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ABSTRACT: Contrary to conventional ATRP, aqueous A(R)GET-ATRP at
ambient temperature without deoxygenating reaction solutions is an extremely
facile method to create polymer brushes. Using these techniques, extremely
thick poly[2-(dimethylamino)ethyl methacrylate] polymer brushes can be
prepared (∼700 nm), or reaction solutions can be low chemical-content,
consisting of 99% v/v water. Based on these techniques, we have also
developed an easy and inexpensive method, referred to as “paint on”-ATRP,
that directly pastes reaction solutions onto various large-scale real-life
substrates open to the air. The resulting brush surfaces possess excellent
oil-repellent properties, which can be activated or deactivated in response to
solution pH.
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Adhesion of impurities to solid surfaces from various
environments (air or water) has been a major issue in

practical applications. To avoid such unfavorable adhesion of
impurities, extensive research has concentrated both on
applying surface roughening and perfluorination using long
chain (CF3(CF2)n (n ≥ 7)) perfluorinated compounds
(LPFCs) to create novel nonstick surfaces.1,2 In spite of such
surfaces having exceptional liquid-repellent properties, chemical
and physical effects of LPFCs on human health and the
environment,3 complicated processing, and poor mechanical/
optical properties of the resulting surfaces can cause great
difficulties in practical applications.
More recently, trends have shifted to the development of

surfaces that repel low-surface-tension liquids such as oils under
water. Conventional perfluorinated surfaces,4,5 as well as
nonperfluorinated surfaces6−8 have been reported that show
oleophobic behavior. Among these surfaces, water-soluble
polymer brush surfaces have been found to have high contact
angles (CAs) with oils and low CA hysteresis (difference
between the advancing (θA) and receding (θR) CAs) in water,
and as such represent a new class of oil-repellent, smooth, and
sustainable coatings.9−12 However, unfortunately, to obtain
such polymer brush surfaces, complicated and expensive
chemical reaction processes have been required, which limit
the applicability of polymer brushes to basic research
applications only.
Most notably, polymer brushes have been prepared by the

specialized technique of surface-initiated atom transfer radical
polymerization (ATRP). This technique typically requires high

concentrations of monomer and catalyst, use of organic
solvents, elevated reaction temperatures, and the reaction to
be rigorously purged of oxygen.13−17 Such stringent conditions
make it difficult to prepare polymer brushes outside of
laboratory conditions, and due to practical difficulties associated
with the reaction setup (large size of airtight reaction vessel and
heating apparatus), impractical for large area (∼1 m2)
functionalization. To overcome these limitations, several
improvements to conventional ATRP have been suggested.
First, it has been reported that adding water to ATRP reactions
significantly increases the rate of polymerization of both
hydrophilic and hydrophobic monomers,18,19 meaning that
reactions no longer need to be heated and can be carried out at
ambient temperature (we hereafter refer to this method as
water-accelerated ATRP). Second, activators (re)generated by
electron transfer (A(R)GET) can remove the oxygen sensitivity
of ATRP reactions by employing a reducing agent to regenerate
oxidized catalyst,20,21 and has been extensively employed for
the preparation of polymers in solution, but less frequently for
polymer brushes.22−24 Using the A(R)GET technique, reaction
solutions may not need to be purged of oxygen (although they
normally are) and in some cases the concentration of copper
catalyst can be reduced to a few parts per million (ppm).
Combining the advantages of water-accelerated ATRP and

A(R)GET, with a particularly facile monomer (2-
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(dimethylamino)ethyl methacrylate (DMAEMA)), we have
prepared stimulus (pH)-responsive superoleophobic surfaces in
a particularly easy and low-cost manner, from low chemical-
content reaction solutions. In this letter, we wish to report three
specific A(R)GET-ATRP formulations, which each have
distinct advantages over conventional ATRP. These formula-
tions use aqueous solutions of DMAEMA (1−50%v/v), a
widely available catalyst complex (CuCl2/pentamethyldiethyle-
netriamine, 25−306 ppm), and ascorbic acid (vitamin C) as a
reducing agent (see details of preparation conditions and
analytical methods in Supporting Information). In contrast to
conventional preparations, our reported syntheses are more
environmentally friendly, much easier to perform, and proceed
under milder conditions (at ambient temperature), without the
need for degassing of reaction solutions or using organic
solvents. In addition, these surface functionalizations are
advantageous, since they can also be applied to real-life
substrates such as metals and glasses over large-scale areas at
ambient conditions relatively inexpensively.
Our first formulation uses a moderately high catalyst

