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An underwater pH-responsive superoleophobic surface successfully demonstrated a reversible switch
of oil-adhesion on a nanostructured poly(acrylic acid) (PAA) surface by changing the environmental
pH values. At low pH, intramolecular hydrogen bonding of PAA is formed, and results in high oil-
adhesion. As for high pH, the oil droplets can easily roll off due to the intermolecular hydrogen

bonding between PAA and surrounding water.

Underwater superoleophobic interfacial materials, mimicking
fish scales' and the lower side of lotus leaves,? as novel fluoride-
free interfacial materials, show some fantastic practical applica-
tions,® ie. novel “water-repelling type” oil/water separation
systems.* In particular, the control of oil-adhesion on underwater
superoleophobic surfacees is of importance and demanded for
bio-adhesion,® micropatterning,® and smart microfluidic gates.”
Several efforts®®® have been devoted to explore underwater
superoleophobic surfaces with controllable oil-adhesion by
designing special micro/nanoscale hierarchical structures, such as
robust coatings by mimicking the low adhesive surface of soil
animal body, for example, dung beetle, ground beetle,?® the poly
(N-isopropylacrylamide) coated nanowire arrays (SINWA)
surface,® colloidal crystals films assembled from nonspherical
latex particles,” and thermally-responsive surfaces.'® However, to
develop an environmentally stimuli-responsive surface with
switchable oil-adhesion remains a great challenge.

In this article, we report a smart underwater superoleophobic
surface made from nanostructured poly(acrylic acid) (PAA) with
reversible pH-switchable oil-adhesion. The oil-adhesion proper-
ties on the as-prepared surface can be reversibly tuned by altering
environmental pH values. This smart switch originates from the
transition between intramolecular and intermolecular hydrogen
bonding of PAA. We believe that these surfaces, with switchable
oil-adhesion, will bring many potential applications in various
biological and industrial fields.
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Smart materials have been widely utilized to tune surface
wettability because their molecular conformation can be
responsive to external stimuli,'* such as electrical potential,'?
enthalpy,’® temperature,' pH,'s etc. Herein, we prepared a smart
nanostructured film by grafting the pH-responsive polymer
PAA’® onto a glass substrate (PAA-G) through a plasma poly-
merization process (Fig. 1). As a facile method of surface
modification, plasma polymerization is able to prepare thin films
of polymer on a variety of substrates producing high adhesion
and high resistance to chemical and physical treatments.!” After
plasma polymerization, the linear PAA chains were grafted on
the glass surface and the thickness of PAA, calculated by atomic
force microscopy (AFM), was about 64.5 + 9.2 nm (see ESI,T
Fig. S1) The surface of the PAA-G in solution with a pH value of
2.4 exhibits rough morphology as shown by the underwater
AFM image (Fig. 1b). The surface morphology becomes smooth
when immersing PAA-G into a solution with a pH value of 8.0
(Fig. 1c). The blue dash rectangle in Fig. 1b and Ic is used to
mark the same location in the in situ processing of underwater
AFM testing. The blue dash rectangle mark proves the in situ
transition of surface morphology on PAA-G when the pH value
of solution is greater than the pK, of PAA. The surface rough-
ness decreases from about 5 nm to 1 nm, when the pH value
changes from 2.4 to 8.0. In air, the original glass substrate is
hydrophilic, with a water contact angle (CA) of 34.3 & 3.0° (see
ESLt Fig. S2a). After plasma-induced grafting of PAA, the
PAA-G shows superhydrophilicity with a CA of 9.0 £+ 1.5° (see
ESL,1 Fig. S2b). This change of surface wettability indicates
a change of chemical composition and surface roughness.'® After
plasma etching, a little part of glass is etched out which results in
a rougher surface morphology. The underwater AFM image of
plasma treated glass shows that the roughness increases to about
2 nm from about 0 nm (see ESI,¥ Fig. S3). The carboxylic
pendant groups of PAA accept protons at a pH value lower its
pK, of 4.7* (insert in Fig. la), release them with an increase of
pH value and transform into polyelectrolytes due to electrostatic
repulsion forces of the molecular chains.?® The conformation of
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Fig.1 The pH-responsive PAA surface with switchable underwater oil-
adhesion, grafted by a plasma polymerization. (a) The PAA was grafted
onto glass substrate (PAA-G) by the plasma polymerization process. The
pH-responsive schematics of the conformation switch of PAA: the
intramolecular hydrogen bonds form among the carboxylic acid groups
on the PAA chains when the pH value is below pK,, and the intermo-
lecular hydrogen bonds form between PAA chains and water molecules
when the pH is above the pK,. (b) Underwater atomic force microscopy
(AFM) image of PAA-G in the solution with a pH value of 2.4 shows
rough morphology with a roughness of about 5 nm. (c) When PAA-G is
in solution with pH value of 8.0, the in situ AFM image becomes smooth
with a roughness of about 1 nm. The blue dash rectangle in Fig. 1b and lc
shows the mark in the in situ processing of underwater AFM testing.

