Downloaded by New Mexico State University on 10 May 2011
Published on 20 October 2009 on http://pubs.rsc.org | doi:10.1039/B913622C

CRITICAL REVIEW

View Online

www.rsc.org/csr | Chemical Society Reviews

Reversibly switchable wettability

Bingwei Xin and Jingcheng Hao*

Received 8th July 2009

First published as an Advance Article on the web 20th October 2009

DOI: 10.1039/b913622c

This critical review outlines the current state-of-the-art research on the reversibly switchable

wettability of surface brought about by external stimuli and the exchange of counterions.
Chemical composition and surface topography are the two key factors in the wettability of

solid substrates. Applying external stimuli and exchanging counterions of ionic liquids and
polyelectrolyte films are valuable approaches for rendering the change in surface chemistry and/or
topography, and for driving the transition between hydrophilicity and hydrophobicity of surfaces.
Through the combination of stimuli-responsive films and micro-/nanostructural surfaces, smart
surfaces with reversible switching between superhydrophobicity and superhydrophilicity have been
achieved. As an important advancement in reversibly switchable wettability, this review briefly
introduces ionic liquids (ILs) as on—off systems to obtain reversibly switchable wettability and
then discusses in more detail the methods to induce the reversibly switchable wettability of
surfaces modified by ILs, additives, or thin films. In addition to reversibly switchable wettability

mechanisms, open problems and potential solutions are discussed (157 references).

1. Introduction

Wettability of a solid surface is an important property, and
it has been widely studied to fabricate superhydrophobic
surfaces. Surface properties (hydrophobic or hydrophilic) are
generally characterized by measuring the contact angle (CA)
of a liquid droplet sitting on the surface. When water is used, a
CA less than 90° is indicative of a hydrophilic surface, while a
CA greater than 90° is hydrophobic. Two extreme cases,
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superhydrophobic surface (with CA larger than 150°) and
superhydrophilic surface (with CA lower than 5°),'? have
attracted great attention because of their importance in both
fundamental research and practical applications. Research
on superhydrophobic surfaces focuses on their potential in
functional coatings, drug delivery, and biomimetic materials.®”’
It is well-known that surface wettability is governed by surface
chemistry and morphology.®'° Chemical composition determines
the surface free energy, and a lower surface energy leads
to higher hydrophobicity. Generally, films terminated by
nonpolar groups such as —CF3 possess lower surface energy.
Fluoroalkylsilane (CF3(CF,);CH,CH,Si(OCH3)3, FAS) is one
of the most conventional chemical modification agents''™'?
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used to construct superhydrophobic surfaces. On smooth
surfaces, however, chemical modification has a certain limitation
in improving surface wettability. Until now, the maximum CA
can only reach about 120° for smooth CFj-terminated
surfaces.*!> According to theoretical considerations,'® the surface
roughness is a crucial factor in a superhydrophobic surface.
At the same time, roughness is very important to surface
hydrophilicity because of the 2D or 3D capillary effect,'”!'®
that is, roughness will amplify the wetting behavior of
substrates. Inspired by superhydrophobic living organisms
in nature such as lotus leaves and water-strider legs,19’20
increasing attention is given to studies on special surface
roughness with micro- (or nano-) structures. Various elegant
approaches have been proposed for the preparation of
fine surface geometrical structures such as template
synthesis,?! phase separation,?* electrochemical deposition,*
electrohydrodynamics,?* crystallization control,>> chemical
vapor deposition (CVD),? self-assembly,'?> and so on. By
combining hierarchical micro/nanostructure with appropriate
materials, a variety of surfaces with superhydrophobicity
or superhydrophilicity have been synthesized?” including
polymer films,”® aligned carbon nanotubes (ACNTSs),” inorganic
metal oxides films,>>3! and so on.

Smart surfaces with reversibly switchable wettability,
especially switching between superhydrophobicity and super-
hydrophilicity, are of great importance due to their numerous
industrial applications such as in self-cleaning surfaces, micro-
fluidic tools, tunable optical lenses, lab-on-chip systems, and
so on.**3? Versatile approaches including appropriate external
stimuli'*® and exchange of counterions®** can dynamically
trigger the reversible wettability conversion. External stimuli,
such as light illumination, temperature, solvents, electrical
potential, pH, and others, can change the surface conformation
and/or morphology of stimuli-sensitive materials, which
results in the change of surface wetting behavior. This method
has been intensively studied, and many positive results have
been obtained. Recently, the exchange of counterions of
charged organic films and ionic liquid layers was found to be
a novel and valuable strategy to achieve reversible wettability
conversion because the nature of the counterions strongly
influence surface behavior. Although currently it is only a
burgeoning research field, its potential advantages and theoretical
significance make it relevant in surface science applications.
Nowadays, a variety of inorganic oxide films and organic
materials are used as stimuli-sensitive materials. In general,
inorganic oxides offer clear advantages over organic molecules
in terms of structural and photochemical stability, low
toxicity, and remarkably larger wettability changes.>® However,
compared with inorganic metal oxides, organic compounds
are more varied, ranging from photo-sensitive materials
and thermal-responsive films to pH-stimulated polymers.
Furthermore, organic polymers can undergo conformational
reorientation, such as from trans to cis isomer or from bending
to stretching form when changed from one temperature to
another, or from one solvent to another. Stimuli-responsive
polymers, in some cases, have the potential advantage of
being able to simultaneously control the surface energy and
topography. Moreover, the sophisticated design of organic
films provides a versatile platform for introducing

appropriate chemical functionalities to satisfy various practical
demands.*’

In this critical article, the methods to produce reversibly
switchable wettability of surfaces are reviewed in detail. In
section 2, we describe the stimulating effect of various external
stimuli on switchable wettability changes, particularly the
reversible transformation between superhydrophobicity and
superhydrophilicity through the amplifying effect of surface
roughness and the reversible transition of surface chemistry
and/or conformation. In section 3, reversible wettability via
the exchanging counterions of ionic liquids and polyelectrolyte
brushes is discussed. Surface free energy and geometrical
structure play key roles in the wettability of solid substrates.
The significant effect of micro- (or nano-) surface roughness of
inorganic oxides or organic compounds is highlighted when
fabricating superhydrophobic and superhydrophilic reversible-
switched surfaces. Finally, we provide conclusions about this
review and also provide an outlook on the future of this
research. Considering the rapid developments in this topic,
we would like to point out that the methods presented here
approximately cover the period from 2003 to March 2009.

