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Colloidal monolayers serve as fundamental building blocks in fabricating diverse functional materials,
pivotal for surface modifications, chemical reactivity, and controlled assembly of nanoparticles. In this
article, we report the formation of colloidal monolayers generated by drying an aqueous droplet
containing soft colloids confined between two hydrophilic parallel plates. The analysis of the kinetics of
evaporation in this confined mode showed that: (i) for a significant portion of the drying time, the drops
adopt a catenoid configuration; (ii) in the penultimate stage of drying, the catenoid structure undergoes
division into two daughter droplets; (iii) the three-phase contact line remains pinned at a specific
location while it continuously slips at all other locations. The interplay between interface-assisted particle
deposition onto the solid substrate and the time evolution of particle concentration within the droplet
during evaporation results in unique microstructural features in the deposited patterns. Notably, these

deposit patterns exhibit reflection symmetry. The microstructural features of the dried deposits are
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Accepted 17th July 2024 urther quantified by calculating the particle number density, inter-particle separation, areal disorder
parameter, and bond orientational order parameter. The variation of these parameters for deposits
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1 Introduction

Colloidal self-assembly is a well-explored area with significant
implications for understanding fundamental material physics
and diverse technological applications. Of particular interest is
the self-assembly of colloids in two dimensions, which provides
a myriad of opportunities to understand the role of inter-
particle interactions and other physicochemical properties in
phase transitions in real time. Typically, the formation of self-
assembled colloidal monolayers can be realized by (i) trans-
ferring particles trapped at a fluid-fluid interface onto a solid
substrate, (ii) dip coating or spin-coating dilute particle
dispersions, or (iii) evaporation-driven direct deposition of
particles onto the substrate. While studying the interfacial self-
assembly patterns of particles is crucial for enhancing Pickering
emulsion stabilization, which finds extensive applications in
industries such as food"” and pharmaceuticals,® investigating
the evaporative patterns of colloids holds relevance for inkjet
printing,* fabrication of photonic crystals,>® development of
miniature electronic devices,”® lithography,®'® and more. When
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concentration of microgel particles in the droplet, is discussed.

a colloidal dispersion droplet evaporates on a substrate, the
particles accumulate along the three-phase contact line of the
droplets, resulting in a distinctive peripheral deposit pattern
known as “coffee rings” or “coffee stains”. Deegan et al.™ for the
first time identified that the capillary flow of particles induced
by non-uniform evaporative flux along the interface, combined
with the pinning of the three-phase contact line of the evapo-
rating drop, is responsible for the formation of such ring-like
deposits. In a nutshell, the factors influencing the spatial
distribution of particles in dried deposits include: the flows
inside the drop such as outward capillary flow and inward
Marangoni flow,”>** colloidal interactions,* particle size,*>*®
particle shape,” surface chemistry of the particles, substrate
wettability,"®*® orientation of the substrate,*** drying condi-
tions such as humidity and temperature,"**>* inclusion of
other materials such as surfactants,'»* and volatility of the
solvent.”®

Most studies on evaporative self-assembly focus on three
primary configurations for drying, i.e., sessile mode, pendant
mode, or drying on an inclined surface. These drying modes
assume that the rate of evaporation at any given point remains
unaffected by evaporation elsewhere along the interface of the
drop.”****” It is well established that the evaporative flux is
a dominant factor in determining deposit patterns; therefore,
manipulating it can yield intriguing deposit patterns. On the
other hand, spatial confinement is known to play a significant
role in governing the structure and dynamics of colloids.?**° In
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this regard, positioning a droplet between two solid surfaces
provides both spatial confinement and the chance to modify the
curvature or shape of the interface, consequently altering the
evaporative flux, which can potentially lead to novel deposit
patterns. In an early investigation of droplet evaporation within
a confined geometry, Lin and Granick documented the forma-
tion of gradient concentric ring patterns by drying a polymeric
solution in a sphere-on-a-plate geometry.** Similarly, Xu et al.
observed these gradient concentric ring patterns in a sphere-on-
a-plate geometry and provided a detailed theoretical explana-
tion for their formation.** The formation of concentric rings
and concentric crack patterns by drying dispersion droplets
containing elliptical particles in a sphere-on-a-plate geometry is
also reported by Mondal and Basavaraj.*” Studying particle
dynamics during evaporation poses a significant challenge in
a sphere-on-a-plate geometry compared to a sessile drop drying
mode. However, investigating particle dynamics becomes
considerably easier in drying induced by parallel plate
confinement.** The kinetics of evaporation of simple liquids
with or without salt dried in parallel plate confinement has
been the subject of considerable research.***” There are studies
investigating the buckling process of colloidal dispersion drops
dried in such a configuration.®**® In contrast, there are few
studies on the deposit patterns formed by drying colloidal
dispersion droplets confined between two parallel plates.****
Mondal and Basavaraj*' reported the formation of spiral
deposits irrespective of the shape of the colloids. They studied
the effect of confinement spacing, particle concentration, and
droplet volume on the deposit pattern. According to them, the
continuous stick-slip motion of the contact line leads to the
generation of symmetric spiral deposits. Upadhyay and Bhard-
waj*® have demonstrated how the deposit patterns depend on
the wettability of both the top and bottom substrates and the
particle size using experiments and a theoretical model. The
wettability of the substrates is shown to change the overall
evaporative flux across the interface, which leads to different
deposit patterns when substrates have varying wettability. The
symmetry of the deposit patterns, when both the top and
bottom substrates have identical surface chemistry, is shown to
depend on particle size. Chattopadhyay et al*® reported the
formation of scallop shell-like deposit patterns by tuning the
spacing between the substrates.

