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(57) ABSTRACT 

This invention provides slippery liquid-infused porous sur
faces (SLIPS) using nanoporous or microporous and chemi
cally reactive polymer multilayers. This approach permits 
fabrication of slippery anti-fouling coatings on complex 
surfaces and provides new means to manipulate the mobili
ties of contacting aqueous fluids. The results expand the 
range of tools that can be used to manipulate the behaviors 
of SLIPS and open the door to new applications of this 
emerging class of soft materials. 
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SLIPPERY ANTI-FOULING SURFACES 
FABRICATED FROM REACTIVE POLYMER 

MULTILAYERS 

2 
that are based on the infusion of oils into nanoporous or 
microporous polymer multilayer films fabricated by "reac
tive" or "covalent" layer-by-layer assembly such as 
described in U.S. Pat. No. 8,071,210. This approach is 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority from U.S. Provisional 
Patent Application No. 62/184,219, filed Jun. 24, 2015, 
which is incorporated by reference herein to the extent that 
there is no inconsistency with the present disclosure. 

5 straightforward to implement and can be used to fabricate 
physically and chemically durable slippery liquid-infused 
porous surfaces on objects of arbitrary shape, size, and 
topology (e.g., on objects that are curved or hollow, on 
surfaces that are hard or soft, and on objects that are flexible, 

10 reconfigurable, or able to be transferred to other surfaces 
without loss of slippery behavior). 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

In an embodiment, the present invention provides a slip
pery liquid-infused porous surfaces (SLIPS) multilayer film 
comprising one or more bilayers infused with an oil, wherein 

This invention was made with govermnent support under 
N00014-14-1-0791 and N00014-07-1-0255 awarded by the 
US Navy/ONR and 1121288 awarded by the National Sci
ence Foundation. The govermnent has certain rights in the 
invention. 

15 each bilayer comprises an optionally functionalized first 
polymer layer in contact with a second polymer layer, and 
wherein the multilayer film has a nanoscale or microscale 
porosity. Preferably, the multilayer film has a nanoscale 
porosity. The infusion of the oil into at least a portion of the 

BACKGROUND OF THE INVENTION 
20 rough or porous surfaces of the multilayer film causes other 

liquids placed in contact with the multilayer film to slide off 
the multilayer film or a surface coated with the multilayer 
film. Slippery liquid-infused porous surfaces (SLIPS) are an 

emerging class of bio-inspired soft matter that exhibits 
unique and robust antifouling behavior. These materials are 25 
fabricated by infusion of viscous oils into porous surfaces, 
yielding interfaces that allow other fluids to slide off ( e.g., 
with sliding angles as low as 2°). This slippery behavior 
arises from an ability to host and maintain thin films of oil 
at their surfaces, placing a premium on chemical compat
ibility between the matrix and the oil and revealing design 30 

criteria that can be exploited to manipulate the behaviors of 
contacting fluids ( e.g., to tune sliding angles and velocities 
or create responsive surfaces that allow control over these 
and other interfacial behaviors). Surfaces and coatings that 
exhibit these characteristics have enabled the design of new 35 

anti-icing surfaces, slippery containers for the dispensing of 
commercial liquids and gels, and new liquid-infused inter
faces that are resistant to biofouling in complex aqueous, 
biological, and marine environments. 

Aizenberg and co-workers reported the first examples of 40 

SLIPS by infusing perfluorinated liquids into nanofibrous 
Teflon membranes (Wong et al., Nature, 2011, 477: 443-
447). Since that report, many different approaches have been 
used to design substrates, coat surfaces, and functionalize 
interfaces with combinations of porosity, roughness, and 45 

surface chemistry that lead to slippery surfaces when infused 
with different liquid phases. Recent reports have extended 
work on SLIPS on planar surfaces to develop approaches to 
the fabrication of SLIPS on more complex objects. These 
reports address challenges related to assembly, versatility, 50 

and durability that will be needed to integrate this class of 
liquid-infused materials in practical settings. These 
examples have, however, emerged only recently. The fabri
cation of SLIPS on complex surfaces and the development 
of means to tune, pattern, or manipulate the interfacial 55 

properties of these liquid-infused materials remains a chal
lenge. 

The present invention addresses the challenges related to 
the fabrication and functionalization of SLIPS on complex 
surfaces, and provides a means for tuning interfacial prop- 60 

erties and manipulating the behaviors of fluids in contact 
with this emerging class of soft materials. 

SUMMARY OF THE INVENTION 

In another embodiment, the present invention provides a 
method for fabricating a slippery liquid-infused porous 
surface (SLIP) multilayer film on a substrate, where the 
multilayer film comprises one or more bilayers, the method 
comprising the steps of: a) exposing the surface of the 
substrate to a first solution comprising a first polymer 
wherein a layer of the first polymer is deposited on at least 
a portion of the substrate; b) exposing the substrate to a 
second solution comprising a second polymer wherein the 
second polymer reacts with the first polymer layer and a 
layer of the second polymer is deposited on at least a portion 
of the first polymer layer, thereby forming a bilayer having 
nanoscale porosity or microscale porosity in the multilayer 
film; and c) exposing the substrate to an oil wherein said oil 
coats at least a portion of the multilayer film and said oil at 
least partially fills the pores of at least a portion of said 
multilayer film. The method optionally comprises a rinsing 
step comprising exposing or washing the substrate with a 
rinse solvent or solution each time step a) is performed and 
each time step b) is performed. In an embodiment, a fresh 
rinse solvent or solution is employed for each rinsing step. 
In a further embodiment, the same rinse solution is re-used 
for each rinsing step. 

Preferably, steps a) and b) are repeated one or more times 
until the multilayer film reaches the desired thickness or 
desired number of layers before the substrate is exposed to 
the oil, where each cycle deposits a new bilayer on the 
substrate. In specific embodiments, the multilayer polymer 
film comprises more than one bilayer. In a further embodi
ment, steps a) and b) are repeated 2 or more times, 5 or more 
times, 10 or more times, 20 or more times, 30 or more times, 
50 or more times, or 100 or more times. The substrate can 
be exposed to the solutions containing the polymer solutions 
using methods known in the art, including but not limited to, 
dip coating. 

The substrate can be any material able to support the 
formation of the nanoporous or microporous multilayer film, 
including but not limited to glass, metals and plastics. The 
substrate can include curved and irregularly shaped three 
dimensional surfaces, as well as completely solid surfaces 
and mesh surfaces ( e.g., having a porosity between 100 µm 

The present invention is directed to the design of slippery 
liquid-infused porous surfaces (SLIPS) and surface coatings 

65 and 250 µm). For example, the substrate can be the interior 
of a tube or container for a liquid or gel where it is 
undesirable for the contents of the tube or container to stick 
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or adhere to the surface. The first polymer layer, second 
polymer layer, and oil are therefore selected so that the 
liquid or gel has reduced adhesion to the container. Alter
natively, the substrate can be a display of a sensor where the 
degree or extent to which a liquid adheres to the substrate 5 

indicates the presence of a substance in the liquid. 
A further embodiment of the invention provides for 

patterning the substrate so that the nanoporous or micropo
rous multilayer film is formed on a first specified portion of 
the substrate. A portion of the multilayer film on the first 10 

specified portion of the substrate is further functionalized 
with an amine, hydroxyl group, thiol group, or hydrazine 
group having the formula R-NH2 , R---OH, R-SH or 
R-NHNH2 , where R is hydrophobic. In a further embodi
ment, a second specified portion of the substrate is not 15 

covered by the oil infused multilayer film, or, alternatively, 
a portion of the one or more bilayers on the second specified 
portion of the substrate is further functionalized with an 
amine, hydroxyl group, thiol group, or hydrazine group 
having the formula R-NH2 , R-OH, R-SH or 20 

R-NHNH2 , where R is hydrophilic. 
Additionally, in a further embodiment, a portion of the 

one or more bilayers on the first specified portion of the 
substrate is further functionalized with an amine, hydroxyl 
group, thiol group, or hydrazine group having the formula 25 

R-NH2 , R-OH, R-SH or R-NHNH2 , where R is 
hydrophobic, a second specified portion of the substrate is 
not covered by the oil infused multilayer film, and a third 
portion of the substrate is covered by a bilayer where a 
portion of the one or more bilayers on the third specified 30 

portion of the substrate is further functionalized with an 
amine, hydroxyl group, thiol group, or hydrazine group 
having the formula R-NH2 , R-OH, R-SH or 
R-NHNH2 , where R is hydrophilic. 

Relative to past approaches to the design of SLIPS using 35 

conventional assembly methods, (Sunny et al., Adv. Funct. 
Mater., 2014, 24: 6658; and Huang et al, ACS Macro Lett., 
2013, 2:826) the chemical reactivity of the multilayers used 
herein is unique, and provides means to chemically tune 
interactions between the matrix and the infused oil phases. 40 

The present invention demonstrates that the spatial control 
over matrix functionalization can be used to create oil
infused SLIPS with chemically-patterned "sticky" regions 
devoid of oil ("STICKS") that can prevent or arrest the 
sliding of aqueous fluids, extract samples of liquid from 45 

contacting media, and provide in-plane directional control 
over the trajectories of sliding droplets. 

4 

:c 
l YR 1 

0,:, "W' "R1, 

RI RI 

wherein x is O or the integers 1 or 2; and each R1 is 
independently selected from the group consisting of: hydro
gen, alkyl groups, alkenyl groups, alkynyl groups, carbocy
clic groups, heterocyclic groups, aryl groups, heteroaryl 
groups, alkoxy groups, aldehyde groups, ether groups, and 
ester groups, any of which may be substituted or unsubsti-
tuted. In an embodiment, the first polymer layer comprises 
functionalized poly(vinyl-4,4-dimethylazlactone) (PVD-
MA). In an embodiment, the first polymer layer consists of 
functionalized poly(vinyl-4,4-dimethylazlactone) (PVD
MA). In a further embodiment, the PVDMA was synthe
sized by free-radical polymerization of PVDMA with inten
tionally added cyclic azlactone-functionalized oligomer in 
an amount ranging from 1 wt % to 10 wt %, preferably 
between 5 wt % and 8 wt %. 

Useful functionalized azlactone polymers include, but are 
not limited to, poly(vinyl-4,4-dimethylazlactone ), poly(2-
vinyl-4,4-dimethyl-2-oxazolin-5-one ), poly(2-isopropenyl-
4,4-dimethyl-2-oxazolin-5-one ), poly(2-vinyl-4,4-diethyl-
2-oxazolin-5-one ), poly(2-vinyl-4-ethyl-4-methyl-2-oxaz-
olin-5-one ), poly(2-viny 1-4-dodecy 1-4-methyl -2-oxazolin-
5-one ), poly(2-viny 1-4,4-pentamethy lene-2-oxazolin-5-
one ), poly (2-vinyl 1-4-methy 1-4-phenyl-2-oxazolin-5-
one ), poly(2-isopropenyl-4-benzyl-4-methyl-2-oxazolin-5-
one ), or poly(2-vinyl-4,4-dimethyl-1,3-oxazin-6-one ). 
Useful azlactone functionalized polymers further include 
azlactone functionalized polyisoprenes and azlactone func-
tionalized polybutadienes. 

In an embodiment, the second polymer layer of the bilayer 
is optionally functionalized and comprises an amine func
tionalized polymer, an alcohol functionalized polymer, or a 
thiol functionalized polymer. Creating specific functional
ities with amine, alcohol, and thiol groups is a process well 
known in the art (for example, see Bioconjugate Techniques, 
2nd Edition, 2008, Greg T. Hermanson). In embodiments, the 
second polymer layer comprises an optionally functional
ized polymer selected from the group consisting of poly 
(ethylene imine) (PEI), polylysine, pollyallylamine, poly 
(amidoamine) dendrimers, polyvinyl alcohol, poly hydroxyl 
ethyl methacrylate, poly(methacrylic acid) functionalized 
with cysteamine, and linear and hyperbranched and den
dritic polymers functionalized with primary amines, 
hydroxyl groups, or thiol groups. 

In embodiments, the second polymer layer comprises a 
polymer, which is optionally functionalized, selected from 
the group consisting of polyolefins, poly(alkyls), poly(alk-
enyls ), poly( ethers), poly( esters), poly(imides ), polyamides, 
poly(aryls), poly(heterocycles), poly(ethylene imines), poly 
(urethanes), poly( a,~-unsaturated carboxylic acids), poly( a, 
~-unsaturated carboxylic acid derivatives), poly(vinyl esters 
of carboxylic acids), poly(vinyl halides), poly(vinyl alkyl 
ethers), poly(N-vinyl compounds), poly(vinyl ketones ), poly 

The first and second polymer layers of the bilayer can 
comprise any polymers or combination of polymers able to 
form a stable bilayer and where the first polymer layer is 50 

optionally able to be functionalized and the second polymer 
layer is optionally also able to be functionalized (as 
described in U.S. Pat. No. 8,071,210). The chemical reac
tivity of the functionalized bilayers provides means to tune 
interactions between the matrix and infused oil phases. 55 

Spatial control over the functionalization can be used to 
create SLIPS with regions devoid of oil that can prevent or 
arrest the sliding of aqueous fluids, extract samples of liquid 
from contacting media, or provide control over the trajec
tories of sliding droplets. Preferably, the first polymer layer 60 

is covalently cross-linked with the second polymer layer. In 
further embodiments, the bilayers are reacted with small 
chemical groups containing a hydrophobic or hydrophilic 
amine to further functionalize the bilayer (i.e., to install 
secondary surface functionality). 65 (vinyl aldehydes) and any combination thereof. In an 

embodiment, the second polymer layer comprises poly 
(ethylene imine) (PEI). 

In an embodiment, the first polymer layer of the bilayer 
comprises a functionalized azlactone having the formula: 
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"Functionalized polymer" refers to a polymer in which at 
least a portion of the individual monomer units are substi
tuted with a specific functional group. For the functionalized 
polymers of the present invention, at least 1 % or more, at 
least 2% or more, at least 5% or more, at least 10% or more, 5 

at least 15% or more, at least 20% or more, at least 30% or 
more, at least 50% or more, at least 75% or more, or at least 
90% or more of the portion of the monomer units is 
substituted with a specific functional group. 