2. Reversible switching of surface wettability via
external stimuli

2.1 Light illumination as external stimulus

Light is one of the most important external stimuli.*® A variety
of photo-responsive inorganic oxides and organic polymers
undergo the transition from larger CAs to relatively lower CAs
upon ultraviolet (UV) illumination, reverting to the original
states with larger CAs after the UV-irradiated films are placed
in the dark or exposed to visible (Vis) illumination. This
alternating transition can repeat for several cycles under this
environment.

Among the photo-sensitive inorganic oxides, TiO, and ZnO
are the most studied semiconductors. TiO, films can remain
under sunlight and natural rainfall due to their intrinsic
photocatalytic and photo-stimulated properties, and they have
been widely used as anti-fogging and self-cleaning materials.
In 1997, Fujishima18 found that the water CA of anatase TiO,
polycrystalline films was 72 + 1°, and the wetting behavior
could be reversibly switched using UV irradiation. Subsequently,
wettability conversion has been observed on both anatase and
rutile TiO, surfaces in the form of polycrystals or single
crystals.**** Since then, research efforts have been devoted
on the modulation of the wetting behavior of TiO,.>%*!
Among these studies, coating with low-surface-energy
compounds has received great attention. However, desired
wettability-switching surfaces, have yet to be produced. For
example, the CA of TiO, colloidal crystal films modified with
FAS is only switched between 100 and 0°.4

Therefore, there is increasing attention on the introduction
of fine surface roughness to TiO, films. For example, based
on the flower-like Al,O3 gel film, a rough TiO, gel layer
modified with FAS was prepared in 2000.** A combination
of microstructure and chemical modification succeeded in
obtaining superhydrophobic surfaces with CA larger than
150°. After exposure to UV light, the films would switch to
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Fig. 1 (a) Photographs of a spherical water droplet with a CA of
154 + 1.3° (left) and a flat water film with a CA of 0° (right) before
and after the films were exposed to UV illumination, respectively.**
(b) Cycles of reversible superhydrophobicity/superhydrophilicity
transformation of the films by alternating between UV irradiation
and storage in the dark.**

superhydrophilic with CA smaller than 5°. With the development
of techniques in fabricating surface roughness, lotus leaf-like
inorganic TiO, nanorod films with dual-scale hierarchical
structures were fabricated and had their wettability modulated
from 154 + 1.3° to about 0° with several cycles before and
after UV irradiation without any chemical modification
(Fig. 1(a)).** Recently, superhydrophobic TiO, nano-strawberry
rutile films were prepared on a large scale from aqueous
solution via a seeded growth method at low temperature.*’

To obtain a simple and reproducible method to roughen
surfaces, Fujishima adopted a CF,4 plasma etching technique
to produce TiO,-based superhydrophobic surfaces.***” For
example, after coating with an octadodecyl phosphonic acid
(ODP) monolayer, the discontinuous TiO, wedge-like micro-
textural films were formed after etching for 30 s, which showed
water CAs larger than 165°. After 1 h of UV illumination, the
surfaces were converted to superhydrophilic ones with CA
about 0°.

Nowadays, TiO,-based surfaces with reversible superhydro-
phobic and superhydrophilic transition are widely used in
smart surfaces and other functional materials. However, some
rough morphologies lead to severe light scattering due to their
roughness being larger than the wavelength of the visible light.
That is, by increasing the surface roughness, it is possible to
induce the loss of the optical transparency and other desirable
properties of the solid substrates. To overcome this disadvantage,
reducing the level of surface roughness to a scale much smaller
than the wavelength of visible light is a promising strategy.*®

ZnO is another important photo-responsive inorganic oxide
that possesses optical, electronic and acoustic properties.
It shows a similar wetting behavior and conversion mechanism
to the TiO, surface.*>® Based on flat ZnO substrates, the
maximum water CA is only 109°. Considering the amplifying
effect of surface roughness on superhydrophilicity/superhydro-
phobicity, efforts have been devoted to studying the micro-/
nanostructural surfaces on a wide range, from nanoporous
ZnO films,”! aligned ZnO nanorod films>> to nanocolumnar
ZnO surfaces,> and to hierarchically structured ZnO film>*

and nanoprotrusions,®> and so on. Correspondingly, many

synthesized methods are adopted including electrochemical
deposition, sol-gel method, chemical vapor deposition, pulsed
laser deposition, and others. Combining certain microroughness
with low-surface-energy materials, ZnO-based surfaces switch
between superhydrophobicity and superhydrophilicity upon
alternating UV irradiation and storage in the dark.

In addition, WO3,°® V,05,°” Sn0,,°® and some metal
alloys™ are also found to be photo-sensitive, and reversible
conversions between the two extreme cases (hydrophilicity/
hydrophobicity) are observed under the amplifying effect
of roughness. Significantly, a-Fe,O3; nanoflake films were
observed for the first time to have reversible wetting behavior,
which reversibly switched from CA about 160 to 0° stimulated
by UV irradiation.®® It is well-known that Fe,Os is a cheap
and extensive inorganic oxide, and its reversible wetting
property will open up a new means to study wettability
switching surfaces.

Besides UV illumination, X-rays have been observed to be
an effective stimulus that can tune successfully the wettability
of a variety of inorganic materials (ZnO, p-Si, Al,O3, SrTiO3,
TiN, ZnS, CuO, Ag,0 and Cr,05).%! The wettability can be
reversed between on and off by exposure to X-rays.

Up to now, photo-responsive inorganic oxide surfaces
(TiO,, ZnO, WO3, V,0s5, SnO, and so on) readily show
superhydrophobic/superhydrophilic transitions by combining
appropriate roughness and chemical modification, and this
reversible switching of wettability has aroused great interest in
photo-related applications. However, the photo-driven wettability
conversion requires several days, thereby restricting application
in smart devices.

In addition to semiconductor inorganic oxides, some
organic materials containing photochromic functional groups,
such as azobenzenes,®® spiropyrans,® dipyridylethylenes,®*
stilbenes,® and pyrimidines®® also have the ability to undergo
reversible transition of conformation triggered by UV /visible
irradiation, leading to changes in their wetting properties.5’
Among these materials, azobenzene and its derivatives are
particularly promising as photo-stimulated materials, and they
have been widely investigated as such.®® The azobenzene layers
will transform from trans to cis isomers upon UV irradiation
and this is reversed by visible irradiation (Fig. 2).®® The trans
isomer exhibits a higher water CA because of a smaller dipole
moment and lower surface energy, while the cis form has a
lower water CA due to its higher dipole moment and larger
surface free energy. Consequently, the reversible trans—cis
photoisomerization results in the wettability change of
azobenzene-modified surfaces, and it should withstand
repeated light-induced cycling. However, on flat surfaces, the
change of water CA of azobenzene is less than 10° upon
alternating UV and visible irradiation.”® Such a small change
encourages efforts to study the design of fine surface roughness
and molecular compositions.

