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ABSTRACT: Design of Nepenthes pitcher inspired slippery
liquid infused porous surface (SLIPS) appeared as an important
avenue for various potential and practically relevant applications.
In general, hydrophobic base layers were infused with selected
liquid lubricants for developing chemically inert SLIPS. Here, in
this current study, an inherently hydrophilic (soaked beaded water
droplet with ∼20° within a couple of minutes), porous and thick
(above 200 μm) polymeric coating, loaded with readily chemically
reactive acrylate moieties yielded a chemically reactive SLIPS,
where residual acrylate groups in the synthesized hydrophilic and
porous interface rendered stability to the infused lubricants. The
chemically reactive SLIPS is capable of reacting with the solution
of primary amine containing nucleophiles in organic solvent
through 1,4 conjugate addition reaction, both in the presence (referred as “in situ” modification) and absence (denoted as pre
modification) of lubricated phase in the porous polymeric coating. Such amine reactive SLIPS was further extended to (1) examining
the impact of different chemical modifications on the performance of SLIPS and (2) developing a spatially selective and “in situ”
postmodification with primary amine containing nucleophiles through 1,4 conjugate addition reaction. Moreover, the chemically
reactive SLIPS was capable of sustaining various physical abrasions and prolonged (minimum 10 days) exposure to complex and
harsh aqueous phases, where infused lubricants protect the residual acrylate groups from harsh aqueous exposures. Such, principle
will be certainly useful for spatially selective covalent immobilization of water insoluble functional molecules/polymers directly from
organic solvents, which would be of potential interest for various applied and fundamental contexts.
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1. INTRODUCTION

The modulation of essential topography and appropriate
chemistry remained a primary basis behind developing various
functional and smart interfaces.1−4 In 2011, Aizenberg and co
workers introduced a Nepenthes pitcher inspired slippery
liquid infused porous surface (SLIPS) through the strategic
use of a porous fluorinated matrix and fluorine based liquid
lubricant, where the chemical compatibility between the
infused lubricant and the matrix is hypothesized to be a key
and essential parameter for achieving a nonadhesive slippery
interface for probe liquids.5 Since then, this hypothesis has
been followed for synthesizing a bioinspired SLIPS, where
hydrophilic hierarchically featured/porous interfaces (denoted
as base layer) are routinely hydrophobized with long tail
hydrocarbons, aromatic groups, fluorinated small molecules,
and so forth, following chemical and physical deposition
processes, prior to infusing with selected fluorinated/non
fluorinated lubricants.6−29 In another approach, an inherent
hydrophobic base layers were developed by associating
hydrophobic polymers or nanomaterials to prepare advanced
and different stimuli responsive SLIPS30−43 for printing

assisted functionalization,30 programable droplet manipula
tion,31,32 developing patterned interface,33 controlled switching
of liquid wettability,34−37 controlled transfer of gas, and so
on.38−43 However, eventually, chemically inert and highly
hydrophobic interfaces were mostly used in the reported
SLIPS. Is this lubrication of hydrophobic and inert base layer a
necessary requirement to achieve SLIPS? As per our
knowledge, there is no report in the literature to address this
fundamental and important concern on SLIPS that have
immense prospects for widespread practically relevant
applications including tissue engineering, gas and liquid
transport, anticorrosion, water harvesting, drug delivery, and
so forth.5−43 To address this important aspect of the
biomimicked interface, a design of a readily chemically



reactive, hydrophilic, and porous interface is essential, where
the chemically reactive porous interface would allow systematic
post covalent modification with small molecules having
different hydrocarbon tail length. Routinely, either highly
hydrophobic or superhydrophobic base layers were developed
for stabilizing infused lubricants in the porous interface of the
SLIPS. However, the minimal chemical requirements have not
been systematically examined due to the lack of suitable
substrates, with porosity, hydrophilicity, and ready chemical
reactivity. In the past, few chemically reactive and porous
coatings were introduced in the literature, but most of them
were inherently superhydrophobic and were generally utilized
in synthesizing interfaces displaying patterned extreme water
wettabilities.44−46 The embedded extreme water repellency in
the reported chemically reactive bioinspired coatings44−46

makes such an interface inappropriate for evaluating the
minimal and necessary chemical requirement that is required
for stabilizing the lubricant phase in the liquid infused porous
interfaces. Even though, both the topography and chemistry
were hypothesized to be crucial fundamentals behind designing
the bioinspired SLIPS.5 Only the role of topography on the
bioinspired SLIPS is examined thoroughly, where it was proven
that the hierarchical topography is not an essential criteria for
synthesizing a liquid infused slippery interface, even interfaces
with only nanometer scale features are also capable of
displaying slippery property.47,48 However, progress on
designing appropriate experiments capable of evaluating the
exact role of chemistry for designing the SLIPS is few, likely
due to the challenge in synthesizing hydrophilic yet chemically
reactive porous interfaces.
Besides the above mentioned challenge, recently, few porous

