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ABSTRACT: Silicon (Si) substrates were modified with
polyalkyl methacrylate brushes having different alkyl chain
lengths (Cn, where n = 1, 4, 8, and 18) using ARGET-ATRP at
ambient temperature without purging the reaction solution of
oxygen. The dynamic hydrophobicity of these polymer brush-
covered Si surfaces when submerged in a variety of organic
solvents (1-butanol, dichloromethane, toluene, n-hexane)
depended markedly on the alkyl chain length and to a lesser
extent polymer solubility. Long-chain poly(stearyl methacry-
late) brushes (Cn = 18) submerged in toluene showed
excellent water-repellant properties, having large advancing/
receding contact angles (CAs) of 169°/168° with negligible
CA hysteresis (1°). Whereas polymer brushes with short alkyl-
chain (Cn ≤ 4) had significantly worse water drop mobility because of small CAs (as low as 125°/55°) and large CA hysteresis
(up to 70°). However, such poor dynamic dewetting behavior of these surfaces was found to significantly improve when water
drops impacted onto the surfaces at moderate velocities. Under these conditions, all brush surfaces were able to expel water drops
from their surface. In addition, our brush surfaces were also highly repellant toward air bubbles under all conditions, irrespective
of Cn or polymer solubility. These excellent surface properties were found to be vastly superior to the performance of
conventional perfluoroalkylsilane-derived surfaces.
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■ INTRODUCTION

The control of wetting and dewetting on a wide variety of
materials is important in everyday life as well as in industrial
applications. Adhesion of water drops to surfaces can lead to
problems such as corrosion of metals,1,2 fogging of wind-
shields,3,4 or calcification of pipes and valves.5 More seriously,
freezing of this contaminant water to form ice has been
responsible for aircraft crashes6 and numerous accidents. To
prevent such undesirable adhesion of water droplets to surfaces
and overcome these problems, creation of functional surfaces
which effectively repel water have been widely investigated.7

Most studies have particularly focused on creating surfaces
which maximize absolute contact angles (CAs) and so decrease
the contact area of water drops on the surface. These
approaches heavily rely on both surface texturing and
perfluorination. However, formation of such textured surfaces
can be complicated, requiring many separate processes and
clean room techniques, meaning they can be unsuitable for
large-scale area functionalization. Precise control of surface
roughness is crucial to achieve high transparency, and such fine
surface structures can be easily damaged by mechanical
abrasion and contaminated by impurities. Furthermore,
perfluorinated compounds can be difficult to process and may
cause serious damage to human health and the environment.8,9

Several large international companies have now ceased to use
one common precursor to perfluorinated products (perfluor-
ooctanoic acid).10 We have previously reported that such
conventional approaches are not required to create “liquid-
repellant” surfaces; instead smooth, transparent, and perfluori-
nated surfaces can be used. Our approach has particularly
focused on minimizing CA hysteresis (difference between
advancing and receding CAs) rather than maximizing CAs to
improve the motion of probe liquids. On these low-CA-
hysteresis surfaces, water and various low-surface tension
liquids can move easily without pinning.11,12

Besides water repellant surfaces, recent concern has focused
on the ability of surfaces to repel various organic liquids when
submerged underwater, so-called underwater superoleophobic-
ity. Lui et al.13 first reported the underwater superoleophobicity
of fish scales, which consist of microstructures of calcium
phosphate covered with a highly hydrated mucus layer. These
fish scales were found to be superoleophobic underwater, with
static CAs of 156° (1,2-dichloroethane) and showed excellent
oil-repellant properties. They replicated the nano/micro
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structure of the fish scales using polyacrylamide gel. This
biomimetic surface yielded underwater superoleophobicity,
which was better than the original fish scales (static CA =
174° 1,2-dichloroethane). Furthermore, others have also
reported similar biomimetic strategies using highly hydrated
layers consisting of polymer brushes,14 polymer gels,15,16 or
polyelectrolyte multilayers.17,18 We have also previously
reported that water-soluble polymer brush surfaces can give
excellent underwater oleophobicity and can be prepared on
large-scale surfaces by a facile and inexpensive “paint-on”
process.19 Our brush surfaces have the ability to respond to
several external stimuli such as solution pH20 and ionic
strength.21 Thanks to these excellent physicochemical surface
properties, the adhesion and mobility of oil drops to the
surfaces can be arbitrarily controlled (switched on or off).
With these excellent oil-repellant properties of hydrophilic