In 2005, Jiang et al.* obtained a rough silicon wafer with
patterned square pillars through photolithography and the
inductive coupling plasma etching technique, on which an
electrostatic self-assembly azobenzene monolayer was prepared.
It was found that the wetting behavior was related to the pillar
spacing on the silicon. As shown in Fig. 3, the decrease of the
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Fig. 2 The trans and cis structures of azobenzene upon UV and
visible irradiation, as illustrated by Jiang.®

pillar spacings led to the increase of CA values under both
trans and cis forms. As the spacing changed from flat (pillar
spacing of o) to 40 um, the water CA value rose from
78.3 £ 1.5 ° to 152.6 £ 1.9° under the trans state while the
CA underwent a slight change in the cis form. However, the
maximum change in CA was only about 66° between trans and
cis isomers based on 40 pm spacing. Obviously, the conversion
was limited between superhydrophobic and superhydrophilic
states.

The unique wetting property of trifluoromethyl makes it a
perfect group to decrease the surface free energy in organic
molecules.’® As shown in Fig. 4, when fluorine-containing
azobenzene films are exposed to visible light, the molecules are
in the trans form, and the —CF; groups are outside the
monolayer, which makes the films exhibit hydrophobicity.
However, fluorinated sites will disappear from the surface
due to trans-to-cis isomer change upon UV irradiation, changing
the films to the hydrophilic state.

By combining fluorine-containing azobenzene films
with ideal surface roughness, Cho et al”' for the first
time achieved superhydrophobic/superhydrophilic transition
of organic molecules via UV/visible irradiation. Using
7-[(trifluoromethoxyphenylazo)phenoxy|pentanoic acid (CF3AZO)
(Fig. 5)’"7* as a photoswitchable agent, they fabricated
nanoporous organic-inorganic hybrid multilayer films via
the layer-by-layer (LBL) technique with poly(allylamine
hydrochloride) (PAH) and SiO, nanoparticles as the polycation
and polyanion, respectively. The number (1) of PAH/SiO,
bilayer deposition cycles had a direct effect on surface
wettability, as illustrated in Fig. 6. With the increase of the
number of PAH/SiO, bilayers, the CA of multilayer films
gradually increased from 76 + 1° (flat, » = 0) to 152 + 3°
(n = 9) in the trans isomer. When the samples were irradiated
with UV light, the CA slowly decreased from 71 + 1° (flat,
n=0)to <54 1° (n = 9); that is, with nine PAH/SiO, bilayers,
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Fig. 3 The variation of water CA of a photo-responsive monolayer
on a patterned substrate with pillar spacing. The spacing of o
represents a flat substrate.*’
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Fig. 4 Model of the structural change of a single-layer LB film of a
fluorinated polymer accompanied by photoisomerization.>?

the films could reversibly switch between superhydrophobicity
and superhydrophilicity via alternating UV/Vis light illumination.

Similarly, spiropyran is another type of photochromic
organic molecule, and it possesses a light-switchable wetting
property.®*”® Its closed nonpolar form with hydrophobicity
and its highly polar open type with hydrophilicity may
be reversibly tuned upon UV and Vis irradiation (Fig. 7).
Obviously, the surface wettability of films modified by
spiropyrans can be switched and can be further amplified by
introducing surface roughness.”

2.2 Temperature as external stimulus

Temperature can trigger change in chemical compositions
and/or surface roughness of thermo-sensitive compounds,
and hence it is considered a promising external stimulus to
easily alter the surface wettability. Poly(N-isopropylacryl-
amide) (PNIPAAm) is an excellent thermal responsive polymer
with a lower critical solution temperature (LCST) of about
32-33 °C.75 78 Below the LCST, the intermolecular H-bonding
between PNIPAAm chains and water molecules is predominant,
which results in an extended brush structure displaying hydro-
philicity. Above the LCST, intramolecular H-bonding in
the PNIPAAm chains leads to a compact and collapsed
conformation with hydrophobic property (Fig. 8).""”> Apparently,
the reversible wettability conversion induced by the conforma-
tional change can be achieved in a narrow temperature range
of about 10 °C and can repeat for many cycles.

Generally, PNIPAAm films are easily grafted on both flat
and rough substrates using the surface-initiated atom transfer
radical polymerization (ATRP) technique.’*®! On the flat
surface modified by PNIPAAm, however, the wettability is
only changed from 63 to 93° when the temperature is elevated
from below to above the LCST. Surface roughness has been
intensively investigated, and many achievements have been
reported. Nanostructured PNIPAAm-grafted membranes
were prepared on nanoporous aluminium oxide with nominal
pore sizes.®? As shown in Fig. 9, when the pore size was
200 nm, the PNIPAAm films exhibited superhydrophobicity

0
HOJ—{CHT]S—O@—N\\N @ ocF,

Fig. 5 Chemical structure of the 7-[(trifluoromethoxyphenylazo)-
phenoxy]pentanoic acid (CF3AZ0).”"7?
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Fig. 7 Switching of surface-bound spiropyran between nonpolar
(left) and polar (right) forms under UV and visible irradiation,
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<LCST >LCST

Fig. 8 The effect of temperature on the change in hydrogen bonding
and corresponding conformation of PNIPAAm."”

at 40 °C, while the CA was about 40° at 22 °C. Obviously, the
introduction of surface roughness remarkably improves the
change in the range in wettability.

In order to improve further surface wetting behavior,
PNIPAAm films were grafted on a well-controlled rough
silicon surface via surface-initiated ATRP (Fig. 10).”° As
expected, the change of CA depended strongly on the spacing
(D) on the silicon surface. Above 40 °C, the CA increased
gradually from 93.2 + 2° (flat substrate) to 149.3 £+ 2.5°
(D ~ 6 um). Below 25 °C, the films would change gradually
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Fig. 9 Water CA data (sessile drop) measured at 22 and 40 °C for
PNIPAAm grafted to aluminium oxide surfaces with varying nominal
pore sizes.®?

160+

A" .
——— 40°C
120 T
[ ~
Q 804
<
3]
0 10 20 30 e«
Diym —

Fig. 10 The relationships between groove spacing (D) of rough
surfaces and the water CAs at 25 and 40 °C.”

in CA from 63° to about 0° with the decrease of spacing. The
experimental results showed that the substrate with D ~ 6 um
could achieve reversible switching between superhydrophilicity
and superhydrophobicity in a narrow temperature range of
about 10 °C. However, wetting behavior below D = 6 um has
not been reported.