polymeric coatings were spatially modulated with hydrophobic
and hydrophilic chemical moieties for developing interfaces
with patterned wettability.49−52 After infusion with selected
liquid lubricants, the portion of the porous interface selectively
modified with long tail hydrocarbon/fluorinated molecules
provided SLIPS, and the area of coating modified with a

hydrophilic moiety failed to display such bioinspired
property.49−52 This study strongly suggested that the macro
scale perturbation in chemistry is likely to scarify the slippery
property in SLIPS. Even though the mobility of lubricants in
SLIPS has the ability to self heal abrasions in the order of μm
scale,5 but most of the reported SLIPS that are developed
based on the postmodification on the top of hydrophilic
hierarchical features (base layer) with the thin layer (in the
order of nm) of hydrophobic coating6−25 are fundamentally
inappropriate to tolerate macroscale (in order of few cm and
more) physical abrasion, likely due to the damage of the
appropriate chemical makeup that is mostly optimized only
over few nanometers across the thickness of the reported
SLIPS.6−25 Thus, any macroscale (in order of mm/cm)
physical abrasions on the conventional design of the SLIPS is
expected to expose the hydrophilic interior, misbalancing the
chemical compatibility between the featured interface and
infused lubricant, and eventually, most of the reported SLIPS
are therefore unlikely to perform in practically relevant
different physical abrasive settings. However, recently, self
healing SLIPS were developed by strategic association of
supramolecular polymers, and such designs were found to be
appropriate for sustaining large physical damages.53−55

In this report, a hydrophilic and chemically reactive porous
polymeric coating loaded with residual acrylate groups for
systematically evaluating the impact of chemistry on designing
SLIPS is introduced (Scheme 1A). Surprisingly, during the
course of the study, the direct lubrication of the chemically
reactive and hydrophilic interface with a range of natural and
synthetic liquid lubricants allowed to develop SLIPS without
associating any additional hydrophobization (Scheme 1B).
However, in the past literature, hydrophobic post modification,
prior to lubrication, was routinely adopted as the most
essential component for designing SLIPS. In our current
design of SLIPS, it was experimentally validated that the
residual acrylate groups help to anchor the water immiscible
lubricated phase, even though the entire porous polymeric

Scheme 1. (A) Schematic Representation of Chemically Reactive Porous Polymeric Coating that Instantly Became SLIPS
(B)after Lubrication with Silicone Oil; Whereas, the Same Polymeric Coating Utterly Fail To Display Slippery Behavior
after Post Chemical Modification with Glucamine (C) Through 1,4 Conjugate Addition Reaction. Nevertheless, the
Chemically Reactive Polymeric Coating Remained Efficient To Display SLIPS after Post Covalent Modification with Higher
Analogues of Butylamine (D), Whereas No Slippery Property Was Noticed for Polymeric Coating That Was Treated with
Butylamine and Its Lower Analogue (E)



coating remained highly hydrophilic [with a water contact
angle (WCA) of ∼20°]. Furthermore, the readily amine
reactive acrylate groups that were available in the chemically
reactive porous polymeric coating allowed for systematic
modulation with various alkyl amines having different
hydrocarbons tail lengths, as shown in Scheme 1D,E.
Moreover, various standard and severe macroscale (order of
few cm) physical abrasions (e.g., sand paper abrasions,
adhesive tape test, etc.) were strategically imposed on the
synthesized slippery polymeric coating for exposing the interior
of the polymer coatingrandomly and intentionallyover a
large area (in the scale of cm). However, on infusion of
selected liquid lubricants, this physically damaged polymeric
interface displayed Nepenthes pitcher inspired liquid wett
ability, as no post covalent modulation was involved in the
currently synthesized SLIPS, unlike the conventional designs.
Moreover, the design of chemically reactive SLIPS was
successfully extended for in situ and spatially selective covalent
modification with selected nucleophilesthat too using
organic solvents in the presence of the lubricated phase in
the porous polymeric coating.

2. RESULT
2.1. Synthesis and Characterization of Chemically

Reactive SLIPS. In the past, our research group introduced a
facile and catalyst free approach for synthesizing chemically
reactive nanocomplexes (CRNCs) having residual acrylate
groups that were readily chemically reactive towards different
alkylamines through 1,4 conjugate addition reaction at ambient
conditions.56,57 Such nanocomplexes were strategically ex
ploited further for developing chemically reactive polymeric
coatings, and the residual chemical reactivity was rationally
extended for achieving extremes of liquid repellency
superhydrophobicity in air and superoleophobicity under

water.57−60 In this communication, the CRNC is spray
deposited (see the Experimental Section for more details) for
developing 245 ± 10 μm thick polymeric coating that is
inherently hydrophilic. The as synthesized polymeric coating is
highly hydrophilic, where a beaded water droplet (4 μL) is
gradually and continuously soaked by the polymeric coating
with a WCA of 20° within 2 min, as shown in Figure 1A−C
and Movie S1. The scanning electron microscopy study on the
synthesized polymeric coating revealed the existence of
random and covalent aggregation of nanocomplexes, as
shown in Figure 1D,E and eventually, provided a porous
topography and empty space for storing selected lubricants,
three dimensionally.
The chemical compatibility of the lubricants with the porous