The dispersions of non-deformable colloids have been
extensively used to understand the fundamental aspects of the
evaporation of particle-laden drops and the resulting self-
assembly patterns. However, only a handful of studies exist on
the evaporative self-assembly of poly(N-isopropylacrylamide)
particles (PNIPAM), which belongs to a class of soft colloids.**™**
Horigome and Suzuki*” reported the effect of particle concen-
tration on the mechanism of drying of PNIPAM-laden aqueous
droplets. Mayarani et al.** showed that tuning the particle
concentration in an evaporating aqueous droplet makes
obtaining a uniform monolayer of PNIPAM microgels possible.
This work identified a critical concentration at which the PNI-
PAM particles form a monolayer that spans the entire base area
of the deposit, known as the critical monolayer concentration
(Camu)- Takizawa et al.*” studied the transport mechanism of
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PNIPAM microgels to the air/water interface during droplet
evaporation, where they identified the Marangoni flow as the
main driving force for their adsorption onto the interface.
Minato et al.*® reported the effect of charge groups immobilized
in PNIPAM microgels on their adsorption to the air/water
interface, where they found out that a larger number of
immobilized charges decreases the adsorption probability.
Moreover, their arrangement is shown to be disrupted when the
particle-laden interface gets transferred onto the substrate.
Later, Mayarani et al*® reported the formation of cell-like
tessellations in the PNIPAM monolayer deposits under higher
relative humidity conditions. Jose et al.>” examined the effect of
the softness of microgels on evaporative self-assembly patterns.
They elucidated that at 0.5 Cyy, the drops with highly cross-
linked microgels resulted in coffee-ring deposits, while those
with less-crosslinked microgels formed uniform monolayer
deposits. They identified the higher rate of deformability of the
less-crosslinked microgels adsorbed at the air/water interface as
the cause of the formation of uniform monolayer deposits at
0.5 Cpp-

Although the self-assembly of microgels is widely studied,
research on drying microgel particle dispersions in a confined
geometry is scarce. This study aims to investigate how parallel
plate confinement affects the spatial arrangement of particles in
the final dried deposits of PNIPAM microgels compared to
drying in sessile mode. To achieve this goal, we conducted two
sets of experiments. In the first set, we varied the distance
between the parallel glass plates while keeping the particle
concentration constant. In the second set of experiments, we
altered the particle concentration at a constant spacing. The
particle concentrations and spacing considered are carefully
selected so that only monolayer deposits form upon complete
evaporation of the solvent. Consequently, we thoroughly
examined the impact of two parameters, particle concentration
and spacing between two parallel plates, on the microstructures
of the particulate deposits. In contrast to the azimuthal
symmetry of the deposits formed in sessile mode, the dried
patterns formed on both top and bottom plates in confined
drying exhibit reflection symmetry. Our results show that via
parallel plate drying, the fractional area of the deposit over
which the particles are arranged in an ordered or disordered
manner can be tuned by varying the concentration of particles
in the dispersion and the confinement spacing.

2 Experimental section
2.1 Materials

To synthesize PNIPAM, we utilized N-isopropylacrylamide
(NIPAM), N,N’-methylenebisacrylamide (BIS), and potassium
peroxodisulfate (KPS) as the monomer, cross-linker, and initi-
ator, respectively. These chemicals, sourced from Sigma-
Aldrich, were used as received without any additional purifica-
tion steps. Water, double deionized using a Milli-Q system (with
a resistivity of 18.2 MQ cm at 25 °C), was used for the synthesis,
purification of the resulting dispersion, and preparation of
diluted dispersions for all experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis and characterization of PNIPAM microgels

PNIPAM microgel particles were synthesized via a free radical
polymerization method. Initially, NIPAM (0.25 g) and BIS (0.09
g) were dissolved in 20 mL of deionized water in a three-neck
round-bottom flask, purged with nitrogen gas, and then
heated to 70 °C in an oil bath under continuous stirring. After
approximately 1 hour, KPS (0.02 g) dissolved in 1 mL of
deionized water was rapidly added to the solution. Within about
5 minutes, the solution became turbid, indicating the initiation
of the polymerization reaction, which was allowed to proceed
for an additional 6 hours under the same reaction conditions
(70 °C). Subsequently, the temperature of the reaction mixture
was reduced to 25 °C and maintained overnight (about 12
hours). The synthesized microgels underwent purification
through several centrifugation, decantation, and redispersion
steps. Following this purification process, a concentrated
aqueous dispersion of PNIPAM particles was obtained. This
concentrated dispersion was then further diluted to prepare
aqueous dispersions of suitable concentrations for the drying
experiments. Particle size analysis was performed using the
dynamic light scattering (DLS) technique on a Zetasizer Nano
S90 Malvern instrument equipped with a He-Ne laser at
a detection angle of 90°. The average hydrodynamic diameter of
the PNIPAM microgels at 25 °C was measured to be 745 nm,
with a polydispersity index (PDI) of 0.3, determined using the
cumulant analysis method.

2.3 Evaporation of aqueous PNIPAM microgel dispersions in
different configurations

Commercially available microscope slides of dimensions 75 x
25 x 1 mm® were cut into glass slides of 25 x 25 x 1 mm®
dimensions for the confinement experiments. These glass
slides were cleaned with soap solution, thoroughly rinsed with
DI water, and finally dried with nitrogen gas before conducting
the drying experiments. The equilibrium contact angle of the
sessile drop of an aqueous dispersion of PNIPAM microgels on
the cleaned glass slides was measured to be 25 + 5°. One or
multiple scotch tapes of 2 mm width, 25 mm length and varying
thickness, which served as spacers, were first attached at the
two edges of a clean glass slide. Then a drop of aqueous
dispersion of PNIPAM microgels of 0.7 £ 0.1 pL volume was
placed at the center of the bottom glass slide using a micropi-
pette. Following this, a glass slide was carefully placed on the
spacers to confine the dispersion between two parallel glass
plates. This results in the formation of a catenoid-shaped liquid
bridge, as shown in Fig. 1. Spacers of different thicknesses and
aqueous dispersions with varying concentrations of microgel
particles were used in this study. For a comparative under-
standing of the confinement effect, we also considered drying in
the classical sessile drop configuration, that is, the evaporation
of an aqueous PNIPAM microgel dispersion drop of 0.7 + 0.1 uL
volume placed on top of a clean glass slide without any
confinement. All the drying experiments were performed in
a controlled environment, where the temperature and the
relative humidity were maintained at 25 + 1 °C and 40 £ 5%,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic illustration of the colloidal dispersion drop drying
under confinement between two parallel hydrophilic plates. The
bottom and top plates are separated by spacers (not shown) located
about 10 mm from the base of the drop.

