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on natural non-wetting surfaces (e.g., the 
lotus leaf) [ 16 ]  work in synergy to promote 
anti-fouling behavior, [ 17 ]  and (ii) by the 
development of new approaches to the 
fabrication of hard and soft material inter-
faces [ 18 ]  that can recapitulate those critical 
features on synthetic surfaces better suited 
for everyday use (so-called “bio-inspired” 
approaches to materials design). 

 One major challenge to the applica-
tion of synthetic non-wetting surfaces in 
practical settings lies in developing mate-
rials that are durable and able to with-
stand the rigors of use without loss of 
special wetting behavior. [ 5,19–21 ]  The sus-
ceptibility of many synthetic non-wetting 
surfaces to physical insults, for example, 
is commonly regarded as an “Achilles 
heel” with respect to practical utility. [ 22,23 ]  
Other key challenges lie in developing 
anti-fouling interfaces that remain func-
tional in harsh and chemically complex 
media—e.g., at extremes of pH and ionic 
strength, or upon contact with surface-

active agents that can also adsorb and compromise non-wetting 
behavior. [ 8 ]  Non-wetting surfaces that permit interfacial prop-
erties to be tuned or spatially patterned could also open the 
door to new and advanced applications of these “super-phobic” 
materials. [ 13,24 ]  

 The work reported here was motivated by recent reports of 
materials that exhibit “underwater superoleophobicity”, [ 15,25–29 ]  
or surfaces that are extremely non-wetting to oils and organic 
liquids only when submerged in water. This unique behavior 
contrasts to that of conventional superoleophobic materials, on 
which organic liquids “bead up” and “roll off” when brought into 
contact under air [ 3 ]  (superoleophobicity is defi ned here by an 
advancing oil contact angle ( θ ) ≥ 150° and a roll-off angle ≤10°). 
Surfaces that exhibit superoleophobicity only when wet provide 
new principles for the design of anti-fouling surfaces and the 
collection, transport, or separation of oils and other organic 
fl uids in underwater environments, including industrially and 
strategically important aquatic and marine environments. 

 Synthetic surfaces that exhibit underwater superoleopho-
bicity have emerged only recently, based on designs that 
mimic, to varying extents, critical physical and chemical fea-
tures found on the scales of fi sh [ 25,29 ]  and other aquatic anti-
oil-fouling surfaces. [ 27,28 ]  These materials typically have two 
key elements in common: (i) rough surfaces that present 
micro- and nanoscale topographic features, and (ii) an ability 
to adsorb or host water near their surfaces to minimize contact 
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  1.     Introduction 

 Surfaces with extreme wetting properties are of special interest 
and practical utility in many commercial, industrial, mili-
tary, and biotechnological contexts. Synthetic materials that 
are completely non-wetting to water (superhydrophobic), [ 1,2 ]  
oils (superoleophobic), [ 3,4 ]  or both oil and water (superom-
niphobic) [ 5,6 ]  have enabled the design of self-cleaning and 
anti-fouling surfaces, new generations of smart textiles and 
stain-resistant clothing, and innovative methods for the collec-
tion and manipulation of complex fl uids, including approaches 
to oil recovery and oil/water separation. [ 7–15 ]  Advances toward 
these and other emerging applications have been made pos-
sible by (i) an understanding of the ways that features found 
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with oily liquids [ 15,25 ]  (creating a conceptual and theoretical 
framework similar in principle to superhydrophobic surfaces 
with multiscale features that can “trap” air to repel water). Pre-
vious studies have used hydrogels, [ 25,30 ]  polyelectrolyte assem-
blies, [ 31–33 ]  and metal oxide nanorods [ 34,35 ]  to create model sur-
faces meeting these criteria. Those approaches have advanced 
an understanding of key principles underlying underwater 
superoleophobicity, but they lead to soft surfaces and coatings 
that are susceptible to physical damage or disruption, particu-
larly in harsh and chemically complex environments. They 
also provide limited means to tune non-wetting behavior or 
defi ne and vary other important physicochemical or interfacial 
properties. 

 Here we report thin polymer coatings that exhibit robust 
underwater superoleophobicity and remarkable structural and 
functional tolerance to a broad range of physical, chemical, and 
environmental challenges encountered by surfaces deployed in 
aqueous or aquatic environments. These entirely organic anti-
fouling coatings can be applied to surfaces of arbitrary shape, 
size, and composition and provide straightforward means to 
manipulate surface chemistry and, thereby, fi ne-tune other 
useful features of their interfacial behavior. Our results address 
important obstacles to the deployment of synthetic “super-
phobic” materials in applied settings, provide guiding princi-
ples for the design of new classes of durable anti-fouling and 
oil-resistant surfaces, and establish a framework for the inves-
tigation of molecular-level and nanoscale design features that 
expand the range of properties of synthetic surfaces that exhibit 
extreme anti-oil-fouling behaviors.  

  2.     Results 

  2.1.     Fabrication and Characterization 

 Our approach is based on the covalent layer-by-layer assembly of 
polymer multilayers using branched poly(ethyleneimine) (PEI) 
and the amine-reactive polymer poly(vinyl-4,4-dimethylazlac-
tone) (PVDMA). [ 36 ]  This general approach yields coatings that 
are chemically crosslinked (owing to the formation of chemically 
stable amide/amide linkages during assembly) [ 36 ]  and contain 
amine-reactive azlactone groups that can be used to defi ne and 
tailor interfacial properties after assembly (by treatment with 
molecules containing primary amines). [ 37–40 ]  We performed a 
series of initial experiments to compare the interfacial properties 
of PEI/PVDMA multilayers brought into contact with aqueous 
and organic fl uids in air and when submerged underwater. 
For these studies, we fabricated multilayers from 10 layer-pairs 
of PEI and PVDMA using a procedure that leads to thin and 
porous fi lms with enhanced surface roughness (vide infra); these 
fi lms were then functionalized by reaction with the model car-
bohydrate  D -glucamine to install hydrophilic hydroxyl groups. [ 37 ]  

