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Synopsis

Abstract:

Nature-inspired anti-wettable material, like superhydrophobic coating, liquid marble, pattern
interface with contrast of wettability and slippery surfaces, have shown immense potential for
their wide range of applications—including self-cleaning, water harvesting, environmental
remediation, and so on. In this relevance, significant strides have been made in replicating the
wettability present in natural materials like lotus leaf, desert beetle, rice leaf, honeydew,
nepenthes pitcher plants and so on. However, further design of such materials with their
improved shelf-life, tolerance under harsh environmental conditions, better resistance to
mechanical abrasion, following environment friendly fabrication process is essential for its
advancement. Here, in this synopsis report, I have accounted the strategic use of facile
chemistry (i.e., 1,4-conjugate addition and water based amidation reaction), reactive small
molecules and crystalline polymer for developing functional coating as materials to
demonstrate on-demand release of liquid, droplet chemistry, antigravity liquid transport, self-
cleaning etc. The content of this synopsis report is comprises of six chapters. Chapter 1
provides a brief overview of bio-inspired liquid wettability, explores the common techniques
used to create different artificial anti-wetting surfaces, highlights existing relevant challenges,
and outlines this thesis work's objectives. Chapter 2 demonstrates the post-modification of
porous and reactive crystalline material (MOFs) with selected alkyl amines through 1,4-
conjugate addition reaction to tailor the liquid wettability from hydrophobic to
superhydrophobic. It allowed to develop liquid marble for on-demand and customized release
of the inner liquid in the presence of different pH of water pool. In Chapter 3, [ have introduced
omniphobic capsules/colloidosomes from crystalline and hydrophobic comb-polymer to
prevent loss of inner liquid because of surface adhesion and evaporation of encapsulated
volatile liquid. Chapter 4 accounts for the fabrication of chemically reactive superhydrophobic
polymeric coating on a textile to develop chemically modulated wettability pattern for
antigravity water transport. Chapter 5 introduces a completely waterborne, highly transparent,
abrasion-tolerant and substrate-independent solid slippery and superhydrophobic interface
through an amidation reaction between thioester and aminosilane. Chapter 6 provides a

concise summary and the future directions of the work presented here.
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Chapter 1. Introduction
Nature-inspired materials have received great attention from scientists and engineers due to

their unique properties. Many natural plants and creatures embedded with special features have

Slipery Liquid Infused influenced the development

Superhydrophobicity Porous Substrate

of innovative materials and

technologies. For example,

lotus leaf, aphids on gall

leaves, desert beetle,
nepenthes  pitcher  plant,
(Figure 1) etc. exhibit

excellent antiwetting
Figure 1. A-D) Digital images and field emission scanning electron property. Such natural species
microscopy images of various natural species including lotus leaf (A)

Aphids on gall leaf (B) Desert bettle (C) and Nepenthes pitcher plant (D).

offer new understandings to

. . . . the design of artificial
Figure 1.1A, D is adapted with permission from Nat. Rev. Mater., 2017,

2, 17036. Macmillan Publishers Limited, Copyright 2017. Figure 1.1B ~ Superhydrophobic  surfaces,
is adapted from Langmuir, 2019, 35, 6169-6178. American Chemical ~liquid  marble,  patterned
Society, Copyright 2019. Figure 1.1C is adapted from Nature., 2001, 14, interfaces and slippery

-34. Spri Limi ight 2001.
33-34. Springer Nature Limited, Copyright 200 o facd Lol 18afsurfaces

exhibit superhydrphobicity due to the existence of micro/nano hierarchical structures and low
surface energy coating of epiticular wax. It displayed a very high water contact angle (>150°)
and low contact angle hysteresis (<10°). This phenomenon is explained by the Cassie-Baxter
model. According to this wettability model, air gets trapped within the grooves of the
microporous structure, creating an air pocket and contributes to heterogeneous liquid
wettability. When a water droplet beads on and contacts the rough solid surface, it restricted
access to rough solid surface due to the third phase i.e., meta stable trapped air, results in
extreme water repellence. In the past, various artificial superhydrophobic surfaces have been
developed and used in different prospective applications including self-cleaning, oil/water
separation, anti-corrosion, anti-icing, etc. On the other side, in a seminal report, Aussillous and
Quére introduced a functional soft material, called liquid marbles from superhydrophobic
powder, i.e., lycopodium grains. It exhibits non-stick properties on solid and liquid surfaces
due to the presence of superhydrophobic solid particles around the liquid droplets. Since the
first ground-breaking report on liquid marble in 2001, numerous exciting studies have been
reported in the literature. Their unique properties, such as non-wetting, deformability, and

controlled permeability, make them valuable in various applications, including chemical
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sensing, drug delivery, miniaturized chemical reaction, etc. Different types of materials
including silica nanoparticles, graphene, carbon black, carbon nanotubes,
polytetrafluoroethylene particles, polymeric particles, metal oxide nanoparticles, porous
crystalline nanoparticles are utilized to prepare such soft materials. While the hydrophobic shell
of liquid marble provides a protective environment, but the on-demand release of inner liquid
is essential for various other prospective applications. In the past, different approaches were
introduced to demonstrate the instant release of inner liquid in the presence of a specific
stimulus with acidic, alkaline, light, heat, etc., but reports on controlling the lifetime of floating
liquid marbles on water pool in the presence of a stimulus are extremely rare in the literature.
On the other side, a porous shell of liquid marble fails to prevent evaporation of the
encapsulated volatile liquid. In this context, different types of capsules or colloidosomes were
introduced in the literature, but they often suffer from the inability to prevent adhesion, losses
of inner liquid and on-demand release of inner liquid. In nature, another fascinating creature,
the desert beetles, possess contrasting wettability (superhydrophobic and superhydrophilic)
patterns on their back surfaces, which they utilize for efficient fog water collection. Inspired
by the desert beetle, different superhydrophobic/superhydrophilic patterned interfaces were
introduced in the literature. For example, Bai ef al. used the spin coating method and selective
UV light illumination to develop a superhydrophobic/superhydrophilic patterned interface with
the help of hazardous fluorine chemistry. Later, researchers have shown significant interest in
utilizing patterned interfaces with contrasting wettability for moisture management in addition
to other applications, including microfluidics, self-cleaning surfaces, liquid manipulation, and
so on. In the previous literature, mostly, noncontact patterning methods (UV-ray, plasma
treatment, etc.) were spatially and selectively applied to perturb the hydrophobic chemical
groups (e.g., fluorinated hydrocarbons) on hydrophobic/superhydrophobic interface to achieve
patterned textile, however, controlled and uniform penetration of UV-radiation or plasma
across the highly opaque fibrous substrate would be a challenging task to achieve. Thus, it is
difficult to introduce wettability gradient with precision across the selected fibrous substrate.
Low surface tension liquids, such as organic solvents, readily wet superhydrophobic interfaces
by penetrating the micro-nano grooves of the rough solid surface. In general, antiwetting
property for both low and high surface tension liquids through association of complex
topography (i.e., re-entrant surface curvature) mostly topped with fluorinated chemical
modifications. However, fabricating such intricate surface structures on a large scale presents

significant challenges, and the use of fluorinated chemicals and organic solvent possesses
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environmental hazards. A new approach has been developed to overcome this limitation,
drawing inspiration from the Nepenthes pitcher plant that displays an effortless sliding of
beaded droplet of liquids. While significant advancements have been made in liquid-repellent

interfaces, challenges related to durability still pose concerns over their potential real-world

applications.
So, in this context, design of a complete water-borne, ultra-robust, highly transparent,
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Figure 2: A) Schematic Illustrating the controlled bursting of LMs with adjustable release of the loaded liquid
by modulating the lifetime of the prepared LMs. B) Scheme depicting zero loss and on-demand release of
inner liquid from colloidosome on a solid surface and water pool upon heating. C) Schematic demonstrating
the unidirectional transport of beaded droplets through patterned textiles against gravity. D) Schematic

presentation of the designing of waterborne slippery and superhydrophobic coatings through an amidation

reaction between amine and thioester groups.
lubrication-free dry slippery interface and superhydrophobic surface would be appropriate for
prospective applications. To address above mentioned challenges, I have introduced different
strategies to achieve 1) adjustable and programmed release of inner liquid from liquid marble,
i1) omniphobic colloidosome for no adhesion and evaporation loss of inner liquid and its on-

demand release, ii1) chemically controlled patterned textile for accelerated anti-gravity water
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transfer, and iv) water-borne, fluorine-free, durable and optically transfer, slippery and

superhydrophobic coating as shown in Figure 2.

Chapter 2. pH-triggered Adjustable Bursting of Liquid Marbles in Water Pools

Non-sticking millimetric droplets wrapped with micron/submicron-sized liquid-repellent solid
particles and aggregates are recognized as liquid marbles (LMs). LMs behave like a non-
wetting solid, which enables zero-loss transportation on solid surfaces and liquid pools. The
challenge is controlling the liquid-releasing behavior, especially on a liquid pool. For example,
releasing the inner liquid of LMs at a specified time in adaptation to liquid pool conditions has
not been achieved. In the past, different approaches were introduced to demonstrate the instant
release of inner liquid in the presence of a specific stimulus, but reports on controlling the
lifetime of floating LMs in the presence of a stimulus are extremely rare in the literature. In this
chapter, I have strategically associated metal-organic framework and protonizable chemistry in
combination with tailored hydrophobicity to design LMs enabling the stimulus-responsive
adjustable “lifetime till breakage” on a water pool. In this context, the prepared NH>-UiO-66 was
subjected to covalently react with trimethylolpropane triacrylate (3-Acl) to achieve chemically
reactive MOF (CR-MOF, Figure 3A and B). The residual acrylate reactivity of CR-MOF allowed
its post-modification with selected alkyl amines, following a common and facile 1,4-conjugate
addition reaction under ambient conditions (Figure 3B). Depending on the length of hydrocarbon
tails in the selected alkyl (i.e., pentyl (—CsHi1), hexyl (—C¢Hi3), octyl (~CsH17) and decyl (—CioH21))
amine, the modified MOFs provided either dual (acid/alkaline)-responsive (pentyl, hexyl) or non-
responsive (octyl, decyl) water repellence (hydrophobicity/superhydrophobicity). Covering the
water droplet with such chemically modulated MOF (Figure 3C), we aimed to introduce a new
class of responsive LMs that provides an automated (under neutral conditions) and adjustable
(depending on the pH) triggered release of the inner liquid on the water pool, as shown in Figure
3D and E. The choice of chemical modulation decides the floating time of the same LM under
acidic and alkaline conditions. Then, LMs were prepared from different amine-modified MOFs and
placed on the water pool to examine their lifetime (Figure 3F-I). I found that the lifetime of the
LMs drastically changed with the variation in the embedded hydrophobicity. In that, LMs derived
from OA (—CsHi7) or DA (CioH21) modified MOFs did not collapse, rather the inner liquid
evaporated completely (Figure 3H and 3I), whereas LMs prepared from HA(-C¢Hi3) or PA(—
CsHi1) modified MOFs collapsed with a lifetime of 2.8 or 1.2 hours (Figure 3F and 3G),

respectively. Further, the lifetime of the same MOF-based LM is also varied in response to the
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water pool's pH (Figure 3J). However, the lifetime of the LM on water pools mostly depends on
the chemical modification of the prepared CR-MOF with selected alkyl amines.
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Figure 3: A) Illustrating a catalyst-free 1,4-conjugate addition reaction between amine and acrylate. B)
Accounting the conversion of the prepared MOF (NH,-UIO-66) into a chemically reactive MOF (CR-MOF),
following the covalent modification with 3-Acl through the 1,4-conjugate addition reaction. The residual
acrylate group in CR-MOF provided a facile basis for post-covalent modification with selected alkyl amines
at ambient conditions to tailor water wettability (hydrophobicity and superhydrophobicity). C) Depicting the
process of forming liquid marbles (LMs) by rolling the beaded water droplet on the pile of either hydrophobic
or superhydrophobic MOFs. D) Schematic depicting the LMs prepared from hydrophobic MOFs displaying
both programmed (moderate lifetime of liquid marble) and triggered release of the inner liquid at the water
pool, without having any external intervention at neutral pH and in the presence of acidic/alkaline stimuli,
respectively. E) Schematically depicting the LMs derived from superhydrophobic MOFs failing to release the
inner liquid irrespective of the pH of the water pool, rather encapsulated water evaporated out from the LM.
F-1) Digital images illustrating the buckling and bursting of LMs that were prepared from differently modified
superhydrophobic (F and G) and hydrophobic (H and I) MOFs. J) Plot accounting for the stability of LMs at
various pH values of the water pool. K) Demonstrating the triggered chemical reaction on the water pool in
the presence of acidic stimuli by triggering release of mutually reactive reactants (ferric chloride and potassium
thiocyanate) from the two LM prepared from hydrophobic MOFs. The formation of a ferric thiocyanate
complex resulted in the appearance of red colour in the water pool. However, LMs that were prepared from
superhydrophobic MOFs failed to release the encapsulated reactants under the identical setup. Published in J.
Mater. Chem. A, 2024, 12, 3362.

On the other side, the LMs prepared using differently modified MOFs did not collapse to release

the inner liquid on a solid surface rather the encapsulated water evaporated over time, which

resulted in the buckling of the prepared LMs. These phenomena could be used for demonstratingon

demand chemical reactions on the water pool (Figure 3K). Thus, in this chapter, a porous and

TH-3852_196122029
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chemically reactive nanomaterial is developed for controlled and precise chemical modulation
through a 1,4-conjugate addition reaction at ambient conditions to derive LMs embedded with

tunable and adaptive wettability at different pH.

Chapter 3: Droplet Green Chemistry Using Thermally Shape-Reconfigurable Omniphobic
Colloidosomes

A high-yield, lossless chemical reaction conducted under ambient conditions is promising for
green chemistry. However, owing to the sticky feature of liquids on solid surfaces and the high
volatility of useful primary solvents, “droplet chemistry” is far from practical use. Thus, a
droplet platform that prevents both droplet evaporation and adhesion losses is promising. Here,
in this present study, I report a versatile method for droplet encapsulation with
superhydrophobic polymer powder, i.e. poly(octadecylacrylate) (PODAc; a thermoplastic
solid-slippery polymer) based on the colloidosome technique. This process enabled the on-
demand capsulation/extraction of various liquid droplets, regardless of their surface tension
and volatility, without any loss. In this current design of thermally shape-reconfigurable
omniphobic colloidosome, a thermoplastic comb-like polymer PODAc was synthesized by
free-radical polymerization of octadecyl acrylate (ODAc) (Figure 4A) following previous
report. The conversion of ODAc into PODAc was monitored by AT-FTIR analysis, as shown
in Figure 4B, where the IR peak for vinylic C—H deformation of the acrylate moiety at 1407

cm™!

was significantly compromised with respect to another IR peak for stretching of carbonyl
groups at 1720 cm™! after free radical polymerization of ODAc. Next, the PODAc capsule was
processed based on the “colloidosome” technique, which is depicted in Figure 4C, D. First,
PODAC is ground to a powder state, possessing very low wettability to glycerol. Thus, PODAc
powder is adsorbed on the droplet surface, forming a liquid marble instead of being dispersed
in the glycerol droplet. Next, the liquid marble was heated locally by using NIR light to melt
the PODAc powder around the glycerol droplet to form the PODAc shell. After that, the
thermoresponsive property of the PODAc was strategically utilized to remove encapsulated
glycerol from the PODACc shell by thermal poring. The glycerol was completely removed from
the capsule due to its liquid-repellent feature. Then, target chemicals or solvents were filled
into the empty PODAc capsule, which we term the PODAc colloidosome. Due to
nanometrically smooth surface of PODAc, it displays omniphobicity. The PODAc shell is
chemically stable to any commonly used solvent, which enables the encapsulation of various

chemicals for a long time without any spillage (Figure 4E). The colloidosome retains its

spherical shape even after decanting any target liquids, regardless of their volatility or surface
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tension (yLv = 17-72.8 mN m™").The sphericity of the PODAc is quantified with static contact
angle 0 (Figure 4F). Moreover, on-demand release of inner liquid of colloidosome was
schematically depicted on the solid surface and liquid pool by applying either heating or NIR
light as shown in Figure 4G, H.
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Figure 4: A) Reaction scheme representing the synthesis of polyoctadecyl acrylate (PODAc) through
photopolymerization reaction of octadecyl acrylate (ODAc) in the presence of a photoinitiator. B) Attenuated
total reflection-Fourier transform infrared (AT-FTIR) analysis of PODAc (blue) and ODAc (pink). C, D)
Schematic and digital images depicting the process involved in preparing a colloidosome (volume = 20 pL).
E, F) Liquid encapsulation in colloidosome, digital (E) and static contact angle (F) images of colloidosomes
(volume = 20 pL) filled with different solvents having a wide range of surface tensions. G, H) Scheme
depicting the release of inner liquid from colloidosome on a solid surface (G) and water pool (H) upon heating.
I) Digital images showing the release of different solvents from colloidosome (volume = 20 pL) induced by
heating with near-infrared (NIR) light and hot plate. J) Digital images representing the release of different
solvents from colloidosome (volume = 20 pL) on water pool induced by heating. Published in Chem. Mater-.,

2024, 36, 8692.
Colloidosome was heated on a hot plate above 51 “C or irradiated with NIR light, confirmed
the release of water, ethanol and hexane liquids, as shown in Figure 4G. A similar outcome
was observed on water pools, as shown in Figure 4H. When the PODACc shell is heated above
51 °C, the crystalline packing of PODAc is compromised. The PODAc shell rapidly melted,
releasing the encapsulated inner liquid into solid or liquid pools. Owing to its facile
processability and chemical stability, the PODAc colloidosome would be a powerful tool to

customize droplet chemistry more efficiently and systematically.

xiv|Page

TH-3852_196122029



Synopsis

Chapter 4: Controlled Chemical-patterning of Textile to Accelerate Anti-gravity Water
Flow

Bio-inspired unidirectional flow of tiny aqueous droplets across the fibrous substrate paved the
way for the emergence of various advanced materials. In the past, textiles decorated with
noncontact-based wettability-patterns enabled unidirectional water flow—without flooding the
top surface by the transferred water. However, such approaches mostly suffer from a low
(=0.176 pL mm2s') flow rate, likely due to delay in the overall liquid ejection process. So,
in this context, I have developed controlled chemical-patterning of textiles to accelerate the
overall liquid ejection process without flooding the top surface via contact-based wettability-
patterns. Here, chemically reactive nanocomplex (CRNC) was dip coated on a selected fibrous
substrate for direct and spatially selective modulation of wettability through 1,4-conjugate
addition reaction in aqueous medium at ambient condition (Figure 5A-D). In the current
approach, no sophisticated instrumental set-up is required—rather, the diameter and depth of
the patterned spot can be regulated easily—just by controlling the contact area between the
textile and aqueous droplet of selected modifier, i.e. glucamine and the duration of exposure
time to the beaded droplet of modifier. The hydrophilic moiety is installed—without perturbing
the hydrophobic moiety (e.g., hydrocarbon) to modulate the water wettability on the water-
repellent interface spatially selectively. The prepared patterns provided superior anti-gravity
transport of water through patterned channels on fibrous substrate (Figure SE). Importantly,
the volume of beaded aqueous droplets of glucamine controls the dimension of patterned
channels on a superhydrophobic background. Thus, the droplet contact area to the fabric
controls the diameter of patterning and the patterning time decides the depth of the pattern, as
illustrated in Figure SF. Thus, the current approach provided a basis to tune the dimension of
the patterned channel through a direct chemical modification at ambient conditions. The
surface of the prepared superhydrophobic textile that was directly exposed to an aqueous
solution of glucamine is denoted as the patterned top spot, and the other surface of the textile
is referred to as the patterned back spot, as shown in Figure 5G. Next, a droplet of water was
placed on the patterned top spot of a patterned textile prepared by exposing it to glucamine
solution spatially selectively for 60 and 75 min, denoted as PTeo and PT7s, respectively. On
exposing a tiny droplet of dyed water (blue color) on the patterning back spot, an immediate
anti-gravity transfer of the water was noticed—without having any arbitrary spreading of
transferred water on the top surface. Initially, an instant anti-gravity transfer of water was

observed for both patterned textiles—but the backflow of the transferred liquid to the bottom
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surface was noted only for PT75 as shown in Figure SH. It is likely due to the decrease in the

breakthrough pressure—that resists the backflow of transferred water under gravity.
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Figure 5: A-D) In situ, deposition of chemically reactive nano complex (CRNC) derived from a reaction
mixture of 5Acl and BPEI on a A) selected textile following the dip coating process B) yielded chemically
reactive textile. C) Its post-chemical modifications with octadecyl acrylate (ODAc) conferred
superhydrophobicity and denoted as a chemically reactive superhydrophobic textile. D) The spatially selective
modification of a chemically reactive superhydrophobic textile with glucamine, followed by octadecylamine,
provided Janus channels on a chemically inert superhydrophobic background. E) Schematic illustrating the
unidirectional transport of beaded droplets through patterned textiles against gravity. F) This schematic
illustrates the spatially selective glucamine modification on reactive-superhydrophobic textile—through
gradual infiltration of beaded aqueous droplets of glucamine. G) Schematic of a chemically patterned
superhydrophobic interface, where hydrophilic spots, denoted by red colors, were achieved on a
superhydrophobic background via spatially selective chemical modifications. H) Digital images account for
the ability of two distinct patterned textiles (PT¢ and PT7s) toward anti-gravity water transportation. I) Digital
images accounting for the rolling of beaded (from the top side) and transported water droplets (from the back
side) on patterned textile that was kept inclined at an angle of 45°. J) Infrared camera images of the patterned
and bare textiles applied on the skin in artificial sweat’s presence, recorded outdoors at a surrounding

temperature of 40 °C. Published in Adv. Funct. Mater., 2024, 34, 2410955.

Next, the optimized patterned textile was applied to demonstrate an anti-gravity transfer of
water in the absence of a beaded water droplet on its top side—without flooding the top surface
of the patterned material, rather the transferred water rolls on the inclined patterned interface
as shown in Figure 51. The prepared Janus patterns displayed a high (2.57 £ 0.28 uL mm 2 s ")
flow rate of water against gravity with an ability to roll the accumulated liquids on the top
surface. This is likely due to the chemically controlled optimization of pattern dimension with
a gradient of wettability on a water-repellent background. Thereafter, both bare and patterned

textiles were placed on the prewetted skin of a volunteer before recording the body surface
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temperature using an infrared camera. The temperature difference was noticed to be 4.2 °C.
The ability of unidirectional transport of artificial sweat resulted in better cooling (31.5 vs 35.7
°C) of patterned textile in comparison to bare textile, where the temperature of skin was
recorded to be 36.9 “C. This is likely due to faster evaporation of ejected artificial sweat by the

patterned textile (Figure 5J), which is not possible to achieve with bare textile.

Chapter 5. Amidation Reaction to Derive Waterborne, Tolerant, and Optically
Transparent Solid Slippery and Superhydrophobic Coatings

The derivation of durable solid slippery and superhydrophobic coatings maintaining high
optical transparency—following a simple, completely waterborne, non-fluorinated and
scalable fabrication approach is an extremely challenging task to achieve. In this chapter, I
unprecedentedly extended an inherently amine reactive thioester molecule to report abrasion
tolerant and optically transparent two distinct bio-inspired wettability—i.e., lubrication-free
slippery and superhydrophobic coatings. This current synthetic approach involved a simple
aqueous and covalent processing of appropriately selected chemical functional groups
(hydrophilic, hydrophobic and self-polymerizable moieties) considered as important ‘Inputs’
through a mutual chemical reaction between primary amine and thioester groups to achieve
desired ‘Outputs’ (i.e., waterborne coating with durability, transparency and bio-inspired
wettability) as shown in Figure 6A-C. In this waterborne chemical approach, the selectively
reactive thioester group provided a simple basis to integrate two essential chemical functional
groups—i.e. hydrophobic and polymerizable moieties—and simultaneously, it also enabled the
release of the hydrophilic moiety during the amide bond formation process. Eventually, this
chemical approach allowed to prepare a stable dispersion of nanoparticles for co-optimization
of essential topography and chemistry to confer both slippery property and
superhydrophobicity—where the choice of substrates (fibrous/porous or flat/featureless
interfaces) played an important role in associating the desired liquid wettability as shown in
Figure 6D, E. The prepared waterborne, optically transparent (~97 %) coatings embedded with
bio-inspired wettability remained highly tolerant in various challenging and abrasive
conditions as shown in Figure 6F. Selected sodium 3-(steartoylthio)propane-1-sulfonate
(labelled as R-1) was reacted with a self-polymerizable small molecule, ie. (3-
aminopropyl)triethoxysilane (APTES, denoted as R-2) with 1:1 M ratio in DI water at 80 "C
for 8 h to form a stable dispersion of nanoparticles (denoted as RM) (Figure 6G). During the

course of the mutual reaction between the selected reactants (R-1 and R-2), the thioester group
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of R-1 selectively reacted with the primary amine of R-2 to form a robust a amide bond as

evident from the ATR-FTIR analysis in Figure 6H.
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Figure 6: A-C) Schematic presentation of the designing principle of ‘Processor-Input-Output, where the
aqueous processing of small molecules having strategically selected chemical ‘inputs’ (i.e. self-polymerizable,
hydrophilic, and hydrophobic moieties) through an amidation reaction (processor) between amine and
thioester groups puts’—including provided desired bio-inspired wettability, waterborne process, durable and
optically transparent coating. D) Depicting the slippery behaviour of beaded droplets of different liquids on a
solid slippery coating. E) Illustrating the physical (tensile and compressive) deformations of fibrous and
porous substrates embedded with superhydrophobic coating. F) Schematic presenting tolerance of prepared
coating towards some relevant and widely accepted abrasive exposures. G) Illustrating the amidation reaction
between selected reactants (i.e. 3-(steartoylthio)propane-1-sulfonate (labelled as R-1) and (3-
Aminopropyl)triethoxysilane (APTES, denoted as R-2)), where the reaction mixture of R-1 and R-2 in DI
water at 80 "C provided a stable dispersion of nanoparticle (NP). H) FTIR- ATR spectra for the individual
reactants, i.e. 3-(steartoylthio)propane-1-sulfonate (labelled as R-1, black), (3-Aminopropyl)triethoxysilane
(APTES, labelled as R-2), blue) and reaction mixtures (1:1) of R-1 and R-2 after 8 h, (labelled as RM (8 h)).
The IR peaks at 1689 cm™!, 1603 cm™!, 1644 cm™ and 1547 cm'correspond to the carbonyl stretching of the
thioester group of R-1, N-H bending of the primary amine group, amide-I and amide-II bands respectively.
The carbonyl stretching of the thioester group completely disappeared after 8 h of the mutual reaction between
amine and thioester moieties. I-L) digital (I) and Static contact angle images (J) of the beaded droplet (5 pL)
of water on coated glass, digital images (K and L) of coated glass depicting the sliding of the beaded water
droplet. M) Depicting Optical transmittance (normalised with respect to bare glass) of the coated glass (red).
N) Bar diagram accounting for the static contact angle and sliding angles (SA) of various non-polar and polar

liquids with a wide range of surface tension on prepared slippery coating. Published in Chem. Eng. J. 2023,
465, 142776.

The IR signature of carbonyl stretching of the thioester group of R-1 at 1689 cm™! was gradually

reduced with the progress of the reaction—and completely disappeared after 8 h of mixing of
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the selected reactants as shown in Figure 6H. As expected, additional IR signatures appeared
at 1644 cm™ and 1547 cm™' corresponding to amide-I and amide-II bands, respectively.
Thereafter, this aqueous reaction mixture (RM) of selected reactants (R-1 and R-2) was
strategically extended to develop a lubrication-free solid slippery interface. To achieve the
lubrication-free slippery coating, a microscopic glass slide was submerged in the aqueous
reaction mixture for 8 h of the selected reactants (Figure 6I). A droplet of water (15 uL) was
beaded on the coated substrate with a static water contact angle of ~102° (Figure 6J) and the
beaded droplet started sliding on tilting the coated substrates, as shown in Figure 6K, L.
Further, the optical transparency was compared with bare glass—and the coated glass displayed
nearly similar (above 97%, normalized with respect to bare glass) optical transparency, as
shown in Figure 6M. In addition to water, the prepared coating displayed the ability to slide
various other polar (dimethyl sulfoxide, dimethylformamide, acetonitrile, tetrahydrofuran,
acetone, ethanol and methanol) and non-polar (toluene, o-xylene and diitodomethane) organic
solvents—having a wide range of surface tensions (from 50.8 mN/m to 22.3 mN/m), as shown
in Figure 6N. Next, the prepared solid slippery coating was successfully used to demonstrate
the self-cleaning ability, where the deposited dust and dirt on the slippery coating was readily
removed on exposure to the aqueous stream—and provided a dry and clean interface as shown
in Figure 7B. In the absence of such coating, the glass substrate remained inefficient to provide

an instantly dry and clean interface, as shown in Figure 7A.
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Figure 7: A, B) Digital images demonstrating the self-cleaning ability of deposited sand particles on both
uncoated (A) and coated (B) glass slide with stream of tap water. C-J) Digital images showing the antifouling
performance of superhydrophobic coating with the stream of cow-milk (C, D), cold (4 °C) cola (E, F), cold (4
°C) juice (G, H), hot (60 °C) coffee (I, J). V-W) Digital images demonstrating the slippery (K) and
superhydrophobic (L) coatings on large objects. Published in Chem. Eng. J., 2023, 465, 142776.
Thereafter, the prepared superhydrophobic fabric was exposed to various commercially
available hot and cold beverages—including milk, cold (4 °C) soft drinks, fruit juice and hot
coffee (60 °C) to examine its ability to protect the selected porous/fibrous and inherently
hydrophilic substrates from unwanted aqueous exposures, and the liquids were extremely

repelled and readily removed—without having any trace of these used liquids on the coated
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fabric as shown in Figure 7C-J. Thus, [ have introduced a scalable and facile chemical approach
to develop an optically transparent slippery (Figure 7K) and superhydrophobic coating (Figure
7L)—which remained appropriate to survive various practically relevant and challenging

conditions, and thus, such coating would be useful in relevant and realistic applications.

Chapter 6. Conclusion and Future Directions

In conclusion, I have strategically applied aqueous and non-aqueous liquid wettability to
develop durable functional liquid repellent material/interfaces through adopting facile
fabrication methods. The strategic association of 1,4-conjugate addition reaction allowed for
embedded chemical ‘reactivity’ into porous crystalline nanoparticles (MOFs), which gives the
scope of post-modification with selected small molecule at ambient conditions to derive
hydrophobic MOFs yielded LMs to achieve adaptive water wettability at different pH, for
controlling the liquid release behavior on liquid pool. Further, a crystalline comb-like polymer,
i.e., PODAc, was used to design recyclable omniphobic capsule based on the “colloidosome’
technique to achieve a crystalline, solid, and continuous solid slippery shell around the
encapsulated liquid droplet for on-demand capsulation/extraction of various liquid droplets,
regardless of their surface tension and volatility, without having any adhesion or evaporation
loss. Further, a chemically reactive superhydrophobic coating on the fibrous substrate was
developed to derive Janus patterns of chemically modulated wettability with an extremely
water-repellent background through spatially selective 1,4-conjugate addition reaction with
hydrophilic small molecules. The prepared Janus pattern can transfer tiny aqueous droplets
against the gravity across the fibrous substrates, demonstrating efficient ejection of artificial
sweat and management of body surface temperature. Moreover, a completely waterborne, non-
fluorinated, tolerant, optically transparent and scalable fabrication approach was developed to
derive amphiphobic solid slippery and superhydrophobic interfaces through a simple water
based amidation reaction.

This synopsis report introduces different types of anti-wettable materials/interfaces, which can
be used for various relevant applications. Liquid marble and colloidosome have been used in
numerous ‘“droplet-scale” applications like on-demand drug release, miniaturized chemical
reaction, sensing of toxic pollutants, etc. Further, these materials could be extended for catalytic
miniature reactors, lab-on-a-chip devices applications, etc. Further, in the recent past, liquid
marble has been used in 3D cell culture applications. Liquid marbles often suffer from weak

mechanical property. On the other side colloidosomes are mechanically stable but lack
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porosity. To achieve desired mechanical property retaining the property of liquid marble, i.e.
porous shell structure it could be possible to develop a hybrid material combining the concept
of both liquid marble and colloidosome, adequately. Furthermore, the Janus pattern, which was
discussed in Chapter 4 is used for demonstrating directional liquid transport and it would also
be extended for water harvesting applications. The asymmetric wettability of patterned Janus
membranes and fast ejection rate of water droplets could be efficient for water harvesting,
wound healing, etc., making them valuable in real-life applications. Further, a robust
waterborne dry transparent solid slippery interface was developed, which could be used in solar
panels, smart windows, spectacle, airplane wings, etc., to prevent the unwanted fouling by
liquids and dust particles. Thus, the developed materials would be useful in various other

prospective applications.
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Chapter 1

Chapter 1: Introduction

1.1 Biomimicry: Nature-inspired innovation

Nature remains an inspiration for various important inventions. Many natural structures and
mechanisms have influenced the development of functional materials and technologies.!*
Examples of biomimicry include the design of a bullet train in Japan, inspired by the beak of
the kingfisher bird.> To minimise noise pollution because of air resistance challenges when the
train exited the tunnels. Redesigning the train’s nose to a streamlined shape of the beak of a
kingfisher bird decreased noise pollution, minimized air resistance, and enhanced energy
efficiency. Similarly, the study of gecko feet has led to the development of advanced adhesives
and climbing robots. Geckos can adhere to smooth surfaces due to millions of microscopic
hairs on their feet.* Scientists have used this concept to create synthetic adhesives that allow
objects to stick without glue or residue. Another example is spider silk, which has an
exceptional strength-to-weight ratio and high elasticity. Researchers aim to develop synthetic
fibers that mimic these properties.’ Such fibers could be useful in textiles, medical sutures and
biodegradable materials. Leonardo da Vinci’s study on the movement and anatomy of birds
inspired him to design flying machines. Even though his designs were never actually built, they
inspired future inventors to develop flying machines. The Wright brothers successfully
introduced the flying machine in 1903.° Their achievement demonstrated how nature-inspired
designs could lead to revolutionary advancements. Biomimicry has many applications across
different fields, including daily life, agriculture and medicine.” The lotus leaf displays extreme
water repellence, which is formally defined as superhydrophobicity that allows to repel
deposited dust and dirt to self-cleaning. This property has inspired the creation of self-cleaning
surfaces, oil-water separation, anti-corrosion and anti-icing.®® Another example is the
Nepenthes pitcher plant, which is naturally embedded with slippery surfaces that help to trap
insects. The upper edge of the plant's rim, called the peristome, has a slippery property, where
insects slip into the pitcher plant. This mechanism has led to the development of coatings that
resist ice accumulation, fouling, unwanted substances, etc.'®!! The stenocara beetle, which
lives in arid regions, collects water using hydrophilic and hydrophobic patterns on its back.'?
This adaptation has inspired the design of materials that efficiently gather water from the air.
Bioinspired surface properties, such as superhydrophobicity and slipperiness, have paved the

way for functional materials with advanced wetting behaviour. These innovations provide
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opportunities for technological advancements in many industries, such as anti-icing, drag
reduction, anti-corrosion, anti-fouling performance, etc.!*-!> The following sections will explo-
re design principle of deriving various anti-wetting materials and interfaces in detail.
1.2 Examples of Liquid Repelling Materials and Interfaces Available in Nature
Nature provides many examples of surfaces with special functionalities. Wettability is an
important property that influences how surfaces interact with liquids. Many organisms have

developed distinct surface chemistry and topography that control wetting behaviour.

> g =2 4'_‘,!;9'",, . :
# ' i:- r— s

Figure 1.1 Few existing examples of naturally anti-wettable surfaces and materials. A-F) Digital and scanning
electron microscope images of highly non-adhesive superhydrophobic surfaces of a lotus leaf (A), adhesive
superhydrophobic surface of rose petal (B), transparent superhydrophobic mosquito eye (C), liquid marbles
fabrication by honeydew droplets with wax particles in aphids on leaf (D), Desert beetle possessing pattern
interface (E) and slippery nepenthes pitcher plant (F). Figure 1.1A-C, F is adapted from ref. 10 with permission
from Macmillan Publishers Limited, Copyright 2017. Figure 1.1D, F is adapted from ref. 29 with permission
from American Chemical Society, Copyright 2019. Figure 1.1E is adapted from ref. 30 with permission from
Springer Nature Limited, Copyright 2001.

Water droplets beaded on a lotus leaf with a high water contact angle and roll off easily on
tilting, removing dust and dirt from such interfaces (Figure 1.1A). Scientists studied the lotus

leaf’s surface under a scanning electron microscope (SEM) and revealed that such surface has

16,17

micro and nano topography covered with hydrophobic wax crystals, resulting in

superhydrophobicity (Figure 1.1A). Inspired by the lotus leaf, scientists have developed

18,19

artificial superhydrophobic surfaces for applications such as anti-fouling, water

20,21 22,23 24,25

harvesting, anti-icing, self-cleaning materials, etc. Rose petals also displays
superhydrophobicity but show high water adhesion property (Figure 1.1B). Water droplets
maintain their spherical shape but do not roll down, even though the rose petal is flipped upside
down; this phenomenon is known as the "petal effect". Feng et al. explored the rose petal’s
surface by using SEM imaging.?® They found that the petals had closely packed micropapillae,
each with a height of 7 um and a diameter of 16 um. These micropapillaec hold densely
2|Page
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nanometer-sized cuticular folds (Figure 1.1B). Like lotus leaves, rose petals have hierarchical
roughness; however, differences in microstructure lead to higher adhesive forces in rose petals.
The larger size of the microstructures allows water droplets to penetrate microgrooves but not
the nanostructures, causing the droplets to stick to the surface.?’” Another example of naturally
existing liquid repellent surface, the mosquito eye’s embedded with anti-fogging properties and

optically transparent superhydrophobicity (Figure 1.1C).?