PAA changes from coiled at low pH to stretched at high pH,*!
schematically outlined in Fig. la (lower insert). At low pH, the
formation of intramolecular hydrogen bonds prevail in PAA
films, while at high pH intermolecular hydrogen bonds were
formed between surrounding water molecules and PAA instead
of intramolecular hydrogen bonds.

We tested the pH response of the PAA-G surface on under-
water oil-adhesion properties. Due to the morphology transition
of PAA at pH values above the pK, of PAA, solutions with pH
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Fig.2 Force-distance curves recorded before and after PAA-G contacts
with the oil droplet in solution with pH value of 1.0. Process 1: PAA-G
surface approaches the oil droplet; Process 2: PAA-G surface leaves the
oil droplet after contact; Process 3: PAA-G surface breaks away from the
oil droplet. The inset photographs of the shapes of the oil droplets were
taken at the corresponding stages during the measuring process.

values of 1.0, 2.4, 4.0, 4.6, 5.0, 8.0 and 12.0 were chosen for
different environmental solutions. A 2 pL droplet of 1,2-
dichloroethane with surface tension of 24.15 mNm ' was chosen
as the oil probe to characterize the pH-responsive switchable
adhesion on the PAA-G surface. The adhesive forces between the
oil droplet and PAA-G surface were quantitatively measured by
a high sensitivity microelectromechanical balance system during
a whole approaching, contacting and leaving process. Take the
solution with pH value of 1.0 as an example; force—distance
curves recorded before and after the oil droplet contacts with the
PAA-G is shown in Fig. 2. Process 1: the PAA-G surface
approaches the oil droplet; Process 2: the PAA-G surface leaves
the oil droplet after contact; Process 3: the PAA-G surface breaks
away from the oil droplet. The inset photographs of the shapes of
the oil droplets were taken at the corresponding stages during the
measuring process (see more details in the ESI,{ Fig. S4).

The underwater oil-adhesion on the surface of PAA-G
changes with pH values increasing from 1.0 to 12.0, as shown in
Fig. 3. Because the pK, of PAA is around 4.7, the oil-adhesion
dramatically decreases with pH values increasing from 4.6 to 5.0.
When the pH value is below 4.7, the PAA-G exhibits high
adhesion to the oil droplet, and always draws oil droplets with
a certain distortion. However, there is no oil residuum on the
PAA-G when the oil droplet leaves. At a pH value of 1.0, the
recorded adhesive force reaches up to 21.6 + 5.0 uN. With
increasing the pH values from 1.0 to 4.6, the adhesive force
decreases to 15.0 & 2.9 uN. Further increasing pH values above
the pK, of PAA, the oil-adhesion dramatically decrease to 2.0 &+
0.6 uN with a pH value of 5.0, 1.5 + 0.4 uN with a pH value of
8.0 and zero with a pH value of 12.0. In addition, we carried out
the underwater in situ transition experiment from low to high
adhesion between the PAA-G and oil droplet. The PAA-G was
firstly immersed into 0.01 mol 1! sodium hydroxide (NaOH, pH
= 12.0) solution and an oil droplet was dropped onto its surface
keeping a spherical shape. Then 0.1 mol 17! hydrochloric acid
(HCl, pH = 1.0) was quickly added, resulting in the pH value
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Fig. 3 The influence of pH values on the adhesive force between the as-
prepared PAA-G surface and an oil droplet of 1,2-dichloroethane. With
the pH values increasing from 1.0 to 12.0, the adhesive force dramatically
decreases from 21.6 + 5.0 uN at a pH value of 1.0 to zero at a pH value of
12.0. The dramatic decrease happens at a pH value of 5.0 above the pK,
of PAA. The inset photographs are the three-step measuring process,
from up to down: the oil droplet is contacting the surface of PAA-G, the
oil droplet is leaving the surface and the oil droplet has left the surface.

quickly switching from 12.0 to 1.0. The adhesive force switches
from low to high in around one second, as shown in Fig. 4a and
the in situ changing process is shown in the ESI,T Movie S1. The
PAA-G was kept in solution with pH values of 1.0 and 12 for 72
h. The pH-responsive behavior still worked, indicating that the
good durability of PAA. Therefore, the adhesive force can be
easily tuned between high and low by adjusting the environ-
mental pH values. We also performed a similar experiment on
the original glass substrate and never found the oil-adhesion
transition with increasing pH values. The oil contact angle
(OCA) on the original glass substrate shows a slight increase
from 132.3 £ 3.8° to 135.9 & 1.9° with pH values increasing from
2.4 to 8.0 (see ESI,T Fig. S5).