 These coatings were 1.1 ± 0.4 µm thick and were readily 
and rapidly wet by droplets of water (colored green;  Figure    1  a) 
and the model oil dichloroethane (DCE, colored red;  ρ  = 
1.25 g mL −1 ; Figure  1 b) under air ( θ  ≈ 0°). In contrast, these 
coatings were extremely non-wetting to DCE when they were 
submerged in water (Figure  1 c). Small droplets of DCE (10 µL) 
settled onto submerged surfaces with contact angles of ≈161° 
(Figure  1 d), and rolled off immediately if surfaces were not held 
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 Figure 1.    Physical and interfacial characterization of underwater superoleophobic polymer multilayers. a,b) Digital images of planar glass substrates 
coated with glucamine-functionalized multilayers showing wetting of water (green; a)) and dichloroethane (DCE, red; b)) on dry fi lms under air. 
c,d) Images showing beading of c) a droplet of DCE (red) and d) the advancing underwater oil contact angle ( θ  ≈ 161°) when the coatings are sub-
merged in water. e,f) Low and high magnifi cation SEM images of porous multilayers. g) Percent transmittance versus  λ  for bare glass (black) and 
coatings fabricated on glass substrates (red) when submerged underwater; inset shows optical transparency and the beading of four model oils (DCE, 
CCl 4 , the liquid crystal (E7), and CH 2 Br 2 ; dyes added to DCE and CH 2 Br 2  to enhance visual contrast). Table 1 shows underwater advancing contact 
angles and associated hysteresis for these four oils. Data represent mean ± s.d. ( n  = 5).
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perfectly level (with a contact angle hysteresis, or “roll-off” angle, 
of ≈1°; Figure S1, Supporting Information). Droplets of DCE 
dropped under water from a distance of 5 cm bounced freely 
on these surfaces (Figure S2, Supporting Information), further 
revealing low oil adhesiveness. These coatings were also supero-
leophobic to other model oils, including CCl 4 , CH 2 Br 2 , and the 
thermotropic liquid crystal E7 ( θ  ≈ 160°–162°, see Figure  1 g, 
inset and Table 1; oils used here were selected to be more dense 
than water ( ρ  = 1.59 g mL −1 , 2.47 g mL −1 , and 1.03 g mL −1 , 
respectively) to facilitate characterization of  θ ). As revealed in 
Figure  1 g, these coatings were optically transparent when wet, 
with a transmittance ≈90% that of glass at  λ  > 500 nm. This fea-
ture broadens the range of applications for which these mate-
rials are suited, and permits use of optical methods to interro-
gate and characterize the behaviors of non-wetting liquids (e.g., 
µ-scale droplets of oil-in-water emulsions, etc.)  

 Characterization of these coatings by scanning electron 
microscopy (SEM) revealed substantial nanoscale porosity and 
the presence of both micro and nanoscale topographic features 
(Figure  1 e,f). The underwater superoleophobicity of these thin 
fi lms depended critically upon the presence of these features; 
otherwise identical smooth fi lms devoid of these features did 
not exhibit underwater superoleophobicity ( θ  ≈ 142°, with high 
hysteresis (≈19°); see Figure S3, Supporting Information). The 
origins of these features are not completely understood, but 
they appear to result, at least in part, from the reactive depo-
sition of nanoscale aggregates of PEI and PVDMA during 
assembly; protocols that prevented the formation of these aggre-
gates lead to smooth fi lms that lacked these features (Figure S3, 
Supporting Information). The methods used here to coat planar 
glass surfaces could also be used to rapidly and reproducibly 
deposit uniform and porous superoleophobic coatings on other 
objects of diverse shape, size, and composition (vide infra).  

  2.2.     Tolerance to Physical, Chemical, and Environmental 
Challenges 

 The crosslinked and porous features of these coatings combine 
to endow them with remarkable tolerance to a wide range of 
different physical, chemical, and environmental challenges that 
can compromise non-wetting interfaces and are well-known 
to damage or disrupt hydrogels and polyelectrolyte assemblies 
used to design other synthetic underwater oil-repellant surfaces. 
We fi rst characterized the morphologies and wetting behaviors 
of our coatings using two tests used to characterize the dura-
bility of conventional non-wetting surfaces. [ 5,20 ]  In the fi rst test, 
sand grains were dropped onto dry coatings from a height of 
20 cm ( Figure    2  a,b; setup shown in Figure S4, Supporting 
Information). In the second test, adhesive tape was applied 
with a pressure of ≈445 kPa and then peeled off (Figure  2 c,d). 
No large-scale erosion, cracking, or peeling was observed, in 
either case, by visual inspection. Further characterization by 
SEM revealed no changes in micro/nanoscale morphology in 
response to these insults (Figure  2 b,d), and the underwater oil 
contact angles of both fi lms remained unchanged ( θ  ≈ 159° and 
hysteresis of ≈1°; Figure  2 a,c and Table 2).  

 Repeated abrasion with sandpaper resulted in scratching 
and the removal of substantial amounts of material from these 

coatings (Figure  2 i). Remarkably, however, this severe phys-
ical damage did not impact underwater superoleophobicity 
( θ  ≈ 161°, hysteresis of ≈1°; Figure  2 j,o,p and Table 2). SEM char-
acterization of these severely scratched coatings revealed abra-
sion of these porous multilayers to expose new microscale and 
nanoscale topography with physical and chemical features suffi -
cient to maintain extreme anti-oil-fouling behavior (Figure  2 k–n). 
Thus, while these crosslinked surfaces are not able to completely 
resist all forms of physical damage, their porous structures pro-
vide them with means to tolerate severe insults without loss 
of underwater non-wetting behavior. This property is unique 
and similar to that of several recently reported porous super-
hydrophobic materials, [ 5,21,41 ]  and it substantially increases the 
durability and potential utility of these surfaces relative to other 
synthetic underwater anti-oil-fouling coatings. 