Gao et al. explored the mosquito
eye’s surface by using SEM imaging. The mosquito's eye is made up of many tiny dome-shaped
units called ommatidia. Each ommatidium is about 26 pm wide and arranged in a hexagonally
close-packed pattern. Each dome is covered with many tiny bumps, having an average diameter
of approximately 101 nm and a spacing of around 48 nm between each (Figure 1.1C). Certain
aphid species that inhabit leaf galls of their host plants are known to produce liquid marbles
where honeydew are coated with wax particles, as revealed by FESEM analysis. Micrometer-
sized wax particles coat the surface of the honeydew droplets, imparting a protective and non-
wetting environment to the honeydew (Figure 1.1D).* The Stenocara beetle, or Namib beetle,
has a tremendous ability to collect water from fog in an extremely dry condition. The beetle’s
back features hydrophilic bumps encircled by hydrophobic valleys, enabling it to harvest water
from the fog-laden winds common in the Namib Desert (Figure 1.1E).*° SEM images show
randomly scattered hydrophilic bumps, each about 0.5 mm in diameter and spaced between 0.5
and 1.5 mm apart, along with intervening hydrophobic valleys (Figure 1.1E). Water collects
on the hydrophilic bumps and rolls down from hydrophobic valleys to the beetle’s mouth. This
mechanism has inspired to derive artificial fog-harvesting systems. Other natural species, such
as Nepenthes pitcher plants, have a peristome that, when insects sit on, causes them to fall into
the traps due to its slippery surface. The peristome of the plant has microscopic cavities that
hold water, creating a lubricated surface (Figure 1.1F).!!

In summary, natural surfaces such as lotus leaves, rose petals, mosquito eyes, aphid species,
Namib beetle backs and Nepenthes pitcher plants have inspired significant advancement in
biomimetic special liquid wettability. These biomimetic materials can be used in different
applications, including self-cleaning, water harvesting, anti-icing and other relevant purposes.
1.3 Liquid Wettability of Solid Surfaces

Liquid wettability determines how effectively liquid droplets interact with solid surfaces.’!*
The behaviour of a liquid droplet on a solid surface is governed by the balance between
cohesive and adhesive forces. Cohesive forces occur between similar molecules and reduce the

contact area between the solid and liquid, while adhesive forces, acting between unlike

molecules, promote spreading. The extent of wetting is determined by the equilibrium of these
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forces and it is measured by the contact angle of the beaded liquid droplets on solid surface.

The contact angle is defined as the tangential angle formed by a liquid droplet at the triple-

A Static Contact Angle (0) B Advancing Contact Angle (6)

) Liquid

D C Receding Contact Angle ()

Sliding Angle (6) L
| ——

Figure 1.2 Schematic illustration of static contact angle (A), advancing contact angle (B), receding contact
angle (C) and sliding angle (D), respectively.
phase contact point on a solid surface.
Contact angles (0) are broadly classified into static and dynamic contact angles. Static contact
angle (Figure 1.2A) represents the equilibrium contact angle at which a liquid droplet maintains
a constant solid-liquid contact area during measurement. In contrast, the dynamic contact angle
is measured when the three-phase contact line is in motion relative to the solid surface. The
dynamic contact angle is further categorized into advancing (Figure 1.2B) and receding (Figure
1.2C) contact angle. The advancing contact angle on an anti-wettable surface is measured when
the liquid droplet volume is progressively increased, whereas the receding contact angle is
determined when the liquid is withdrawn, leading to a reduction in droplet volume. The

difference between the advancing and receding contact angles is known as contact angle

A B Cc D
Superhydrophobic
62150°
Hydrophobic
6 >90°
Hydrophilic
8 <90°

Superhydrophilic
6<10°

=

Figure 1.3 Schematic representation of different types of anti-wettable surfaces, including superhydrophilic (A),

hydrophilic (B), hydrophobic (C) and superhydrophobic (D).
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hysteresis (CAH).>*** Additionally, the sliding angle (Figure 1.2D) is defined as the inclination
angle of a surface at which liquid droplets begin to slide due to gravitational force. Solid
surfaces are classified into four categories based on the measured contact angle values of water
droplets: a) superhydrophilic surfaces (0° <0 < 10°) (Figure 1.3A), hydrophilic surfaces (10° <
0 < 90°) (Figure 1.3B), hydrophobic surfaces (90°< 6 < 150°) (Figure 1.3C) and
superhydrophobic surface (60 >150°) (Figure 1.3D). Moreover, superhydrophobic surfaces are
subcategorized based on the CAH value, with adhesive superhydrophobic surfaces exhibiting
(CAH > 10°) and non-adhesive superhydrophobic surfaces (CAH < 10°).33-36

1.4 Theoretical Models to Understand Liquid Wettability of Solid Surfaces

The ability of a solid surface to repel liquids is a vital property that helps to control how liquid
droplets behave on solid materials. Over time, scientists have developed different models to
explain how liquids interact with solid surfaces. This section provides a brief discussion of
these wettability theories.

1.4.1 Young’s model

B C D
Air Air Air Air
Vv n
er ﬂer
ter 3 -
Y Ysv l

Vs

A

Young’s Model Wenzel’s Model Cassie Baxter Model Cassie-Wenzel Transition

Figure 1.4 Schematic illustrates different wettability models on solid surfaces in air: A) Young’s model, B)

Wenzel’s model, C) Cassie-Baxter model and D) Cassie-Wenzel Transition state.

In 1805, a model was proposed by Thomas Young to explore the wetting phenomenon of
smooth, homogeneous solid surfaces.>’” When a liquid droplet is placed on a smooth solid
surface, a stable contact angle (0y) is attend after balancing the surface tension of a liquid in
the air (yLv), the interfacial tension between solid and liquid (ys.) and surface free energy of

solid in the air (ysv) at equilibrium (Figure 1.4A). Young’s equation is expressed as follows:

cosOy=TSV=SL s (1.1)
YLv

The above equation is obtained based on the principle of thermodynamic equilibrium at the
three-phase boundary interface (solid-liquid-vapor) formed by the liquid droplet on the solid
surface, where net force acting on the beaded droplet is zero.

1.4.2 Wenzel model

Young’s equation works only for ideal smooth and homogeneous solid surfaces. Nevertheless,
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real surfaces are mostly followed with some degree of roughness. For surfaces that are
chemically homogeneous yet exhibit roughness, the actual surface area exceeds the apparent
surface area by a factor ‘r’ referred to as the roughness factor. This concept was introduced by
Wenzel in 1936.3® Wenzel improved Young’s model by integrating a roughness factor (Figure
1.4B). As mentioned by the Wenzel model, the liquid fully infiltrates the rough structures of
the solid surface, which leads to a modification of both the solid-liquid and solid-vapor
interfacial tensions. The Wenzel equation describes the equilibrium condition of this model:

TYsy = TVsL+ YivcosOw

which can be rewritten as:

cosé?WZrM .......................................... (1.2)
YLv

Here, Ow represents the apparent contact angle of the solid surface in the Wenzel model. By
using equation (1.1) and equation (1.2), the relationship between 6y and Ow is established as:
cosOw = rcosfy

For rough surfaces where r > 1, surface roughness improves a solid surface's wetting and non-
wetting characteristics, which are influenced by its inherent wettability. For instance, on ideal
smooth surfaces with 0y < 90°, the addition of surface roughness increases hydrophilicity. On
the contrary, if the hydrophobic smooth surfaces with 6y > 90°, the introduction of roughness
further enhances their hydrophobicity.
1.4.3 Cassie and Baxter model
The Wenzel model applies to a rough, solid surface where the liquid maintains a homogenous
contact with the surface. Nevertheless, this model is ineffective in describing extreme liquid
repellence by some interfaces (e.g., lotus leaf; rice leaf, etc.). To address this limitation, Cassie
and Baxter proposed an alternative wettability model in 1944, incorporating the concept of
heterogenous contact of liquid on solid.** Based on the Cassie-Baxter model, the liquid remains
cling to the peaks of the asperities in the microstructured surface due to the trapped air phase
within the grooves (Figure 1.4C). Consequently, the apparent solid-liquid contact area
comprises two different interfaces: the solid-liquid interface and the liquid-vapor interface,
leading to a heterogeneous wetting state. The apparent contact angle in this model is described
as:

COS Oca=f1C0s 01 T2C08 02 oo, (1.3)

fitf=1

Here, f; and f> represent the fraction of the contact area of the solid-liquid and liquid-vapor

interface, respectively. While 6; and 0, indicate the contact angle of liquid droplets on a flat
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solid surface (61 = 0y) and the contact angle (02) of the liquid droplet in the air, which is taken
as 180°. Substituting this value into Equation (1.3) yields:

cos Ocp = f1 cos Oy + (1-f1) cos (180°)

cosOcp=f1(1+cosbOy)-1 (1.4)
This equation applies only to contact angle measurements on rough surfaces, where liquid does
not penetrate the grooves. In some cases, surfaces display a mixed wetting state, where the
liquid partially penetrates the asperities while remaining suspended on the trapped air layer.
This phenomenon represents a transition from the Wenzel state to the Cassie-Baxter state
(Figure 1.4D). “° The apparent contact angle for this mixed wetting state is represented as:

COS Omin=1f1COS Oyt f1-1 (1.5)

Where r denotes the roughness factor of the solid surface.
1.4.4 Liquid Wettability of Slippery Liquid Infused Porous Surfaces (SLIPS)
On the other hand, slippery liquid infused porous surface (SLIPS) is an example of special
homogenous interface developed, inspired by the Nepenthes pitcher plant (Figure 1.5A). It
exhibits exceptional repellency to different types of liquids, including water, oils and biological
fluids. It is created by infusing a lubricant into a porous or textured solid substrate (Figure
1.5B), providing a stable and smooth layer, leading to a homogeneous wetting state, that acts

as a slippery interface.*! Such interfaces allow effortless sliding of liquid droplets on tilting.

4
]

Pitcher {

C  Functionalized Lubricating film Test liquid
Porous/textured solid ‘ (liquid B) (liquid A)

Figure 1.5 A) Digital images of Nepenthes pitcher plant. B) Scanning electron microscope images of
porous/textured solid surfaces. This figure is adapted from ref. 41 with permission from Springer Nature
Limited, Copyright 2011. C) Schematic illustrating the fabrication of a slippery liquid-infused surface to form
a smooth surface, that allows effortless sliding liquid droplets. This figure is adapted from ref. 42 with

permission from Springer Nature Limited, Copyright 2011.
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Inspired by the Nepenthes pitcher plant, Wong et al. first developed the slippery liquid-infused
porous surface, where a fluorinated lubricant was infused into a porous Teflon substrate and
the porous substrate provides a framework to stabilize the lubricant through capillary action
and the fluorinated lubricant spread on the porous substrate forms a thin layer on it (Figure
1.5C). The lubricant's surface tension and chemical compatibility with the substrate ensure its
retention.** It is effective against high as well as low surface tension liquids, which include
water, oils, organic solvents, and even blood. It prevents biofouling,* icing* and accumulation
of contaminants.*’

1.5 Essential Criteria for Designing Liquid Repellent Surfaces

Designs of bio-inspired special, heterogeneous (superhydrophobicity) and homogeneous
(SLIPS), demand different chemical and physical optimization strategies. Her, I will discuss
key factors necessary for creating artificial superhydrophobic surfaces and slippery liquid-
infused porous surfaces (SLIPS).

1.5.1 Design of Criteria of Artificial Superhydrophobic Surface

The lotus leaf is a prominent example of a naturally existing, superhydrophobic surface.

Detailed surface analysis reveals a hierarchical micro and nano structural topography topped

9, 46

with an epicuticular wax layer.

Film with nano >

topography

Film withmicro @
topography

Film with both micro
& nano topography

Figure 1.6 A-C) Scanning electron microscopy images of nano structures (A), micro-structures (B) and
hierarchical structured (C) surfaces developed using replicas of lotus leaf. This figure is adapted from ref. 16

with permission from The Royal Society of Chemistry, copyright 2009.
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Such interface displays exceptionally high water contact angle due to the combined effect of
the hierarchical roughness and the wax layer.
The hierarchy (combination of nano and micro) in topography facilitates the entrapment of
metastable air layer within the surface grooves, while the wax coating contributes to low
surface free energy. SEM studies indicate that only a nanostructured surface is insufficient to
retain air pockets for achieving superhydrophobicity (Figure 1.6A). Additionally, a
microstructured surface with a wax coating alone achieves a maximum water contact angle of
only 147°. This contradiction arises because of the rapid displacement of entrapped air from
the microgrooves (Figure 1.6B). Consequently, combining both micro and nano hierarchical
features and a low surface energy coating is important for replicating the superhydrophobic
characteristics of the lotus leaf (Figure 1.6C). In conclusion, successfully fabricating artificial
superhydrophobic surfaces requires the fulfilment of two essential criteria: a) a rough surface
with hierarchical topography and b) low surface free energy. !¢
1.5.2 Design Criteria of Artificial SLIPS
Nepenthes pitcher plant-inspired, lubricant-infused slippery surface is typically fabricated by
impregnating a rough, porous structure with a lubricant, generating a smooth and highly
functional interface that allows effortless sliding of liquid droplets. However, the development
of a stable lubricant-infused slippery surface required several criteria. Wong et al. first
established three fundamental design principles for artificial slippery surfaces, as shown in
Figure 1.5C.%
I.  The textured substrate must exhibit chemical compatibility with the lubricant, ensuring
complete wetting of the lubricant to the surface.
II.  The surface should exhibit a superior affinity for the lubricant over the liquid to be
repelled, preventing displacement of the lubricant layer.
II.  The infused lubricant must be immiscible and chemically incompatible with the liquid
intended to repel, ensuring sustained stability of the slippery interface.
If any of the above-mentioned criteria are missing, interface would failed to display slippery
property. The chemical compatibility between the solid matrix lubricating liquid and the
working liquid can be described using the following equations.*’
R(y1cosOi - yw cosOy) - yiw >0 e e (1.6)
R(y1¢0oS01-YwcoSOw) +Yw-YV1>0 oo, (1.7)
Here, R denotes the roughness factor and it is defined as the ratio of the actual surface area to

the projected surface area of the solid. y:1and yw denote the surface tensions of the lubricating
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liquid and the working liquid, respectively, while yi is the interfacial tension between the two
liquids. The symbols 6:and 6y indicate the static contact angles of the lubricating and working

liquids, respectively, when measured on a smooth, homogenous solid surface.

Slippery Liquid Infused
Porous Surface (SLIPS)

Conditions for Failure of SLIPS

Sis@)® -YaR Y * 0, miscible

Figure 1.7 A) Schematic representation of slippery liquid infused porous surfaces (SLIPS). (B-F) Schematic
illustrating the conditions that fail to form a stable SLIPS. These include: (B) the lubricant forming a cloaking
layer over the working droplet; (C) the lubricant being displaced by the working droplet; (D) the lubricant's
inability to uniformly wet the solid substrate; (E) the working droplet spreading across the lubricant layer; and
(F) the lubricant being miscible with the working liquid. Here, /, d, and s denote the lubricant, the probe
(working) liquid, and the solid substrate, respectively. Sxy represents the spreading coefficient of liquid x on
surface y, and R denotes the surface roughness factor. This figure is adapted from ref. 48 with permission from
The Royal Society of Chemistry, copyright 2022.
In addition to these key criteria for SLIPS, the working liquid must remain in the form of

distinct, beaded droplets on the lubricating layer without spreading out or forming a cloaking
layer. The scenarios in which these conditions are not satisfied, would led in attending slippery
property, depicted in Figure 1.7A-F.*8

1.6 Strategies for Fabricating Different Bio-inspired Liquid Wettability and Functional
Materials

Wettability, which describes how liquids interact with solid surfaces, is a crucial feature that
significantly impacts on our daily lives. Inspired by nature and advancements in technologies,
scientists have created many functional materials embedded with bio-inspired wettability
through carefully associating surface structures and chemically inert environment. These
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materials have found a wide range of uses in fields like farming, environment remediation, and
healthcare.

1.6.1 Superhydrophobic Surfaces

Over the years, various strategies have been used to fabricate superhydrophobic surfaces. As
discussed earlier, fabrication of superhydrophobic surface demands two key features: micro-
nano topography and low surface energy coating. The strategies for creating superhydrophobic
surfaces are categorized into two principal approaches: top-down and bottom-up approaches.

Basically, in a top-down approach, the roughness was introduced by different techniques like

49-53 59-61

lithography, plasma etching,>*>® laser ablation, etc. However, in bottom-up methods, it

involves building rough structures from hydrophilic components through self-assembly or

62-64 65-70

deposition techniques like sol-gel process, layer-by-layer deposition, chemical vapor

deposition, 17

etc., followed by its modification with low surface energy materials.
Traditional superhydrophobic coatings rely on weak chemical bonds, such as metal-thiol
interactions and metal-ion bonding, which lose their property under harsh conditions.’® When
the coating's top layer is abraded, its hydrophilic interior is exposed, compromising its anti-
wetting properties. Researchers have explored post-repairable approaches, such as stimuli-
responsive materials or regenerating surface structures to restore embedded extreme
repellent.”*”> However, these methods require external intervention, are time-consuming, and
become ineffective over time as low surface energy molecules deplete. Nevertheless, for real-
world applications, it is crucial to focus on the facile fabrication and long-term durability of
these superhydrophobic surfaces. In recent years, various fabrication methods have been
explored to improve their robustness and longevity.

Zhang et al. developed a strategy for a durable superhydrophobic surface using a long-chain
organosilane molecule with a partial amount of water, which creates hierarchical micro-nano
siloxane aggregates, which can be diluted in hexane solvent for further coating, as shown in
Figure 1.8A, B.”® This dispersible suspension of siloxane aggregates can be deposited on
various types of substrates through dip coating and spray coating techniques. The reactive sites
on the siloxane aggregate particles, such as -Si-OH or -Si-Cl groups, can form covalent bonds
with substrates that have hydroxyl groups on their surfaces. This interaction allows the particles
to attach to the substrate strongly and build hierarchical structures. The long chain of
organosilane provides low surface energy, whereas hierarchical micro-nano provides
morphology. All solid substrates treated with the coating solution exhibited extremely high
water contact angles, ranging from 168" to 171°, along with very low sliding angles between

0.5" and 1.0". The mechanical stability of the surface coatings was evaluated through sandpaper
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abrasion and water impact tests. The modified superhydrophobic glass substrate maintained its
superhydrophobicity, with a water contact angle greater than 160°, even after sandpaper
abrasion under a pressure of 2.5 kPa over a distance of 50 cm, or after being subjected to water
jetting for 10 minutes.

A
1

Dilution
in Hexane

Fragile Interconnected  Robust armoured
nanostructures microstructure superhydrophobic
armour surface

" “Chemical

Figure 1.8 A) Digital images representing the preparation of a superhydrophobic coating solution upon mixing
of OTS and water, followed by dilution with hexane. B) Digital and contact angle images (inset) with SEM
image of superhydrophobic glass slide with the same diluted solution. This figure is adapted from ref. 76 with
permission from Springer Nature Limited, Copyright 2020. C) Schematic representing the fabrication of a
robust armoured superhydrophobic surface with a mechanism of discrete and interconnected microstructure.
This figure is adapted from ref. 78 with permission from Springer Nature Limited, Copyright 2020. D)
Schematic illustrating the fabrication of superhydrophobic cellulose nanofiber-based waterborne
superhydrophobic coating. E, F) Digital and contact angle (inset) images of a beaded water droplet on a
superhydrophobic coated substrate (E) and a hydrophilic CNF substrate (F). G) Digital images depicting the
bouncing off of a dyed water jet from superhydrophobic glass. This Figure is adapted from ref. 79 with
permission from American Chemical Society, Copyright, 2017. H, I) Digital image (H) and contact angle
image (I) of the superhydrophobic PU/SiO,@HD-POS substrate. J, K) Photograph representing an air cushion
with intense light reflection when the superhydrophobic coating was submersed in water (J), bouncing off a
dyed water jet from the coated substrate. L) A photograph representing the superhydrophobic coating was
applied on the various substrates. This figure is adapted from ref. 80 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Copyright 2017.

Following the abrasion tests, the glass slide retained a high contact angle of 161 = 2° and a low
sliding angle of approximately 1°. This outstanding abrasion resistance is attributed to the
covalent bonding of the siloxane aggregates to the surface. In another report, Xu et al.

developed a transparent, superhydrophobic surface using the spin coating method by modifying
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hydrophilic silica nanoparticles with the (heptadecafluoro-1,1,2,2, -tetrahydrodecyl)
dimethylchlorosilane (HDFTHD). The obtained fluorinated silica nanoparticles formed stable
dispersions only in fluorinated solvents, such as Novec 7300 and decafluoropentane, which
were used for spin-coating on a glass substrate.”’

Next, Wang et al. demonstrated that durable superhydrophobicity can be achieved by
designing surfaces with two distinct structural scales: nanoscale features that provide water
repellency and microscale features that enhance mechanical strength. The microscale design
consists of an interconnected surface framework that serves as protective ‘armour’, shielding
the nanostructures from damage caused by abrasion, as shown in Figure 1.8C.”® This
superhydrophobic coating displayed exceptional tolerance toward 1,000 sand paper abrasion
cycles, that was 10 times higher than conventional superhydrophobic coating. The mechanical
durability of armoured superhydrophobic coating was verified through various tests, including
tape-peeling, Taber abrasion, and scratching with an ultra-sharp object. In addition, they carried
out more rigorous durability assessments, such as testing thermal stability at 100 °C for 16 days,
evaluating resistance to chemical corrosion by immersing the surfaces in aqua regia or a 2.5 M
NaOH solution for 4 hours, examining the impact of a high-speed water jet and check
performance under high humidity to test resistance to condensation-induced failure. Even
under these extreme conditions, the armoured surfaces retained their superhydrophobic
properties. However, in earlier reported literature, they used tedious fabrication methods and
organic solvents to develop the superhydrophobicity, which raises an environmental concern,
a safety issue, and this approach is substrate selective. Further, Baidya et al. created a robust
superhydrophobic coating by spray deposition technique, on cellulose nanofibers by
chemically modifying them with two distinct silane-based compounds, 1H,1H,2H,2H-
perfluorooctyltriethoxysilane and 3-(2-aminoethylamino)propyltrimethoxysilane, in an
aqueous medium, as shown in Figure 1.8D-G.” This superhydrophobic surface shows
excellent chemical and mechanical durability even under harsh conditions such as, sand paper
abrasion, knife scratch test, water jet flow, spillage of organic solvents, etc. However, they used
a toxic fluorinated compound (1H,1H,2H,2H-perfluorooctyltriethoxysilane), which is harmful
to our environment. Zhang et al. developed a complete waterborne durable superhydrophobic
coating without the use of fluorinated compounds by the integration of natural nanorods,
palygorskite (PAL), methyltrimethoxysilane (MTMS), and polyurethane aqueous solution.*
Li et al. also developed completely waterborne, fluorine free and mechanically durable
superhydrophobic surafces. The superhydrophobic surafces were prepared by spray coating of

PU aqueous solution and a hexadecyl polysiloxane treated SiO> aqueous suspension onto
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substrates, with PU serving as the adhesive (Figure 1.8H-L).3! Despite its promise, developing
mechanically durable, facile fabrication, transparent, scalable and complete waterborne
superhydrophobic coating remains a challenge.

1.6.2 Liquid marbles (L.Ms)

Instead of a hydrophobic or superhydrophobic coating on a substrate, hydrophobic or
superhydrophobic powders are used to fabricate a new type of material, i.e., liquid marbles
(LMs). LMs are non-sticky droplets covered with micro- or nanometrically-scaled particles. It

is defined as a liquid droplet wrapped with hydrophobic/superhydrophobic particles that blur

the boundaries between solid and liquid states of matter, as shown in Figure 1.9A.32-84
Droplet rolling across bed Hydrophobic grains Droplet rolling across bed
of hydrophobic grains attach to droplet of hydrophobic grains
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Figure 1.9 A-C) Schematic illustration of the formation of an LMs from a rolling droplet from liquid repellent
powder (A), change in surface free energy on the attachment of liquid repellent particle to a droplet (B) and
liquid-separation of liquid-liquid by LMS on a liquid bath. D, E) Non-sticking property of LMS on solid and

liquid surface (D) and functional liquid marble for the desired application (E). This figure is adapted from ref.
85 with permission from The Royal Society of Chemistry, copyright 2023.

The anti-wettable particles adhere to the liquid-air interface due to minimise the energy of
interface, preventing the liquid from direct contact with the surrounding environment.

This process developed a non-wetting system where the liquid remains isolated yet mobile.3*
The creation of LMs depends on the principle of minimizing surface energy (Figure 1.9B).

When particles coat a droplet, the total system energy is reduced between the liquid and the

14| Page
TH-3852_196122029



Chapter 1

surrounding medium (Figure 1.9C). The reduced total system energy can be described by
Equation (1.6) and is at a maximum when 6 = 90’

AG = “ygma?(1-co80)2. . ...oi e (1.8)
Here, a represents the particle radius, 0 denotes the contact angle of the liquid on a particle, and
vel signifies the surface tension between the liquid and air.
This stability is a hallmark of LMs and strengthens their unique characteristics. LMs exhibits
non-stick properties due to the low wettability of solid particles surrounding liquid droplets. It
can roll off a solid surface or liquid pool because of a stabilized air layer known as the Cassie-
Baxter state (Figure 1.9D). Low-wettability functional solid particles are used in different
specific applications (Figure 1.9E).% In 2001, Aussillous and Quére discovered LMs for the
first time.? They add a drop of water to a powder of lycopodium grains, typically sized at 20
um, which are covered with fluorinated silanes, followed by gently stirring the mixture until it
yields nearly spherical, composite droplets. Since the first groundbreaking report on LMs in
2001, numerous exciting studies have been reported in the literature. Their unique properties,
such as non-wetting, deformability, and controlled permeability, make them valuable in various
applications, including chemical sensing, drug delivery, miniaturized chemical reaction, etc.”
8 Different types of materials including silica nanoparticles, graphene, carbon black, carbon
nanotubes, polytetrafluoroethylene particles, polymeric particles, metal oxide nanoparticles,
porous crystalline nanoparticles are utilized to prepare such soft materials.®>® While the
hydrophobic shell of LMs provides a protective environment, but the on-demand release of
inner liquid is essential for various other prospective applications. In the past, various
approaches were introduced to demonstrate the rapid release of inner liquid in the presence of
a specific stimuli, with acidic, alkaline, light, heat, etc.,3* but reports on controlling the
lifetime of floating LMs on a water pool in the presence of a stimuli are extremely rare in the
literature.
S. Fuji et al. created pH-responsive LMs, prepared by polystyrene particles and poly 2-
(diethylamino)ethyl methacrylate (PDEA). Under basic conditions, the PDEA chain exhibits
negligible charge density, resulting in precipitation. However, the PDEA chains get protonated,
leading to the bursting of LMs instantly in acidic media, as shown in Figure 1.10A.* In another
report, Zhang et al. created pH-responsive LMs prepared by 9,10-dihydroxystearic acid
(DHSA), which are stable on solid, under acidic conditions, but disintegrate in alkaline
conditions (pH > 7.5).> Moreover, the LMs of DHSA disintegrate in a few seconds under NH;-
rich conditions, as shown in Figure 1.10B. Next, Nakai et al. reported a thermo-responsive LMs

prepared by 1-bromo-3-fluoro-4-iodobenzene (BFI), inherently hydrophobic and solid below
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a melting point of 46.5 "C.3¥ LMs easily float on water at room temperature because it is cooler

than BFI's melting point.
A poly(2-(diethylamino)ethyl methacrylate)

Desorption from the
air-water interface

Glass substrate Glass substrate

NaoH H® NaoH 4P

Water(pH<1S) — > Water(7S<pH<ll > Water(ph211.0)

Figure 1.10 A) Schematic representing a functional liquid marble placed at the air/water interface and

releasing dye on the addition of acid. This Figure is adapted from ref. 92 with permission from American

Chemical Society, Copyright 2011. B) Schematic depicting a functional liquid marble placed at the air/solid

and air/water interface and releasing internal liquid on exposure to NH3 and addition of NaOH. This Figure is

adapted from ref. 93 with permission from American Chemical Society, Copyright 2022.
However, when the water temperature rises above 46.5 “C, the LMs break apart, releasing the
water inside into the surrounding water. This heating process can start a chemical reaction
between the substances inside the LMs and those in the surrounding water. Yusa et al. reported
another type of thermo-responsive LMs synthesized by poly(N-isopropyl acrylamide)
(PNIPAM) powder. At room temperature (32 ‘C), PNIPAM is hydrophilic and dissolves in
water, due to random coil conformation, causing hydrogen bonding between the pendant amide
groups and water molecules.®® However, PNIPAM behaves as a hydrophobic and separates
from the water when heated above 32 °C, which is the lower critical solution temperature
(LCST) of PNIPAM. A stable LMs formed using PNIPAM powder floated on the water's
surface in the container. However, the LM broke apart when the bulk water temperature
dropped lower than the room temperature. Gao et al. developed graphene LM (GLM) and used
them as small reactors that can be heated remotely. They showed that GLM can heat up
instantly due to its conducting nature. The surface temperature can be adjusted from 21 to 135
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°C by changing the laser irradiation power. They studied how methylene blue containing GLM
breaks down at certain temperatures.”® Sun et al. reported a LM, synthesized through post-
modification of hydrophilic NH>-UiO 66(Zr) MOF with phenyl silane, yielding a
superhydrophobic MOF. Further, this superhydrophobic MOF particle was used to form
magnetic LM, where, a Fe3O4-containing water droplet rolled on a pile of superhydrophobic
MOF particles.”! The motion of the LM can be controlled with a magnet. The porous
superhydrophobic MOF shell allows small molecules to pass through easily. This made it
useful for detecting gases and vapours. To show this, they tested ammonia sensing. They used
a LM containing a CO(NO3); solution. When ammonia was added to the water, where the LM
was floating, the colour changed quickly, occurring within one minute due to formation of a
complex ion. This shows that it has strong potential for sensing applications.

On the other side, a porous shell of liquid marble fails to prevent evaporation of the
encapsulated volatile liquid. In this context, a similar type of liquid marble, but with a non-
porous, completely closed outer shell, was designed, i.e., capsules or colloidosomes.*?
However, they often suffer from the inability to prevent adhesion, loss of inner liquid, and on-
demand release of inner liquid.

1.6.3 Pattern Wettability

Wettability patterned interfaces are embedded with spatial variations in wettability, ranging
from hydrophilic to hydrophobic/superhydrophobic regions.””!! In nature, desert beetles
possess contrasting wettability (superhydrophobic and superhydrophilic) patterns on their back
surfaces, which they utilize for efficient fog water collection.*® The hydrophilic peaks on their
backs serve as nucleation sites where water droplets initially condense. As the droplets grow
and reach a critical size, gravitational and surface tension forces overcome adhesion at the
hydrophilic regions. The droplets then roll over adjacent waxy hydrophobic bumps, facilitating
their transport and collection. This interplay between hydrophilic and hydrophobic regions is a
highly effective natural adaptation for harvesting water in arid environments. These patterns
control droplet coalescence and shedding. Inspired by the desert beetle, different
superhydrophobic/superhydrophilic patterned interfaces were introduced in the literature.?% °”
11 In 2008, Pastine et al. created a superhydrophobic surface through chemical vapour
deposition of multiwalled carbon nanotube forests on substrates, followed by insertion of
nitrene by perfluoroarylazide moiety.”® Further, the specific azide was selected with a carboxyl
group, allowing various functionalities to be added through coupling reactions. This was used
to modify surface properties. Superhydrophobic-superhydrophilic patterned interfaces were

developed by exposing the surface to UV light (254 nm) for 5 minutes using a photomask.
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Figure 1.11 Schematic illustrating to produce the patterned interfaces (hydrophilic region on superhydrophobic
background) by spatially selective ultraviolet irradiation on a superhydrophobic surface and test them for cell-
protein interactions. This Figure is adapted from ref. 101 with permission from The Royal Society of

Chemistry, copyright 2011.

Next, in 2011, Zahner et al. adopted a photografting method to create superhydrophobic
surfaces with the help of butyl methacrylate (BMA), and ethylene dimethacrylate (EDMA).
They had a static water contact angle of 163°. A single-step surface modification method using
UV-initiated photografting was employed to create a superhydrophilic pattern on a
superhydrophobic background, resulting in static water contact angles (WCA) 0°.!%° Neto et al.
demonstrated a phase separation method to develop a superhydrophobic polystyrene (PS)
surface with WCA ~ 156.2°. After that, it was spatially selectively exposed to UV and ozone
to introduce hydrophilic patterns, as shown in Figure 1.11.'°! This patterned wettability,
achieved by engineering surfaces with regions of differing hydrophilicity to hydrophobicity,
provides a powerful platform for spatial control of cell behaviour in culture systems. Cell
culture refers to the process of growing cells in a controlled artificial environment outside their
natural environment. This technique involves the rapid deposition of biomaterials or proteins
on patterned surfaces, allowing for microlitre-scale characterization of their interactions with
cells. !

Bai et al. used the spin coating method and selective UV light illumination to develop a

superhydrophobic/superhydrophilic patterned interface with the help of hazardous fluorine
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chemistry.'%? Later, researchers have shown significant interest in utilizing patterned interfaces
with contrasting wettability for moisture management in addition to other applications,

including microfluidics, guided transportation of liquid and so on.!%3-106
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Figure 1.12 A) Schematic representing the fabrication of patterned superhydrophobic fabric for unidirectional
water transport. B) Digital images of patterned superhydrophobic fabric, when water droplet was beaded on
the plasma-treated top spot, it rolled off, but exposure of water to the back spot areas allows the transfer of
water with a flow rate of 10 ul/min at an angle of 45°. This Figure is adapted from ref. 103 with permission
from The American Association for the Advancement of Science, Copyright 2020.

Lao et al. developed a patterned superhydrophobic fabric by spray coating technique, where
perfluorosilane-coated TiO» nanoparticles were subjected to spatially selective plasma
treatment to create gradient wettability spot channels for unidirectional water transport for
moisture management, as shown in Figure 1.12A.'% Plasma treatment ensured a reduction in
hydrophobicity to different extents, creating a gradient in wettability throughout the thickness
of the fabric. The prepared patterned superhydrophobic fabric displayed a unidirectional water
transport as well as water repellent property. The patterned superhydrophobic fabric was
positioned at a 45" angle, and beaded water was delivered onto the top or back spot regions
using a needle connected to a continuous water supply at a flow rate of 10 pl/min. When water
was dropped onto the top side of the fabric, the droplet got bigger, by the time the last drop

was added at 280.8 seconds, it had grown to about 46 microliters and was large enough to roll
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off the fabric (Figure 1.12B). Throughout this process, no water passed through the fabric. In
the opposite direction, when the first droplet touched the back side of the fabric, it quickly
moved through to the top side after 10.0 seconds. As more water collected, it reached a similar
size by 248.5 seconds, and the large droplet rolled off again from the top surface (Figure
1.12B). Thus, it displayed a unidirectional water transport property. Subsequently, a few other
patterned channels were developed by creating gradient wettability spot channels for moisture
management, 04106

In the previous literature, mostly noncontact patterning methods (UV-ray, plasma treatment,

etc‘)103—106

were spatially and selectively applied to perturb the hydrophobic chemical groups
(e.g., fluorinated hydrocarbons) on hydrophobic/superhydrophobic interface to achieve
patterned textile; however, controlled and uniform penetration of UV-radiation or plasma
across the highly opaque fibrous substrate would be a challenging task to achieve. Thus, it is
difficult to introduce a wettability gradient with precision across the selected fibrous substrate.
1.6.4 Solid slippery

The superhydrophobic surface is used to repel water for many different applications, but it fails
to repel low-surface-tension organic solvents; rather, it readily infiltrates into the
superhydrophobic coating. Researchers have often used complex topographies featuring re-
entrant surface curvatures in combination with fluorinated chemical modifications to mitigate
the fouling of solid surfaces by low-surface-tension organic solvents.!°”!!! Nevertheless,
achieving such complex surface architectures on a large scale while ensuring long-term
durability remains a huge challenge. To solve this issue, slippery liquid-infused porous
substrates have been developed in the past decade to repel all types of liquid irrespective of
their surface tension.*!'2> However, long-term durability has always been a concern due to the
leaching of lubricant on exposure to probe liquids.

To overcome this problem, another type of slippery coating has been developed, without
infusing liquid lubricants, is recognised as a solid slippery coating. It has been prepared by
infusing phase-transitioning solid lubricants (paraffin and polymer) in a porous matrix.'!>!4

Subsequent methods have been adopted to include layer-by-layer growth of nanoparticles on

the surface,!'> direct deposition of nanoparticles,''® direct to form an assembly of

117,118 119

oligomers, growth of polymer brushes,!! attachment of a flexible polymer,'?*?! Such
solid slippery surfaces tend to be more durable than liquid-infused ones, as they do not depend
on a liquid lubricant that can degrade or leach over time. These surfaces are more resistant to
high humidity, extreme temperatures, and harsh physical and chemical exposure. Meng et al.

developed a solid slippery surface by infusing phase-transitioning solid paraffin wax (melting
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temperature of 41 °C) into a hydrophobic polystyrene porous network.!'!® This slippery surface
demonstrated repellency against various liquids with surface tensions ranging from
approximately 32 mN/m to 72 mN/m. However, it failed to repel liquids with surface tension
values below 32 mN/m, such as ethanol, methanol and similar other solvents with low surface
tension. Notably, such coatings exhibited excellent self-healing ability at elevated temperature.
This behaviour is attributed to the thermoresponsive nature of paraffin wax. When heated
above its melting point, the paraffin melts and flows into the damaged regions, forming a
smooth liquid layer. Upon cooling to room temperature, the paraffin solidifies, effectively

healing the damaged area and restoring its liquid-repellent properties.
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Figure 1.13 A) Schematic depicting the fabrication of MOF-based solid slippery surface by a layer-by-layer

approach. B) Digital images illustrating sliding of low-surface-tension liquids at a 15° tilting angle. C) Digital
images illustrating the self-cleaning process of the solid slippery surface. D) Graph accounting the effect of
different chain lengths of alkyl silane on water advancing, receding, and hysteresis angles. This Figure is
adapted from ref. 115 with permission from American Chemical Society, Copyright 2021.
In another report, Singh et al. prepared a transparent and robust MOF-based solid slippery
amphiphobic surface by a layer-by-layer approach in DMF solvent through postmodication
with alkyl silanes, where hydroxyl groups present in the MOF linker reacted with alkyl silane,
as shown in Figure 1.13A.!'"®> This solid slippery surface exhibited repellency against various

liquids with surface tensions ranging from approximately 22.1 mN/m to 72 mN/m (Figure
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1.13B) and also show self-cleaning property (Figure 1.13C-D). Notably, this surface can
sustain thermal stability up to 200 °C, resistance to water jet (up to approximately 35 m/s, with
a Weber number exceeding 4 x 10%), pencil scratch test, be durable in harsh acidic and alkaline
environments, etc. Next, Wang et al. prepared an omniphobic solid slippery surface by acid-
catalyzed polycondensation of dimethyldimethoxysilane following the dip coating method in
toluene solvent.'?° This coating displayed repellency against various liquids with surface
tensions ranging from approximately 18.4 mN/m to 78.2 mN/m and also shows self-cleaning
property with thermal stability up to 150 °C.