With the development of smart materials, dual-responsive
surfaces with tunable wettability have been intensively studied.
To date, temperature/pH®® and temperature/light®* dual-
sensitive surfaces have been fabricated by the introduction of
multi-responsive functional groups to films. For example,
adding the pH-dependent component acrylic acid (AAc)
to NIPAAm leads to temperature/pH dual-stimulated
P(NIPAAm-co-AAc) copolymer thin films. These films are
hydrophilic at low temperatures and hydrophobic at high
temperatures when the pH is fixed, and hydrophobic at low
pH and hydrophilic at high pH when the temperature is fixed.
At 45 °C and with pH values of 2, both the PAAc and
PNIPAAm components are at their most hydrophobic, and
the water CA is 148.8°; however, the CA is 7.6° on the rough
substrate at 21 °C and with a pH value of 11. This indicates
that the wetting behavior is controlled simultaneously by
temperature and pH. Using the same method and utilizing
the azobenzene moiety to act as the photo-sensitive part,
copolymerizing N,N-dimethylacrylamide with 4-phenyl-
azophenyl acrylate will lead to temperature/light dual-responsive
surfaces. Meanwhile, the poly(2-(dimethylamino)ethyl metha-
crylate) (PDMAEMA) brush is an inherently pH- and
temperature-responsive polymer with an LCST at around
body temperature.®

PNIPAAm, as a well-known thermo-stimulated polymer,
has been widely used in smart surfaces and bioapplications,
such as in controlled drug delivery, solute separation,
tissue culture substrates, erc.’® 788 However, its moderate
cytotoxicity at 37 °C%” has urged researchers to search
for substitutes.**°! Copolymer P(MEO,MA-co-OEGMA)
composed of 2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA)
and oligo(ethylene glycol) methacrylate (OEGMA) is found
to be a perfect thermo-responsive material.®*°? Owing to its
non-toxic and non-immunogenic properties and its LCST in
water, it is an ideal substitute for PNIPAAm. Interestingly, its
LCST can be finely tuned anywhere between 26 and 90 °C
depending on the OEGMA content.

As discussed above, with increasing temperature, the
conventional temperature-driven wettability conversion is
from hydrophilicity to hydrophobicity. However, hard foamy
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films with porous structure prepared by condensing organo-
tricthoxysilanes exhibit a reverse process, that is, the
superhydrophobic-to-superhydrophilic conversion will occur
when the temperature is raised.”

2.3 Solvent and solute as external stimuli

Treated with different solvents, some materials, including
heterogeneous (mixed) polymer brushes (HPBs), xerogels,
and siloles with special structures, will change in molecular
morphology and corresponding wetting property.

A combination of two moieties with different solubility
in the same thin polymer coating leads to HPBs which
exhibit different components as the topmost surface layer in
different solvents.”*** For instance, in nonpolar solvents, the
hydrophobic polymer chains are in extended configuration,
while the hydrophilic chains are in collapsed states. As a result,
the hydrophobic chains with lower surface energy become the
topmost surface layer. In contrast, the reverse will occur in
polar solvents. It is obvious that the intriguing property of
dramatic surface reorganization results in the modulation of
the surface wettability when exposed to different solvents.

Polystyrene (PS) is conventionally used as hydrophobic
moiety in solvent-responsive HPBs, and many copolymers
containing it have been prepared in special shapes.””> For
example, Y-shaped block copolymers composed of PS and
hydrophilic poly(acrylic acid) (PAA) grafted to a silicon surface
exhibit the desired solvent-responsive wetting property.”®
Upon exposure to toluene or cyclohexane, which are both
good solvents for PS, the topmost surface layer becomes
predominantly composed of PS arms, and the PAA arms
collapse into cores. In this case, the CA value reaches
79 + 3°. However, after treatment with water, which is a
selective solvent for PAA, the CA will decrease to 52 4+ 3°
because PS is partially covered by PAA chains.

ABA-type triblock copolymer brushes, where the middle
block has different physicochemical properties from the end
blocks, are another kind of HPBs that have aroused great
interest with regard to solvent-responsive surfaces. Taking
PMA-block-PS-block-PMA (PMA: poly(methyl acrylate)) on
Si/SiO, as an example,””*® when treated with dichloromethane
(a good solvent for all the blocks), the films adopt an extended
brush configuration, and hydrophilic PMA is at the topmost
surface layer, displaying a CA of 69° (Fig. 11), however, when
the films are exposed to cyclohexane (a good solvent for only
the middle block, PS) they are in folded brush conformation,
and they exhibit high hydrophobic property with CA = 90°. It
is found that PS-h-PMA-b-PS films exhibit similar properties.

Like other cases, a suitable morphological texture of
surfaces in solvent-sensitive materials is essential for super-
hydrophilicity/superhydrophobicity. In 2003, Minko et al.”*
fabricated two-level structured surfaces and successfully
prepared a smart surface with reversible transformation
between two extreme cases. The first level was a poly(tetra-
fluoroethylene) (PTFE) substrate with needle-like morphology
of micrometer size prepared by ammonia plasma etching,
on which PSF-COOH (PSF: pentafluorostyrene) and P2VP-
COOH (P2VP: poly(2-vinylpyridine)) were attached by
hydroxyl and amino groups. The second level was made up

Good

Good
:::;de;: for solvent for
b all blocks

Fig. 11 Reversible response of triblock-copolymer brushes to
different solvents.””*®

of nanoscopic demixed-polymer brushes. After treatment with
toluene, the top of the films became predominantly composed
of the hydrophobic PSF components, and the water CA was
measured as 160°. Upon exposure to water (pH 3), the
hydrophilic P2VP moieties became the outer layers, driving a
drop of water to spread on the surface.

Interestingly, xerogels prepared from tris-urea-based gelators
(Fig. 12) have been demonstrated to be modulated between
hydrophobicity and hydrophilicity by applying a sol-gel
process with different solvents.”” The morphologies and surface
characteristics of the tripodal gelators are strongly influenced
by the nature of the gelling solvents. The reason is that the
cooperation of hydrogen bonds, hydrophobic interactions,
and azobenzene—azobenzene interaction aggregation ability
results in two-dimensional self-assembly, driving the formation
of different nanostructures in different solvents. In a polar
solvent such as n-BuOH, the xerogels exhibit a regular flake-
like structure with small CA (80.3°). When exposed to a
nonpolar solvent such as xylene, the films present a cabbage-
like topography with approaching superhydrophobicity (CA
146°). The reversible switching between the n-BuOH xerogel
and the xylene one was reversed several times by alternately
changing solvents.

