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route for controlling the self-assembly of particles on solid surface. In this article, we demonstrate

that the configuration in which the colloidal dispersion is dried greatly influences the patterning
of particles on solid surface after complete evaporation of the solvent. The evaporation experi-
ments are carried out using well-characterized stable aqueous dispersion of hematite ellipsoids
and polystyrene spheres. The drying of particle laden sessile drops always give “coffee — ring”
deposit irrespective of particle concentration. At particle concentration > 0.3 wr% circular cracks
appear in the annular region of the coffee-ring deposit owing to the ordered arrangement of el-
lipsoids. In stark contrast, the deposits formed by drying dispersion of ellipsoids in the sphere-
on-plate configuration shows a transition from “concentric — ring” t0 “concentric — crack” in the
micro-structure of the particulate film with increase in the concentration of particles. Further, our
experimental findings reveal that long-ranged circular cracks and long-ranged assembly of parti-
cles can be achieved by drying of dispersion in sphere-on-plate configuration. While the nature of
patterns - that is - coffee-rings and concentric rings - are independent of the shape of the particle,
strikingly different crack morphology is shown to be dictated by the shape of the particles in the
dispersion. The results presented show that the drying of colloidal dispersion in the sphere-on-
plate configuration enables the fabrication of long ranged ordered assembly of particle over area
as large as few square millimeters.

1 INTRODUCTION

The evaporation of solvent from a drying drop containing insol-
uble solutes is crucial to materials engineering, medicine, agri-
culture and is also significant to many technological applications
as well13. The most studies of drying of dispersion containing
particles is studied in the sessile configuration (i.e. drop on sub-
strate) 12, The drying of a sessile particle-laden drop on a solid
substrate leads to a ring-like deposit of particles at the periph-
ery of the drop, widely known as “cof fee — ring” deposit*. Such
a deposit is formed due the migration of particles to the pinned
contact line (CL) of the drop as a result of the radial outward
capillary flow of the carrier fluid*>. Controlling the morphology
of the final particulate deposit on the substrate formed by dry-
ing of dispersion containing particles has received considerable
attention. This has been exploited to control the self-assembly of
particles on solid substrates. The deposit patterns and assemblies
of particles realised through this route, in particular, find appli-
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cations in the area of paint technology, coatings, catalysis, and in
the fabrication of photonic materials 3.

The dried deposit patterns on the substrate obtained by drying
of dispersion containing particles can be tailored by controlling
capillary flow*, temperature induced Marangoni-Benard convec-
tion 1416 wettability of the substrate 19-17-1°  particle shape and
size®, particle-particle and particle-substrate DIVO (Derjaguin-
Landau-Verwey-Overbeek) interactions®1!. In addition to the
aforementioned factors, the configuration in which the particle
laden dispersion dries is also an important factor that dictates
the final deposit patterns and the self-assembly of particles in the
deposit. In this context, the drying of dispersion under confine-
ment provides a great control over the evaporation of solvent
and associated internal flows that contribute to the transport and
self-assembly of particles. To date, few elegant methods such as
drying of dispersion confined between parallel plate?C, sphere-
on-plate?1-24, wedge geometry?®, cylindrical confinement i.e.,
drying in thin capillaries and vertical deposition® have emerged.
These methods provide precise control of the evaporation process
that enable the directed self-assembly of the particles such that
intriguing deposit patterns can be achieved. The drying of
particle laden dispersion on solid surfaces that results in the
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Fig. 1 (a) High resolution scanning electron microscopy (HR — SEM) image of the hematite (a — Fe,03) ellipsoidal particles used in the drying exper-
iments. These particles synthesized by forced hydrolysis method have a mean aspect ratio, «=5.18 +0.5. (b) The drying of dispersion of hematite
ellipsoids in sessile and sphere-on-plate configurations and the corresponding schematic representing the direction of the fluid flow during the evapo-

ration process.

particulate film often exhibit cracks, similar to those commonly
observed in the dried mud?’ and old paintings2®. Although
these cracks are unacceptable in many applications pertaining to
coatings. The periodic cracks formed in a controlled manner find
potential application as lithography template for fabricating nano
and micro-channels (for nano and micro-fluidics) and in optical
grafting. The crack in particulate film arise due to the release of
excess stress energy which is accumulated during the course of
drying2°30, The crack morphology and the ordered assembly of
particles can be controlled by tuning various parameters, such
as shape of particles3!, drying condition32, external fields33
(electric or magnetic fields applied during drying) etc.