2.4 Evaporation kinetics

We monitored the temporal evolution of the projected area of
the droplet confined between two parallel glass plates during
drying with an upright bright-field microscope (Magnus MLXi
Plus) using a 4x objective lens. From the frames of the
microscopy video, the area of the drop in contact with the
bottom plate was measured using Image] software. The
temporal evolution of the drop configuration was tracked using
a drop shape analyzer (DSA-256E goniometer, Kruss GmbH,
Germany).

2.5 Imaging of the particulate deposits

After complete evaporation of the solvent, the particulate
deposits formed on the top and bottom plates were imaged
using an upright dark-field microscope (Nikon Eclipse
LV100ND) in reflection mode. The Mosaic] plugin of ImageJ was
used to stitch the images of the deposits recorded at 5x
magnification.

2.6 Analysis of the microstructure of the deposit

We used an in-house developed MATLAB code to get the coor-
dinates of the centroids of the particles in the regions of interest
at different locations on the deposit, which are of 10 um x 10
um area, followed by the construction of Voronoi polygons
around these centroids. The number density (ND) is deter-
mined as the number of particles per unit area in the regions of
interest. The inter-particle separation (IPS) is also determined
using an in-house developed MATLAB code. The areal disorder
parameter (AD) and the bond orientational order parameter
(W) are used to quantify the local arrangement of the particles
in the deposits, which are determined by analyzing the overlaid
Voronoi polygons on the centroids of particles. The areal
disorder parameter is given by

1
AD=1— (1+""”)

Aay

where o,, is the standard deviation in the area and A,, is the
average area corresponding to all Voronoi polygons drawn over
a particular area of observation considered for analysis. The
areal disorder parameter ranges between 0 and 1; for a perfectly
ordered arrangement, all the Voronoi polygons have the same

Nanoscale Adv., 2024, 6, 4907-4921 | 4909


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00542b

Open Access Article. Published on 23 July 2024. Downloaded on 11/11/2025 1:21:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

area, which gives AD = 0. The bond orientational order
parameter ¥, which ranges between 0 and 1, is given by

1| 4
We = <Fb ;exp(lﬁj) >

where Ny, is the number of nearest neighbors of the particle
under consideration and 6, is the bond angle, which is the angle
between the vector connecting the particle of interest with its jth
nearest neighbor and the reference axis. For a perfect hexago-
nally ordered pattern, ¥, = 1, which decreases with an increase
in defect sites.

3 Results and discussion

3.1 Microstructure of the deposits formed by sessile drop
drying

When an aqueous sessile drop containing PNIPAM microgels
evaporates on a solid substrate at a specific concentration,
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termed the critical monolayer concentration (Cyy), @ monolayer
deposit of particles is obtained covering the whole deposit area,
which is shown in Fig. 2(a). In our experiments, Cyy, is deter-
mined to be 0.021 + 0.001 wt%. Consistent with previous
findings, at this concentration, coffee-ring formation is
completely suppressed. This means that the particles occupy
the entire base area of the drop uniformly, although with some
variations in their spatial organization. The dark-field micros-
copy images of the particle arrangement recorded in different
regions along the diameter of the dried particulate deposit,
marked in Fig. 2(a), are presented in Fig. 2(b)(i)-(v). In Fig. 2(b),
(i) and (v) micrographs correspond to the diametrically opposite
sides of the periphery region of the deposit, while (ii) and (iv)
correspond to the interior region of the deposit, and (iii)
corresponds to the central region of the deposit. From micro-
graphs (i) and (v), it is evident that the particles are hexatically
ordered at the periphery, while it can be seen in micrographs
(ii)—(iv) that the ordering of the particle arrangement reduces

0.10 1.0
1.5 i
> 0.8r
=1.2f 0.08
€ i 0.6-
20.9f 0 0.06 ©
2 2 >
£ 0.6 0.04f 0.4t
. 0.3r 0.021 0.2}
007005 0.0 05 1.0 00:90-650.0 05 1.0 99270-050.0 05 1.0 007005 0.0 05 1.0
X/Rg X/Ro X/Ro X/Ro
Fig. 2 (a) Dark field microscopy image of the monolayer deposit formed by drying aqueous drop containing PNIPAM microgels at the critical
monolayer concentration Cpy. Scale bar corresponds to 500 pum. (b) (i)—(v) Dark field micrographs corresponding to different regions of the
monolayer deposit, as indicated in (a). All scale bars in the figures (b) ((i)~(v)) correspond to 1 um, (c) from left to right: profiles of number density

(ND), inter-particle separation (IPS), areal disorder (AD), and bond orientational order parameter (¥¢) as a function of the normalized distance
from the center of the drop x/Rg (Where the radius of the drop is denoted by Ro).
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towards the central region. This observation aligns well with
previous experimental reports.*”

As the solvent evaporates, microgels migrate towards the
three-phase contact line propelled by capillary flow, where they
irreversibly adsorb to the interface upon contact. At Cyy, the
microgel particle count is just sufficient to cover the entire air/
water interface of the droplet, culminating in the formation of
a uniform monolayer on the substrate. Initially, during solvent
evaporation, these microgel particles self-organize into a loosely
packed hexagonally ordered pattern at the air/water interface.
However, as the drying progresses and the drop height
approaches the size of the microgel particle, immersion capil-
lary forces come into play. This phenomenon leads to the
restructuring of particle arrangements, transitioning from

130 pm
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a hexagonally ordered pattern to a disordered one, particularly
notable in the central region in the final stages of drying.