Recently, a silole also revealed aggregation-induced wetting
behavior due to change in the mode of solid-state molecular
packing under different external conditions.'” Exposed to
ethanol vapor, 1,2,3,4,5-hexaphenylsilole (HPS) (Fig. 13)
changed to nanostructures, on which water droplets could
shrink with the contact angle of 136.3 &+ 1.6°. However, after
fuming with toluene vapor, the surface would return to its
initial amorphous solid state with the CA returning to the
original value of 97.0 £+ 1.5°.

It is worth noting that solute anion identity and concentration
can also induce changes of wettability. Immersed in a variety
of aqueous solutions with different concentrations of salts such
as NasCitrate, NaH,PO,4, Na,SO,, NaSCN and pure water,
PNIPAAM-c-PNASI (poly(N-acryloxysuccinimide)) films'®!

CygH O—@—N N—@—H E NH
16H33~ = =C~ H H
—c— = O—CyeH
N WA Wan
H i
CygHag—O N=N N-C—N

Fig. 12 Chemical structure of tris-urea-based gelator.”
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Fig. 13 Chemical structure of HPS.'®

grafted on silica nanoparticles by covalent layer-by-layer
assembly exhibit different degree swelling states, and hence
trigger reversible switching between hydrophilicity and
hydrophobicity.

2.4 Electrical potential as external stimulus

The best advantage of using electrical potential as an external
stimulus is its ability to control the surface chemistry and/or
morphology in a few seconds or less. Therefore, it is considered a
simple, versatile, and effective external stimulus to switch
smart surface wettability.'%!93

The conformational reorientation of polyelectrolytes is a
common phenomenon induced by electrical potential. Choi'®*
found that a self-assembled monolayer (SAM) of (16-mercapto)-
hexadecanoic acid (MHA) deposited on a gold surface could
undergo the transition between straight and bent molecular
conformations by applying an electrical potential. As shown in
Fig. 14, the molecules revealed hydrophilicity in the straight
forms due to the carboxylate anion on the topmost layer, while
they displayed hydrophobicity in the bent states because of the
exposure of the hydrophobic tails outwards. The two inverse
situations rendered the change of surface wettability in the
range of CA from 20 to 30°. However, in the process of
conformational reorientation, sufficient space was required
to ensure the bending of alkanethiol. Hence, the SAM must
be prepared as a low-density form. Based on the same reason,
low-density protein assembly monolayers with switchable
property were prepared in 2004.'%

Moreover, electrical potential may also induce the reduction—
oxidation (redox) reaction of polyelectrolyte brushes or their
electroactive counterions, which drives the chemical variation
of the surface. Various conducting polymers have been studied
in the electro-switchable redox transition.

PPy is widely used due to its unique optical, electrical and
mechanical properties.'® Oxidized PPy film shows hydro-
phobicity, while neutral PPy containing pyrrole moieties is
usually slightly hydrophilic (Scheme 1).'"’
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—
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Fig. 14 Idealized representation of the transition between straight
(hydrophilic) and bent (hydrophobic) molecular conformations.'%*
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Scheme 1 The reversible switching process between the oxidized and
neutral state of PPy.'"’

In general, the electrochemical process only produced
electropolymerization, offering a compact structure. However,
to obtain perfectly electro-responsive smart surfaces, an
elegant method that combines a porous structural surface
with perfluorinated dopant was designed. In 2005, Yan and
co-workers'?” added tiny amounts of FeCl; to 0.1 M pyrrole
electroplating solution to drive the chemical polymerization of
pyrrole on Au-coated glass (Scheme 2).

Experimental results showed that the coexistence of chemical-
polymerization and electropolymerization processes played
a key role to the formation of porous PPy films. When
low-surface-energy perfluorooctane sulfonate (PFOS) was
used as dopant, oxidized PPy films with fine roughness showed
superhydrophobicity with water CA of 152 + 2°, while neutral
PPy films showed superhydrophilicity with CA of about 0°.
The switching of the redox states could be cycled by adjusting
the electrical potential.

Likewise, Ag*-biphenyldithiol (BPDT) monolayers on an
Au electrode can be converted to Ag’-BPDT nanoclusters
upon the application of alternating electrical potential, and
corresponding wettability conversion can be repeated over
many cycles.'%®

In addition, electro-active counter-anions can also induce
the redox switching via the electrochemical process. Ferricyanide
([Fe(CN)¢]*7) is a common anion in electrochemistry, and it
casily undergoes the transition between [Fe(CN)¢’~ and
[Fe(CN)¢]*~ upon application of electrical potential.'® For
example, based on polycationic poly[2-(methacryloyloxy)-
ethyltrimethylammonium chloride (PMETAC), Huck'"®
found that [Fe(CN)¢> -coordinated brushes with CA =
41-44° would transform to [Fe(CN)g]* -coordinated brushes
with relatively hydrophilic CA of 26-27° using negative
potential while reversible switching would occur upon
application of positive potentials.

Much more noticeable is the fact that the use of
molecular machines has attracted great attention.'!'™!13 The
electrochemically-driven mechanical switching or shuttling of
molecular components on surfaces is demonstrated to be a
powerful approach towards controlling the hydrophilic/
hydrophobic property of surfaces.

Electrowetting is another method to control surface
wettability based on external electrical fields (Fig. 15).!4 116
The application of an external voltage across the solid/liquid
interface will lead charges to build up both at the liquid side

Fe3+ FeZ+

O SN

/@ Chemical Polymerization
N N /n

H
Fe?*— e~ — » Fe3* Electrochemical oxidation

Scheme 2 The process of catalytic chemical polymerization.'®’
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Fig. 15 Sessile drop setup for electrowetting measurements.''”

and at the solid electrode, decreasing the solid/liquid interfacial
tension. This results necessarily in a hydrophobicity-to-hydro-
philicity change without changing the surface composition.'!”

Although studies on electrowetting have been done for
many years, it is still difficult to achieve electrowetting on
superhydrophobic surfaces. To achieve this aim, the exploration
of fine surface roughness has been highlighted. In 2004,
Krupenkin er al.''® designed nanostructured silicon wafer
surfaces, which underwent dynamic electrical control of the
wetting behavior of liquids. By combining chemical modification
and thin low-surface-energy polymer layers, switching of the
surface wettability between superhydrophobic and super-
hydrophilic states based on electro-wetting was achieved for
the first time. In addition, CNTs have been important materials
in electrical and magnetic applications, and their electro-
chemical behavior has been increasingly investigated. In
2006, Hess er al.'' studied the electrowetting of aligned
CNT films using the sessile drop method by dispensing
deionized water. The geometrical roughness of aligned CNTs
induced the surfaces to exhibit superhydrophobic property
with a static contact angle of 155° at zero external voltage.
With the increase of the external voltage, the CA for deionized
water was reduced to 98°. Presently, electro-wetting of ionic
liquids is attracting much interest, and advances have been
achieved'?°"'?2 which aid in reversibly switchable wettability.