We consider well-characterized model colloidal dispersion and
report the experimental findings on the influence of drying con-
figuration to the morphology of the final dried deposition pat-
terns and self-assembly of particles. The effect of the concen-
tration of particles and particle shape are studied. To this end,
the dispersion of colloidal ellipsoids and spheres are dried in
the sessile and sphere-on-plate configuration under identical ex-
perimental conditions. The colloidal dispersion consisting of
hematite ellipsoids of aspect ratio, a ~ 5.2 at various particle
concentrations (0.12-4 wt%) are evaporated in the two differ-
ent drying configurations. The dispersion of charged stabilized
hematite ellipsoids when dried in the sessile drop configuration,
is known to form coffee-ring like deposit®10. However, the dry-
ing of the dispersion in the sphere-on-plate configuration at the
same temperature and relative humidity show a transition from
a deposit with “concentric — ring” to a deposit with long ranged
“concentric — crack” as the concentration of ellipsoids in the dis-
persion is increased. The contrasting spatial arrangement of par-
ticles in the deposits formed by drying of dispersion in the two
drying configurations is attributed to the difference in the drying
kinetics. Furthermore, we also reports that the nature of crack de-
pends on the shape of the constituent particle and a long ranged

2] Journal Name, [year], [vol.], 1-10

assembly of particle can be achieved over area as large as few
square millimeters by drying of colloidal dispersion in the sphere-
on-plate configuration.

2 MATERIALS AND METHODS

2.1 Synthesis of hematite ellipsoids

The hematite (o — Fe,03) ellipsoid particles used in the droplet
drying experiments are synthesized using forced hydrolysis of
Fe™3 in the presence of urea 34 The aspect ratio (o = L/D) of the
ellipsoid, defined as the ratio of length (L) to the diameter (D) of
the particle, is tuned by varying the quantity of NaH, PO, added
to the reaction mixture. In a typical synthesis process of hematite
ellipsoid, 9.24 g of iron (III) perchlorate, Fe(ClO4); (Alfa aesar,
India), 1.2 g of urea, CO(NH;), (Merck, India) and 0.15 g sodium
di-hydrogen phosphate, NaH,PO, (Merck, India) are added to
200 ml Milli-Q water taken in a piranha (70% H,SO, and 30%
H>0; by volume) cleaned Pyrex bottle. Thereafter, with all the
reagents the Pyrex bottle is kept in a preheated oven at 100°C
for 24 h. After the reaction time the reaction product is cooled
overnight, the synthesized particles are separated from the reac-
tion product by centrifugation for ~ 30 min at a fixed 6000 rpm
and washed multiple times with de-ionized water until a clear su-
pernatant is obtained. Finally to stabilize the suspension, pH of
the hematite ellipsoid suspension is adjusted to 2 by adding aque-
ous HNO; to the solution. Under these conditions, the particles
are highly charged with a zeta potential of +40 mV (measured in
0.0001 M NaCl) i.e., the dispersion are charge stabilized and do
not show any gravity settling. High resolution scanning electron
microscope (HR — SEM) characterization reveals that the synthe-
sized hematite ellipsoids are highly mono-disperse as shown in
Fig.1 (a) with ¢« =5.18+0.5 (L=317+34 nm and D = 61 +7 nm).