water-soluble brushes in mind, we wondered if this strategy
could be inverted to produce superhydrophobic surfaces when
submerged in oils. Such superhydrophobic functional coatings
are important for engine and machine parts, oil pipelines, and
chemical reactors or storage tanks. To realize such unique
surface properties, highly oil-soluble rather than water-soluble
polymer brushes are required. Such highly solvated brush
surfaces should give large water CAs in oils and effectively repel
contaminant water drops.
Polymer brushes are suitable for such functionalization of

solid surfaces because their densely packed polymer chains can
give enhanced surface properties.22−25 Of particular importance
for real-life surfaces such as machine parts etc. are the excellent
lubricating properties of both water-soluble26,27 and oil-
soluble28,29 polymer brushes, along with their excellent
anticorrosion properties.30,31 Although polymer brushes have
been generally grown on silicon (Si) surfaces in the laboratory,
they can be grown on a variety of important substrates such as
metals, glasses, and plastics through a variety of surface-bound,
initiating moieties.32−35 Polymer brushes have been predom-
inantly prepared using Atom Transfer Radical Polymerization
(ATRP).25 However, ATRP requires oxygen-less reaction
conditions and elevated reaction temperatures making it
difficult to perform on large-scale surfaces. Thus, a modified
ATRP protocol, called Activators (Re)Generated by Electron
Transfer (A(R)GET)-ATRP, has attracted increasing atten-
tion.36 Using this protocol, the oxygen sensitivity of the
reaction can be effectively removed by the introduction of a
reducing agent which converts oxidized copper catalyst back to
its reduced state.
In this article, we describe the surface modification of silicon

with various hydrophobic polyalkyl methacrylate brushes based
on a facile ARGET-ATRP protocol. Particularly, the effect of
polyalkyl methacrylate alkyl chain length and molecular
structure on hydrophobicity and air-bubble repellency when
submerged in a variety of organic liquids is investigated. Such
dynamic dewetting behavior of polymer brushes in organic
liquids has thus far not been studied, and reports of
superhydrophobic surfaces submerged in organic liquids are
infrequent.37 However, as we will show, polymer brushes give
superior surface properties compared to conventional per-
fluoroalkylsilane-derived surfaces.

■ EXPERIMENTAL SECTION
Materials. (3-Aminopropyl)triethoxysilane (APTES), tin(II) ethyl-

hexanoate, ethanol, toluene, 1-butanol, n-hexane, dichloromethane,
methyl methacrylate (MMA), n-butyl methacrylate (BuMA), iso-butyl

methacrylate, tert-butyl methacrylate, and 2-ethyl-hexyl methacrylate
(EHMA) were purchased from Wako Pure Chemical Industries Ltd.,
Japan, and used as received. Ascorbic acid (AA), stearyl methacrylate
(StMA), copper(II) chloride (CuCl2), pentamethyldiethylenetriamine
(PMDETA), and α-bromoisobutyryl bromide (BiBB) were purchased
from Sigma-Aldrich and used as received. (3,3,3-Trifluoropropyl)-
tr imethoxysi lane (FAS3) and (heptadecafluoro-1,1,2 ,2 , -
tetrahydrodecyl)trimethoxysilane (FAS17) were purchased from
Gelest Inc.

Preparation of Si Initiator Surfaces. n-Type Si (100) wafers
used as the polymer brush substrate were cut into small pieces 1−12
cm2, sonicated in ethanol for 5 min to remove dust and impurities, and
then dried in a stream of nitrogen (N2) gas. Next, these samples were
cleaned using UV-ozone treatment for 30 min at 103 Pa. They were
then placed in a large glass vial placed with a smaller glass vial
containing ∼100 μL of APTES, the large vial sealed using a screw top,
and then heated at 100 °C for 60 min. This procedure functionalized
the silicon surface with APTES via a condensation reaction of
triethoxysilane groups with silanol groups on the Si surface, to
generate surface bound amine groups. After which the Si substrates
were removed from the glass vials while still hot, allowing excess
APTES liquid to evaporate, rinsed with toluene, and blown dry with a
stream of N2 gas. The APTES-modified Si substrates were then
functionalized with the ATRP initiator BiBB by immersion in a 0.1 M
solution of BiBB in toluene, overnight. Finally, they were rinsed with
toluene, dried, and immediately used in the following experiments in
order to avoid contamination.