For some embodiments, it may be desirable to further 10 

functionalize a portion of the one or more bilayers. This can 
be achieved, for example, by reacting a portion of any 
residual functional groups in the one or more bilayers with 
an amine group, hydroxyl group, thiol group or hydrazine, 
or by reacting a portion of the first or second polymer with 15 

an amine reactive group or hydroxyl reactive group. 
In an embodiment, at least a portion of the residual 

functional groups in the bilayer is reacted such as generally 
described in Scheme 1 below with an amine, hydroxyl 
group, thiol group, or hydrazine group having the formula 20 

R-NH2 , R-OH, R-SH or R-NHNH2 , where R is 
hydrophobic or hydrophilic (it should be noted that the 
residual functional groups are not limited to azlactone 
groups) 

Scheme 1 

/ / 
R R 
'o 'o 

-ylo-ylo 
OINH OINH 

6 
consisting of methanol, ethanol, propanol, butanol, pentanol, 
hexanol, heptanol, octanol, nonanol, decanol, and combina
tions thereof. In further embodiments, at least a portion of 
the residual functional groups in the bilayer is reacted with 
a thiol selected from the group consisting of methanethiol, 
ethanethiol, propanethiol, butanethiol, pentanethiol, 
hexanethiol, heptanethiol, octanethiol, nonanethiol, 
decanethiol, and combinations thereof. In an embodiment, at 
least a portion of the residual functional groups in the bilayer 
is reacted with an amino sugar, amino alcohol, amino polyol, 
glucamine (preferably D-glucamine), dimethylaminopro
pylamine (DMAPA), or combinations thereof. In other 
embodiments, at least a portion of the residual functional 
groups in the bilayer is reacted with a hydrazine group to 
form an acylhydrazine group. 

In a further embodiment, at least a portion of the residual 
functional groups in the bilayer is reacted to form multilayer 
films with chemically labile amide/ester-, amide/thioester-, 
and amide/imine-type bonds. These chemically labile bonds 
are able to be broken, such as through hydrolysis, in order 
to undergo stimuli-responsive and reversible changes in 
wetting behaviors. For example, a functionalized layer (not 
hydrolyzed) can be designed to be hydrophobic while the 
functionalized layer which has been hydrolyzed to break 

R R 

) ) 
R..__ R..__ 

s s 
N N 
'NH 'NH 

-ylo -ylo -ylo -ylo 
OINH OINH OINH OINH 

amide/ester- or amide/thioester-type bonds can be designed 
to be relatively hydrophilic. In a further embodiment, the 

55 invention provides for patterning the substrate so that a 
nanoporous or microporous multilayer film having a non
hydrolyzed functionalized azlactone layer is formed on a 
first specified portion of the substrate while the nanoporous 

In embodiments, R is a substituted or unsubstituted C1 to 
C20 alkyl group, preferably a C1 to C12 alkyl group. In other 
embodiments, R is a substituted or unsubstituted C2 to C20 

alkenyl group, preferably a C2 to C12 alkenyl group. In 
further embodiments, at least a portion of the residual 
functional groups in the bilayer is reacted with an amine 
selected from the group consisting of methylamine, ethyl
amine, propylamine, butylamine, pentylamine, hexylamine, 
heptylamine, octylamine, nonylamine, decylamine, and 
combinations thereof, preferably n-propylamine, n-octylam
ine, or n-decylamine. In other embodiments, R is an alkyl 
group substituted with one or more hydroxyl groups or 
charged groups such as coo- or NR3+. In further embodi- 65 

ments, at least a portion of the residual functional groups in 
the bilayer is reacted with an alcohol selected from the group 

60 
or microporous multilayer film having a hydrolyzed func
tionalized azlactone layer is formed on a second specified 
portion of the substrate. Preferably, the oil is added to the 
multilayer film following the hydrolyzing step. 

In an embodiment, the polymer of the first polymer layer 
is further functionalized with a hydrophobic (decylamine or 
propylamine) or hydrophilic (glucamine) primary amine
containing small molecule. 
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As used herein, "an oil" refers to a non-polar, hydropho
bic chemical substance which is a liquid at ambient tem
perature and which has no or very low solubility in water. 
Preferably, the oil infused into the one or more bilayers is 
selected from the group consisting of a silicone oil, a 5 

vegetable oil, a mineral oil, a thermotropic liquid crystal, 
and combinations thereof. Suitable vegetable oils include, 
but are not limited to, canola oil, coconut oil, olive oil, 
soybean oil and combinations thereof. 

8 
mer layer in contact with a second polymer layer and 
said multilayer polymer film has a nanoscale or 
microscale porosity; and 

ii) an oil selected from the group consisting of a silicone 
oil, a vegetable oil, a mineral oil, a thermotropic liquid 
crystal, and combinations thereof, wherein said oil 
coats at least a portion of the multilayer polymer film 
and said oil at least partially fills the pores of at least a 
portion of said multilayer polymer film; 

wherein said oil infused multilayer polymer film exhibits 
a hydrophobic or hydrophilic effect on said liquid; 

b) providing said liquid to said first surface area; 

In an embodiment, a slippery liquid-infused porous sur- 10 

face (SLIPS) coating is provided comprising: a) a multilayer 
polymer film comprising one or more bilayers where said 
multilayer polymer film has a nanoscale or microscale 
porosity, wherein each bilayer comprises a first polymer 
layer covalently linked with a second polymer layer; and b) 

c) comparing the adhesion of said liquid to said first 
surface area to a control sample or known standard of said 

15 liquid, wherein a change in the adhesion of said liquid to said 
first surface area indicates an analyte, substance, or impurity 
in said liquid. an oil selected from the group consisting of a silicone oil, a 

vegetable oil, a mineral oil, a thermotropic liquid crystal, 
and combinations thereof, wherein said oil coats at least a 
portion of the multilayer polymer film and said oil at least 
partially fills the pores of at least a portion of said multilayer 
polymer film. Preferably, the multilayer polymer film of the 
coating has a thickness of 5 µm or less, and comprises one 

Preferably, the first surface area comprises one or more 
optionally functionalized PVDMA/PEI bilayers and the oil 

or more PVDMA/PEI bilayers, which are further function
alized with a hydrophobic amine. 

20 is a silicone oil. In a further embodiment, the step of 
comparing the adhesion of the liquid to the first surface area 
comprises comparing the time the liquid travels across the 
first surface area. The comparisons can be measured and 
quantified or even performed using the naked eye. Option-

A specific embodiment of the present invention provides 
a SLIPS design based on the infusion of oils into nanoporous 

25 ally, the liquid can be dyed or reacted with a compound 
containing a dye or fluorophore to improve visibility. 

In addition, the present invention provides SLIPS which 
are anti-fouling to bacteria, fungi, and manimalian cells, and 
that the liquid phases used to impart anti-fouling properties 

30 can also be used as reservoirs for the controlled release of 

or microporous (preferably nanoporous) polymer coatings 
fabricated by reactive layer-by-layer assembly of polymer 
multilayers using branched poly(ethylene imine) (PEI) and 
the amine-reactive polymer poly(vinyl-4,4-dimethylazlac
tone) (PVDMA). In an embodiment, the multilayer film 
comprises one or more PVDMA/PEI bilayers, which are 
further functionalized with a decyl group by reacting with 

35 
n-decylamine and wherein the one or more bilayers are 
infused with a silicone oil or an anisotropic thermotropic 
liquid crystal. 

One aspect of the invention provides thin multilayer 
polymer films and coatings ( e.g., equal to or less than 100 40 

µm, equal to or less than 50 µm, preferably less than or equal 
to 10 µm, preferably less than or equal to 5 µm). Preferably, 
the multilayer film comprises 2 or more bilayers, 5 or more 
bilayers, 10 or more bilayers, 20 or more bilayers, 30 or 
more bilayers, 50 or more bilayers, or 100 or more bilayers. 45 

Preferably each first polymer layer alternates with the sec
ond polymer layer. In embodiments, the multilayer films 
have a nanoscale or microscale porosity. Preferably, the 
multilayer films have a nanoscale porosity. 

In an embodiment, SLIPS are infused with a thermotropic 50 

liquid crystal (an anisotropic oil) to generate sliding angles 
and velocities that depend critically upon the chemical 
compositions of contacting aqueous phases, revealing a 
novel 'sliding' basis for the sensing and naked-eye detection 
of environmental analytes, including bacterial endotoxin 55 

(i.e., LPS) in aqueous media via visually apparent changes 

other active agents (e.g., antibiotics or anti-biofilm agents, 
etc.) that can impart additional functions to these slippery 
surfaces. 

Thus, the methods described herein can be used to fab
ricate physically and chemically durable SLIPS coatings on 
objects of arbitrary shape, size, and topology ( e.g., on curved 
surfaces, insides of hollow tubes, etc.). Specifically these 
slippery surfaces could be used as antifouling surfaces, 
anti-bacterial/fungal surfaces, detectors, and in packaging 
( e.g., ketchup bottles). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. A) Schematic showing post-fabrication function
alization of residual azlactone groups in nanoporous PEI/ 
PVDMA multilayers by reaction with n-decylamine in one 
embodiment of the invention. B and C) Low- and high
magnification SEM images of multilayers in one embodi
ment showing micro- and nanoscale porosity. D) Schematic 
showing droplet of water sliding on a tilted oil-infused 
porous surface. E-G) Top-down images showing a droplet of 
aqueous TMR (10 µL; tilt angle,.,10°) sliding on a silicone 
oil-infused multilayer. 

FIG. 2. A-D) Top-down views of droplets of aqueous 
TMR (10 µL) sliding down silicone oil-infused multilayers 
fabricated on PET film (A) and (B) and aluminum foil (C) 
and (D); tilt angle,.,10°; dotted lines show borders between 
SLIPS-coated (top) and uncoated regions (bottom) of each 
panel. E and F) Sliding of aliquots of aqueous TMR (20 µL; 

in droplet sliding speeds as a function of analyte concen
tration. Such LC-infused SLIPS provide opportunities to 
design slippery surfaces that could permit active and exter
nal control over droplet adhesion and mobility. 

In an embodiment, the present invention provides a 
method for detecting an analyte, substance, or impurity in a 
liquid comprising the steps of: 

a) providing a sensor having a first surface area compris
ing: 

60 tilt angle""3 °) inside SLIPS-coated flexible PTFE tubing (left 
side of each panel); the right of each panel shows plugs of 
aqueous TMR in uncoated tubes. G-L) Images showing a 
strip of SLIPS-coated aluminum foil wrapped around a bare 
glass tube. Mand N) A droplet of aqueous TMR (50 µL) 

i) a multilayer polymer film comprising one or more 
bilayers, wherein each bilayer comprises a first poly-

65 sliding on SLIPS-coated stainless-steel wire mesh. 0) Motor 
oil (bottom of mesh) can pass through the mesh, but water 
(top of mesh) cannot, providing principles for oil/water 
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separation. P and Q) SEM images of multilayers on wire 
mesh prior to oil infusion. R and S) Droplets of aqueous 
TMR sliding on a SLIPS-coated glass slide after severe 
abrasion by rubbing with sandpaper; the dotted boxes show 
the location of the abraded region. T and U) SEM images of 5 

non-abraded (T) and sandpaper-abraded (U) multilayers in 
(R) and (S) after extraction of silicone oil. 

FIG. 3. A) Images showing samples of chemically com
plex media sliding down a glass slide coated with silicone 
oil-infused multilayers: acidic and alkaline water, unfiltered 10 

eutrophic lake water, serum-containing cell-culture medium, 
glycerol, and ketchup are shown. B) Plot showing sliding 
behaviors of droplets of DI water or aqueous droplets 
containing SDS (0.4x10-3 M), DTAB (0.4x10-3 M), HTAB 
(25xl0-6 M), or LPS (77x10- 12 M) on multilayers infused 15 

with silicone oil (gray bars) or the thermotropic liquid 
crystal E7 (black bars) at 23° C.; the white bar shows the 
sliding behavior of an aqueous droplet of SDS on E7-infused 
multilayers equilibrated to a temperature of 70° C., well 
above the nematic/isotropic transition temperature (""60° C.) 20 

for this LC; results are expressed as the time required for a 
10 µL droplet to slide 2 cm. 

FIGS. 4. A and B) Schematic of functionalization of 
reactive multilayers (A) with D-glucamine to create a porous 
matrix presenting hydroxyl functionality (B). C) Selective 25 

transfer of an aqueous solution of fluorescein onto three 
sticky patches patterned by selective deposition of glu
camine (followed by treatment of surrounding regions with 
decylamine and infusion of oil; scale=2 mm). D and E) 
Fluorescence microscopy images reveal aqueous fluids to be 30 

confined within glucamine-functionalized spots (D; 
scale=500 µm) and that sticky regions were devoid of oil (E; 
oil; scale=500 µm). F-H) Images showing samples of fluid 
captured from actively sliding drops using patterned sticky 
patches (white and black arrowheads show samples of fluid 35 

that have or have not yet broken free, respectively, as the 
droplet slides over three sticky patches). I-M) Series of 
images showing guided control over the in-plane path of a 
water droplet as it slides down the surface of a SLIPS-coated 
glass slide patterned with 13 strategically placed sticky 40 

spots; the dotted line traces the locations of the sticky spots 
and shows the non-linear sliding path. 

FIG. 5. A-C) Digital photographs showing aqueous drop
lets ofTMR (10 µL) placed on samples of treated filter paper 
in one embodiment of the invention. The right sample in 45 

each panel shows a droplet sliding down the surface of filter 
paper coated with decylamine-functionalized multilayers 
infused with silicone oil (tilt angle-10°). The left sample in 
each panel shows the behavior of a droplet of TMR placed 
on a control sample of oil-infused filter paper (with no 50 

porous multilayer coating; tilt angle-I 0°). 
FIG. 6. A-I) SEM images of decylamine-treated PEI/ 

PVDMA multilayers (prior to the infusion of oil) fabricated 
on the surfaces of (A)-(C) planar PET film, (D)-(F) alumi
num foil, and (G)-(I) laboratory filter paper. For each series 55 

(A)-(C), (D)-(F), and (G)-(I), samples were imaged at three 
different magnifications. 

FIG. 7. A-C) SEM images, at three different magnifica
tions, of nanoporous multilayers (prior to the infusion of oil) 
fabricated on the inner (luminal) surfaces of flexible PTFE 60 

tubes (inner dia.=1.15 mm). 
FIG. 8. A-D) Digital photographs showing hollow glass 

tubes (right side of each panel) and hollow glass tubes with 
SLIPS-coated inner surfaces (left side of each panel). The 
images in (B)-(D) show the behaviors of droplets of aqueous 65 

TMR (20 µL) placed in the tubes: droplets slid readily in 
SLIPS-coated samples and remained stuck as plugs in bare, 

10 
uncoated tubes (tilt angle-3°). E-F) Digital images showing 
droplets of aqueous TMR (50 µL) sliding down samples of 
stainless steel wire mesh (wire dia. -90 µm, pore 
size=126.3±3.5 µm) coated with oil-infused multilayers (tilt 
angle-3°). G-H) An experiment identical to that shown in 
(E)-(F), but performed using samples of bare, uncoated 
mesh. 

FIG. 9. A-B) Low- and high-magnification SEM images 
showing the morphology, topography, and porosity ofmul
tilayers fabricated on stainless steel wire mesh (wire dia.-90 
µm, pore size=126.3±3.5 µm). C-D) SEM images of bare, 
uncoated stainless steel wire mesh. E-G) Proof-of-concept 
experiments demonstrating principles for the low-energy, 
gravity-driven separation of oil/water mixtures using 
SLIPS-coated surfaces. Stainless steel wire mesh coated 
with nanoporous decylamine-functionalized polymer multi
layers (A)-(B) were infused with a conventional automotive 
motor oil, placed over the open mouth of a laboratory 
beaker, and maintained at a tilt angle of -2° by supporting 
one side of the mesh using a glass chip (E). A mixture (3:2, 
v/v) of motor oil and water (or other aqueous solutions) was 
then poured onto the coated mesh. Oil passed through the 
mesh and was collected in the beaker below; water did not 
pass through the mesh, but slid down the slippery surface of 
the mesh and was collected in a secondary container (F)-(G). 