To quantify the particle distribution within the deposit, we
analyzed the number density (ND) and inter-particle separation
(IPS) from one side to the diametrically opposite side of the
deposit, passing through its center. Simultaneously, we evalu-
ated the areal disorder (AD) and the bond orientational order
parameter (¥¢) to characterize the particle arrangement within
the deposit, as illustrated in Fig. 2(c). As can be inferred from
Fig. 2(c), the number density and inter-particle distance remain
relatively constant across the deposit, indicating complete
suppression of the coffee ring at Cyy. While AD increases
towards the central region of the deposit, ¥'¢ decreases from the
periphery towards the center. These order parameter profiles

165 pum 200 pm

0.8 Cyy1

Cu 1.2 Cyp

Fig. 3 Dark field microscopy images of the monolayer deposits formed by drying aqueous drops of PNIPAM microgels in parallel plate
confinement. Microscopy images at the upper panels al, a2, and a3 correspond to the deposits formed on the bottom plate of the parallel plate
configuration for three different spacings 130 um, 165 pm, and 200 um, respectively, for a particular concentration Cy.. Microscopy images at
the lower panels bl, b2, and b3 correspond to the deposits formed on the bottom plate of the parallel plate configuration for three different
concentrations 0.8 Cy, Cu, and 1.2 Cyy, respectively, for a particular spacing 110 um. All scale bars correspond to 500 um.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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clearly indicate a centro-symmetric particle arrangement within
the deposit formed in the sessile drying mode. We have desig-
nated this critical concentration Cyy, as the reference concen-
tration for the subsequent experiments conducted using
a confined geometry.

3.2 Deposit patterns from drying in parallel plate
confinement

Two sets of experiments were conducted to investigate the
influence of parallel plate confinement on the evaporation-
induced deposition of microgel particles. In the first set,
dispersions at a constant particle concentration Cyy were
examined under three distinct spacings, 130 pm, 165 pm, and
200 pm. Subsequently, the second set of experiments involved
varying the particle concentration from 0.8 Cyy, to 1.2 Cu,
while maintaining a fixed parallel plate separation of 110 pm.
The use of hydrophilic glass substrates for confinement resul-
ted in the formation of drop shapes resembling catenoids.
Notably, the similarity in wettability between the top and
bottom glass substrates led to nearly identical deposits on both
surfaces (refer to Fig. S1 and S2+t). The images of the patterns on
the bottom glass substrate are shown in Fig. 3, a detailed
analysis of which will be presented later. The darkfield
microscopy images in the upper panel (al), (a2), and (a3) of
Fig. 3 depict the final deposits formed under three different
spacings 130 pm, 165 um, and 200 pm, respectively where the
initial concentration of particles is Cyy.. The dark field micros-
copy images in the bottom panel (b1), (b2), and (b3) correspond
to the final deposits formed in the case of three different
concentrations 0.8 Cyy, Cmp, and 1.2 Cyy, respectively, for
a fixed parallel plate spacing of 110 um. The final deposit is
a single particle thick monolayer containing a brighter disk-like
region in the interior of the deposit, which is in stark contrast to
the deposit patterns obtained from drying dispersions of hard
colloids confining between two parallel plates.***' In all the
images, the brightest disk-like regions of the deposits are
delineated by red circles. We have highlighted another area of
interest with dashed golden circles, presenting distinct char-
acteristics compared to the rest of the deposits. It is evident
from the images in Fig. 3 that the diameter of the disk-like
region of the deposits increases with increasing spacings
between the parallel plates, while there is no effect on the
dimensions of the same for varying particle concentration, even
though the core looks brighter in the case of higher particle
concentration. The diameter of the disk-like region of the
deposits in the cases of 130 um, 165 um, and 200 um is found to
be 332 + 12 pm, 492 £ 13 um, and 570 + 18 pm, respectively.
While the core region is the brightest spot in the deposit in
every case, the region highlighted with golden-colored dashed
circular lines in all of the deposits shown in Fig. 3 seems to
depend on both the thickness of the spacers and the particle
concentration. The diameter of this annular region around the
core increases with increasing spacing between the plates, as
shown in Fig. 3(a1)-(a3). However, this annular region seems to
be depleted of particles when the particle concentration of the
drying droplet is 0.8 Cy, and the spacing between the plates is
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110 pm, which is shown in Fig. 3(b1). The mechanism that leads
to the formation of such a brighter disk-like region and the
kinetics of evaporation are further probed by in situ microscopy
and quantified by image analysis, which is discussed below.

3.3 Drying kinetics of the microgel particle-laden liquid
bridge

To comprehend the unique patterns formed when PNIPAM
microgel-laden aqueous dispersions dry between two parallel
glass plates, it is crucial to examine the evaporation kinetics
from both side and top perspectives. Initially, we deposita 0.7 £
0.1 pL aqueous droplet containing PNIPAM microgels at
concentration Cpy onto a clean glass substrate, forming
a spherical cap shape (Fig. 4(a)). Immediately, another glass
substrate is brought in from the top and placed at a height z =
200 pm with the help of the spacers placed on the bottom plate.
As soon as the top plate touches the drop, a liquid bridge forms
between the two parallel plates, eventually forming a catenoid,
as shown in Fig. 4(b).