ARGET-ATRP of Alkyl Methacrylate Polymer Brushes. AA
(0.02−100 mg, 0.1−570 μmol) and ethanol (7 mL) were first mixed in
a glass vial (20 mL, 2 cm diameter). CuCl2 (28 mg, 210 μmol) and
PMDETA (100 μL, 480 μmol) were mixed in ethanol (10 mL) and
allowed to dissolve. A volume of 1 mL of this Cu catalyst solution was
then added to the glass vial containing AA and stirred to mix.
Monomer (8 mL) was then added to the vial and briefly stirred to mix.
After which an initiator substrate was inserted to the reaction solution
(polished side upward at the base of the vial) and the glass vial sealed
with a screw-top lid. Reaction solutions were not degassed, and glass
vials contained ∼4 mL of ambient air. Polymerizations were allowed to
proceed at room temperature (23−28 °C) without stirring for the
required polymerization time (MMA, 240 min; BuMA and EHMA,
120 min; StMA, 30 min). After polymerization, the substrates were
removed from the vial and extensively rinsed with toluene.

Preparation of Perfluorinated Surfaces. A perfluoroalkylsilane
monomeric layer was prepared by chemical vapor deposition (CVD)
of FAS3 or 17 on UV/ozone-cleaned n-type Si (100) wafers, according
to our previous report.38 Each of the substrates was placed, together
with a small glass vial containing 0.2 cm3 of FAS3 or FAS17, into a 60
cm3 Teflon container in a dry N2 atmosphere. The container was
sealed with a cap and then heated for 72 h at 100 or 150 °C,
respectively, in an oven. Samples were then rinsed with n-hexane to
remove any unreacted material and blown dry with a N2 stream. The
ellipsometrically estimated thicknesses of the adsorbed FAS3 and
FAS17 layers on the Si substrates were 0.4 and 0.9 nm, respectively.
Judging from the thickness data, the adsorbed FAS3 and FAS17 layers
are monomeric with a flat and homogeneous surface (Rrms = 0.17 and
0.48 nm, respectively as measured over a 10 × 10 μm2 area).

Characterization. Polymer brush thickness was determined using
spectroscopic ellipsometry (Horiba Jobin-Yvon MM-16) at an incident
angle of 70° at wavelengths 500−1000 at 2 nm intervals. Data was
modeled using a Cauchy layer with a single Cauchy constant (A =
1.3−1.6 μm). The thicknesses of our polymer brushes as estimated by
ellipsometry were 40−60 nm. Contact angles (CAs) were measured
using a CA goniometer (Kyowa Interface Science, CA-V150) equipped
with a glass sample container filled with the oil under investigation.
For measurements of dynamic CAs of water in dichloromethane or
dynamic CAs of air bubbles in four organic liquids, a hooked needle
and inverted sample holder was used. Briefly, a small drop or bubble
was dispensed from the syringe and the volume increased or decreased
until the contact line was visibly seen to advance or recede across the
surface, respectively, to measure the advancing CA (θA) or receding
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CA (θR). This process was repeated at least 4 times at 3 different
locations on the sample surface. We performed atomic force
microscopy (AFM) with a XE-100 microscope (Park Systems,
Korea) with a Si probe (Park Systems 910M-NCHR) in tapping
mode to study the surface morphology of dry brush surfaces. Before
analyzing polymer brush surfaces, all samples were briefly rinsed with
toluene (∼10 mL) to remove unattached polymer. In our present case,
we did not observe any polymerization within reaction solutions.

■ RESULTS AND DISCUSSION

A range of polyalkyl methacrylate brushes (Figure 1A) were
synthesized using ARGET-ATRP. Particular effort was made to
produce the brush surfaces under ambient conditions to
increase the practical applicability of the developed surfaces, i.e.
room temperature and without purging the reaction solution of
oxygen. Previously we have reported that water-soluble
polymer brushes can be easily produced under such synthetic

conditions,19,21 but as we will show, water-insoluble monomers
are less facile to polymerize.
Initially, we tried a variety of solvents and reducing agents in

an attempt to find the best preparation method (see Supporting
Information, Table S1). Toluene was found to be a good
solvent for all of the polymers, monomers, and catalyst complex
and was used in combination with the reducing agent tin(II)
ethylhexanoate. This combination gave unpredictable results,
sometimes polymer brushes grew and other times no
polymerization occurred at all. This unpredictability is due to
the presence of oxygen in the reaction solution consuming the
reducing agent at the start of the polymerization, leaving none
to generate Cu(I) from Cu(II). Although, better results were
obtained by purging the headspace in the reaction vial with N2

gas to remove oxygen, this makes the reaction less facile. Using
a different reducing agent, ascorbic acid (AA) in toluene, gave a