2.2 Evaporation of droplet

The evaporation experiments are performed by placing a drop
of colloidal dispersion with various particle concentrations (¢
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Fig. 2 Evaporation of dispersions containing hematite ellipsoids with particle concentration ranging from 0.12 wt% to 0.5 wit%. As evident, drying
configuration dictates the patterning of particles on the substrate. The microscopy images show the part of the final particulate deposit obtained upon
complete evaporation of the solvent. (a) Drops dried in sessile mode always show coffee-ring at the three phase contact line (top panel, a1-a3), further
confirmed by the height profiles (bottom panel, a4-a6). (b) Dried deposit obtained from the sphere-on-plate configuration show deposit with concentric-
rings (top panel, b1-b3) and the corresponding height profiles show multiple spikes associated with the concentric-rings in the patterns (bottom panel,

b4-b6). The scale bar in each image corresponds to 500 pm.
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Fig. 3 Evaporative patterns by drying of dispersions containing hematite ellipsoids with particle concentration ranging from 1 wt% to 4 wt%. (a) Similar
to the deposit obtained at lower particle concentration, the sessile drops always leave a coffee-ring (top panel, a1-a3). The height and width of the
ring increases with increase in the concentration of particles as evident from height profiles (bottom panel, a4-a6). (b) The microscopy images of the
particulate film obtained by the drying of dispersion in the sphere-on-plate configuration shows the disappearance of the concentric-ring deposit (top
panel, b1-b3). The height profiles confirm significant accumulation of particles in the interior of the deposit compared to those formed by sessile drying
mode (bottom panel, b4-b6). The scale bar in each image corresponds to 500 um.

~ 0.12 — 4 wt%) of known volume (~ 5ul) in the sessile and
sphere-on-plate configurations as shown in Fig.1 (b). The glass
slides are used as substrate for the drying experiments. Prior to
the experiment, the glass substrates are soap cleaned followed
by cleaning with acetone and then dried using N, gas. The con-
tact angle (6y) of water drop placed on the substrate found to be
25+5° indicates its hydrophilic nature. For the drying of disper-
sion in the sphere-on-plate configuration, an acid washed glass
sphere (Sigma-Aldrich) of diameter ~ 1 mm is first fixed to a sy-
ringe tip with the help of commercially available adhesive (Fe-
vicol). The clean glass substrate placed on a movable stage is
brought in contact with the glass bead to create the sphere-on-
plate geometry. The colloidal dispersion is placed around the
sphere giving rise to the initial configuration of the dispersion

drying in sphere-on-plate mode, as shown in Fig.1 (b). All the
drying experiments in this studies are carried out at a constant
temperature of 25+3° C and relative humidity (RH) of 45+5%.
To compare the effect of particle shape in the final dried particu-
late deposit similar experiments are performed at various particle
concentrations (¢ = 0.12 —4 wt%) using the suspension of charge
stabilized poly-styrene (PS amidine latex) (Thermo fisher scien-
tific) of particle diameter, d=200 + 20 nm. The experiments are
performed under identical drying conditions and with the same
droplet volume in the sessile and sphere-on-plate configurations.

2.3 Imaging and analysis of the deposit patterns

The drying of colloidal dispersion leads to the formation of a de-
posit of particulate film. The images of the final dried particu-
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late deposits are captured by Dino-Lite digital microscope (AnMo
Electronics Corporation, Taiwan) and also analyzed using opti-
cal microscopy (Leica, Germany). The thickness of the film of
particulate deposits are confirmed by an optical surface-profiler
(Bruker, Contour GT-1, Germany). To study the drying kinetics
Goniometer (Kruss, Germany) is used and finally high resolution
scanning electron microscopy (HR-SEM) facility is used to unravel
the self-assembly of the particles in the final dried particulate film.