Most reported solid slippery surfaces have been fabricated in fully or partially organic solvents,
which are harmful to our environment, and tedious fabrication restricts to scaleup. So, it is
important to develop solid slippery surfaces, which is completely waterborne, substrate-
independent, highly transparent, mechanically durable and it should be prepared adopting a
facile fabrication process.

1.7 Applications of Functional Liquid Wettability and Related Materials
Wettability-based functional materials and interfaces are gaining significant attention for their

diverse applications across multiple disciplines such as oil-water separation,!%%124134141

109,116,142-145 148-154 155-161 162-169,

microfluidics, anti-fouling, anti-icing, water harvesting, etc. Some
key applications are discussed below:

1.7.1 Oil-water separation

The contamination of water by oils resulting from oil spill accidents and the discharge of
industrial effluents leads to a significant environmental and public health concern.'??-1%6
Various remediation strategies have been developed to address this issue, including in situ
burning, air flotation, chemical and microbiological oxidation and electrocoagulation, etc.!2>126
Among these approaches, the physical separation process has garnered considerable attention
due to its dual capability of achieving simultaneous separation and facilitating the
straightforward collection of both liquid phases.”!?"-13% A particularly promising approach
within the domain of physical separation involves using superhydrophobic interfaces for the
separation of oil-water mixtures. These interfaces have inherent ability to repel water while
preferentially allowing oil passage, enabling efficient phase separation. The implementation of
superhydrophobic coatings on porous substrates displayed substantial potential due to their
simplicity, scalability, and high separation efficiency, for mitigating oil-water contamination.

In 2004, Feng et al. first demonstrated that a coated metal mesh embedded with
superhydrophobic and superoleophilic properties, allowing for the effective separation of

immiscible oil-water mixtures.!?® The fabrication process involved spraying a low surface
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energy polytetrafluoroethylene (PTFE) emulsion, resulting in a crater-like hierarchical
structure on the stainless-steel surface while keeping the mesh’s pores unperturbed (Figure

1.14A).

D Air

Water

Diesel oil

Biteie Cassie state

Figure 1.14 A) Scanning electron microscope images of superhydrophobic stainless steel mesh. B, C)
Depicting the water repellence behaviour (B), spreading behaviour of diesel oil from the superhydrophobic
mesh (C). D, E) schematic representation of superhydrophobic mesh (D) and oil-water separation behaviour
(E). This figure is adapted from ref. 129 with permission from The Royal Society of Chemistry, copyright
2018.

This surface modification imparted non-adhesive superhydrophobicity to the mesh,
characterized by a water contact angle of more than 150° and a roll-off angle of 4" (Figure
1.14B). In contrast, diesel oil droplets quickly spread and a complete penetration occurred
within 240 milliseconds (Figure 1.14C). Thus, the coated mesh exhibited dual functionality of
superhydrophobicity and superoleophilicity, allowing for efficient separation of an oil-water
mixture with a reported separation efficiency of 95% (Figure 1.14D, E). Sun et al. prepared a
metal organic framework (MOF) using metal (ZrCls) and ligand (2-aminoterephthalic acid)
and subsequently modified it with phenyl silane to develop superhydrophobicity. The
superhydrophobic MOF was coated physically on stainless mesh, it allowed only organic phase
components from the organics/water mixture.”! The mesh membranes mentioned above are

ineffective in separating the oil-in-water emulsion. In another report, Cheng et al. described the
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creation of a superhydrophobic membrane by combining polyvinylidene fluoride and
polydimethylsiloxane-based solutions through a simple electrospinning method.!*° This
membrane effectively separated water-in-oil emulsions, achieving a separation efficiency of
more than 99.6%.

1.7.2 No-Loss Liquid Transportation

No-loss liquid transportation is the ability to move liquid droplets across a surface without any
loss of volume, which means the droplet leaves no residue behind during movement. This is
especially important in microfluidics, chemical analysis, or biomedical applications where
precise liquid handling is required.!3!-132 Superhydrophobic surfaces with extremely high water
repellency (contact angle >1507), where water droplets on these surfaces are highly mobile,
often rolling off easily due to minimal contact between solid and liquid due to metastable

trapped air.
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Figure 1.15 A) Scheme representing the NIR laser irradiation-driven motion using functional liquid marbles.
B- D) Digital images of liquid marble (B), NIR laser irradiation on liquid marble for stimuli-induced
movement (C) and D) disruption of the liquid marble to release its inner material, on the water-air interface.
This figure is adapted from ref. 133 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, Copyright 2016.

In addition to superhydrophobic surfaces, slippery surfaces also displayed remarkable no-loss
liquid transportation performance due to an extremely smooth surface and almost zero pinning.
The techniques are now used engineering, physics, chemistry and biology. Transportation of
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liquid without adhesion loss is challenging due to the interaction between the two phases.
Initiating the motion of a liquid droplet requires significant forces and often leads to the
deposition of particles behind the droplet.!*!"!3? To overcome this problem, LMs were
discovered, which  consist of encapsulating a liquid droplet with a
hydrophobic/superhydrophobic powder.®? The formed liquid marbles act as a soft solid and
exhibit significantly lower adhesion to solid surfaces. Consequently, their movement can be
induced by gravitational, electrical, or magnetic forces.**Additionally, due to the minimal
viscous friction during motion, some researchers have successfully achieved rapid droplet
motion without any leakage.® In this regard, Paven et. al. reported light-driven actuation of
liquid marbles, prepared with polypyrrole and carbon black modified with octadecanoic acid
to render hydrophobic material.'** It was used to transport the liquid with hydrophobic
materials encapsulated within the LM, which were then released at a certain place and driven
by different external stimuli depending on their encapsulated materials (Figure 1.15A-D). Xue
et al. reported a LM that was responsive to magnets. A magnetic LM was synthesized by
fluorinated decyl polyhedral oligomeric silsesquioxane (FD-POSS) and hydrophobic magnetic
nanoparticles. It acted as an encapsulating agent to construct LMs from both aqueous solution
and organic solvent with a wide range of surface tension from 72 to 20.1 dyne cm™!, and it
behaves as a universal miniature reactor for chemical reaction, storage, and transportation of
liquid.!** However, LMs have some drawbacks; it is not useful for long-term storage due to
metastable trapped air present in superhydrophobic materials, due to loss of evaporation and

adhesion of liquid at the solid interface of materials.
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Figure 1.16 A) Photograph of wax-shelled capsules. B) leak-proof wax-shelled capsules over six weeks, and
then it was melted by heating above the melting temperature (Tm), where the absorbance in the solution
suddenly changes, digital images of a vial before (colorless solution) and after (green color solution) melting
the capsule. This figure is adapted from ref. 94 with permission from The Royal Society of Chemistry,
copyright 2019.
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To overcome this problem, Goertz et. al. reported a capsule, prepared by wax and used for
controlled encapsulation and targeted release of chemical reagents at a specific temperature.”
Wax-shelled capsules allowed for the hermetic encapsulation of small, hydrophilic solutes
(Figure 1.16A). Capsules with a paraffin-wax shell were loaded with fluorescein and
submerged in water. Over six weeks, the absorbance of the surrounding solution remained at
zero, demonstrating that the shell had no leakage during this period. When heated above the
melting temperature, the capsules melted, resulting in the absorbance of the solution rising to
0.5. Photographs of the vial taken before and after the melting of the capsules depicted this
change (Figure 1.16B).

1.7.3. Anti-biofouling

Antibiofouling is a process to prevent the accumulation of unwanted organisms. Biofilms can
foul a broad range of infrastructure, systems and equipment, including plumbing systems, oil
refineries, medical implants, food production lines and air conditioning networks. Over time,
these biofilms can cause increased drag, structural damage, and reduced fuel efficiency.!3>137
Superhydrophobic and slippery surfaces have received significant attention for creating
bioinspired anti-biofouling surfaces due to their liquid repellence and low adhesion, as they
also effective in reducing biofouling.!3”!*® Pernites et al. introduced a superhydrophobic
polymeric surface prepared by deposition of a polystyrene layer followed by electrodeposition
of the polythiophene layer. The superhydrophobic polymeric surface showed remarkable
resistance towards the adhesion of fibrinogen and E. coli. The anti-wetting property of the
polymeric surface hampers bacterial adhesion due to a change in redox properties by a potential
switch of conducting material, which can turn the wettability of the material from hydrophilic
to superhydrophobic. In contrast, without a potential switch, it exhibited significant bacterial
colony growth, demonstrating its lack of anti-bacterial properties.'*° Besides superhydrophobic
materials, slippery surfaces showed outstanding anti-fouling performance by minimizing direct
contact between bio-organisms and the substrate,'4*-14!

In another report, Epstein et al. developed SLIPS by infusing perfluoropolyether (Krytox-103)
in a porous superhydrophobic PTFE membrane with an exceptional ability to prevent biofilm
attachment (Figure 1.17A). The fabricated SLIPS significantly reduced the P. aeruginosa
biofilms after 48 hours of growth on SLIPS (Figure 1.17B) and superhydrophobic PTFE
(Figure 1.17C), confirmed by the fluorescence microscopic images. Further, they compared the
residue left behind after an evaporation of a P. aeruginosa biofilm culture droplet on SLIPS

(Figure 1.17D) and superhydrophobic PTFE (Figure 1.17E). On the SLIPS surface, the weakly
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adhered biofilm retracts cleanly during evaporation, resulting in a small, easily detachable

pellet.
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Figure 1.17 A) Schematic depicting the fabrication of SLIPS. B-C) Fluorescence microscopic images show
P. acruginosa biofilms after 48 hours of growth on SLIPS (B) and superhydrophobic PTFE (C) surfaces. Scale
bar: 30 um. D) Residues left behind after evaporation of a P. aeruginosa biofilm culture droplet on SLIPS (D)
and on superhydrophobic PTFE (E). Scale bar: 2 cm. F) This plot illustrated the biofilm attachment on SLIPS
after 7 days is compared to a PEGylated surface after only 5 hours. This figure is adapted from ref. 140 with

permission from National Academy of Sciences, copyright 2012.
In contrast, biofilms grown on porous superhydrophobic PTFE exhibit complete surface
wetting and strongly adhered coffee ring-like residue. Further, they compared biofilm
attachment on SLIPS after 7 days to a PEGylated surface after only 5 hours. Even under the
most favourable assumption that the PEG surface maintains its anti-biofilm performance over
7 days without degradation or surface chemistry changes, the SLIPS platform still shows a >
30-fold improvement, with only 0.4% relative attachment.'*’ Tesler et al. introduced a novel
approach to create an omniphobic slippery surface by depositing titanium oxide (TO)
nanoparticles onto stainless steel via chemical vapor deposition to demonstrate anti-fouling
properties. Then substrate was modified with a low surface energy perfluoroalkyl moiety-
bearing phosphate group, resulting in a TO-embedded superhydrophobic surface (TO-SHS).
Further the infusion with lubricants (perfluoropolyether) produced an omniphobic TO-contain
slippery surface, termed TO-SLIPS. The omniphobic TO-SLIPS significantly reduced blood
adhesion while retaining its slippery properties, even after prolonged submersion in a filled

cuvette with blood. In contrast, TO-SHS lost its superhydrophobic properties upon submersion,
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leading to an adherence of blood. Thus, the slippery surface remains more effective in
inhibiting bacteria and algae growth, indicating its potential for marine applications.'#!

1.7.4. Anti-icing

Icing is a common phenomenon when temperatures drop to freezing temperature. Ice formation
can be dangerous for roads, power transmission lines, airplanes and ships.!*>!# It is important
to find crucial ways to prevent and remove ice. Traditional methods, like using chemicals or

scraping ice, can be complicated and expensive. It also demands external input of energy. #4143
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superhydrophobic surfaces. This Figure is adapted from ref. 147 with permission from American Chemical
Society, Copyright 2010. B-D) Schematic representing the fabrication of solid slippery surface (B), graph
comparing the anti-icing properties between superhydrophobic and solid slippery surface (C), digital image
illustrating the self-healable and transparency of solid slippery surface (D). This Figure is adapted from ref.
148 with permission from American Chemical Society, Copyright 2020.

In contrast to the earlier approach, superhydrophobic and slippery surfaces help to prevent ice
formation or adhesion by repelling water.'*® In 2010, Mishchenko et al. demonstrated their
ability to accumulate ice over extended periods at freezing temperatures. When a stream of
droplet (Taropiet = 0 “C) was released from a height of 10 cm onto the surfaces (Tsubstrate = -10
°C) tilted at an angle of 30", the hydrophobic surface exhibited an approx one min delay in ice
formation as compared to the hydrophilic surface, On the other hand, superhydrophobic
surface, no ice accumulation was seen after 10 minutes of water flow (Figure 1.18A).'4
Thereafter, Han et al. developed an anti-icing, self-healable and highly transparent solid
slippery interface. They mimicked the Moth-eye nanopillar structures for porous SLIPS
structures and coated them with paraffin wax as a solid lubricant to repel the water droplets
(Figure 1.18B-D). It provides a solid, slippery surface to reduce freezing time and adhesion
strength of water while also possessing self-healing properties. This coating was applied on the

glass cover of solar cells to maintain their unperturbed performance.'*

28| Page
TH-3852_196122029



Chapter 1

1.7.5. Guided Transport of Liquid

Guided transport of liquid involves controlling the movement of liquids in a certain
direction.!**"153 In nature, these unique liquid behaviours can be seen on natural surfaces. For
example, the peristome surface of the pitcher plant quickly transports water in a certain

direction by a slippery surface to trap insects,'>!

shorebirds keep their beaks continuously open
to drink water,'>? while the semi-open capillary channels on the surface of the Texas horned

lizard’s skin guide water movement. '
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Figure 1.19 A) Schematic representing the fabrication process of the Janus fabric based on the thermal transfer

printing followed by the CO; laser technique. B, C) Contact angle images of a beaded water droplet placed on
both sides of the Janus fabric, hydrophobic side (B) and hydrophilic side (C) respectively. D) Schematic and
digital images exhibited the sweat transport performance of Janus fabric and cotton fabric for personal
moisture management. E) Infrared camera image displayed thermal management of the Janus fabric and cotton
fabric covering over wet skin. This figure is adapted from ref. 156 with permission from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, Copyright 2023.

To draw inspiration from these phenomena, researchers have developed special structures by

155 methods to

using chemical gradient modifications!>* and anisotropic wettability gradien
transport liquid in a specific direction without requiring external energy. This is done by
adjusting the surface's energy to guide how the liquid spreads or moves on a solid surface.
Zhou et al. developed a Janus fabric by thermally transferring hydrophobic prints onto a highly
hydrophilic cotton fabric, forming a conical micropore array on its surface using the CO> laser
method, as shown in Figure 1.19A.'5® The surface wetting characteristics of the Janus fabric
were evaluated using water contact angle (WCA) measurements. The top surface displayed
apparent hydrophobicity with WCA~102.1° (Figure 1.19B), while the bottom surface exhibited
superhydrophilic with a WCA of 0" (Figure 1.19C), confirming the successful fabrication of a
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Janus fabric. Further, they demonstrated the fabric’s unidirectional liquid transport capability
for personal moisture and thermal management, as shown in Figure 1.19D, E. To mimic human
perspiration, they added artificial sweat on human skin and covered it with Janus fabric on wet
skin. Sweat directly passes from the skin side (hydrophobic side) to the outer surface
(hydrophilic side), which leads to wet skin turning into dry skin (Figure 1.19D). The skin
surface temperature under the Janus fabric was approximately 29.3 °C, which is about 3.6 'C
cooler than the temperature under the cotton fabric, which was around 32.9 °C (Figure 1.19E).
This behaviour confirms that the Janus fabric enables directional liquid transport from its
hydrophobic to hydrophilic side. In another report, Wang et al. created a Janus PET fabric by
depositing a cation-n hydrophilic agent (CPHA) onto one side of a hydrophobic PET fabric,

enabling directional liquid transport through spray coating.'>’

| Hot state

Figure 1.20 A) Schematic representing the thermal management properties of fabrics; A) protects against the
invasion of rainwater in the cold state, and B) unidirectional transportation of sweat from inner side fabric to
outside fabric in the hot state. Infrared images of the cotton fabric (CF), Janus cotton fabric (JCF), and
patterned cotton fabric (PCF) put on the skin in C) cold and D) hot environments. This figure is adapted from
ref. 158 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2023.

The Janus PET fabric transports sweat away from the skin side to the outer surface while
preventing water from the reverse side, helping to keep the skin dry and clean. However, the
previously reported directional liquid transport fabrics can effectively move moisture (such as
sweat) from the inner, skin-facing side to the outer surface for evaporation. Their performance

declines once the outer layer becomes saturated. At that point, the rate of liquid transport
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decreases, and the fabrics become heavier and stick to the skin. Moreover, these fabrics are
unable to repel liquid contaminants from the external environment.

To address this issue, Li et al developed a fouling-proof patterned Janus fabric that derived
from Boron Nitride (BN) particles with a fluorinated polyelectrolyte multilayer was subjected
to a spatially selective ultraviolet-triggered strategy to develop wettability gradients for
unidirectional liquid transport.!® Further, they have shown the unidirectional water transport
and water repellency. In another report, Lin et al. fabricated a patterned hydrophobic fabric by
a spray coating mixture of 3-(trimethoxysilyl)propyl methacrylate and [2-
(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl), where spatially selective ultraviolet (UV)
illumination provided a gradient wettability spot channels for guided water transport.!*
Further, they demonstrated thermal management performance of various fabrics was evaluated
under cold and hot conditions (Figure 1.20A-D). In the cold environment, water was dropped
onto the outer surface of each fabric placed on the arm to mimic rain (Figure 1.20A). In the hot
environment, water was applied between the skin and fabric to mimic sweat (Figure 1.20B).
An infrared camera recorded both fabric surface temperatures during water diffusion and skin
temperatures after fabric removal. As shown in Figure 1.20C, fabric surface temperatures in
the cold conditions were 22.3°C, 21.8 'C, and 20.1 °C, respectively. Water spread quickly
across the surface of CF, while it remained more localized on the other two fabrics. After
removal, the skin under PCF was 0.8 °C warmer than under CF. In the hot conditions, water
diffused across both surfaces of CF, while in JCF and PCF, it remained on the upper surface,
with PCF showing the least spread on the fabric (Figure 1.20D). The average skin temperature
after fabric removal was similar across samples; however, the cold sensation area was smallest
under PCF. Its antifouling property in cold conditions and one-way water transport in hot
conditions effectively regulate the skin’s moisture, giving comfort in different environments.
1.7.6. Other applications

Apart from the above-mentioned applications, functional liquid wettability and related

159-162

materials have many other potential applications, including water harvesting, anti-

165,166 167,168 169,170

corrosion, 6319 drug delivery, energy harvesting, anti-counterfeiting, etc.

1.8. Motivation and Objectives

Over the past decade, significant progress has been achieved in fabricating artificial anti-
wetting interfaces because of their practical potential applications. Various methodologies and
chemical modifications have been explored to enhance the durability and performance of these
artificial anti-wettable surfaces. Advanced material engineering strategies, including

micro/nano structuring, surface energy modulation and biomimetic design, have been
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employed to optimize their wettability, mechanical robustness, environmental concern and
long-term stability in real-life environments. However, there is still a need for developing anti-
wetting coatings as they mainly suffer from mechanical durability, the use of toxic organic
solvents, facile synthetic approaches, lack of ability to tailor water wettability and transparency,
which restricts their use in practical applications. Though there are some approaches for
modulating the liquid wettability, but still a facile approach for modulating liquid wettability
across the three-dimensional coating is still a challenge. Mostly, researchers have made a
patterned interface through a noncontact-based method, but using sophisticated instruments is
still a problem. To prepare responsive liquid marbles (LMs) for on-demand release of the inner
liquid in the presence of different stimuli and their stability is still a challenge. Though there
are lots of slippery and superhydrophobic coatings but developing completely waterborne,

highly scalable and durable coatings remains a challenge.

Programmed/Triggered Bursting for 1,4-Conjugate Addition Reaction Chemical patterning of Textiles to
Liquid Marble C  Accelerate Anti-gravity Water Flow
o
Evaporation of Inner 2 + HN
Liquid R/\O’K/ 2 Re
1t | & &
= i

R1/\o)k/\N"\/Rz Superhydrophobic Hydrophilic
Release of Inner N

Liquid == =
Time S e ‘ % \‘ S i
o b :wx — &v e ‘ = ?l-’a’ttemeq Janus
\.» textile

Zero loss and on-demand release Scratch Tolerant Dry-Slippery interface

B of inner liquid ‘ p 2and Deformable Superhydrophobicity
Release inner —_— . -
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Figure 1.21 A-C) Schematic representation of the utilization of 1,4-conjugate addition reaction and amidation
reaction for developing different liquid repellent material/interfaces, consisting; A) adjustable wettability of
liquid marble for programmed/triggered bursting on water pool, B) Developing of omniphobic colloidosome
for zero-loss and on-demand of release of inner liquid C) water-born, Scratch tolerant, substrate independent
dry slippery interface and superhydrophobic surface for self-cleaning application, D) Developing a pattern
Janus fabric for unidirectional liquid transport.

To address these current challenges, implementing facile and highly reactive covalent
chemistry would be a rational strategy for constructing the requisite surface topography and
chemical composition, which is necessary to achieve durable liquid-repellent material/surfaces.

In this thesis work, I have used facile and catalyst-free amidation and 1,4-conjugate addition
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reactions to develop robust, tailored and transparent liquid-repellent functional
materials/surfaces.
The objectives of my thesis work are illustrated schematically in Figure 1.21. Briefly, I have
exploited the 1,4-conjugate addition reaction to tailor the liquid wettability from hydrophobic
to superhydrophobic. It allowed for the development of liquid marble for on-demand and
customized release of the inner liquid in the presence of different pH of water pool (Figure
1.21A). Next, I have introduced omniphobic capsules/colloidosomes from crystalline and
hydrophobic comb-polymer to prevent loss of inner liquid because of surface adhesion and
evaporation of encapsulated volatile liquid (Figure 1.21B). Further, I have fabricated
chemically reactive superhydrophobic polymeric coating on a textile to develop a chemically
modulated wettability pattern for antigravity water transport (Figure 1.21C). Thereafter, [ have
developed completely waterborne, highly transparent, abrasion-tolerant and substrate-
independent solid slippery and superhydrophobic interface through an amidation reaction
between thioester and aminosilane (Figure 1.21D).
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Chapter 2: pH-triggered Adjustable Bursting of Liquid Marbles in Water

Pools

Non-sticking millimetric droplets wrapped with micron or submicron-sized liquid-repellent
solid particles and aggregates are recognized as liquid marbles (LMs). LMs behave like a non-
wetting solid, which enables zero-loss transportation on solid surfaces and liquid pools. The
challenge is controlling the liquid-releasing behavior, especially in a liquid pool. For example,
releasing the inner liquid of LMs at a specified time in adaptation to liquid pool conditions has
not been achieved. In the past, different approaches were introduced to demonstrate the instant
release of inner liquid in the presence of a specific stimulus, but reports on controlling the
lifetime of floating LMs in the presence of a stimulus are extremely rare in the literature. In
this context, an inherently porous and crystalline nanomaterial, i.e., metal organic frameworks
(MOFs), is rationally transformed into a chemically reactive nanomaterial for associating both
(a) dual pH-responsive hydrophobicity and (b) non-responsive superhydrophobicity via a 1,4-
conjugate addition reaction. Further, the Kang-Jacobi wettability model was applied to examine
the wettability transition of the modified MOFs at different pH. Hydrophobic MOFs yielded
LMs with the ability to automatically release inner liquid at a pre-defined time without
requiring external intervention. Furthermore, the strategic association of protonizable amines,
labile coordination bonds, and the tailored hydrophobicity attributed to the dual
(acidic/alkaline) stimulus-responsive adjustable lifetime of LMs in the water pool. Such LMs
were utilized for demonstrating an (1) adjustable drug release, (2) on-demand release of the

reactants to perform chemical reactions, and (3) rapid optode detection of NO> .

S. Kumar, N. Barman, A. Borbora, P. Mondal, M. Tenjimbayashi and U. Manna, J. Mater.
Chem. A, 2024, 12, 3362-3372.
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2.1. Introduction

Liquid marbles (LMs) are liquid droplets wrapped in micron/submicron-sized liquid-repellent
solid particles and aggregates.! The wrapping layer, comprising mostly liquid-repellent solid
particles around the encapsulated liquid droplet, provided an isolated and dry environment,
eventually protecting the LMs from contamination.!" The stability of such tiny and dry liquid
droplets and their controlled bursting are essential for a wide range of practically relevant
applications of LMs.!"8 In the past, various particles with different shapes and sizes were
explored to improve the stability of LMs on both the solid/air and the liquid/air interfaces.”!>
In a seminal report, Fujii and coworkers introduced a stimulus-responsive LM through the
strategic use of an alkaline steric stabilizer chain of a polymer latex particle.* The reported
stimulus-responsive LM remained stable under alkaline conditions but readily collapsed in both
neutral and acidic water pools because of the protonation-induced switching of the wettability
of the polymeric latex particle. This work pioneered responsive LMs.*’ Inspired by this result,
other stimulus-responsive LMs with the ability to immediately release the inner liquid at
different monotonic stimuli, including alkaline conditions, UV light, and temperature, were

43781415 I the recent past, LMs have been successfully applied in

introduced thereafter.
various relevant research topics, including miniaturized chemical reactions, loss-less
transportation of liquid, tissue engineering, and CO, capture.'®!” However, after significant
progress on these research topics, the design of LMs with tunable or even adaptive
responsiveness has not been achieved.*>”31413:2031 various types of hydrophobic particles
were introduced to demonstrate almost instant bursting of LMs in the presence of specific
stimuli, and such earlier reported approaches remained inapplicable to adjust the lifetime of
LM:s in the presence of respective stimuli. 781415203 Thyg, the report of mechanically robust
LMs, having the ability to a) automatically release the inner liquid at a precise and pre-defined
time without having any external intervention, and b) adjustable triggered bursting of the inner
liquid on a water pool in both acidic and alkaline conditions, is yet to be introduced in the
literature. Such a principally distinct design would likely to provide an elegant avenue
for deriving functional soft materials for different fundamental and applied studies, including
adjustable triggered drug release, on-demand chemical reaction and rapid chemical sensing,
etc.

In the past, the metal-organic framework (MOF) that was inherently associated with high
crystallinity, porosity and surface area was strategically integrated with water-repellence
property for improving structural stability and applied successfully in various potential

applications related to energy, environment, catalysis, etc.’>** Recently, a few water-repellent
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MOFs were also explored to construct LMs,*% but with no intention of designing

programmable and triggered release of the inner liquid at the water pool.

NH,-UI0-66

C D Programmed/Triggered Bursting for R=CsH;; or CgH3

Hydrophobic/
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Figure 2.1 A) Illustrating a catalyst-free 1,4-conjugate addition reaction between representative amine
and acrylate groups. B) Accounting the conversion of prepared MOF (NH,-UIO-66) into a chemically
reactive MOF (CR-MOF) following the covalent modification with 3-Acl through 1,4-conjugate
addition reaction. The residual acrylate group in CR-MOF provided a facile basis for post covalent
modification with selected alkyl amines at ambient conditions to tailor water wettability
(hydrophobicity and superhydrophobicity). C) Depicting the process of forming LMs by rolling the
beaded water droplet on the pile of either hydrophobic or superhydrophobic MOFs. D) Schematic
depicting the LMs prepared from hydrophobic MOFs displayed both programmed (moderate lifetime
of LM) and triggered release of inner liquid at water pool, without having any external intervention at
neutral pH and in the presence of acidic/alkaline stimuli, respectively. E) Schematic depicting the LMs
derived from superhydrophopbic MOFs failed to release inner liquid irrespective of the pH of the

water pool, rather encapsulated water evaporated out from the LM.

In the recent past, an amine-containing Zr-based MOF, formally recognized as NH»-UiO-66,
was modified by strategically reacting the available amine and Zr-OH groups at harsh and
complex chemical reaction conditions.?%3%

In this current design, a strategic association of metal-organic framework and protonizable

chemistry, in combination with tailored hydrophobicity, is introduced to develop a LM with
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stimuli-responsive adjustable "lifetime till breakage” on a water pool. In this context, the
prepared NH>-UiO-66 was subjected to covalently react with trimethylolpropane triacrylate (3-
Acl) to achieve a selectively chemically reactive MOF (CR-MOF, Figure 2.1A-B) because of
the residual acrylate reactivity of CR-MOF. It allowed for post-modification with selected alkyl
amines following a common and facile 1,4-conjugate addition reaction at ambient conditions.’
I hypothesized that the hydrocarbon tails of selected alkyl amines would modulate water
repellence and eventually control the exposure of available amines and labile coordination
bond of the modified MOFs at acidic and alkaline conditions, respectively. Depending on the
length of hydrocarbon tails in the selected alkyl (i.e., pentyl (-CsHi1), hexyl (-CsH13), octyl (-
CsHi7) and decyl (-Ci1oHz1)) amine, the modified MOFs provided either dual (acid/alkaline)-
responsive  (pentyl, hexyl) or non-responsive (octyl, decyl) water repellence
(hydrophobicity/superhydrophobicity). Covering the water droplet with such chemically
modulated MOF (Figure 2.1C), [ aimed to introduce a new class of responsive LMs that provide
an automated (at neutral conditions) and adjustable (depending on pH) triggered release of
inner liquid at the water pool, as shown in Figure 2.1D. The choice of chemical modulation
decides the floating time of the same LM at acidic and alkaline conditions (Figure 2.1D-E).
2.2. Experimental Section

2.2.1. Materials Required

2-Aminoterephthalate (H2ATA), zirconium chloride (ZrCls), trimethylolpropane triacrylate (3-
Acl; molecular weight: 296.31 g/mol), butyl amine, pentyl amine, hexyl amine, octyl amine,
decyl amine, sulfanilamide, aniline, rhodamine B, potassium thiocyanate, iron(IIl) chloride
hexahydrate, sodium dodecyl sulphate (SDS), methylene blue and DMSO-ds were purchased
from Sigma Aldrich (Bangalore, India). DMF was purchased from Alfa-Aesar, India. Sodium
hydroxide, sodium chloride, sodium nitrite, and hydrochloric acid were purchased from
Emparta (Merck Specialties Private Limited). Superglue (ethyl cyanoacrylate) was procured
from Amazon India. Ethanol and methanol were purchased from Changshu Hongsheng Fine
Chemical. Microscopic glass slides were purchased from JSGW (Jain Scientific Glass Works),
India. Milli-Q grade water was used for all experiments.

2.2.2. Characterization

The contact angle measurements were performed using KRUSS Drop Shape Analyser-DSA25
instrument with an automatic liquid dispenser at ambient conditions. Static contact angles were
measured at four different positions for each sample. Field Emission scanning electron
microscope (FESEM) images were taken using Sigma Carl Zeiss scanning electron microscope

(a thin layer of gold coating was done on the sample prior to the imaging). UV-Vis spectra for
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transmittance measurement were recorded using the Perkin-Elmer Lambda 750 (UV/Vis/NIR
Spectrometer). The '"H NMR spectra were recorded using Bruker 500 MHz NMR spectrometer.
For the 'TH NMR analyses of MOFs, 5 mg of sample was dispersed in 10 uL of HF, followed
by adding 500 uL. of DMSO (ds) to dissolve the sample under sonication. Transmission electron
microscope images were obtained using JEOL-2100F field emission transmission electron
microscope (FETEM). The attenuated total reflectance infrared spectra was recorded using a
PerkinElmer ATR instrument at ambient conditions in the range of 400-4000 cm™!. Nitrogen
adsorption-desorption measurement was carried out by Quantachrome Autosorb-IQ MP gas
sorption analyzer at 77 K. X-ray powder diffraction patterns of the samples were recorded by
using a Rigaku Smart Lab X-ray diffractometer using Cu-Kq (A = 0.15406 nm) radiation at 9
kw (50kv, 100 mA) with a 1D detector (scan speed: 0.05 degree/second). The digital images
and videos were captured using a Nikon Coolpix B-700 digital camera.

2.2.3. Synthesis of NH2-UiO-66

NH;-UiO-66 was synthesized by following the previously reported methods with minor
modifications.?’ Sequentially, H;ATA (0.186 g, 1.029 mmol) and ZrCls (0.240 g, 1.029 mmol)
were dissolved in 60 mL of anhydrous DMF, followed by the addition of 0.2 mL of deionized
water into the solution. The resulting solution was stirred at room temperature for 5 min and
then transferred to 100 mL teflon-lined autoclave. The reaction was carried out at 120 “C for
24 h, giving rise to a suspension that was later filtered and washed with DMF and acetone, and
dried under vacuum condition to obtain the yellowish product. The product was characterized
by 'H NMR. The '"H NMR data for MOF (DMSO-ds, 500 MHz): § = 7.77 (d, J = 8.2 Hz, 1H),
7.38 (s, 1H), 7.03 (d, J = 8.2 Hz, 1H).

2.2.4. Synthesis of Chemically Reactive MOF and Post-modification

NH>-UiO-66 (117 mg, ca. 0.4 mmol eq. of NH>) and 3-Acl (477 mg, 1.6 mmol, 4 eq.) were
taken in a teflon-lined autoclave containing 10 mL of ethanol. The autoclave was then sealed
and heated at 120 “C for 48 h. After cooling to room temperature, the autoclave was opened
and the yellow powder was thoroughly rinsed and periodically centrifuged with ethanol
(20mLx3). After centrifugation of the resulting mixture, the powder was dried at 80 °C in an
oven. For further modification, this powder was activated at 120 °C for 12 h. The product was
characterized by 'H NMR. The '"H NMR data for CR-MOF (DMSO-ds, 500 MHz): & = 7.87
(d,J=8.2 Hz, 2H), 7.27 (s, 2H), 7.10 (d, J = 8.2 Hz, 2H), 6.25 (dd, J=17.2, 1.6 Hz, 1H), 6.07
(dd, J=17.2, 10.3 Hz, 1H), 5.87 (dd, /= 10.3, 1.6 Hz, 1H), 3.49 (t, J= 6.5 Hz, 2H), 3.45 (t,J
=6.6 Hz, 2H), 2.73 - 2.70 (m, 2H), 2.63 (t, /= 6.4 Hz, 2H), 2.57 (t, J= 6.4 Hz, 2H), 1.17 (t, J
=7.1 Hz, 3H).
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2.2.5. Post-modification of CR-MOF with Alkyl Amines

Activated CR-MOF (100 mg) and 1 mL of different alkyl amines (butyl amine, pentyl amine,
hexyl amine, octyl amine and decyl amine) solutions were taken separately and stirred
overnight at ambient conditions. After completion of the reaction, the resultant mixtures were
centrifuged 3 times with 20 mL of ethanol each to remove the residual amines. Next, the
products were dried in an oven at 80 ‘C prior to use it in various characterizations and
demonstrations. The "H NMR data for pentyl amine modified CR-MOF: '"H NMR (DMSO-ds,
500 MHz): 6 = 7.87 (d, /= 8.2 Hz, 2H), 7.27 (s, 2H), 7.10 (d, /= 8.2 Hz, 2H), 3.49 (t, J= 6.5
Hz, 2H), 3.45 (t, /= 6.6 Hz, 2H), 3.10 (t, /= 6.3 Hz, 2H), 2.91- 2.87 (m, 2H), 2.74 — 2.69 (m,
2H),2.63 (t,J=6.3 Hz, 4H), 2.57 (t,J= 6.3 Hz, 2H), 1.57 — 1.50 (m, 2H), 1.32 — 1.25 (m, 4H),
1.17 (t,J=17.1 Hz, 3H), 0.87 (t,J = 6.6 Hz, 3H).

2.2.6. LMs Fabrication and Surface Morphology of MOFs Based LMs

A droplet of water was individually beaded on a pile of different amine modified CR-MOF
powder. After the droplet was rolled over, chemically modified superhydrophobic/hydrophobic
MOF particles spontaneously self-organized to encapsulate the water droplet to form the LM.
The surface structure of the selected MOFs based LMs was characterized with FESEM
imaging. MOFs based LMs were exposed to ECA vapor at 50 'C to cause anionic
polymerization at the air-water interface of the MOFs based LMs.

2.2.7. Lifetime Analysis of MOFs Based LMs on a Water Pool

To study the lifetime of LMs of different amine modified CR-MOF on a water pool, the freshly
prepared LMs of DI water (20 pL) were gently placed on a water pool with the help of a metal
spatula. Digital images were acquired at regular intervals to study the lifetime of the LMs.
2.2.8. Impact Test for MOFs Based LMs

The impact test was performed by dropping a LM of volume 10 pL from a certain height to
study the breakage behavior of the LM.

2.2.9. Compression Test for MOFs Based LMs

The LMs were prepared of different amine modified CR-MOF were subjected to controlled
and repetitive compressive strains. In this context, a lab-made setup was built to apply gradual
compressive strain on the prepared LMs. Two clean microscopic glass slides were attached on
to the upper and lower platforms of a laboratory jack. Then, respective LM was gently placed
on the lower glass slide, prior to gradually bringing down the upper glass slide to apply gradual
compressive strain on the LMs by rotating the attached screw of the laboratory jack. The
compressive strain was calculated by measuring the change in the height of the respective LM

before and after its deformation. Further, this experimental setup was utilized to apply

46 | Page
TH-3852_196122029



Chapter 2

compressive strain of 50% repeatedly. Further, the prepared LMs were also compressed with
bare finger, where the LM was placed on a finger and pressed repeatedly using the thumb for
several times.

2.2.10. Triggered Bursting of LMs in Acid/Alkaline Conditions

The different amine modified LMs were transferred into a petri dish containing 50 mL of water
divided superficially into four sections. Then, ~ 400 uL of concentrated HCI was added to the
center of the petri dish to make the water solution of pH 1. In another setup, ~ 400 pL of NaOH
(0.2 uM) solution was separately added to the center of another petri dish to make the water
solution of pH 12. Both in the pH 1 and pH 12, the LM of pentyl amine modified hydrophobic
MOF was found to burst, followed by the LM of hexyl amine modified MOF, but the LMs of
octyl and decyl amine modified MOF remained intact. See the main text for more details.
2.2.11. Triggered Chemical Reaction on Air/Water Interface

Two different LMs of pentyl amine modified hydrophobic MOF were prepared using aqueous
solutions (20 pL) of mutually reactive reactants, i.e., potassium thiocyanate (one equivalent)
and iron (III) chloride (nine equivalents, 57 mM) solution. Similarly, another two distinct LMs
of decyl amine modified superhydrophobic MOF were to encapsulate above mentioned
aqueous solutions of potassium thiocyanate and iron (III) chloride. A petri dish containing 50
mL of water was divided superficially into two parts prior to transfer these LMs, where two
LMs of decyl amine modified MOF were placed on the left half of the water pool and other
portion of the air/water interface accommodated two LMs of pentyl amine modified MOF. On
addition of aqueous droplet of acid to the water pool, the LMs of pentyl amine modified MOF
popped out, and the mutually reactive released reactants formed metal complex to give a
visually distinguishable red color. However, the LMs of decyl amine modified MOF remained
intact to their shape, and failed to release encapsulated reactants at identical settings.