 To characterize physical stability when hydrated, we per-
formed two other tests in which (i) 50 g of solid glass beads 
(diameter = 2–3 mm) were dropped onto coatings submerged 
under 15 cm of water (setup shown in Figure S4, Supporting 
Information), and (ii) fi lms were exposed to water ejected from 
a rapidly fl owing faucet for 30 min (fl ow rate = 100 mL s −1 ; 
nozzle velocity = 127.4 cm s −1 ; distance of the surface from 
nozzle ≈2 cm; see the Experimental Section for additional 
details). These challenges had no apparent impact on fi lm mor-
phology (Figure  2 f) or wetting behavior ( θ  ≈ 159°–160°, hyster-
esis of ≈1°; Figure  2 e and Table 2). Finally, coatings fabricated 
on sheets of poly(ethylene terephthalate) (PET) permitted char-
acterization of the infl uence of fl exing and bending on physical 
and functional integrity. Coatings fabricated on PET exhibited 
micro/nanoscale morphologies and wetting behaviors similar to 
those deposited on glass ( θ  ≈ 161°; Figure S5, Supporting Infor-
mation) and remained anti-fouling after repeated bending and 
permanent creasing (e.g., Figure  2 g,h, Table 2, and Figure S5, 
Supporting Information;  θ  ≈ 161° after creasing). 

 Coatings boiled in water for 1 h or exposed to autoclave 
steam cycles did not delaminate and remained non-wetting 
after cooling to ambient temperature ( θ  ≈ 160°, hysteresis of 
≈1°; Table 2). Coatings frozen into blocks of ice also retained 
their anti-fouling properties; freeze/thaw cycles were repeated 
at least 10× without loss of underwater superoleophobicity 
( θ  ≈ 160°, with hysteresis of ≈1° after 10 cycles; Table 2). We 
conclude that these coatings can withstand the extremes of 
temperature and full range of associated water phase changes 
likely to be encountered during use in synthetic or natural 
aqueous environments. The ability to withstand autoclaving 
provides opportunities to exploit these anti-fouling surfaces in 
contexts where sterilization is critical. 

 We also investigated the impact of harsh chemical environ-
ments and media of increasing complexity on fi lm integrity and 
non-wetting behavior, including exposure to (i) extremes of pH 
and ionic strength and (ii) surface-active agents and other spe-
cies (surfactants, lipids, and proteins) known to adsorb at inter-
faces and cause changes in wettability. Coatings submerged in 
solutions of HCl (0.5  M , pH = 1) and NaOH (0.5  M , pH = 11) 
for 30 min remained superoleophobic (Table 2;  θ  ≈ 160°) with 
low oil adhesion (hysteresis ≈1°). Films incubated in high con-
centrations of cationic, anionic, and nonionic surfactants [5.0  M  
sodium dodecyl sulfate (SDS) or dodecyltrimethylammonium 
bromide (DTAB), and Triton X-100 (1.0  M )] and mammalian cell 
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culture media containing 10% serum did not exhibit changes 
in non-wetting behavior for at least 45 days (Figure S6, Sup-
porting Information). We also assessed the potential utility of 
these coatings in marine environments and other high ionic 
strength media by incubating them in simulated seawater and 

solutions of 1.0  M  NaCl (Figure  2 q); the advancing oil contact 
angles of these surfaces remained above 158° (with hysteresis 
< 2°) for at least 4 months under these conditions. Finally, to 
assess stability in other complex aquatic environments, coat-
ings were submerged in eutrophic lake water containing 
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 Figure 2.    Physical, chemical, and environmental stability of underwater superoleophobic multilayers. a,c,e) Advancing underwater oil contact angles 
and b,d,f) SEM images of glucamine-functionalized underwater superoleophobic coatings after exposure to a,b) falling sand ( θ  ≈ 159°), c,d) peeling 
of adhesive tape ( θ  ≈ 161°), and e,f) glass beads dropped under water ( θ  ≈ 159°). g,h) Wetting of droplets of DCE (red) on thin sheets of bare PET 
g) or PET coated with a glucamine-functionalized coating h); samples were bent and creased prior to placement of the droplets (see text). i) Results 
of sandpaper abrasion tests, showing a digital picture of a fi lm-coated glass slide abraded by repeated manual rubbing (25 times) with sandpaper 
(red box; abraded material removed from the surface of the coating as a result of this treatment is shown at the sides of the image). j) Two droplets 
of DCE placed on the surface of a submerged glucamine-functionalized multilayer coating that was abraded with sandpaper (right: abraded region; 
left: non-abraded region). k–n) Low- and high-magnifi cation SEM images of coatings before and after abrasion, and o,p) underwater oil contact angle 
measurements on o) non-abraded ( θ  ≈ 161°) and p) abraded coatings ( θ  ≈ 161°). Table 2 shows underwater advancing contact angles and associated 
hysteresis for coatings exposed to physical, chemical, and environmental challenges. Data represent mean ± s.d. ( n  = 5). q) Plot showing contact 
angles and hysteresis for coatings exposed to simulated seawater, 1.0  M  NaCl, and lake water for four months. Data represent mean ± s.d. ( n  = 5).
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well-characterized concentrations of dissolved and suspended 
organic matter, inorganic compounds, and microbial fl ora. [ 42,43 ]  
Underwater superoleophobicity remained unaffected by the 
components of this complex medium for at least 4 months 
(Figure  2 q).  

  2.3.     Chemical Manipulation and Spatial Patterning 
of Underwater Oil Adhesiveness 

 The reactive process used to assemble these crosslinked mul-
tilayers leaves behind residual azlactone groups that enable 
installation of secondary surface functionality (e.g., glucamine, 
vide supra). [ 36 ]  This unique feature allowed us to systematically 
vary and characterize the impact of different chemical motifs 
on non-wetting properties while maintaining all other nano- 
and microscale topographic features constant ( Figure    3  a). Sur-
faces treated to present positively or negatively charged groups 
(quaternary amines (2) or carboxylates (3); Figure  3 a) remained 
hydrophilic and exhibited underwater oil contact angles of 
≈158° (hysteresis ≈1°). Combined with the results above for 
hydroxyl-functionalized fi lms (1), these results reveal surface 
hydrophilicity itself, and not the specifi c chemical nature of 
the groups that confer it, to be the principal chemical factor 
impacting maintenance of superoleophobicity.  