3 RESULTS AND DISCUSSION

3.1 Drying configuration influences the final deposit pat-
terns

The part of the final particulate deposit patterns left on the sub-
strate after the drying of dispersion containing colloidal ellip-
soids at various particle concentrations (¢ ~ 0.12 —4 wr%) in the
two different configurations (i.e. sessile and sphere-on-plate) are
shown in Fig.2 and Fig.3. The full length view of the dried de-
posits are shown in Fig. S1 in the ESI{. As shown in Fig.2 (a)
and Fig.3 (a), the drops that are dried in the sessile configuration
always leaves a “coffee-ring” deposit i.e., most of the particles are
deposited at the three phase contact line of the drying drop. Such
ring-like deposits form as a result of an outward capillary flow
that transports the particles from the interior of the drop to the
contact line*, as schematically shown in Fig.1 (b). This capillary
flow originates due to the pinning of the droplet and the non-
uniform evaporative flux along the drop surface®. The ring-like
deposits are observed irrespective of the particle concentration.
However, with increase in the concentration of particles in the
drying sessile drops, the height and width of the ring increase.
These particulate deposits are further characterized by plotting
the radial variation in the height measured by an optical surface
profilometer as depicted in Fig.2 (a) and Fig.3 (a).

In marked contrast to the evaporation of drops in the ses-
sile mode, the dispersions dried in the sphere-on-plate config-
uration under identical conditions leave deposit with multiple
“concentric — ring” which is more prominent at lower concentra-
tion of particle in the dispersion (¢ ~ 0.12-0.5%) as shown in
Fig.2 (b). The formation of concentric-ring deposit is further con-
firmed from the height profile measurements shown in Fig.2 (b).
As evident in the figure, the normalized height vs. x/R (where x
and R respectively, are the distance from the center of the deposit
and the radius of the deposit) shows multiple peaks correspond-
ing to the formation of concentric-rings in the interior region of
the dried deposits. The number of concentric-rings as shown in
Fig.2 (b) reduce as the concentration of particles in the disper-
sion increases from ¢ ~ 0.12 wr% to ¢ ~ 0.50 wt%. However, the
concentric-rings in the dried deposit completely disappear when
the dispersions at ¢ > 1wt% are evaporated as evident in Fig.3
(b). The microscopy images and the corresponding height pro-
file measurements shown in Fig.3 (a) and in Fig.3 (b) reveal the
presence of significant quantity of particles accumulated in the
interior of the deposit when dispersions are dried in the sphere-
on-plate configuration as against the sessile mode. The height
profiles of the particulate deposits clearly show that a large num-
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ber of particles are accumulated at the edge of the deposit (note
that the width as well as height is significantly large). This is
due to the pinning of the contact line during the early period of
drying, which subsequently de-pins at a later stage which will be
discussed further in the next section. To confirm the influence
of droplet volume, identical experiments are carried with disper-
sions of ~ 2ul volume and the final deposit patterns are found
to be qualitatively similar to that obtained by drying ~ 5ul vol-
ume dispersions as shown in the Fig. S3 in the ESI{. Moreover
in this study the dispersions that are dried are deposited on solid
surfaces such that the drops are nearly axi-symmetric within the
experimental uncertainties. To understand the effect of drying
configuration on the strikingly different patterning of the parti-
cles on solid surfaces, it is crucial to study and compare the drying
kinetics of the evaporating particle laden dispersion in the sessile
and sphere-on-plate configuration.

3.2 Evaporation kinetics: sessile vs. sphere-on-plate

As soon as aqueous dispersion is placed on the solid substrate,
the temporal evolution of diameter of the three phase contact
line (aqueous phase-air-flat substrate) in the two drying config-
urations is monitored. As shown in Fig.4 (a) (¢ ~ 0.5wt%) and
Fig.4 (b) (¢ ~3wr%), the drops dried in the sessile configuration,
evaporate in the constant contact radius (CCR) mode wherein,
the drop contact radius remains constant and the height of the
drop decrease monotonically for majority of the drying time. A
similar observation is reported in the literature when a sessile
drop is dried on a hydrophilic substrate (6, < 90°)10:35. It is
observed that the sessile drops dry in the CCR mode for a du-
ration of ~ 0.65t to 0.75¢, where t; is the total evaporation time,
thereafter the drop continuously starts to de-pin. It is worth men-
tioning that the drops dried on a hydrophilic substrate (6y < 90°)
starts to de-pin when 6(r) < 6g where, 6(¢) is the instantaneous
contact angle, and 6y is the receding contact angle337. The
aqueous dispersion placed on an “ideal" i.e., physically and chem-
ically homogeneous smooth solid substrate, assumes an equilib-
rium state characterized by initial radius Ry and equilibrium con-
tact angle 6, which satisfies the Young-Laplace equation,