concentration (306 ppm) and low concentration of reducing
agent (7 × 10−6 M) (so-called AGET-ATRP conditions), to
give a fast (2 nm min−1) and linear increase in polymer brush
thickness (Figure 1A blue data points and Figure S1). This
linear increase in thickness with time indicates excellent
retention of terminal halogen atoms on growing polymer
chains and a well-controlled “living” polymerization. Because of
the presence of dissolved oxygen, an incubation period of about
30 min preceded polymerization, during which the catalyst and
reducing agent purge the reaction solution of oxygen. The
formulation is unusual as the calculated ratio of copper(I) to
copper(II) is extremely low (Cu(I): Cu(II) < 1:521), compared
to conventional ATRP (normally Cu(I): Cu(II) > 5:1). This
would normally lead to a very slow polymerization, requiring
several days to grow a polymer brush of adequate thickness. We
prescribe this difference to oxidation of Cu(I) to Cu(II) by
residual oxygen in conventional ATRP, and by the increased
rate of polymerization when water-accelerated ATRP is used.
When larger amounts of reducing agent were used (≥7 × 10−5

M), poorly controlled polymerizations were observed, which
resulted in smaller brush thicknesses (∼50 nm, Figure 1A). The
formulation is also unusual as it can produce very thick polymer

brushes. For example, within 2 h the polymer brush thickness
reached of over 200 nm, and leaving reactions to polymerize
overnight resulted in extremely thick brush layers. The greatest
thickness achieved was 669 nm (as shown in Figure 1B), and
we frequently obtained brush layers over 600 nm. When these
samples are submerged in acidic water (pH 2), they are
protonated and formed thick diffuse layers swollen by water. A
dry brush of 236 nm was found to swell to over 1 μm thick, and
formed a gradient from 100% pDMAEMA close to the silicon
substrate to ∼100% water 1 μm above the substrate (Figure
1C).25

Polymer brush surfaces prepared by this well-controlled
AGET-ATRP reaction are among the thickness polymer
brushes ever reported,26,27 and yet because of the oxygen
insensitivity, and ambient reaction temperature of the AGET-
ATRP protocol, are extremely easy to prepare. Furthermore,
typical polymer brushes are thin (less than 100 nm thick),
whereas to enhance mechanical durability and lifespan,
commercially available functional coatings are micrometers to
millimeters thick.28 Our proposed AGET-ATRP protocol
bridges this difference in thickness, while being significantly
easier to perform than conventional ATRP.
Although the above preparation method is extremely facile,

and costs have been reduced by using less catalyst and water as
the solvent (from ∼$1,668 to $756 m−2), it is still too expensive
to be industrially applicable. We performed a rough cost
analysis to identify areas where potential savings could be made
(Tables S1−S5 in the Supporting Information). As shown in
Figure 2, catalyst contributes to the cost under AGET-ATRP
conditions, but the majority of the cost is due to monomer,
which in conventional ATRP is typically ∼50% v/v. Using this
high concentration of monomer means that functionalization of
surfaces must occur in well ventilated areas (fume hood), is
environmentally damaging, and a major source of cost-
inefficiency. Whereas pDMAEMA has been determined to be
food-contact-safe by the Food and Drug Administration,29

monomers such as DMAEMA are toxic and a burden on the
environment, and so it is desirable to minimize the amounts
used to generate polymer brushes. Unlike in solution ATRP,
this high concentration can be significantly reduced in surface
initiated ATRP, as very little of the monomer is converted to
polymer (∼0.003%, see the Supporting Information).

Figure 1. (A−C pDMAEMA brushes produced using AGET-ATR):( A) kinetics of AGET-ATRP when different amounts of ascorbic acid are used,
which give the calculated Cu(I):Cu(II) ratios shown; inset, chemical structure of pDMAEMA; (B) SEM of 669 nm thick brush layer; (C) thickness
of polymer brushes when submerged in acidic solutions, as modeled by three layers with increasing degrees of hydration (white, 80%; gray, 60%; and
dark gray, 0% water). (D−F) Brushes produced using ARGET-ATRP: (D) kinetics of ARGET-ATRP; (E) final thickness vs monomer
concentration; (F) final thickness vs ascorbic acid concentration. (G−I) Brushes produced using “Paint on”-ATRP: (G) solution to dewetting of
silane initiator surfaces using adsorbent paper, as shown in (H); (I) final brush thickness vs ascorbic acid concentration.
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On the basis of this rationale, our second formulation uses
less catalyst (25−54 ppm), lower monomer concentrations
(down to 1% v/v), and an excess of reducing agent (3 × 10−4