Although the volume of the dispersion remains nearly
constant in both Fig. 4(a) and (b), the drop adopts a catenoid
shape in the latter to minimize free energy, influenced by the
wettability of the substrate and the spacing between them.
Under the experimental conditions considered here, once the
liquid bridge forms, the contact area of the drop on the bottom
plate decreases compared to the sessile configuration, as

t =0 sec
—
t=>5sec —_—
A @
—
t = 1800 sec
E—
t=3594 sec
(d) '
E—— —
t=3595 sec —_
| T—
(e)
QR —
t=3655 sec
® tea
—
t=3664 sec
(€9)
— ——

Fig. 4 Drop configuration at different times of evaporation. (a) A
sessile drop of 0.7 ulL placed on the glass substrate at t = 0 s, (b) the
liquid bridge just formed by placing another glass plate on top of the
sessile drop, (c) the liquid bridge at t,/2, (d) the liquid bridge just before
the moment of collapsing, ty, (e) splitting of the liquid bridge into two
separate daughter drops on both the substrates at t,, (f) the profile of
the two daughter drops after one minute of the collapse of the liquid
bridge, and (g) the profile of these two drops just before the complete
evaporation. All the scale bars correspond to 200 um.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Detailed description of the catenoid-shaped dispersion drop
squeezed between two hydrophilic plates. (a) Side view of the liquid
bridge and (b) top view of the liquid bridge.

illustrated in Fig. 4(a) and (b). Given the similar wettability of
the substrates, the area of the aqueous dispersion in contact
with both plates is expected to be identical, as observed in the
side-view images presented in Fig. 4.

We note that the complete evaporation of water from a 0.7 pL
PNIPAM dispersion placed between parallel plates maintained
at a separation of 200 pm takes approximately 60 + 8 minutes,
which is significantly longer than the 8 & 2 minutes required for
drying in a sessile configuration under the same ambient
conditions. The liquid bridge configuration persists almost
until the end of evaporation, accounting for approximately 98%
to 99% of the total evaporation time, as depicted in Fig. 4(b)-(d),
with the time scale of persistence of the liquid bridge marked as
tib. Subsequently, the meniscus profile of the drop begins to
change noticeably, indicating a thinning of the liquid bridge, as
shown in Fig. 4(d), ultimately collapsing into two tiny drops, as
depicted in Fig. 4(e) (see the ESI} video). The water from these
tiny drops evaporates in about 70 seconds, as illustrated in
Fig. 4(e)-(g), resulting in the formation of a bright circular disc
region in the deposit patterns shown in Fig. 3. This time scale of
complete evaporation of the daughter drops in the final stage of
drying is designated as 4. Therefore, the total evaporation time
of the drop, t, confined between parallel plates, is the sum of
the time it spends drying in the liquid bridge configuration and
the subsequent sessile or pendant configuration, expressed as ¢
=t t+ Lsa-

To gain further insight into the drying kinetics, the top view
of the microgel dispersion between the two parallel plates at 200
pum spacing is also recorded using bright-field optical micros-
copy. A correlation between the side view and top view of the

OO

?) |
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dispersion drying in this configuration at a particular time
instance is depicted in Fig. 5. In the transmission mode, when
viewed from the top, the light traversing through the inner
region of the catenoid and that near the contact line encounters
different sequences of media with varying refractive indices.
Consequently, the central region appears transparent to light,
while the vicinity near the three-phase contact line manifests as
a black ring with a thickness denoted as ¢ in the top-view image
(Fig. 5(b)). This ring in the top-view image corresponds to the
projected area between the contact line and the neck of the
catenoid, as depicted by the curved blue arrow in Fig. 5.
Furthermore, the inner and outer radii of the ring, r and R, in
both the side and top view images are marked, representing the
neck radius and the contact radius of the catenoid, respectively.
Additionally, the height of the liquid bridge in Fig. 5(a) is
labeled as A.

The temporal evolution of the drying liquid bridge is visu-
alized through a series of time-lapse images presented in Fig. 6.
It is important to note that the time scale in these images is
normalized by ¢,. These images are then analyzed to under-
stand how the projected view of the catenoid changes as water
evaporates from the confined dispersion, providing insights
into the evaporation kinetics. Using image analysis, we identify
the location of the ring during the drying process, which is
overlaid and plotted in Fig. 7(a)-(c) for the drying of an aqueous
droplet with a volume of 0.7 pL containing PNIPAM microgels at
concentration Cyy, under three different parallel plate spac-
ings: 130 pm, 165 pm, and 200 um, respectively. We draw
attention to the overlapping rings in the region marked by an
arrow in Fig. 7. This overlap indicates the pinning of the three-
phase contact line, suggesting that the contact line remains
fixed at this location. However, at other locations, the contact
line continuously slips while the catenoid shape of the drying
drop persists (see the ESI} video). Consequently, due to
continuous depinning, the center of the ring, which coincides
with the axis of the catenoid, shifts towards the pinned side
during drying. Moreover, it is evident from Fig. 7 that the
thickness of the projected ring increases with an increase in
spacing between the parallel plates, indicating that for
a constant volume of the dispersion, the catenoid is stretched,
leading to a narrower neck. Furthermore, the thickness of the
ring during drying remains almost constant for all the parallel

o

I Il >

| il
t/ty,= 0 t/ty,= 0.25

Fig. 6

|
t/t,= 0.50

| |
t/t,= 0.75 t/t,= 0.99

In situ visualization of the temporal evolution of the drying front of an aqueous dispersion of PNIPAM microgels for a spacing of 200 pm

between the top and bottom plates, using bright field optical microscopy. These black-colored rings are the projected areas of the region

between the three-phase contact line and the neck region of the liquid

© 2024 The Author(s). Published by the Royal Society of Chemistry

bridge on the top substrate.
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Fig.7 Temporal evolution of the drying front of the liquid bridge for three different spacings of 130 um, 165 um, and 200 um in (a), (b), and (c),

respectively.

plate configurations considered in this study, except in the
penultimate stage of drying (¢ = 0.99¢,), where the ring
becomes thicker. To quantify these observations, various
parameters characterizing the dispersions drying in parallel
plate confinement are plotted in Fig. 8.