matrix was an anticipated challenge before adopting nature
inspired slippery property. Interestingly, the highly chemically
reactive and residual acrylate moietyin the currently
synthesized porous polymeric coating, provided a simple
basis to achieve essential chemical compatibility that conferred
the slippery property. The existence of amine reactive acrylate
groups was confirmed with Fourier transform infrared (FTIR)
spectral analysis, as shown in Figure 1F. The appearance of
both IR peaks at 1732 and 1411 cm−1 in the synthesized
polymeric coating, due to vibrational stretching of carbonyl
and symmetric stretching of the C−H bond of β carbon of the
vinylic group, unambiguously confirmed the presence of
residual acrylate groups in the hydrophilic polymeric coat
ing.57−60 These residual acrylate groups also remained
chemically reactive as confirmed by FTIR analysis. The
normalized (with respect to IR peak at 1732 cm−1) IR peak
intensity at 1411 cm−1 significantly depleted after the mutual
reaction with a primary amine containing small molecule (i.e.
glucamine) through 1,4 conjugate addition reaction, where the
carbonyl group remained intact and vinyl groups are

Figure 1. (A−C) Digital images illustrating wetting and spreading of a beaded water droplet (4 μL) on chemically reactive porous polymeric
coating. (D−E) FESEM images of the reactive polymeric coating in low (D, scale bar: 100 μm) and high (E, scale bar: 10 μm) magnifications. F)
FTIR spectra of amine reactive polymeric coating before (red) and after (black) post chemical modification with glucamine. (G−J) Digital images
comparing the wettability of beaded aqueous droplets on the chemically reactive polymeric coating with (bottom portion) and without (top
portion) lubrication (scale bar 1 cm) with silicone oil (AR 20), where lubricated (bottom) and nonlubricated portions (top) are separated with a
dotted red line. (K−N) Snapshot images illustrating the movement of beaded water droplet on the tilted (with tilting angle of 3.5°) chemically
reactive SLIPS. (O−V) Digital images depicting rapid spreading and spilling of beaded water droplets on the glucamine treated polymeric
coatingsboth before (O−R) and after (S−V) lubrication with silicone oil.



consumed. Thus, standard FTIR analysis revealed the existence
of chemically reactive acrylate groups in the synthesized
porous polymeric coating. This residual reactivity provided
essential hydrophobic anchoring points for stabilizing the
lubricated phase in the porous polymeric coating. Moreover,
this residual chemical reactivity was extended for a systematic
investigation of the impact of different chemical functionalities
on bioinspired liquid infused slippery property.
Next, the chemically reactive and inherently hydrophilic

porous polymeric coating was lubricated with silicone oil (AR
20), prior to examining the slipping behavior of a beaded
aqueous droplet (red color aids visual inspection). The
optically opaque polymeric coating instantly became trans
lucent after lubricating with silicone oil. Then, the polymeric
coating having both the dry (top opaque portion, Figure 1G)
and the lubricated (translucent) region was kept with a tilting
angle of 4°, prior to beading two aqueous droplets at two
different portions of the coating. The aqueous droplet that
beaded on the dry polymeric interface remained stationary and
slowly started spreading (Figure 1H−J), whereas the aqueous
droplet that beaded on the lubricated portion of the polymeric
coating with a WCA of ∼83°, immediately slipped away from
the initial position and travelled along the downslope of the
inclined SLIPS, as shown in Figure 1H−J and Movie S2. Thus,
the same polymeric interface that soaked the aqueous phase
(Figure 1A−C) is also capable of displaying slippery property
after the infusion of silicone oil. A slight change in the sliding
angle and WCA was observed on increasing the dilution of
spraying solution of CRNC, as shown in Table S1. In the
conventional design of SLIPS, inert post modification with
hydrophobic moieties were mostly adopted for achieving the
chemical compatibility between the lubricated phase and
polymeric coating, which is known to be an essential parameter
for obtaining the slippery property. The current study
experimentally validated that this additional induction of
high hydrophobicity with long tail hydrocarbons or fluorinated
moieties is not an essential chemical parameter to achieve
SLIPS. In the synthesized SLIPS, the residual acrylate groups

are self sufficient for stabilizing the lubricant phase, and the
aqueous phase readily slipped off from the tilted interface. The
lubricant (silicone oil) loading capacity decreased from 7.0 ±
0.7 to 5.0 ± 0.3 mg/cm2 on lowering the thickness of the
porous polymeric coating from 245 ± 10 to 150 ± 7 μm.
However, the performance of SLIPS remained unperturbed, no
change in the sliding angle and water contact was noted.
Further, experiments were designed to validate stabilization of
the lubricant in chemically reactive SLIPS, where the
chemically reactive polymeric coating loaded with residual
acrylate groups was postmodified with a hydrophilic small
molecule (glucamine), replacing the acrylate groups by
multiple hydroxyl moieties (hydrophilic groups) of glucamine.
The successful covalent modulation of the polymeric coating
with glucamine was confirmed by FTIR analysis (Figure 1F). A
drastic change in liquid wettability was noted for such
glucamine modified polymeric coating. Aqueous droplets
were instantly soaked by the glucamine treated polymeric
coating with WCA of 0°, as shown in Figure 1O−R. Moreover,
the lubricated phase in the glucamine treated polymeric
coating became unstable on exposure to probe liquid, which
resulted in the spreading of the beaded aqueous phase on
lubricated polymeric coating (Figure 1S V and Figure S1).
Thus, the controlled study unambiguously revealed that the
residual acrylate group is instrumental for achieving the desired
chemical compatibility in the synthesized chemically reactive
SLIPS. Nevertheless, in the current design, any additional
postcovalent modification is not required to achieve SLIPS,
such demonstration is yet to be reported in the literature.