to 7 × 10−2 M) (so-called ARGET conditions). As shown in
Figure 1D, this gives curved thickness vs time plots, indicating a
poorly controlled polymerization. As with AGET-ATRP,
adding less ascorbic acid gave thicker polymer brushes,
presumably due to a slower more controlled ATRP reaction
(Figure 1F). But even at the lowest ascorbic acid concen-
trations, reaction kinetics suggest that the polymerization is
poorly controlled (Figure 1D). Nevertheless, pDMAEMA
brushes were produced with thicknesses up to ∼160 nm (at
50% v/v monomer) at ambient temperature without the need
to degas the reaction solution. Thickest polymer brushes were
produced at the highest monomer concentration (50% v/v).
However, surprisingly, even at very low monomer concen-
trations, polymer brushes could be produced. For example, at
2% monomer 98% v/v water, a thickness of 39 nm could be
achieved, or at 1% monomer 99% v/v water an 11 nm thick
brush (Figure 1E). As far as we are aware, preparation of
polymer brushes at these low monomer concentrations has
never been reported before. Lowering the monomer concen-
tration gives a significant reduction in the cost of brush coatings
(they can be produced for as little as $17 m−2). As the reaction
solution can be up to 99% v/v water with 25 ppm copper
catalyst, it is much more environmentally friendly than
conventional preparations. In addition, as aqueous ARGET-
ATRP at ambient temperature is used, our process is very facile.
To illustrate this point, we functionalized a large jar (1.3 L)
using this facile low chemical-content reaction to yield a pH-
responsive superoleophobic surface at a cost of only $2 (see
Figure S3 in the Supporting Information), whereas conven-
tional ATRP would have cost $217 to perform the same
reaction, and would be difficult to perform because of the
oxygen sensitivity.
Considering practical applications of these types of coatings,

submersion in a reaction solution is often inconvenient for
surface functionalization of large areas. Painting or spraying
onto target surfaces would be desirable for industrial
applications. With the oxygen tolerance and low chemical
content of the methods described so far, we wondered if
A(R)GET-ATRP reaction solutions could be painted or
sprayed onto surfaces to grow polymer brushes. This would
allow easy functionalization of many practical substrates, and

render them superoleophobic. This leads to our third reported
formulation, which consists of the ARGET-ATRP polymer-
ization described above, applied to surfaces in thin layers by a
simple painting process. Using this “paint on”-ATRP method
allows the amount of reaction solution to be reduced from ∼10
L m−2 down to 0.28 L m−2, giving significant savings and a
reduction in toxic chemicals used by 99.9% (from 10 L of 50%
monomer 50% organic solvent, to 0.28 L of 5% monomer in
water).
Preliminary experiments showed that drops of reaction

solution could be placed on initiator surfaces left open to the
air, and that polymer brushes of up to ∼100 nm thickness
grown. But, initiator surfaces painted with reaction solutions
often dewetted due to their moderate hydrophobicity (Figure
1H). To overcome this problem, we placed a piece of adsorbent
paper (Whatman filter paper, paper thickness = 0.2 mm) on
top of initiator surfaces wet with a few drops of reaction
solution (Figure 1G). This allowed surface initiated polymer-
ization and prevented dewetting of the surface. We also note
that there are many different initiator surfaces from which
polymer chains can be grown, and that perhaps some of these
are more hydrophilic.30−32

In the case of “paint on”-ATRP, an optimum concentration
of reducing agent (ascorbic acid) was 0.2 M (Figure 1I, ARGET
conditions), whereas, when the reaction was carried out in
solution, using less reducing agent gave thicker polymer
brushes (Figure 1F). This difference is due to diffusion of
oxygen from the air into the reaction solution close to the
initiator surface, oxidizing the catalyst and preventing polymer-
ization. As the rate of diffusion is proportional to the thickness
of reaction solution squared, this process only dominates when
the reaction solution layer is thin. Using this optimum amount
of reducing agent and 50% v/v monomer, polymer brushes up
to 40 nm in thickness can be grown by painting the reaction
solution onto initiator surfaces left open to air at ambient
temperature. The amount of monomer in these reaction
solutions can also be reduced to lower costs and environmental
burden, and polymer brushes of acceptable thickness be grown
(≥10 nm). Although we were only able to decrease the
monomer concentration to 5% v/v when in a thin layer, as a
higher concentration of reducing agent must be added, giving a
less controlled reaction. Even so, because the low concentration
of monomer and small volumes of reaction solution (∼0.28 L
m−2), polymer brushes can be prepared in a simple, easy
fashion, for as little as $2 m−2. This corresponds to a decrease
in cost of nearly three orders of magnitude compared to
conventional ATRP ($1,668 m−2), and a decrease in toxic
chemicals by 99.9%. By using much smaller volumes of reaction
solution, the calculated yield of the reaction is increased 150-
fold to around 0.5%. Using a “paint on” methodology also
increases the practical applicability of the surface coatings to
real-life surfaces. For example, a 30 × 10 cm2 piece of
aluminum was functionalized using our “paint on”-ATRP,
which ellipsometry confirmed to yield a surface initiated
pDMAEMA brush (see Figure S3 in the Supporting
Information). Functionalization of this moderately large-scale
substrate using conventional ATRP would be very difficult, if
not impossible, because of the oxygen sensitivity and high costs
of reactions.
We confirmed pDMAEMA brushes created using these three

different protocols have excellent underwater oleophobic
properties. As shown in Figure 3, when pDMAEMA surfaces
are ionized due to protonation of tertiary amine groups at low