FIG. 10. A-O) Digital photographs demonstrating the 
retention of slippery properties of substrates coated with 
oil-infused multilayers after bending, flexing, creasing, and 
scratching. A-C) Top-down perspective showing a droplet of 
aqueous TMR (10 µL) sliding on a sample of SLIPS-coated 
PET plastic film bent and held end-to-end. D-L) Images 
showing the sliding of aqueous droplets ofTMR (10 µL) on 
SLIPS-coated filter paper (D-F), aluminum foil (G-I), and 
PET film (J-L); SLIPS coated substrates were permanently 
creased prior to placing the aqueous droplets, and the 
aqueous droplets were observed to contact and wet the 
crease (marked by the locations of the black arrowheads). 
M-O) Digital images showing the sliding of a droplet of 
aqueous TMR on a SLIPS-coated PET substrate that was 
severely scratched in multiple locations (marked by black 
arrowheads); the droplet was observed to slide unperturbed 
over the scratches. P-Q) SEM images of a creased multilayer 
showing the creased region (P) and a scratched polymer film 
showing the scratched region (Q). Images were acquired 
after leaching of the infused oil phase. 

FIG. 11. A-D) Representative SEM images of cross 
sections of a porous PEI/PVDMA multilayer revealing the 
porous structure to extend throughout the bulk of the coating 
at low (A)-(B) and high (C)-(D) magnifications. 

FIG. 12. Plot of advancing water contact angle (closed 
symbols) and contact angle hysteresis ( open symbols) versus 
time (in days) for multilayers infused with silicone oil 
immersed for prolonged periods in deionized water (circles), 
simulated seawater (squares), or unfiltered eutrophic lake 
water (triangles). 

FIG. 13. Top) Structure of the small-molecule thermo
tropic liquid crystal E7, an anisotropic oil consisting of a 
mixture of four different cyanobiphenyls containing long 
aliphatic chains. A-L) Digital photographs showing the 
sliding behaviors of 10 µL droplets of (A)-(F) deionized 
water or (G)-(L) an aqueous solution of SDS (0.4 mM) on 
decylamine functionalized multilayers infused with either 
silicone oil (A)-(C) and (G)-(I) or E7 (D)-(F) and (J)-(L). All 
samples were tilted at angles of -13 °. Also shown are the 
times required for the droplets to slide down the SLIPS
coated surfaces over a distance of 2 cm. Droplets of water 
traversed this distance in -5 seconds regardless of the 



US 10,557,044 B2 
11 

identity of the infused oil (A)-(C) and (D), (F). Droplets of 
aqueous SDS traversed this distance in - 7 seconds on 
silicone oil-infused SLIPS (G)-(I), but required-49 seconds 
to traverse this distance on E7-infused SLIPS ((J)-(L); box). 

FIG. 14. A-F) Digital images showing the influence of 5 

chemical functionalization of the porous multilayer matrix 
on the sliding behaviors of aqueous droplets; experiments 
were performed using reactive multilayers fabricated on 
planar glass slides and functionalized by treatment with 
n-propylamine and D-glucamine and then infused with 10 

silicone oil. A-D) Behavior of an aqueous droplet of TMR 
(10 µL) on a propylamine-functionalized multilayer infused 
with silicone oil at tilt angles of 10°, 15°, or 25°; the droplet 
remained stationary and did not slide until the tilt angle was 
greater than 15°, a value that is greater than that observed on 15 

multilayers functionalized with n-decylamine (which exhib
ited tilt angles as low as ""1 °). E-F) Image showing the 
behavior of an aqueous droplet of TMR (10 µL) placed on 
a glucamine-functionalized multilayer infused with silicone 
oil; the droplet was observed to at least partially displace the 20 

oil and spread readily on the surface of the coating. G-H) 
SEM images showing porous multilayers functionalized 
post-fabrication by treatment with propylamine (G) and 
glucamine (H). 

12 
superhydrophobic state. Error bars represent the standard 
deviation of measurements obtained on three identically 
prepared films. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Definitions 

An "amine reactive group" or "hydroxyl; reactive group" 
can be any functional group able to react with an amine 
group or hydroxyl group, respectively. 

As used herein, the term "anti-fouling" refers to a mate
rial's ability to resist adhesion by an undesirable material, 
such as oils, organic compounds, and organisms. In particu
lar, it is desirable to prevent or reduce the adhesion of 
hydrophobic compounds and organisms to a material which 
is submerged or in contact with water. 

The term "nanoscale" refers to a length less than 1,000 
nm, preferably less than 100 nm, and the term "micro scale" 
refers to a length less than 1,000 µm, preferably less than 
100 µm. 

The term "alkyl" refers to a monoradical of a branched or 
unbranched (straight-chain or linear) saturated hydrocarbon 
and to cycloalkyl groups having one or more rings. Alkyl 
groups as used herein include those having from 1 to 20 
carbon atoms, preferably having from 1 to 12 carbon atoms. 
Alkyl groups include small alkyl groups having 1 to 3 
carbon atoms. Alkyl groups include medium length alkyl 
groups having from 4-10 carbon atoms. Alkyl groups 
include long alkyl groups having more than 10 carbon 
atoms, particularly those having 10-20 carbon atoms. 
Cycloalkyl groups include those having one or more rings. 
Cyclic alkyl groups include those having a 3-, 4-, 5-, 6-, 7-, 

FIG. 15. Chemical structures representing PEI/PVDMA 25 

LbL films, with panel (A) showing an azlactone-containing, 
unfunctionalized film, and films functionalized with 
decylamine (B), decanol (C) and decanethiol (D). Repre
sentative advancing WCA measurements for the corre
sponding films in (A)-(D) are provided in (E)-(H). I) pro- 30 

vides ATR IR thin film spectra for the unfunctionalized film 
(azlactone C=O carbonyl stretch, 1819 cm- 1

) and decylam
ine, decanol or decanethiol functionalized films, showing 
complete or near complete consumption of the azlactone 
peak. 35 8-, 9-, 10-, 11- or 12-member carbon ring and particularly 

those having a 3-, 4-, 5-, 6-, or 7-member ring. The carbon 
rings in cyclic alkyl groups can also carry alkyl groups. 
Cyclic alkyl groups can include bicyclic and tricyclic alkyl 
groups. Alkyl groups are optionally substituted. Substituted 

FIG.16. Chemical structures for PEI/PVDMAfilms func
tionalized with decanol (A), and the result after treatment by 
hydroxyl ions, and films functionalized with decanethiol 
(B), and the result after treatment with hydrazine. C) change 
in the advancing WCA of decanol functionalized films are 
shown in (gray bars) and decylamine functionalized films 
(black bars) upon exposure to 50 mM aqueous NaOH. D) 
change in the advancing WCA of decanethiol functionalized 
films (gray bars) and decylamine functionalized films (black 
bars) upon exposure to hydrazine. E) digital picture of a 3x3 
array of hydrophilic spots patterned by hydrolysis with 
aqueous base onto a decanol functionalized film; a large 
droplet of water placed nearby beads up on the untreated and 
still superhydrophobic region. F) fluorescence micrograph 
of a 2x2 array, prepared the same way as in (E), after loading 
the hydrophilic spots with the fluorescent dye TMR. G) 
digital image of an oil ( dichloroethane, DCE) droplet on the 
surface of an underwater-superoleophobic film (-lxl cm) 
submerged in a vial underwater; the film was prepared as in 
(B). H) advancing oil contact angle underwater. Water and 
oil were dyed to aid visualization. 

FIG. 17. A) shows chemical structure for the reaction of 

40 alkyl groups include among others those which are substi
tuted with aryl groups, which in turn can be optionally 
substituted. Specific alkyl groups include methyl, ethyl, 
n-propyl, iso-propyl, cyclopropyl, n-butyl, s-butyl, t-butyl, 
cyclobutyl, n-pentyl, branched-pentyl, cyclopentyl, n-hexyl, 

45 branched hexyl, and cyclohexyl groups, all of which are 
optionally substituted. Substituted alkyl groups include fully 
halogenated or semihalogenated alkyl groups, such as alkyl 
groups having one or more hydrogens replaced with one or 
more fluorine atoms, chlorine atoms, bromine atoms and/or 

50 iodine atoms. Substituted alkyl groups include fully fluori
nated or semifluorinated alkyl groups, such as alkyl groups 
having one or more hydrogens replaced with one or more 
fluorine atoms. An alkoxy group is an alkyl group linked to 
oxygen and can be represented by the formula R-O. 

55 Examples of alkoxy groups include, but are not limited to, 
methoxy, ethoxy, propoxy, butoxy and heptoxy. Alkoxy 
groups include substituted alkoxy groups wherein the alky 
portion of the groups is substituted as provided herein in a PEI/PVDMA film functionalized with acylhydrazine and 

then octyl aldehyde (forward direction) and imine bond 
cleavage under acidic conditions (reverse direction). B) 60 

shows advancing WCA for the hydrophilic acylhydrazine
presenting film and for the superhydrophobic octyl aldehyde 
functionalized film (C). D) shows a plot showing the revers
ibility of the process illustrated in (A), as monitored by 
changes in advancing WCA. One cycle begins with the 
superhydrophobic octyl aldehyde film, followed by treat
ment with acidic media, and the subsequent return to the 

connection with the description of alkyl groups. 
The term "alkenyl" refers to a monoradical of a branched 

or unbranched unsaturated hydrocarbon group having one or 
more double bonds and to cycloalkenyl groups having one 
or more rings wherein at least one ring contains a double 
bond. Alkenyl groups include those having 1, 2 or more 

65 double bonds and those in which two or more of the double 
bonds are conjugated double bonds. Alkenyl groups include 
those having from 2 to 20 carbon atoms, preferably having 
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from 2 to 12 carbon atoms. Alkenyl groups include small 
alkenyl groups having 2 to 3 carbon atoms. Alkenyl groups 
include medium length alkenyl groups having from 4-10 
carbon atoms. Alkenyl groups include long alkenyl groups 
having more than 10 carbon atoms, particularly those having 5 

10-20 carbon atoms. Cycloalkenyl groups include those 
having one or more rings. Cyclic alkenyl groups include 
those in which a double bond is in the ring or in an alkenyl 
group attached to a ring. Cyclic alkenyl groups include those 
having a 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-, 11- or 12-member 10 

carbon ring and particularly those having a 3-, 4-, 5-, 6- or 
7-member ring. The carbon rings in cyclic alkenyl groups 
can also carry alkyl groups. Cyclic alkenyl groups can 
include bicyclic and tricyclic alkyl groups. Alkenyl groups 
are optionally substituted. Substituted alkenyl groups 15 

include among others those which are substituted with alkyl 

14 
or anthracycline. As used herein, a group corresponding to 
the groups listed above expressly includes an aromatic or 
heterocyclic aromatic radical, including monovalent, diva-
lent and polyvalent radicals, of the aromatic and heterocyclic 
aromatic groups listed above provided in a covalently 
bonded configuration in the compounds of the present 
invention. Ary! groups optionally have one or more aromatic 
rings or heterocyclic aromatic rings having one or more 
electron donating groups, electron withdrawing groups and/ 
or targeting ligands provided as substituents. 

Arylalkyl groups are alkyl groups substituted with one or 
more aryl groups wherein the alkyl groups optionally carry 
additional substituents and the aryl groups are optionally 
substituted. Specific alkylaryl groups are phenyl-substituted 
alkyl groups, e.g., phenylmethyl groups. Alkylaryl groups 
are alternatively described as aryl groups substituted with 
one or more alkyl groups wherein the alkyl groups option
ally carry additional substituents and the aryl groups are 
optionally substituted. Specific alkylaryl groups are alkyl
substituted phenyl groups such as methylphenyl. Substituted 
arylalkyl groups include fully halogenated or semihaloge
nated arylalkyl groups, such as arylalkyl groups having one 
or more alkyl and/or aryl having one or more hydrogens 
replaced with one or more fluorine atoms, chlorine atoms, 
bromine atoms and/or iodine atoms. 

Optional substitution of any alkyl, alkenyl and aryl groups 
includes substitution with one or more of the following 
substituents: halogens, -CN, -COOR, -OR, -COR, 

or aryl groups, which groups in turn can be optionally 
substituted. Specific alkenyl groups include ethenyl, prop-
1-enyl, prop-2-enyl, cycloprop-1-enyl, but-1-enyl, but-2-
enyl, cyclobut-1-enyl, cyclobut-2-enyl, pent-1-enyl, pent-2- 20 

enyl, branched pentenyl, cyclopent-1-enyl, hex-1-enyl, 
branched hexenyl, cyclohexenyl, all of which are optionally 
substituted. Substituted alkenyl groups include fully halo
genated or semihalogenated alkenyl groups, such as alkenyl 
groups having one or more hydrogens replaced with one or 25 

more fluorine atoms, chlorine atoms, bromine atoms and/or 
iodine atoms. Substituted alkenyl groups include fully fluo
rinated or semifluorinated alkenyl groups, such as alkenyl 
groups having one or more hydrogens replaced with one or 
more fluorine atoms. 

The term "aryl" refers to a chemical group having one or 
more 5-, 6- or 7-member aromatic or heterocyclic aromatic 
rings. An aromatic hydrocarbon is a hydrocarbon with a 
conjugated cyclic molecular structure. Ary! groups include 
those having from 4 to 30 carbon atoms, preferably having 35 

from 6 to 18 carbon atoms. Ary! groups can contain a single 
ring (e.g., phenyl), one or more rings (e.g., biphenyl) or 
multiple condensed (fused) rings, wherein at least one ring 

30 ---OCOOR, ----CON(R)2 , ---OCON(R)2 , -N(R)2 , -NO2 , 

-SR, -SO2R, -SO2N(R)2 or -SOR groups. Optional 
substitution of alkyl groups includes substitution with one or 
more alkenyl groups, aryl groups or both, wherein the 

is aromatic ( e.g., naphthyl, dihydrophenanthrenyl, fluorenyl, 
or anthryl). Heterocyclic aromatic rings can include one or 40 

more N, 0, or S atoms in the ring. Heterocyclic aromatic 
rings can include those with one, two or three N, those with 
one or two 0, and those with one or two S, or combinations 
of one or two or three N, 0 or S. Ary! groups are optionally 
substituted. Substituted aryl groups include among others 45 

those which are substituted with alkyl or alkenyl groups, 
which groups in turn can be optionally substituted. Specific 
aryl groups include phenyl groups, biphenyl groups, pyridi
nyl groups, and naphthyl groups, all of which are optionally 
substituted. Substituted aryl groups include fully haloge- 50 

nated or semihalogenated aryl groups, such as aryl groups 
having one or more hydrogens replaced with one or more 
fluorine atoms, chlorine atoms, bromine atoms and/or iodine 
atoms. Substituted aryl groups include fully fluorinated or 
semifluorinated aryl groups, such as aryl groups having one 55 

or more hydrogens replaced with one or more fluorine 
atoms. Ary! groups include, but are not limited to, aromatic 
group-containing or heterocylic aromatic group-containing 
groups corresponding to any one of the following benzene, 
naphthalene, naphthoquinone, diphenylmethane, fluorene, 60 

fluoranthene, anthracene, anthraquinone, phenanthrene, tet
racene, naphthacenedione, pyridine, quinoline, isoquinoline, 
indoles, isoindole, pyrrole, imidazole, oxazole, thiazole, 
pyrazole, pyrazine, pyrimidine, purine, benzimidazole, 
furans, benzofuran, dibenzofuran, carbazole, acridine, acri- 65 

done, phenanthridine, thiophene, benzothiophene, dibenzo
thiophene, xanthene, xanthone, flavone, coumarin, azulene 

alkenyl groups or aryl groups are optionally substituted. 
Optional substitution of alkenyl groups includes substitution 
with one or more alkyl groups, aryl groups, or both, wherein 
the alkyl groups or aryl groups are optionally substituted. 
Optional substitution of aryl groups includes substitution of 
the aryl ring with one or more alkyl groups, alkenyl groups, 
or both, wherein the alkyl groups or alkenyl groups are 
optionally substituted. 