 Interestingly, when these fi lms were functionalized with 
hydrophobic propyl (C 3 ) groups (4), advancing underwater 
contact angles did not change signifi cantly ( θ  ≈ 158°; Table 3 
and Figure  3 d). However, the contact angle hysteresis for these 
hydrophobically modifi ed fi lms increased substantially (from 
≈1° to ≈23°; Table 3 and Figure  3 d,e), revealing an increase in 
oil adhesiveness (hysteresis provides a quantitative measure of 
oil adhesiveness; deformation of the receding droplet shown in 
Figure  3 e and additional results shown in Figure S7, Supporting 
Information, provide visual indications). Decoration with more 
hydrophobic octyl (C 8 ) groups (5) also did not infl uence  θ  sig-
nifi cantly (≈158°), but hysteresis increased substantially to ≈42° 
(Table 3 and Figure  3 f,g). Longer decyl (C 10 ) groups (6) resulted 
in a reduction of the advancing contact angle (to ≈146°), but no 
further increase in droplet roll-off angles (hysteresis remained 
at ≈44°; Table 3 and Figure  3 h,i). These changes in wetting 
behavior and adhesiveness arise solely from differences in 
the chemical structures (and thus the relative surface ener-
gies) of these hydrophobically modifi ed fi lms; characterization 
by SEM revealed no change in nano/microscale topography 
after chemical functionalization (Figure S7, Supporting Infor-
mation). Taken together, these results provide the basis of a 
chemical and molecular-level approach that can be used to tune 
underwater oil adhesiveness—i.e., to create synthetic surfaces 
that are either (i) non-wetting and non-adhesive to oils (using 
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 Figure 3.    Chemical functionalization and tuning of the underwater oil adhesiveness of underwater superoleophobic multilayers. a) Schematic illustra-
tion of azlactone-functionalized multilayers (top left) and the reactive process used to install secondary chemical functionality. Also shown are the 
chemical structures of the hydrophilic (1, 2, 3) and hydrophobic (4, 5, 6) functionality investigated in this study. Table 3 shows (i) the advancing contact 
angles of water and DCE under air and (ii) the advancing underwater oil contact angle and hysteresis for these chemically functionalized fi lms. Data 
represent the mean ± s.d. ( n  = 5). b,d,f,h) Underwater advancing contact angles and c,e,g,i) underwater receding contact angles of droplets of DCE 
on coatings functionalized with glucamine [b)  θ  ≈ 160°; c)  θ  ≈ 159°], propylamine [d)  θ  ≈ 158°; e)  θ  ≈ 135°], octylamine [f)  θ  ≈ 158°; g)  θ  ≈ 117°], and 
decylamine [h)  θ  ≈ 146°; i)  θ  ≈ 104°].
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hydrophilic groups) or (ii) superoleophobic, but with tunable 
degrees of oil adhesiveness (by varying the structures of lower-
energy hydrophobic groups). 

 These two conditions are similar in some respects to the 
non-adhesive Cassie–Baxter [ 44 ]  and adhesive Wenzel [ 45 ]  states 
used to describe the behavior of water on superhydrophobic 
surfaces. Our results thus suggest principles that can be used 
to capture, release, pattern, and manipulate the transport of 
organic fl uids on surfaces in aquatic environments. As proof of 
concept,  Figure    4  a shows a submerged glass slide coated with a 
superoleophobic but adhesive (propyl-functionalized) fi lm and 
a small, circular region spatially patterned to be non-wetting 
and non-adhesive (dotted circle; see the Experimental Section). 
Droplets of DCE placed in both regions remained stationary 
when the substrate was held perfectly horizontal (Figure  4 a). 
Droplets placed in adhesive areas remained pinned and did not 
roll off when the substrate was tipped slightly (e.g.,  θ  incl  = 4°). 
The droplet in the non-adhesive patterned region rolled down-
hill, but became pinned upon contact with the adhesive region 
of the pattern (Figure  4 b). These arrested droplets could be dis-
lodged and induced to roll again by tipping substrates at angles 
>23° or by inducing fl ows in the surrounding liquid.   

  2.4.     Complex Substrates and Surfaces 

 The process used to assemble these coatings also enables fab-
rication of underwater superoleophobic surfaces on a wide 
range of macroscale and microscale objects, including curved 
surfaces. Two examples of potential utility are described here to 
demonstrate proof of principle. Figure  4 c shows a pile of glass 
microspheres (diameter = 200–300 µm) coated with glucamine-
functionalized fi lms. Characterization of these beads by SEM 
revealed topographic features similar to those found on planar 
surfaces (Figure S8, Supporting Information), and bead-beds 
created from these coated microspheres were non-wetting to 
DCE in underwater environments ( θ  ≈ 163°, hysteresis ≈1°; 
Figure  4 c, a droplet of DCE on a pile of bare glass beads is 
shown in Figure  4 d). It was not possible to characterize the 
oleophobicity of individual beads by measurement of contact 
angles. However, experiments using beads dispersed in water/
DCE emulsions revealed individual beads to be strongly oleo-
phobic (Figure  4 e; relative to glass beads coated with adhesive 
decyl-functionalized fi lms, Figure  4 f). 