YeosO + s — Ysv =0 (@h)]

where v, y5;, and ysy are the interfacial tensions of the liquid-
vapour, solid-liquid, and solid-vapour interfaces, respectively.
However, most substrates including those used in our experiments
possess nano-scale heterogeneties that help in pinning of the lig-
uid leading to the formation of a contact line (CL). In such cases,
a pinning force per unit length acts at the contact line while the
dispersion deposited on the solid substrate approaches a quasi-
equilibrium state38. During drying of dispersion, the contact di-
ameter as well as the contact angle continuously evolve with time
and so would be the pinning force. Therefore, the force balance

at the three phase contact line takes the following form 38,

Fp(t) = ycosO(t) + YsL — Yov (2)
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Fig. 4 Evaporation kinetics - drying of dispersion containing ellipsoids of particle concentration (a) ¢ ~ 0.5wr% and (b) ¢ ~ 3wt% in sessile and sphere-
on-plate configuration. The temporal variation of the diameter of the contact line (normalized by the initial diameter of the contact line) with evaporation
time confirms that for majority of drop life time, the sessile drop dries in constant contact radius (CCR) mode. However, an early de-pinning is observed
in the case of dispersions dried in the sphere-on-plate configuration. Drying dispersions in this mode exhibit characteristic stick — slip motion evident

from the plots corresponding to the encircled region | and Il.

(a)

(b)

Initial CL pinning

e

Successive pinning

Fig. 5 Schematic representation of the drying drops. (a) Force balanced at the three phase contact line and (b) contact line dynamics of drying

dispersion in the sphere-on-plate configuration.

Where 6(¢) is the instantaneous contact angle and Fp(z) is the
instantaneous pinning force per unit length. A sessile drop de-
posited on the solid substrate evaporates in the CCR mode as
schematically shown in Fig.5 (a). As the droplet continues to
evaporate, 0(t) decreases and hence Fp(r) increases. The pin-
ning force, Fp(r) takes a maximum possible value, Fp,,, When
6(r) = 6g which depends on drying conditions (such as temper-
ature, humidity), the surface energies of the substrate and the
fluid. At this instant, the contact line de-pins or slips and the
evaporation occurs in constant contact angle (CCA) mode with
0(t) = 6g accompanied by a decrease in the contact diameter. In

the sessile drop configuration, the condition 6(r) < 6 limit is met
at a later stage of the drying process(t>0.65ty).

When the drying of dispersion in the sphere-on-plate configu-
ration is considered, a liquid bridge is formed between the flat
plate and the spherical glass bead as shown in Fig.5 (b). There-
fore, the drying of dispersion in this configuration involves two
contact lines (flat substrate-water-air and spherical bead-water-
air) instead of one three phase contact line in the sessile mode.
At the early stages of drying (¢ < 0.25¢¢), the contact line is pinned
at both the surface of the spherical bead and the horizontal flat
substrate as 0(t) > 6g. The hydrophilic nature of the flat sub-
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Fig. 6 A comparison of the lifetime, ¢7, of the dispersions dried in the
sessile and sphere-on-plate configuration.