Figure 1. (A) Chemical structures of four polyalkyl methacrylate brushes synthesized in this study. (B) Growth kinetics of the polyalkyl methacrylate
brushes using ARGET-ATRP. (C) Effect of the use of different amounts of the reducing agent, ascorbic acid (AA) on the final thickness of polymer
brushes (PBuMA). (D) Changes in colors of reaction solutions before and after addition of AA (left, no addition of AA; middle, AA added after
monomer addition; right, AA added before monomer addition. (E) AFM images of polymer brush surfaces with Rrms. The z-scale is +3 nm white, −3
nm black for all images.
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heterogeneous reaction in which AA did not dissolve. Over the
course of several hours, the white powder of AA turned blue
indicating that the Cu complex was being adsorbed onto the
surface. Under these conditions, only very thin polymer brushes
were obtained.
It has been reported that the rate of ATRP is significantly

increased in polar solvents such as water and DMF.39 DMF is
also a good solvent for the catalyst, monomers, and all polymers
except PStMA. Unfortunately, reactions using DMF did not
produce polymer brushes with acceptable thicknesses, (<10
nm) except for PStMA, which produced very thick brushes
(321 nm). Finally, we found that the best combination of
solvent and reducing agent to use was ethanol with 50%
monomer as the solvent and AA as the reducing agent. This
combination gave the best polymer brush thicknesses for all
alkyl methacrylates investigated.
Figure 1B shows the growth kinetics of polymer brushes

prepared using these ethanolic protocols. As can be seen, the
thickness after a few hours polymerization time (30−240 min)
depended on the alkyl-chain length of the monomer; PMMA
gave the smallest thickness, while PStMA gave the thickest. The
curvature of plots also seems to depend on the alkyl-chain
length with PMMA giving the most linear relationship with the
reaction time, while PStMA is the most curved. These growth
kinetics suggest that the reactivity of the monomers decreases
in the order of StMA > EHMA > BuMA > MMA for our
particular system. Overall, StMA polymerization was fast but
less controlled (curved plot), while PMMA gave the slowest but
most controlled polymerization (linear plot). To achieve nearly
identical film thickness of polymer brushes (around 50 nm),
MMA, BuMA/EHMA, and StMA were polymerized for 240,
30, and 20 min, respectively.
Next, we investigated how the amount of AA affected the

final polymer brush thickness using BuMA. When a small
amount of AA was added (0−1 mg), only very thin polymer
brushes were obtained (<10 nm), even if the reactions were left
to polymerize overnight (Figure 1C). Using larger amounts of
AA (>1 mg), the film thickness increased with an increase in
the amount of AA, giving a maximum thickness of 82 nm when
100 mg of AA was added to the precursor solutions. However,
when more than 10 mg AA was added, not all AA dissolved

because of the limited solubility of AA in the monomer/ethanol
mixtures.
These results can be explained by observing the color of

reaction solutions before and during the reactions as shown in
Figure 1D. The Cu(II) complex dissolved in the reaction
solution gave a blue color (Figure 1D left), which changes to
colorless when AA reduces the catalyst to Cu(I) (Figure 1D
right). We observed that when small amounts of AA (<1 mg)
were added to the mixture, the color remained blue,
highlighting that the majority of catalyst is in the oxidation
state (2+). In contrast, when larger amounts of AA (>1 mg)
were added, the reaction solution color changed to colorless
indicating that the majority of catalyst is in the oxidation state
(1+). Depending on the amount of AA present, the reaction
solution returned back to blue after a certain amount of time.
This time was longest when the highest amounts of AA were
used (100 mg). These color changes indicate that unlike in the
A(R)GET-ATRP of water-soluble monomers previously
reported,19 hydrophobic monomers cannot polymerize at very
low Cu(I)/Cu(II) ratios, but instead require very high ratios.
When only small amounts of AA were added to the reaction,
this high ratio was either not achieved or only maintained for a
small amount of time before residual oxygen oxidized Cu(I) to
Cu(II), lowering the ratio and ceasing polymerization. Whereas
when large amounts of AA were added, this high ratio could be
maintained for longer periods of time yielding more polymer-
ization and thicker polymer brushes.
Crucially, we also found that the order in which the reagents

are combined gives markedly different final brush thicknesses. If
AA was added to the reaction mixture after monomer, the color
remained blue or changed to green/blue (Figure 1D middle).
Whereas if ethanol, AA, and catalyst were combined first, then
the monomer added and the solution became transparent
(Figure 1D right). This order dependency is due to the
solubility of AA, which is much higher in ethanol than in
ethanol/monomer mixtures. It also highlights that the majority
of Cu(I) is probably generated before monomer is added to the
reaction and that the ratio of Cu(I)/Cu(II) falls throughout the
reaction due to the oxidation by residual oxygen molecules in
the solutions.