2.5 pH as external stimulus

Polymers containing acidic or basic functional groups such as
amine and carboxyl groups usually exhibit pH-responsive
wetting behavior because their morphologies and/or charges
are dramatically influenced by the pH of solution.'?*'**

The carboxyl group at low pH can be protonated (—COOH)
showing relatively hydrophobic property, while at high pH it
occurs as carboxylate anion (—COO™) with relatively hydro-
philic property. As expected, the change in charges will render
the alternation in molecular conformation.'?® Therefore, some
compounds containing the carboxyl group have been widely
used in smart surfaces.

Using the SAM of a dendron thiol as the underlying surface,
Zhang et al. fabricated micro- and nano-scale rough gold
substrates, on which 2-(11-mercaptoundecanamido)benzoic
acid (MUABA) (Fig. 16)'*° or a mixed monolayer of
HS(CH,)yCH; and HS(CH,);(COOH'*’ were attached,
respectively. Ideal wetting conversions achieved between the
two extremes were attributed to the optimum roughness and
the tuning of pH value. When the mixed polymer
HS(CH,)9CH;3; and HS(CH,);(COOH was used as a modifying
agent on the rough surface, the wettability was strongly
affected by its composition. As shown in Fig. 17, with
tcoou = 0.2 or 0.6 (mole fraction of HS(CH,);(COOH in

COOI-|1|
N\n/\/\/\/\/\/SH
Oy
Fig. 16 Chemical structure of MUABA.!?

the solution used for the modification of the substrate), the
surface could not reversibly switch between superhydro-
phobicity and surperhydrophilicity. However, the mixed polymer
containing 40% HS(CH,);(COOH (ycoou = 0.4) did show a
pH-responsive superhydrophobic—superhydrophilic property,
and the CAs could be reversibly switched between 154° (pH 1)
and about 0° (pH 13) by the alternation of the pH value.

On the other hand, the transition between —COOH
and -COO~ may or may not affect the formation of
hydrogen bonding and drive the change in surface chemical
composition. In 2006, the hydrogen-bonding-driven wettability
change of poly(styrene-methyl methacrylate-acrylic acid)
(poly(St-MMAAA)) crystal films in the presence of sodium
dodecylbenzenesulfonate (SDBS) was reported.!*® At pH =
6.0, the carboxyl group was the in -COOH state, which would
form hydrogen bonding with SOz~ of SDBS. As illustrated in
Fig. 18, in this case its hydrophobic tails spread outwards,
triggering the rough crystal films to be superhydrophobic with
water CA of 150.4 + 0.8°. After treatment with NH3;-H,O
(pH = 12), deprotonation of -COOH to —COO™ suppressed
the hydrogen bonding. Hydrophilic groups of both —COO™
and -SO; Na™t were exposed to the surface, inducing the
surface to superhydrophilicity with CA of about 0°.

In addition, various pH-sensitive mixed polymers contain-
ing the carboxyl group have been reported, such as a PAA/
PAMAM (poly(amidoamine)) dendrimer,'? PAA star polymer/
PAH (poly(allylamine hydrochloride)) multilayer film,"°
PAA/PVP micropatterned surface,'*''*> PVP/DEN-COOH
(carboxyl-terminated polyether dendrimer) multilayer film,'?
and so on. All these materials allow the reversible inversion of
surface topography and/or charge with the adjustment of pH,
and wetting property is tuned correspondingly.

Another class of acidic compounds, orthophosphoric acids
(ROPO3H,), displays the analogous property to carboxylic
acids. Orthophosphoric acids are diacids with pK,; ranging
from 1 to 2, and pK,, to about 6-7, and present three chemical
states with change of pH (Fig. 19)."**%¢ When pH > 8,
polymethacryloyl ethylene phosphate (PMEP) brushes are
fully deprotonated, and the electrostatic repulsion between
charged polymer chains leads to a swelled form with high
hydrophilicity, whereas the PMEP brushes are fully protonated
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Fig. 17 Contact angle as a function of ycoon on a rough surface of
HS(CH»)sCH; and HS(CH,);,COOH.'?’
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—® CgHpuSOy-Na*

Fig. 18 (a and b) Photographs of a water droplet shape on the films
assembled from suspensions with pH of 6.0 and 12, respectively;
(c and d) corresponding schematic arrangement of groups in
poly(St-MMAAA) (conformation of proposed hydrogen bonding is
indicated by the arrow).'?®

and in collapsed states with relatively hydrophobic property
when pH < 2.

The reversibly switchable wettability of DNA surfaces has
also been investigated. DNA molecules modified by fluoride-
containing hydrophobic groups were immobilized onto a
rough gold surface, and a SAM of DNA was formed."*” As
the pH value changed, the enthalpy-driven transformation of
the SAM of DNA took place. At low pH, the DNA molecules
adopted the folded structure, in which the terminal hydro-
phobic groups were concealed in the SAM of DNA motors,
and the hydrophilic backbones of the DNA strands were
exposed on the surface (Fig. 20). Therefore, the surface is
hydrophilic, and the CA is 8.8 =+ 3.4°. At high pH,
the destruction of non-classical intramolecular base pairs
converted the DNA to stretched single-stranded structures,
which indicated superhydrophobicity.

In general, the pH is usually adjusted by dilute HCI, NaOH,
or phosphate buffer solutions. However, a variety of ammonia-
responsive surfaces has been developed. For example, polyaniline
(PANT)-coated fabrics'*® and In(OH); films with micro- and
nano-structures'® can show altered surface structures and
surface free energy in an ammonia atmosphere. Further, by
adopting appropriate methods, reversibility to the original
state can be achieved, and the wettability switch between
superhydrophobicity and superhydrophilicity shows excellent
reproducibility.

In addition to the above-discussed external stimuli, mechanical
force can act as an external stimuli to drive the transition
between superhydrophobicity and superhydrophilicity.*?
Mechanical extension and relaxation will change the density'*°
and/or structure'*! of elastic surfaces, which induce necessarily
the change of surface wettability. However, utilization of

Kai

!
rﬁj\o’F(\OH
OH

pH<2 1< pH<7 pH>8

Fig. 19 Schematic of the association—dissociation equilibria of
ROPOH, upon contact with solutions of different pH.'3¢
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Fig. 20 Intelligent reversibly switchable surface driven by DNA

nanodevices and the CA value in different states (circles indicate
fluoride-containing hydrophobic groups).'*’

mechanical force to induce transition of wetting property
has some limitations, for example, requiring materials with
uniform stress—strain properties or use of large water droplets
(at least 27 pL cm™2).