Fig. 8(a) shows the variation of the contact radius (R), formed
due to the contact of the catenoid with the top surface, and the
neck radius (r) as a function of time (¢) during evaporation (up
to t) for 130 pm, 165 pm, and 200 pm spacings between the
parallel plates. It is evident that the decrease in R and r is
gradual for most of the observation window. However, there is
a more drastic reduction in r close to the time corresponding to
the break-up of the catenoid into two daughter drops. From the
data in Fig. 8(a), we observe that though R decreases for most of
the drying period, just before the collapse of the LB, R increases
again while r continues to decrease. This non-monotonic trend
of R can be clearly observed in the inset of Fig. 8(a). To under-
stand how the shape of the LB changes with time, (R — r)/h vs.
t, (Where ty, = t/typ,) is plotted in Fig. 8(b). (R — r)/h is found to be
almost constant up to &1, = 0.98, and after that, it increases
steeply, indicating that the thick neck catenoid turns into a thin
neck catenoid, which is not energetically favorable, leading to
the collapse of the liquid bridge. Fig. 8(c) shows the temporal
evolution of the instantaneous interfacial area S = mwa’[(h/a) +
sinh(A/a)]. From this graph, it is evident that for the dispersion
of a given volume, the initial interfacial area increases with the
increase in spacing between the parallel plates. In the parallel
plate configuration, the vapor diffusion occurs mainly in the
radial direction. Since the surface of the catenoid near the
contact line is closer to the ambient, the rate of evaporation in
this region is higher. In contrast, water evaporation from the
neck region is comparatively slower, as the water vapor
concentration in this region is higher due to the accumulated
vapor evaporating from the region closer to the contact line. The
rate of reduction of the interfacial area increases with the height
of the liquid bridge. The interfacial area is observed to increase
marginally just before the collapse of the liquid bridge (see the
inset in Fig. 8(c)). As the liquid drops tend to attain a lower
surface area to minimize the total surface energy, an increase in
the surface area in the last stage indicates the occurrence of
instability in the system, which causes the break-up of the

4914 | Nanoscale Adv., 2024, 6, 4907-4921

liquid bridge. In Fig. 8(d), the two dimensionless quantities, #/R
vs. 1/R, have been plotted. Note that at the start of drying, r/R is
highest and A/R is lowest. During drying, /R decreases, while
the magnitude of //R increases. However, in the penultimate
stage of drying, #/R decreases. Interestingly, the value of r/R is
nearly the same when the liquid bridge collapses in all of the
cases. From this quantitative analysis, we may conclude that in
the penultimate stage of drying, the drop configuration deviates
from the minimum energy configuration, which results in the
break-up of the liquid bridge into two daughter droplets.

3.4 Microstructure of the deposits formed via confined
drying

In this section, we delve into both qualitative and quantitative
analyses of the microstructure of the dried patterns. As evident
from Fig. 3, the final deposits resulting from drying in parallel
plate confinement exhibit a lack of centrosymmetry, featuring
nested circular regions, as more clearly marked in Fig. 9(a) and
(b). Hence, we opt to conduct microstructure analysis along two
thin strips orthogonal to each other, with lines passing through
their centers demarcated by dot-dashed and dotted lines in
Fig. 9(a). This deposit originated from drying microgel
suspensions at a concentration of 1.2 Cyy, constrained between
parallel plates spaced 110 pm apart. To highlight the micro-
structural differences, we studied the arrangement of particles
within square regions of 10 pm x 10 pm dimensions at various
locations on the orthogonal strips delineated in Fig. 9(b). It is
noteworthy that the line traversing the center of the horizontal
strip intersects both the center of the deposit pattern and the
center of the bright circular disc, as indicated by the solid circle
in Fig. 9(a). The dark field microscopy images labeled (i)-(v) and
(vi)~(ix) in Fig. 9(c) showcase the arrangement of microgel
particles in these square regions at different locations on the
horizontal strip and vertical strip, respectively.

In Fig. 9(c)(ii), the optical micrograph reveals that microgel
particles within the inner bright circular region exhibit
a random arrangement, a characteristic observed consistently
across the entire bright area. Notably, this region demonstrates
the highest particle number density. The deposition of particles
in this area occurs in the penultimate stage of drying, following

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Quantitative analysis of the kinetics of the evaporating drop for three different spacings 130 pm, 165 pm, and 200 um. (a) Time evolution of
the contact radius (R) and neck radius (r) as a function of time. In the inset, the temporal evolution of R and r in the penultimate stage of drying for
a spacing of 200 um is shown. (b) (R — r)/h is plotted as a function of the normalized time, and (c) time evolution of the interfacial area of the
catenoid (S) as a function of time is shown. In the inset, the temporal evolution of S is shown in the penultimate stage of drying for a spacing of
200 pm, and (d) variation of h/R as a function of a/R is plotted, where the values are changing from right to left over the course of evaporation.

the breakup of the catenoid into two daughter drops. Conse-
quently, the available time scale for particle rearrangement is
relatively small, resulting in a disordered state. Adjacent to the
bright circular region, specifically in the space between the
dashed and solid circles delineated in Fig. 9(a), microgel
particles exhibit hexatic ordering with a loosely packed
arrangement. This ordering is evident in the microscopy images
in Fig. 9(c)(i), (iii), (vii) and (viii), corresponding to small square
regions along both the horizontal and vertical strips. As water
continues to evaporate, the particle concentration in the drying
dispersion increases over time compared to the initial disper-
sion. Coupled with repulsive inter-particle interactions, this
increase in concentration facilitates hexatic ordering, wherein
each PNIPAM particle is surrounded by six nearest neighbors.