Optional substituents for alkyl and alkenyl groups include 
among others: 

-COOR where R is a hydrogen or an alkyl group or an 
aryl group and more specifically where R is methyl, ethyl, 
propyl, butyl, or phenyl groups all of which are optionally 
substituted; 

-COR where R is a hydrogen, or an alkyl group or an 
aryl groups and more specifically where R is methyl, ethyl, 
propyl, butyl, or phenyl groups all of which groups are 
optionally substituted; 

-CON(R)2 where each R, independently of each other R, 
is a hydrogen or an alkyl group or an aryl group and more 
specifically where R is methyl, ethyl, propyl, butyl, or 
phenyl groups all of which groups are optionally substituted; 
R and R can form a ring which may contain one or more 
double bonds; 

-OCON(R)2 where each R, independently of each other 
R, is a hydrogen or an alkyl group or an aryl group and more 
specifically where R is methyl, ethyl, propyl, butyl, or 
phenyl groups all of which groups are optionally substituted; 
R and R can form a ring which may contain one or more 
double bonds; 

-N(R)2 where each R, independently of each other R, is 
an alkyl group, acyl group or an aryl group and more 
specifically where R is methyl, ethyl, propyl, butyl, or 
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phenyl or acetyl groups all of which are optionally substi
tuted; or R and R can form a ring which may contain one or 
more double bonds. 

-SR, -SO2R, or -SOR where R is an alkyl group or 
an aryl groups and more specifically where R is methyl, 5 

ethyl, propyl, butyl, phenyl groups all of which are option
ally substituted; for -SR, R can be hydrogen; 

---OCOOR where R is an alkyl group or an aryl groups; 
-SO2N(R)2 where Risa hydrogen, an alkyl group, or an 

16 
the compounds of this invention include all stereochemical 
isomers arising from the substitution of these compounds. 
Fabrication of SLIPS Materials 

A number of nanoporous PEI/PVDMA coatings (-3.5 
micrometers thick) were fabricated and then functionalized 
by reaction with n-decylamine to impart hydrophobic char
acter. Silicon oil was infused for the model oil phase. The 
infused nanoporous films were subjected to a number of 
tests to demonstrate their capabilities and their ability to 

aryl group and R and R can form a ring; 
-OR where R is H, alkyl, aryl, or acyl; for example, R 

can be an acyl yielding ---OCOR * where R * is a hydrogen 
or an alkyl group or an aryl group and more specifically 
where R * is methyl, ethyl, propyl, butyl, or phenyl groups all 
of which groups are optionally substituted. 

10 retain their desired characteristics (e.g., repeated bending 
and flexing, creasing, stretching, deep scratching, and sur
face abrasion). SLIPS fabricated by infusion of silicone oil 
were stable and slippery when contacted with a broad range 
of chemically complex liquids ( e.g., acidic and alkaline 

15 solutions, unfiltered eutrophic lake water, serum-containing 
cell culture medium, seawater, and ketchup). Additional oils 
were also infused for comparison including canola, coconut, 
and olive oil. 

As used herein, the term "alkylene" refers to a divalent 
radical derived from an alkyl group or as defined herein. 
Alkylene groups in some embodiments function as attaching 
and/or spacer groups in the present compositions. Com
pounds of the present invention include substituted and 20 

unsubstituted C1 -C30 alkylene, C1 -C12 alkylene and C1 -Cs 
alkylene groups. The term "alkylene" includes cycloalky
lene and non-cyclic alkylene groups. 

One aspect of the invention provides an infusion of a 
thermotropic liquid crystal (an anisotropic oil) yielding 
SLIPS with sliding angles and velocities that depend criti
cally upon the chemical compositions of contacting aqueous 
phases, revealing a novel "sliding" basis for the sensing and 
naked-eye detection of environmental analytes, including 
bacterial endotoxin, in aqueous media. 

It is anticipated that these approaches will also be useful 
for the design of advanced and multifunctional anti-fouling 
surfaces that provide control over the avoidance, manipula
tion, transport, collection, and detection of aqueous fluids in 

As used herein, the term "cycloalkylene" refers to a 
divalent radical derived from a cycloalkyl group as defined 25 

herein. Cycloalkylene groups in some embodiments func
tion as attaching and/or spacer groups in the present com
positions. Compounds of the present invention include sub
stituted and unsubstituted C1 -C30 cycloalkenylene, C1 -C12 

cycloalkenylene and C1 -Cs cycloalkenylene groups. 
As used herein, the term "alkenylene" refers to a divalent 

radical derived from an alkenyl group as defined herein. 
Alkenylene groups in some embodiments function as attach
ing and/or spacer groups in the present compositions. Com
pounds of the present invention include substituted and 35 

unsubstituted C1 -C20 alkenylene, C1 -C12 alkenylene and 

30 fundamental and applied contexts. These results provide 
new principles and expand the range of tools that can be 
used to manipulate the properties and behaviors of liquid
infused anti-fouling surfaces and open the door to new 

C1 -Cs alkenylene groups. The term "alkenylene" includes 
cycloalkenylene and non-cyclic alkenylene groups. 

As used herein, the term "cycloalkenylene" refers to a 
divalent radical derived from a cylcoalkenyl group as 40 

defined herein. Cycloalkenylene groups in some embodi
ments function as attaching and/or spacer groups in the 
present compositions. 

potential applications of this emerging class of slippery soft 
materials. 

It is to be understood that this invention is not limited to 
only the specific methodology, protocols, subjects, or 
reagents described, and as such may vary. It is also to be 
understood that the terminology used herein is for the 
purpose of describing particular embodiments only, and is 
not intended to limit the scope of the present invention, 
which is limited only by the claims. The following examples 
are offered to illustrate, but not to limit the claimed inven-
tion. 

Example 1 

In an embodiment, azlactone-functionalized multilayers 
are fabricated using poly(vinyl-4,4-dimethylazlactone) 
(PVDMA) and branched poly(ethyleneimine) (PEI) to 
explore the feasibility of this approach, for several reasons: 
i) PEI/PVDMA multilayers are covalently cross-linked and, 
thus, chemically robust and physically durable, ii) residual 
azlactone functionality in these coatings can be used to tune 
surface and bulk wetting behaviors by treatment with stra
tegically-selected amine functionalized molecules ( e.g., 
FIG. 1 (A)), and iii) they can be fabricated with micro- and 
nanoporous morphologies containing voids and other fea
tures (FIGS. 1 (B) and (C)) that can trap and host secondary 

Specific substituted alkyl groups include haloalkyl 
groups, particularly trihalomethyl groups and specifically 45 

trifluoromethyl groups. Specific substituted aryl groups 
include mono-, di-, tri, tetra- and pentahalo-substituted 
phenyl groups; mono-, di-, tri-, tetra-, penta-, hexa-, and 
hepta-halo-substituted naphthalene groups; 3- or 4-halo
substituted phenyl groups, 3- or 4-alkyl-substituted phenyl 50 

groups, 3- or 4-alkoxy-substituted phenyl groups, 3- or 
4-RCO-substituted phenyl, 5- or 6-halo-substituted naphtha
lene groups. More specifically, substituted aryl groups 
include acetylphenyl groups, particularly 4-acetylphenyl 
groups; fluorophenyl groups, particularly 3-fluorophenyl 55 

and 4-fluorophenyl groups; chlorophenyl groups, particu
larly 3-chlorophenyl and 4-chlorophenyl groups; methyl
phenyl groups, particularly 4-methylphenyl groups, and 
methoxyphenyl groups, particularly 4-methoxyphenyl 
groups. 60 liquid phases (Buck et al., Adv. Mater. (2007), 19:3951; 

Manna et al., Adv. Funct. Mater. (2015), 25:1672; Manna et 
al., Adv. Mater. (2013), 25:5104; Manna et al., Adv. Mater. 
(2012), 24:4291; and Buck et al., Chem. Mater. (2010), 

As used herein, the term "halo" refers to a halogen group 
such as a fluoro (-F), chloro (--Cl), bromo (-Br) or iodo 
(-I). 

As to any of the above groups which contain one or more 
substituents, it is understood, that such groups do not contain 65 

any substitution or substitution patterns which are sterically 
impractical and/or synthetically non-feasible. In addition, 

22:6319). 
For the studies described here, nanoporous PEI/PVDMA 

coatings,.,3.5±0.9 µm-thick were used and functionalized by 
reaction with n-decylamine (FIG. 1 (A)) to impart hydro-



US 10,557,044 B2 
17 

phobic character; and silicon oil was used as a model oil 
phase. Infusion of oil into porous multilayers fabricated on 
planar glass yielded stable oil-infused SLIPS that allowed 
droplets of aqueous solutions to slide off unimpeded (see 
FIG. 1 (D)). FIG. 1 (E)-(G) shows top-down views of an 5 

aqueous droplet of tetramethylrhodamine (TMR) (10 µL) 
placed at the upper end of a slippery surface tilted at ,.,10°; 
the droplet was observed to slide down the surface at a rate 
of 2.9 mm s- 1

. Droplets of this size also slid down these 
surfaces at angles as low as 1 ° (albeit more slowly, at a rate 10 

of 0.133 mm s- 1
). 

Example 2 

This reactive layer-by-layer approach described in 15 

Example 1 is well suited for fabrication of SLIPS on 
surfaces of arbitrary shape and composition. FIG. 2 (A)-(D) 
shows top-down images of droplets of aqueous TMR sliding 
on flexible plastic film (A,B) and aluminum foil (C,D) 
coated with oil-infused PEI/PVDMA multilayers (dotted 20 

lines show borders between SLIPS-coated (top) and 
uncoated (bottom) regions; droplets slid freely at angles of 
,.,10° on coated regions (A,C), and came to rest upon contact 
with uncoated regions (B,D)). 

FIGS. 5 and 6 show images of droplets sliding on SLIPS- 25 

coated filter paper and scanning electron microscopy (SEM) 
images of the multilayers in FIG. 2 (A)-(D) prior to oil 
infusion. This approach can also be used to fabricate SLIPS 
on the inner (luminal) surfaces of tubes. FIG. 7 shows SEM 
images of multilayers coated on the insides of flexible 30 

poly(tetrafluoroethylene) (PTFE) tubing (inner diam
eter=l.15 mm). FIGS. 2 (E) and (F) (left side of each panel) 
shows drops of aqueous TMR (20 µL) placed in the tubes 
after infusion of oil ( droplets in uncoated PTFE tubes are 
shown at the right of each panel). These images reveal plugs 35 

of aqueous fluid (8"" 100°) to slip rapidly through the coated 
tubes at tilt angles as low as 3° (in contrast, fluid in uncoated 
tubes remained stationary, even at tilt angles of 90°; FIG. 8 
shows similar experiments using SLIPS-coated glass tubes. 
Finally, panels (M) and (N) of FIG. 2 show a droplet of 40 

aqueous TMR on stainless-steel wire mesh coated with 
oil-infused multilayers. Droplets also slipped and slid read-
ily on these topologically complex substrates (at angles as 
low as 3°; droplets on uncoated mesh shown in FIG. 8. The 
results suggest these SLIPS to be coated uniformly on the 45 

wires comprising the mesh; SEM images prior to oil infu
s)on (FIGS. 2 (P) and (Q)) provide support for this conclu
s10n. 

Multilayer-coated mesh infused with motor oil (rather 
than silicone oil) were also slippery and impermeable to 50 

water, but allowed motor oil to pass through unimpeded 
(FIG. 2 (0)), providing principles useful for the gravity
driven separation of oil/water mixtures using slippery sur
faces (see FIG. 9). 

The physically robust nature of PEI/PVDMA multilayers 55 

(Manna et al., Adv. Mater. (2012), 24:4291; and Manna et 
al., Adv. Mater. (2013), 25:5104) allowed the oil-infused 
SLIPS described above to maintain slippery properties upon 
repeated bending and flexing, permanent creasing, and deep 
scratching (FIG. 10) (Yao et al., Nat. Mater. (2013), 12:529; 60 

Wei et al., Adv. Mater. (2014), 26:7358; and Vogel et al., 
Nat. Commun. (2013), 4:2176). This feature also permitted 
SLIPS to be cut into arbitrary shapes and transferred to other 
complex surfaces to endow them with slippery properties 
(e.g., as demonstrated in FIG. 2 (G)), which shows a strip of 65 

SLIPS-coated aluminum foil wrapped on a glass tube; in this 
proof-of-concept demonstration, transfer of a slippery 

18 
"track" permits facile rotation-driven control over the trans
fer of aqueous drops; FIG. 2 (G)-(L)). The images in FIG. 2 
(G)-(L) demonstrate how the approach of the present inven
tion can be used to control the lateral transfer of aqueous 
droplets: a droplet placed at one end can be guided left and 
right along the slippery track by rotation of the tube clock
wise or anti-clockwise. 

Further, because the hydrophobic nature of nanoporous 
PEI/PVDMAmultilayers extends throughout the bulk of the 
films (FIG. 11), these SLIPS are also able to withstand other 
forms of severe physical abuse without loss of slippery 
properties. FIGS. 2 (R) and (S) show a SLIPS-coated surface 
that was severely abraded by aggressively rubbing the 
surface with abrasive sand paper (resulting in substantial 
loss of both oil and porous coating by visual inspection). The 
dotted boxes in FIGS. 2 (R) and (S) show the location of the 
abraded region; when combined, these images reveal the 
coatings to remain slippery despite removal of large 
amounts of the oil-infused matrix. SEM characterization 
after leaching of infused oil (FIG. 2 (U)) revealed abrasion 
to unmask underlying layers of porous material with a 
morphology similar to that of the original matrix (FIG. 2 
(T)) that is sufficient to maintain and host a thin layer of 
infused oil after severe surface erosion. Finally, the slippery 
properties of these materials remained unaltered after other 
physical and chemical insults experienced during repeated 
freezing and thawing, immersion in boiling water, and 
exposure to steam-sterilization cycles in an autoclave. 