Figure 2. (A) Hansen parameters of several common liquids (unfilled circles), four organic liquids used in this study (filled circles), and three
polyalkyl methacrylates (red-filled circles). No data were available for PStMA. (B) θA (red-open circles) and θR (blue-open squares) of water or (C)
air bubbles on polyalkyl methacrylate brushes submerged in different organic liquids.
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Using this protocol, a range of polymer brushes were
prepared. AFM confirmed that the obtained polymer brushes
gave a homogeneous coverage over the entire Si substrate and
that the surfaces were relatively smooth (Figure 1E). The
average root-mean-squared roughness (Rrms) of the samples
was less than 3 nm from the AFM images (10 × 10 μm2).
Although PStMA-covered surfaces seem to be slightly rougher
than other polymer surfaces, they are still smooth (Rrms = 2.44
nm). This slight increase in surface roughness was probably due
to crystallization of the stearyl side chains. We expect that in all
cases that the brush surface is even smoother when they are
solvated by organic liquids, and thus surface morphology has
little if any influence on the wettability differences of sample
surfaces.
Next, we investigated the dynamic dewetting properties of

our polymer brush surfaces toward water when submerged in
various organic liquids. As shown in Figure 2A, common
organic liquids have a range of molecular interactions which can
be quantified using the Hansen solubility parameters.40 For this
study, we selected four organic liquids (n-hexane, toluene,
dichloromethane, and 1-butanol) with different physicochem-
ical properties to investigate interactions between these liquids
and brush surfaces. n-Hexane forms very weak hydrogen bonds
and is very nonpolar (δH = 0, δP = 0), toluene forms weak
hydrogen bonds and is nonpolar (δH = 1.2, δP = 1.4),
dichloromethane possesses moderate hydrogen bond strength
and polarity (δH = 6.1, δP = 6.3), whereas 1-butanol forms
strong hydrogen bonds but is only moderately polar (δH =
15.8, δP = 5.7). Many liquids relevant to real-life applications
have intermolecular interactions similar to these four organic
liquids. For example, crude oils (δP ∼ 4, δH ∼ 3) and bitumens
(δP ∼ 5, δH ∼ 3)40 lie between toluene and dichloromethane,
Jet fuel JP-5 (δP = 0.2, δH = 0.5)41 lies between n-hexane and
toluene, and biodiesels (δH ∼ 7, δP ∼ 5)42 are similar to
dichloromethane. Thus, using these four organic liquids, the
dewettability of polymer brushes in conditions equivalent to
most industrial applications can be studied.
The θA/θR values of water drops and CA hysteresis on

polyalkyl methacrylate brush surfaces submerged in four
organic liquids are shown in Figure 2B and Table 1,
respectively. As can be seen, various combinations of organic
liquids and polyalkyl methacrylate brushes gave good dynamic
hydrophobicity. As discussed in the Introduction section, it is
desirable to have either high CAs to minimize the contact area
between surfaces and drops and/or negligible CAH to enable

drops to slide across surfaces. For example, PStMA (Cn = 18)
submerged in toluene showed high dynamic CAs (θA/θR =
169°/168°) with very low CA hysteresis (Δθ = 1°). Whereas
other combinations gave inferior dynamic hydrophobicity, such
as PMMA (Cn = 1) in n-hexane, which displayed a low θA and
even lower θR (θA/θR = 125°/55°), giving significant large CA
hysteresis (Δθ = 55°). Several trends in the data are apparent.
First, the length of the alkyl side chain had a large effect on
dynamic CAs, and submerged in any liquids, long-chain
polyalkyl methacrylates gave the highest θA and θR values and
the least CA hysteresis. Although, the longest alkyl chain
(PStMA, Cn = 18) does not always give significantly better
wetting properties than shorter alkyl chains (PEHMA Cn = 8 or
PBuMA Cn = 4). In contrast to such similar dewetting behavior,
the shortest alkyl chain brush surface (PMMA, Cn = 1)
consistently gave poor dynamic dewetting properties, suffering
from low θR and large CA hysteresis.
Besides the effects of alkyl chain length, we found that CA