2.2. Investigation of Chemical Compatibility be-
tween the Porous Substrate and Infused Lubricants.
The synthesis of SLIPS with the hydrophilic interface, without
adopting any postmodification with the hydrophobic coating is
highly unusual in the literature. However, during the course of
the study, it was found that the chemically reactive hydrophilic
interface transformed into SLIPS after lubrication with silicone
oil as discussed in the above section. This superior chemical
compatibility of the as synthesized hydrophilic and chemically

Figure 2. (A,B,F,G) Fluorescence images of the chemically reactive polymeric coating (A−B) and glucamine modified polymeric coating (F−G)
after immersion in dyed (fluorescein, water soluble) aqueous phase (A, F; scale bar: 500 μm) and after successive immersion in dyed (Nile red,
water immiscible) silicone oil and DI water (B,G; scale bar: 500 μm), and DI water used for washing the interface. (C−E,H−J) Digital images
illustrating the wetting and spreading of beaded water droplet (scale bar 1 cm) on the tilted interface of chemically reactive (C−E) and glucamine
modified (H−J) polymeric interface, which were immersed first in the aqueous phase and second in silicone oil. At the end, both the interfaces (C−
E, H−J) were washed with DI water, prior to beading blue colored aqueous phase.



reactive polymeric coatings with the lubricant phase over probe
liquid (i.e., aqueous phase) was further independently
revalidated with another controlled study. At first, the
synthesized chemically reactive coating was submerged in the
aqueous phase (added fluorescein dye aids visual inspection)
for 30 s to allow infiltration of the aqueous phase, as shown in
Figure S2A. This impregnation of the aqueous phase in the
hydrophilic polymeric coating was confirmed by both visual
inspection and fluorescence microscopy. The fluorescence
signal appeared, due to the penetration of dye added aqueous
phase into the porous and hydrophilic polymeric coating
(Figure 2A). Next, the wet (by aqueous phase) polymeric
interface was transferred into the Nile red (water immiscible
dye) dyed silicone oil (model lubricant), followed by washing
with deionized (DI) water for removing loosely held silicone
oil (see Figure S2B and Movie S3) from top of the interface. In
the end, the polymeric coating appeared to be completely red
in color as the Nile red added silicone oil rapidly infiltrated
into the polymeric coating, replacing the aqueous phase.
Furthermore, the fluorescence microscopic study (Figure 2B)
also confirmed the complete removal of the aqueous phase by
the water immiscible lubricated phase in the polymeric coating.
Only the fluorescence signal for Nile red dye (only soluble in
the oily phase) was noted, whereas no trace of fluorescence for
the water soluble dye (fluorescein) was observed from the
polymeric coating (Figure 2B). As expected, the beaded
aqueous phase (blue color aids visual inspection) readily
slipped off from the tilted polymeric interface that was exposed
to both, probe liquid (aqueous) phase, and subsequently,
lubricant (silicone oil) phase (Figure 2C−E). In a separate
control study, the same demonstration was repeated with
glucamine treated polymeric coating, where acrylate groups
were consumed through 1,4 conjugate addition reaction and
hydroxyl groups were inducted in place of the acrylate groups.
The outcome of the demonstration with glucamine treated
polymeric coating was completely different, in comparison to
the as synthesized chemically reactive and hydrophilic coat
ings, as shown in Movie S4. The glucamine treated polymeric
coating immediately soaked the dyed aqueous phase as
confirmed by both visual inspection and fluorescence micro
scopic images in Figure 2F and Figure S2D. However, the
model lubricant phase (Nile red added silicone oil) failed to
displace the infiltrated aqueous phase. As a result, no trace of
fluorescence signal for Nile red dye was observed from the
glucamine treated polymeric coatingeven after submerging
in dyed (with Nile red) silicone oil phase for 30 s (Figure 2G).
This controlled study confirmed that the glucamine treated
polymeric coating was chemically more compatible with the
probe liquid rather than the lubricant phase. Therefore, the
polymeric coating that was post modified with glucamine,
completely failed to display slippery property, and the beaded
water droplet completely spread on the interface, as shown in
Figure 2H−J. Even though the as synthesized chemically
reactive polymeric coating remained overall highly hydrophilic
in air with a WCA of 20° (Figure 1C), but the affinity for the
oily phase is more superior, likely due to the presence of the
residual hydrophobic acrylate groups. This demonstration
unambiguously and unprecedentedly revealed that the conven
tional post modification with long tail hydrocarbon or
fluorinated molecules at the top of the SLIPS is not an
essential chemical criterion for achieving the slippery property.
Further, the residual acrylate groups present in the synthesized
porous polymeric coating provided the essential chemical