Example 3 

SLIPS fabricated by infusion of silicone oil were stable 
and slippery when contacted with a broad range of chemi
cally complex liquids (including acidic and alkaline solu
tions, unfiltered eutrophic lake water, serum-containing cell 
culture medium, and ketchup; FIG. 3 (A)), and slippery 
properties were maintained upon incubation in simulated 
seawater for at least 2 months (FIG. 12). Infusion of other 
natural and biocompatible oils into these porous coatings 
yielded surfaces that were slippery to a similar range of 
liquid media, but afforded additional control over oil adhe
siveness and droplet sliding. Table 1 (below) shows contact 
angle hysteresis and sliding velocities for droplets of water 
placed on multilayers (tilted at 10°) infused with silicone, 
canola, coconut, or olive oils. Hysteresis increased mono
tonically across this series, and sliding velocities decreased 
substantially with an increase in hysteresis ( e.g., from 6 mm 
s-1 for silicone oil to ,.,110 µm s- 1 for droplets on films 
infused with olive oil). Past studies have demonstrated that 
the velocities of liquid droplets on SLIPS can be manipu
lated by changing the viscosity of the infused lubricant (with 
low viscosity liquids resulting in higher velocities) (Daniel 
et al., Appl. Phys. Lett. (2013), 102:231601). The viscosities 
of the oils used here, however, vary over a much smaller 
range (from 40 to 100 cps) than those used in past studies 
(from 1 to 2500 cps), and the sliding velocities in Table 1 do 
not vary monotonically with these small changes. 

TABLE 1 

Influence of infused oils on SLIPS 

Infused Velocity 
Lubricant 0Adv (

0
) 0Hy,;(

0
) (mm/s) 

Silicone oil 101.2 ± 1.3 2.1 ± 1.1 6.0 ± 0 
Canola oil 89.4 ± 1.1 5.3 ± 1.5 3.4 ± 0.4 
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TABLE I-continued 

Influence of infused oils on SLIPS 

20 
length four carbons longer than that of DTAB, demonstrated 
that manipulation of both surfactant tail length and concen
tration can also be used to manipulate sliding behaviors. 
Droplets containing 0.4x 10-3 M HTAB, for example, did not Infused 

Lubricant 

Coconut oil 
Olive oil 

82.7 ± 0.9 
81.3 ± 1.2 

10.2 ± 1.5 
13.5 ± 2.1 

Velocity 
(mm/s) 

0.23 ± 0.01 
0.11 ± 0.01 

5 slide down LC-infused surfaces at tilt angles of 13° (not 
shown). However, droplets containing 25xl0-6 M HTAB 
slid down these surfaces over a period of ,.,96 s (FIG. 3 (B); 
a time that is significantly longer than that required for 
droplets of DTAB, at a concentration 16 times higher 

Table 1 shows wetting behaviors (advancing contact angles 
and contact angle hysteresis) and sliding velocities of drop
lets of water (20 µL) on multilayers infused with silicone, 
canola, coconut, and olive oils (tilt angle,.,10°). 

10 (0.4x10-3 M), to slide the same distance). These results are 
consistent with the view that interactions between the 
amphiphile and the LC play an important role in governing 
sliding behaviors. 

The results of additional experiments using multilayers 
infused with a thermotropic liquid crystal (LC; an anisotro- 15 

pie oil) revealed additional principles useful for control over 
the mobility of aqueous droplets on SLIPS-coated surfaces. 
The results in FIG. 3 (B) show the times required for 10 µL 
droplets of either deionized (DI) water or water containing 
one of four different amphiphiles [sodium dodecyl sulfate 20 

(SDS), dodecyltrimethylarnmonium bromide (DTAB), 
hexadecyltrimethylammonium bromide (HTAB), or bacte
rial endotoxin (lipopolysaccharide, LPS)] to slide 2.0 cm 
down multilayer-coated surfaces infused with either: i) 
silicone oil (gray bars) or ii) the small molecule nematic 25 

liquid crystal E7 (black bars; at tilt angles of 13°; the 
structure ofE7 is shown in FIG. 13). At ambient temperature 
(23° C.), droplets of DI water traversed this distance in ,.,5 
son both types of slippery surfaces (FIG. 13 shows images 
of the sliding droplets in these experiments). These results 30 

reveal that droplets containing SDS (at 0.4xl0-3 M) req
uire ,.,7 s to slide this distance on films infused with silicon 
oil (gray; similar to results exhibited by DI water). Further 
inspection, however, reveals droplets containing 0.4xl0-3 M 
SDS to slide ,.,10 times more slowly on E7-infused surfaces 35 

(black; over ,.,49 s). 
It is well known that amphiphiles with long hydrophobic 

tails can interact with LCs at aqueous/LC interfaces and 
promote orientational changes in the ordering of the LC 
(e.g., from planar to homeotropic anchoring) (Brake et al., 40 

Science (2003), 302:2094; and Bai et al., Langmuir (2011), 
27:5719). It is speculated that differences in the sliding 
velocities of SDS-containing droplets on E7-infused sur
faces arise from the anisotropic nature of the LC and 
transient changes in LC orientation beneath the droplets that 45 

lead to changes in droplet adhesion (droplets of DI water 
placed on surfaces previously exposed to aqueous SDS also 
slid rapidly (""5 s ), suggesting that any changes promoted by 
interactions with SDS-containing droplets are transient). 
The results of experiments using E7-infused SLIPS main- 50 

tained at 70° C. (well above the nematic/isotropic transition 
temperature (""60° C.) ofE7) provide additional support for 
this hypothesis. As shown in FIG. 3 (B) (white bar), droplets 
of aqueous SDS (at 0.4x10-3 M) slid down surfaces infused 
with isotropic LC over a period of"" 10 s, a time significantly 55 

shorter than that observed on surfaces infused with LC in the 
nematic phase (,.,49 s) and similar to that observed for 
SDS-containing droplets on surfaces infused with silicone 
oil. 

These results also demonstrate that these LC-infused 
surfaces can be used to report the presence of bacterial 
endotoxin, a highly toxic polysaccharide-based amphiphile, 
in aqueous droplets (Lin et al., Science (2011 ), 332: 1297). 
As shown in FIG. 3 (B), droplets containing very low 
concentrations of LPS (77x10- 12 M) slid down E7-infused 
surfaces over ,.,93 s, a time substantially longer than that 
exhibited by droplets of DI water. Overall, this sensitivity of 
mobility to droplet compositions provides new opportunities 
to tune droplet behaviors ( e.g., by manipulation of surfactant 
structure or concentration) and provides a basis for the 
sensing and naked-eye detection of aqueous analytes using 
slippery surfaces (e.g., by characterizing changes in droplet 
sliding velocities as a function of analyte concentration). 
The use of this "sliding" platform can therefore be used to 
qualitatively or quantitatively detect the presence of envi
ronmental analytes and toxins. These results using LC
infused SLIPS also provide opportunities to design slippery 
surfaces that could permit active and external control over 
droplet adhesion and mobility. 

Example 4 

Finally, the chemical reactivity of the multilayers 
described herein can be used to functionalize and spatially 
pattern the surfaces and the bulk of these coatings with a 
variety of functionality-ranging from hydrophobic, as 
demonstrated above (FIG. 1 (A)), to highly hydrophilic-by 
treatment with strategically selected primary amines (Manna 
et al., Adv. Funct. Mater. (2015), 25:1672; and Manna et al., 
Adv. Mater. (2012), 24:4291). This feature can be exploited 
to design SLIPS with patterned features that exclude infused 
oils and, as a result, create "sticky" patches (or "STICKS") 
that are wet by aqueous media. To demonstrate proof-of
concept, a porous multilayers spatially patterned was used 
by treatment with small aqueous droplets containing the 
hydrophilic molecule D-glucamine (FIGS. 4 (A) and (B); 
azlactone groups in surrounding areas were then function-
alized with decylamine prior to infusion with oil). FIG. 4 (C) 
shows a SLIPS-coated surface patterned with three sticky 
patches after immersion and removal from an aqueous 
solution of the fluorophore fluorescein. This image reveals 
the patterned "STICKS" to capture aliquots of aqueous 
solution, and that patterning does not compromise the slip
pery character of the surrounding surface. Experiments 
using patterned SLIPS infused with silicone oil containing 

The results of additional experiments reveal that the 
sensitivity of droplet mobility to the presence of SDS also 
extends to the presence of other amphiphiles. For example, 
10 µL droplets containing 0.4x10-3 M DTAB (a cationic 
surfactant with a tail length identical to that of SDS) were 
observed to exhibit sliding times similar to those of droplets 
containing SDS (,.,49 s; FIG. 3 (B)). Experiments using 
droplets containing HTAB, a cationic surfactant with a tail 

60 Nile red dye revealed the patterned regions to be devoid of 
oil (FIG. 4 (E); as determined by fluorescence microscopy) 
and that the capture of aqueous fluid was confined strictly to 
the patterned patches (FIG. 4 (D)). 

Control over the "stickiness" of SLIPS-coated surfaces 
65 can also be achieved by functionalizing PEI/PVDMA mul

tilayers with hydrophobic n-alkanes shorter and less hydro
phobic than n-decylamine. For example, infusion of silicon 
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oil into films functionalized with n-propylamine resulted in 
SLIPS with higher contact angle hysteresis (""20°) and, thus, 
significantly larger critical sliding angles relative to SLIPS 
designed using decylamine-functionalized multilayers (see 
FIG. 14). Control over the sizes, numbers, and relative 5 

locations of sticky patches on patterned SLIPS provided 
opportunities to capture samples of aqueous fluids from 
sliding droplets (FIG. 4 (F)-(H)), temporarily halt or com
pletely arrest the motion of sliding droplets, and promote the 
transfer and mixing of fluids from multiple different sliding 10 

droplets. Provided that droplets are sufficiently large com
pared with the spacing between sticky patches, this approach 
can also be used to control the velocities and guide the 
in-plane trajectories of aqueous droplets as they slide along 
planar surfaces (e.g., along prescribed, non-linear sticky- 15 

patch paths; FIG. 4 (I)-(M)). 
The work reported here addresses challenges related to 

the fabrication and chemical functionalization of SLIPS on 
complex surfaces, and provides tools for tuning interfacial 
properties and manipulating the behaviors of fluids in con- 20 

tact with this emerging class of soft materials. 

Example 5 

The following section describes the materials and proce- 25 

<lures used in the above examples. 
Materials. 

22 
operating at 45 mA under a vacuum pressure of 50 mTorr for 
40 s prior to imaging. Measurements of film thickness were 
made by characterizing the cross-sections of films using 
SEM. Cross-sectional images were acquired at several dif
ferent locations (typically 4) across the edge of a film, and 
25 individual measurements of thickness were made across 
each edge; values of film thickness are presented as an 
average (with standard deviation) of these 100 measure
ments. Digital pictures were acquired using a Canon Pow
erShot SX130 IS digital camera. Contact angles were mea
sured using a Dataphysics OCA 15 Plus contact angle 
goniometer at ambient temperature with 10 µL of deionized 
water. Artificial seawater was prepared by mixing 26. 73 g of 
NaCl, 2.26 g of MgC12 , 3.25 g of MgSO4 , and 1.12 g of 
CaC12 in 1.0 L of deionized water. Unless otherwise noted, 
all experiments were conducted at ambient room tempera-
ture (-23° C.). Experiments to characterize the behaviors of 
aqueous droplets on LC-infused surfaces at 70° C. were 
performed by pre-heating a hot plate (tilted at an angle of 
13°) to 70° C., placing SLIPS-coated glass substrates in 
contact with the surface of the hot plate, and allowing the 
temperature of the coated substrate to equilibrate for 1 hour. 

Covalent Layer-by-Layer Fabrication of Porous Polymer 
Multilayers. 

PEI/PVDMA multilayers were deposited on glass sub-
strates using the following general procedure: (i) substrates 
were submerged in a solution of BPEI (20 mM in acetone 
with respect to the polymer repeat unit) for 20 s; (ii) 
substrates were removed and immersed in an initial acetone 

2-Vinyl-4,4-dimethylazlactone (VDMA) was obtained 
from Dr. Steven M. Heilmann (3M Corporation, Minneapo
lis, Minn.). Poly(2-vinyl-4,4-dimethylazlactone) (PVDMA) 
was synthesized by free-radical polymerization of VD MA as 
described previously (Buck et al., Chem. Mater., 2010, 
22:6319). 

30 bath for 20 s followed by a second acetone bath for 20 s; (iii) 
substrates were submerged in a solution of PVDMA (20 mM 
in acetone with respect to the polymer repeat unit) for 20 s; 
and (iv) substrates were removed and rinsed again using the 
procedure outlined under step (ii). This cycle was repeated Branched poly(ethylene imine) (BPEI; MW-25,000), 

propylamine, n-decylamine (95%), acetone (HPLC grade), 
tetrahydrofuran (THF, HPLC grade), sodium dodecyl sulfate 
(SDS), dodecyltrimethylanrmonium bromide (DTAB), 
hexadecyltrimethylammonium bromide (HTAB), lipopoly
saccharide from E. coli O127:BS (LPS), dichloroethane 
(DCE), carbon tetrachloride (CC14), dibromomethane 
(CH2Br2), magnesium sulfate, calcium chloride, and sili
cone oil were purchased from Sigma Aldrich (Milwaukee, 
Wis.). D-Glucamine (>95%) was purchased from TCI 
America (Portland, Oreg.). Tomato ketchup was obtained 
from the H. J. Heinz Company (Pittsburgh, Pa.). Glycerol 
was purchased from Fisher Chemicals (New Jersey, USA). 
Glass microscope slides were purchased from Fischer Sci
entific (Pittsburgh, Pa.). Thin sheets of poly(ethylene 
terephthalate) film (PET; 0.004 in. thick) were purchased 
from McMaster Carr. Stainless steel wire meshes were 50 

obtained from MSC Industrial Supply Co. (Melville, N.Y.). 
Aluminum foil was obtained from Reynolds Consumer 
Products, LLC (Richmond, Va.). Filter paper was obtained 
from Whatman (Maidstone, England). The thermotropic 
liquid crystal E7 was purchased from Licristal, Japan. 55 

Sodium chloride (NaCl) and magnesium chloride (MgC12) 
were obtained from Fisher Scientific. Coconut oil was 
obtained from Nihar Naturals, India and canola oil was 
obtained from Kirkland, Canada and olive oil was obtained 
from Filippo Berio (Italy). All chemicals were used as 
received without further purification unless otherwise noted. 