 Finally, Figure  4 g shows stainless steel wire mesh (pore 
size ≈126 µm) coated with glucamine-functionalized fi lms 
(see also Figure S9, Supporting Information). These coatings 
prevented wetting by oils ( θ  ≈ 162° with a hysteresis of ≈1° for 
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 Figure 4.    Chemical patterning and fabrication of underwater supero-
leophobic multilayers on topologically complex substrates. a,b) Images 
showing behavior of droplets of DCE (red) on the surface of a submerged 
glass slide patterned with a small (≈3 mm diameter) circular region func-
tionalized to be superoleophobic and non-adhesive (dotted circle); the 
remainder of the surface was functionalized to be superoleophobic but 
adhesive (by treatment with propylamine; see text). Droplets placed in 
adhesive regions (left and right) remained in place when the substrate 
was tilted at an angle ( θ  incl ; e.g., 4° is shown) lower than that of the 
contact angle hysteresis. a) Droplets placed in the non-adhesive region 
(center) rolled downhill but b) became pinned upon rolling into contact 
with the adhesive region (center-right). c,d) Droplets of DCE (red, 15 µL) 
placed on a bed of glass beads coated with c) glucamine-functionalized 
multilayers or d) bare glass beads. e) Fluorescence microscopy images 
reveal no adsorption of DCE (stained red) on beads coated with glu-
camine-functionalized fi lms after incubation with DCE/water emulsions 

(see text and Figure S8, Supporting Information). The presence of bright 
red signal in (f) indicates adsorption of DCE to control beads coated 
with adhesive decylamine-functionalized fi lms. g) Beading of a droplet of 
DCE on stainless steel mesh coated with glucamine-functionalized mul-
tilayers. h) Wetting of a droplet of DCE on a sample of bare (uncoated) 
mesh. i–k) Images demonstrating gravity-driven separation of motor oil 
and water promoted by pouring oil/water mixtures through mesh coated 
with glucamine-functionalized multilayers. j) Water passes through rap-
idly into a collection vessel; k) oil remains suspended on top of the mesh 
and can be recovered in near quantitative yields.



FU
LL

 P
A
P
ER

1678 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DCE), and could be fl exed and bent into useful shapes without 
loss of underwater superoleophobicity. The superhydrophilic 
but superoleophobic nature of these coated meshes prevented 
transport of oils through the pores of the mesh, but permitted 
the passage of water, providing a basis for gravity-driven separa-
tion of oil/water mixtures. [ 12,35 ]  Figure  4 i–k demonstrates proof 
of principle using a device constructed from coated mesh and 
a two-piece plastic funnel. This simple setup permitted low-
energy separation of mixtures of water and motor oil (5:1, v/v; 
 ρ  = 0.843 g mL −1 ); water passed rapidly through the mesh into a 
collection container (Figure  4 j), and oil free of bulk water accu-
mulated on the mesh (Figure  4 k) and was recovered in near-
quantitative yields (Figure S10, Supporting Information). This 
process could be repeated multiple times and degrees of sepa-
ration were unaffected when more complex oil/water mixtures 
prepared with acidic water (pH = 1), alkaline water (pH = 11), 
simulated seawater, and lake water were used (Figure S10, Sup-
porting Information).   

  3.     Discussion 

 The synthetic coatings reported here mimic key chemical and 
structural features found on natural underwater oil-repel-
lent materials. [ 25,27–29 ]  Our results demonstrate these entirely 
organic materials to be mechanically durable, functionally 
tolerant to severe physical abrasion, and to retain their anti-
fouling properties upon prolonged exposure to chemically 
complex media—outcomes that we attribute to the crosslinked 
nature of the fi lms, the chemical stability of their amide/amide-
based crosslinks, and their porous structures. These unique 
features, along with the substrate independence of the methods 
used for assembly, substantially increase the potential utility of 
these materials in different aqueous, aquatic, and marine envi-
ronments relative to synthetic oil-repellant surfaces assembled 
using weak interactions or constructed from soft, brittle, or 
chemically erodible materials. [ 25,31,32,35 ]  

 The dependence of non-wetting behavior on surface topog-
raphy and hydrophilicity is consistent with previous investiga-
tions of the structures and behaviors of underwater oil-repellant 
surfaces. Relative to past approaches to the design of synthetic 
underwater superoleophobic surfaces, however, our approach 
yields amine-reactive coatings that allow surface chemistry to 
be varied systematically and orthogonally to all other surface 
and microstructural features. This feature is signifi cant in sev-
eral ways. First, reactivity provides means to probe and dissect 
the infl uence of surface chemistry on non-wetting behavior in 
ways that are independent of surface topography. Our results 
confi rm surface hydrophilicity to be critical to the maintenance 
of superophobicity, but also reveal this property to be tolerant to 
the variation of exposed hydrophilic groups over a broad range 
of structural and functional space (e.g., from neutral hydroxyl 
functionality to formally charged cationic or anionic groups). 
We note here that prior studies demonstrate surfaces decorated 
with  D -glucamine, including self-assembled monolayers (SAMs) 
on gold [ 46,47 ]  and nonporous PEI/PVDMA multilayers deposited 
on glass, [ 37 ]  to resist fouling by proteins and cells. We did not 
quantify the ability of our porous and superoleophobic surfaces 
to prevent adsorption of surfactants or proteins here, but our 

results reveal that prolonged exposure to proteins and other 
surface-active agents does not compromise anti-oil-fouling 
behavior. When combined, these and other unique features of 
this system provide a platform for the design of multifunctional 
interfaces that could prevent fouling by organic fl uids and other 
substances, organisms, or environmental contaminants (or per-
form other useful secondary functions) more effectively. 

 Second, our results establish the basis of an approach that 
can be used to vary and systematically tune the oil adhesiveness 
of underwater superoleophobic surfaces. The ability to create 
surfaces with spatially defi ned regions that contrast sharply in 
oil adhesiveness provides new principles for the capture and 
manipulation of organic fl uids in aqueous media. In combina-
tion with more sophisticated methods for the deposition and 
spatial patterning of amine-based “inks,” this approach could 
be used to create macroscale or microscale patterns or devices 
that enable passive or active control over the wetting behaviors 
of oils (e.g., to pattern bulk fl uids or facilitate and direct the 
reversible capture and transport of emulsion droplets in micro-
fl uidic contexts, etc.). This degree of control over the patterning 
of adhesive and non-adhesive surface features is diffi cult to 
achieve using other methods for the design of underwater 
superoleophobic surfaces. [ 48 ]  

 Finally, we note that while the crosslinked and porous 
nature of these coatings is a strength with respect to dura-
bility and stability in harsh media, the coating/substrate inter-
face itself presents a potential weak link. We did not observe 
signifi cant delamination of coatings under conditions inves-
tigated here, including in experiments for which substrates 
were boiled, frozen/thawed, or incubated at extremes of pH or 
ionic strength. We mention, however, that the amine-reactive 
azlactone groups of PVDMA also provide means to covalently 
attach these coatings to substrates bearing amine function-
ality, [ 49 ]  including protein-based structures with exposed lysine 
groups. [ 38 ]  Judicious selection or optimization of substrate 
design could thus provide other routes to improving perfor-
mance that are not accessible with coatings assembled using 
other methods. 