compatibility with various other synthetic and natural
lubricated phases, including vegetable oil, olive oil, and silicone
oil and eventually the polymeric coating became slippery after
infusion of selected lubricants, as shown in Figure S6.
Moreover, various practically relevant substrates (e.g. wood,
concrete, paper, aluminum foil, etc.) were successfully coated
with such chemically reactive SLIPS (Figure S8). Next,
different standard physical and chemical durability tests were
imposed on the as synthesized SLIPS to examine its tolerance
at practically relevant challenging physical settings. First, the
SLIPS formed on a flexible substrate (i.e., aluminum foil) was
exposed to different and relevant physical manipulations
including bending and creasing. However, the SLIPS with
arbitrary creased marks continued to display uninterrupted
slippery property, as shown in Figure S6C−E.

2.3. Physical and Chemical Durability of Chemically
Reactive SLIPS. In the past, mostly micrometer scale
scratches were introduced to mimic practically relevant harsh
abrasive challenges, and the tolerance toward such minor
damages was commonly examined with the previously reported
SLIPS.5 However, the demonstration for analyzing the impact
of large scale (over centimeters) physical damages, which is
more relevant for practical scenarios, is few in the literature. In
general, any physical abrasion over large scale is likely to
remove the thin hydrophobic coating from top of the
hydrophilic hierarchical interface in most of the conventional
reported SLIPS, and the lack of chemical compatibility
between the lubricated phase and freshly exposed hydrophilic
interior in earlier reported materials was a major threat for its
survival under practically more relevant and harsh physical
challenges. Our current synthetic design of slippery interfaces
is fundamentally different from the conventional approach.
Compared to previous relevant literature, in our current
design, the chemically reactive slippery interface does not
require any post chemical hydrophobization on top of the
featured interface. Thus, the essential chemical compatibility
between chemically reactive polymeric coating and the
lubricated phase should be remained intact at physically
abraded interfaces. Some standard and severe abrasive tests
were performed on the polymeric coating for investigating the
impact of physical abrasions on the embedded slippery
property. An abrasive surface of sandpaper (grid no 300) was
manually rubbed on the polymeric coating 10 times, with an
applied pressure of 3.27 kPa. During this abrasion process, a
white powdery material piled up at the edges of the coating,
and the thickness of the coating significantly reduced from 240
± 8 to 170 ± 4 μm. However, the embedded slippery property
remained intact, and a beaded water droplet (color aids visual
inspection) on the physically abraded polymeric coating (kept
with a tilting angle of ∼4°) was observed to move down the
surface, as shown in Figure 3A−C. The topography of the
abraded interface was further examined with field emission
scanning electron microscopy (FESEM), confirming the
existence of a random association of granular polymeric
domains. Moreover, the sand paper abraded polymeric coating
with freshly exposed interior remained loaded with residual
acrylate groups as confirmed from standard FTIR analysis (see
Figure S5). Thus, the abraded interface remained efficient in
displaying bioinspired slippery property after lubrication with
silicone oil. In another abrasion process, a freshly exposed
adhesive surface was brought in contact with the polymeric
coating with an applied load of 500 g. The applied external
pressure secured uniform and facilitated contact between the



adhesive surface and the top of the polymeric coating. During
the process of peeling the adhesive tape from the polymeric
coating, a top portion of the porous polymeric coating was
fractured randomly and transferred onto the adhesive tape
surface. The interior of the polymeric coating was exposed
arbitrarily after this abrasion test, but the slippery property was
found to be unaltered (Figure 3F−H)as the physically
damaged interface still remained highly porous (see Figure
3I,J) for displaying bioinspired SLIPS. As synthesized SLIPS
was found to be antifouling in different complex aqueous
phases and relevant liquid food productsincluding highly
acidic (pH 1) and alkaline (pH 13) aqueous phase, hot (85
°C) coffee, cold (5 °C) orange juice, and honey (see Figure 4).
Further, the as synthesized polymeric coating was intentionally
exposed to various other practically relevant conditions,
including extremes of pH, artificial seawater, river water, and
UV irradiation for the prolonged (10 days) duration before
examining the liquid wettability. However, the embedded
water wettability remained intact in the synthesized SLIPS, as
shown in Figure S6. The infused lubricant protected the
residual acrylate groups of porous polymeric coating from
aqueous exposure; however, the residual acrylate groups in the
chemically reactive SLIPS became readily reactive towards
organic phase having amine containing small molecules.