2.2.12. Release of Small Molecules by LM in Acidic, Neutral and Basic conditions

The release of rhodamine-B (model drug molecule) from different LMs that were individually
prepared from pentyl amine and hexyl amine modified MOFs were studied by measuring the
change in UV-absorption intensity at Amax in the aqueous phase. In this context, rhodamine-B
solution (1 mg/mL solution) was prepared in de-ionized water. The pentyl amine and hexyl
amine modified CR-MOF were separately used to form respective LM encapsulating the
aqueous solution of rhodamine B. The dye loaded LM was subsequently placed on an acidic,
neutral and basic water pool to examine the release of rhodamine B by visual inspection and

UV spectral analysis. The aqueous aliquot was collected at regular time intervals to obtain the
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UV absorption spectra. The UV/Vis absorption of the collected aliquots at regular intervals
was recorded with the Perkin-Elmer Lambda 750 UV/Vis/NIR Spectrometer to get the
percentage of change in intensity of UV-absorption in the water pool due to the release of
rhodamine B in the water pool.

2.2.13. Sensing of Nitrite Ion

A 20uL droplet of solution of sulfanilamide (1 mM), aniline (1 mM) rolled on a pile of pentyl
amine modified CR-MOF powder. After the droplet was rolled over, chemically modified
hydrophobic MOF particles spontaneously self-organized to encapsulate the solution of
sulfanilamide (1 mM), aniline (1 mM) to form the LM. The pentyl amine modified LMs were
transferred into a petri dish containing 20 mL of water without and with Nitrite (40 pL)
solution. Then, 170 pL of concentrated HCI was added to the corner of the petri dish to alter
the pH of water pool to pH 1. After addition of acid the LM of pentyl amine modified
hydrophobic MOF was found to burst in both case but water pool containing nitrite ions turned
yellow to form diazo dye, however, without nitrite ion, it didn’t show any colouration.

2.3. Results and Discussion

2.3.1. Developing Chemically Reactive Metal-Organic Framework

In the recent past, automated bursting of LMs, without demanding any external intervention,
was introduced by strategically modifying the halloysite nanoclay with different alkyl
acrylates, where the embedded hydrophobicity of the modified nanoclay controls the diffusion
length of water vapour across the LM’s shell to control the lifetime of floating LMs.*’ Here, a
completely distinct approach is adopted to design of chemically reactive MOF for precisely
controlling the wettability transition from hydrophobicity to hydrophilicity by, 1) triggering the
structural instability of MOF in alkaline condition and ii) protonating the available amine
moiety in the modified MOF at acidic conditions. This simple principle is extended to achieve
both automated (at neutral condition) and adjustable (depending on pH) triggered release of
inner liquid from LMs at water pools.

In this relevance, the NH»-UiO-66 was prepared and characterized with 'TH NMR, powder
XRD, FETEM and FESEM studies (Figures 2.2 and 2.5D-F) prior to covalently reacting with
trimethylolpropane triacrylate (3-Acl) through the 1,4-conjugate addition reaction. The
resultant MOF is embedded with residual acrylate groups which makes it chemically reactive,
and such MOF is denoted as CR-MOF. The covalent modification of NH2-UiO-66 with 3-Acl
and the existence of residual acrylate groups were characterized with '"H NMR study (Figure

2.3). After the mutual reaction between prepared NH»-UiO-66 and 3-Acl, the 'H NMR
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spectrum of the HF/DMSO-ds-digested product (CR-MOF; Figure 2.2B) displayed peaks at 6=
7.10 (d), 7.27 (s) and 7.87 (d) ppm, corresponding to the aromatic protons of the MOF.

N
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| | 2 ) \\O M
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Figure 2.2 'H NMR spectra of NH,-UiO-66 MOF was digested/ dissolved in HF/ DMSO-d6 (10 pL + 500

uL).
Furthermore, four sets of triplets at 6= 2.57, 2.63 ppm and 6= 3.45, 3.49 ppm appeared in the
aliphatic region, which correspond to the - and a-protons of the two chemically different
secondary amines, respectively. Additionally, the three sets of doublets of doublet at 5.87 (dd,
J=10.3, 1.6 Hz, for cis & geminal coupling), 6.25 (dd, J = 17.2, 1.6 Hz, for trans & geminal
coupling) and 6.07 (dd, J = 17.2, 10.3 Hz, for trans & cis coupling) ppm can be found which
correspond to the remaining vinylic protons of the 3-Acl. The peaks at 1.17 (t, 3H) and 2.73-
2.70 (m, 2H) correspond to the aliphatic ethyl group.

CR-MOF

-

"

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.
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Figure 2.3 'H NMR spectra of NH,-UiO-66 MOF was digested/ dissolved in HF/ DMSO-d6 (10 uL + 500
uL).
However, the peaks for three aliphatic -CH> groups (assigned by 6 & 7 in the NMR spectrum)
at the region 4.0-4.5 ppm are merged with the broad peak arising due to HF used. The integral
intensity ratio of aromatic proton to vinyl proton is found to be 2/1 as two-thirds of the acrylate

groups of one 3-Acl are mutually reacted with amines of two ligands, i.e., H2ATA. The third
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acrylate group of 3Acl remained unreacted to NH>-UiO-66, likely due to the existence of steric
hindrance imposed by the reacted MOF around the 3Acl molecule. Thus, the unreacted acrylate

moiety makes the prepared MOF readily chemically reactive at ambient conditions.
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Figure 2.4 A) '"H NMR spectra of pentylamine (PA)-modified MOF was digested/ dissolved in HF/
DMSO-d6 (10 pL + 500 pL). B) FTIR spectra of NH»-UiO-66MOF (black) and CR-MOF before
(blue) and after (PA@3Acl@NH,-UiO-66MOF; red) post-modification with pentylamine.

Further, the residual acrylate group present in CR-MOF was exploited to post-modify with the
desired amine-containing alkyl chain. In this context, the post-covalent modification of CR-
MOF with pentyl amine was successfully characterized with "TH NMR spectral analysis. After
the reaction with pentyl amine, the '"H NMR spectrum of the HF/DMSO-d¢-digested product
(Figure 2.4A) showed the appearance of new peaks at 6= 0.87 (t, 3H), 1.32-1.25 (m, 4H), 1.57-
1.50 (m, 2H) and 2.91- 2.88 (m, 2H) for the aliphatic protons of pentyl group and two new
methylene protons (10 & 11 in the NMR spectrum). During this mutual chemical reaction
between amine and acrylate, the vinyl moiety is converted into a methylene moiety. Out of
these two methylene protons, one is raised separately at 3.10 ppm (t, 2H) and the other is

merged with one of the § protons of secondary amine at 2.63 ppm (t, 4H) due to the nearly
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similar chemical environment of the protons. This is supported by the integral intensity of the

peaks at that particular region.
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Figure 2.5 (A—C) The digital images and contact angle images accounting for water wettability
of NH,-UiO-66 (A), CR-MOF (B) and super hydrophobic MOF (C). (D) Powder XRD patterns
of NH»-UiO-66 (blue), CR-MOF (black), and superhydrophobic MOF (red). (E, F) Field emission
transmission electron microscope (FETEM; E, scale bar, 50 nm) and field emission scanning
electron microscope (FESEM; F, scale bar, 100 nm) images of NH;-UIO-66, CR-MOF and
superhydrophobic MOF.

In addition, a significant depletion of the 'H-NMR signal for the residual acrylate group in the
range from 6.25 ppm to 5.87 ppm was noted with respect to the aromatic protons (6= 7.10 (d,
2H), 7.27 (s, 2H) and 7.87 (d, 2H) ppm) as shown in Figure 2.3. This data unambiguously
indicated the post-covalent modification of CR-MOF with selected pentylamine. Furthermore,
FTIR spectral analysis supported that the mutual reaction between 3-Acl and NH2-UiO-66
yielded CR-MOF, where IR signatures for carbonyl stretching and C-H deformation of vinyl
group appeared at 1722 cm™ and 1411 cm’!, respectively. On treating the CR-MOF with
pentylamine, the characteristic IR peak for aliphatic C-H stretching of pentyl moiety was
noticed, as shown in Figure 2.4B. Eventually, such a facile chemical modulation strategy
allowed for the tailoring of a range of desired water wettability of the prepared MOF (Figure
2.5A-C). For example, the post-covalent modification of the CR-MOF with decyl amine (DA)
yielded a superhydrophobic MOF with a water contact angle (WCA) of ~159°, as shown in
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Figure 2.5C. The impact of other modifications on the water wettability to achieve degrees of
hydrophobicity is discussed later. Importantly, the integration of the residual acrylate group in
the NH>-UiO-66 and the subsequent post-covalent modification of CR-MOF have minimal
impact on the structural integrity of the native MOF, as evident from the similarity in the
powder XRD pattern of native MOF, CR-MOF and superhydrophobic MOF, as shown in
Figure 2.5D. Similarly, the morphology of the native MOF remained unaffected after the
association of residual acrylate groups and its post-covalent modification with DA through the
1,4-conjugate addition reaction, as confirmed from both FETEM and FESEM images in Figure
2.5E, F. The octahedral shape was preserved in the highly crystalline FESEM images in Figure
2.5E, F. The octahedral shape was preserved in the highly crystalline MOF, irrespective of
associating these distinct chemical modulations.

2.3.2. MOFs with Chemically Tailored and Responsive Water Wettability

For the controlled tailoring of water wettability, the chemically reactive MOF was post-
modified with various alkyl amines, i.e., lower analogues of DA, and the hydrophobicity of the
MOF was gradually depleted by reducing the length of the hydrocarbon tail of the selected
alkyl amine from CioH21 (DA) to CsHii (pentyl amine, PA), as shown in Figure 2.6A-C. While
individual modifications of CR-MOF (Figure 2.6A) with octyl amine (OA) and DA provided
superhydrophobicity with a WCA > 150°, the modification of the same MOF with hexyl amine
(HA) and PA provided only hydrophobicity with WCA of ~133" and ~121°, respectively.

*I|||

R= C/H, CiHj CeHis CgHyy CioH2

Figure 2.6 A) Chemical structure of CR-MOF. B) Digital images accounting the wettability of beaded
water droplet (blue color aids visual inspection) on the prepared MOFs that were individually post-
modified with different alkyl amine, including butyl amine, pentyl amine, hexyl amine and octyl
amine. C) The plot accounting for the change in water wettability of the modified MOFs depending

on the hydrocarbon tail length of selected modifiers, i.e., alkyl amines.
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However, the post-covalent modification with butylamine (BA) failed to alter the water
wettability, and it remained highly hydrophilic, as shown in Figure 2.6B. Thus, the water
wettability of the octahedral-shaped MOF was successfully tailored through the facile and
catalyst-free 1,4-conjugate addition reactions with appropriate alkyl amine at ambient
conditions. Thereafter, the impact of pH on the chemically modified MOF was examined.
Interestingly, the PA (-CsHi1) modified hydrophobic MOF displayed a drastic and instant
transition in water wettability from hydrophobicity (WCA of 122°) to hydrophilicity (<70°) in
both highly acidic (pH 1) and alkaline (pH 12) conditions, however, superhydrophobic MOF
(DA-treated) remained non-responsive to the extremes of pH, instead it continued to exhibit
unperturbed superhydrophobicity with WCA > 155°, as shown in Figure 2.7A and Figure 2.7B.
Thereafter, the water wettability of differently chemically-modulated (PA, HA,
OA) hydrophobic and superhydrophobic MOFs were examined in various pH over a range
from pH 1 to pH 12, as shown in Figure 2.7C. We observed no instant change in water
wettability for the hydrophobic MOFs at the pH range of 4 to 8, however, a significant depletion
of the WCA was noted at highly acidic (pH 1 & 2) and alkaline (pH 10 & 12) conditions, as
shown in Figure 2.7C. Whereas the superhydrophobic MOFs displayed uninterrupted water
repellence with WCA of > 150" over a pH range from 1 to 12. Thus, the same CR-MOF
individually post-modified with selected alkyl amine resulted in dual (acidic/alkaline) pH-
sensitive hydrophobicity and stable superhydrophobicity. To understand such distinct
wettability transitions for hydrophobic and superhydrophobic MOFs in various pH, further
experiments were designed.

In the past, the structural instability of NH»-UiO-66 at alkaline condition was addressed
through the association of superhydrophobicity. Similar to the previous report, the currently
synthesized superhydrophobic MOF continued to display unperturbed extreme water
repellence at extremes of pH, with no change in structural integrity even after exposure to
extremes of pH for 6 h as evident from the powder XRD pattern in Figure 2.7F. However, the
PA-modified hydrophobic MOF failed to protect the structural integrity of the MOF (Figure
2.7D, E) at the alkaline condition, as evident from the powder XRD pattern (Figure 2.7F). The
octahedral shape of the MOF was distorted entirely, and the appearance of random granular
domains after the alkaline treatment indicated the damage of the structural integration of
hydrophobic MOF as shown in Figure 2.7E. Thus, the structural instability contributed to the
transition of water wettability of the PA treated MOF from hydrophobicity to hydrophilicity at
alkaline conditions. However, the same hydrophobic MOF that was treated at highly acidic (pH
1) condition, continued to display the octahedral morphology (Figure 2.7G), with unaffected
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Figure 2.7 (A, B) Digital and contact angle images illustrating the water wettability of hydrophobic (modified
with pentyl amine: -CsHii, A), and superhydrophobic (modified with decyl amine: -CioH21, B) MOFs at
neutral (pH 7), acidic (pH 1) and alkaline (pH 12) conditions. C) Plot depicting the changes in water wettability
of differently modified hydrophobic and superhydrophobic MOFs having distinct hydrocarbon tails (CsHi,
CsHi3, CsHi7 and CioHa:) at various pH (from 1 to 12). D) Schematic depicting the collapse of the structural
integrity of hydrophobic MOFs under alkaline conditions. E) FESEM images of PA-modified hydrophobic
MOF after exposure to alkaline (pH 12) pH. F) Powder XRD pattern of pentyl amine and decyl amine modified
MOF in highly acidic (pH 1; green and blue) and alkaline (pH 12; black and red) conditions. G) FESEM
images of PA-modified hydrophobic MOF after exposure to acidic (pH 1) pH. H) FTIR spectra of modified
MOF after exposure to alkaline (pH 12, red), acidic (pH1, blue) and neutral (pH 7, black) water. I) Schematic

of protonation of available amine in modified hydrophobic MOFs.
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crystallinity, as evident from the existence of indistinguishable powder XRD pattern to that of
native MOF in Figure 2.7F. On exposure of modified MOF to alkaline condition, the
characteristic IR signatures, including vasym[COO] (1569 cm™), vsym[COO] (1382 and 1436
cm™!) were disappeared, whereas these peaks remained intact even after exposure to neutral

and acidic condition (Figure 2.7H).

- - = Kang-Jacobi model (Partial wetting)
— — = Kang-Jacobi model (Full wetting)
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Figure 2.8 (A) Kang-Jacobi wettability model illustrating the wettability transition of both
hydrophobic and superhydrophobic MOF at various pH. (B)The schematic depicting the alteration of
wettability of hydrophobic MOF in alkaline and acidic conditions through the change in topography

and protonation of amine.
This study revalidated the disintegration of modified MOF selectively at alkaline condition. In
acidic exposure, the available amine group in the hydrophobic MOF is likely to be protonated,
and resulted in the change in wettability from hydrophobic to hydrophilic, as shown in Figure
2.71. Thereafter, the water wettability of both hydrophobic and superhydrophobic MOFs was
investigated at various pH and the obtained data were fitted with the Kang-Jacobi model of
wettability, as shown in Figure 2.8A. As expected, the superhydrophobic MOFs followed the
partial wetting (i.e., the air layer is entrapped beneath the droplet) of the Kang-Jacobi model,
whereas the hydrophobic MOFs displayed a transition from partial wetting to full wetting (i.e.,
the entrapped air layer diminished) depending on changing the environment from neutral to
acidic or alkaline as depicted in Figure 2.8B. Thus, the chemically modulated hydrophobic
MOF displayed from both a) the structural instability in alkaline conditions and b) the
protonation of available amine in acidic conditions, which eventually provided a facile basis to
derive an adaptive LMs with the ability of both automated and adjustable triggered release of
inner liquid. However, the superhydrophobic MOFs failed to display such characteristics as the
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available amine and labile coordination bonds are likely to be buried by the long hydrocarbon
tails of the superhydrophobic MOFs.

2.3.3. Deriving Adaptive LMs

Both the dual (acidic/alkaline) pH-responsive hydrophobic and stable superhydrophobic MOFs
were explored in preparing LMs by wrapping the water droplet with the respective hydrophobic
and superhydrophobic MOFs, as shown in Figure 2.9A-D. In Figure 2.9E-H, the MOF based
LM:s sit on the hydrophilic glass substrate with an apparent contact angle of >150°, like a
superhydrophobic state.
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Figure 2.9 Digital images (A-D) and contact angle images (E-H) of LMs that were derived from pentyl amine
(A and E), hexyl amine (B and F), octyl amine (C and G), and decyl amine (D and H) modified MOFs. (I-L)
FESEM images illustrating the arrangement of MOFs (that were decorated with various alkyl amines (I: pentyl,
J: hexyl, K: octyl, and L: decyl)) at the air/water interface, where the superglue (cyanoacrylate) is used to
preserve the arrangement of respective MOF's at the air/water interface. (M) The plot compares the limit of
tolerance LMs for sustaining the applied compressive strains. (N-U) Digital images of LMs of different alkyl
amine modified MOFs [pentyl (N-O), hexyl (P-Q), octyl (R-S), and decyl (T-U)] while compressing with a
bare hand. (V) Plot to account for the impact durability of the prepared LMs, where LMs were dropped from a

certain height so that they can survive.
The contact angle increases gradually with the increase in chemically modulated
hydrophobicity of the modified MOF. The higher contact angle is attributed to the shell tension
of the LMs, which resists the deformation caused by the LMs’ weight. After that, the surface

structures of LMs are obtained by polymerizing their air-water interface*! and then observed
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by FESEM (Figure 2.91-L), where no apparent change in the structure of LM’s surface is
observed. It is hypothesized that the molecular interaction between MOFs contributes to the
change in the LMs tension. The interaction among modified MOFs improved with increasing
the length of the hydrocarbon tail. The MOF based LMs exhibit tolerance against mechanical
compression (Figure 2.9M) manipulations with bare hands (Figure 2.9N-U) and impact on the
solid surface (Figure 2.9V). The mechanical strength and survival under compressive strain
improved with the embedded hydrophobicity of modified MOF.

Eventually, the improved hydrophobicity of MOF contributed to resisting the inner liquid spill
from the prepared LMs.

Then, these LMs were placed into the water pool to examine their lifetime (Figure 2.10A-D).
The lifetime of the LMs drastically changed with the variation in the embedded hydrophobicity.
In that, LMs derived from PA (—CsHi11) or HA (—CsHi3) modified MOF collapsed down with
a lifetime of 1.2 or 2.8 hours (Figure 2.10A or 2.10B), whereas LMs prepared out of OA
(—CsH17) or DA (—CioH21) modified MOF did not collapse until the inner liquid evaporated
completely (Figure 2.10C and 2.10D).

Figure 2.10 (A-D) Digital images illustrating the bursting and buckling of LMs that were prepared from
differently modified hydrophobic (A and B) and superhydrophobic (C and D) MOFs.

To understand the stability of LMs that are derived from chemically modulated MOFs, we
considered the free energy 4G required to adsorb a single MOF to the water surface (Figure
2.11A), which yields:

AG = —J/3/4D?[1 + cos 6y]
where D is the one side length of the MOF, yi is the inner liquid surface tension, and 6y is the
Young contact angle of the inner liquid droplet on the MOF surface.
Here, Oy on the MOF is substituted by the static contact angle on the flat glass substrate coated

with the same chemicals used for MOFs’ modification (Figure 2.11B). We assume that the one

face of the MOF with a surface area of v/3/4D? attach to the water surface, which results in
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the formation of the MOF-water interface while decreasing the MOF-air and water-air

interfaces. Thus, we obtain

AG = —V3/4D*[ys + yL — VLl

where yg and yg;, are MOF-air and MOF-water interfacial energy.
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Figure 2.11 (A) Illustrating the energy of adhesion of MOF (B) Plot showing the change in the Young contact

angle of a beaded aqueous solution of different pH on different coatings on flat substrates, where 3Acl and

different selected alkyl amines were used individually to apply the coating on glass substrate before measuring

the contact angle. (C) Accounting the dependence of the lifetime of LMs on the energy of adhesion of

chemically-modified MOFs. (D) The plot accounting for the change in adsorption energy of chemically

modified MOF to aqueous surface with variation of pH. (E) Accounting for the stability of LMs at various pH

values of the water pool.
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According to Young’s equation, ys = 1, cos Oy + ¥si.. By combining these equations, we
obtain

AG = —/3/4D?[1 + cos 6y]
We observed that the LMs’ lifetime was increased with the decrease of the adsorption energy,
and the LM with the AG smaller than the threshold value was not broken down in this
experiment (Figure 2.11C). We noticed that the MOFs’ pH responsivity modulates their
wettability (Figure 2.7D) and/or size (Figure 2.71) as well as their AG (Figure 2.11D).

t=0min

C H11 C6H13 CBH17 C10H21

Figure 2.12 (A-L) Digital images accounting for the stability of the LMs (prepared from differently modified
MOFs) on solid surface. No release of liquid water was noticed, rather, inner water was evaporated out and

resulted in buckling of the LMs over the time.

Thus, the lifetime of the same MOF-based LM is also varied in response to the water pool's pH
(Figure 2.11E). However, the lifetime of the LM on water pools mostly depends on the
chemical modification of the prepared CR-MOF with selected alkyl amines. On the other side,
the LMs prepared from differently modified MOFs did not collapse to release inner liquid on
the solid surface; rather, the encapsulated water evaporated over time, which resulted in the
buckling of the prepared LMs (Figure 2.12A-L).

2.3.4. Carrier for Adjustable Drug-Release

Taking advantage of the pH-dependent lifetime of the PA and HA-modified MOFs at both
acidic and alkaline conditions, I demonstrated the adjustable drug release, where rhodamine B
(2 mM) is selected as a model drug molecule (Figure 2.13A-B) for visualizing the inner liquid
release, and the concept can be applied to the drug release application. The dissolved model

drug molecule is encapsulated in the LMs, and controlled bursting of LMs allows the release
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of loaded rhodamine B at a specified time, as depicted in Figure 2.13A. At neutral pH (7), the
release of the loaded solution of rhodamine B from LMs that were separately prepared using

PA and HA-modified MOFs was noticed after 1.2 h and 2.8 h, respectively, as shown in Figure

2.13C-D.
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Figure 2.13 (A) Illustrating the release of the loaded dye solution through controlled bursting of LMs.
(B) Depicting the adjustable release of the loaded liquid by modulating the life time of the prepared
LMs. (C and D) Digital images demonstrating the release of loaded rhodamine B from LMs that were
prepared using pentyl (C) and hexyl (D)modified MOF at hour, minutes, and second scales depending
on the pH (1, 7, and 12) of the aqueous media.

However, the same LMs rapidly released the loaded solution of dye at both pH 1 and pH 12,
and the time scale for releasing the loaded solution of dye was reduced from 1.2 h to 1 second
and 2.8 h to 1 or 2 minutes for PA and HA modified MOF based LMs, respectively, as shown
in Figure 2.13C-D. Thereafter, the release of loaded dye molecules from the same LMs at
various other pH values was monitored by measuring the change in the percentage of
absorption intensity over time.

Depending on the pH of the water pool and chemical modification of the MOFs that were used

to prepare the respective LMs, it provided an adjustable release of loaded drug molecules from
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LMs, as shown in Figure 2.14A, B. The LMs remained efficient in adjusting the triggered
release time, depending on the selection of either acidic or alkaline pH of the media. It is
because of the alteration of the lifetime of different LMs at various pH of the aqueous pool

(Figure 2.14C).
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Figure 2.14 (A and B) The plots accounting the percentage of change in absorption intensity due to the
release of the dye from respective LMs (pentyl and hexyl modified MOF -based) in the aqueous phase
at different acidic (pH=1,2,3,4,5, and 6) and alkaline (pH=8,9,10,11, and 12) conditions and the
adjustment of the release of the dye from the same LMs (either pentyl-modified MOF: A or hexyl-
modified MOF: B) are compared with respect to neutral pH conditions. (C) Accounting the life time of
different LMs at various pH of the water pool. (D) Accounting a slight improvement in lifetime of LMs
(hexyl and pentyl modified MOF based LMs) with increasing the ionic strength of the water pool, where
concentration on NaCl was gradually increased to enhance the ionic strength of water pool.
Eventually, such chemically modulated MOF-based LMs can act as a carrier for the time-
programmed release of the loaded molecules at different pHs. It is worth mentioning that the
lifetime of these LMs is slightly improved by increasing the ionic strength of the water pool by
adding salt (NaCl, Figure 2.14D), where the depleted vapour pressure is expected to improve
the stability of LMs.
2.3.5. Triggered Chemical Reaction at Water Pool
This section summarizes the behaviour of the MOF-based LMs placed on a water pool as
shown in Figure 2.15A-D. The PA (—CsHi1) or HA (—CsH13) modified MOF-based LMs broke
down in the water pool after a few hours under neutral conditions, and the lifetime could be

shortened by the variation in the pH of the water pool (Figure 2.15A and C). Whereas LMs
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prepared from OA (—CgHi7) or DA (—CioH21) modified MOF were not collapsed at any of
these pH (Figure 2.15B and D). Such multi-responsivity in LMs on water pools has not yet
appeared in the literature. Using the feature of the MOF-based LMs, time-programmed inner
liquid release on the water pool was possible under acidic (Figure 2.15E) or alkaline conditions
(Figure 2.15F). In the setup, LMs prepared by different hydrophobic MOFs were placed on the
water pool, and the concentrated aqueous solution of acid or base was added into the water
pool. In both cases, LM derived from hydrophobic MOFs readily broke down to release inner

liquid into the water pool.

A R= C,H B R=
CgHy3 CioHa

n———

Addition of
Acid or Alkaline

Figure 2.15 (A-D) Schematic illustrating the acid/alkaline-responsive (A and C) and non-responsive
(B and D) behaviour of LMs in the water pool. The LMs were prepared from hydrophobic (decorated
with CsH;; and C¢Hi3; A) and superhydrophobic (modified with CsHi7 and CioHz1; B) MOFs. (C)
Hydrophobic MOF-based LMs displayed bursting at the water pool at both acidic and alkaline
exposures, whereas LMs derived from super hydrophobic MOFs remained unperturbed under both
acidic and alkaline water pools (D). (E and F) Digital images demonstrating the spatially selective
triggered release of the inner liquid from LMs that were prepared from hydrophobic MOFs under both
acidic (E) and alkaline (F) conditions, the LMs that were derived from superhydrophobic MOF failed

to burst at identical setups.
As expected, the LM derived from PA (—CsH11) modified MOF was broken faster (~ 1 minute)
than the LM prepared from HA (—C¢H13) modified MOF. These phenomena could be used for
demonstrating on-demand chemical reactions at the water pool (Figure 2.16A). For this
purpose, the PA (—CsH11) modified LMs were formed by KSCN (aq.) or FeCls (aq.) solutions.
In response to the acid added to the water pool, they collapsed to release solutions of mutually
reactive reactants. The water gets red colored due to the formation of metal complexes through
the mutual reaction between selected metal ions and ligands (Figure 2.16B). During this
reaction, the DA(—CioH21) modified LMs were not broken down and instead kept floating in
the water. The formation of a metal ion complex is characterized by UV-Vis spectral

characterization (Figure 2.16C). Moreover, such demonstration of chemical reaction may be
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extended to other solvent systems and reactants as the modified MOFs allowed to prepare LMs

using liquids with different surface tension (Figure 2.16D).
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Figure 2.16 (A and B) Demonstrating the triggered chemical reaction on the water pool in the presence
of acidic stimuli by individual and triggered release of mutually reactive reactants (ferric chloride and
potassium thiocyanate) from the two LM prepared from hydrophobic MOFs. The formation of a ferric
thiocyanate complex resulted in the appearance of red colour in the water pool. However, LMs that
were prepared from superhydrophobic MOFs failed to release the encapsulated reactants under the
identical setup. (C) UV-Vis absorbance spectra of FeCls and KSCN and Fe(SCN); in HCI (1M)
solution. (D) The plot accounting for the lifetime of the prepared LMs on water pool where liquids with

different surface tension were used to prepared the LMs.

2.3.6. Optode Detection of Nitrite Ion (NO2°) in Water

In this section, the acid-triggered bursting behaviour of prepared LM is successfully applied to
sense an important and relevant toxic chemical, i.e., nitrite ions (NO>"). Consumption of NO>"
contaminated water beyond a certain concentration (65 uM recommended by the World Health
Organization (WHO)) is known to have a severe impact on our health.*>* Here, the stimuli-
responsive LM was utilized to demonstrate optode detection of NO2™ below its recommended
concentration. In this context, reagents for modified Griess reactions,** i.e., sulfanilamide and
aniline, were loaded in the prepared LM prior to placing it in a water pool contaminated with
NO> (40 uM). Upon addition of HCI, the water pool became acidic and the LM collapsed to
release the loaded reagents to undergo the Griess reaction in the presence of NO>". Immediately,
the color of the water poll turned yellow as shown in Figure 2.17A. However, we have not
noticed such changes in coloration in the water pool, in the absence of nitrite ions as shown in
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Figure 2.17B. The modified Griess reaction between released reagents (sulfanilamide and
aniline) from LM and nitrite ions present in the water pool at acidic conditions yielded the

yellow colored diazo dye as shown in Figure 2.17C.
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Figure 2.17 (A) Depicting the optode sensing of nitrite ions on acid-triggered bursting of the prepared
LM (loaded with sulfanilamide and aniline) in a water pool contaminated with nitrite ions, where the
water pool became yellow. (B) No such color change was noted in the absence of nitrite ions in the
water pool. (C) Reaction scheme for the modified Griess reaction. (D) FTIR spectra of the loaded
aqueous phase in LM (before bursting) and the coloured water pool after bursting of LM.
The appearance of IR peak for N=N stretching at 1552 cm’' revealed the formation diazo
compound as shown in Figure 2.17D.* Thus, the current strategy is successfully implemented
for proof of concept demonstration of the naked eye, fast and facile detection of nitrite ions
well below its recommended concentration.
2.4. Conclusion
In conclusion, here, I have introduced a chemically reactive and porous nanomaterial
forcontrolled and precise chemical modulation through a 1,4-conjugate addition reaction at
ambient conditions to derive mechanically robust LMs with tuneable and adaptive pH
sensitivity. While chemically modulated and inherently porous MOFs decorated with longer
hydrocarbon tails provided physically and chemically tolerant LMs, the association of shorter

hydrocarbon tails yielded LMs for the automated releasing of inner liquid at the water pool at
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a predefined time (order of hours), without external intervention. The selected chemical

modulation of MOF controls the lifetime (from seconds to hours) of LMs at both acidic and

alkaline conditions. Such a principle was successfully exploited to demonstrate 1)

predetermined automated bursting of inner liquid on a water pool and triggered release of

mutually reactive chemicals to perform chemical reaction on demand, 2) adjustable small

molecule release and 3) facile and fast chemical sensing.
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Chapter 3: Droplet Green Chemistry Using Thermally Shape-

Reconfigurable Omniphobic Colloidosomes

A high-yield, lossless chemical reaction conducted under ambient conditions is promising for
green chemistry. However, owing to the sticky feature of liquids on solid surfaces and the high
volatility of useful primary solvents, “droplet chemistry” is far from practical use. Thus, a
droplet platform that prevents both droplet evaporation and adhesion losses is promising.
Herein, 1 report a  versatile method for droplet encapsulation  with
poly(octadecylacrylate)(PODAc) based on the colloidosome technique. The PODAc
colloidosomes are mechanochemically stable and thermally shape-reconfigurable while
maintaining their surface omniphobicity. This feature enabled PODAc colloidosomes to load
typical liquids regardless of their surface tension without experiencing evaporation or adhesion
loss, transport like solid beads, and release inner liquid on-demand by heating or NIR light
irradiation. The colloidosome is mass-producible and recyclable via a simple
thermomechanical process. As a proof of concept, different droplet-scale reactions are

demonstrated in colloidosomes using a volatile microliter solvent and volatile reactants.

K. Jain,! S. Kumar,* M. dhar, H. Ali, D. Sarkar, N. Barman, M. Tenjimbayashi and U. Manna,
Chem. Mater., 2024, 36, 8692-8703.
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3.1. Introduction

In 1998, Paul Anastas and John Warner manifested the 12 Principles of green chemistry.
Briefly, waste-free, efficient chemical synthesis through catalysis or sustainable sources seems
to be essential for the future of the chemical industry without additional energy input. Chemists
and chemical engineers endeavored to work on chemical processes with minimal synthesis
cost. Ultimately, microliter-scale chemical reactions may minimize the waste generated from
such chemical processes and be helpful in the chemical processing of valuable reagents.
However, it is known that droplets stick to the contacting media to minimize the total interfacial
energy,' which results in adhesion loss of reactants, decreasing the reaction efficiency. To
address them, designing nonwetting interfaces around the droplet (for example,
superhydrophobic,? superomniphobic,’ slippery surfaces,*> or liquid marble (LM)°®) has been
proposed to minimize adhesion loss, which has propelled sustainable chemical synthesis. Since
the droplet levitation strategies, by heating, acoustic, or electric field,” require high energy
input, there has been a notable focus on designing super liquid repellent surfaces, especially in
recent decades.®’ In Johnson and Dettre’s study,'® droplet sticking decreases with extreme
roughening or sensitive smoothening of the interface. Thus, nano-and/or micrometer-scale
roughened superhydrophobic or superoleophobic surfaces and nanometrically smooth
lubricated!! or solid-slippery surfaces!? have been proposed to prevent loss of liquid because
of droplets sticking to their contacting substrate. Further functionalizing these surfaces enabled
non-sticking droplet movement, and prototype chemical reactions by coalescing reactive
droplets have been demonstrated.!® These works demonstrated that non-sticking surfaces can
minimize adhesion loss. Especially, the recent progress has enabled surfaces with non-sticking
properties to low-surface tension liquids.>!*!°

However, the inherent challenge in droplet chemistry has been ignored: “How to prevent
droplets from evaporating?” Primary organic solvents like acetone, ethanol and hexane have
high volatility. When the solvent evaporates, the chemical reaction becomes kinetically
uncontrollable and the target reaction efficiency suddenly decreases. This is because the solvent
mediates the diffusion of reactive chemicals in the droplet. This solvent evaporation process
renders droplet chemistry far from practical use. Ironically, the more the reaction volume is
reduced toward green chemistry, the more the liquid vaporization effect cannot be ignored.
Overall, preventing droplet sticking and evaporation simultaneously by generally applicable
methods is critical in droplet green chemistry.

One approach is to encapsulate the liquid droplet inside liquid-repellent materials. The concept

of covering the droplet with (super)hydrophobic nanostructure, namely liquid marble (LM),
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has been reported.®!®!” However, the mechanically weak and discontinuous shell of LM
(Figure 3.1A) cannot prevent evaporation, as depicted in the last chapter, liquid molecules can
escape from the air-exposed area and pores in the nanostructure.'®3° The other possibility is to
cover the droplet with a solid and continuous shell (Figure 3.1B) having solid-slippery
properties to prevent loss of liquid because of (1) liquid adhesion to the inner shell of the

capsule/colloidosome and (2) evaporation of encapsulated liquid.

A  Liquid Marble B Colloidosome

Figure 3.1 A, B) Schematic representing the difference between liquid marble (A) and colloidosome
(B). The liquid marble shell is discontinuous and porous, the shell of the colloidosome remains

continuous.

In this context, different types of reported capsules or colloidosomes having continuous shells
mostly lack the following abilities: (i) repellence to low surface-tension liquids; (ii) preventing
evaporation of inner liquid; (iii) on-demand extraction/addition of liquids inside the shell; (iv)
reconfigurability of shell; (v) tolerance to mechanical damages; and (vi) triggered release of
inner liquid.>!*! Generally, reported solid-slippery surfaces, formed by covalently grafting
flexible polymer brushes or alkyl monolayers on nanometrically smooth surfaces, exhibit
omniphobicity.*>* It is worth mentioning that the classic omniphobic properties have
commonly been achieved by a silane condensation reaction with the assistance of high
temperature.'” It would be extremely challenging to cover droplets of a wide range of

volatile/nonvolatile liquids with such a solid-slippery coating following condensing silane

18,19 4

oligomers, growing the framework materials at elevated temperatures,** etc. In this
prospect, the challenge is forming a mechanically stable, omniphobic, easily processable, and
reconfigurable capsule with an on-demand liquid-insert/release function.

3.2. Experimental Section

3.2.1. Materials Required

Octadecyl acrylate (ODAc), 2-hydroxy-2-methylpropiophenone, glycerol, methylene blue,
rose bengal, methyl orange, nile red, propylamine, vanillin, glycidyl methacrylate, bromine,
ethylene glycol, poly(vinylpyrrolidone), silver nitrate, NaCl, NaBr, and sodium borohydride
were purchased from Sigma Aldrich (Bangalore, India). Tetrahydrofuran (THF) and acetone

were purchased from Finar. Perfluoropolyether was purchased from Chemcures. Guaiacol was
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purchased from Avra Synthesis Pvt. Ltd. Catechol and phenol were purchased from TCI.
Dimethyl sulfoxide (DMSO) and hexane were purchased from Alfa-Aesar, India. Apple green
food color, raspberry red food color, soldering kit (Techtest 60 W, 220 V) and IR lamp (150
W, 230 V) were procured from Amazon India. The details of the remaining other chemicals
used in this work were discussed previously in section 2.2.1 of chapter 2.