 The soft material interfaces reported here address key obsta-
cles to the application of non-wetting surfaces and anti-fouling 
“super-phobic” materials in practical, real-world scenarios. 
We anticipate that the principles and properties reported here 
will be useful for the design of durable and injury-tolerant oil-
repellant coatings and the development of advanced, multifunc-
tional surfaces that enable new means of control over the cap-
ture, transport, manipulation, and separation of oils and other 
organic fl uids in fundamental and applied contexts.  

  4.     Experimental Section 
  Materials : 2-Vinyl-4,4-dimethylazlactone (VDMA) was a gift from 

Dr. Steven M. Heilmann (3M Corporation, Minneapolis, MN). Poly(2-
vinyl-4,4-dimethylazlactone) (PVDMA) was synthesized by free-radical 
polymerization of VDMA both in the presence (MW ≈20 700, PDI 2.4) 
and absence (MW ≈3 700, PDI 2.4) of 7 wt% of intentionally added cyclic 
azlactone-functionalized oligomer, as described previously. [ 50 ]  Branched 
poly(ethylene imine) (PEI; MW ≈25 000),  n -propylamine,  n -octylamine, 
 n -decylamine (95%), acetone (HPLC grade), tetrahydrofuran (THF, 
HPLC grade), dichloroethane (DCE), carbon tetrachloride (CCl 4 ), 
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dibromomethane (CH 2 Br 2 ), magnesium sulfate, calcium chloride, 
hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium dodecyl 
sulfate (SDS), dodecyltrimethylammonium bromide (DTAB), and Nile 
red were purchased from Sigma-Aldrich (Milwaukee, WI).  D- Glucamine 
(>95%) was purchased from TCI America (Portland, OR). Triton X-100 
was obtained from Promega (Madison, WI). Dimethylaminopropylamine 
(DMAPA) and iodine were purchased from Acros (New Jersey, USA). 
The thermotropic liquid crystal E7 was purchased from Licristal 
(Japan). Sodium chloride (NaCl), magnesium chloride (MgCl 2 ), 
glass microscope slides, and solid glass beads having a diameter of 
200–300 µm were purchased from Fisher Scientifi c (Pittsburgh, PA). 
Dulbecco's modifi ed Eagle’s medium (DMEM), Opti-MEM cell culture 
medium, and fetal bovine serum (FBS) were purchased from Invitrogen 
(Carlsbad, CA). Valvoline motor oil was obtained from CITGO Petroleum 
Corporation (Oklahoma). Thin sheets of poly(ethylene terephthalate) 
(PET) fi lm (0.004 in. thick) were purchased from McMaster Carr. 
Stainless steel wire mesh was obtained from MSC Industrial Supply 
Co. (Melville, NY). Adhesive tape was purchased from 3M Corporation. 
Deionized water with a resistance of 18.2 MΩ was used to prepare 
aqueous phases used in all experiments unless otherwise noted. 
Samples of eutrophic lake water were collected from Lake Mendota 
(Madison, WI). All chemicals were used as received without further 
purifi cation unless otherwise noted. 

  General Considerations : Scanning electron micrographs were 
acquired using a LEO DSM 1530 scanning electron microscope at an 
accelerating voltage of 3 kV. Prior to imaging, samples were coated with 
a thin layer of gold using a gold sputterer operating at 45 mA under a 
vacuum pressure of 50 mTorr for 40 s. Digital pictures were acquired 
using a Canon PowerShot SX130 IS digital camera. Advancing and 
receding contact angle measurements were made using a Dataphysics 
OCA 15 Plus contact angle goniometer at ambient temperature using 
10 µL of model oils both in air and under water; a minimum of fi ve 
measurements was made in at least fi ve locations on each fi lm. The 
optical thicknesses of fi lms were characterized using a Gaertner LSE 
ellipsometer (632.8 nm, incident angle = 70°). Data were processed 
using the Gaertner Ellipsometer Measurement Program. Relative 
thicknesses were calculated assuming an average refractive index of 
1.577 for the polymer multilayers. Thicknesses were determined in at 
least fi ve different standardized locations on each substrate and are 
presented as an average with standard deviation. Characterization of 
optical transparency was performed using a Beckman Coulter DU520 
UV–vis Spectrophotometer (Fullerton, CA). Simulated seawater was 
prepared by dissolving NaCl (26.73 g), MgCl 2  (2.26 g), MgSO 4  (3.25 g), 
and CaCl 2  (1.12 g) in 1.0 L of water. Compressed air used to dry samples 
was fi ltered through a 0.2 µm membrane syringe fi lter. 