In the past, reported SLIPS remained mostly chemically
inactive due to the optimization of the top of the interface with
a chemically inert layer of either long tail hydrocarbon or
fluorinated derivatives. On the other hand, there are few
reports of chemically reactive porous interfaces, but most of
them are inherently adopted with superhydrophobicity. Thus,
the detailed examination of the impact of different chemical
functionalities on the slippery property remained a challenge.
Here, the chemical reactive and hydrophilic porous interface
became SLIPS, immediately after lubrication with selected oils
was further investigated for the exact role of water wettability
and surface free energy for designing the liquid infused slippery
interface. The residual acrylate groups allowed to adopt various
functional groups through simple 1,4 conjugate addition
reactions at ambient conditions, without the generation of
any side products. Before lubrication with silicone oil,
chemically the reactive porous polymeric coatings (having
WCA ≈ 20°) were individually post modified with various
alkyl amines with the gradually increasing length of the
hydrocarbon tailstarting from propylamine to octadecyl
amine. The successful post covalent modifications of the
chemically reactive polymeric coating with different alkyl
amines were characterized by FTIR analysis and calculation of

Figure 3. (A−C) Digital images comparing the slipping of beaded
water droplet on both physically unaffected and sand paper abraded
(denoted by bottom side of dotted yellow line) polymeric coating
(tilted with 4° inclination) after being lubricated with silicone oil (AR
20) (scale bar: 1 cm). (D,E) FESEM images of the sand paper
abraded polymeric coating in low (D, scale bar: 100 μm) and high (E,
scale bar: 10 μm) magnifications. F−H) Digital images illustrating the
wettability of beaded water droplet on both the lubricated non
abraded and adhesive tape abraded polymeric coating (denoted by
bottom side of dotted yellow line) (scale bar: 1 cm). (I,J) FESEM
images of the sand paper abraded polymeric coating in low (D, scale
bar: 100 μm) and high (E, scale bar: 10 μm) magnifications.

Figure 4. Digital images illustrating movement of different complex
and practically relevant food products, including highly alkaline (pH
13; A−C) and acidic (pH 1; D−F) aqueous phase, hot coffee (85 °C;
G−I), cold orange juice (5 °C; J−L), and honey (M−O) on silicone
oil infused polymeric coating on a watch glass.



surface energy, as shown in Figure S7 and Table S2,
respectively. The surface energy significantly changed depend
ing on the selection of post covalent modifications as noted in
Table S2. The polymeric coating that is treated with a lower
analogue of pentylamine (i.e., propylamine and butylamine)
remained extremely hydrophilic with a WCA of 0°.
Unfortunately, even after lubrication, these post modified
interfaces failed to display the slippery property, and beaded
water droplets spread on the lubricated interface. However, the
chemical postmodification of the same polymeric interface
with pentylamine lead to a sharp rise in WCA from 0 to 147°
in the porous polymeric coating, and the lubricated interface
displayed slippery property with advancing WCA of ∼86° and
sliding angle of ∼2°, as shown in Table 1. Further, increase in

the hydrocarbon chain length of the selected alkyl amines for
post chemical modification of the chemically reactive porous
coating provided porous polymeric coating with higher WCA;
however, this increase in WCA has merely any impact on

lubricated interfaces, as shown in Table 1, where the slip angle
and WCAs remain very similar for all polymeric coatings that
were treated with higher analogues than pentylamine. Thus,
the tailoring of the interface with molecules having a long
hydrocarbon tail above the pentyl moiety is not necessary for
the synthesis of SLIPS, even the modification of the porous
interface with molecules having shorter hydrocarbon is capable
of displaying the slippery property. To examine the perform
ance of SLIPS with different alkylamine modifications, the
SLIPS was submerged in the aqueous phase multiple times
(5000 times), and after regular intervals, both WCA and WSA
were recorded. With increasing the number of dipping of
differently post modified SLIPS in water, the WSA on all
SLIPS increased gradually; however the increment is more
with decreasing the hydrocarbon tail length in the post
modified SLIPS, as shown in Figure S8.

2.4. In Situ and Spatially Selective Covalent Mod-
ification of the Chemically Reactive SLIPS. In general, an
aqueous ink was used for spatially selective and contact based
post covalent modification to achieve the patterned interface
with specific functional groups that display hydrophilicity/
slippery wettability. However, a report of the spatially selective
modification directly using organic solvents is yet to be
reported as the organic liquids with low surface tension can
arbitrarily spill and spread on commonly used solid and dry
interface in air. Accordingly, spatially selective deposition of
any water insoluble functional molecules (i.e. conductive
polymer, catalyst, etc.) is a persistent challenge. In general,
the conventional SLIPS is chemically inert as the post
modification with long tail hydrocarbons or fluorinated
molecules are mandatorily associated, prior to the lubrication
process. The currently synthesized chemically reactive porous
polymeric coating that act as a base layer to infuse a selected
lubricant is capable of reacting with primary amine containing
small molecules through 1,4 conjugate addition reaction in the
organic medium following two independent processes. The
covalent modification that was performed before lubrication of
the chemically reactive base layer is referred as premodified
SLIPS, and the modification of the lubricated polymeric