hysteresis was also influenced by the solubility of the polymer
brush in the organic liquids. As shown in Table1, reading across
rows shows trends due to solubility of the polymer chain. For
example, in 1-butanol or n-hexane, lower CA hysteresis was
measured when the polymer was soluble in the organic liquid.
This can be explained by the solvated polymer chains having
higher segmental mobility than unsolvated chains. However,
comparing rows in the table seems to contradict this
hypothesis. For example, PMMA is insoluble in 1-butanol but
has lower CA hysteresis (Δθ = 26°) than in dichloromethane
where the polymer is soluble (Δθ = 68°). As can be seen for
dichloromethane and toluene, in which all of the polymers are
soluble, PMMA has high CA hysteresis (Δθ = 68° and 61°,
respectively) giving poor dynamic dewettability, while PStMA
has excellent dewettability with very low CA hysteresis (Δθ =
2° in dichloromethane and Δθ = 1° in toluene). Also in n-
hexane, PEHMA and PStMA are soluble but have moderately
high CA hysteresis (Δθ = 25° and 21°, respectively). Therefore,
we conclude that solubility of the polymer chain in the organic
liquids partially improves dewettability but is secondary to the
length of the alkyl chain. Another factor, glass transition
temperature (Tg), also does not to seem affect dynamic
dewetting behavior when the polymer brush is not solvated. For
example, PMMA and PBuMA exhibited large CA hysteresis in
n-hexane (70° and 58°, respectively), even though the former
has Tg above the ambient temperature and the latter below
(bulk Tg’s of 110 and 20 °C, respectively).
Matching Hansen solubility parameters of the polymer and

organic liquids does not seem to result in good dewettability;
dichloromethane and PMMA have very similar Hansen
solubility parameters (Figure 2A), but there is significant CA
hysteresis (Δθ = 68°). PStMA side chains may crystallize when
not solvated by an organic liquid (for the case of PStMA in 1-
butanol only), but if crystallization occurs, it does not seem to
affect the dewetting properties, either positively or negatively.
Actually, PStMA’s dynamic dewetting behaviors fit with the
trends of other noncrystalline polymer brushes.
In addition to water, we also investigated the repellent nature

of polyalkyl methacrylate brushes to air bubbles. This is
important for practical applications such as hydraulic systems
where trapped air bubbles cause lag in response and loss of
power.43 As shown in Figure 2C, submerged in a good solvent
like toluene, all polymer brush surfaces were highly repellent
toward air bubbles with high dynamic CAs (θA/θR = 170°/
170°) and zero CA hysteresis. In this case, we expect that the

Table 1. Measured CA Hysteresis for Each Different
Polyalkylmethacrylate Surface Submerged in Different
Organic Liquidsa

aGreen or red colored numbers indicated that the polymer is soluble
or insoluble in the organic liquids, respectively.
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polymer brush remains swollen by the organic liquid after the
surface comes into contact with an air bubble, providing a
compressible liquid-like layer with an excellent air-bubble
repellent nature. In contrast, when the polymer brush is
submerged in a poor solvent such as PMMA or PBuMA in n-
hexane, it is not solvated and behaves as a hard, rigid layer.
However, in both cases, dynamic CAs and CA hysteresis
remained almost unchanged as shown in Figure 2C. Thus, we
can conclude that air-bubble repellency of the polymer brush is
independent of its solvated state. Table 2 summarizes the

measured CA hysteresis for our polymer brushes submerged in
a good solvent (toluene) or bad solvent (n-hexane). In all cases,
CA hysteresis was very low (Δθ = 0−2°), highlighting the
excellent bubble-repellent nature of polyalkyl methacrylate
brushes.
We have previously reported that surfaces functionalized with

highly branched alkyl chains give superior dynamic dewetting

properties compared to linear alkyl chains,44 and that cis−trans
transitions in alkyl chains play an important role in reducing
CA hysteresis.45 With this in mind, we investigated the effects
of molecular structure on dynamic hydrophobicity of samples
when submerged in the organic liquids using isomers of
poly(butyl methacrylate) as shown in Figure 3A. By increasing
branching, the number of methyl groups increases, while the
number of methylene groups and the chain mobility decrease.
As can be seen from Figure 3B, when submerged in n-hexane
which is a poor solvent, linear-PBuMA and tertiary-PBuMA
brush surfaces showed nearly identical dynamic CAs.
Whereas iso-PBuMA brush surface had a receding CA