3. Reversible switching of surface wettability via
counterion exchange

From 2004, researchers have demonstrated that the wettability
of ionic liquids and polyelectrolyte brushes can be tuned by
exchanging appropriate counterions. Compared with the
utilization of external stimuli, however, the change in CAs
rendered by this approach is very limited, and the transformation
between superhydrophilicity and superhydrophobicity remains a
challenge.

3.1 Exchanging the counterions in ionic liquids

In recent years, room-temperature ionic liquids (RTILs) have
attracted great attention due to their unique characteristics,
such as negligible vapor pressure, relatively high ionic
conductivity, good chemical and thermal stability, non-
flammability, and wide electrochemical potential window. 4>~ 143
RTILs can be designed to the desired structures for specific
applications through the variation of cations and anions.
Hence, they are often referred to as “designer liquids.” For
example, the exchange of anions greatly alters the wettability
of ILs. Conventionally, the RTILs with anions such as CI~,
Br~ and BF,~ show hydrophilicity, and those with PF¢~ and
TN possess hydrophobicity. The solubility of RTILs in
water follows the order of THhbN™ > PFs™ > BF, > 17 >
CI™. In surface chemistry, the facile tunability of physico-
chemical properties of ionic liquids excellently satisfies the
demand of surface modification to modulate surface wetting
behavior.

In 2004, Choi et al.*>1*® prepared imidazolium ion-terminated
self-assembled monolayers (SAMIMs) on Au and Si/SiO,
surfaces via covalent bonding of alkanethiols or siloxanes,
respectively. Subsequently, Lu'*’ modified the negatively
charged polyimide films using ionic liquids based on electro-
static self-assembly rather than by a covalent approach. To
reveal the effect of anions on surface wettability, Choi screened
a series of anions including Br™, BF,~, PFs~, THLN™, OTf,
ClO4~ and NO;~ (Scheme 3). As shown in Scheme 3, the
SAMIM-1 with Br~ had a relatively hydrophilic property
(water CA about 23 + 1°), and the SAMIM-7 with Tf,N™
exhibited the highest contact angle (CA 65 + 1°), while other
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Scheme 3 The process of the exchange of anions and the CA values
of SAMIMs with different anions.*

SAMIMs bearing different anions revealed intermediate
CA values. The effect of anions on hydrophobicity of the
imidazolium-based ionic liquids was in the following order:
THHN™ > PFy > OTf > ClO;~ > NO3~ > BF;” > Br.
This is in agreement with the trend of solubility of RTILs. This
was the first time that the reversible wettability conversions of
surfaces were modified using ionic liquids. Lu extended imi-
dazolium-based ionic liquids to ammonium-based ILs and
achieved similar results. Direct immersion in an aqueous
solution containing the indicated anion will achieve the
exchange of counterion. For example, by immersion in a
solution of NaBF,; or NaPF4 for several hours, Br~ of
imidazolium salts can easily be exchanged with BF;~ or
PFs . Facile exchange of counterion on SAMIM surfaces
makes it a potential approach for manipulating surface wetting
behavior.

The tunable property of ionic liquids can also be extended
to control the properties of CNT-based materials. Thus
single-walled carbon nanotubes (SWNTs)!*® and multi-walled
carbon nanotubes (MWCNTs)'*® have had their wetting
behavior tailored via modification with ionic liquids.

To combine the advantages of ionic liquids and polymers,
polyelectrolyte-functionalized ILs (PFILs) (Fig. 21(a))'*® and
poly(ionic liquid) brushes (Fig. 21(b))'*!' were prepared on flat
silicon substrates, in which the facile tunable wettability of ILs
was retained. For example, [PVBIm][PFg] ([1-(4-vinylbenzyl)-
3-butylimidazolium hexafluorophosphate]) brushes were
grafted from the surface of a silicon wafer via a surface-
initiated ATRP technique, and showed a rather hydrophobic
behavior (CA = 95°). Immersion in 0.2 M NaCl aqueous
solution for 1 h, leading to PFs~ exchange with CI™ promoted
a drastic change in the wetting properties of the substrate
(CA = 41°).

In some cases, the effect of anions in ILs is determined by
the size of the oppositely charged ions. For longer-substituent
ionic liquids such as l-octyl-3-methylimidazolium (Jomim])
salts, the water CA values were ca. 68, 72, and 75° for Br™,
BF4~ and Tf,N7, respectively. However, for shorter-substituent
cations such as 1-benzyl-3-methylimidazolium ([Bmim)]) salts
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Fig. 21 (a) Chemical structure of PFIL'*® and (b) [PVBIm][PF]."*!
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Fig. 22 Chemical structure of [C,tespim][Cl].'4¢

with Br~, BF;~ or Tf,N™, the water CAs maintained a
constant value of ca. 56°. Lu et al.'*” explained that the anions
in the assembled layers were present for [omim] salts and
absent for [Bmim] salts due to the different aggregation
behavior of the cations of the ILs. In addition, based on
1-alkyl-3-(3-triethoxysilylpropyl)imidazolium salt ([C,tespim])
surfaces (Fig. 22), the water CAs of SAMs with anions CI—,
BF,, and PF4 on Si/SiO, were 24, 30 and 42°, respectively,
whereas the water CAs of [C4tespim]X was almost invarient
(CA about 51°). The reason was that anions were embedded in
the butyl chains in the latter and were not exposed to the
outermost layers.'*®

Like anions, the change of cations in ionic liquids also has
the ability to modulate surface wettability. As shown in
Table 1, water CAs of [Comim][Br], [Cymim][Br], [Csmim][Br]
and [Cgmim][Br] tends to increase, indicating that the hydro-
phobicity increases with the increase of chain length of
substituents for a given anion. The order is quite consistent
with the surface tension (y) and solubility in water of the
RTILs, 152153

Using ILs to modify surfaces provides a new strategy for
reversible switching between hydrophobicity and hydrophili-
city. However, the maximum contact angle can only reach up
to 95°, and the highest change of CA is less than 45°. No
switching between superhydrophobicity and superhydrophilicity
via the exchange of counterions of ionic liquids has been
reported yet. The amplifying effect of roughness has not been
introduced to substrates modified with ILs.