Table 1. Accounting Water Wettability of Beaded Droplet
before and after Lubrication (with Silicone Oil) of
Chemically Reactive and Post Covalently Modified
Polymeric Interfaces, Where Different Alkyl Amines Are
Reacted Through 1,4 Conjugate Addition Reaction

water wettability after
infusion of silicone oil

coating with or without
post-chemical modifications

water contact
angle (°) θCA (°)

sliding
angle (°)

reactive coating 20.3 ± 0.5 83.7 ± 0.3 2.1 ± 0.3
propylamine 0 spreading NA
butylamine 0 spreading NA
pentylamine 147.4 ± 0.5 85.9 ± 0.4 1.8 ± 0.6
hexylamine 148.5 ± 0.5 86.1 ± 0.3 1.8 ± 0.3
heptylamine 149.4 ± 0.6 86.2 ± 0.4 1.8 ± 0.2
octylamine 151.7 ± 0.4 86.3 ± 0.4 1.8 ± 0.7
decylamine 154.3 ± 0.4 87.5 ± 0.4 1.8 ± 0.4
dodecylamine 154.1 ± 0.7 87.5 ± 0.6 1.7 ± 0.4
octadecylamine 155.7 ± 0.7 87.7 ± 0.5 1.6 ± 0.5

Figure 5. (A,B) Digital images of chemically reactive SLIPS that are premodified (A, modification before lubrication) and in situ modified (B,
modification directly on lubricated surface) with solution of dansyl cadaverine (DC) in methanol. (C) Digital image of in situ modified SLIPS after
the removal of lubricate phase. (D) FTIR spectra of chemically reactive SLIPS with (black) and without (red) in situ chemical modification
through 1,4 conjugate addition reaction with DC. (E−G) Digital images illustrating the translation of beaded aqueous droplet on in situ modified
SLIPS. All the digital images are acquired under UV light. Scale bars are 1 cm.



coating is denoted as “in situ” modified SLIPS. In this current
study, the synthesized chemically reactive SLIPS was
unprecedentedly extended for spatially selective and “in situ”
covalent modification with a primary amine containing
nucleophile, even in the presence of the lubricated phase in
the porous polymeric coating. The lubricant infused chemically
reactive interface was directly and spatially selectively exposed
to solutions of selected nucleophiles in an organic solvent
having low surface tension. In the current study, two different
approaches(a) premodification and (b) in situ modification
of chemically reactive SLIPS were adopted for direct
comparison of its ability in developing spatially selective
postcovalent modification. The pattern in the form of “IIT”
was generated on a chemically reactive SLIPS by transferring a
series of droplets (0.7 μL) of dansyl cadaverine (DC) solution
in methanol (MeOH) at different locations of polymeric
coating before (denoted as pre modification) and after
(referred as in situ modification) lubrication. Prior to the
lubrication of the polymeric coating, the solution of DC in
MeOH randomly and immediately spread on the dry
polymeric coating, as revealed under UV light (Figure 5A).
However, the polymeric coating remained slippery after the
infusion of the lubricant, as shown in Figure S9. In comparison,
after lubrication, a chemically reactive SLIPS was exposed to a
solution of DC in MeOH to prepare a spatially selective
postmodification through 1,4 conjugated addition reaction at
ambient condition. In the end, a pattern of “IIT” was generated
with well defined circular spots under UV light (Figure 5B).
Moreover, this pattern remained stable even after removal of
the lubricant phase from the polymeric coating, as shown in
Figure 5C. This simple study confirmed the successful transfer
of DC to the polymeric coating through the lubricant phase,
without any arbitrary spillage. Further, the exposure of DC
solution to chemically reactive SLIPS caused a significant
depletion of the IR peak at 1411 cm−1 in the polymeric
coating, which revealed the in situ 1,4 conjugate addition
reaction between amine of DC and residual acrylate groups of
the SLIPS at ambient condition(Figure 5D). Even after the in
situ modification of the SLIPS with the selected nucleophile,
the slippery property remained intact, as shown in Figure 5E−
G. Thus, the current design provided a simple basis for well
defined and spatially selective in situ modification of the
chemically reactive SLIPS with primary amine containing
nucleophiles. This principle can be used for developing
multifunctional SLIPS.

3. CONCLUSIONS
In summary, a chemically reactive SLIPS was rationally
introduced through strategic association of residual acrylate
groups in the inherently hydrophilic porous polymeric spray
coating, where acrylate groups not only allow the adaptation of
chemical reactivity through simple 1,4 conjugate addition
reaction at ambient condition but also provide essential
chemical compatibility towards various selected lubricants,
without requiring any hydrophobization. Eventually, after
selected lubrication, the hydrophilic polymeric coating loaded
with chemically reactive residual functionality displayed
slippery property. The as synthesized chemically reactive
SLIPS are highly tolerant towards various physical and
chemical challenges. The impact of different chemical
modulation was investigated in details through post covalent
modification of the residual acrylate groups with selected alkyl
amines. Further, various nucleophiles could be strategically and

covalently embedded following an in situ modification process
for developing different functional SLIPS.