General Considerations. 
Compressed air used to dry samples was filtered through 

35 35 times to fabricate porous polymer multilayers consisting 
of 35 BPEI/PVDMA layer pairs (or 'bilayers'). The con
centrations of the polymer solutions were maintained by 
addition of acetone as needed to compensate for solvent 
evaporation after every dipping cycle. All other substrates 

40 used in this study (glass tubes, aluminum foil, PET film, 
PTFE tubes, wire meshes, and filter paper) were also coated 
using this protocol. Multilayers were characterized and used 
in subsequent experiments immediately or dried under a 
stream of filtered, compressed air and stored in a vacuum 

45 desiccator until use. All films were fabricated at ambient 
room temperature. 

Chemical Functionalization of Porous Polymer Multilay
ers. 

Porous polymer multilayers containing unreacted azlac
tone groups were functionalized by treatment with various 
hydrophobic (decylamine or propylamine) and hydrophilic 
(glucamine) primary amine-containing small molecules. 
Solutions of decylamine and propylamine (20 nmM) were 
prepared in THF, and solutions of glucamine (20 mM) were 
prepared in either DMSO or PBS buffer. Amine-reactive 
multilayers were then immersed in these solutions at room 
temperature for two hours to install hydrophobic or hydro
philic functionality over large areas (Manna et al., Adv. 
Mater., 2012, 24:4291). Functionalized films were then 

60 rinsed with THF or DMSO and acetone and dried with 
filtered air. 

a 0.2 µm membrane syringe filter. Scanning electron micro
graphs were acquired using a LEO 1530 scanning electron 65 

microscope at an accelerating voltage of3 kV. Samples were 
coated with a thin layer of gold using a gold sputterer 

Infusion of Oils into Porous Polymer Multilayers. 
Hydrophobic multilayers (5 cmxl cm) were infused with 

lubricating liquids (silicone oil, canola oil, olive oil, coconut 
oil, motor oil, or the thermotropic liquid crystal E7) using 
the following general protocol. A droplet of 5 µL of oil was 
placed onto the film and spread over the surface using 
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weighing paper. After two minutes, excess oil was removed 
from the surface by soaking it into weighing paper. 

Characterization of Physical and Chemical Robustness of 
Liquid-Infused Coatings. 

All tests used to characterize the integrity of liquid- 5 

infused multilayers after exposure to physical abuse and 
chemically harsh conditions were performed using decylam
ine-treated multilayers. For experiments to characterize the 
influence of scratching on slippery properties, syringe 
needles were dragged manually across the surfaces of oil- 10 

infused coatings to create full-thickness scratches. For 
experiments to characterize the stability of slippery coatings 
upon exposure to rapidly flowing water, oil-infused coatings 
were exposed to a stream of water having a flow rate of 100 
mL/s for 15 min. For experiments to characterize the influ- 15 

ence of immersion in aqueous environments on stability, 
oil-infused films were immersed in water, 1.0 M NaCl 
solutions, artificial seawater, and samples oflocally-sourced 
lake eutrophic water (Lake Mendota, Madison, Wis.) for two 
months; film properties were characterized at regular time 20 

intervals. The influence of freezing was characterized by 
placing a glass slide coated in oil-infused multilayers in 
deionized water and placing the whole system in a freezer 
for six hours; the resulting block of ice was thawed to room 
temperature and the interfacial properties of the oil-infused 25 

films (e.g., water sliding angles) were characterized; freez
ing/thawing/characterization cycles were performed 10 
times. Substrates exposed to steam were autoclaved for 45 
minutes at 121° C. using an Allen-Bradley Panel View Plus 
600 System. Bending and creasing of slippery, liquid-in- 30 

fused multilayers fabricated on soft and flexible substrates 
(PET) was accomplished manually by repeatedly bending 
(-50 times) and then finally permanently creasing the sub
strates using moderate pressure. 

Separation of Oil/Water Mixtures using Porous Meshes 35 

Coated with Liquid-Infused Multilayers. 
Stainless steel wire meshes (1.5 cmx4 cm; wire diameter 

-90 µm; pore size=126.3±3.5 µm) coated with decylamine
functionalized multilayers were infused with conventional 
automotive motor oil, placed over the open mouth of a 40 

laboratory beaker, and maintained at a tilted angle of -2° 
with respect to the mouth of the beaker by supporting one 
side of the mesh using a glass chip (see FIG. 9 (E). A mixture 
(3:2, v/v) of motor oil and water (or other aqueous fluids) 
was then poured onto the coated mesh. Oil that passed 45 

through the mesh was collected in the beaker; water was 
observed to slip off of the surface of the oil-infused mesh, 
and was collected in a secondary container (see FIGS. 9 (F) 
and (G)). 

Selective and Guided Transfer of Water on Slippery, 50 

Oil-Infused Multilayers Patterned with Hydrophilic Patches. 
Reactive porous polymer multilayers, fabricated as 

described above, were patterned with small hydrophilic 
domains by placing droplets of aqueous solutions of glu
camine (e.g., 0.5 µL of a 20 mg/mL glucamine solution in 55 

PBS buffer, adjusted to pH 9.0) for 10 minutes, as previously 
described (Manna et al., Adv. Mater., 2012, 24:4291). These 
chemically patterned samples were then immersed in 
n-decylamine using the procedure described above to react 
with remaining azlactone functionality and render the 60 

remainder of the surrounding regions of the films hydro
phobic. To characterize the fidelity of patterning and the 
behavior of liquid lubricants in the hydrophilic glucamine
patterned regions after oil infusion, samples were infused 
with silicon oil containing Nile red (an oil-soluble, water 65 

immiscible dye). The oil infused patterned substrate was 
then submerged in an aqueous solution of fluorescein (20 

24 
µg/mL) for several seconds and removed. Visual inspection 
and fluorescence microscopy were then used to characterize 
the locations ofred (Nile red) and green (fluorescein) signal 
in the hydrophobic and hydrophilic patterned regions of the 
films. Experiments to investigate (i) the ability of patterned 
spots to capture samples of sliding aqueous droplets and (ii) 
the ability of networks or 'tracks' of multiple small hydro
philic spots to guide the gravity-driven transfer of larger 
water droplets were conducted using 55 µL droplets of an 
aqueous TMR solution and chemically patterned substrates 
maintained at an inclination angle of 5°. 

Example 6 

Functionalization of Azlactone-Containing Polymer 
Multilayers 

As described above, polymers bearing amine-reactive 
azlactone functionality can be used to drive reactive layer
by-layer assembly with polymers that contain primary 
amines. Azlactones react rapidly, through ring-opening reac
tions, with primary amines under mild conditions (Buck et 
al., Polymer Chemistry (2012), 3 (1):66; and Heilmann et al. 
Journal of Polymer Science, Part A: Polymer Chemistry 
(2001), 39 (21): 3655), leading to unique and stable amide/ 
amide-type crosslinks between polymer chains. Residual 
azlactone functionality in resulting PEI/PVD MA multilayers 
can be used as reactive handles for further functionalization 
by treatment with any of a broad range of readily available 
amine-based nucleophiles to impart a new surface and bulk 
properties, such as hydrophobicity of the multilayer or 
interaction with an oils as part of SLIPS, through the 
creation of unique and chemically stable amide/amide-type 
bonds. 

Additionally, the surface and bulk properties of azlactone
containing materials can also be altered using other classes 
of non-amine-based nucleophiles (see Scheme 1). For 
example, azlactone groups are understood to react with 
primary alcohols and thiols under certain conditions such as 
in the presence of a catalyst and at higher temperatures 
(Heilmann et al. Journal of Polymer Science, Part A: Poly
mer Chemistry (2001), 39 (21): 3655; Schmitt et al., Adv. 
Healthcare Mater. (2015), 4(10): 1555; Schmitt et al., 
Biomacromolecules (2016), 17(3): 1040; Heilmann et al., J. 
Polym. Sci., Polym. Chem. Ed. (1984), 22 (5):1179; Ras
mussen et al., Makromol. Chem. Rapid Commun. (1984), 5 
(2):67; Heilmarm et al., Tetrahedron (1998), 54(40):12151; 
and Pereira et al., Tetrahedron (2014), 70(20):3271). 

The use of these nucleophiles to design new materials is 
far less developed than approaches that exploit the reactivity 
of azlactones with more nucleophilic primary amines. Strat
egies for the rapid and robust functionalization of azlactone 
groups in polymer assemblies using primary alcohols and 
thiols could be broadly useful in at least two ways. First, 
such methods would substantially increase the pool of 
commercially or readily available molecules that is available 
for post-fabrication functionalization (and, thus, expand the 
range of new properties that could be imparted to azlactone
containing assemblies). Second, the reaction of azlactones 
with primary alcohols and thiols results in the formation of 
unique amide/ester- and amide/thioester-type bonds that, in 
contrast to the amide/amide bonds formed by reactions with 
primary amines, can be hydrolyzed under relatively mild 
conditions. Thus, a functionalized azlactone layer (not 
hydrolyzed) can be designed to be hydrophobic while the 
functionalized azlactone layer which has been hydrolyzed to 
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break amide/ester- or amide/thioester-type bonds can be 
designed to be relatively hydrophilic. 

26 
Hydrolysis of Ester and Thioester Bonds in Functional

ized Films. 
Methods for the functionalization of surfaces and coatings 

using these labile and stimuli-responsive linkages thus pro
vide new approaches to the design of surfaces with dynamic 5 

or stimuli-responsive properties. 

Experiments designed to characterize the hydrolysis of 
the ester bonds in multilayers functionalized using decanol 
were performed by placing small droplets of aqueous NaOH 
(0.05 M) onto the surface of a film and incubating it in a 
humid chamber for pre-determined periods of time. The 
NaOH droplet was rinsed from the surface of the film using 
Millipore water and then subsequently with acetone before 
drying in compressed air. To facilitate imaging, newly 
created hydrophilic spots on these films were loaded selec-
tively with TMR by submersion of the entire film into an 
aqueous solution of the dye (-0.05 mg/mL) for -2 seconds. 
To demonstrate the reactivity of thioester bonds in 
decanethiol treated films, samples (0.9xl cm) were 
immersed in 1.5 mL of hydrazine solution (20 mg/mL in 
MeOH) at 50° C., removed at pre-determined time intervals, 
rinsed in MeOH and acetone, and then dried in compressed 
air prior to characterization. 

Reversible Reactions oflmine Bonds in Hydrazine-Func
tionalized Multilayers. 

Films functionalized by treatment with hydrazine were 
treated with octylaldehyde (20 mg/mL in MeOH) for 1 hour 
at room temperature and then rinsed copiously with MeOH 

Functionalization of azlactone-containing PEI/PVDMA 
multilayers using primary alcohol and thiol-containing 
nucleophiles is thus provided. Alcohol- or thiol-containing 
compounds can react uniformly and extensively with the 10 

residual azlactone functionality in these materials when an 
organic catalyst is used, and the properties of these com
pounds ( e.g., whether they are hydrophobic or hydrophilic, 
etc.) can be used to dictate important interfacial properties 
and pattern useful surface features. It is further demonstrated 15 

that the amide/ester and amide/thioester groups that result 
from these new reactions can be cleaved under mild condi
tions, leading to dynamic and stimuli responsive materials 
that can undergo stimuli-responsive changes in hydropho
bicity and interactions with oils. The post-fabrication con- 20 

version of installed thioester groups can also be used to 
create acylhydrazine functionality that can react through 
'click-like' reactions with aldehydes (Xin et al., Polymer 
Chemistry (2012), 3(11 ):3045; and Kool et al., Journal of the 
American Chemical Society (2013), 135( 47): 17663) to 
anchor new surface features through acid-responsive imine 
bonds. These results expand the range of chemical function
ality and new functions that can be imparted to azlactone
containing materials beyond those that can be attained by 
functionalization using primary amines. The strategies 
reported here, demonstrated using model polymer-based 
reactive multilayer coatings, can also prove useful for the 
design of new materials based on other types of azlactone
functionalized polymers, assemblies, and coatings. 

25 and acetone before being dried in a stream of compressed 
air. These superhydrophobic films were cut to desired sizes 
(lxl cm) and immersed in 2 mL of a 1 M HCl solution (1:1 
H2O:THF, v/v) overnight at room temperature. The resulting 
hydrophilic films were then removed and rinsed copiously 

30 with THF, water, and acetone before being dried in a stream 
of compressed air for contact angle analysis. Experiments 
were also performed without HCl by placing films into 
solutions of 1:1 v/v H2O:THF and removing after pre
determined periods of time. This process was repeated 

Functionalization of Polymer Multilayers Using Amine, 
Alcohol, and Thiol-Containing Nucleophiles. 

PEI/PVDMA multilayers were fabricated on glass sub
strates using the general procedure described above. Films 
were then functionalized with nucleophiles using the fol
lowing general procedure. Treatment with pyrenebutanol 
and pyrene (serving as a control) was performed by immers
ing a IO-bilayer film (0.9xl cm) on a glass substrate in 1.5 
mL of the desired fluorophore solution (40 mg/mL in DCE) 
in a glass vial, followed by the addition of 2 µL ofDBU. The 
vial was capped, sealed with parafilm, and left on a shaker 
plate overnight at room temperature. Films were removed 
and rinsed copiously with DCE, and then placed in large 
vials containing fresh DCE rinse solution for several days in 
order to remove any non-specifically adsorbed fluorophore 
and the DBU catalyst. The rinse solution was changed 
several times each day. Films were finally rinsed with -25 
mL each of DCM, methanol, water, and acetone, and then 
dried in a stream of compressed air. 

Decanol and decanethiol treatments were performed in a 
similar manner by immersing films (-0.9 cmx3 cm) in -4 
mL of the desired nucleophile solution (1: 1 wt/wt in DCE) 
in a glass vial followed by addition of 54 µL of DBU. The 
vial was capped, sealed with parafilm, and left on a shaker 
plate overnight. Films were rinsed copiously with DCE and 
then DCM before being placed in DCM rinse vials for 
several days, as above. Decylamine and hydrazine function
alization reactions were performed by immersing a film 
(-0.9 cmx3 cm) in a -4 mL solution of either decylamine 
(20 mg/mL in THF) or anhydrous hydrazine (20 mg/mL in 
MeOH) overnight and then rinsing with THF or MeOH, 
respectively, and then acetone, before drying in a stream of 
compressed air. 

35 several times to characterize the reversibility of the imine 
bond formation/hydrolysis reaction. 

Functionalization of Azlactone-Containing Multilayers 
Using Alcohol-Based Nucleophiles. 