  Fabrication of Reactive Polymer Multilayers : Porous polymer 
multilayers exhibiting microscale and nanoscale topographic features 
were fabricated on planar glass substrates using the following general 
procedure: (i) substrates were submerged in a solution of PEI (20 × 
10 −3   M  in acetone with respect to the polymer repeat unit) for 20 s; (ii) 
substrates were removed and immersed in an initial acetone bath for 
20 s, followed by a second acetone bath for 20 s; (iii) substrates were 
submerged in a solution of PVDMA (20 × 10 −3   M  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 10 times to fabricate multilayers consisting of 
10 PEI/PVDMA layer pairs. For these experiments, the concentrations 
of polymer solutions were maintained constant by addition of acetone 
as needed to compensate for solvent evaporation, and rinse baths 
were not replaced with fresh acetone during fi lm fabrication. For the 
fabrication of these thicker (≈1.1 µm thick) and rougher fi lms, PVDMA 
synthesized in the presence of 7 wt% of intentionally added cyclic 
azlactone-functionalized oligomer was used (see above). Procedures 
used to fabricate thinner (≈60 nm thick) control coatings that did not 
exhibit signifi cant porosity or nano/microscale topographic features 
were performed using an identical procedure, with the exception that (i) 
all polymer solutions and rinse baths were replaced with new solutions 
or solvent after every individual dipping cycle, and (ii) lower molecular 

weight PVDMA synthesized in the absence of added oligomers (see 
above) was used. Flexible PET substrates and porous stainless steel 
mesh substrates were coated using procedures identical to those used 
for planar glass substrates. Microscale glass beads were coated using 
a similar protocol, with the following changes: (i) glass beads (1 g) 
were placed in a glass tube, the bottom of which was capped by fi xing 
laboratory cleaning paper (Kimwipes; Kimberly-Clark Corp., Neenah, WI) 
across the opening using copper wire, and (ii) the glass tube containing 
the beads was then immersed into the dipping solutions and rinse 
baths. Coatings were characterized or used in subsequent experiments 
immediately or dried under a stream of fi ltered, compressed air and 
stored in a vacuum desiccator until use. 

  Functionalization and Chemical Pattering of Multilayer-Coated 
Substrates : Substrates coated with PEI/PVDMA multilayers were 
covalently functionalized by reaction with a variety of different 
hydrophilic amines ( D -glucamine, DMAPA) and hydrophobic amines 
( n -propylamine,  n -octylamine, and  n -decylamine). Solutions of 
 n -propylamine,  n -octylamine,  n -decylamine, and DMAPA (20 × 10 −3   M ) 
were prepared in THF, and solutions of  D -glucamine were prepared using 
either DMSO or water. For experiments requiring functionalization 
over large areas, fi lm-coated substrates were immersed completely in 
these solutions at room temperature for 2 h. Films were then rinsed 
liberally with THF or DMSO and acetone and dried with fi ltered air. To 
install anionic carboxylate groups, reactive coatings were immersed in 
alkaline phosphate buffer (pH = 9.75) to hydrolyze remaining azlactone 
functionality. For experiments in which patterns of both oil adhesive and 
non-oil-adhesive regions were desired (see text), reactive multilayers 
were fi rst patterned with small hydrophilic spots by placing droplets 
of aqueous solutions of glucamine (20 µL of a 20 mg mL −1  glucamine 
solution in PBS buffer, pH = 9.0) for 10 min. These chemically patterned 
samples were then immersed in  n -decylamine, using the procedure 
described above, to react with residual azlactone functionality and render 
the remainder of the surrounding regions of the fi lms hydrophobic (and 
oil adhesive). Functionalized fi lms were used in subsequent experiments 
immediately or were dried under a stream of fi ltered air and stored in a 
vacuum desiccator until use. 

  Characterization of Physical and Chemical Stability : A variety of physical 
and mechanical challenges and environmentally or chemically harsh 
conditions were used to characterize the stabilities of the underwater 
superoleophobic coatings. All of these tests were performed using 
coatings 10 bilayers thick and functionalized with  D -glucamine. General 
protocols for each experiment are described below. 

  Sand Abrasion Tests : Sand abrasion tests were performed using dry 
fi lms under air. Sand (10 g, grain size ranging from ≈90 to ≈400 µm) 
was poured slowly onto the coatings from a distance of 20 cm, and 
then the underwater oil advancing and receding contact angles were 
measured (see Figure S4, Supporting Information, for a schematic of the 
setup). SEM was used to characterize nanoscale and microscale surface 
morphologies before and after contact with the sand. 

  Adhesive Tape Peeling Tests : Adhesive tape peeling tests were 
performed by placing a strip of adhesive tape on the coatings using 
a pressure of ≈445 kPa, and then manually peeling the tape from the 
surfaces of the fi lms. Underwater oil advancing and receding contact 
angles were then recorded. SEM was used to characterize nanoscale and 
microscale surface morphologies before and after placing and peeling 
the tape. 

  Sandpaper Abrasion Tests : Sandpaper abrasion tests were performed by 
repeated manual rubbing with abrasive sandpaper (2 µm grit) 25 times. 

  Underwater Abrasion and Impact Tests : Experiments to characterize 
the ability of hydrated fi lms to withstand abrasion and impact were 
performed by placing fi lms under 15 cm of water and then slowly pouring 
50 g of solid glass beads (diameter = 2–3 mm) from a distance of 15 cm 
using a funnel fi tted with a glass tube to direct the falling beads to the 
coatings (a schematic of this experimental setup is shown in Figure S4, 
Supporting Information). Underwater oil advancing and receding contact 
angles were then recorded. SEM was used to characterize nanoscale and 
microscale surface morphologies before and after contact with the glass 
beads. 

Adv. Funct. Mater. 2015, 25, 1672–1681

www.afm-journal.de
www.MaterialsViews.com



FU
LL

 P
A
P
ER

1680 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 1672–1681

www.afm-journal.de
www.MaterialsViews.com

  Contact with Rapidly Flowing Water : Coatings were exposed to water 
ejected from a rapidly fl owing faucet for 30 min. The fl ow rate of the 
faucet was 100 mL s −1  and the nozzle diameter was 1.0 cm, yielding a 
nozzle velocity of 127.4 cm s −1 . The substrate was held at a distance 
of ≈2 cm from the faucet. As the diameter of the water stream did not 
vary over this distance, we estimate the velocity of the stream just prior 
to contact to be ≈127 cm s −1 . Underwater oil advancing and receding 
contact angles were then recorded. 

  Bending and Creasing : Coatings fabricated on fl exible sheets of PET 
were bent and fl exed manually 50 times and then fi nally permanently 
creased by the application of moderate pressure. Measurements of 
contact angles made on creased fi lms were performed by unfolding 
the substrate back into a fl at sheet and placing droplets of oil in direct 
contact with the crease. 