3.2.2. Charecterization

Atomic force microscope (AFM) images were acquired using an OXFORD Cypher Atomic
Force Microscope. Bright-field and polarized light optical microscopic images were captured
using a Zeiss Axio Vert.Al inverted microscope equipped with crossed polarizers. The
transition temperature was measured using a differential scanning calorimeter (Mettler Toledo
DSC1) under a nitrogen atmosphere. Mechanical properties were measured using a 5 kN
Electromechanical Universal Testing Machine. Number-average molecular weight (M,) was
measured using a high-temperature gel permeation chromatography (HT-GPC) system
(Agilent, Model: G7820A). The remaining other instruments used in this chapter for
characterization of synthesized materials were the same as discussed previously in section 2.2.2
of chapter 2.

3.2.3. Synthesis of Polyoctadecyl Acrylate

Polyoctadecyl acrylate (PODAc) powder was synthesized following a photopolymerization
process.* Briefly, 10 g of octadecyl acrylate was dissolved in 15 mL of ethanol, followed by
the addition of 50 uL of UV initiator, i.e., 2-hydroxy-2-methylpropiophenone. This prepared
solution was kept for photopolymerization under UV irradiation of 365 nm for 30 min, after
which the phase-separated polymer was collected and reprecipitated from THF by additions of
ethanol three times. I have repeated this process for three times.

3.2.4. Formation of Colloidosome

A 20 pL droplet of glycerol was placed on a bed of superhydrophobic PODAc powder and
gently rolled out through the powder. As the droplet was rolled, the superhydrophobic powder
spontaneously wrapped around the glycerol droplet, forming a LM. This LM was then placed
on a fine powder bed of PODAc on a glass slide, followed by IR light irradiation for ~10 min.
The PODAc powder of LM was melted due to IR light irradiation and solidified upon cooling,
forming a half-cured colloidosome. Next, the half-cured colloidosome was turned over and
positioned so that the remaining uncured powder rested on top. Then, the upper half was cured
by using localized heat from a heating solder, forming a fully cured colloidosome.

3.2.5. Refilling of Empty Colloidosome

To exchange the solvent inside the colloidosome, the inside liquid was first decanted. To do
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so, a surface hole was created in the colloidosome with the help of intense localized heat by
using a solder. This broached colloidosome was then placed on a water pool in an orientation
such that the hole was in contact with the water pool. Next, the empty colloidosome was
individually filled with different liquids, each with a range of surface tension from 72.8 to 17
mN/m. The final step in the process involves closing the surface hole of this liquid-filled
colloidosome with a lid made of the same melted PODAc powder. A fine bed of polymer was
heated at 70 “C, followed by cooling, which resulted in the formation of a thin film. This thin
film was used as a lid and placed on a colloidosome filled with solvent. This lid was then
merged with the colloidosome shell by applying localized heat, forming a cured colloidosome
packed with the desired solvent.

3.2.6. Tailoring of Colloidosome Shell Thickness

The thickness of the colloidosome shell was tuned by varying the grain size of the PODAc
powder. Metal meshes with different predefined pores were used to get PODAc powder with
varying size distributions. First, the formed polymer was ground using a mortar and pestle, and
the largest particles were obtained with a size distribution around 400-600 um. These particles
are referred to as ST-5. The ground PODAc powder was allowed to pass through a metal mesh
with a predefined pore size to obtain particles with different size distributions. The particle size
was analyzed under an optical microscope. This microscopic image was then inspected using
OpenCV. The pixel-per-metric ratio was defined based on the scale bar provided by the
microscopic image. Then, the corresponding contours for different particles in the image were
measured. The final particle size reported was the equivalent diameter calculated based on the
area and perimeter found from the image detection software. Depending on the size
distribution, the PODAc powders are classified as ST-1, ST-2, ST-3, ST-4, and ST-5. The
obtained PODAc powder was used to prepare a colloidosome following the above-mentioned
procedure.

3.2.7. Impact Test

The impact test was performed by dropping colloidosomes of size 20 pL of different shell
thicknesses (ST-5, ST-4, ST-3, ST-2, and ST-1) from various heights (180, 30, 15, 10, and 6
cm) on a hard surface. The physical durability of these was determined by monitoring their
rolling behavior on a flat and tilted surface after performing an impact test.

3.2.8. Compression Test

Colloidosomes of size 20 uLL were prepared with different shell thicknesses and subjected to

gradual compression using a UTM machine with a load capacity of 5 kN.
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3.2.9. Measurement of Sliding/Rolling Angle

Sliding and rolling of beaded droplets of selected liquids were observed on coatings embedded
with homo- and heterogeneous wettability. In contrast, LM and colloidosomes were rolled on
inclined glass surfaces. The rolling angle for LM and colloidosome of 10 pL was carried out
by first placing them on a flat glass surface and then gently increasing the tilting angle. A servo
motor controlled by an Arduino Uno allows the stage to be tilted at the desired angle. The servo
motor was programmed to increase the tilting angle of the stage by 1° every 5 s, and once the
stage reached the desired tilting angle, it resulted in rolling off the colloidosome or LM. For
super hydrophobic, solid-slippery, and liquid-infused slippery interfaces, sliding/rolling of
different solvent droplets of 10 pL was studied on an appropriately tilted interface.

3.2.10. Chemical Reaction in Colloidosome with a Volatile and Low-Surface Tension
Medium

Solutions (100 mM) of vanillin and propylamine were separately prepared in ethanol.
Thereafter, an empty colloidosome with a capacity of 20 pL is taken and filled with 10 uL each
of a solution of vanillin and propylamine. This colloidosome is then packed, as demonstrated
earlier, and kept for 1 h to complete the reaction. When mixing transparent solutions of selected
reactants, the resultant solution became yellowish, intensifying as the reaction proceeded with
time. FTIR analysis was performed by extracting the solution from this colloidosome after 1 h.
3.2.11. Thermoresponsive Reaction with Colloidosome

A highly volatile bromine-water mixture (200 pL/mL) was packed inside a colloidosome of
capacity 20 pL. Next, this colloidosome was placed on 20 mL of aqueous solution of phenol
(11.4 mM) preheated at 60 "C. Once the colloidosome comes in contact with the aqueous
solution of phenol, it releases bromine into the aqueous solution of phenol, forming a white
precipitate of tribromophenol. In a controlled study, the same colloidosome loaded with
bromine failed to provide such a white residue without phenol in the water pool.

3.2.12. Multifused Colloidosome for the Programmed Reaction

To demonstrate the fusion of colloidosomes, two colloidosomes (capacity of 20 uL) were first
broached horizontally to make an interconnection pore. Once connected through this
interconnection pore, they were firmly joined together with the help of a PODAc powder,
followed by localized heating. This resulted in the formation of fused colloidosomes with an
interconnected channel for liquid transport. To demonstrate the flow of liquid across the
channel, DI water dyed with methylene blue was placed into one of the colloidosomes with the
help of a surface inlet hole. As the liquid volume increased, it reached a stage when the liquid

level rose above the interconnection pore and started to flow to the connected colloidosome.
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Using the same concept, I demonstrated the fusion of a colloidosome for performing a
programmed reaction. A central colloidosome (capacity of 30 pL) was connected to four other
colloidosomes (capacity of 20 pL), similar to that explained above. Each of these surface-
attached colloidosomes was then filled with different aromatic alcohols including (a) guaiacol
(30 mg/mL), (b) catechol (30 mg/mL), (¢) phenol (30 mg/mL), and (d) water (for control
experiment) such that their level remained below the interconnection pore. A ferric chloride
solution (50 mg/mL) was prepared and injected through the central colloidosome, and as its
volume increased, it was sequentially distributed to the reaction colloidosomes, yielding (a) a
colored oligomer, (b) a colored complex with catechol, and (¢) a purple colored complex with
phenol. In the control experiment, the fourth colloidosome containing water retained the color
of the ferric chloride solution.

3.3. Results and Discussion

3.3.1. Design of Omniphobic Colloidosomes

In this current design of thermally shape-reconfigurable omniphobic colloidosome, a
thermoplastic comb-like polymer, PODAc, was synthesized by free-radical polymerization of

octadecyl acrylate (ODAc) (Figure 3.2A) following a reported procedure.?!
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Figure 3.2 A) Reaction scheme representing the synthesis of poly octadecyl acrylate (PODAc)
through photopolymerization reaction of octadecyl acrylate (ODAc) in the presence of a
photoinitiator. B) Attenuated total reflection-Fourier transform infrared (ATR-FTIR) analysis of
PODACc (blue) and ODAc (pink). C) Differential scanning calorimetry (DSC) scan showing the phase
transition of PODAc. D) Digital and Static contact angle image (inset) of glycerol on PODAc powder
bed. E) Digital images depicting the immiscibility of PODAc powder in different solvents with a wide
range of surface tension. F) Digital images showing the stability of PODAc powder after exposure to
different chemically contaminated aqueous mediums (pH 1, pH 12, and 5M NaCl) for 30 continuous

days.
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The conversion of ODAc into PODAc was monitored by ATR FTIR analysis, as shown in
Figure 3.2B, where the IR peak for vinylic C-H deformation of the acrylate moiety at 1407
cm” ! was significantly compromised with respect to another IR peak for stretching of carbonyl
groups at 1720 cm™! after free radical polymerization of ODAc.
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Figure 3.3 A) Schematic representing the steps involved in colloidosome formation. B) Digital images
depict the process of preparing a colloidosome (volume = 20 pL). C-E) Powder X-ray diffraction
(XRD) spectra (C), bright-field and cross-polarized microscopic images (D), and field emission
scanning electron microscope (FESEM; E) image of PODAc powder and colloidosome shell. F)

Atomic force microscope (AFM) image and line profiles of colloidosome shell.

This is because only the vinyl group was consumed during the free-radical polymerization of
ODAc, while the carbonyl group remained unaffected. After that, the differential scanning
calorimetry (DSC) study of PODAc¢ (M, of 81.7 kDa) revealed the thermoresponsive behavior
of the prepared polymer with a phase transition (solid to liquid phase) temperature of 51 'C, as
shown in Figure 3.2C. I found the prepared comb-like polymer possessing very low wettability
at powder state (contact angle of 151°, Figure 3.2D) to glycerol and remained insoluble in
different commonly used organic solvents, having a wide range of surface tensions (72.8-17
mN m '), as shown in Figure 3.2E. Even the PODAc powder floated on the water pool, whether
it was acidic (pH 1), basic (pH 14), or contained dissolved salt, for 1 month, demonstrating its
chemical stability (Figure 3.2F). Next, the PODAc capsule was processed based on the
“colloidosome” technique, which is depicted in Figure 3.3A, B. First, PODAc is ground to a

powder state, possessing very low wettability, adsorbed on the droplet surface, forming a LM
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instead of being dispersed in the glycerol droplet. Next, the LM was heated locally by using
NIR light to melt the PODAc powder around the glycerol droplet to form the PODAc shell.
LM, the template for the colloidosome, is typically made of prepared water droplets owing to
its high surface tension. However, volatility can decrease the quality of the colloidosome

because it includes a thermal process.
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Figure 3.4 A-E) Accounting size distribution of PODACc particles, which was calculated using image
analysis of microscopic images (inset). F-J) Digital images of LMs (volume = 20 pL) prepared using
PODACc particles of different grain sizes, including 23 + 1.1 um (F), 45 £ 1.5 pm (G), 58 + 2.1 um
(H), 173 £ 7.6 pm (I) and 477 = 21.8 um (J). K-O) Digital images of colloidosomes (volume = 20 puL)
prepared from the corresponding LMs (F, G, H, I and J). P-T) Field emission scanning electron
microscope (FESEM) images showing the different shell thicknesses of 8.7+ 0.5 um (P), 11.1 £ 1 pm
(Q), 15+ 1.3 um (R), 22.5 £ 1.3 um (S), 125.1 = 2.4 um (T) of the prepared colloidosomes. U) Graph
accounting for the change in shell thickness of colloidosome based on the grain size of PODAc

powder.
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Thus, I have selected glycerol to transform the PODAc LM into a colloidosome due to its lower
volatility and high surface tension. After that, the thermoresponsive property of the PODAc
was strategically utilized to remove encapsulated glycerol from the PODAc shell by thermal
poring. The glycerol was completely removed from the capsule due to its liquid-repellent
feature. Then, target chemicals or solvents were filled into the empty PODAc capsule, which I
term the PODACc colloidosome. It can be utilized successfully as a versatile droplet green

chemistry platform, and the proof of concept is shown in the application section.
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Figure 3.5 (A) Schematic representation of impact test followed to check the mechanical stability of
colloidosome. (B) Digital images showing the stability of colloidosome (volume = 20 pL) with a shell
thickness of 125.1 £ 2.4 um when dropped from a height of 180 cm. (C) Schematic illustration of
compression test followed to check the mechanical stability of colloidosome. (D, E) Digital images
showing the stability of colloidosome (volume = 20 pL) with shell thickness 125.1 + 2.4 um after the
compression test with 1.3 N load. Zoomed-in digital image showing stable colloidosome after the
compression test. (F) Compressive stress-strain plot of colloidosomes (volume = 20 pl) with different
shell thicknesses. (G) LMs of water and DMSO derived from PODAc was found to be immediately
collapsed on falling from a height of 2 cm and 1 cm, respectively. (H) Digital images exhibiting the
picking and rolling of colloidosomes (capacity of 20 pL) with fingers.

The crystalline packing of PODACc is confirmed by X-ray diffraction (XRD) analysis (Figure
3.3C). The XRD peak at 21.6 revealed hexagonal packing of the octadecyl group of PODAc
in its powder and colloidosome form. However, in contrast to the PODAc powder, the
colloidosome shell comprises a continuous crystalline network. After converting powdered

PODACc into the colloidosome shell, a smooth and featureless topography is noted in the optical
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bright-field microscope image (Figure 3.3D). This smooth polymeric film displayed an intense
birefringence of cross-polar light, which was attributed to the existence of the crystalline
network of the thermoplastic polymer (Figure 3.3C). The nanometrically smooth surface is
required for PODAC to display omniphobicity. The colloidosome’s inner shell has nanometric
smoothness, as confirmed by the images of the field emission scanning electron microscope
(FESEM) and atomic force microscope (AFM) (Figure 3.3E, F). The fibril domains appear due
to the crystalline network in the colloidosome shell. While, most of the LMs are fragile and

easily break down under mechanical stimuli, '8

the mechanical robustness of the prepared
colloidosome can be tuned over a wide range from fragile to extremely robust depending on
the shell thickness, for that powder size can be tuned with the grinding of the PODAc, and LMs
are formed with PODAc powders of different grain sizes from 23 + 1.1 pm to 477 + 21.8 um
(Figure 3.4A-E). Further, these different grain size PODAc LMs transform into colloidosomes
with different shell thickness, increasing from 8.7 £ 0.5 pm to 125.1 + 2.4 pm (Figure 3.4F-U).
In this work, the shell thickness ranges from 8.7 to 125.1 um. Landau and Lifshitz's theory can
explain increased mechanical durability with thickness. Fragile colloidosomes can be used for
the mechanical release of inner liquid, while tough colloidosomes can be used for thermal
release. The most robust PODAc colloidosome with a size of ~ 3.2 mm and 125.1 pm shell
thickness remains intact even after a fall from a height of 1.8 m under gravity (Figure 3.5A, B).
I also confirmed that the colloidosome is not cracked even after compression with a 1.3 N force
(Figure 3.5 C-E). Figure 3.5F quantifies the change in stress-strain properties of the prepared
colloidosome with different shell thicknesses. However, LM prepared from the highest grain
size PODAc powder cannot sustain an impact of falling from a distance of 2 cm, as shown in
Figure 3.5G. As a result, the colloidosome with the thick shell can be picked up and rolled with
bare fingers, as depicted in Figure 3.5H.

3.3.2. Study of the Droplet Sticking Property

The PODACc shell is chemically stable to any commonly used solvent, which enables the
encapsulation of various chemicals for a long time without any spillage (Figure 3.6A). The
colloidosome retains its spherical shape even after decanting any target liquids, regardless of
their volatility or surface tension (yLy = 17-72.8 mN m™!). The sphericity of the PODAc is
quantified with static contact angle ® (Figure 3.6B). Owing to the rigid PODAc shell, the
colloidosomes exhibited ® > 170" regardless of liquid surface tension, while conventional
liquid-repellent interfaces (superhydrophobic, lubricated slippery, or solid slippery surfaces,
and LM) exhibit surface tension dependent ® evolution (Figure 3.6C). The sphericity (~

contact angle) difference between LM and colloidosome is attributed to the surface tension
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effect and the continuous crystalline network of the colloidosome. The sphericity depends on

the balance of the surface tension over gravity for LM.
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Figure 3.6 A-B) Digital (A) and static contact angle (B) images of colloidosomes (volume = 20 uL)
filled with different solvents having a wide range of surface tensions. C) Graph showing the static
contact angle values of different solvents used in encapsulating inside colloidosome on different
interfaces including PODAc-based slippery coating, lubricated slippery surface, superhydrophobic
interface, colloidosome and LM. D) Graph depicting the sliding angles of colloidosome filled with
different solvents (volume of 10 pL) and liquid droplets (volume of 10 pL) of the corresponding
solvents on a wide variety of selected interfaces. E-H) Digital (E, G) and static contact angle (F, H)
images of LMs (E-F) and colloidosome (G-H) of different volumes (10 pL, 20 uL and 30 pL) of

glycerol. Results are presented as mean + SD, where sample size, n = 3.
The PODACc layer is discontinuous and delicate for a LM, and the surface tension varies
depending on the inner liquid’s properties. Thus, the sphericity decreases with the surface
tension for LM, as I confirmed experimentally. For a colloidosome, the melting of PODAc
yielded a continuous and rigid shell because of the formation of the crystalline network, which
outperformed the surface tension effect observed in LM. Thus, the sphericity is not dependent
on the surface tension of the inner liquid for the prepared colloidosome. For instance, a
superhydrophobic surface repels high yrv liquids like water or glycerol with high ®; however,
it fails to repel low yLv liquids with low ®. Similarly, the superhydrophobic PODAc powder
(® = 155" for water) failed to form LMs with low surface-tension liquids (Figure 3.6C). The ®
decreased with the yrv on perfluoropolyether-lubricated liquid slippery or PODAc-based solid-
slippery surfaces (Figure 3.6C). After that, I examined the adhesion force of colloidosomes
filled with different liquids (range of surface tension from 72.8 to 17 mN m ') on a bare glass
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slide, quantified by the sliding angle a of 10 pL droplets.*® The colloidosomes exhibit a sliding
angle of o = 6-8’, regardless of the liquid surface tension (Figure 3.6D), while other liquid-
repellent surfaces partially failed in liquid repellency. The omniphobicity of the PODAc shell
inner wall is critical to repeatedly replacing inner liquids from the PODAc colloidosome
without fouling. The shell omniphobicity is estimated from the sliding angle on the PODAc
solid-slippery surface in Figure 3.6D, which shows that all the probe liquids having yLv > 20
mN m ! can be easily removed. In this context, superhydrophobic and liquid-infused slippery

I, as illustrated in Figure 3.6D.

interfaces repel only a few probe liquids with yLv > 50 mN m™~
Moreover, the surface tension of encapsulated liquid in LM derived from superhydrophobic
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Figure 3.7 A) Schematic representation of colloidosomes storage. B-D) Storing of colloidosomes of

different volumes (10 pL, 5 pL. and 2.5 pL) packed with different solvents.
PODACc powder displayed a change in the sliding angle because of the alteration in the contact
angle of LMs on the solid surface. Despite the existing limitation of other bioinspired
interfaces, the currently developed colloidosome enables the no-loss transfer of a broader range
of liquids compared to other liquid-repellent materials. It was noticed that the shape and contact
angle of the colloidosomes merely altered on changing the volume of the inner liquid; however,
powder displayed a deformed shape and depleted contact angle on increasing the volume of
the encapsulated liquid, as shown in Figure 3.6E-H. It is important to note that the thermal
melting of deposited superhydrophobic PODAc powder on the encapsulated liquid has not only
provided a crystalline network but also elevated the contact angle significantly at different
volumes of encapsulated liquid. When the inner liquid volume is 30 uL, LM is deformed by
gravity, while colloidosomes have high sphericity (Figure 3.6G, H). It means that the thermal
melting of the PODAC significantly elevated the contact angle. This encapsulation of different
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liquid types and volumes enabled a simple basis to encapsulate and store volatile/nonvolatile
chemicals in predefined volumes-without having any mass loss (Figure 3.7A). In this context,
I can handle microliter liquids such as solid beads in containers without sticking or evaporation

(discussed later), which would change the protocols of chemical synthesis.
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Figure 3.8 A, B) Digital images comparing the evaporation of water (A) and hexane (B) droplets
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(volume = 20 pL) from different surfaces (solid slippery, liquid-infused SLIPS and superhydrophobic
surfaces), LM and colloidosome. C, D) Graphical representation depicting the change in weight
percentage of water (C) and hexane (D) droplets with time for different surfaces (solid slippery, liquid -
infused SLIPS and superhydrophobic surfaces), LM and colloidosome. Results are presented as mean

+ SD, with a sample size of n = 3.
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As a prototype demonstration, colloidosomes with different loading capabilities (2.5 to 10 pL)
were successfully prepared by encapsulating various volatile and nonvolatile liquids-including
water, glycerol, DMF, and ethanol (Figure 3.7B-D). Such a non-sticking platform can handle
tiny, volatile and non-volatile liquids and promote highly efficient droplet-based chemical
reactions.

3.3.3. Study of the Droplet Evaporation

The PODACc colloidosomes can prevent inner volatile solvents from evaporation (Figure 3.8A,
B). I selected water and hexane as probe volatile, polar and nonpolar liquids. The test liquid
volumes are 20 pL, and the water and hexane are dyed with methylene blue and Nile red,
respectively. Time-lapse images of these liquid droplets in colloidosome compared with other
liquid-repellent interfaces, including superhydrophobic, liquid-infused slippery, solid-slippery

surfaces, and LMs, are presented in Figure 3.8A, B.
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Figure 3.9 Digital images depicting the stability of colloidosome (capacity of 20 pL) on a solid surface

with different solvents after 30 days.

No changes in the PODAc colloidosome loaded with water and hexane are observed even after
8 h. In contrast, other liquid—repellent interfaces show droplet evaporation after a shorter
duration. Even the shape and weight of water marble derived from powdered PODAc were
observed to alter with time. To quantify the evaporation speed, I measured the weight change
of the water and hexane droplets, depicted in Figure 3.8C, D. There is no significant weight
change with time for the colloidosomes loaded with water or hexane droplets.

Moreover, the water and hexane-encapsulated colloidosomes of crystalline shell displayed no
change in shape and weight over 8 h, unambiguously suggesting no mass loss of volatile solvent
from the prepared colloidosome. This perfect blocking property of inner liquid evaporation is
due to the highly packed crystalline shell of the colloidosome. Irrespective of the nature of the
encapsulated liquids, no noticeable change in shape and mass was observed for colloidosomes
even after storing the colloidosomes for a month, as shown in Figure 3.9. The encapsulation of

the droplet within the PODACc shell lost the liquid diffusion property with respect to the
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contacted media. However, taking advantage of the thermoresponsive behavior of PODAc, I
successfully demonstrated the on-demand extraction of the inner liquid and the addition of
external liquids into the prepared colloidosome. The localized temperature-assisted formation
of holes in the prepared colloidosome allowed the extraction of an inner liquid and the addition

of an external liquid, respectively.
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Figure 3.10 A) Scheme depicting the release of inner liquid from colloidosome on a solid surface
upon heating. B) Digital images showing the release of different solvents from colloidosome (volume
=20 pL) induced by heating with near-infrared (NIR) light and hot plate. C) Schematic showing the
release of inner liquid on a liquid pool upon heating. D) Digital images representing the release of

different solvents from colloidosome (volume =20 puL) on water and DMSO pool induced by heating.
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Thus, while the closeness of the capsule prevents adhesion and evaporation, the
reconfigurability of the same capsule shell allows on-demand addition and extraction of liquids.
Moreover, the release of encapsulated liquids from the colloidosome is successfully depicted
in Figures 3.10. In Figure 3.10A, the colloidosome was heated on a hot plate above 51 °C or
irradiated with NIR light. I confirmed the release of water, glycerol, ethylene glycol, DMSO,
DMEF, acetone, ethanol, and hexane liquids, as shown in Figure 3.10A, B. A similar outcome
was observed in water or DMSO pools, as shown in Figure 3.10C, D.

When the PODAc shell is heated above 51 °C, the crystalline packing of PODAc is
compromised. The PODACc shell rapidly melted, releasing the encapsulated inner liquid into
liquid pools. The release of the inner liquid to the solid surface is driven by capillary force,
while diffusion guides the release of the inner liquid to the liquid pools. As a consequence, the
released liquid accumulated on top of the solid surface, and rapid mixing of the encapsulated
liquid was noticed in the liquid pool. Such on-demand, heat-triggered release of the inner liquid
from the colloidosome would help to depict various on-demand chemical reactions. Further,
the thermoresponsive character of the PODAc allowed the recycling of the PODAc shell to
another fresh colloidosome. After melting and releasing the inner liquid, I obtained the solid
blocks of the PODAc. The block was processed into superhydrophobic powder by grinding,
which enables the formation of the fresh colloidosome by repeating the same formation
process. Thus, the current approach of preparing colloidosomes is also recyclable, as shown in

Figure 3.11.
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S

Cooling
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Figure 3.11 Digital images illustrating the recyclability of colloidosomes.
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3.3.4. Zero-Loss Microreactor

In the history of droplet chemistry, LMs were promising as a non-sticking platform for
miniaturizing chemical reactions in microliter volume, where mostly nonvolatile solvents (e.g.,
DMSO, DMF) are used as reaction medium.!** However, the use of volatile organic solvents
is rarely observed as the rapid loss of volatile solvents through unavoidable evaporation
becomes exceedingly challenging. In this context, the prepared colloidosome that allowed
evaporation-free, non-sticking encapsulation of various liquids with tunable volume has been
successfully applied as a zero-loss microreactor to perform Schiff base reaction with a standard

volatile organic solvent, i.e., ethanol in microliter volume over a relatively longer duration

(Figure 3.12A, B).
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Figure 3.12 A-B) Schematic illustration of miniature Schiff-base reaction between vanillin and propyl
amine in a volatile organic solvent (ethanol). C) Digital images showing the complete reaction of
vanillin and propyl amine inside a packed colloidosome (volume = 20 pL). D) Digital images showing
the incomplete reaction between vanillin and propyl amine performed on an open glass substrate
(volume = 20 puL). E) Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of
vanillin (pink), propyl amine (grey), reaction mixture inside colloidosome (green) and on a glass

substrate in open air (purple).

As a proof-of-concept demonstration, the prepared colloidosome was filled with an equimolar
(0.1 M) amount of propylamine and vanillin in 20 pL of ethanol, as demonstrated in Figure
3.12C. As the reaction proceeded, the reactants mutually reacted to form a Schiff base.
Eventually, an intense yellow color was observed after a period of 1 h. The ATR-FTIR study
of the reaction mixture encapsulated in colloidosome confirmed a complete con version of

reactants into the desired product, where the characteristic absorption peak of carbonyl

85|Page
TH-3852_196122029



Chapter 3

(corresponding to aldehyde moiety of vanillin) at 1670 cm™!

was completely depleted, instead,
a new absorption peak has appeared for imine stretching at 1640 cm™' as shown in Figure
3.12E. Whereas in a controlled study, when the same reaction mixture was placed on a clean
glass surface, a gradual loss of solvent was noted with time. Eventually, a dry and yellow
residue was found to be stuck on the glass slide, as shown in Figure 3.12D. Further, the ATR-
FTIR analysis of the solid residue on a glass substrate supports the incomplete reaction of the
same reaction mixture. The characteristic absorption peaks for carbonyl and imine stretching
were noticed at 1670 and 1640 cm ™', respectively (Figure 3.12E), suggesting partial conversion
of the used reactants. The rapid evaporation of reaction media prior to the completion of the
reaction is responsible for such incomplete chemical reactions. Thus, the prepared
colloidosome can be successfully applied as a zero-loss microreactor, where the loss of solvent
due to evaporation and the loss of product due to sticking on the solid surface can be avoided.
3.3.5. On-Demand Chemical Reaction

The on-demand chemical reaction is fascinating, as the chemical reaction can be programmed
as needed. However, the encapsulation and subsequent storage of volatile reactants for a
prolonged duration before their on-demand release to perform desired chemical reactions is
challenging. In this context, bromine liquid, known to be a toxic chemical, was encapsulated
in a prepared colloidosome and stored for 30 days, as shown in Figure 3.13A. No mass loss
was noticed as the continuous crystalline network of the prepared colloidosome is inherently
capable of preventing the evaporation of the volatile solvent and reactant. The
thermoresponsive behavior of the prepared colloidosome that allowed the release of inner
liquid at elevated temperatures (>51 "C) was utilized to depict the on-demand interfacial
reaction between phenol and bromine to form tribromophenol, as shown in Figure 3.13B, C.
The encapsulated colloidosome was placed in an aqueous pool of phenol. Once the temperature
of the aqueous pool was elevated above 51 °C, the shell of the colloidosome melted, and the
brown bromine solution was released into the aqueous solution of phenol to rapidly form a
white precipitate of tribromophenol, as shown in Figure 3.13D. '"H NMR peak for ortho and
para hydrogen at 6.8 and 7.2 ppm of phenol diminished completely after the reaction.
Additionally, the peak appearance and position for nonreactive meta-hydrogen changes from a
triplet (6.9 ppm) to a singlet (7.5 ppm), confirming the successful bromination at the ortho and
para positions of phenol, as shown in Figure 3.13E. However, such an appearance of white
precipitate was not observed on the release of the same bromine solution on a phenol-free water
pool (Figure 3.13F). Hence, the current approach is capable of storing volatile reactants for a

prolonged duration and the thermoresponsive nature of the prepared colloidosome enables the
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on-demand release of encapsulated volatile reagents to execute chemical reactions. Thus, the
prepared colloidosome provided a much safer and greener platform for chemical reactions,

even with toxic and volatile reagents.
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Figure 3.13 A) Digital images depicting the storage of highly volatile bromine—water solution in
colloidosome over 30 days. B) Depicting the Bromination of phenol to form 2,4,6-tribromophenol. C)
Scheme representing the heat-induced release of bromine from colloidosome into aqueous solution of
phenol resulting in the formation of 2,4,6-tribromophenol. D) Digital images showing the release of
bromine from colloidosome upon heating (volume = 20 pL) into an aqueous solution of phenol
resulting in the formation of white-colored sediment. E) H! NMR spectra of while sediment and
phenol. F) In the absence of phenol, no such changes were noticed even after the release of bromine
from colloidosome (volume = 20 uL) upon heating into the water pool.
Thereafter, an on-demand photopolymerization is demonstrated without releasing the inner
reagents; instead, all the essential reactants were placed inside the colloidosome, and under
external stimuli, e.g., the chemical reaction is triggered by UV light. In this context, the UV
light transmittance (at a wavelength of 365 nm) of the PODAc shell was noticed to be increased
by reducing its thickness, as shown in Figure 3.14A. The colloidosome with a shell thickness
of 8.7 um exhibited high UV transmittance (66%) and was used to encapsulate the monomer
and initiator together to demonstrate on-demand photopolymerization through the UV
irradiation process, as shown in Figure 3.14B, C. The photoreactive initiator (2-hydroxy-2-
methylpropiophenone) provided reactive species to initiate the polymerization of glycidyl
methacrylate (GMA) and an epoxy group-containing chemically reactive poly glycidyl

methacrylate PGMA. Reaction mixtures of monomer with different concentrations were loaded
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inside the colloidosome and exposed to UV light for 2 h to allow the polymerization reaction.
In the end, the colloidosome was mechanically ruptured to get the resultant polymer, as shown
in Figure 3.14E-G. Depending on the concentration of (0.75, 1.1, and 1.5 M) monomer, the

molecular weight and the appearance of the resultant polymer in terms of its opacity and

softness were altered.
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Figure 3.14 A) Graph representing the change in transmittance of colloidosome shell at 365 nm
wavelength with increasing shell thickness. B) Schematic illustration of UV light-induced on-demand
photopolymerization inside colloidosome. C) Reaction scheme depicting the synthesis of poly
glycidyl methacrylate (PGMA) through photopolymerization of glycidyl methacrylate (GMA) in the
presence of a radical initiator. D) Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectra of PGMA and GMA. E, F) Digital images showing the formation of PGMA inside
colloidosome (F) packed with different concentrations of GMA in ethanol (E). G) Digital images of

resultant PGMA polymers formed inside colloidosomes.

A brittle and solid polymer with an M, value of 37.9 kDa was obtained at 1.5 M monomer
concentration. In contrast, a semisolid transparent (M, 27.7 kDa) and opaque (M, 16.5 kDa)
polymer was obtained at 1.1 M and 0.75 M, respectively. The complete polymerization of the
monomer inside the prepared colloidosome was characterized by ATR-FTIR analysis, where
the absorption peak for stretching of a vinyl moiety at 1637 cm™! was diminished after

polymerization, as shown in Figure 3.14D. As expected, the IR signatures of the epoxy group

1

were noticed at 907 cm ™. Thus, the current approach allowed the on-demand synthesis of the

chemically reactive polymer in an isolated and confined environment.
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3.3.6. Chemical Reaction Using Multifused PODAc Colloidosome
The spot melting of the PODACc shell enabled the interconnection of multiple colloidosomes,
which made the chemical reaction more systematic. In this section, I have demonstrated the

utilization of an interconnected network of colloidosomes for mixing solvents and chemicals.
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Figure 3.15 A) Digital images depicting the steps involved in preparing a thermally fused empty
colloidosome connected through a channel by joining two distinct colloidosomes filled with glycerol
(volume = 20 pl), followed by decanting the glycerol from the fused state. B-C) Schematic and digital
images illustrating liquid (water dyed with methylene blue) flow from one colloidosome to another
connected through a channel. D) Schematic depicting the flow of ferric chloride solution from one
colloidosome to four others connected colloidosomes containing hydroquinone, catechol, phenol, and
distilled water. E) Reactions of ferric chloride with different aromatic alcohols, including
hydroquinone, catechol, and phenol, resulted in the formation of different complexes. F) Digital
images showing the flow of ferric chloride solution from one colloidosome to four others connected
colloidosomes containing hydroquinone, catechol, phenol, distilled water, and the color change

observed due to the formation of different complexes and oligomer.
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This is useful in depicting a programmed reaction where multiple colloidosomes were
connected through an inner hole to pass liquids. In the simplest model, two colloidosomes were
fused thermally to achieve an interconnected passage for demonstrating liquid flow across
colloidosomes, as shown in Figure 3.15A, B. Initially, the methylene blue-dyed liquid was
introduced through the surface hole of one colloidosome, and this liquid flowed into the other
connected colloidosome when the liquid level rose above the interconnected passage (Figure
3.15C). I utilized this principle for the programmed reaction as schematically represented in
Figure 3.15D, where four colloidosomes were interconnected with a central colloidosome.
After that, these four colloidosomes were prefilled with different aromatic alcohols, including
guaiacol, catechol, phenol, and waters, so their level remains below the interconnection pore
to avoid backflow to the central colloidosome. Once the ferric chloride solution was passed
through the inlet hole of the central colloidosome, it sequentially flowed to each of the
connected colloidosomes via the interconnected pore, resulting in a change in the color of
respective alcohols because of the formation of respective ferric complexes with aromatic
alcohols or oligomers (Figure 3.15E, F). This concept opened the possibility of systematic
miniature chemical reactions. Recently, a complex fluidic device has been proposed based on
complex geometric regulation of the liquid flow.’>*! Recently, a high-resolution thermal
patterning technique has also been reported.* Since the PODAc geometry is controllable with
local heating, high-resolution thermal management may help to make the processing of PODAc
colloidosomes more and more flexible. In the recent past, different and unique strategies,
including spontaneous liquid flow reactors and cellular fluidics, were introduced to achieve
rapid and controlled transport of liquids; however, these approaches have limited ability to
prevent evaporation of volatile liquids.*> In comparison, the current approach provided a
facile basis for guided transport of a wide range of liquids without adhesion- or evaporation-
based mass loss. Owing to its facile processability and chemical stability, the PODAc
colloidosome would be a powerful tool to customize droplet chemistry more efficiently and
systematically.

3.4. Conclusion

In addition to the sticky feature of liquids (for example, sticking to a container), the high
volatility of useful primary organic solvents restricts “droplet chemistry” from reaching its
promising practical utilities. The dilemma is that the with lower volume of reaction mixture,
the vaporization effect of the liquid would be none. Here, I designed a thermally shape-
reconfigurable omniphobic colloidosome that prevents both adhesion and evaporation losses

of liquids, thus acting as a powerful tool for droplet green chemistry. The novel feature of our
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approach is the molecular feature of PODAc’s comb polymer structure: PODAc assembles to

form a hexagonally packed hydrocarbon chain surface exhibiting omniphobicity, providing a

phase transition at a moderate temperature for shape reconfigurability. These features also help

the easy and recyclable capsule shaping of PODAc by adopting the colloidosome process. Our

strategy is advantageous to classical omniphobic surfaces because of the broader range of

surface tension of the repelling liquid, the minimization of the liquid evaporation loss, and the

controlled release of the inner liquid. As a proof of concept, I show three types of chemical

reactions in colloidosomes with a volume of 20 pL solution of reactants: (i) long-time chemical

reaction using volatile microliter solvent, (i1) on-demand release of volatile reactants to initiate

a chemical reaction, and (iii) on-demand photo polymerization in a confined space. The

demonstration covers the typical prototype chemistry of molecular, polymer and particle in a

droplet scale, which will be developed for more complex reactions using two or more PODAc

colloidosomes using complex liquids. These applications prove that the PODAc colloidosome

is inherently efficient for high-yield chemical reactions with valuable reagents and minimized

waste. Higher-level processing, such as interconnected fused colloidosome capsules, would

make chemical reactions more complex. As a laboratory glass instrument used for complex

chemical reactions, the PODAc “vessel” processing would not be limited to the capsule shape

for high-level green chemistry. However, the temperature-assisted chemical reaction inside the

colloidosome is challenging to achieve because of its melting at high temperatures. However,

the melting temperature of the colloidosome can be tailored based on the selection of

appropriate polymers.
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Chapter 4: Controlled Chemical-patterning of Textile to Accelerate Anti-
gravity Water Flow

Bio-inspired unidirectional flow of tiny aqueous droplets across the fibrous substrate paved the
way for the emergence of various advanced materials. In the past, textiles decorated with
noncontact-based wettability-patterns enabled unidirectional water flow, without flooding the
top surface by the transferred water. However, such approaches mostly suffer from a low
(=0.176 pL mm 2 s~ ") flow rate and are likely to delay the overall liquid ejection process. Here,
a chemically reactive coating capable of tailoring water wettability (121.3" £ 2.4 to 153.3" +
1.8") is introduced on commercially available textiles to develop chemically modulated
wettability-pattern for achieving a rapid (2.57 + 0.28 uL mm 2 s!) flow rate of water against
the gravity with an ability to roll the accumulated liquids on the top surface. The spatially
selected and controlled chemical modification with hydrophilic and hydrophobic small
molecules through a 1,4-conjugate addition reaction yielded a 3D channel with a customized
wettability gradient. The pinning and depinning of invaded water through such chemically
decorated channels enabled unidirectional and fast penetration of liquid, where the water
penetration resistance largely depends on the water penetration direction and dimension of the

chemically modulated channels.