Table 1 The effect of cations of ionic liquids on surface wettability
(CA for water)®™
[C,mim] CA/° [C,mim] CA/°
VAR T\
AN 27 PANAN 63
A\ ™
AN 35 ANAASAAS 68

@ &
NﬂN 56 (OAATY 80
A oINS

“ The anion of these imidazolium-based cations is Cl~ or Br™. ? CA
values are from ref. 147.
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3.2 Exchanging counterions in polyelectrolyte brushes

As discussed in sections 2.4 and 2.5, the crucial advantage of
polyelectrolyte brushes as tunable surfaces is that their
morphologies and/or chemistry may be readily controlled via
light irradiation,”® solvent,”® electrochemical potential,'®*
or pH."* However, a novel route to tailor their surface
characteristics has recently emerged based on the nature of
the counterions in them.**'>* Huck’s group**'> has demon-
strated that the wettability of polyelectrolyte brushes can be
tuned by choosing appropriate counterions. Using PMETAC'?
and PDMAEMAC'® polycations bearing quaternary
ammonium groups (QA ™), the effect of opposite-charged ions
(THLNT, ClO4~, SCN-, CI7, PO437) on the wettability of
polyelectrolyte brushes has been investigated. Different
surrounding opposite-charged ions exhibited different inter-
actions with the cation groups. Taking the cationic PMETAC
brush as an example, compared with hydrated Cl~, ClO4™ is
more poorly hydrated, larger, and more polarizable (Table 2).
Moreover, it interacts very strongly with QA" through ion
pairing and promotes a drastic increase in the hydrophobicity
of substrate with CA 79°. Perfluorinated Tf,N™~ always shows
the highest hydrophobicity, giving a CA of 90°. Among the
anions tested, polyphosphate (pp) displays the lowest CA at
15° when coordinated with Q-PMETA. As expected, with the
exchange of anions, conformational transitions synchronously
occur, affecting the wetting behavior as well.** The hydro-
phobic character follows the trend THLN™ > ClO,~ > SCN™
>I" > Br > ClI- > PO,*" > pp, which is consistent with
the wetting order in ionic liquids as advanced by Choi.*®

Likewise, the effect of dopant on PPy films has been reported.
Fluoro-surfactant dopants such as perfluoroalkyethyl sulfite' 197
is rendered hydrophobic (water CA >90° when the concen-
tration of dopant is 0.01 mol L™"). However, displacing
fluorinated dopant by TS™ (tosylate), DS~ (dodecyl sulfonate),
Cl” or ClO,4 ™ in PPy films leads to a decrease of CA to 80 + 5,
69.1 + 5.9, 52.8 + 3.2 and 51°, respectively.'>’

Exchanging counterions may be easily achieved using
chemical and electrochemical means. One chemical method
involves immersing the target anion directly in aqueous
solution for several hours.>* The electrochemical method is
another convenient and promising strategy. For example,
using LiClO,, NH4PF¢ and Tf,NLi as electrolytes,156 the
change in anions can be easily carried out in a short time. On
the other hand, electrical potential will drive the translation

Table 2 The effect of anions based on Q-PMETA and Q-PDMAEMA
polycations on the surface wettability (CA for water)

CA/°
Anions Q-PMETA“ Q-PDMAEMA®
pp 15 _
PO, 19 —
ClI™ 35 _
SCN™ 65 _
NO;~ — 52
ClO,~ 79 73
PFq~ — 87
TEN 90 93

“ Values are from ref. 34 and 156. * Values are from ref. 156.

between reduced and oxidized states of polyelectrolyte or
counterions, as discussed in section 2.4.

The use of counterion exchanging in reversible switching
wettability opens up a new method in surface science.
However, as the case for ionic liquids, the highest contact
angle is merely 90°, and the change of CA is 75°, which cannot
meet the demand of smart devices.

4. Conclusion and outlook

In this article, we have given an overview of the recent
achievements in the methods for reversibly switchable wettability,
especially the reversible switching between superhydrophobic
and superhydrophilic transformations. Applying external
stimuli is a facile approach towards successful responsive
switching for both inorganic oxides and organic materials
showing ideal roughness and it has been widely used in the
fabrication of smart devices. On the other hand, the exchange
of counterions is a novel strategy, and the effect of counterions
on the wetting behavior is highlighted.

Future research should be focused on the design, synthesis
and application of new types of materials with promising
wetting conversions between superhydrophilicity and super-
hydrophobicity. Ionic liquids hold the most potential for
this purpose. Their facile tunability of properties, chemical
and thermal stability, and conductivity allow them to be
extensively applied in surface science. It will be necessary
to explore further their reversible wetting bahavior and
produce them as on-off systems. It is well-known that
fluorinated compounds possess low-surface-energy, and they
are promising hydrophobic materials. We believe that
fluorinated long-chain ionic liquids can be ideal superhydrophobic
materials and can achieve responsive switching between
superhydrophilicity and superhydrophobicity by introducing
fine surface roughness.

Abbreviations

CA contact angle

FAS CF3(CF,);CH,CH,Si(OCHj3)3

CVD chemical vapor deposition

ACNT aligned carbon nanotube

uv ultraviolet

Vis visible

ODP octadodecylphosphonic acid

CF3AZO 7-[(trifluoromethoxyphenylazo)-
phenoxy]pentanoic acid

LBL layer-by-layer

PAH poly(allylamine hydrochloride)

PNIPAAm poly(N-isopropylacrylamide)

LCST lower critical solution temperature

ATRP atom transfer radical polymerization

PAA poly(acrylic acid)

MEO,;MA 2-(2-methoxyethoxy)ethyl methacrylate

OEGMA oligo(ethylene glycol)methacrylate

PDMAEMA poly(2-(dimethylamino)ethyl methacrylate)

HPB heterogeneous polymer brushes

PS polystyrene
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PMA
PTFE
PSF
P2VP
HPS
PNIPAM
PNASI
MHA
PANI
PPy
PFOS
BPDT
PMETAC

SAM
MUABA

poly(St-MMAAA)

poly(methyl acrylate)
poly(tetrafluoroethylene)
pentafluorostyrene
poly(2-vinylpyridine)

hexaphenylsilole
poly(N-isopropylacrylamide)
poly(N-acryloxysuccinimide))
(16-mercapto)hexadecanoic acid
polyaniline

polypyrrole

perfluorooctanesulfonate
biphenyldithiol
poly[2-(methacryloyloxy)-ethyltrimethyl-
ammonium chloride

self-assembled monolayer
2-(11-mercaptoundecanamido)benzoic
acid

poly-(styrene-methyl methacrylate-
acrylic acid)

SDBS sodium dodecylbenzenesulfonate

PAMAM poly(amidoamine)

PAH poly(allylamine hydrochloride)

DEN-COOH carboxyl-terminated polyether
dendrimer

PMEP polymethacryloyl ethylene phosphate

RTIL room-temperature ionic liquid

[PVBIm][PFq] [1-(4-vinylbenzyl)-3-butylimidazolium
hexafluorophosphate]

QA" quaternary ammonium groups

TS™ tosylate

DS~ dodecyl sulfonate
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