On the other hand, to further verify the pH-responsive
switchable oil-adhesion on the PAA-G, other oils with different
surface tensions were also utilized to characterize the pH-
responsive oil-adhesion. The adhesive forces between PAA-G
and other oils such as hexane (18.0 mNm™"), chloroform (28.9
mNm'), tetrachloroethane (33.9 mNm') and dichlorobenzene
(36.7 mNm™") are presented in the ESI,f Table S1. The
comparison results show that all adhesive forces dramatically
decrease when pH value is greater than the PAA pK, of 4.7. The
OCAs of all oils with different surface tensions on PAA-G in the
solutions with pH values from 1.0 to 12.0 are listed in Table S2.}

To investigate the reversibility of the pH-responsive oil-
adhesion switch, we alternately tested the adhesive force of PAA-
G in solutions with pH values of 2.4 and 8.0. The PAA-G was
firstly placed in a solution with pH value of 2.4 and the adhesive
force was measured. Then, the PAA-G was removed from
solution with a pH value of 2.4, rinsed with deionized water and
dried by nitrogen. After that, the PAA-G was immersed into
a solution with a pH value of 8.0 and measured again. The
measurements of adhesive force from 10 consecutive cycles
(Fig. 4b) show a good reversibility of this switchable PAA-G

surface between high and low oil-adhesion responsive to pH
alternation.

We attempted to understand this interesting switching prop-
erty of oil-adhesion and underwater superoleophobicity on the
as-prepared PAA-G surface.™® On this nanostructured rough
surface by plasma polymerization, the molecular stimuli-
response of PAA plays a key role in obtaining the pH-responsive
switchable oil-adhesion surface. The molecular conformation of
PAA depends on the degree of dissociation or protonation as
a weak polyelectrolyte that is controlled by the pH and ionic
strength of the surrounding solution. To further investigate the
mechanism of the aforementioned results, we characterized the
change in surface morphology of PAA-G in solution with pH
values of 4.0 and 5.0 through the underwater AFM, as shown in
Fig. 5a and 5b, and the blue dash rectangle in Fig. 5a and 5b
shows the mark in the in situ processing of underwater AFM
testing. The surface morphology of PAA-G changes rough to
smooth with pH values increasing from 4.0 to 5.0. When the pH
value is below PAA’s pK, of 4.7, the intramolecular hydrogen
bonds were formed among the carboxylic acid groups on
neighboring PAA branched chains, which leads to a dehydrated
coiled state and offers a rough surface and a lower ratio of water
content. As a result, the surface shows an OCA below 150° and
high adhesion to oil droplets. It is a typical Wenzel state (Fig. 5c)
where an oil droplet is in contact with the PAA-G substrate,
resulting in high oil-adhesion. On the other hand, when the pH
value increases over PAA’s pK, of 4.7, the carboxylic acid groups
on the PAA branched chain form intermolecular hydrogen
bonds with the surrounding water molecules, which leads to
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Fig. 4 Reversible pH-responsive switch of oil-adhesion on the PAA-G
surface. (a) The in situ process of an oil droplet on PAA-G changes from
low to high adhesive force by quickly changing the environmental pH
value from 12.0 to 1.0. The photographs represent the different adhesion
situation with the time sequence in this process. More details are shown in
the ESI,T Movie S1. (b) The adhesive force decreases from 16.7 4 2.1 uN
to 1.5 4+ 0.4 uN when pH increases from 2.4 to 8.0. The adhesive force can
easily switch for 10 cycle times between a pH value of 2.4 and pH value of
8.0, indicating a good reversibility.
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Fig.5 (a) The underwater AFM image of PAA-G in solution with a pH
value of 4.0 shows rough morphology with a roughness of about 4.5 nm.
(b) When the pH value increases to 5.0, the surface morphology becomes
smooth with a roughness of about 1.5 nm. The blue dash rectangle in
Fig. 5a and 5b shows the mark in the in situ processing of underwater
AFM testing. (c) The proposed mechanism for underwater pH-respon-
sive switchable oil-adhesion. At a low pH, the carboxylic groups on
neighboring PAA branched chains form intramolecular hydrogen
bonding, which leads to a dehydrated coiled state and thus offers a rough
surface and a lower ratio of water content. The oil wetting state is typical
of a Wenzel state. However, as for high pH, the carboxylic groups on the
PAA branched chain form intermolecular hydrogen bonds with
surrounding water molecules, which leads to a hydrated stretched state
and thus provides a surface with low roughness and a high ratio of water
content. The wetting state changes into a typical Cassie state.

a hydrated stretched state and thus provides the surface with low
roughness and high ratio of water content. Thus the wetting state
changes into a typical Cassie state (Fig. 5c) with an OCA higher
than 150° and low adhesion to oil droplets.

Conclusions

In summary, a smart underwater superoleophobic surface with
switchable oil-adhesion was successfully fabricated. This smart
surface can reversibly switch between high oil-adhesion at low
pH and low oil-adhesion at high pH underwater along with the
pH-responsive transition of molecular conformation of PAA.

We believe it supplies a promising platform for tuning surface
properties and has potential applications in smart microfluidics,
controllable bio-adhesion and intelligent materials for oil-
removal treatment and marine antifouling
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