S. Kumar, A. Borbora, P. Chakraborty, H. Sarma, A. Bose, M. Tenjimbayashi and U. Manna,
Adv. Funct. Mater., 2024, 34, 2410955.
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4.1. Introduction

In nature, many living objects adopted different strategies for the unidirectional liquid flow for
their survival. For example, asymmetric spines in cacti,'? periodic spindle knots in spider
silk,* bird beaks,> and peristome surface structure of pitcher plants’'? inherently display a
unidirectional flow of water. Inspired by these naturally existing interfaces, various
macroscopic and microscopic asymmetric structures of naturally existing interfaces were
mimicked artificially to achieve unidirectional liquid transportation—which finds diverse

2,11

potential applications, including water harvesting,>!'! oil/water separation,'>!* heterogeneous

14,15 16,17

catalysis, smart textile, etc. In contrast to asymmetric bio-inspired structures,
Whitesides and coworkers introduced a gradient of wettability to achieve another type of
unidirectional water transport, where water droplets run “up the hill” without requiring any
external energy.'® Since then, few other approaches, including water column-assisted
coalescence of tiny water droplets across a superhydrophobic barrier,'? patterned channel with

24-29

J617.2025 “and  Janus wettability across a fibrous substrate were

wettability gradient
introduced for liquid transport against gravity. Among these, the approach of patterned
channels with a liquid repellent background not only provides a facile basis for the anti-gravity
transport of water but also prevents the flooding of the top surface by the transferred liquid.
Moreover, such a design allows the rolling of transferred water droplets to keep the top
interface dry. Transportation of secreted body waste found in the form of tiny aqueous droplets
on the skin (widely recognized as sweat) is of great challenge, as the flooding of commonly
used hydrophilic textiles by sweat leads to prolonged exposure to an unhealthy and
uncomfortable environment.>* An average person is known to produce sweat at a rate of =1 Kg

m~ h! under a condition of moderate exercise,’!

whereas the water-repellent commercially
available fabrics remained capable of rejecting sweat at a much lower rate, i.e., =0.46 Kg m™
h'1.3233 Recently, to achieve better management of personal moisture, the principle of anti-
gravity transport of liquid has been successfully applied in designing a “skin-like” fabric to
gject sweat from the body surface to keep the body skin dry and relatively cool with respect to

its surroundings.?!

In a seminal report, a superhydrophobic background derived from
perfluorosilane-coated TiO2 nanoparticles was subjected to spatially selective plasma treatment
to develop gradient wettability spot channels for unidirectional water transport.'® Thereafter,
various other patterned channels were introduced by strategic modulation of the pore and
wettability of the used fibrous substrates.!”?%?223 However, the use of environmentally toxic
fluorinated chemistry in the superhydrophobic backgrounds and the low flow rate of water

transfer (<0.2 uL mm™ s ') demand further design of material for rapid ejection of relevant
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liquids (e.g., bio-fluids, sweat and so on) across the selected fibrous substrate for its more

realistic and prospective applications in the efficient management of personal moisture, wound

healing, design of liquid diode etc.
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Figure 4.1 (A-D) In situ, deposition of chemically reactive nano complex (CRNC) derived from a

reaction mixture of SAcl and BPEI on a selected textile (A) following the dip coating process yielded
chemically reactive textile (B). Its post-chemical modifications with octadecylacrylate conferred
superhydrophobicity and denoted as a chemically reactive superhydrophobic textile (C). The spatially
selective modification of chemically reactive superhydrophobic textile with glucamine followed by
octadecylamine provided Janus channels on a chemically inert superhydrophobic background. E)
Schematic illustrating the unidirectional transport of beaded droplets through patterned textiles against
gravity. F) The plot comparing the rate of unidirectional transport against the gravity of current work
with reported literature.

Various natural or synthetic fabrics have complex geometries and tend to rapidly absorb water
and other liquids, leading to arbitrary spillage. This made contact-based controlled chemical
patterning on fabric challenging in the past. In the previous literatures, mostly non-contact
patterning methods (UV-ray, plasma treatment, etc.) were spatially selectively applied to
perturb the hydrophobic chemical groups (e.g., fluorinated hydrocarbons) on the
hydrophobic/superhydrophobic interface;'®** however, controlled and uniform penetration of
UV-radiation or plasma across the highly opaque fibrous substrate would be a challenging task

to achieve. On the other side, a liquid repellent and chemically reactive coating on fabric is

essential to restrict the arbitrary absorption of water or other solvents during spatially selective
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chemical modification. To the best of my knowledge, examples of chemically reactive
superhydrophobic coating on fabric are rare in the literature. While the residual reactivity
allowed a controlled chemical modification, the embedded water repellency restricts arbitrary
spillage of modifying solution during wet chemistry on fabric, ensuring a controlled and
spatially selective patterned wettability across its thickness as depicted in Figure 4.1. As the
current method is substrate-independent, I can successfully develop a wettability pattern on a
wide range of natural and synthetic fabrics at ambient conditions without requiring any
instrument.

In this chapter, chemically reactive nanocomplex (CRNC) was dip-coated on a selected fibrous
substrate for direct and spatially selective modulation of wettability through adopting a 1,4-
conjugate addition reaction in aqueous medium at ambient conditions, referred to as “wet-
chemistry” using selected small molecules, i.e., glucamine, as depicted in Figure 4.1A-D. In
the current approach, no sophisticated instrumental setup is required; rather, the diameter and
depth of the patterned spot can be regulated easily just by controlling the contact area between
the textile and aqueous droplet of glucamine and the duration of the wet chemistry. The
hydrophilic moiety is installed without perturbing the hydrophobic moiety (e.g., hydrocarbon)
to spatially selectively modulate the water wettability on the water-repellent interface (Figure
4.1E). The prepared patterns provided superior anti-gravity transport of water irrespective of
the channel diameters (D) that were commonly adopted in the reported literature on patterned
textiles, as shown in Figure 4.1F. This is likely due to the chemically controlled optimization
of pattern dimension with a gradient of wettability on a water-repellent background (Figure
4.1E). In the current strategy, chemically modified hydrophobic and hydrophilic moieties
present in the patterned channel contribute to a unidirectional pinning and depinning process
to transport the beaded water droplet against the gravity, where both water friction force of
transported water and breakthrough pressure varies depending on the channel size and
hydrophobicity of background of the prepared channel. Such material remained successful in
the rapid ejection of accumulated sweat from the skin to provide a dry and non-sticky
environment. Moreover, the rapid anti-gravity transport of artificial sweat ensured a
temperature depletion of 4.2 °C in a relevant and hot (40 “C) outdoor condition, where the
improvement in controlling body temperature performance was found to be 40% compared to
the best available performance of patterned textiles in the literature.'>* In addition, such a
strategy would be useful in intravenous therapy, where unidirectional transport of saline and

medicine would be possible with an added feature for preventing blood backflow.
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4.2. Experimental Section

4.2.1. Material Required

Branched poly(ethyleneimine) (BPEIL, Mw ~ 800 Da), dipentaerythritolpenta-acrylate (5-Acl,
Mw ~ 524.21 g mol™), octadecyl amine (ODA), lauryl acrylate (LAc), octyl acrylate (OAc),
hexyl acrylate (HAc), butyl acrylate (BAc), acetic acid, lactic acid, tertramethylrhodamine
cadaverine (TMRC) and fluorescein isothiocyanate (FITC) were purchased from Sigma-
Aldrich, Bangalore, India. D-glucamine (> 95 %) was obtained from TCI (Tokyo Chemical
Industry). Magnesium chloride, ammonium hydroxide, calcium chloride and magnesium
sulphate were purchased from Emparta (Merck Specialties Private Limited). Dimethyl
sulfoxide (DMSO) was procured from Finar, India. High glucose DMEM (Gibco, United States
of America), fetal bovine serum (FBS), phalloidin-488 solution, hoechst-33342 were
purchased from Thermofisher (USA). Antibiotic antimycotic solution was purchased from
HiMedia Laboratories, India. Thiazolyl blue tetrazolium bromide (MTT), neutral buffer
formalin (NBF), Triton X-100, bovine serum albumin (BSA), tween-20 were procured from
Sigma-Aldrich. UV cabinet used for continuous exposure to UV radiation was purchased from
Relitech (Bengaluru, India). Sandpaper (grit no. 400) was purchased from Amazon, India.
Polyurethane textile, cotton textile, wool textile, polyester textile and lycra textile were
procured from a local shop in Guwahati (Assam, India). The details of the remaining other
chemicals used in this work were provided in the previous chapters.

4.2.2. Charecterization

Depth of D-glucamine modification in reactive superhydrophobic textile was performed by
electron dispersive X-ray spectroscopy. The samples were coated with a thin layer of gold by
sputtering for 90 seconds before measurements. The X-ray photoelectron spectroscopy (XPS)
was performed in PHIS000 VersaProbe III (® ULVAC-PHI, INC.) with a monochromated Al
Ka X-ray source. All fluorescence microscopic images were captured using a ZEISS Axio
Vert.Al inverted microscope with a 5X objective. The surface temperature of the patterned
textile and bare textile was measured with a thermal infrared camera (Testo 05608721). The
remaining other instruments used in this chapter for characterization of synthesized materials
were the same, as discussed previously in section 2.2.2 of chapter 2.

4.2.3. Fabrication of Dual Chemically Reactive Textiles

Dual chemically reactive textiles were prepared following a dip coating procedure. In this
context, I have selected a plain weave of polyurethane fabric with a twill pattern (180 g m?)

and a thickness of ~ 456 um. In brief, a reaction mixture was prepared by mixing 6 mL BPEI
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solution (0.105 M in ethanol) into 20 mL 5Acl solution (0.252 M in ethanol). Then, a piece of
textile (10 x 10 cm?) was dipped into the reaction mixture. After 30 minutes, when the reaction
mixture started to appear milky-turbid because of the formation of reactive nanocomplex, the
textile was removed and kept for air drying overnight. Thereafter, it was thoroughly washed
with ethanol, followed by air drying to obtain the dual chemically reactive textile.

4.2.4. Developing Chemically Reactive Superhydrophobic Textiles

The chemically reactive superhydrophobic textile was prepared through the post-covalent
modification of dual chemically reactive textiles with ODAc, where residual amine groups of
dual chemically reactive textiles readily reacted with the acrylate groups of ODAc through 1,4-
conjugate addition reaction at ambient condition. In this context, the dual chemically reactive
textile was dipped into an ethanol solution of ODAc (5 mg mL™!) for 12 h, followed by washing
the coated substrate thoroughly with fresh ethanol multiple times to remove excess and loosely
deposited ODAc molecules. Finally, the ODAc-modified textile was kept for air drying to
obtain the chemically reactive superhydrophobic textile. A similar protocol was followed for
OAc and LAc modification to tailor water wettability.

4.2.5. Fabrication of Janus Textiles

The chemically reactive superhydrophobic textile was kept on a planar substrate, and all four
edges of the textile were covered with adhesive tape to restrict the spreading of the aqueous
solution of D-glucamine (0.275 M) to the backside of the textile. The textile was submerged in
D-glucamine solution to allow the reaction with residual acrylate of reactive superhydrophobic
textiles for different durations. Thereafter, the treated textile was washed thoroughly with water
multiple times to remove excess and loosely deposited D-glucamine moiety. The wettability
on both sides (top and bottom) of the textiles was investigated by visual inspection and contact
angle measurements. Textiles with contrast wettability at two sides are denoted as Janus textile.
4.2.6. Fabrication of Patterned Textiles

To create patterned textiles with spatially selective chemical modification using glucamine, the
chemically reactive superhydrophobic textile was placed on a flat substrate. Arrays of spatially
selective regions were then exposed to 5 uL of the D-glucamine solution for different durations.
Followed by washing thoroughly with water multiple times to obtain patterned hydrophilic
channels on a superhydrophobic background. Additionally, the volume of the beaded droplets
of D-glucamine solution on reactive superhydrophobic textiles was varied to modulate the
dimension of hydrophilic spots in the patterned textiles. Finally, the patterned textile was
treated with octadecyl amine (concentration of 5 mg mL™) to consume available acrylate

groups in the superhydrophobic background and then washed with ethanol.
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4.2.7. Water Vapour Transmission Test

Both patterned and bare textiles were separately wrapped around the opening of a centrifuge
tube (50 ml, diameter 3 cm, pre-filled with 40 ml of distilled water) by thread. The water inside
the centrifuge tubes was allowed to evaporate out at room temperature with a relative humidity
of 50 = 5%. The weight of the centrifuge tube was measured at regular time intervals. The
water vapor transmission was measured by dividing the reduced mass of water by the exposed
area of the textiles placed on top of the centrifuge tubes.

4.2.8. Estimation of Water Breakthrough Pressure

A patterned textile was fixed to a hollow glass tube, which has a bottom opening of diameter
(2r) of 1cm. Then, water was poured into the tube till the water spilled from the bottom fabric.
Here, the critical height of the water in the tube is proportional to the breakthrough pressure.
4.2.9. Chemical Durability Tests

Patterned textiles were immersed in different chemically harsh conditions, such as artificial
seawater (Prepared by mixing NaCl (2.673g), MgSO4 (0.325g), MgCl; (0.226g), and CaCl,
(0.112g) in 100 ml of deionized water), deionized water, river water, alkaline solution (pH 12),
acidic solutions (pH 1), surfactant solutions: DTAB (1mM), and SDS (1 mM) and UV
irradiation (254 nm and 365 nm) for 6 weeks. Thereafter, the unidirectional and anti-gravity
water transport property was examined visually and the extreme water repellence of beaded
droplets was measured by contact angle instruments.

4.2.10. Physical Durability Tests

The prepared coatings were subjected to various practically relevant and physically abrasive
exposures widely accepted in the literature. The details of each abrasive and challenging
exposure are mentioned below-

4.2.10.1. Sand Paper Abrasion

An abrasive sandpaper 400 grit (1 cm % 2 cm) was individually applied on the patterned textiles
(5§ cm x 1 cm) for 5000 cm distance by rubbing with back-and-forth motion across the
patterning top spot side coating with an applied pressure of 25 kPa. After that, the unidirectional
water transport property of superhydrophobic Janus channel textiles was examined with visual
inspection. On the other hand, the water repellence of beaded droplets was measured using
contact angle instruments.

4.2.10.2. Adhesive Tape Peeling Test

A freshly peeled adhesive tape was exposed to the patterned textiles with an externally applied
load of 500 g for 1 minute. Thereafter, the adhesive tape was peeled off manually from the

surface of the textile. This procedure was repeated for 500 times on the coating. The treated
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interface remained efficient for unidirectional water transport and the embedded water
repellence remained intact, as confirmed with contact angle instruments.

4.2.10.3. Sand Drop Test

A freshly prepared patterned textile was adhered to a glass slide inclined at a 45 tilting angle,
and then 300 g of sand grains were poured from a height of 40 cm through a funnel towards
the patterning top spot side of the coated textile. After that, the exposed interface was cleaned
by blowing air on it. Thereafter, the unidirectional and anti-gravity water transport property
through the patterned textiles was characterized and the water repellence of beaded droplets
was measured by contact angle instruments.

4.2.10.4. Tensile Deformation Test

The patterned textile was exposed repetitively to a tensile strain of up to 125% for 1000 cycles.
Afterwards, the unidirectional water transport performance by treated textiles was examined
visually, and the repellence of beaded droplets was measured by contact angle instruments.
4.2.10.5. Laundry Test:

The washing durability was investigated by following a standard procedure (AATCC Test
Method 61-2006 test No 2A), where the patterned textile was laundered at 40 “C for 45 min in
the presence of 0.37 wt% SDS surfactant. This procedure was repeated for 500 times. The
water wettability of the coated textiles was examined by measuring the contact angle at regular
intervals, and the unidirectional water transport property was measured through visual
inspection.

4.2.10.6. Cellular Compatibility Studies

The various fabric samples were sterilized using ethanol exposure (70 % v/v, 20 min) followed
by exposure to ultraviolet radiation (365 nm, 1000 mW c¢m™, 20 min). Thereafter, individual
fabric groups of size 45 mm x 45 mm were incubated in complete cell culture medium (CCM),
comprising high-glucose DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution (HiMedia Laboratories, India), at room temperature. The
fabrics were incubated for 24 h and the subsequent leachate medium (LM) was collected for
further experiments of Cellular compatibility using human dermal fibroblast (HDF) cells.?*-3¢
4.2.10.6.1. Cell viability evaluation

HDF (passage 4-8) were used for the evaluation of biological compatibility, cellular viability
and cell morphological studies. HDF were cultured in CCM within an incubator (37 “C, 5%
CO3) until they reached 70 % confluence. The confluent cells were dissociated using trypsin,
neutralized using CCM and centrifuged thereafter to obtain a cell pellet. The cells were

resuspended in CCM and counted for further seeding.
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4.2.10.6.2. MTT Assay

HDFs were seeded into a 48-well plate (n = 3 per group) at a density of 2 x 10* cells/well for
MTT assay. The cells were grown for 24 h in CCM within the well plate. This was followed
by removal of CCM and addition of LM which was used for culturing the attached HDFs for
48 h. These conditioned cells were incubated with thiazolyl blue tetrazolium bromide (MTT)
reagent as per the previously used protocol for determining cell viability.>® Briefly, a 10x
diluted solution of 5 mg mL"' MTT was prepared in phosphate-buffered saline (PBS). This
diluted MTT solution was used for incubation with the LM-treated and untreated HDFs for 4
h. This was followed by the removal of MTT solution. 100 uLL. DMSO was added to each well
for dissolution of the formazan crystals formed by the viable cells. Further, the dissolved
formazan-DMSO solution was collected for measurement of absorbance at 570 nm wavelength
using a Multiskan Sky Spectrophotometer. The cellular viability was evaluated by normalizing
the absorbance from all the fabric LM-treated cells with the untreated TCP-seeded HDF cells
taken as a positive control.

4.2.10.6.3. Cellular morphology evaluation

HDFs were seeded onto poly-l-lysine coated glass cover slips (n = 3) at a density of 2 x 10*
cells for phalloidin staining to determine changes in cellular morphology. The HDFs were
grown for 24 h on cover slips with CCM followed by a treatment of fabric LM of various
groups for 48 h. Untreated HDFs on glass cover slips were taken as controls. Further phalloidin-
hoechst 33342 staining was performed after 48 h of treatment as per the defined protocol.
Briefly, the HDF seeded cover slips were washed gently with PBS, followed by fixation using
10 % neutral buffer formalin for 30 min. The fixed cells were permeabilized for 10 min using
0.1 % Triton X-100. Post-permeabilization, samples were blocked using 5% bovine serum
albumin solution in 0.01 % Tween-20 for 30 min. After blocking, the cells were incubated in
phalloidin-488 solution using the manufacturer’s recommended concentration for 30 min at
room temperature in the dark. These stained cells were then counterstained using Hoechst-
33342 nuclear stain briefly for 5 minutes using the manufacturer’s recommended
concentrations in the dark. The stained cells were then washed with PBS gently and observed
using an inverted fluorescence microscope (Axio Observer, Zeiss, Germany). Cell samples
were washed between each step of permeabilization, blocking and staining gently using PBS.
4.3. Results and Discussion

4.3.1. Reactive Superhydrophobic Textile

In the recent past, branched polyethylenimine (BPEI) and dipentaerythritol pentaacrylate

(5Acl) were mutually reacted through a 1,4-conjugate addition reaction to prepare chemically
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Figure 4.2 A-F) Schematic representations (A and B), digital images (C and D), and contact angle

images (E and F) of a dual reactive coating before and after octadecylacrylate (ODAc) modification.

G) High-resolution XPS spectra with deconvolution for N 1s (left panel) and C 1s (right panel) before

and after chemical modifications of dual reactive coating with ODAc. H) FTIR spectra of dual reactive

coating before and after modification with ODAc followed by glucamine. I) Plots illustrating the static

contact angle and adhesive force of dual reactive coating after modifying with different alkyl acrylate.

J-L) Schematic illustration (J) and corresponding fluorescence images (K, L) of the dual chemically

reactive coatings after sequential treatments with TMRC and FITC. M-O) Schematic illustration (M)

and corresponding fluorescence images (N, O) of D-glucamine/ODAc-modified reactive coatings

after sequential modification with TMRC and FITC. P) FTIR spectra before (black) and after TMRC

modification (red) and FITC/TMRC modification (green) of the reactive coating.
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reactive nanocomplex (CRNC) and its porous coatings on planar substrates provided a facile
basis to independently tailor liquid (oil/water) wettability and adhesion property for anti-
counterfeiting and naked-eye chemical sensing applications.*”® Inspired by these results, here,
CRNC is deposited on an inherently hydrophilic and stretchable fibrous substrate (polyurethane
(PU) fabric) to prepare orthogonally reactive polymeric coating (Figure 4.2A-F) to demonstrate
anti-gravity flow of water without flooding the top surface of textile through introducing
chemically-modulated patterned channels on a an extremely water-repellent background. The
existence of residual chemical reactivities (i.e., amine and acrylate) was characterized with X-
ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR)
analysis, as shown in Figure 4.2G, H. The deconvoluted XPS signatures at a binding energy of
399.8 eV revealed the presence of a residual primary amine group. That diminished after
mutual reaction with octadecyl acrylate (ODAc) through 1, 4-conjugate addition reaction, as
shown in Figure 1G. Consequently, the ODAc-modified coating displayed a significant rise in
water contact angle (WCA) from 0° to 153" as shown in Figure 4.2C-F. Notably, the association
of superhydrophobicity through ODAc modification was achieved without affecting the
residual acrylate groups in the prepared coating as evident from the existence of the
characteristic XPS peak for vinyl moiety at 284.1 eV as shown in Figure 4.2G. Similarly, the
characteristic IR signature for C-H deformation of f carbon of the vinyl group at 1408 cm™!
remained intact with respect to an internal reference, i.e., IR peak for carbonyl stretching at
1712 cm™! (Figure 4.2H). Further, the orthogonal reactivity of available functional chemical
moieties (i.e., amine and acrylate), for mutual reaction with selected small molecules, was
separately validated with an optical fluorescence microscopic study and FTIR, as depicted in
Figure 4.2 J-P. The dual reactive textile was sequentially post-modified with reactive dyes, i.e.,
TMRC and FITC, to independently validate the presence of acrylate and amine groups through
fluorescence microscopic analysis in Figure 4.2 J-L. Eventually, the selected dye-modified
coating provided fluorescence images. However, the coating that was pre-treated with non-
fluorinated small molecules (glucamine and octadecyl acrylate) before treatment with TMRC
and FITC failed to provide such a fluorescence signal (Figure 4.2M-0), likely due to the lack
of covalent bonding with TMRC and FITC. The residual acrylate groups in the reactive coating
mutually reacted with TMRC through 1,4-conjugate addition, and the amine moiety of the same
coating remained capable of reacting with FITC through the formation of thio-urea bond as
characterized by FTIR analysis in Fig. 4.2P. In addition to superhydrophobicity, the
modification of reactive coating with ODAc provided a relatively low (48.8 uN) force of water

adhesion as shown in Figure 4.21. Both water wetability and force of water adhesion on the
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prepared coating majorly depends on the length of hydrocarbon tails of selected alkyl acrylates
(i.e., butyl acrylate (BAc), hexyl acrylate (HAc), octyl acrylate (OAc), lauryl acrylate (LAc),

and ODAc), as shown in Figure 4.21. Thereafter, the topography of the selected fibrous
substrate (PU fabric) with and without polymeric coatings and after their post-covalent
modifications with selected alkyl acrylates, was characterized with FESEM; Figure 4.3A-F.
The smooth and featureless fibers (Figure 4.3A, B) of PU fabric were decorated with globular
domains due to the deposition of CRNC; however, no distinguishable change in globular
domains was observed after modifying the reactive coating with selected alkyl acrylates

(Figure 4.3C-F).
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Figure 4.3 A-F) FESEM images of bare (A, B) and dual chemically reactive coated textile before (C)
and after octyl (D), lauryl (E), and ODAc (F) modifications. G) Digital image of a chemically reactive
superhydrophobic interface after modifying half (right side) of it with glucamine. (H) High-resolution
XPS spectra with deconvolution for Cls before and after chemical modifications of dual reactive

coating with ODAc¢ followed by glucamine.
Hence, the post-chemical modification does not change the topology of the fabrics, and the

alkyl chain length in the selected modifiers remained the experimental variable to modulate
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water wettability in this current design. Such coated textiles with tailored hydrophobicity
remained chemically reactive because of the existence of a residual acrylate group. To
independently validate the existence of chemical reactivity of the prepared superhydrophobic
textile, a portion of it was subjected to modification with selected hydrophilic small molecules,
i.e., glucamine, which resulted in alteration of WCA from 153" to 0" (Figure 4.3G). The
depletion of the characteristic IR signature of vinylic C-H deformation at 1408 cm™! (Fig. 4.2H)
with respect to another invariable IR signature, i.e., carbonyl stretching at 1712 cm™! supported
the 1,4-conjugate addition reaction between amine of glucamine and residual acrylate of
superhydrophobic coating. Further, the XPS study independently revealed the disappearance
of the characteristic peaks for vinyl moiety at 284.1 eV as shown in Figure 4.3H. Thus, an
amine-reactive superhydrophobic coating is successfully developed on the selected fibrous
substrate.

4.3.2. Wet-Chemistry Based Patterned Textile

In this section, the chemically reactive superhydrophobic coating applied on the fibrous
substrate was subjected to chemical modification with selected hydrophilic molecules in wet
conditions to prepare a Janus membrane, where one face of the coated fabric was selectively
exposed to aqueous (concentration of 0.275 M) solution of glucamine for different durations.
The surface of the prepared superhydrophobic textile that was directly exposed to an aqueous
solution of glucamine is denoted as the top side, and the other surface of the textile is referred
to as the backside. The gradual ingression of glucamine solution allowed to modify the
chemically reactive superhydrophobic coating on the textile through a 1,4-conjugate addition,
where an apparent change in WCA of beaded water droplets was noticed, as shown in Figure
4.4A. However, the trends for change in WCA on the top and backsides of the same fabric
were distinct. Till 45 min of glucamine treatment, the WCA on the topside was gradually
depleted from 153" to 110°, whereas the back side remained extremely water repellent with a
static WCA of >150°. After the exposure of the glucamine solution for 60 min, the top surface
became hydrophilic with WCA = 41° and remained wet. However, the back side of the same
fabric immediately soaked a beaded water droplet with an apparent WCA of 0° without leaving
any trace of it on the backside. Eventually, this process yielded a Janus textile, where flooding
of liquid was only observed on the top side and the back side remained dry as shown in Figure
4.4B. Thereafter, the penetration of the beaded aqueous phase across the coated and
chemically-modified textile was examined, where the mutual reaction duration between the
selected modifier (i.e., glucamine) and the reactive superhydrophobic interface was gradually

increased to 90 min. In this context, an aqueous solution of calcium salt was beaded on the
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modified textile to trace it’s spreading and soaking into the chemically modified coated textile,
where alteration of water wettability from superhydrophobicity to hydrophilicity because of

glucamine modification enabled the immediate infiltration of the aqueous phase in the modified

textile.
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Figure 4.4 A) The plot illustrating static WCAs of beaded water on the top and back sides of the
chemically reactive superhydrophobic textile after glucamine treatment for different durations. B)
Digital images of modified textile with Janus wettability, where beaded water (blue colored) droplets
spread on the top surface, and the bottom surface remained dry. C) Energy-dispersive X-ray (EDX)
mapping of calcium metal ions across the chemically reactive superhydrophobic textiles with different
time modifications of D-glucamine. D) Plot illustrates the depth of chemical modification of textiles
with the progress of reaction time with glucamine and digital image (inset) of a cross-sectional view
of the Janus wettability textile. E, F) Digital images depicting anti-gravity transport of blue colored
water droplets across the Janus textiles derived through modifying reactive superhydrophobic textile
with glucamine for different durations, i.e., E) 60 min (denoted as JT¢o) and F) 75 min (JT7s). (G-J)
Digital images of JTso display anti-gravity transfer of water in the absence of beaded water droplet on

top. Results are presented as mean + SD, where sample size, n = 3.
This process allowed the wetting of the hydrophilic portion by a beaded aqueous solution of
calcium. Thus, the EDX mapping of selected metal ions in the textile provided a basis to track
the penetration of aqueous solution of calcium ions in the modified textile, and so the thickness
of chemical modification across the superhydrophobic textile with glucamine (Figure 4.4D). It
is worth mentioning that the glucamine present in its aqueous solution gets exposed to the
reactive superhydrophobic textile to react with residual acrylate groups at the contact area

between the reactive textile and the beaded aqueous solution of glucamine. The contact area
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becomes partially hydrophilic and an aqueous solution of glucamine wets the area and
gradually penetrates the reactive textile. On further chemical reaction, the interior of the
reactive fabric became selectively hydrophilic. Hence, the penetration of calcium ions in the
bulk of the textile (thickness of 456 + 8um) was improved from 36.5 + 4.2 to 456 + 8 um with
increasing the exposure time of reactive superhydrophobic textile to an aqueous solution of
glucamine, as shown in Figure 4.4D. Following this process, two distinct Janus textiles were
obtained, where the chemically reactive superhydrophobic textile was individually exposed to
aqueous solution of glucamine for 60 and 75 min, where both of them displayed soaking of
beaded water at back-side of Janus textiles (denoted as JT¢o and JT7s, respectively) with
apparent WCA of 0° (Figure 4.4E, F), but having differences in thickness of chemical
modification, i.e., 291.8 £ 6.4 and 401.2 + 6.8 um (Figure 4.4E, F). These two Janus textiles
displayed distinct abilities toward unidirectional and anti-gravity transfer of aqueous phase
under an identical experimental set-up. As expected, beaded droplets of water (200 puL) on the
top side of both Janus textiles failed to filtrate into the back side under gravity. However, tiny
droplets of blue-colored water (because of added methylene blue dye) readily passed through
the membrane against gravity to reach the beaded droplet of water on the top side of both Janus
textiles (Figure 4.4E). However, JT7s remained capable of unidirectional and anti-gravity
transfer of only 460 pL of aqueous phase; beyond this volume, the transferred water flowed
back to the back side of the textile (Figure 4.4F). In contrast, JTso remained efficient in
transferring a relatively larger volume (1.5 mL) of water against gravity, without having any
reverse flow to its bottom side (Figure 4.4E). The thickness of chemical modification in these
Janus textiles is likely to contribute to distinct ability towards unidirectional and anti-gravity
transfer of aqueous droplets. The prepared JTeo remained efficient in displaying the anti-gravity
transfer of water in the absence of beaded water droplets on top; however, transferred water
readily spread on the top side because of the embedded hydrophilicity, as shown in Figure
4.4G. Such a phenomenon is common for other Janus textiles as well. However, to restrict such
arbitrary spreading and spilling of transferred water on top of the Janus textile, a patterned
textile with Janus channels on a superhydrophobic background is developed by following
spatially selective chemical modification of a chemically reactive superhydrophobic textile. In
this current strategy, the beading of tiny droplets of aqueous solution of glucamine allowed
mutual and spatially selective reaction with residual acrylate groups present in the chemically
reactive superhydrophobic textile through 1,4-conjugate addition reaction at the contact of
textile and aqueous droplet, where the embedded superhydrophobicity restricts the random

spreading of aqueous solution of glucamine on the fabric.
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Figure 4.5 A) This schematic illustrates the spatially selective glucamine modification on reactive-
superhydrophobic textile through gradual infiltration of beaded aqueous droplets of glucamine. B-C)
Digital images and contact angle images accounting the beading of water droplets with (B) and
without (C) modifier (i.e., glucamine) on chemically reactive and water-repellent textile with time.
This experiment was performed in humid conditions to prevent water evaporation. D) Accounting the
change in contact angle and % change in height of the beaded droplet of glucamine solution with time.
E) Illustrated the change in the diameter of the pattern spot at the top surface of the chemically reactive
superhydrophobic textile with time. The star sign indicates an inability to measure the diameter of the
channel. F) The merged microscopic images (fluorescent: green and brightfield: black) of the cross-
section of the patterned spot accounting the depth of chemical modification with time. Results are
presented as mean + SD, where sample size, n = 3.
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absorbed by the reactive superhydrophobic coating over time, without leading to any arbitrary
spillage (Figure 4.5A, B). Further, the gradual change in the percentage of the height of the

beaded droplet and the depletion of water contact angle (Figure 4.5D) suggested the 1,4-
conjugate addition reaction between amine of glucamine and residual acrylate of reactive
superhydrophobic textile at the place of contact between the beaded water droplet and reactive
superhydrophobic coating. In the absence of glucamine molecules, the beaded droplet of DI
water on the reactive superhydrophobic textile failed to display such a drastic change in water
contact angle, as shown in Figure 4.5C. Moreover, the diameter and depth of the chemically
modulated pattern on the superhydrophobic background gradually increased with time, as

shown in Figure 4.5E, F.
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Figure 4.6 A) Schematic of a chemically patterned superhydrophobic interface, where hydrophilic
spots, denoted by red colors, were achieved on a superhydrophobic background via spatially selective
chemical modifications. B) Accounting the water contact angle change on both top and bottom pattern
surfaces with patterning/chemical modification time. C) Digital images depicting the difference in
wetting of beaded water droplets on patterning top-spots (indicated with dotted black circle), and
patterning back-spots (depicted with dotted white circle). While the beaded water displayed a low
contact angle on the patterning top spot, the droplet readily soaked on placing into the patterning back
spot. The background on both surfaces repelled the beaded water extremely, causing it to appear
spherical. D) FESEM images on patterning and non-patterning regions at the top and back sides of the

patterned textile.
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Thus, the current approach provided a basis to tune the dimension of the patterned channel
through a direct chemical modification at ambient conditions. Eventually, a patterned textile
with a Janus channel on a superhydrophobic background was achieved following contact-based
selective “wet chemistry”. As expected, a distinct change in water wettability was observed on
both patterning top-spot and patterning back-spot because of this chemical modification with
time, as shown in Figure 4.6B. While the channel is decorated with hydrophilic and
hydrophobic moieties, the covalently attached octadecyl moiety contributed to the background
superhydrophobicity, as depicted in Figure 4.6A. After that, the prepared patterned textile was
partially inverted at its bottom right corner to display the beading behavior of the water droplets
on its top and bottom surfaces. Water droplets beaded at the patterning top-spot (denoted with
a black dotted circle in Figure 4.6C) with low WCA, while the patterned back-spot readily
soaked the beaded blue-colored water droplets, as indicated by the white dotted circles in
Figure 4.6C. As expected, the background of the patterned channel displayed extreme water
repellence, as shown in Figure 4.6C. Thereafter, the morphology of the patterned textile was
examined. No significant change in topography was observed between the top and back sides
of the textile, irrespective of patterning and background regions, as shown in Figure 4.6D. Such
a change in the wettability of beaded water droplets is attributed to the spatially selective
chemical modification of reactive superhydrophobic textiles with glucamine. Thereafter, a
droplet of water was placed on the patterned top spot of a patterned textile prepared by exposing
it to glucamine solution spatially selectively for 60 and 75 min, denoted as PTeo and PT7s,
respectively. On exposing a tiny droplet of dyed water (blue color) on the patterning back spot,
an immediate anti-gravity transfer of the water was noticed without having any arbitrary
spreading of transferred water on the top surface, as illustrated in Figure 4.7A. However,
distinct results toward anti-gravity water transfer were noticed for patterned textiles, i.e., PTeo
and PT7s, after transferring the water droplets beyond a certain volume (70 puL). A 50 puL droplet
of water was individually placed on the patterning top-spot of both PT¢o and PT7s, where the
water droplet beaded with different apparent contact angles due to the different infiltration of
water into the patterned textiles, as shown in Figure 4.7B. Initially, an instant anti-gravity
transfer of water was observed for both patterned textiles, but the backflow of the transferred
liquid to the bottom surface of PT7s (Figure 4.7B) was noticed just after transferring 70 pL of
water through back-spot. However, PTe¢o remained successful in transferring water more than
twice (i.e., at least 150 pL; Figure 4.7B) against gravity, without failure at an identical

experimental condition.
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Figure 4.7 A) This schematic depicts the unidirectional transport of blue-colored water against gravity
to the beaded droplet on the top of the patterned textile. B) Digital images account for the ability of
two distinct patterned textiles (PTso and PT7s) toward anti-gravity water transportation. C) Digital
images demonstrating the anti-gravity transfer of water droplets of various volumes from 0.5 uL to 5
pL, where the volume of beaded water droplets on top was 5 uL. D) Digital images demonstrating the
anti-gravity transfer of water droplet of various volume from 0.5 pL to 5 pL in absence of water
droplet on top surface of the patterned textile. E) Digital images illustrating the anti-gravity transfer
of large amounts of water without causing arbitrary spillage on the top surface of the patterned textile.
It is likely due to the decrease in the breakthrough pressure, which resists the backflow of
transferred water under gravity. The alteration of breakthrough pressure, on such a pattern
interface is discussed later in detail. Thereafter, to examine the impact of the relative volumes
of beaded and tiny droplets on anti-gravity water transport behavior through this patterned
textile, volumes of water droplets exposed at the back side of the patterned textile were
gradually varied from 0.5 to 5 uL, keeping the beaded water droplet volume (i.e., 5 uL) constant
on the top side of same prepared textile (Figure 4.7C). The patterned fabric successfully
transported water droplets against gravity, irrespective of the volume ratio of water placed on
top and back sides of the patterned textile (Figure 4.7C). In fact, without a beaded water droplet
on the top side, the water droplets were successfully transported against gravity, irrespective

of their volume, as shown in Figure 4.7D Thus, the prepared patterned textile works regardless
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of the volume of water droplets, and it continues to perform both in the presence and absence
of beaded water droplets on the top of the patterned textile. Moreover, the continuous exposure
of water droplets at the back spot allowed for rapid transport against gravity. It accumulated at
the top spot of the patterned textile without causing spreading (Figure 4.7E), unlike Janus
membranes (Figure 4.4G-J).