Additionally, the relatively slow rate of evaporation further
promotes the rearrangement of PNIPAM into a hexatically
ordered state. These processes are observable in the ESI video.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In the regions marked by (iv), (vi), and (ix) in Fig. 9(b), the
particle density is slightly lower, yet the concentration remains
sufficiently high for hexatic ordering to persist. However, the
inter-particle separation is larger compared to that observed in
Fig. 9(c)(i), (iii), (vii) and (viii). In the regions of the deposits
formed in the early stages of evaporation, indicated as (v) in
Fig. 9(b), there is a loss of long-range order, evident in the
microstructure shown in Fig. 9(c)(v). The particle number
density in this region is the lowest, leading to an insufficient
number of particles to establish the most energetically favorable
hexagonal arrangement with six nearest neighbors. Conse-
quently, the particle arrangement tends to resemble a liquid-
like structure.

The qualitative analysis of the deposits reveals that the
microstructural features of the particulate deposit along the
horizontal strip are not symmetric with respect to the center of
the deposit. However, it is symmetric with respect to the center

Nanoscale Adv., 2024, 6, 4907-4921 | 4915
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Fig. 9 Order to disorder transition in the particle arrangement on the deposit formed on the bottom plate after complete evaporation. (a)
Darkfield microscopy image of the deposit formed on the bottom plate using 110 um spacing between the plates and a particle concentration of
1.2 Cpmi. In the deposit, the region marked by the yellow solid circle corresponds to the inner brightest disk region, and the region marked by the
red dashed line corresponds to the hexatically ordered area surrounding the brightest disk region. Orange and brown lines are the axes of
reflection and the axis perpendicular to the axis of reflection, respectively. (b) Schematic of a generic deposit formed after the complete
evaporation of the aqueous drop containing PNIPAM microgels under parallel plate confinement. (c) Figures (i)—(v) correspond to the dark field
microscopy images of the various regions along the axis of reflection indicated in the schematic (b) for 110 pm spacing and a concentration of 1.2
Cwmu. Figures (vi)—(ix) correspond to the dark field microscopy images of the various regions along the line perpendicular to the axis of reflection
indicated in schematic (b) for the same.

of the inner bright circle along the vertical strip. This means density (ND), inter-particle separation (IPS), areal disorder (AD),
that the deposits possess a reflection symmetry with respect to and the bond orientational order parameter (¥¢). These
the horizontal dashed line, which hereafter will be referred to as  parameters are illustrated in Fig. 10(a)-(d). The data presented
the reflection axis. Further analysis of the particle arrangement in these figures correspond to square regions measuring 10 pm
in the deposit pattern involves quantifying the particle number by 10 pm located along the reflection axis, which passes through
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Fig. 10 Quialitative analysis of the microstructure of the deposit formed on the bottom plate using 110 um spacing between the plates and an
initial concentration of 1.2 Cy_. The regions of interest correspond to the areas along the axis of reflection and the line perpendicular to the axis of
reflection, as shown in Fig. 9(a). (@) Number density (ND), (b) inter-particle separation (IPS), (c) areal disorder (AD), and (d) bond orientational order
parameter (¥¢) determined on the areas along these two particular lines on the deposit.

the center of the deposit as well as the center of the circular
bright region, and the orthogonal axis, which traverses the
center of the circular bright region.

From Fig. 10(a), it can be inferred that the particle number
density (ND) is highest near the intersection of the orthogonal
strips and decreases monotonically as one moves away from
this region. Since the inter-particle separation is inversely
related to the particle number density, IPS is minimum in the
intersection region and increases away from it, as shown in
Fig. 10(b). Notably, both ND and IPS exhibit almost symmetrical
variations along the two strips on either side of the intersection.
While the contour plots in Fig. 10(a) and (b) show that ND and
IPS decrease monotonically as one traverses away from the
intersection region, both AD and ¥ vary in a non-monotonic
fashion, as evident from Fig. 10(c) and (d). The parameters AD
and ¥, determine the extent of ordering, with lower AD and
higher ¥, implying a higher order in the particle arrangement.

© 2024 The Author(s). Published by the Royal Society of Chemistry

From Fig. 10(c) and (d), it can be seen that AD is maximum and
¥ is minimum in the region of intersection, which corrobo-
rates with the fact that the PNIPAM particles in this region are
disordered, despite the ND of the particles in this region being
highest. Along the vertical strip, AD decreases as we move from
the intersection region towards the periphery on either side of
the reflection axis; however, at the periphery, AD increases
marginally. Due to the lower number density of the particles at
the edge of the deposit, a small degree of disorderedness arises
in the particle arrangement. Similarly, the magnitude of W,
increases with an increase in the distance from the intersection
region, but at the periphery on either side, the ¥, is lower.
Along the reflection axis, the AD decreases towards the side of
the periphery closer to the center of the bright circular region,
that is, towards the right side of the intersection region in the
current case. However, on the opposite side, AD decreases to
aregion close to the center of the deposit before going up again.