significantly higher than those of two other isomers, resulting in
a decrease in CA hysteresis by ∼50% (Δθ = 27°). Submerged
in toluene, this trend in dewettability markedly changed. Now,
linear- and iso-PBuMA brush surfaces exhibited almost identical
dynamic CAs, while the tertiary-PBuMA brush surface had a
significantly lower receding CA, resulting in a ∼3-fold increase
in CA hysteresis. Although no prominent trend can be observed
in this data, it is clear that branched isomers of PBuMA do not
give enhanced dynamic dewetting properties. Substantial
improvement in the dewetting properties in n-hexane and
toluene can be achieved by simply increasing the chain length
of alkyl methacrylate rather than by branching.
We also investigated how measured dynamic CAs and CA

hysteresis affect the water-repellency of the polyalkyl
methacrylate surfaces under real conditions. To do this, we

Table 2. CA Hysteresis of Air-Bubbles on
Polyalkylmethacrylate Brushes Submerged in n-Hexane and
Toluene

Polymer

Organic Liquid PMMA PBuMA PEHMA PStMA

Toluene 0° 0° 0° 1°
n-Hexane 0° 2° 0° 2°

Figure 3. (A) Chemical structures of PBuMA isomers and dynamic water CAs on the resulting surfaces in air, toluene, or n-hexane. Dynamic water
CAs of PBuMA isomer brush surfaces submerged in (B) n-hexane and (C) toluene (θA, red-open circles; θR, blue-open squares; and CA hysteresis,
green-open triangles).
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submerged polymer brush surfaces in either a good solvent
(toluene) or a poor/nonsolvent (n-hexane), inclined the
surface to an angle and then observed the motion on water
drops on the surfaces (Figure 4). As discussed above, PMMA
brush surfaces in n-hexane showed high CA hysteresis (Δθ =
70°), which should result in a significant barrier to the mobility
of water drops. In contrast, PStMA brush surfaces had
negligible CA hysteresis submerged in toluene (Δθ = 1°),

meaning that there should not be a significant barrier to water
drop mobility. Consistent with these measured dynamic CAs,
water drops placed on an inclined PMMA brush surface in n-
hexane were immobilized and did not slide down the surface
(Figure 4A) and drops placed on PStMA brush surfaces in
toluene easy slid down the surface (Figure 4B). Overall as
shown in the table of Figure 4, water drops were pinned to the
surface when moderate to large CA hysteresis was measured

Figure 4. Hydrophobicity with moving or static water drops in organic liquids. When water droplets were gently placed onto surfaces they (A)
adhered to PMMA in n-hexane and (B) slid across PStMA surface in toluene, consistent with measured CA hysteresis (bable below). When dropped
from a small height onto the polymer brush surface, they slid across all surfaces: (C) PMMA surface in n-hexane, (D) PStMA surfaces in toluene,
inconsistent with measured CA hysteresis.

Figure 5. Profiles of water drops and air bubbles formed on conventional perfluoroalkylsilane-monolayer-covered surfaces submerged in toluene or
n-hexane. θA/θR and Δθ values for each combination of brush surface and oil are shown in the photographs.
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(Δθ = 8−70°) and mobile only when the measured CA
hysteresis was negligible (Δθ = 1° or 2°). Again, solubility of
the polymers in the organic liquids was not the dominant factor
that determines water-repellency and the results are consistent
with measured CA hysteresis from captive drop CA measure-
ments.
Different dewetting behavior was observed when water drops

impacted onto the surface, rather than being gently placed, even
at low impact velocities. As shown in Figure 4C, when water
drops (∼3 mm diameter) were dropped from a small height
(∼10 mm) and impacted onto a PMMA brush surface under n-
hexane, they rebounded off the surface and moved across the
surface in a series of bounces and slides. After the initial
compression of the impact, water drops formed a perfect sphere
and appeared to not wet the brush surface at all. This is
completely inconsistent with dynamic CA data shown in Figure
2B and Table 1, which measured a significant CA hysteresis
(Δθ = 70°). In fact, when water drops impacted onto any of the
polyalkyl methacrylate surfaces under any organic liquids, the
water drop was always repelled from the surface. Such rebound
phenomena has been normally observed only when drops
impact onto surfaces at moderately high impact velocities,
characterized by Weber numbers of ∼>25.46,47 However, in
Figure 4, the Weber number is calculated to be very small ∼0.1.
Even at such a small Weber number, all brush surfaces exhibited
similar dynamic dewetting behavior, independent of measured
CA hysteresis values. In contrast, only PEHMA and PStMA
brush surfaces with negligible CA hysteresis (Δθ = 1−2°) allow
water drops to slide across the surface once they become
stationary.
As we have shown in the previous section, polyalkyl

