacement.

The x and y coordinates of a single tracer particle recorded
during 0 to 30 seconds, 180 to 210 seconds, 420 to 450 seconds,

5250 | Soft Matter, 2025, 21, 5242-5254

and 570 to 600 seconds, which respectively correspond to 0 <
t/te < 0.05, 0.3 < t/ty < 0.35, 0.7 < t/ty < 0.75, and t/ty > 0.95
have been plotted in Fig. 8(A), (B), (C), and (D), respectively.
Initially i.e., when #/t; < 0.05, the particle exhibits considerable
motion as evident from the trajectory shown in Fig. 8(A).
However, as evaporation progresses, the mobility of the parti-
cles decreases, as can be seen in Fig. 8(B). During the final
stages of drying (¢/¢ > 0.95), the particle exhibits minimal
movement, as seen in Fig. 8(C) and (D). The ensemble mean
square displacement (MSD), A7, obtained from the trajectories
of more than 100 tracers has been plotted as a function of the
lag time At in Fig. 8(E) for every 30-second time interval starting
from t/t; = 0. The reduction in MSD with time clearly indicates
the slow down of the tracer particles. Moreover, the slope of the
MSD vs. At curves changes with time, indicating that the tracer
particle dynamics also change as evaporation proceeds. When
t/ity < 0.15, Ar® scales proportionately with At, indicating
a diffusive motion in the sample. The slope of MSD vs. At
decreases monotonically as the drying continues, and the tracer
particles exhibit a sub-diffusive behaviour when ¢/¢; > 0.15. The
slope in the final stages is about 0.15, indicating that the tracer
particles are now embedded in a solid or gel-like material.*®
Thus, the particle-tracking microrheology experiments clearly
illustrate a transition in the state of the drying droplet from

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Trajectories of a tracer particle in a 0.1% CL*HS™ (w; = 0.35) binary
mixture in a region near the centre at different time intervals: (A) 0 < t/t; <
0.05, (B) 0.3 < t/ty < 0.35, (C) 0.7 < t/ty < 0.75, and (D) t/t; > 0.95. (E)
Mean square displacement Ar? of the tracer particles in the centre of the
evaporating sessile drop plotted as a function of lag time At at 30 s intervals
during the course of drying. The solid line in (E) represents a slope of 1,
while the dashed line corresponds to a slope of 0.2.

viscous to gel-like as the solvent evaporates. From the temporal
evolution of the drop shape profile recorded using a goni-
ometer (Attension theta PD200, Biolin Scientific, Sweden), the
concentration of OCPs in the drop at the point of gelation is
estimated to be approximately 10%. The time at the CL'-HS™~
and CL'-PSS™~ binary mixture gel depends on the initial particle
concentration and can be calculated assuming a linear rate of
evaporation.’’ The characteristic time scale of the onset of
gelation scaled with the total time of evaporation, t/t; is
estimated to be 0.99 for Cr = 0.1% and 0.9 for C; = 1%,
i.e. gelation occurs towards the far end of the drying process.
We further confirm gelation in an aqueous binary OCP
mixture (10 w/v%) prepared at the isoelectric mixing fraction
by ex situ experiments. The storage modulus G’ and loss
modulus G” for the CL™-HS™ and CL'-PSS™ mixtures corres-
ponding to these conditions, obtained from frequency and
amplitude sweep measurements, are shown in Fig. 9(A) and
(B), respectively. A linear viscoelastic regime where the moduli
are independent of strain percentage, wherein G’ is higher than
G", a cross-over characteristic of yielding, and negligible change
in G" and G” in the frequency window considered, provide
conclusive evidence of gelation in these systems. Supplementary

This journal is © The Royal Society of Chemistry 2025
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frequency sweep.

experiments confirmed that the rheology data presented are not
influenced by the gap height and the wall slip, see Fig. S2 in the
ESI} where data for the CL'-HS™ system is shown. The formation
of gels in both CL"-HS™ and CL"-PSS™ aqueous binary systems at
10 w/v% and at isoelectric mixing fraction is further confirmed by
the vial inversion test shown in Fig. S2(A) and (B) in the ESLt The
mechanism described here for Cr = 0.1%, that is, settling of
hetero-aggregates followed by gelation, also holds for the case of
Cr = 1%, except that gelation occurs much earlier due to higher
initial concentration, which leads to patterns shown in Fig. 7(A)
and (B).

On the other hand, the patterns shown in Fig. 6(C), (D) and
7(C), (D) are solely driven by the gravity aided settling of hetero-
aggregates, as the PAH'-HS™ and PAH'-PSS™ binary mixtures
prepared at Cr = 0.1% and Cr = 1% do not gel during the course
of drying experiments. This is further confirmed by the vial
inversion test for the 10 w/v% PAH'-HS™ and PAH'-PSS~
binary mixtures prepared at the isoelectric mixing fraction
shown in Fig. S3(C) and (D) (ESIt) and the rheology experi-
ments, which showed that G’ and G” are frequency dependent
(see Fig. S4 in the ESIf).