Figure 2. Costs of polymer brushes created using conventional ATRP,
AGET-ATRP, ARGET-ATRP and “paint on”-ATRP. Green indicates
cost of monomer, purple cost of organic solvent, yellow cost of
catalyst, and blue cost of ascorbic acid. The total cost per square meter
is shown at the bottom, along with the amount of toxic chemicals used.
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pH, the surface becomes superoleophobic, having large
dynamic CAs with oils (in the present case, n-hexadecane
dynamic CAs (θA/θR) were 163°/161°). Combination of these
high dynamic CAs and negligible CA hysteresis (∼2°) results in
excellent nonstick behavior and high mobility of oil drops on
the surface. We found that drops of dichloromethane are able
to slide across the surface at angles of incline of only 3° (Figure
3B and Movie S1 in the Supporting Information), and that n-
hexadecane drops can easily detach from the surface without
leaving residue (Figure 3C). Polymer brushes created by poorly
controlled ARGET-ATRP or “paint on”-ATRP polymerizations
had identical underwater superoleophobic properties to those
produced by well-controlled AGET-ATRP polymerizations.
Thus, the surfaces produced from low chemical-content
reaction solutions and an inexpensive manner make excellent
oleophobic surfaces when submerged in water. As mentioned
before, we attribute these excellent dewetting properties to
hydration of the polymer brush with water (Figure 1C), which
leads to a very hydrophilic (oleophobic) composite layer when
underwater. This superoleophobicity can be activated or
deactivated by protonation/deprotonation of tertiary amine
groups via solution pH (Figure 3A, C, and D). At high pH, the
polymer brush is no longer ionized and is less hydrated.
Consequently, oil drops tend to strongly adhere because of the
more oleophilic nature of the surface, resulting in the increased
CA hysteresis.
Finally, we further applied these protocols to prepare a

limited number of other pH-responsive polymer brush surfaces,
but unfortunately, none of these were as unique as pDMAEMA
brush surfaces (see Table S6 in the Supporting Information).
For example, a similar AGET-ATRP polymerization using
sodium methacrylate produced a thickness of only 151 nm
compared to 669 nm with DMAEMA (see Figure S3 in the
Supporting Information), and an A(R)GET-ATRP polymer-
ization using 1% v/v monomer gave a thickness of only 3 nm.
ATRP of acidic monomers can be more difficult due to
protonation of the catalyst complex, or displacement of the
ligand.33,34 Poly(sodium methacrylate) brush surfaces also did
not show clearly switchable oleophobicity in response to pH,
because changes in dynamic CAs at different pH values were
much smaller than those of other polymer brush surfaces.
Although poly[2-(diethylamino)ethyl methacrylate] brush

surfaces showed a larger change in dynamic CAs in response
to pH, they possessed moderately high CA hysteresis at pH 2
(8°). Thus, we could not achieve superolophobicity like
pDMAEMA brush surfaces. In addition, the monomer is
water-immiscible and requires organic solvents to prepare (see
Supporting Information). Although only a limited study, this
highlights the unique facile preparation of pDMAEMA brushes
showing underwater superoleophobicity, which can be tuned in
response to solution pH.
In summary, we have highlighted the pH-responsive

superoleophobicity of pDMAEMA brush surfaces, which gives
excellent oil drop mobility and low adhesion underwater. It may
be thought that to generate such surfaces with superior
properties, complicated and expensive methods are required.
However, as we have shown here, our preparation methods can
be facile, low-cost, and applicable to large-scale real-life
substrates. Notably, polymerizations can: (i) be performed
under mild conditions such as in aqueous solution at ambient
temperature, without the need to rigorously purge reaction
solutions of oxygen; (ii) produce extremely thick brush layers
up to ∼700 nm thick; (iii) use monomer concentrations as low
as 1% v/v; (iv) be applied to surfaces in thin layers through a
painting method; and (v) be vastly less expensive and use less
toxic chemicals than when conventional ATRP is used.
Through these practical advantages, we are able to significantly
simplify polymer brush preparation, and simultaneously reduce
the preparation cost by almost three orders of magnitude. The
environmental impact of the synthesis is also reduced with a
reduction in toxic chemicals by 99.9%. We hope these advances
will help provide a facile and inexpensive route toward the
fabrication of commercially available polymer brushes showing
superoleophobic properties underwater.
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