strate and the spherical bead, as well as favorable droplet curva-
ture helps in the pinning of the drying drop at this early stage as
schematically shown in Fig.5 (b) [see also Fig. S4 in ESIt]. How-
ever, as the evaporation continues, the water-air interface recedes
due to the continuous loss of water inducing a change in the inter-
facial curvature. This leads to decrease in the three phase contact
angle at the two pinned contact lines and thus 6(t) approaches
6. Similar contact line dynamics has been reported for drying
of a pure liquid in the sphere-on-plate configuration3%40, The
condition for the de-pinning of the contact line i.e., 8(r) < 6 is
met at much earlier stage (approximately at ¢ ~ 0.25t7) in case
of drying in the sphere-on-plate configuration. At this stage of
drying, the contact line de-pins from the initial pinning point and
jumps to a new pinning point as schematically shown in Fig.5
(b). At this point contact diameter and hence the interface curva-
ture re-adjust until a quasi-equilibrium state is reached such that
0(t) > 6g. In this way the contact line exhibits a “stick — slip”
motion i.e. the contact line is pinned for a limited period when
6(r) > 6 and soon it de-pins when 6 < 6 during the course of
drying, which is also evident from the evolution of the normalized
diameter vs evaporation time plots shown in Fig.4. This unusual
stick-slip motion of the fluid schematically shown in Fig.5 (b), re-
sults in the formation of concentric-ring like deposit and is promi-
nent at lower particle concentration (¢ ~ 0.12-0.5%). However,
at the later stage of drying (r > 0.9¢;), when the contact diam-
eter is less than or equal to the diameter of the spherical bead,
a continuous de-pinning is observed. This is confirmed from the
continuous decrease in the contact diameter for 0.9t, < < t;.

The influence of drying configuration on the evaporation kinet-
ics is further evident from the measurement of the total drying
time (¢7), shown in Fig.6. The life time of the dispersion of same
droplet volume that are dried in the sphere-on-plate configura-
tion is significantly higher than that dried in the sessile mode. It
is evident from Fig.4 (a) and (b) that the kinetics of drying irre-
spective of concentration of particles in the dispersion considered
in this study is similar, however, significantly influenced by the
drying configuration.

6 Journal Name, [year], [vol.], 1-10
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3.3 Concentric rings to concentric cracks and long-ranged
assembly of particles

Drying aqueous drops containing hematite ellipsoids (pH=2) in
sessile configuration always give coffee-ring deposit irrespective
of the particle concentration as discussed, which is in agreement
with earlier reports*19. An increase in the concentration of par-
ticles in the drying drop results in an increase in the thickness as
well as width of the annular deposit. When the thickness of the
particulate film exceeds a particular value, defined as the criti-
cal cracking thickness (CCT), the cracks appear in the particulate
film“1:42_ The particulate deposits adhered to the solid substrates
are known to fail and give rise to cracks. These cracks are formed
due to the release of the excess stress energy which is accumu-
lated in the particulate film during the drying process2%:33. I
the current study, the cracks in the annular region are prominent
in the deposits obtained after the drying of dispersion containing
particle at concentration, ¢ > 0.3 wt% [See Fig. S5 in ESIt]. The
microscopy images in Fig.7 shows that the particulate deposit re-
sulting from drying the particle laden drop (¢ ~ 4 wt%) in the
sessile drop configuration exhibit circular cracks which is limited

n

to the annular ring region. This is due to the fact that most of
the particles are deposited solely in this region [see Movie S1 in
ESIt]. The micro-structure reveals that the ellipsoids in the ring
region of the deposit are closed packed. The ellipsoids across
the crack openings are aligned with their major axis parallel to
the crack direction as shown by the encircled region in Fig.8. In
general, the organisation of particles in the deposit is known to
depend on the particle diffusion time scale, the hydrodynamic
time scale, which is dictated by the fluid flow velocities*® and
presence of external field, if any. If the fluid velocity that brings
the particles to the contact line is sufficiently low, the particles
have enough time to arrange into a ordered assembly structure.
The ellipsoids in the drying drop approach the contact line with
their major axis parallel to the radial fluid motion. However, at
the contact line, they experienced a hydrodynamic torque due to
the radial outward flow of the solvent. The torque experienced
by the ellipsoid results in the alignment of these particles with
major axis parallel to the contact line. Thus, the alignment of
particles in the deposit governs the direction of the crack prop-
agation. The cracks follow the least resistance path giving rise
to circular cracks#4. In Fig.8, the dashed encircled region shows
the assembly of ellipsoids is across the thickness of the particulate
film. Moreover, the ordered particle assembly is limited to the an-
nular region and the arrangement of particles is disordered in the
interior region of the deposits as shown in Fig.8.