4.3.3. Mechanism of Unidirectional Water Transportation

In this section, I first study the mechanics of water adhesion on the textile. The optimized
patterned textile was applied to demonstrate an anti-gravity transfer of water in the absence of
a beaded droplet on its top-side without flooding the top surface of the patterned on its top-side
without flooding the top surface of the patterned material; rather, the transferred water rolls on
inclined patterned interface as shown in Figure 4.8A. The pattern interface is capable of rolling
both directly beaded droplets on the patterned top-spot and transferring water from the
patterned back-spot, with a low difference in the volume of rolling droplets of water. The
rolling of transferred water primarily depends on the water friction force. In this context, the
water friction forces acting on the top side vary depending on the direction of water supply,
either from the top side or the bottom side of the textiles. In case of supplying water from the
top side, the water friction force is estimated following the given equation in Equation (1).

Fec (top) = [pUtcg — ndy] sina (D)
where p: water density = 997 kg m >, U: feed water flow rate, t.: critical flow time for droplet

sliding, g: gravitational acceleration constant = 9.80065 m s 2, d: syringe diameter =~ 0.48 mm,
y: water surface tension = 72.8 mN m !, a: textile tilting = 45" (Figure 4.8B).

On the other hand, when the water was supplied from the bottom side (Figure 4.8C), the friction
force was estimated using Equation (2).

Fc Bottom) = pUtcg sina (2)
Figures 4.8D and 4.8E systematically studied the water friction forces, indicating that the force
increased with the hydrophilic channel size 27 in variation of water-supplying sides and
hydrophobic modifications on the background (Figures 4.8D, E).

Here, I hypothesized that the water friction force variation is owing to the pinning of the water
contact line at the hydrophilic channel (Figure 4.8F). In this model, the water friction is
estimated by integrating the local pinning force ~2ry with the hydrophilic spot number near the
contact line n, which yields F. ~ cnyr where ¢ is a constant that should be influenced by the
energy dissipation at the superhydrophobic area Fsupo. Figure 4.8G shows the channel size
dependence on F¢ (top) to a log-log plot, in which the slope explains the power law of 7 on F¢,

and the section value decreases with the increase of textile hydrophobicity.
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Figure 4.8 A) Digital images accounting for the rolling of beaded (from the top side) and transported water
droplets (from the back side) on patterned textile that was kept inclined at an angle of 45°. B, C) Side view
schemes of adhesion mechanics of water fed from B) top-side or C) back-side of the textile. D, E) Water
friction force as a function of channel size. D) Water is fed from the top side or E) the back side. F) Top-view
scheme of the contact line-depinning behavior of the water on the superhydrophobic textile with hydrophilic
spot. G) Log-log plot of water adhesion force as a function of channel size in case of water supplied from the

top side. Results are presented as mean + SD, where sample size, n = 3.
Thereafter, I study the dynamics of water penetration through the textile (Figure 4.9A). When
the feed water from the syringe contacts the superhydrophobic surface of the textile, the
Laplace pressure PLap works to the water surface, depending on the curvature of the invading
water surface. Here, the role of Laplace pressure is Prap >0 for resisting or Prap <0 for inducing
water penetration. *° In Figure 4.9B, the textile fiber diameter D = 10 um and inter-fiber interval
W feature the textile geometry. The geometrical angle @ features the water invasion degree
between the fibers. @ is the water contact angle on the fiber.*! From this model, the water
surface curvature ¢ can be approximated to be ¢ = 2cos(O—®) / [W+D(1—sin®)] in the case of
the @—® > 0. This estimation is applicable in the case of @®—® < 0 by reversing the water-air
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phase. Thus, I obtain the Laplace pressure Prap = ye = 2y cos (O—®) / [W+D(1—sin®)], where |
estimated that the water curvature parallel to the fiber direction = 0. While this, the water feed
pressure is estimated to be 4Fred/[nd?], where Freed is the hydrodynamic force in supplying

water. Thus, the condition for the water penetration is 4Feed/[d*] > PLap and vice versa.

1

[Ws+D(1-sin®)}/2
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Figure 4.9 (A, B) Scheme of feed water penetrating behavior between modified textiles. The textile fiber
diameter D and inter-fiber interval W feature the textile geometry. The geometrical angle ® features the water
invasion degree between the fibers. ® is the water contact angle on the fiber. C) Estimating the Laplace
pressure Pp,, with different fiber wettability (that is ® ranging from 20° to 160°) and water invasion @ in case
of W=D =10 um.

In Figure 4.9C, I simulated the change in Laplace pressure when the textile wettability (®) and

water invasion (@) were varied. This simulation explains how wettability variation and water

invasion behavior change the mechanics of water penetration. For the simple estimation, |
assumed W = D. I divided the water invasion state into four types depending on the plus/minus
of Prayp and @ < 90° or > 90: (i) Laplace pressure works to resist water penetration in water
penetrating more than half of the hydrophilic fiber; (ii) Laplace pressure works to induce water
penetration in water penetrating more than half of the hydrophobic fiber; (ii1) Laplace pressure
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works to resist water penetration with small water invasion between hydrophobic fibers, and
(iv) Laplace pressure works to induce water penetration in the early stage of water invasion
between hydrophilic fibers. In cases (i), (ii1), and (iv), [ use @ with advancing contact angles.
In case (ii), [ use @ with a receding contact angle. When the water contacts the hydrophilic
fiber (@ = 180"), the negative Laplace pressure induces wetting in a (iv) state, and water
invasion proceeds (@ gradually decreases). Then, Laplace pressure transitions from negative
to positive with the decrease of @, and water penetration is resisted in a (i) state. Thus,
hydrophilic textile induces the trapping of water between the fibers. In contrast, when the water
contacts the hydrophobic fiber (@ = 180°), the positive Laplace pressure resists water
penetration in a (iii) state despite the large @. However, when water invasion is proceeded by
significant water feed pressure, Laplace pressure transitions to negative with the decrease of
@, and water is detached from the fiber in a (ii) state. Thus, water does not remain inside the
fibers of hydrophobic textiles. After that, to investigate the flow rate of unidirectional transport
of water against gravity, the patterned textile was kept tilted at 45° (Figure 4.8A bottom panel)
prior to feeding water to the back-spot of the patterned textile, maintaining a continuous flow
rate of 10 pL s™!. Within 2 s, the supplied water transferred to the top side of the PTqo and
rapidly grew to a volume of 17 pL and immediately rolled off from the top surface due to the
low water frictional force. Eventually, this experimental setup allowed us to measure the flow
rate of the unidirectional transport of water against gravity, i.e., 8.5 pL s™!. It is interesting to
note that an elevation in the flow rate of transferred water was noticed on increasing the
hydrocarbon chain length of selected alkyl modifications (octyl, lauryl, and octadecyl), as
shown in Figure 4.10A. On the other hand, the patterning channel with a larger diameter
affected the transfer of liquid and its subsequent rolling on the top surface. This experiment
indicates the need for precise control over channel dimension and chemical modulation to
achieve a high flow rate for transporting water against gravity. While a high flow rate is desired
to ensure immediate transport of water, an elevated breakthrough pressure prevents the
backflow of accumulated water across the patterned textile. Figure 4.10A shows the
experimental setup, in which I feed the water flow of 10 uL s™! to the pattern interface having
a difference in the diameter of channel size, and define the critical height for the feed water
penetration H.. I assume the critical pressure for the water penetration is concentrated in the
channel area, which yields H. ~ 2. Figure 4.10B shows the experimental results of the H with
different , where the slope of the plot validates the power law between H. and r. Figure 4.10B

estimates the macroscopic water penetration resistance of the textiles with channels. The
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hydrophilic channel size and water penetration direction (top or bottom sides) are changed here.

Moreover, I find that the water penetration resistance was largely influenced by the water

penetration direction, where the background chemical modification had minimal influence.
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Figure 4.10 A) Plot illustrating the change in water flow rate with a variation of channel dimensions and
chemical modification in the background. B) The plot accounting for the change in water penetration
resistance on the variation of the dimension of channels and chemical modifications at the background of the
channel, and the scheme displays the experimental setup. C) Accounting for the influence of the change in
area ratio of superhydrophobic to hydrophilic region on the prepared pattern surface's top surface on the
water's anti-gravity flow rate. D, E) Depicting the patterned textile as a “liquid diode”, where one end of the
intravenous transfusion tube was covered with patterned textile, keeping the patterning spot inverted. The
penetration of water was noticed from the back side when the water level on the other side of the tube was
slightly elevated (D); however, such transportation of water was not observed even though the difference in
the water columns on the left and right side of the tube was kept at 6.7 cm as the patterned textile was kept
inverted to exposed the patterning side toward the interior of the tube (E). Results are presented as mean =+
SD, where sample size, n = 3.

It is worth mentioning that the change in a relative area between superhydrophobic to
hydrophilic regions on the top surface of the prepared pattern barely affects the anti-gravity
flow rate of water, as shown in Figure 4.10C. Thereafter, prepared pattern textile was utilized
as a ‘liquid diode’, where readily penetration of water was noticed in a single direction of the
patterned textile as shown in Figure 4.10D, 1.e., from back-spot to top-spot. However, the flow

of water in the reverse direction was completely restricted even at relatively high pressure
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created by a water column of 6.7 cm in a commercially available intravenous transfusion tube,
as depicted in Figure 4.10E. Often, the venous pressure in the body leads to uncontrolled blood
backflow into the infusion tube, which causes blood clots and other related unwanted medical
complications. Such a ‘liquid diode’ would be useful in achieving a unidirectional and
intravenous delivery of nutrition and medications without causing backflow of blood during
and after the intravenous transfusion process. The inherently high breakthrough pressure on the
top-spot of the patterned textile would be capable of avoiding backflow of blood during such
medical procedures. Moreover, this ‘liquid-diode’ would be further utilized in the guided
transport of liquid following an anti-gravitational pathway.

4.3.4. Durability and Performance of Patterned Coating

The prospective application of such patterned textiles in outdoor conditions is only possible if
they remain tolerant to various abrasive physical and chemical exposures. In this context,
widely accepted and standard physical abrasion tests were adopted to examine the stability of
the embedded superhydrophobicity of the coated textile.** First, the superhydrophobic textile
was subjected to tensile deformation with 125% repetitive strain for 1000 cycles without
compromising the embedded extreme water repellence (Figure 4.11A). Thereafter, an abrasive
sandpaper (400 grit (1 x 2 cm)) was rubbed with back-and-forth motion on the coated textile
with an applied external pressure of 25 kPa, and water wettability was examined at regular
intervals of abrasion distance. The coated textile remained superhydrophobic with a WCA of
~150" even after incurring sandpaper abrasion at a distance of 5000 cm (Figure 4.11B).
Thereafter, to examine the chemical durability of the embedded superhydrophobicity, the
coated textile was separately exposed to different chemically complex conditions, including
seawater, river water, surfactant contaminated water, and UV irradiation for 6 weeks, prior to
examining the water wettability (Figure 4.11C). The treated textile continued to display
extreme water repellence, likely due to covalent modification of the reactive coating with
selected hydrocarbons (i.e., octadecylamine and ODAc) through robust  aminoester type
linkage. The prepared coating remained efficient in tolerating various and relevant physical
manipulations including bending, creasing, and twisting without compromising the embedded
superhydrophobicity (Figure 4.11D-I). Next, the patterned textile was subjected to tensile
deformation with 125% strain, prior to sequentially exposing water droplets on top-spot and
then on the back-spot. While the beaded water droplet on the top-spot failed to filtrate through
the patterned textile under gravity, the blue-colored water droplet readily transported from the
back-spot to the top-spot against the gravity with and without the applied strain of 125% tensile
deformation as depicted in Figure 4.11J-M.
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Figure 4.11 A, B) Plot illustrating the change in static contact angle of a beaded water droplet on patterned
textiles after repetitive (1000 cycles) tensile deformation, (A) and sandpaper abrasion up to 5000 cm (B). C)
Plots accounting the impact of practically relevant various harsh exposures on the patterned coating including
highly acidic (pH 1) & alkaline (pH 12) media, artificial-sea water, river water, DI water, surfactant
contaminated aqueous phase (SDS, DTAB; 2 mM) and UV irradiation (at Amax = 254 and 365 nm) for 6 weeks.
(D-I) Digital images depicting the various physical manipulations and anti-gravity transfer of water, including
creasing (D, E), bending (F, G) and twisting (H, I) on the patterned coating. (J-M) Digital images illustrating
the unidirectional and anti-gravity transport of water through the patterned textile in the absence (J, K) and
presence (L, M) of 125% tensile deformation. (N) Plot accounting for the rate of anti-gravity transport of water
through patterned textiles after performing different types of physical abrasion tests. Results are presented as

mean + SD, where sample size, n = 3.
Moreover, the ability to unidirectionally transport beaded water on the patterned textile
remained unaffected even after performing the adhesive tape peeling and sand drop tests. While
in a standard adhesive tape peeling test, a freshly exposed adhesive tape was applied on the
patterned textile with an external load of 1 kg and peeled off; 300 g of sand was dropped on
the prepared material from a distance of 40 cm prior to demonstrating the unidirectional
transport of water droplet as depicted in Figure 4.11N. The anti-gravity flow rate of the water

across the patterned textile that was subjected to various physical abrasions or manipulations
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remained nearly unperturbed only except for patterned textiles that were exposed to adhesive

tape peeling test or tensile deformations (Figure 4.11N).
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Figure 4.12 A) Plot illustrating the change in static contact angle of a beaded water droplet on patterned
textiles after repetitive (500 cycles) washing (red; the red dotted line referring to the limit of performance, i.e.,
350 cycles). B) Adhesion forces of bare and patterned textiles on wet surfaces. C) Accounting water vapor
transmission rates through the bare and patterned textiles. D-G) Field emission scanning electron microscope
(FESEM) of coated textile at non-patterning top spot (D), non-patterning back spot (E), patterning back spot
(F), and patterning top spot (G). H, I) Digital images depict artificial sweat transport by H) patterned and I)
bare textiles. J, K) Infrared camera images of the patterned and bare textiles applied on the skin in artificial
sweat’s J) absence and K) presence, recorded outdoors at a surrounding temperature of 40 °C. L) Accounting
the process of large-scale fabrication of patterned textile following spatially selected chemical modification
at ambient conditions, where an acrylic sheet with an array of holes (diameter of 1.5 mm) with a spacing of 1
cm was applied on the reactive textile as a mask, prior to poured the aqueous solution of glucamine on top of

the mask. The spatially selective chemical modification provided patterned textile at ambient conditions.
In such scenarios, the porosity and arrangement of fiber in the patterned textile are expected to
be altered, which is likely to contribute to a slight depletion of the flow rate of transferred

water. The embedded superhydrophobicity of the fabric remained unperturbed even after

121 |Page
TH-3852_196122029



Chapter 4

undergoing the standard washing test for 350 cycles (Figure 4.12A). The above results are
attributed to the durability of the patterned interface, which makes it more appropriate for its
realistic application. In general, a wet native textile is found to be sticky on wet skin. Hence,
the force of adhesion of patterned textile was estimated and compared with respect to native

textile under identical experimental conditions using a force tensiometer. In this context, both
patterned and bare textiles were individually and similarly brought in contact with the wet
interface, and the force of adhesion was measured to detach bare and patterned textiles from
the wet surface. The force of adhesion of the patterned textile is observed to be approximately
eight times less than that of the native textile, as shown in Figure 4.12B. The depleted force of
adhesion of the patterned textile certainly indicates the existence of non-sticky features in wet
conditions, because of the unidirectional transport of water, which provided a dry interface.
Next, another important property, i.e., the breathability of textile, which helps to maintain
health and hygiene of the skin, was examined by studying the water vapor transmission rate
(WVTR) as shown in Figure 4.12C. The WVTR of the patterned textile remained very similar
to the native fibrous substrates, as the deposition of reactive coating is less likely to affect the
inherent pores of the fibrous substrate, as revealed from the microscopic images (Figure 4
.12D-G). Thereafter, the water elimination performance by the patterned interface was
demonstrated directly on the skin of a volunteer, prewetted with artificial sweat, prior to
exposing the back side of the prepared pattern-textile. The Janus channel of the patterned textile
ensured the unidirectional transport of artificial sweat from the skin of a volunteer, as depicted
in Figure 4.12H. Thus, the moist skin turned dry. On the contrary, bare textile failed to display
such unidirectional and anti-gravity transport of artificial sweat; rather, some traces of artificial
sweat remained even after the similar exposure of bare textile to the pre-wetted (with artificial
sweat) skin, as demonstrated in Figure 4.121. Thereafter, both bare and patterned textiles were
placed on the prewetted skin of a volunteer, prior to recording the body surface temperature
using an infrared camera. The temperature difference was noticed to be 4.2 °C. The ability of
unidirectional transport of artificial sweat resulted in better cooling (31.5 vs 35.7 "C) of the
patterned textile in comparison to bare textile, where the temperature of skin was recorded to
be 36.9 “C. This is likely due to faster evaporation of ejected artificial sweat by the patterned
textile (Figure 4.12J), which is not possible to achieve with bare textile. However, such
efficient cooling was not observed in the absence of artificial sweat, and barely any temperature
difference was noticed between bare and patterned textiles (Figure 4.12K) and body
temperature remained nearly similar, i.e., 37.1 ‘C. After that, I fabricated a large-scale pattern

fabric with a dimension of A4 size printing paper (29.7 x 21 cm) in the laboratory without
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demanding any equipment, following the same principle of spatially selective chemical
modification. In this context, a plastic mask with holes of specific dimensions (diameter of 1.5
mm) and arrangements (spacing of 1 cm) was placed on top of the chemically reactive
superhydrophobic fabric before exposing it to glucamine solution, as depicted in Figure 4.12L
(Supporting Information). The holes in the plastic mask allowed for spatially selective exposure
of glucamine solution to chemically reactive superhydrophobic coating, enabling post-covalent
modification at ambient conditions. Consequently, I derived a well-ordered patterned fabric of
a dimension of A4-sized printing paper (29.7 x 21 cm), as shown in Figure 4.12L. Next, to
demonstrate the versatility of the current coating and patterning approach, various other fibrous
substrates- including lycra, polyester, cotton, and wool were successfully coated following the
same approach to attain a superhydrophobic state, maintaining residual chemical reactivity

(Figure 4.13A).
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Figure 4.13 A) Illustrates the fabrication of water repellent coating on different textiles. B-E) Illustrating the
unidirectional water transport ability of the patterned interfaces developed on various fibrous substrates,
including B) lycra, C) cotton, D) polyester, and E) wool. F) Cell viability assessment of HDFs treated with
leachate medium (LMB: leachate medium of bare fabric, LMS: leachate medium of patterned
superhydrophobic fabric and LMG: leachate medium of glucamine modified fabric) from various fabric
groups plotted as percentage after normalization with the viability of untreated HDFs after 48 h. Red dotted
line marks 100% viability, CTRL denotes TCP control. G-J) Representative micrographs of phalloidin-488
(green) and hoechst-33342 (blue) staining of (G) untreated, (H) bare fabric LM treated, (I) patterned fabric
LM treated and (J) glucamine modified fabric LM treated cells after 48 h. Micrographs were taken at (i) lower
(5x) magnification and (ii) higher (20x) magnification, Ph: phalloidin-488, HCST: Hoechst 33342. Scale bar:
200pm.
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Further, spatially selective chemical modification provided patterns on such reactive
superhydrophobic coating deposited on various fibrous substrates to depict the anti-gravity
transfer of water as shown in Figure 4.13B-E. Thus, our current approach of direct chemical
modulation provided a general basis to develop Janus patterned coating, irrespective of the
nature of the selected textile. Finally, the cell viability study was performed on pattern fabric,
and the result was compared with respect to the bare, glucamine-modified fabric and tissue
culture plate (TCP). The selected textiles of dimension 4.5 x 4.5 cm were incubated in a cell
culture medium for 24 h prior to performing MTT assessment on human dermal fibroblast
(HDF) cells. The study revealed a minimal change in the cellular viability between the various
fabric leachate mediums (LM) and positive control (i.e., TCP) after 48 h (Figure 4.13F).
Moreover, morphologies of the seeded HDFs were observed using the phalloidin-hoechst
33342 staining after 48 h of treatment with LM from various fabric groups and compared with
the untreated control and representative micrographs have been shown in Figure 4.13G-J. The
cellular morphologies of HDFs treated with LM from bare fabric (Figure 4.13H), patterned
fabric (Figure 4.131), and glucamine-treated fabric (Figure 4.13J) demonstrated minimal
deviations from the cellular morphology observed for untreated HDFs (Figure 4.13G). Thus,
the prepared pattern textiles remained compatible with potential interaction and/or exposure to
skin tissue. Further, the ability of prepared patterned textile in fast removal of aqueous phase
against gravity is likely to be useful in relevant bio-medical applications, including wound
healing, where the prepared patterned textile would help in keeping the wound dry and clean
by removing the excess biofluid from the site of the wound.

4.4. Conclusion

In summary, the current approach of preparing a chemically reactive superhydrophobic coating
on the fibrous substrate provided a facile basis to develop Janus patterns of chemically
modulated wettability with an extremely water-repellent background through spatially
selective 1,4-conjugate addition reaction with hydrophilic small molecules, i.e., glucamine.
The prepared Janus pattern remained efficient for anti-gravity transporting the water droplets,
with a record high flow rate with respect to the relevant reported literature. The fast flow of
liquid is attributed to the favorable pinning and depinning mechanism of invaded water through
such chemically decorated patterns on selected fibrous substrates. Further, rational choice of
other hydrophilic small molecules is likely to provide a scope to improve the versatility and
functionality of such pattern interfaces. In contrast to the reported Janus textile, the design of
Janus patterns on a superhydrophobic background prevents the flooding of the top surface of

the patterned textile; rather, transported water rolled off easily on the tilted interface because
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of the embedded low frictional force. The prepared Janus pattern of wettability with the ability

of unidirectional anti-gravity transfer of tiny and relevant aqueous droplets across the fibrous

substrates demonstrated efficient ejection of artificial sweat and management of temperature.

Further, the fast and unidirectional anti-gravity flow of liquid with high breakthrough pressure

would be useful in achieving accelerated wound healing, developing a liquid diode, etc.

Importantly, the prepared Janus pattern remained efficient in tolerating exposure to various and

severe physical (i.e., physical manipulations, tensile deformation, adhesive tape peeling,

sandpaper abrasion) and chemical exposures (e.g., seawater, river water, UV light, repetitive

washing, etc.). Furthermore, the current approach of depositing reactive superhydrophobic

coating and followed by spatially selective chemical patterning through 1,4-conjugate addition

reaction with primary amine containing small molecules at ambient conditions can be

successfully applied to various types of textiles. The current design is not restricted to a specific

type of textile; hence, it would be more appropriate for multiple prospective applications in

diverse and realistic conditions.
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Chapter 5: Amidation Reaction to Derive Waterborne, Tolerant, and

Optically Transparent Solid Slippery and Superhydrophobic Coatings

Separate and lubrication-free association of low surface energy with hierarchically featured
and highly smooth interfaces yields two distinct and prospective bio-inspired wettability
superhydrophobicity and solid slippery properties, respectively. However, the derivation of
such bio-inspired wettability with high optical transparency, following a simple, completely
waterborne, non-fluorinated and scalable fabrication approach is an extremely challenging task
to achieve. Here, a simple amidation reaction between thioester and amine groups is rationally
extended for aqueous processing of strategically selected small molecules to attain desired
outputs through the formation of nanoparticles. An aqueous reaction mixture of selected non-
fluorinated small molecules provided a stable (for 30 days) dispersion of nanoparticles (size ~
210 nm). While the ‘in-situ’ deposition of the reaction mixture yielded completely waterborne,
optically transparent, physically and chemically durable, lubrication-free solid slippery coating
on a planar substrate, a highly deformable superhydrophobic coating on porous and fibrous
substrates was obtained following a rapid and facile post-deposition of the prepared
nanoparticles. The prepared solid slippery coating remained efficient in sliding the beaded
droplets of various (e.g., polar and non-polar) liquids having a wide range (70.2 mN/m to 22.3
mN/m) of surface tension. The synthesized superhydrophobic coating on porous and fibrous
substrates remained efficient in sustaining repetitive and large physical deformations and other

relevant abrasive exposures.

S. Kumar, M. dhar, B. M. Prusty, D. Sarkar, A. Das, D. Manna and U. Manna, Chemical
Engineering Journal, 2023, 465, 142776.
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5.1. Introduction

Bio-inspired hierarchically rough superhydrophobic interface and the ultra-smooth slippery
surface are widely recognized for extreme water repellence and effortless sliding of beaded
liquids (polar/nonpolar organic solvents and water), respectively.!!?> Such bio-inspired
wettability has emerged as an elegant basis to develop various prospective materials for
relevant applications in health, energy and environmental pollution. ''? In the past, distinct
approaches were adopted to individually achieve the hierarchically featured and ultra-smooth
interfaces optimized with appropriate low surface energy moieties (long hydrocarbon tails or
their fluorinated analogues) for conferring superhydrophobicity and lubrication-free solid
slippery properties, respectively.!33? As the requirements for deriving these two bio-inspired
wettability are completely distinct, the adaptation of a common synthetic strategy remains
extremely challenging.!>-3? Hence, further design is essential to derive both hierarchically
featured and lubrication-free ultrasmooth coatings following a common synthetic procedure.
In the past, mainly two distinct approaches were adopted to develop ultrasmooth solid slippery
coating; where a) either a porous and featured coating are lubricated with polymers, and

20283031 or b) PDMS brushes and flexible polymers are grown or attached on the glass

paraffin.
substrate to prepare quasi solid slippery coatings.!*!”-* Very recently, Tiwari and co-workers
derived a solid slippery coating from small molecules, where a layer-by-layer construction of
metal—organic frameworks was developed on a modified glass substrate through a repetitive
and laborious reaction between metal ions and ligands using an organic solvent (e.g., dimethyl
formamide) at an elevated temperature (120°) for achieve lubrication-free solid slippery coating
with high optical transparency.?® Even after significant progress in this relevant research topic,
a few designs remained successful in providing durable lubrication-free bio-inspired coatings,
where mostly different polymers and nanomaterials were strategically associated. But, such
earlier reported approaches suffer from either the complex fabrication process and (or)
associated with the uses of environmentally hazardous fluorinated components and volatile
organic solvents, etc.!>3° In contrast to conventional liquid infused slippery interface, a few
approaches on designing the quasi-liquid slippery surfaces were introduced adopting solvent-
free deposition process.!’37 However, reports of waterborne solid slippery interface are
extremely rare due to the difficulty in bringing the low surface energy agent in the aqueous
phase for co-optimization of essential topography and low surface energy. Here, I introduced

thioesters to achieve a water-borne solid slippery coating and physically deformable

superhydrophobic coatings.
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Figure 5.1 A-C) Schematic presentation of the designing principle of ‘Processor-Input-Output’, where
the aqueous processing of small molecules having strategically selected chemical ‘inputs’ (i.e. self-
polymerizable, hydrophilic, and hydrophobic moieties) through an amidation reaction (processor)
between amine and thioester groups provided desired ‘outputs’, including bio-inspired wettability,
waterborne process, durable and optically transparent coating. D) Depicting the slippery behaviour of
beaded droplets of different liquids on a prepared solid slippery coating. E) Illustrating the physical
(tensile and compressive) deformations of fibrous and porous substrates that are embedded with
superhydrophobic coating. F) Schematic presenting tolerance of prepared coating towards some

relevant and widely accepted abrasive exposures.
In the recent past, strategically designed thioesters are successfully extended in developing
various relevant functional materials for triggered releasing of DNA, preparing covalent
adaptable networks, hydrogel assisted wound closure, reactive amphiphile, proto-peptide and
so on.>**® Inspired from such strategic and successful applications of thioesters, in this report,
unprecedentedly extended an inherently amine reactive thioester molecule * to report abrasion
tolerant and optically transparent two distinct bio-inspired wettability, i.e., lubrication-free

slippery and superhydrophobic coatings. This current synthetic approach involved a simple
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aqueous and covalent processing of appropriately selected chemical functional groups
(hydrophilic, hydrophobic and self-polymerizable moieties) considered as important ‘Inputs’
through a mutual chemical reaction between primary amine and thioester groups to achieve
desired ‘Outputs’ (i.e., waterborne coating with durability, transparency and bioinspired
wettability), as shown in Figure 5.1A-C. In this waterborne chemical approach, the selectively
reactive thioester group provided a simple way to integrate both the hydrophobic and
polymerizable moieties on releasing the hydrophilic moiety during the amide bond formation
process. Eventually, this chemical approach allowed to prepare a stable dispersion of
nanoparticle for co-optimization of essential topography and chemistry to confer both slippery
property and superhydrophobicity, where the choice of substrates (fibrous/porous or
flat/featureless interfaces) played an important role for associating the desired liquid
wettability, as shown in Figure 5.1D, E. The prepared waterborne, optically transparent (~ 88
%) coatings embedded with bio-inspired wettability remained highly tolerant in various
challenging and abrasive conditions, as shown in Figure 5.1F. The lubrication-free slippery
coating remained efficient in sliding beaded droplets of various polar and non-polar solvents
having a wide range of surface tension (22.3 mN/m to 70.2 mN/m) and successfully sustained
pencil (applied load of 1 kg) hardness test, knife scratch test, sandpaper abrasion test, exposure
of boiling water, extremes of pH, seawater, etc. without having any noticeable physical
damages and any change in slippery property. Moreover, the prepared superhydrophobic
coating on selected fibrous and porous substrates remained highly efficient in tolerating
repetitive (3000 and 2500 times) physical (compressive and tensile) deformations, sandpaper
abrasion (of 3000 cm), adhesive tape peeling test (375 times) and complex and prolonged (30
days) aqueous (extremes of pH, sea water, river water etc.) exposures. Such waterborne, non-
fluorinated and small molecules derived robust coating embedded with desired physical
properties would likely open up various possibilities for various potential and relevant
applications.

5.2. Experimental Section

5.2.1. Materials Required

Stearic  acid,  4-(dimethylamino)pyridine = (DMAP),  1-(3-dimethylaminopropyl)3-
ethylcarbodiimide hydrochloride (EDC), sodium 3-mercapto-1-propanesulfonate, (3-
aminopropyl)triethoxysilane, triton x-114, diiodomethane, and Nile red were purchased from
Sigma Aldrich (Bangalore, India). DCM, CH3CN, o-xylene, and toluene were purchased from
Alfa-Aesar, India. Polyurethane fabric was procured from Amazon India. The average pore

size of polyurethane is approximately 50 um, as measured using ImageJ software on FESEM
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images of a selected polyurethane fabric. The plane weave of selected polyurethane fabric is
twill patterned (112 g m2), and the thickness of the selected fabric is ~285 mm. The selected
melamine sponge, having a density of 7.5 kg/m?®, was purchased from AR Acoustics LLP,
Maharashtra. Adhesive tape, sand paper, knife, wool fabric, polyester fabric, cotton fabric,
lycra fabric, and jute fabric were procured from a local shop in Guwahati city (Assam, India).
Permanent marker (Luxor OHP/CD/DVD) ink was procured from Amazon India. The details
of the remaining other chemicals used in this work were discussed previously in section 2.2.1
of chapter 2.

5.2.2. Charecterization

The *C NMR were recorded at 600 MHz and 151 MHz with Varian AS400 spectrometer and
Brucker spectrometer respectively. High-resolution mass spectra (HRMS) were recorded at
Agilent Q-TOF mass spectrometer with a Z-spray source using built-in software for analysis
of the recorded data. Thermal stability was checked by Autoclave Selfa (model no-
7431SELFA). The remaining other instruments used in this chapter for characterization of

synthesized materials were the same as discussed previously in section 2.2.2 of chapter 2.
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Figure 5.2 Plausible reaction mechanism for the synthesis of 3-(steartoylthio)propane-1-sulfonate.
5.2.3. Procedure for the Synthesis of Alkyl Thioesters

In order to prepare the desired thioester, following reactants, i.e. 4-(dimethylamino) pyridine
(DMAP, 0.1 mmol) and 1-(3-dimethylaminopropyl)3-ethylcarbodiimide hydrochloride (EDC)
(1 mmol) were successively added into a stirring solution of stearic acid (1 mmol) in CH2Cl,
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Figure 5.3 A, B) 'H NMR (A) and '*C NMR (B) spectra of 3-(steartoylthio)propane-1-sulfonate.

(5 mL). Entire reaction mixture was kept under stirring condition for 10 minutes at room
temperature. Thereafter, sodium-3-mercaptopropanesulfonate (1 mmol) was added to the
reaction mixture. The reaction mixture was stirred for 5 h at room temperature. Next, brine
solution was added into the reaction mixture and the organic phase was extracted with ethyl
acetate (3 x 20 mL). The collected residue was washed with CH3CN (3 % 10 mL) and dried
under reduced pressure to obtain thioester as a white solid compound with 75% yield. The roles
of used chemicals are illustrated through reaction mechanism in Figure 5.2. The product was
characterized by the 'H NMR, '*C NMR (Figure 5.3A, B) and HRMS (Figure 5.4) analyses.
'H NMR (600 MHz, DMSO-de) dppm 2.91 (t, J = 6 Hz, 2H), 2.55 (t,J =9 Hz, 2H), 2.45 — 2.43
(m, 2H), 1.81 - 1.76 (m, 2H), 1.57 - 1.53 (m, 2H), 1.29 — 1.24 (m, 28H), 0.86 (t, /= 6 Hz, 3H).
13C NMR (150 MHz, DMSO-de) dppm 199.2, 50.6, 43.8,31.7,29.5,29.4,29.2,29.1, 28.6, 27.9,
26.1, 25.5, 22.5, 14.4. HRMS (ESI) calcd. for C21H41NaO4S> [(M-Na)]: 421.2446, found:
421.2446.

5.2.4. Fabrication of Transparent Solid Slippery Coating

At first, the glass slide was thoroughly rinsed with methanol and acetone to remove the dust
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molecules and then dried at room temperature. Further, this glass slide was placed in the
aqueous reaction mixture of thioester (7.5 mM) and APTES (7.5 mM), kept at an elevated
temperature of 80 °C for 8 h. During this course of experiment, a stable and milky dispersion
of nanoparticles appeared (see main text for more details). Finally, the glass slide was
thoroughly washed with methanol and H>O. Even the coated substrate was sonicated for 5
minutes in DI-water to remove the unreacted reactants (if any) and dried at room temperature

minutes to get a transparent solid slippery coating.

x10° | -ESI Scan (rt: 0.829 min) Frag=175.0V ST-1.d
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Figure 5.4 HRMS spectra of 3-(steartoylthio)propane-1-sulfonate.

5.2.5. Fabrication of Superhydrophobic Fabric and Sponge

Polyurethane (PU) fabric and melamine formaldehyde (MF) sponge were washed with acetone
prior to deposit nanoparticles following dip coating process. A reaction mixture was prepared
by mixing of thioester (7.5 mM) and APTES (7.5 mM) in DI-water, and then this solution was
kept at 80 °C for 8 h to achieve stable dispersion of nanoparticles. Next, the selected substrates
(i.e., polyurethane fabric and melamine sponge) were dipped into the reaction mixture and kept
for 5 min. Thereafter, the selected substrate was brought out from the dipping solution and kept
hanging in air for 1 min to remove excess deposition solution under gravity without incurring
any manual deformation. Next, the sponge was kept for drying in an oven at 80 “C for 6 hours

to obtain superhydrophobicity.
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5.2.6. Chemical Durability Tests

The optically transparent slippery coating, superhydrophobic coatings on fibrous and spongy
substrates were exposed to several harsh chemical exposures, such as artificial seawater (where
MgSO4 (0.325 g), MgCl> (0.226 g), NaCl (2.673 g), and CaCl» (0.112 g) were dissolved in 100
ml of deionized water), river water, deionized water, extremes of pH (1 and 12), surfactant
(DTAB solution,ImM), (SDS solution (1 mM), Triton-X solution(l1 mM)) contaminated
aqueous phase and UV irradiation (254 nm and 365 nm) 15 days for slippery coating and 30
days for superhydrophobic coating. Thereafter, the sliding of beaded liquids and extreme water
repellence were characterized by measuring the sliding angle, contact angle and contact angle
hysteresis.

5.2.7. Physical Durability Tests

Various practically relevant and widely accepted physically abrasive exposures were applied
on the prepared coatings to examine the durability of the associated liquid wettability. The
details of each abrasive and challenging exposures are provided here;

5.2.7.1 Sand Paper Abrasion: An abrasive sandpaper 400 grit (1 cm X 2 cm) was individually
applied on both the solid slippery coating and superhydrophobic coating by rubbing with back-
and forth motion across the solid slippery and superhydrophobic coating with an applied
pressure of 25 kPa. Both the slippery property and extreme water repellence were separately
monitored at regular interval of the abrasion distance. While the slippery property of the solid
slippery coating was investigated by measuring the sliding angle of beaded droplets of water
and diiodomethane, the superhydrophobicity was examined by measuring the contact angle and
contact angle hysteresis of beaded water droplet.

5.2.7.2 Pencil Hardness Test

A standard pencil hardness test was performed following a standard procedure (ASTM D 3363)
in attempt to incur scratches on the prepared solid slippery coating using a pencil hardness
tester (Amittari Instrument, AS-120P), where a 6H (hardest in available series of 6B-6H) pencil
having 5 mm of exposed core was applied on the prepared slippery coating at 45” inclination
with applied load of 1 kg. The average speed of the pencil tip movement was ~ 10 cm/s. Further,
the slippery property of the coating was investigated by measuring the sliding angle with
droplets of two distinct types of liquids, i.e., water (polar) and diiodomethane (non-polar).
5.2.7.3 Adhesive Tape Peeling Test

An adhesive tape was separately applied to the solid slippery coating and superhydrophobic
coating with an external applied load of 500 g for 5 min. Then, the adhesive tape was removed

from the surface of the coating by adopting the manual peeling process. This procedure was
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repeatedly applied on both solid slippery and superhydrophobic coatings. The slippery property
of the coating was investigated by measuring the sliding angle of beaded droplets of water
(polar) and diiodomethane (nonpolar) at regular intervals. On the other side, the water
wettability of superhydrophobic coating was investigated by studying the water contact angle
and contact angle hysteresis of beaded water droplet at regular intervals.

5.2.7.4 Knife Scratch Test

In this abrasive exposure, solid slippery and superhydrophobic coatings were randomly and
manually exposed to a sharp metal knife for several times in attempt to incur physical damages.
While, the superhydrophobic coated substrates were severely affected as evident from the
visual inspection, no noticeable damages were observed for lubrication-free solid slippery
coating.