The reactivity of the residual azlactone groups in PEI/ 
40 PVDMA multilayers with primary alcohol-based nucleop

hiles was characterized. These initial experiments were 
conducted using PEI/PVDMA multilayers 10 bilayers (-160 
nm) thick and pyrenebutanol as a model fluorescent primary 
alcohol to facilitate characterization. Prior to experiments 

45 using azlactone-containing multilayers, studies were con
ducted using solutions of pyrenebutanol and PVDMA to 
identify reaction conditions that lead to efficient coupling. 
Past studies demonstrate that reactions between azlactones 
and alcohols do not occur substantially in the absence of a 

50 catalyst, but that these reactions can be promoted by cata
lytic amounts oftrifluoroacetic acid or strong amidine bases 
such as 1,8-diazabicycloundec-7-ene (DBU) (Heilmann et 
al., Journal of Polymer Science, Part A: Polymer Chemistry 
(2001), 39(21): 3655; Pereira et al., Tetrahedron (2014), 

55 70(20): 3271; and Sun et al., Journal of Controlled Release 
(2010), 148(1):91). DBU was selected as a catalyst for these 
studies because this approach is more general and because it 
can also be used to promote reactions between azlactones 
and thiols (trifluoroacetic acid can catalyze the addition of 

60 alcohols to azlactone groups, but does not promote reactions 
using thiols ). The addition of pyrenebutanol to solutions of 
PVDMA in the presence of DBU (0.05 eq. pyrenebutanol, 
0.1 eq. DBU with respect to pyrenebutanol) yielded random 
copolymers containing both reactive azlactone functionality 

65 and pyrenebutanol-based side chains attached to the back
bone through amide/ester linkages, as characterized by 1H 
NMR spectroscopy and gel permeation chromatography. 
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Modification oflnterfacial Properties Using Alcohol- and 
Thiol-Based Nucleophiles. 

28 
ylene terephthalate) (PET) substrates were used to improve 
stability at the film/substrate interface and reduce the like
lihood of film delamination. 

In an initial series of experiments, the wetting behaviors 
of decylamine- and decanol-treated films exposed to aque
ous base were characterized, with the reasoning that the 
hydrolysis of ester bonds would reveal hydrophilic carbox
ylic acid groups (e.g .. FIG. 16 (A)) and result in large 
reductions in WCAs. FIG. 16 (C) shows the results of an 
experiment in which a large aqueous droplet of 50 mM 
NaOH was placed onto the surfaces of both decylamine- and 
decanol-treated films in a humid environment for -3 hours 
at room temperature. Inspection of these results reveals a 
large reduction in the WCA of the decanol-treated film (from 
-160° to -126.9±2.2°; FIG. 16 (C), gray bars) in the areas 
of the film treated with aqueous base. In contrast, the WCA 
of the decylamine-treated films remained largely unaffected 
under these conditions (FIG. 16 (C), black bars). These 
results are also consistent with the hydrolysis of the ester 

Previous experiments demonstrate that the surface ener
gies and wetting behaviors of native (azlactone-containing) 
PEI/PVDMA films can be permanently modified (through 5 

the creation of amide/amide-type bonds) by treatment with 
primary amines functionalized with hydrophobic or hydro
philic groups. Those prior experiments reveal that when 
these covalent modifications are made to multilayers pos
sessing nano- and microscale topographic features, this 10 

approach can also be used to design films that are superhy
drophobic, or extremely non-wetting to water [superhydro
phobic surfaces are defined here having advancing water 
contact angles (WCAs)>150°, with low water roll-off 

15 
angles]. The functionalization of nanoporous PEI/PVDMA 
films-3. 5 µm thick by reaction with n-decy !amine yielded an 
increase in WCA from 135.6° (±1.9°) (FIGS. 15 (A) and (E) 
for native, azlactone-functionalized films) to 158.3° (±1.7°) 
(FIGS. 15(8) and (F)). 

The images in FIGS. 15 (C)-(D) and (H)-(G) reveal that 
superhydrophobicity can also be achieved by the DBU
catalyzed reaction of residual azlactones with the hydropho
bic alcohol n-decanol (WCA=160.3±1.8°; panel (G)) and 
the hydrophobic thiol n-decanethiol (WCA=159.0±l.6°; 25 

panel (G)). These decanol- and decanethiol-functionalized 
films were uniformly superhydrophobic across the entirety 

20 bonds of decanol-treated materials. The hydrolyzed regions 
of the decanol-treated films were rapidly and uniformly wet 
when contacted with water, whereas surrounding areas that 
were not treated remained superhydrophobic and were jack-

of the material, with properties and behaviors that were both 
quantitatively and qualitatively similar to those exhibited by 
decylamine-functionalized films when placed in contact 30 

with or immersed in water. 
FIG. 15 (I) shows representative ATR IR spectra of an 

untreated (azlactone-containing) PEI/PVDMA film and 
decylamine-, decanol-, and decanethiol-treated films used in 

35 
the experiments above. The IR spectrum of the untreated 
film exhibited a cyclic carbonyl C=O stretch characteristic 
of residual azlactone groups at 1819 cm-1; the two coalesc
ing absorbance bands with peaks at 1666 cm- 1 and 1646 
cm- 1 correspond to the C=N functionality in the azlactone 40 

ring and the C=O stretch of amide bonds that make up the 
crosslinks of the film, respectively. For films treated with 
decylamine, the peak corresponding to the azlactone func
tionality at 1819 cm- 1 was completely consumed, suggest
ing exhaustive reaction of the azlactone groups with the 45 

incoming amine-based nucleophile and consistent with the 
results of past studies. For films treated with decanol, the 
intensity of the azlactone carbonyl stretch at 1819 cm- 1 was 
also substantially reduced, and a carbonyl C=O stretch at 
1724 cm- 1 appeared, consistent with the formation of ester 50 

bonds upon the reaction of the azlactone groups with this 
alcohol-based nucleophile. Finally, for films treated with 
decanethiol, the azlactone peak was also consumed and 
close inspection of the data reveals a shoulder on the amide 
C=O stretch (near 1652 cm- 1

) that were attributed to the 55 

C=O carbonyl stretching of thioester functionality. These 
results, when combined, are consistent with the ring-opening 
ofresidual azlactone rings by these alcohol- and thiol-based 
nucleophiles under these DBU-catalyzed conditions. 

The results of additional experiments demonstrated that, 60 

whereas the superhydrophobicity of decylamine-treated 
films can be maintained for long periods in aqueous envi
ronments, the extremely non-wetting behaviors of decanol
and decanethiol-treated films could be permanently erased 
and eliminated by exposure to aqueous analytes that cleave 65 

ester and thioester bonds. For these experiments, PEI/ 
PVDMA films fabricated on amine-functionalized poly(eth-

eted by a layer of air, as is typical of superhydrophobic 
surfaces in the Wenzel-Cassie state, when immersed in 
water. This observation suggests new approaches to the 
chemical patterning of superhydrophobic materials and pro
vides a basis for the design of new surfaces with patterned 
contrasts in wettability. The selective deposition of small (10 
µL) droplets of aqueous base were used to pattern a small 
array of hydrophilic spots distributed within a superhydro-
phobic background (FIG. 16 (E); small droplets of colored 
water show the locations of the hydrophilic spots; a larger 
droplet reveals the maintenance of superhydrophobicity in 
surrounding, untreated areas). These arrays of hydrophilic 
spots could also be used to directly capture and position 
small samples of water by direct dipping into aqueous 
solutions without substantial wetting or contamination of the 
surrounding superhydrophobic surfaces (FIG. 16 (F)). 

A similar series of experiments using superhydrophobic 
decanethiol-treated films to determine if these thioester
functionalized films could be induced to undergo changes in 
structure and wetting behavior in response to a specific 
chemical stimulus. For these experiments, hydrazine was 
used as a model nucleophile to attack the thioester and 
displace hydrophobic decyl chains (FIG. 16 (B)). FIG. 16 
(D) shows the results of experiments in which decanethiol
functionalized films were treated with hydrazine over a 
period of -11 hours. These results reveal a dramatic reduc
tion in WCA from >150° to -75.0° (±6.2°) for decanethiol
functionalized films (gray bars; results using decylamine-
functionalized films treated with hydrazine were again stable 
and did not exhibit changes in contact angle under these 
conditions; FIG. 16 (D); black bars). A formal loss of 
superhydrophobicity was also observed in decanethiol-func
tionalized films at shorter reaction times; for example, 
WCAs decreased to -134.2° (±5.3°) after -5 hours, sug
gesting that lower exposure times could be used in instances 
where simple transitions in wetting states are desired. These 
results are consistent with the hydrazine-mediated cleavage 
of the hydrophobic thioester groups and the installation of 
more hydrophilic acylhydrazine groups (FIG. 16 (B)). 

The inherent nano- and microscale roughness of these 
superhydrophobic coatings, combined with the degree of 
hydrophilicity induced by treatment with hydrazine and the 
cleavage of hydrophobic thioester functionality, resulted in 
films that were highly absorbent to water but extremely 
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repellant of oils when placed in aqueous environments (a 
phenomenon known as 'underwater superoleophobicity'). 
FIG. 16 (G) shows a droplet of a model oil ( dichloroethane, 
stained with a red hydrophobic dye) placed on a hydrazine
treated film submerged in water. As shown in FIG. 16 (H), 
this surface exhibits an underwater advancing oil contact 
angle of approximately 169°, indicating a transition to a 
robust and extremely oil repellant state (whereas the surface 
is fully wet by water in air). This feature, combined with the 
ability to chemically pattern regions of hydrophilicity on 
these substrates are useful for the design of new surfaces that 
can capture, manipulate, and guide the transport of oily 
substances in underwater environments. 

Characterization of Reactive Acylhydrazine-Functional
ized Multilayers. 

30 
pool of compounds available for the post-fabrication func
tionalization of these reactive multilayers substantially ( e.g., 
to include molecules functionalized with alcohol, thiol, or 
aldehyde groups) and provide strategies for the design of 

5 thin films and surface coatings with novel amide/ester-, 
amide/thioester-, and amide/imine-type bonds that are, in 
contrast to those produced by reactions with primary 
amines, chemically labile and stimuli responsive. These 
results open the door to the design of new environmentally 

10 responsive materials and coatings, including surfaces that 
can promote the traceless release of covalently-immobilized 
molecules and coatings that undergo dynamic and predict
able changes in extreme wetting behaviors, such as super
hydrophobicity, superhydrophilicity, or underwater supero-

15 leophobicity, in response to environmental stimuli. The 
properties and behaviors of these materials could prove 
useful in emerging applications of special-wetting surfaces, 
including the design of surfaces that can capture and guide 
the passive transport of fluids, new materials for oil/water 

The ability to functionalize azlactone-containing films 
using alcohol- and thiol-based nucleophiles substantially 
expands the range of additional molecules that can be 
installed and, as described above, introduces new function
ality ( e.g., the introduction of chemically labile linkers) that 
can lead to materials with new and useful behaviors that 
differ substantially from those designed using primary 
amine-based nucleophiles. The introduction of acylhydra
zine groups in the work described above-a byproduct of 
treatment with hydrazine to cleave surface-bound thioester 
functionality-could also be used as a useful reactive syn
thon that could further expand the range of functional groups 
that could be installed in these materials (i.e., by broadening 
the pool further, to include the immobilization of aldehyde
containing molecules; FIG. 17 (A)) and, thus, the range of 30 

functionality that can be achieved through the installation of 
acid-labile imine bonds and other chemically reversible 
groups. 

20 separation, and in areas such as controlled release, where 
controlled and time-dependent changes in extreme wetting 
behaviors could be used to control the ingress of water into 
a coating (and, thus, provide control over the rate at imbed
ded water-soluble or water-sensitive agents are released). 

25 Overall, the results of this example broaden the range of 
chemical functionality that can be installed in azlactone
containing multilayers, and thus also expand the range of 
new functions and properties that can be imparted, beyond 
those that can be attained by functionalization using primary 
ammes. 

Having now fully described the present invention in some 
detail by way of illustration and examples for purposes of 
clarity of understanding, it will be obvious to one of ordinary 
skill in the art that the same can be performed by modifying To explore the feasibility of this approach, experiments 

were performed using nanoporous PEI/PVDMAmultilayers 
reacted exhaustively with hydrazine (20 mg/mL in metha
nol, overnight). These acylhydrazine-functionalized films 
were superhydrophilic (they exhibited WCAs of -0°; FIG. 
17 (B)) and were extremely non-wetting to oils when 
submerged in water, as expected from our observations 
described above. These acylhydrazine-functionalized coat
ings were treated with octyl aldehyde to install hydrophobic 
octyl groups through a rapid and 'click-like' reaction that 
results in the formation of an acid-sensitive imine linker (20 
mg/mL in methanol, 1 hour; FIG. 17 (A)). Characterization 
of these surfaces after octyl aldehyde treatment revealed 
these coatings to exhibit robust superhydrophobicity 
(WCA-156; FIG. 17 (C)) similar to those obtained by 
treatment with hydrophobic amine-, alcohol, and thiol-based 
nucleophiles (e.g., FIG. 15). 

The introduction of imine bonds rendered these surfaces 
sensitive to acidic conditions-exposure to acidic media 
(1.0 M HCl; 1:1 THF/H20) resulted in the cleavage of the 
imine bonds, the recovery of acylhydrazine functionality on 
the coatings, and the concurrent return of superhydrophilic 
surface character (WCAs )-0°) and underwater-superoleop
hobic behavior. Because this acid-catalyzed cleavage pro
cess regenerates acylhydrazine functionality, superhydro
phobicity could be restored by re-treatment with octyl 
aldehyde-transitions between superhydrophobicity and 
superhydrophilicity/underwater superoleophobicity could 
be cycled reversibly at least 5 times without erosion of 
expected wetting behaviors (FIG. 17 (D)). 

Thus, new approaches for the chemical modification of 
azlactone-functionalized polymer multilayers using alcohol
and thiol-based nucleophiles or by direct treatment with 
hydrazine are hereby provided. These methods broaden the 

35 or changing the invention within a wide and equivalent 
range of conditions, formulations and other parameters 
without affecting the scope of the invention or any specific 
embodiment thereof, and that such modifications or changes 
are intended to be encompassed within the scope of the 

40 appended claims. 
One of ordinary skill in the art will appreciate that starting 

materials, reagents, purification methods, materials, sub
strates, device elements, analytical methods, assay methods, 
mixtures and combinations of components other than those 

45 specifically exemplified can be employed in the practice of 
the invention without resort to undue experimentation. All 
art-known functional equivalents, of any such materials and 
methods are intended to be included in this invention. The 
terms and expressions which have been employed are used 

50 as terms of description and not of limitation, and there is no 
intention that the use of such terms and expressions exclude 
any equivalents of the features shown and described or 
portions thereof, but it is recognized that various modifica
tions are possible within the scope of the invention claimed. 

55 Thus, it should be understood that although the present 
invention has been specifically disclosed by preferred 
embodiments and optional features, modification and varia
tion of the concepts herein disclosed may be resorted to by 
those skilled in the art, and that such modifications and 

60 variations are considered to be within the scope of this 
invention as defined by the appended claims. 

As used herein, "comprising" is synonymous with 
"including," "containing," or "characterized by," and is 
inclusive or open-ended and does not exclude additional, 

65 unrecited elements or method steps. As used herein, "con
sisting of' excludes any element, step, or ingredient not 
specified in the claim element. As used herein, "consisting 
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essentially of' does not exclude materials or steps that do not 
materially affect the basic and novel characteristics of the 
claim. In each instance herein any of the terms "compris
ing", "consisting essentially of' and "consisting of' may be 
replaced with either of the other two terms. 