Nanoscale Adv., 2024, 6, 4907-4921 | 4917
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Likewise, the magnitude of ¥, increases towards the periphery
on the right side, but on the opposite side, it increases first up to
a region close to the center of the deposit, followed by
a decrease. From the analysis of experimental data, we can
substantiate that the deposit consists of mainly three eccentric
circular regions. The innermost circle corresponds to a region
with a high particle number density, wherein the PNIPAM
microgels are in a disordered arrangement. Surrounding this
innermost circular area is a second region corresponding to
highly ordered microgels. Lastly, the outermost region corre-
sponds to microgels with a comparatively low particle number
density and a relatively low degree of order. Even though this is
true in most cases, we have observed that when the initial
concentration of the dispersion is low (0.8 Cyy) for a smaller
spacing between the plates like 110 um, the innermost circular
region is surrounded by a circular region whose most of the part
is depleted of particles, a magnified image of which is shown in
Fig. S3.1
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3.5 Effect of spacing and PNIPAM concentration on the
microstructure of the dried deposits

In Fig. 11(a)~(d) and 12(a)-(d), we display the spatial distribution
of ND, IPS, AD, and ¥, along the horizontal strip crossing the
center of the deposit and the inner bright circular area. These
plots represent three different spacings and three distinct PNI-
PAM concentrations. The parameters ND, IPS, AD, and ¥, are
calculated within square domains measuring 10 pum x 10 pm.
The position of the square domain along the strip, denoted
by the variable x, is normalized by R,, the radius of the dried
deposit. The value x/R, = 0 denotes the center of the deposit,
while x/R, = +1 indicates the diametrically opposite edges.
When a droplet is confined between two parallel plates, the
contact diameter decreases as the spacing between the plates
increases, resulting in a reduction in the area available for
particle deposition. Consequently, on average, the ND is higher
in deposits formed at 200 pm spacing, as depicted in Fig. 12(a).
The variation of ND with x/R,, regardless of the spacing between

(b)

e 130pum
165 um
200 pm

iR |
! i

51.6— E{
Lol E Fety f
o I%Iﬁ ; :
X
X/Ro
(d)
1.0
i 130 um B 165 um s 200 pm
0.8:—
0.6:—
>
0.4_—
0.2:—
007770 —05 00 05 1.0
X/Ro

Fig.11 Quantitative analysis of the microstructure of the deposits formed for three different spacings 130 um, 165 pm, and 200 um at a particular
initial concentration of Cy.. The regions of interest, in this case, are along the axis of reflection on the deposits. Histograms showing (a) number
density (ND), (b) inter-particle separation (IPS), (c) areal disorder (AD), and (d) bond orientational order parameter ¥¢ at different points on the
horizontal strips on the deposits as a function of the distance x from the center of the deposit normalized by the radius of the deposit (Ro).
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Fig. 12 Quantitative analysis of the microstructure of the deposits formed for three different concentrations of the dispersion 0.8 Cy, Cpm, and
1.2 Cp for a particular spacing of 110 um. The regions of interest, in this case, are along the axis of reflection on the deposit. Histograms showing
(a) number density (ND), (b) inter-particle separation (IPS), (c) areal disorder (AD), and (d) bond orientational order parameter ¥ at different points
on the horizontal strips on the deposits as a function of the distance x from the center of the deposit normalized by the radius of the deposit (Rg).

the parallel plates, exhibits a non-monotonic behavior, reaching
a maximum in the bright disc region within the deposits. As the
inter-particle distance decreases with increasing ND, the
average IPS between particles in the deposits is minimized in
the bright disc region, irrespective of the spacing between the
glass plates, as shown in Fig. 11(b).

As shown in Fig. 12(a) and (b), a similar trend in the variation
of ND and IPS is observed when the concentration of PNIPAM
microgels in the dispersion is varied, keeping the spacing
between the plates fixed at 110 pm. At 1.2 Cyy PNIPAM
concentration, the average value of ND is higher due to higher
particle loading, while the average IPS is larger at 0.8 Cyy
PNIPAM concentration.

The spatial distribution of PNIPAM particles in the deposits
is further analyzed by estimating AD and ¥¢. The locations of
the bright disc regions in the dried deposits used to obtain the
data presented in Fig. 11(c), (d) and 12(c) and (d) are shown by

© 2024 The Author(s). Published by the Royal Society of Chemistry

lines with a double-sided arrow. It can be seen that, in general,
AD in the bright disc region is higher, which indicates that the
microgel particles in this region are least ordered and corre-
spondingly, ¥ is lower, despite the ND in this region being
highest. A closer look at the data in Fig. 11(c) and (d) reveals that
AD decreases (¥ increases) on either side of the bright disc
region; however, with further movement towards the periphery,
AD increases (¥ decreases) again as the ND in these regions is
lowest. From Fig. 12(c) and (d), we note that AD is considerably
higher and ¥ is markedly lower in the case of 0.8 Cy;, PNIPAM
concentration, as there are not enough PNIPAM particles in the
drying dispersion to induce ordering. The data presented in
Fig. 11 and 12 show that the extent of the hexatically ordered
arrangement of the particles in the monolayer deposit can be
tuned by varying the initial concentration of particles in the
dispersion and the spacing between the parallel plates.
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4 Conclusions

This article reports an investigation into deposit patterns
resulting from the drying of aqueous dispersions containing
PNIPAM microgels confined between two parallel plates. We
examine the microstructures of these deposits to elucidate the
influence of the spacing between parallel plates and the initial
dispersion concentration on the final deposit pattern. Our
findings reveal that the deposit patterns exhibit reflection
symmetry along a single axis passing through the center of the
deposit, regardless of the initial dispersion concentration or
spacing between the plates. While drops in unrestricted drying
geometries remain pinned at the entire three-phase contact line
during drying, those drying between parallel plates maintain
pinning on one side of the contact line while experiencing
continuous slipping on the other side. This contrasts with the
kinetics of evaporation observed in drops containing non-
deformable colloids, where multiple stick-slip motions occur.
We conduct an analysis of the evaporation kinetics to compre-
hend how the drying mechanism influences the deposit
pattern. By employing a parallel-plate confinement drying
technique and utilizing PNIPAM particles as building blocks, we
demonstrate the potential to fabricate particulate monolayer
films with distinctive microstructural characteristics not
achievable through other self-assembly approaches.
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