5.2.7.5 Tensile Deformation Test

To perform this durability test, the superhydrophobic coating on stretchable fibrous substrate
was repetitively subjected to a tensile strain up to 150% for 2500 cycles. On the other side,
another superhydrophobic coating on spongy substrate was exposed to compressive
deformation up to 70%, repetitively (3000 cycles). After that, the water contact angles and
contact angle hysteresis were measured at different intervals for examining the impact of such
physical deformations on the embedded wettability.

5.2.7.6 Laundering and Ironing Test

The durability against the repetitive washing was investigated by following a standard
procedure (AATCC Test Method 61-2006 test No 2A), where the superhydrophobic coating
on a fibrous substrate was laundered at 40 °C for 45 min in the presence of 0.37 wt% SDS
surfactant. This procedure was repeated for 200 times. The superhydrophobic fabric was
repetitively ironed around 180 C for 275 times. The water wettability of the coated fabric was
examined by measuring the contact angle at regular intervals.

5.2.7.7 Autoclave Test

In this abrasive test, a solid slippery coating was kept in autoclave condition (temperature of
120 °C, pressure of 103.4 kPa) for 4 h. Further, the slippery property of the coating was
investigated by measuring the sliding angle of two distinct liquids, i.e., water and

diiodomethane.
5.2.7.8 Sand Drop Test

The sand drop test was conducted following a widely accepted procedure in the literature.

Firstly, a solid slippery coated interface was kept at 45 tilting angle attached with a glass slide
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and then 250 g of sand grains were dropped from a distance of 40 cm. Further, slippery property

was examined by measuring the sliding angle of water and diitodomethane solvent.
5.3. Results and Discussion

5.3.1. Design of Optically Transparent and Lubrication-free Solid Slippery Coating

In our design, two distinct bio-inspired coatings were directly derived from selected water-
soluble and non-fluorinated small molecules, following a scalable and facile fabrication
process. In this context, stearic acid and sodium 3-mercapto-1-propane-1-sulfonate were
mutually reacted following an earlier reported protocol*! for bringing a long hydrocarbon tail
(responsible for providing essential low surface energy) in the aqueous phase. Its subsequent
covalent reaction with another selected reactant in aqueous phase at ambient conditions
allowed to form a stable dispersion of nanoparticles (NP). In this design, the heptadecyl group
is linked to a highly water-compatible sulfonate moiety through a dynamic and selectively
reactive thioester bond. The primary amine group of another selected small molecule readily
reacted with thioester group to form an amide linkage, and simultaneously, the sulfonate moiety
released in the deionized (DI) water at ambient conditions, as shown in Figure 5.1A and Figure
5.5A. The successful synthesis of sodium 3-(steartoylthio)propane-1-sulfonate (labelled as R-
1) was characterized by 'H NMR, 3C NMR and HRMS spectral analysis, as shown in Figure
5.3 and Figure 5.4. Next, the synthesized R-1 was reacted with a self-polymerizable small
molecule, i.e. (3-aminopropyl)triethoxysilane (APTES, denoted as R-2) with 1:1 molar ratio in
DI water at 80 "C. Over time, the transparent reaction mixture (RM) of selected reactants (R-1
and R-2) transformed into a turbid and milky dispersion, due to the formation of NP, as shown
in Figure 5.5B. The growth of the NPs was found to be rapid in initial 30 min, and the size of
nanoparticles changed from 50 + 5 nm to 157 + 6 nm. Thereafter, the growth of NPs was found
to be slower, and the size of NPs was enhanced to 209 + 7 nm after 8 h (Figure 5.5C-E). The
same dispersion of the nanoparticles remained stable in water for 30 days, as shown in Figure
5.5F. During the course of the mutual reaction between the selected reactants (R-1 and R-2),
the thioester group of R-1 selectively reacted with the primary amine of R-2 to form a robust
amide bond, as evident from the ATR-FTIR analysis in Figure 5.6A. The IR signature of
carbonyl stretching of the thioester group of R-1 at 1689 cm™ was gradually reduced with the
progress of the reaction, and completely disappeared after 8 h of mixing of the selected
reactants, as shown in Figure 5.6A. As expected, additional IR signatures appeared at 1644 cm”
U'and 1547 cm™!, corresponding to amide-I and amide-II bands, respectively. The intensity of
these IR peaks was gradually enhanced with time, as shown in Figure 5.6B. These simple
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experiments validated the formation of amide bonds in the mutual reaction between R-1 and

R-2. Thus, the self-polymerizable triethoxysilane moiety of R-2 and hydrophobic hydrocarbon

tail is covalently integrated in the aqueous phase.
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Figure 5.5 A) Illustrating the amidation reaction between selected reactants (i.e. 3-
(steartoylthio)propane-1-sulfonate (labeled as R-1) and (3-Aminopropyl)triethoxysilane (APTES,
denoted as R-2)), where the reaction mixture of R-1 and R-2 in DI water at 80 °C provided a stable
dispersion of nanoparticle (NP). B) Digital images accounting the gradual conversion of transparent
reaction mixture (RM) of selected reactants (R-1 and R-2) into a turbid and milky dispersion due to
the formation of NP. C-D) Illustrating the growth (size) of the NP (C) and schematic of possible
chemical representation of developed nanoparticles (D). E-F) Dynamic light scattering (DLS)
accounting size distribution of prepared NPs in the DI-water with an inset providing the TEM image
of the prepared NPs (E) and size distribution of the prepared nanoparticles after storing for 30 days in

DI water with an Inset image illustrating the stable aqueous dispersion of prepared NPs.
In this process, the hydrophilic sulphonate moiety is released and the self-polymerization of

the triethoxysilane moiety and followed by phase separation, resulted an aqueous dispersion of
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NPs. Thereafter, this aqueous reaction mixture (RM) of selected reactants (R-1 and R-2) was
strategically extended to develop both the lubrication-free solid slippery interface and

superhydrophobic interfaces, separately.
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Figure 5.6 A) FTIR-ATR spectra for the individual reactants, i.e. 3-(steartoylthio)propane-1-sulfonate
(labelled as R-1, black), (3-Aminopropyl)tricthoxysilane (APTES, labelled as R-2), blue) and reaction
mixtures (1:1) of R-1 and R-2 after 8 h, (labelled as RM (8 h)). The IR peaks at 1689 cm™!, 1603 cm-
1, 1644 cm™ and 1547 cm™! correspond to the carbonyl stretching of the thioester group of R-1, N-H
bending of the primary amine group, amide-I and amide-II bands, respectively. The carbonyl
stretching of the thioester group is completely disappeared after 8 h of the mutual reaction between
amine and thioester moieties. B) FTIR-ATR spectra of the reaction mixtures (1:1) of R-1 and R-2 at
different time intervals.
The optimization of the synthesized superhydrophobic coating and its durability will be
discussed later in detail. To achieve the lubrication-free slippery coating, a microscopic glass
slide was submerged in the aqueous reaction mixture for 8 h, where the RM was prepared by
maintaining a fixed molar ratio (i.e. 1:1) of the selected reactants. Thereafter, the water contact
angle (WCA) and sliding angle (SA) were measured on the coated glass substrate. On
increasing the concentration of the selected reactants in the reaction mixture from 1 mM to 7.5
mM, both the static contact angle and the sliding angle for the beaded water droplets were
gradually improved, as shown in Figure 5.7A. However, no significant improvement was noted
beyond the concentration of 7.5 mM. This is likely due to no further improvement on the
surface coverage of the planar substrate with the deposited nanoparticles. A droplet of water
(15 pL) was beaded on the coated substrate with a static water contact angle of ~ 102° and the
beaded droplet started sliding on tilting the coated substrates at 15°, as shown in Figure 5.7C-
F, without involving any additional lubrication process. The prepared lubrication-free slippery
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coating remained highly optically transparent and the logo of our institute (Indian Institute of

Technology, Guwahati) wasvisible through this coated glass, as shown in Figure 5.7G-H.
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Figure 5.7 A) Plot illustrating the changes in static contact angle (CA) and sliding angle (SA) of a
beaded droplet of water on the synthesized coatings that were prepared by changing different molar
concentrations of selected reactants, where the molar ratio of selected reactants was kept at 1:1. B)
Depicting Optical transmittance (normalized with respect to bare glass) of the coated glass (red). C-
H) Static contact angle images (C) of a beaded droplet (5 pL) of water on coated glass, schematic
diagram (D) illustrating the sliding of a beaded water droplet on a slippery interface. E-F) sliding angle
(E and F) and digital images (G and H) of coated glass depicting the sliding of a beaded water droplet.
I-J) AFM images of coated glass under lower (I) and higher (J) magnifications. K) FTIR-ATR spectra
of the prepared slippery coating.

Further, the optical transparency was compared with bare glass and the coated glass, which

displayed nearly similar (~ 88%) optical transparency, as shown in Figure 5.7B. Thereafter, the

morphology of the coating was examined with atomic force microscope (AFM) imaging, which
confirmed the existence of a very smooth coating with a root means square (RMS) roughness
of ~ 5 nm, as shown in Figure 5.71-J. Further, the magnified AFM image revealed the presence
of aggregated globular domains in the prepared coating, which was derived through the mutual
reaction between the selected reactants in DI water. Furthermore, the FTIR spectra of the
prepared coating revealed the existence of amide linkages and polymerization of the silane
moiety. While the IR signatures at 1644 and 1547 cm™! indicated the presence of an amide
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bond, the appearance of another IR signature at 1028 cm™! revealed the formation of Si-O-Si
bond, as shown in Figure 5.7K. As expected, the characteristic IR signature of the thioester at

1689 cm™! is not observed for the prepared coating.
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Figure 5.8 A) Digital images and contact angle images of beaded droplets of different liquids having

a wide range of surface tension on the lubrication-free slippery coating. B) Bar diagram accounting

the static contact angle (CA) and sliding angles (SA) of various non-polar and polar liquids with a

wide range of surface tension on the prepared slippery coating.
In addition to water, the prepared coating displayed the ability to slide various other polar
(dimethyl sulfoxide, dimethylformamide, acetonitrile, tetrahydrofuran, acetone, ethanol and
methanol) and non-polar (toluene, o-xylene and diiodomethane) organic solvents, having a
wide range of surface tensions (from 50.8 mN/m to 22.3 mN/m), as shown in Figure 5.8. The
beaded droplet of different organic solvents having different static contact angles readily slides
on tilting the coated interface, mostly below 15°, as shown in Figure 5.8A and Figure 5.8B.
Thus, an optically transparent and waterborne coating embedded with solid slippery property
was successfully developed through covalent and aqueous processing of selected small
molecules in a single step, without demanding any additional lubrication process.

5.3.2. Tolerance of Lubrication-free Slippery Coating

In the past relevant literature, the lubrication-free slippery coating was often prepared using
organic solvents, following a complex fabrication process, and the sustenance of the earlier
reported slippery coating under various chemically and physically abrasive conditions was
commonly demonstrated for a few cycles and that too with a low (i.e., mostly below 10 kPa)
applied pressure.'3> While some earlier reported coatings displayed relatively promising
physical durability, the instability of such coatings in acidic or alkaline conditions and/or at

elevated temperatures (beyond 50 °C) remained a concern.'*** The waterborne and small
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molecules based slippery coating was exposed to various standard and widely accepted relevant
physically and chemically challenging settings, including sandpaper abrasion, knife scratch
test, adhesive tape test, pencil hardness test, boiling (~ 100 “C) water, cold (~ 5 "C) water,
autoclave test (120 °C, 103.4 kPa) and sand drop test, as shown in Figure 5.9A-U. First of all,
an abrasive sandpaper (400 grit abrasive sandpaper (having a dimension of 1 cm X 2 cm)) was
repetitively applied to the freshly prepared slippery coating with a to-and-fro motion having an
average speed of 15 cm s under an external pressure of 25 KPa, which is significantly higher
than the relevant reported literature.'3*> The slippery property of the beaded droplets of polar
(water) and non-polar (diiodomethane) liquids was monitored at regular intervals after
incurring the sandpaper abrasive distance and the sliding angle remained very similar, as shown

in Figure 5.10A.
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Figure 5.9 A-L) Digital images illustrating the sand paper abrasion test (A), knife scratch test (D),
adhesive tape peeling test (G) and pencil scratch test (J) on coated glass and thereafter the sliding
behaviour of beaded droplets of water (B, E, H and K) and diiodomethane (C, F, I and L) was
examined on the coated interface that was exposed to these different and standard physical abrasions.
M-R) Digital images depicted the sliding of beaded droplets of water and diiodomethane (M, Q, R)
before and after (N, P, R) submerging the prepared slippery coating in boiling water (100 “C), cold
water (5 °C) for 6 h, and standard autoclave treatment of the prepared coating. S-U) Schematic
illustration of sand drop test on lubrication-free slippery coating (S) and digital images showing the
sliding of water (T) and diiodomethane (U) on the lubrication-free slippery coating after performing

the sand drop test.
Even after the exposure of the synthesized slippery coating to such abrasive conditions for 500
cm distance, the tilted interface remained efficient in sliding both beaded droplets of water
(polar liquid) and diiodomethane (non-polar liquid), as shown in Figure 5.9A-C. Further, the
AFM images revealed the existence of the prepared slippery coating even after performing the
sandpaper abrasion test, as shown in Figure 5.10B-E. Thereafter, the prepared coating was
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exposed to a sharp-edged knife multiple times in arbitrary directions in an attempt to incur
scratches on the prepared interface, as shown in Figure 5.9D. But, during the course of this
abrasive exposure, any physical damages (scratches) were not noted under visual inspection
and the treated interface continued to slide the beaded droplet of water and diiodomethane
effortlessly, as shown in Figure 5.9E-F. Moreover, such coating was exposed to another widely
accepted physical abrasion test, i.e., adhesive tape peeling test, where a freshly exposed
adhesive tape was applied on the slippery coating with an external load of 500 g for 5 minutes,
prior to peeling off the tape from the surface (Figure 5.9G). This adhesive tape peeling test was
repetitively applied on the same interface, and the slippery property was examined at regular
intervals, as shown in Figure 5.10F. The prepared coating sustained such adhesive tape peeling
test successfully for 500 times, without compromising the embedded slippery property, where
both the droplets of water and diiodomethane were effortlessly moved away, without leaving
any trace of the liquid, as shown in Figure 5.9H-I. To understand the existence of such robust
and abrasion tolerance of the embedded slippery property of the coating, a standard pencil
hardness test was performed on the prepared coating using a pencil hardness tester, where a 6H
pencil (considered as one of the hardest pencils) was applied with an external load of 1 Kg
(Figure 5.9J). Few flakes of the eroded pencil were noted on the coating; this debris was readily
and completely removed by gently rubbing the same interface with tissue paper. Noticeable
scratches were not observed after performing the pencil hardness test (Figure 5.10 G-I).
Further, the interface that was exposed to the pencil hardness test repetitively remained highly
efficient to display unperturbed slippery property, and both the beaded droplets of water and
diiodomethane readily slide on tilting the interface (Figure 5.9K-L). In the past, a few self-
healable slippery coatings were introduced where physical damages were recovered on
application of elevated temperature. While such an approach is promising to heal physical
damages, the inconsistent performance over a wide range of temperatures could lead to
inconvenience for practically relevant applications. The prepared coating was noticed to be
efficient for sliding both droplets of boiling (~ 100 "C) and cold (~ 5 °C) water. Thereafter, the
prepared coating was submerged in boiling water and exposed to freezing cold environment
overnight, but the slippery property remained unaffected, as shown in Figure 5.9M-P. Even
such coating survived another severe exposure to standard autoclaving condition (120 °C, 103.4
kPa) often performed for sterilization of bio-medically relevant materials/interfaces. The
coating that was exposed to autoclaving condition for 4 h remained appropriate to display
unperturbed slippery property, as shown in Figure 5.9Q-R. The prepared slippery coating was

also exposed to a standard sand drop test, where 100 g of sand particles were dropped on the
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slippery coating from a distance of 40 cm, as shown in Figure 5.9S-U. But the slippery property
of the coated interface remained unaffected. These simple demonstrations validated that the
prepared coating inherently remained hard enough to survive various severe abrasive
exposures. Even some earlier reported slippery coatings that displayed improved physical

durability failed to sustain extremes of pH for a prolonged duration.
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Figure 5.10 A) Bar graph showing variation of sliding angle for beaded droplets of water (black) and
diiodo methane (red) on increasing the sand paper abrasion distance. B-E) AFM images of solid
slippery coating before (B, C) and after performing sand paper abrasion (D, E) in low (B, D) and high
(C, E) magnifications. F) Bar graph accounting the sliding angle of beaded droplets of water (black)
and diiodomethane (red) on coated glass after repetitively performing the adhesive tape peeling test.
G-I) Bright field microscopic images of a coated glass slide before (G) and after (H) performing the
pencil scratch test, and after the tissue wiping (I) of the same coated interface. J) Bar graph illustrating
of sliding angles (SA) of a beaded droplet of water (black), and diiodomethane (red) on coated glass
after exposure to various harsh chemical environments for 30 days.
The currently developed slippery coating was exposed to various other harsh and extreme of
conditions, including extremes of pH, sea water, UV-light, etc., to evaluate the performance of
the embedded slippery property. Next, small molecules based slippery coating was exposed to
extremes of pH (1 and 12), artificial sea water, river water, surfactants (SDS, DTAB, triton-x;
1 mM) contaminated aqueous phases and UV (at short range: 254 nm and long range: 365 nm)
irradiation for 15 days prior to examining the embedded slippery property, as shown in Figure
5.10J. The prepared coating remained appropriate to withstand such a diverse range of
prolonged exposures, and the beaded droplets of polar (water) and nonpolar (dilodomethane)

liquids readily slipped off without leaving any trace of beaded liquid. Thus, the prepared

coating displayed impeccable tolerance to various types of chemical and physical abrasions,
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without affecting the embedded slippery property. I hypothesize that the amidation reaction
between selected reactants, i.e. (3-aminopropyl)triethoxysilane and thioester, followed by selt-
polymerization of modified aminosilane through Si-O-Si bond formation attributes to the
physical and chemical durability of the prepared coating. Further, I have successfully deposited
such transparent solid slippery coating on other relavent planar substrates, including PMMA

and PC films, as shown in Figure 5.11A-L.

= ==
gg —
]
8=
c o
= 5mm
e : | “M-,” .:
3 Y 5, -
o =
8% e
F ™ 5mm
@ — — =] e — =
TE | aSms SIS,
53 | N 7@ O -
g3 | ) -
52 L S
a |G TI 52’“
g [~ — = =
] IS, S
35 | HON 20N
T = e
S8 j(’ s 4
R el
& Tl L [ 52’"

Figure 5.11 A-F) Digital images showing sliding behaviour of beaded droplets of water (blue) and
diiodomethane (red) on uncoated (A-C, G-I) and coated (D-F, J-L) poly(methyl methacrylate) sheet (A-F)
and polycarbonate (G-L) sheet.

5.3.3. Deformation and Abrasion Tolerant Extremely Water Repellent Coating

In the past, completely distinct approaches were adopted to prepare ultra-smooth solid-slippery
and hierarchically-featured superhydrophobic coatings. In the current design, the same
chemical approach was successfully extended to achieve even deformable superhydrophobicity
on fibrous and porous substrates. The dip-coating process was adopted to deposit the small
molecules derived NPs that were prepared by reacting the selected reactants (R-1 and R-2) with
1:1 molar ratio at 80 “C for 8 h on an inherently hydrophilic (Figure 5.12 A-F) and stretchable
polyurethane based fibrous substrate to modulate the water wettability. On increasing the
concentrations of selected reactants in the reaction mixture that provided the dispersion of NPs
allowed the gradual elevation of the water wettability, as shown in Figure 5.12G-O. Eventually,
at the concentration of 7.5 mM, the coated fibrous substrate displayed superhydrophobicity
with a water contact angle (WCA) of 155" and contact angle hysteresis of ~ 3°, as shown in

Figure 5.13A. Further, the deposition of NPs was confirmed with FESEM imaging where the
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granular morphology (Figure 5.13B-C) appeared on the featureless fiber (Figure 5.12E) of the

selected substrate.
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Figure 5.12 A-D) Digital images (A, B) and contact angle images (C, D) of beaded water droplets on
the bare fibrous (A, C) and spongy (B, D) substrates. E, F) FESEM images of uncoated fibrous (E)
and spongy (F) substrates. G) Bar diagram illustrating the changes in static contact angle of beaded
water droplet on the coated fabric on increasing the molar concentrations of reactants (R1 and R2)
while maintaining a 1:1 molar ratio. H-O) Digital images (H-K) and static contact angle images (L-
O) of beaded water droplet on the coated fibrous, where the coatings were derived from the reaction
mixtures of different molar concentrations.
Such integration of NPs covalently associated with the hydrophobic heptadecyl moiety,
provided essential topography and chemistry to confer superhydrophobicity on the selected
stretchable fibrous substrates, as shown in Figure 5.13A. This approach remained absolutely
efficient in successfully decorating various other inherently hydrophilic natural (e.g. jute, wool,
cotton, silk) and synthetic (e.g. lycra, polyester) fibrous substrates with extremes of water
wettability (WCA above 150°), as shown in Figure 5.13E-P. As the dispersion of NPs remained
stable for 30 days (Figure 5.5F), a solution of NPs that was kept at ambient lab-condition for

30 days was utilized for dip-coating a fibrous substrate to achieve non-adhesive

superhydrophobicity with WCA of 153°, as shown in Figure 5.13D.
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coated fibrous substrate, where fibrous substrate was dip coated with the reaction mixture of selected

small molecules that was aged for 8 h (A) and 30 days (B). C, D) FESEM images of coated fibrous

substrate under lower (C) and higher (D) magnifications. E-I) Digital image (E) and contact angle
images of exterior (F) and interiors (G) of the coated melamine formaldehyde (MF) sponge. H-I)
FESEM images of coated MF sponge under lower (H) and higher (I) magnifications. J-U) Digital and
static contact angle images (inset) of beaded water droplets on different natural and synthetic fibrous
substrates including jute (J and P), wool (K and Q), cotton (L and R), silk (M and S) and lycra (N and
T), polyester (J and L) before (P-U) and after (J-O) application of the superhydrophobic coating.
Thereafter, a highly compressible porous melamine formaldehyde (MF) sponge was dip-coated
with prepared NPs (concentration of reactants = 7.5 mM) to associate superhydrophobicity
with WCA of ~ 156°. The superhydrophobic sponge was further sliced with the shape of a
‘step’ to expose the interiors for examining the water wettability in the bulk of the porous
material. Both exterior and interiors of the coated MF sponge were found to be embedded with
superhydrophobicity with WCA well above 150°, as shown in Figure 5.13Q-S. Furthermore,
the morphology of the coating was investigated with FESEM imaging. The appearance of
granular morphology on the featureless segments of MF sponge (Figure 5.12F) validated the
successful deposition of NPs that is essential to associate bio-inspired superhydrophobicity, as
shown in Figure 5.13T-U. The tolerance of embedded extreme water repellence in the prepared
coating to repetitive physical deformation was investigated in detail. Even after dip-coating,
coated substrates (i.e., PU fabric and MF sponge) remained highly stretchable and

compressible. First of all, the stretchable fibrous substrate was exposed to a 150 % of tensile
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strain, and the physically deformed interface continued to display unperturbed

superhydrophobicity with WCA of 151°, as shown in Figure 5.14A.
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Figure 5.14 A) Plot showing the change in static contact angle (black) and contact angle hysteresis
(red) of beaded water droplet on the superhydrophobic coating during the repetitive (4000 cycles; the
red dotted line indicating the limit of performance, i.e.2500 times), tensile (150%) deformation
process, and the inset showing the digital image & static contact angle image of beaded water droplets
on the superhydrophobic coating after application of repetitive external tensile strain of 150%. B) Plot
showing the change in static contact angle (black) and contact angle hysteresis (red) of beaded water
droplet on the superhydrophobic MF sponge during its repetitive (4000 cycles; the red dotted line
indicating the limit of performance, i.e. 3000 times) physical compression (70%). The inset showing
the digital image of beaded water droplets on the superhydrophobic coating after application of
repetitive compressive strain of 70%. C-H) Digital images of the experimental setups for knife test
(C), adhesive tape peeling test (E), sand paper abrasion test (G) and Digital images and contact angle
images (inset) of the beaded water droplets after performing knife test (D), adhesive tape peeling test
(F) and sand paper abrasion test (H). I) Plot illustrating the impact of various chemical harsh exposures
including artificial seawater, river water, DI-water, pH 1, pH 12, SDS, DTAB, UV irradiation (at A
max = 254 and 365 nm), triton x and ambient air (at 25 °C) for 15 days on the water wettability of
coated fabric (black) and sponge (red).

Such large amount of physical deformation was repetitively applied and the water wettability
of the coated interface was examined at regular interval. Even after incurring 150 % of tensile
deformation for 2250 cycles, the prepared coating remained non-adhesive superhydrophobic
with WCA above 150" and contact angle hysteresis below 10°, as shown in Figure 5.14A. Thus,

the limit of performance was observed to be 2250 cycles and the superhydrophobicity was
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compromised on further increasing the tensile deformation cycles. Similarly, the prepared
superhydrophobic sponge was compressed with 70 % compressive strain and the embedded
water repellence remained unaffected, as shown in Figure 5.14B. The droplet of water beaded
on the compressed interface with WCA of ~152°. The prepared compressible supehydrophobic
material has the ability to sustain the repetitive compressive strain (70 %) for 3000 cycles
without losing the nonadhesive superhydrophobicity (WCA above 150° and contact angle
hysteresis below 10°), as shown in Figure 5.14B. The same coated fibrous substrate was also
exposed to other widely accepted physically abrasive exposures, including knife scratching,

adhesive tape peeling and abrasive sand paper test, as shown in Figure 5.14C-H.
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Figure 5.15 A) Plot illustrating the change in static contact angle and contact angle hysteresis of
beaded water droplet on superhydrophobic fabric after repeatedly (400 cycles) washing (maroon; the
red dotted line referring the limit of performance, i.e., 225 cycles) and ironing (black; the blue dotted
line referring to the limit of performance, i.e., 275 cycles) the coated fibrous substrate. B) Plots
showing the change in static contact angle and contact angle hysteresis of beaded water droplets on
superhydrophobic fabric on repetitive application of adhesive tape peeling test (the blue dotted line
referring the limit of performance, i.e., 375 cycles). C) Plots showing the change in static contact angle
hysteresis of beaded water droplets on superhydrophobic fabric during the sand paper abrasion test

for 4000 cm (the blue dotted line indicating the limit of performance, i.e., 3000 cm).

The repetitive exposures of knife scratching on the superhydrophobic fibrous substrate led to

severe physical damages, as noted by the visual inspection (Figure 5.14C-H), but the embedded
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superhydrophobicity remained unaltered with WCA of 155°. Moreover, both coated fabrics and
sponges were exposed to various and complex aqueous phases, including sea water, river water,
di water, acidic water (pH 1), alkaline water (pH 12), water contaminated with surfactants
(SDS, DTAB, Triton X), UV irradiation (at Amax = 254 and 365 nm) and in air for 30 days.
However, the coated interfaces were efficient in successfully tolerating the exposure to these
different chemicals and displayed extreme water repellency (WCAs above 150" and contact
angle hysteresis below 107), as shown in Figure 5.141. Thereafter, the superhydrophobic
stretchable fabric was repetitively exposed to both the standard laundering test and ironing test
and the coated interface sustained the laundering and ironing tests for 225 and 275 cycles,
respectively, without compromising non-adhesive superhydrophobicity, as shown in Figure
5.15A. Then, the stretchable superhydrophobic coating was exposed to adhesive tape peeling
test, where a freshly exposed adhesive interface was applied on the small molecules derived
coating for 5 min with an external load of 500 g, prior to peeling off from the coated interface.
The external load facilitated the contact between adhesive interface and the coating. The
coating survived such repetitive exposure for 300 times without losing the non-adhesive
superhydrophobicity, as shown in Figure 5.14E-F and Figure 5.15B. Furthermore, such coating
was exposed to another practically relevant severe setting, where an abrasive sand paper was
applied with back and forth motion under an external load of 500 g. The water wettability of
the coating was monitored with increasing the sand paper abrasion distance, as shown in Figure
5.15C. The prepared coating was appropriate to tolerate a sand paper abrasion distance of 3000
cm without compromising the nonadhesive superhydrophobicity. Although noticeable physical
damages appeared during the course of the study as evident from visual inspection (Figure
5.14G-H), but the damaged interface remained efficient to display extreme water repellence
with WCA of 153", Thus, the small molecules based superhydrophobic coating that was
processed in the aqueous phase through the mutual covalent reaction between amine and
thioester provided chemically and physically robust superhydrophobicity. In the past, various
strategies were introduced to achieve a mechanically robust superhydrophobic coating.*’*
Here, 1 have introduced a simple chemical approach to address this important durability

challenge.

5.3.4. Self-cleaning and Antifouling Performance of Solid Slippery and
Superhydrophobic Coatings

The prepared slippery coating that sustained various and severe physical abrasive exposures,
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as extended to demonstrate the instant and repetitive erasing of an intentionally deposited
commercially available permanent marker (Luxor OHP/CD/DVD) ink from the slippery
interface, just by the application of gentle rubbing with tissue paper. First of all, the spreading
of such ink on the coated glass was noticed to be poor in comparison to bare glass, as shown

in Figure 5.16A, B, likely due to the association of bio-inspired wettability.
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Figure 5.16 A-B) Digital images illustrating the attempts of erasing the manually deposited

commercially available permanent marker ink from bare glass (A) and coated slippery interface (B)
by gentle rubbing with tissue paper. C-D) Digital images demonstrating the self-cleaning ability of
deposited sand particles on both uncoated (C) and coated (D) glass slide with stream of tap water. E-
T) Digital images showing the fouling and antifouling behaviour of bare and superhydrophobic fabric
with the stream of cow milk (E, I, and M, Q), cold (4 °C) cola (F, J and N, R), cold (4 °C) juice (G, K
and O, S), hot (60 °C) coffee (H, L and P, T).

The deposited ink that air-dried on the slippery coating was completely removed on application

of a gentle wiping with tissue paper, without having any trace of the permanent marker.
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However, as expected, the hand-writing (i.e. [ITG) with the same permanent marker on the
bare glass remained utterly inerasable even after successive application of gentle and harsh
wiping with tissue paper, as shown in Figure 5.16A, B. Thus, the prepared coating has the
ability to protect the interface from unwanted exposure of even a permanent marker ink. In the
past, superhydrophobic interfaces were extensively extended to demonstrate self-cleaning
performance.’*> Inspired by earlier reports, here, the prepared solid slippery coating was
successfully used to demonstrate the self-cleaning ability, where the deposited dust and dirt on
the slippery coating was readily removed on exposure to the aqueous stream and provided a
dry and clean interface, as shown in Figure 5.16D. In the absence of such coating, the glass
substrate remained inefficient to provide an instantly dry and clean interface, as shown in
Figure 5.16C; rather a muddy and wet interface was recovered at the end for the uncoated glass
substrate. Thereafter, the bare fabric and prepared superhydrophobic fabric were exposed to
various commercially available hot and cold beverages, including milk, cold (4 "C) soft drink,
fruit juice and hot coffee (60 “C) to examine its ability to protect the selected porous/fibrous
and inherently hydrophilic substrates from unwanted aqueous exposures, as shown in Figure
5.16E-T. While the bare fibrous substrate soaked all the beaded droplets of the selected
beverages, (Figure 5.16E-L) the small molecule derived coating repelled the same aqueous
droplet with extreme repellence, having a CA of above 150°. Thereafter, the streams of selected
cold and hot beverages were poured on the prepared superhydrophobic coating and the liquids
were extremely repelled and readily removed, without having any trace of these used liquids

on the coated fabric, as shown in Figure 5.16M-T.
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Figure 5.17 A-D) Digital images demonstrating the solid slippery (A-B) and superhydrophobic (C-

D) coatings on large objects.
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Further, this coating strategy was successfully applied to coat on large substrates with the
slippery and superhydrophobic property, as depicted in Figure 5.17A-D. Thus, I have
introduced a scalable and facile chemical approach to develop an optically transparent slippery
and superhydrophobic coating, which remained appropriate to survive various practically
relevant and challenging conditions, and thus, such coating would be useful in relevant and

realistic applications.

5.4. Conclusion

To conclude, I report a simple design for aqueous processing of some important chemical
parameters to achieve coating with desired and relevant ‘output’, including optical
transparency, physical & chemical durability, slippery property and superhydrophobicity. In
the current design, a thioester molecule (R-1) that is associated with both hydrophobic
(heptadecyl) and hydrophilic (sulfonate) moieties was reacted with another small molecule, i.e.
AEPTS (R-2) in DI water to achieve a stable (for 30 days) dispersion of NPs (size 210 nm),
where the thioester and primary amine groups were mutually reacted to form an amide linkage
and it caused the release of the hydrophilic (sulfonate) moiety. The reaction mixture of selected
reactants (R-1 and R-2) was extended to develop an optically transparent (above 85%), non-
fluorinated and lubrication-free slippery coating for effortless sliding (below 15 tilting angle)
of various polar and nonpolar liquids having a wide range of surface tensions. Such interface
remained efficient to perform at extremes of temperatures (120 'C to 5 °C) and remained
tolerant to survive various and severe abrasive exposures, including sand drop (250 g) test,
sand paper abrasion distance of 500 cm (applied load of 25 KPa), adhesive tape peeling test
(for 500 cycles), knife scratch test, pencil hardness test (6H pencil, applied load of 1 Kg) and
prolonged (15 days) treatments with extremes of pH, sea water, river water, different
surfactants (1 mM) contaminated water etc. The same reaction solution was also successfully
explored to develop a physically deformable (stretchable and compressible) superhydrophobic
coating on fibrous and porous substrates with a water contact angle above of 150° and contact
angle hysteresis below 10°. The prepared coating sustained repetitive compressive (70%) and
tensile (150%) strains for 3000 and 2500 cycles, respectively, without compromising the
embedded extremes of water repellence. Further, such coatings remained appropriate to sustain
different and severe abrasive physical and chemical exposures. Such slippery and
superhydrophobic coating were also utilized to demonstrate the abilities of 1) self-cleaning of
deposited dust, 2) protecting the underneath hydrophilic substrate from unwanted exposures of

commercially available ‘permanent ink’ and aqueous beverages, respectively.
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Chapter 6. Conclusion and Future Directions

This chapter presents a summary of the entire thesis work discussed in the previous chapters
and outlines potential future directions related to this thesis work. I have strategically applied
aqueous and non-aqueous liquid wettability to derive various functional customized materials
and interfaces through the adoption of facile fabrication methods. In Chapter 1, I provided a
brief overview of bio-inspired liquid wettability, exploring the conventional techniques used
to prepare different artificial anti-wetting surfaces, highlighting existing relevant challenges,
and outline the objectives of this thesis work. Chapter 2 demonstrates the post-modification of
porous and reactive crystalline nano material (MOFs) with selected alkyl amines through 1,4-
conjugate addition reaction to tailor the liquid wettability from hydrophobic to
superhydrophobic. It allowed to develop liquid marbles (LMs) for on-demand and customized
release of the inner liquid in the presence of different pH of the water pool. In Chapter 3, [ have
introduced omniphobic capsules/colloidosomes from crystalline and hydrophobic comb-
polymer to prevent loss of inner liquid because of surface adhesion and evaporation of
encapsulated volatile liquid. Chapter 4 accounts for the fabrication of chemically reactive
superhydrophobic polymeric coating on a textile to develop a chemically modulated wettability
pattern for antigravity unidirectional water transport. In Chapter 5, I have introduced a
completely waterborne, highly transparent, abrasion-tolerant, and substrate-independent solid
slippery and superhydrophobic interface through an amidation reaction between a thioester and

aminosilane.

In this thesis, [ have introduced different types of anti-wettable materials/interfaces, which can
be further used for various relevant applications. LMs and colloidosome (discussed in chapters
2 and 3) have been used in various “droplet-scale” applications, like on-demand drug release,
miniaturized chemical reaction, sensing of toxic pollutants, etc. Further, these materials could
be extended for catalytic miniature reactors, lab-on-a-chip devices, etc. Moreover, in the recent
past, LMs have been used in 3D cell culture applications. A 3D cell culture is an advanced
engineered system that enables biological cells to grow and interact with their surrounding
environment in all three dimensions. LMs are potential candidates for 3D cell culture due to
non-sticking, permeability, easy transportation, and a confined environment. However, LMs
often suffer from weak mechanical properties. So, it is difficult to monitor cell culture for a
long duration. On the other side, colloidosomes are mechanically stable but lack porosity. To

achieve the desired mechanical property while retaining the property of LMs, i.e., porous shell

157 |Page
TH-3852_196122029



Chapter 6

structure, it could be possible to develop a hybrid material combining the key properties of

both LMs and colloidosome, adequately.

Furthermore, the patterned Janus textile, discussed in Chapter 4, is used to demonstrate
directional liquid transport and can also be extended to various applications. The asymmetric
wettability of patterned Janus textile and the fast ejection rate of water droplets could make
them efficient for water harvesting, wound healing, sensing, etc. In the recent past, researchers
have made efficient progress in developing patterned Janus fabric for unidirectional liquid
transport properties for real-life applications. However, the slow rate of unidirectional liquid
transport properties and the use of sophisticated instruments restrict the industry requirements.
So, this patterned Janus textile with facile fabrication, instrument-free, and high unidirectional
liquid transport properties could be used in the near future for water harvesting, wound healing,

and sensing applications in real-life scenarios.

I have successfully introduced a robust, complete waterborne, transparent, scalable, non-
fluorinated dry solid slippery interface as discussed in Chapter 5, which can be further used in
solar panels, smart windows, spectacles, airplane wings, and other applications to prevent
unwanted fouling by liquids and dust particles. Moreover, a highly deformable complete
waterborne superhydrophobic coating on porous and fibrous substrates was developed
following the same chemistry, which was also discussed in this chapter. The porous and fibrous
robust superhydrophobic coating has potential for various applications such as oil-water
separation and anti-icing. Therefore, the developed materials could be beneficial for a wide

range of future applications.
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Patents
1. U. Manna, S. Kumar, M. Dhar "A waterborne, lubrication-free optically
transparent solid slippery and superhydrophobic coating and method of production
thereof" Indian Patent, Application No.: 202331008591 A, Date: February 09,
2023.
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Conferences Attended

1. Poster presentation at International Conference on Frontiers in Chemical
Sciences 2022 (FICS - 2022) from 2™ to 4™ December 2022, organized by IIT
Guwahati, India.

2. Poster presentation at Frontiers in Nano-Sciences 2024 (FINS 2024) from 1%-24
November, 2024, organized by IIT Guwahati, India.

3. Oral presentation at International Conference on Innovation and Advances in
Chemical Sciences (IACS - 2025) from 24" to 25" January 2025, organized by Cotton
University, India.
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