There have been reports of coffee-ring suppression when an
aqueous drop containing oppositely charged particles and
surfactants is dried, which has been attributed to electrostatic
hetero-aggregation. While this mechanism parallels manipulat-
ing DLVO (Derjaguin, Landau, Verwey, and Overbeek) interac-
tions observed in our system, the underlying physical processes
governing the final deposit morphology differ significantly. In
the particle-surfactant system, association between oppositely
charged species leads to surfactant-coated particles, which,
being hydrophobic, eventually adsorb at the liquid-vapour
interface. This leads to the formation of particle-surfactant
“skin”, resulting in a disk-like deposit upon drying. In contrast,
our studies on binary mixtures of oppositely charged particles
or particle-polymer binary mixtures clearly demonstrate that
coffee-ring suppression arises primarily due to either gravity-
driven sedimentation or gelation, depending on the initial
concentration of dispersed species in the drying drop.*’ Our
results also demonstrate that gelation due to a combination of
hetero-aggregation and evaporation is another effective strategy
to suppress coffee-ring formation. The gelation process immo-
bilises the suspended particles and effectively suppresses the
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Fig. 10 Optical microscopy images of the dried deposit formed after the
evaporation of water from (A) an aqueous drop of 0.1 wt% seaweed
extract, (B) an aqueous drop containing 0.1 wt% seaweed extract and

0.1 wt% alumina microparticles and (C) an aqueous drop containing
0.1 wt% seaweed extract and 0.5 wt% alumina microparticles. The image
in the first column corresponds to the dried deposit formed on a glass
slide, and the images in the second and third columns represent the
deposit microstructure on the adaxial surface of a banana leaf. The scale
bar in the first two columns is 500 um, and in the third column is 100 pm.

radial capillary flow, leading to uniform deposits. It is also
possible to induce gelation by adding an additive that creates a
crosslinked network within the droplet.*>

4 Uniform deposition of
agrochemicals on leaf surfaces

In this section, we show how hetero-aggregation can be
exploited to tailor the deposition of agrochemicals on the
surface of glass and banana leaves. To this end, we consider
the deposition and drying of an aqueous dispersion of
negatively charged ({ = —55 + 2.6 mV) seaweed extract, which
is a water-soluble alginic acid compound containing organic
matter (50.0%), nitrates (14.0-15%), phosphorus (2.5-4%), and
potassium (18-22%). Seaweed extract is commonly used as a
bio-stimulant in agriculture. Dynamic light scattering measure-
ments show that the seaweed extract, when dispersed in water,
is in the form of nanoparticles of 22 nm average hydrodynamic
diameter. The equilibrium surface tension of the aqueous
dispersion at 0.1 wt% concentration is measured to be
70 mN m™ !, comparable to that of pure water, indicating the
absence of any surface-active components in the seaweed
extract. Steady shear viscosity measurements reveal that the
seaweed dispersion at 0.1 wt% concentration behaves as a
Newtonian fluid, with a viscosity of 0.9 mPa s.

A2 pL aqueous dispersion of seaweed extract, when dried on
the two substrates (soft leaf and hard glass) in a controlled
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View Article Online

Paper

environment, maintaining a relative humidity of 60%, is found
to follow a constant contact radius (CCR) mode. The seaweed
extract is found to deposit only at the edge, forming a clear
coffee ring deposit, as shown in the optical microscopy images
in Fig. 10(A). Due to the inhomogeneous distribution of sea-
weed in the coffee-ring pattern, the performance of the for-
mulation can reduce significantly.*’ To overcome this problem,
we introduced positively charged alumina particles ({ = +57.3 +
1.8 mV) as an adjuvant into the dispersion of seaweed extract.
The positively charged alumina particles are attracted to the
negatively charged seaweed extract owing to electrostatic
hetero-aggregation, leading to the formation of large clusters,
which can significantly alter the distribution of seaweed extract
on the substrates. The sessile drops consisting of a mixture
of seaweed extract (0.1 wt%) and adjuvant alumina particles
(0.1 wt% and 0.5 wt%) on the surface glass and banana leaf are
shown in Fig. 10(B) and (C), respectively. It can be observed in
Fig. 10(B) that, at 0.1 wt%, small clusters of alumina particles
are present in the inner region of the dried deposit alongside a
persistent coffee ring consisting of seaweed extract. When the
concentration of alumina is increased to 0.5 wt%, as shown in
Fig. 10(C), a considerable quantity of seaweed extract is seen
across the entire area of the deposit pattern. The enhanced
hetero-aggregation at this composition leads to complete sup-
pression of coffee-ring formation. This method serves as a
simple yet effective tool to tailor the uniform deposition of
seaweed extract for enhanced performance.

5 Conclusion

This study presents a versatile strategy for tailoring evaporative
deposition patterns using OCPs. By tuning the total particle
concentration and mixing fraction, a diverse range of micro-
structures is achieved, including classic coffee rings, coffee
rings with interior deposits, uniformly distributed patterns
(with or without voids), and dome-like structures. The max-
imum suppression of the coffee-ring patterns was observed
near the isoelectric mixing fraction, i.e. the mixing fraction at
which the net electrophoretic mobility of the dispersed species
is zero. At low concentrations near this isoelectric mixing
fraction, patterns resemble coffee rings with small clusters
deposited in the interior. As the concentration increases,
cluster size grows, undergoes gravitational settling, and thus
progressively covers a larger area within the drop. At the
intermediate particle concentration considered in this study,
when the particle mixture forms a gel during evaporation,
uniform, space-spanning deposits emerge. In contrast, systems
that do not gel upon drying produce hetero-aggregated clusters
with voids in between at this concentration. At the highest
concentrations, a network of clusters forms a dome-like micro-
structure in the central region. This study highlights the critical
role of settling, gelation, and capillary flow in dictating deposit
morphology, offering a robust approach for engineering self-
assembled patterns through controlled hetero-aggregation of
OCPs with implications in the agriculture sector.
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