Interestingly, the drying of drops containing hematite ellipsoids
in the sphere-on-plate configuration shows “concentric — ring” to
“concentric — crack” transition in the dried particulate deposit with
an increase in the particle concentration. Optical microscopy im-
ages in Fig.7 clearly demonstrate that the dried particulate film
resulting from drying of dispersion of ellipsoids at ¢ > 3 wr%
[see Fig. S6 in ESIt] in the sphere-on-plate configuration exhibit
long-ranged concentric circular cracks [see Movie S2 in ESIT].
This is further confirmed from the intensity versus distance plot
shown in Fig.7, which is an indirect measurement of the accumu-
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Fig. 7 The optical microscopy images of a part of the dried particulate film obtained upon drying of dispersions containing ~ 4wt% ellipsoids. The
micrographs show that the region of the deposit over which the cracks form is strongly influenced by the drying configuration. The intensity profile
confirms the formation of long-ranged circular cracks when the dispersions are dried in the sphere-on-plate configuration compared to the sessile drop
drying. The dips in the intensity corresponds to the cracks in the particlulate films.

lation of particles in the dried deposit. A lower intensity in the
microscopy image corresponds to higher particle concentration
and therefore, it is evident that the height of the deposit close to
the contact line is higher for the case of drying in sessile config-
uration. It must also be noted from the intensity profile that the
width of the annular deposit is higher for the sessile drop drying
due to prolonged pinning compared to drying in sphere-on-plate
configuration. However, the dried particulate deposit obtained
in the sphere-on-plate configuration shows the accumulation of
particle in the interior of the drop attributed due to the stick-
slip motion of the contact line. Therefore, there is accumulation
of enough particles throughout the deposit such that the thick-
ness of the particulate film exceeds the critical cracking thickness
(CCT), which is necessary for the nucleation of cracks and sub-
sequent release of drying induced stresses. The dried particulate
film are found to exhibit concentric cracks throughout the deposit
i.e., over area as large as several square millimeters. The multiple
dips, in the intensity plot for the drop dried in sphere-on-plate
configuration shown in Fig.7 corresponds to the large number of
concentric cracks in the dried particulate film. Note that each

dip corresponds to the cracks that appear black in the microscopy
image. As mentioned earlier, the particles shows ordered assem-
bly near the crack region with particles major axis parallel to the
crack direction. The SEM micro-graphs shown in Fig.8 reveals
a long ranged circular cracks and thus the long-ranged ordered
assembly of ellipsoids in the particulate film is obtained in this
drying configuration.

3.4 Effect of particle shape on the nature of crack and as-
sembly of particle

In the previous section, we discussed that the particulate deposit
obtained by drying of colloidal dispersion containing ellipsoids in
the sphere-on-plate configuration shows a transition from con-
centric ring to long-ranged concentric cracks with an increase
in the concentration of ellipsoids in the dispersion. In order to
investigate the effect of particle shape, the drying experiments
are performed under identical conditions, by considering aqueous
dispersion of well characterized spherical colloids. The disper-
sion containing charge stabilized polystyrene (PS amidine latex)
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Fig. 8 The SEM micro-graphs show the assembly of particles near the
assembly of particles in the dried particulate film is observed.

vicinity of the crack. A clear dependence of the drying configuration on the
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Fig. 9 The optical microscopy images of the part of the dried particulate deposit obtained by drying of drops containing spherical colloids. Deposits
obtained by drying in sessile drop mode (top panel) show coffee-ring deposits and exhibit radial crack limited near the annular ring region. However,
the deposits obtained by drying in the sphere-on-plate configuration (bottom panel) show concentric-ring to deposit with long-ranged radial crack with
increase in concentration of particles in the dispersion. The scale bar in each image corresponds to 500 pm

spheres (o = 1) of 200 nm diameter at various particles concentra-
tions (¢ =~ 0.12—4 wt%) are dried in the two different drying con-
figurations. Similar to the dispersion of ellipsoids, the final partic-
ulate deposit obtained by drying dispersion of spherical particles
in the sessile drop mode always gives coffee-ring deposit i.e., de-
position of particles at the three phase contact line irrespective of
the particle concentration as shown in Fig.9. However, the height
and width of the annular deposit strongly depends on the par-
ticles concentration. This is consistent with the similar observa-
tions in the particulate deposit obtained by drying of sessile drops
containing hematite ellipsoids as shown in Fig.2 (a) and Fig.3 (a).
In the particulate deposits of spherical colloids, the crack in the
annular deposits are found to be oriented in the radial direction
and the micro-structure of the deposit near the crack shows an