methacrylate brushes have excellent water and air-bubble
repellent natures. In this section we compare polyalkyl
methacrylate brush surfaces to conventional perfluorinated
surfaces, which are conventionally thought to be nonfouling
liquid-repellent surfaces. Figure 5 shows typical water droplet
and air bubble profiles on two representative perfluorinated
surfaces prepared with short (FAS3) and long-chain (FAS17)
perfluoroalkylsilane monolayers. When submerged in either n-
hexane or toluene, both perfluorinated surfaces showed lower
CAs and more CA hysteresis than PStMA in identical
conditions. The longer FAS17-monolayer-covered surface
showed higher dynamic CAs than the FAS3-monolayer-covered
surface, but still suffered from large CA hysteresis (Δθ = 13°
and 26°, respectively). In contrast to water repellency, dynamic
CAs of air bubbles on the FAS3-monolayer-covered surface
(θA/θR = 157°/147°) were higher than those of FAS17-
monolayer-covered surface (θA/θR = 123°/108°) and both
surfaces exhibited nearly identical CA hysteresis (Δθ = 10° and
15°, respectively).
Comparing absolute magnitude of dynamic CAs and CA

hysteresis of these perfluoroalkylsilane-monolayer-covered
surfaces to long-chain polyalkyl methacrylate (PEHMA and
PStMA) brush surfaces, the perfluorinated surfaces have lower
CAs and more CA hysteresis. Long-chain perfluorinated
surfaces have better hydrophobicity compared to short-chain
perfluorinated surfaces but worse air-bubble repellency. These
superior properties of our polyalkyl methacrylate brushes
originate from the strong molecular interactions between the
organic liquids (either toluene or n-hexane) and the polymer
brushes and relatively weak interactions between water and the
polymer brushes. The relative strengths of these interactions
ensures that the polymer brush surface is selectively wetted by

the organic liquids over water and not dewetted by air bubbles,
resulting in large dynamic CAs and low CA hysteresis.
Conversely, perfluorinated surfaces possess low surfaces
energies, have weak molecular interactions with both organic
liquids and water, and exhibit poor selectivity toward being wet
by the organic liquids. This nonselectivity results in smaller CAs
and larger CA hysteresis, with both water drops and air-
bubbles, when submerged in organic liquids.

■ CONCLUSIONS

Our experimental results offer clear proof that polyalkyl
methacrylate brush surfaces give excellent superhydrophobic
and air-bubble repellant when submerged in various organic
liquids. In addition, neither surface texturing nor perfluorina-
tion is required to achieve such surface properties. Preparation
by ARGET-ATRP gives simple and facile functionalization and
does not require the reaction solution to be purged of oxygen
or heated to elevated reaction temperatures. Length of alkyl
methacrylate side chain (Cn, where n = 1, 4, 8, and 18) was
found to be the most important factor in obtaining super-
hydrophobic surfaces when submerged in organic liquids.
Longer alkyl-chained polymers such as PEHMA (C8) and
PStMA (C18) gave the largest CAs and lowest CA hysteresis
with water when submerged in any of the organic liquids.
Relatively short-chained polymers such as PBuMA (C4) could
give moderately good superhydrophobicity in certain liquids,
but the shortest alkyl chain (PMMA, C1) always gave poor
dewetting properties. Such dewetting properties sometimes
improved when polymer chains were solvated by the organic
liquids, but this variable was still dominated by the length of
alkyl side chain. Branching of the alkyl side chain did yield
improvements in dewettability submerged in certain specific
organic liquids, but overall dewetting properties were very
similar to the linear polyalkyl methacrylates. Under real-life
conditions where water drops impact onto the surface at
moderate velocities, we found that dynamic hydrophobicity
markedly changed. Under these conditions, all polymer brush
surfaces were highly water repellent, even when large CA
hysteresis was measured using captive drop measurements.
Finally, compared to conventional perfluoroalkylsilane-

monolayer-covered surfaces, our polymer brush surfaces
displayed superior water and bubble-repellant properties
under any organic liquid. We hope that these types of polymer
brushes will lead to new functional coatings, for use in a wide
range of practical applications, which do not rely on surface
roughening or perfluorination.
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