When a group of materials, compositions, components or 
compounds is disclosed herein, it is understood that all 
individual members of those groups and all subgroups 
thereof are disclosed separately. When a Markush group or 
other grouping is used herein, all individual members of the 10 

group and all combinations and subcombinations possible of 
the group are intended to be individually included in the 
disclosure. Every formulation or combination of compo
nents described or exemplified herein can be used to practice 
the invention, unless otherwise stated. Whenever a range is 15 

given in the specification, for example, a temperature range, 
a time range, or a composition range, all intermediate ranges 
and subranges, as well as all individual values included in 
the ranges given are intended to be included in the disclo
sure. In the disclosure and the claims, "and/or" means 20 

additionally or alternatively. Moreover, any use of a term in 
the singular also encompasses plural forms. 

32 
d) exposing the substrate to a hydrophobic oil, selected 

from the group consisting of a silicone oil, a vegetable 
oil, a mineral oil, a thermotropic liquid crystal, and 
combinations thereof, wherein said oil coats at least the 
functionalized portion of the multilayer film and said 
oil at least partially fills the pores of at least the 
functionalized portion of said multilayer film. 

2. The method of claim 1 further comprising the step of 
patterning the substrate so that the multilayer film is formed 
on a first specified portion of the substrate and a second 
specified portion of the substrate is not covered by the oil 
infused multilayer film. 

3. The method of claim 2 further comprising the step of 
functionalizing a portion of the one or more bilayers on the 
first specified portion of the substrate with an amine, 
hydroxyl group, thiol group, or hydrazine group having the 
formula R-NH2 , R-OH, R-SH or R-NHNH2 , where R 
is hydrophobic. 

4. The method of claim 2 further comprising the steps of 
patterning the substrate so that the multilayer film is formed 
on a first and third specified portion of the substrate, a 
second specified portion of the substrate is not covered by 
the oil infused multilayer film, functionalizing a portion of 
the one or more bilayers on the first specified portion of the 
substrate with an amine, hydroxyl group, thiol group, or 
hydrazine group having the formula R-NH2 , R-OH, 
R-SH or R-NHNH2 , where R is hydrophobic, and func
tionalizing a portion of the one or more bilayers on the third 
specified portion of the substrate with an amine, hydroxyl 
group, thiol group, or hydrazine group having the formula 
R-NH2 , R-OH, R-SH or R-NHNH2 , where R is 
hydrophilic. 

5. The method of claim 1 further comprising the steps of 

All references cited herein are hereby incorporated by 
reference in their entirety to the extent that there is no 
inconsistency with the disclosure of this specification. Some 25 

references provided herein are incorporated by reference to 
provide details concerning sources of starting materials, 
additional starting materials, additional reagents, additional 
methods of synthesis, additional methods of analysis, addi
tional biological materials, and additional uses of the inven- 30 

tion. All headings used herein are for convenience only. All 
patents and publications mentioned in the specification are 
indicative of the levels of skill of those skilled in the art to 
which the invention pertains, and are herein incorporated by 
reference to the same extent as if each individual publica
tion, patent or patent application was specifically and indi
vidually indicated to be incorporated by reference. Refer
ences cited herein are incorporated by reference herein in 
their entirety to indicate the state of the art as of their 
publication or filing date and it is intended that this infor
mation can be employed herein, if needed, to exclude 
specific embodiments that are in the prior art. For example, 
when composition of matter are claimed, it should be 
understood that compounds known and available in the art 
prior to Applicant's invention, including compounds for 
which an enabling disclosure is provided in the references 
cited herein, are not intended to be included in the compo
sition of matter claims herein. 

35 patterning the substrate so that the multilayer film is formed 
on a first and second specified portion of the substrate, and 
functionalizing a portion of the one or more bilayers on the 
first specified portion of the substrate with an amine, 
hydroxyl group, thiol group, or hydrazine group having the 

40 formula R-NH2 , R-OH, R-SH or R-NHNH2 , where R 
is hydrophobic, and functionalizing a portion of the one or 
more bilayers on the second specified portion of the sub
strate with an amine, hydroxyl group, thiol group, or hydra
zine group having the formula R-NH2 , R-OH, R-SH or 

45 R-NHNH2 , where R is hydrophilic. 

The invention claimed is: 
1. A method for fabricating a nanoporous or microporous 

slippery liquid-infused porous surface (SLIPS) multilayer 
film on a substrate, wherein said multilayer film comprises 
one or more bilayers, said method comprising the steps of: 

50 

a) exposing the surface of the substrate to a first solution 55 

comprising a first polymer wherein a layer of the first 
polymer is deposited on at least a portion of the 
substrate; 

b) exposing the substrate to a second solution comprising 
a second polymer wherein the second polymer reacts 60 

with the first polymer layer and a layer of the second 
polymer is deposited on, and in contact with, at least a 
portion of the first polymer layer, thereby forming a 
bilayer having nanoscale porosity or microscale poros

6. The method of claim 1 wherein steps a) and b) are 
repeated one or more times before the substrate is exposed 
to the oil, where each cycle deposits a new bilayer on the 
substrate. 

7. The method of claim 1 wherein steps a) and b) are 
repeated 10 or more times. 

8. The method of claim 1 wherein the first polymer layer 
comprises a functionalized azlactone having the formula: 

:c 
,l YR! 

0/,1/ "W' 'R1, 

RI RI 

ity in the multilayer film; 
c) functionalizing at least a portion of the multilayer film 

to be hydrophobic; and 

65 wherein x is O or the integers 1 or 2; and each R 1 is 
independently selected from the group consisting of: hydro
gen, alkyl groups, alkenyl groups, alkynyl groups, carbocy-
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clic groups, heterocyclic groups, aryl groups, heteroaryl 
groups, alkoxy groups, aldehyde groups, ether groups, and 
ester groups, any of which may be substituted or unsubsti
tuted. 

9. The method of claim 1 wherein the first polymer layer 5 

comprises a polymer selected from the group consisting of 
poly( viny 1-4,4-dimethylazlactone ), poly(2-viny 1-4,4-dim
ethy 1-2-oxazolin-5-one ), poly(2-isopropenyl-4,4-dim
ethyl-2-oxazolin-5-one ), poly(2-viny 1-4,4-diethy 1-2-ox
azolin-5-one ), poly(2-vinyl-4-ethyl-4-methyl-2-oxazolin-5- 10 

one), poly(2-vinyl-4-dodecy-4-methyl-2-oxazolin-5-one ), 
poly(2-vinyl-4,4-pentamethy lene-2-oxazolin-5-one ), poly 
(2 -viny 1-4-methy 1-4-pheny 1-2-oxazolin-5 -one), poly(2-
isopropeny-4-benzyl-4-methyl-2-oxazolin-5-one), or poly 

15 
(2-vinyl-4,4-dimethyl-1 ,3-oxazin-6-one ). 

10. The method of claim 1 wherein the first polymer layer 
is poly( viny 1-4,4-dimethy lazlactone). 

11. The method of claim 1 wherein the second polymer 
layer comprises a primary amine functionalized polymer, an 20 

alcohol functionalized polymer, or a thiol functionalized 
polymer. 

12. The method of claim 1 wherein the second polymer 
layer comprises an optionally functionalized polymer 
selected from the group consisting of polyolefins, poly 25 

(alkyls), poly(alkenyls), poly(ethers), poly(esters), poly(im
ides), polyamides, poly(aryls), poly(heterocycles), poly(eth
ylene imines), poly(urethanes), poly(a,~-unsaturated 
carboxylic acids), poly( a,~-unsaturated carboxy lie acid 
derivatives), poly(vinyl esters of carboxylic acids), poly 30 

(vinyl halides), poly(vinyl alkyl ethers), poly(N-vinyl com
pounds), poly(vinyl ketones ), poly(vinyl aldehydes) and any 
combination thereof. 

13. The method of claim 1 wherein at least a portion of 
35 

residual functional groups in the one or more bilayers is 
reacted with an amine, hydroxyl group, thiol group, or 
hydrazine group having the formula R-NH2 , R-OH, 
R-SH or R-NHNH2 , where R is a substituted or unsub
stituted C1 to C20 alkyl group or a substituted or unsubsti- 40 

tuted C2 to C20 alkenyl group. 
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layer film has nanoscale or microscale porosity and at 
least a portion of the multilayer film is functionalized to 
be hydrophobic; and 

b) a hydrophobic oil selected from the group consisting of 
a silicone oil, a vegetable oil, a mineral oil, a thermo
tropic liquid crystal, and combinations thereof, wherein 
said oil coats at least the functionalized portion of the 
multilayer film and said oil at least partially fills the 
pores of at least the functionalized portion of the 
multilayer film. 

20. The multilayer film of claim 19 wherein the multilayer 
film comprises 10 or more bilayers. 

21. The multilayer film of claim 19 wherein the first 
polymer layer comprises a functionalized azlactone having 
the formula: 

:c 
l YR 1 

0-9' "W" 'R1, 

RI RI 

wherein x is O or the integers 1 or 2; and each R 1 is 
independently selected from the group consisting of: hydro
gen, alkyl groups, alkenyl groups, alkynyl groups, carbocy
clic groups, heterocyclic groups, aryl groups, heteroaryl 
groups, alkoxy groups, aldehyde groups, ether groups, and 
ester groups, any of which may be substituted or unsubsti
tuted. 

22. The multilayer film of claim 19 wherein the first 
polymer layer comprises a polymer selected from the group 
consisting of poly(vinyl-4,4-dimethylazlactone ), poly(2-vi
nyl-4,4-dimethyl-2-oxazolin-5 -one), poly(2-isopropenyl-
4,4-dimethyl-2-oxazolin-5-one ), poly(2-vinyl-4,4-diethyl-
2-oxazolin-5-one ), poly(2-vinyl-4-ethyl-4-methyl-2-oxaz
olin-5-one), poly(2-vinyl-4-dodecyl-4-methyl-2-oxazolin-5-
one ), poly(2-vinyl-4,4-pentamethy lene-2-oxazolin-5-one ), 
poly (2-viny 1-4-methy 1-4-pheny 1-2-oxazolin -5 -one), 
poly(2-isopropenyl-4-benzy 1-4-methyl-2-oxazolin-5-one ), 
or poly(2-vinyl-4,4-dimethyl-1 ,3-oxazin-6-one ). 

14. The method of claim 1 wherein at least a portion of 
residual functional groups in the one or more bilayers is 
reacted with an amine selected from the group consisting of 
decylamine, propylamine, an amino sugar, amino alcohol, 45 

amino polyol, glucamine, dimethylaminopropylamine 
(DMAPA), and combinations thereof. 23. The multilayer film of claim 19 wherein the second 

polymer layer comprises a primary amine functionalized 
polymer, an alcohol functionalized polymer, or a thiol func-

50 tionalized polymer. 

15. The method of claim 1 wherein the oil infused into the 
one or more bilayers is selected from the group consisting of 
a silicone oil, a vegetable oil, a mineral oil, a thermotropic 
liquid crystal, and combinations thereof. 

16. The method of claim 1 wherein the multilayer film 
comprises one or more PVDMA/PEI bilayers, which are 
further functionalized with n-decylamine and wherein the 
one or more bilayers are infused with a silicone oil or an 
anisotropic thermotropic liquid crystal. 

17. The method of claim 1 wherein the substrate is curved 
or irregularly shaped. 

18. The method of claim 1 wherein the substrate is a 
container for containing liquids or gels, wherein the first 
polymer layer, second polymer layer, and oil are selected so 
that said liquid or gel has reduced adhesion to the container. 

19. A slippery liquid-infused porous surface (SLIPS) 
multilayer film comprising: 

a) a multilayer film comprising one or more bilayers, 
wherein each bilayer comprises a first polymer layer in 
contact with a second polymer layer, where the multi-

24. The multilayer film of claim 19 wherein the second 
polymer layer comprises an optionally functionalized poly
mer selected from the group consisting of polyolefins, 
poly(alkyls), poly(alkenyls), poly(ethers), poly(esters), poly 

55 (mides), polyamides, poly(aryls), poly(heterocycles), poly 
( ethylene imines), poly(urethanes ), poly( a,~-unsaturated 
carboxylic acids), poly( a,~-unsaturated carboxy lie acid 
derivatives), poly(vinyl esters of carboxylic acids), poly 
(vinyl halides), poly(vinyl alkyl ethers), poly(N-vinyl com-

60 pounds), poly(vinyl ketones ), poly(vinyl aldehydes) and any 
combination thereof. 

25. The multilayer film of claim 19 wherein at least a 
portion of residual functional groups in the one or more 
bilayers is reacted with an amine selected from the group 

65 consisting of decylamine, propylamine, an amino sugar, 
amino alcohol, amino polyol, glucamine, dimethylamino
propylamine (DMAPA), and combinations thereof. 
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26. The multilayer film of claim 19 comprising one or 
more PVDMA/PEI bilayers, which are further functional
ized with n-decylamine and wherein the one or more bilay
ers are infused with a silicone oil or an anisotropic thermo-
tropic liquid crystal. 5 

27. A method for detecting an analyte, substance, or 
impurity in a liquid comprising the steps of: 

a) providing a sensor having a first surface area compris
ing: 
i) a multilayer polymer film comprising one or more 10 

bilayers, wherein each bilayer comprises a first poly
mer layer in contact with a second polymer layer, 
where said multilayer polymer film has nanoscale or 
microscale porosity and at least a portion of the 
multilayer film is functionalized to be hydrophobic; 15 

and 
ii) a hydrophobic oil selected from the group consisting 

of a silicone oil, a vegetable oil, a mineral oil, a 
thermotropic liquid crystal, and combinations 
thereof, wherein said oil coats at least the function- 20 

alized portion of the multilayer polymer film and 
said oil at least partially fills the pores of at least the 
functionalized portion of said multilayer polymer 
film; 
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wherein said oil infused multilayer film exhibits a hydro

phobic effect on said liquid; 
b) providing said liquid to said first surface area; 
c) comparing the adhesion of said liquid to said first 

surface area to a control sample or known standard of 
said liquid, wherein a change in the adhesion of said 
liquid to said first surface area indicates an analyte, 
substance, or impurity in said liquid. 

28. The method of claim 27 wherein the first surface area 
comprises one or more optionally functionalized PVDMA/ 
PEI bilayers and said oil is a thermotropic liquid crystal. 

29. The method of claim 27 wherein the analyte, sub
stance, or impurity is a bacterial endotoxin. 

30. The method of claim 27 wherein comparing the 
adhesion of said liquid to said first surface area comprises 
comparing the time said liquid travels across said first 
surface area. 

31. The multilayer film of claim 19 wherein the multilayer 
film has microscale porosity which is less than 100 µm. 

32. The multilayer film of claim 19 wherein at least a 
portion of residual functional groups in the bilayer is reacted 
to form chemically labile amide/ester-, amide/thioester-, and 
amide/imine-type bonds. 

* * * * * 