8 Journal Name, [year], [vol.], 1-10

ordered assembly of particles as shown in Fig.10. The crack pat-
tern and the particle assembly are similar to that reported in the
past when the drops containing spherical particles are dried in the
sessile configuration 32:42:45:46 At Jower particle concentration (¢
~0.12 - 0.5 wt%), the dispersion of spheres dried in the sphere-
on-plate configuration show concentric-ring deposit as shown in
Fig.9 which is similar to that observed for drying of aqueous dis-
persion containing ellipsoids. This is further confirmed from the
height profile measurements shown in Fig. S2 in the ESIT. How-
ever, the microscopy images in Fig.9 reveal that the particulate
deposit formed by the drying of dispersion containing spheres at
higher particle concentrations (¢ > 1 —4 wr%) in this drying mode
show long-ranged radial cracks. To confirm that such deposits are
independent of the nature of colloids used and solely depends on
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Fig. 10 The SEM micro-graphs shows the closed packed assembly of spherical particle in the vicinity of crack obtained by drying in sessile (top panel)

and sphere-on-plate (bottom panel) configuration.

the particle shape as well as drying configuration, identical ex-
periments are carried out using spherical colloidal silica (LUDOX-
TMA) and the final deposit patterns as shown in the Fig. S7 in the
ESIt are identical to the results reported for polystyrene particles.
The SEM micro-graphs in Fig.10 depict the micro-structure near
the crack. The deposit shows long range ordered assembly of the
particle in the particulate films resulting from drying dispersion
of PS spheres in the sphere-on-plate configuration i.e., from the
edge of the deposit all the way to the center. Therefore, as ev-
ident from Fig.9 and Fig.10, the drying configuration as well as
particle shape contribute to the nature of the deposit, crack mor-
phology and the micro-structure of the particles in the vicinity of
the cracks.

4 Conclusions

In summary, the influence of the drying configuration, particle
shape and particle concentration on the nature of the deposit pat-
terns left after the drying of colloidal dispersion are experimen-
tally investigated. While drying of dispersion in the sessile drop
mode produce coffee-ring deposit, irrespective of the particle con-
centrations (¢ ~ 0.12-4.0 wt%), the drying of dispersion at par-
ticle concentration ¢ ~ 0.12-0.5 wt% in the sphere-on-plate con-
figuration results in deposits with multiple concentric-rings.The
differences in the dried deposit patterns is explained based on
the differences in the contact line dynamics in the two drying
configurations. While the dispersion evaporated in the sessile
mode show constant contact radius (CCR) mode for majority of
the drying period, whereas in the sphere-on-plate configuration,
a stick-slip motion of the contact line is observed. At higher parti-
cle concentrations, ¢ > 1wt%, the dispersion dried in sphere-on-
plate configuration reveal a change in the micro-structure of the
deposit from “concentric — rings” to “concentric — cracks”. These
cracks in the particulate film arise due to the release of the excess

capillary stress energy, accumulated during the course of drying.
Interestingly, the formation of concentric cracks is limited to an-
nular region of the coffee-ring patterns in the sessile drop drying.
However, in the sphere-on-plate mode, the concentric cracks are
long-ranged and appear throughout the particulate film i.e., from
the edge all the way to the center. Finally, the nature of crack
in the particulate film are observed to depend on the shape of
the constituent particle in the dispersion that is dried. We found
that the dispersion of ellipsoids dried in the sphere-on-plate con-
figuration show long-ranged circular cracks and the cracks mor-
phology changes to radial when the shape of the constituent par-
ticles in the dispersion is spherical. The present study provides
a promising approach to fabricate the hierarchical ordered struc-
tured materials which have potential application in electronics,
lithography and in materials engineering.
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