4. EXPERIMENTAL SECTION
4.1. Materials. Branched polyethelenimine (BPEI, MW ≈ 25 000

Da) and dipentaerythritol penta /hexa acrylate (5 Acl, MW ≈ 524.21
g mol−1) were purchased from sigma Aldrich. Silicon oil (AR 20),
octadecylamine (97%), dodecylamine (98%), decylamine (95%),
octylamine (99%), heptylamine (99%), hexylamine (99%), pentyl
amine (95%), and propylamine (98%) were bought from Sigma
Aldrich. Butylamine (98%) was purchased from Spectrochem.
Glucamine (95%) and Nile red were procured from TCI chemicals,
India. Fluorescein was obtained from Loba Chemie. Pentanol was
obtained from Alfa Aesar. Microscope slides acquired from Zenith
India. Spray bottle (capacity ≈ 100 mL, nozzle diameter ≈ 400 μm)
was purchased from Amazon India. Adhesive tape, paper, aluminium
foil, and sandpaper (300 grit) were procured from a local stationary
shop. Concrete and wooden block were collected from a local
construction site. Glass slides were thoroughly washed using ethanol
prior to experiments.

4.2. Characterization. All FTIR spectra were obtained using
standard KBr plate by PerkinElmer instruments. All FESEM images
were acquired using a Carl Zeiss scanning electron microscope (prior
to experiment each sample were coated with a thin layer of
conducting gold). The microscopic images were obtained by a
OLYMPUS BX51 microscope. All contact angles measured using a
Drop shape Analyser DSA25 at 25 °C. The advancing/receding were
taken with Milli Q water droplet, respectively, at four different regions
of each surface. The surface free energy was calculated using a Drop
Shape Analyser DSA25 at 25 °C, where water and hexane are polar
and dispersive phase, respectively. Digital photographs were taken
using a Nikon COOLPIX, B700 point shot camera. The thickness of
the coating measured by a Veeco Dektak 150 surface profilometer.

4.3. Fabrication of Reactive Polymeric Coating. The
“reactive” porous polymeric coatings were prepared by spray
deposition of CRNC onto the glass substrates, using a commercially
available spray bottle. The reactive nanocomplexes (RNC) were
prepared first by mixing two mutually reactive reactants, which are 10
mL of 5 Acl (0.1325 g/mL) and 3 mL of BPEI (0.05 g/mL) in
pentanol, where the reaction medium was kept under vigorous
agitation for 5 min. Then, a turbid reaction mixture (13 mL) was
manually sprayed onto selected substrates over an area of 200 cm2

from a distance of 15 cm using a commercially available spraying
bottle. After deposition of CRNC, the substrates were kept in open air
for the evaporation of the reaction medium.

4.4. Post Chemical Modification. The “reactive” polymeric
coatings were further postmodified with primary amine containing
small molecules, for example, octadecylamine (2.5 mg/mL), dodecyl
amine (5 mg/mL), decylamine (0.1 mL/mL), octylamine (0.1 mL/
mL), heptylamine (0.1 mL/mL), hexylamine (0.1 mL/mL), pentyl
amine (0.1 mL/mL), and glucamine (2.5 mg/mL) through 1,4
conjugate addition reaction at ambient condition. After post
modification, the postfunctionalized substrates were thoroughly
washed with ethanol/water and kept in open air for drying.

4.5. Infusion of Selected Lubricants into Chemically
Reactive and Postmodified Porous Polymeric Coating. The
porous polymeric coatings (7.5 cm × 2.5 cm) were infused with
different lubricants (silicone oil, soybean oil, olive oil, etc.). In brief,
200 μL of lubricant spread to a porous matrix using a weighing paper
over an area of 18.75 cm2, and the excess oil was removed by vertically
placing the substrates for 15 min.

4.6. Physical and Chemical Durability of the Reactive SLIPS.
All the physical/chemical robustness descriptions performed using
reactive porous polymeric coating. An adhesive tape test was carried
out by placing an adhesive surface (3 cm × 2.5 cm) onto the
polymeric coating with a weight of 500 g, and after 5 min, the tape
was taken out randomly. Some visual damages were found to have
occurred on the coating but the sliding behavior of water droplets
remains unperturbed after the infusion of silicone oil. Sand paper



abrasion was performed by placing a sand paper (grit no 300, 3 cm ×
2 cm) which was fixed on glass slide, on half of the polymeric coating
using an external pressure and rubbed the surface back and forth 10
times. Random damages occurred as some portion of the reactive
coating came out with the sand paper and water sliding behavior
examined by contact angle measurements and digital photograph after
the infusion of silicone oil. For the chemical durability test, silicone
oil infused polymeric surfaces (glass as model substrate) were
submerged in different aqueous environments, for example, acidic
water (pH = 1), alkaline water (pH = 13), river water, and artificial
sea water for 10 days. The liquid water wettability examined by
contact angle measurements for each substrate. Further, the porous
polymeric coatings on a glass substrate were kept continuously under
UV irradiation for 10 days, and on every 5 days of interval, the water
wettability was examined by contact angle measurements.
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