  Exposure to Boiling Water : For experiments designed to characterize 
the impact of exposure to boiling water, coated glass slides were held 
in boiling water for 1 h. Underwater oil advancing and receding contact 
angles were then recorded. 

  Exposure to Freezing Conditions and Multiple Freeze / Thaw Cycles : For 
experiments designed to characterize the impact of the freezing of 
water within and around the coatings in aqueous environments, coated 
glass slides were immersed completely in deionized water and the 
whole system was placed in a freezer at a temperature of −25 °C for 6 h 
until all water was frozen solid. The resulting block of ice was removed 
from the freezer and allowed to thaw at room temperature. Underwater 
oil advancing and receding contact angles were then recorded. 
This cycle of freezing, thawing, and characterization was performed 
10 times. 

  Exposure to Autoclaving Cycles : Coated glass slides were autoclaved 
for 40 min at 121 °C using an Allen-Bradley Panel View Plus 600 System. 
Underwater oil advancing and receding contact angles were then recorded. 

  Exposure to Extremes of pH : Coated glass slides were immersed in 
acidic (0.5  M  HCl, pH = 1) and alkaline (0.5  M  NaOH, pH = 11) solutions 
at ambient temperature for 30 min and then rinsed with deionized 
water. Underwater oil advancing and receding contact angles were then 
recorded. 

  Exposure to Extremes of Ionic Strength : Coated glass slides were 
immersed in simulated seawater and solutions of 1.0  M  NaCl for 4 
months at ambient temperature. Underwater oil advancing and receding 
contact angles were recorded periodically during these experiments. 

  Exposure to Aqueous Solutions Containing Surface-Active Agents : Coated 
glass slides were immersed in solutions containing high concentrations 
of cationic, anionic, and nonionic surfactants [sodium dodecyl sulfate 
(SDS, 5.0  M ), dodecyltrimethylammonium bromide (DTAB, 5.0  M ), and 
Triton X-100 (1.0  M )] and mammalian cell culture medium supplemented 
with 10% fetal bovine serum at ambient temperature for at least one 
month. Underwater oil advancing and receding contact angles were 
recorded periodically during these experiments. 

  Exposure to Eutrophic Lake Water : Coated glass slides were immersed 
in eutrophic lake water (Lake Mendota, Madison, Wisconsin) containing 
well-characterized concentrations of dissolved and suspended 
organic matter, inorganic compounds, and microbial fl ora at ambient 
temperature for at least 4 months. Underwater oil advancing and 
receding contact angles were recorded periodically during these 
experiments. 

  Characterization of Oil Droplets on Surfaces Patterned with Patches of 
Non-Adhesive and Adhesive Underwater Superoleophobicity : For these 
experiments (see Figure  4 a,b), a circular spot with a diameter of 
≈3 mm was selectively patterned on the surface of a glass slide coated 
with a reactive, azlactone-functionalized fi lm by (i) treatment with 
a droplet of aqueous glucamine, and then (ii) the remainder of the 
surface of the fi lm was functionalized by treatment with propylamine 
using methods described above. This procedure resulted in functional 
surfaces containing patterned spots that exhibited a circular region 
of non-adhesive underwater superoleophobicity surrounded by a 
background that exhibited adhesive underwater superoleophobicity. 
The patterned fi lm was then placed horizontally under water and a 
10 µL droplet of DCE (stained with Nile red) was placed on the circular 

(non-adhesive superoleophobic) region. Two additional reference 
droplets were placed on the surrounding (adhesive superoleophobic) 
region. One end of the glass substrate was then raised and fi xed at a 
desired angle of incline (e.g., 4°), and the behaviors of the droplets were 
characterized and recorded using a digital camera (see Figure  4 a,b and 
text for additional details). 

  Characterization of the Interaction of Oil / Water Emulsion Droplets with 
Film-Coated Beads : Experiments to characterize the nature of interactions 
between DCE and individual microscale beads coated with underwater 
superoleophobic fi lms were conducted in the following general manner. 
An oil/water emulsion (20 mL, 1:10 v/v) was prepared by sonicating a 
mixture of water and DCE containing the water-insoluble red dye Nile 
red for 30 min at room temperature. Glass beads (200 mg; diameter 
= 200–300 µm) coated with fi lms functionalized with either glucamine 
(to create coatings that exhibit non-adhesive superoleophobicity on 
planar glass) or decylamine (to create coatings that exhibit adhesive 
superoleophobicity on planar glass) using methods described above. 
Samples of each type of coated bead were then added to 1 mL of the oil/
water emulsion, shaken continuously for 10 min, and then kept steady 
for another 20 min to promote physical interactions with oil droplets 
and allow the beads to settle. The glass beads were then separated 
from the supernatant, washed briefl y with water, and the amount of 
Nile red-stained DCE on the surfaces of the beads was characterized by 
fl uorescence microscopy. 

  Oil / Water Separation Using Stainless Steel Mesh Coated with 
Underwater Superoleophobic Films : Proof of concept demonstrations of 
the utility of these underwater superoleophobic coatings in the context 
of gravity-driven oil/water separation were performed in the following 
general manner. Samples of stainless steel wire mesh (1.5 × 2.5 cm, 
wire diameter ≈90 µm, pore size = 126.3 ± 3.5 µm) were coated using 
the protocol described above and then functionalized by treatment with 
 D -glucamine. The coated mesh was then fi xed between two halves of 
a disposable plastic funnel using epoxy and wet with water. A 12 mL 
mixture of conventional automotive motor oil and water (1:5, v/v) was 
then poured into the funnel. The water passed rapidly (in under one 
minute) through the coated mesh and into a collection vessel, and oil 
remained suspended on the coated mesh and was collected in near 
quantitative yield (see text). Subsequent experiments were performed 
and similar results were obtained using mixtures of automotive motor 
oil and water prepared using more complex aqueous phases, including 
alkaline (0.5  M , pH = 11) and acidic water (0.5  M , pH = 1), simulated 
seawater, and lake water.  
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