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ABSTRACT: Fluorinated hydrocarbons are excellent building blocks for hydrophobic coatings but also yield undesirable toxicity
and environmental persistence. In precision industries such as high-resolution printing, polymer brushes are a valuable tool, as they
can be tuned on the nanometer scale and can impart the underlying surface with desired properties and/or functionalities. Here, we
report that the beneficial properties typically associated with (partially) fluorinated polymer brush coatings can to a large degree also
be achieved with their nonfluorinated counterparts. To this end, we have successfully grafted 13 poly(alkyl methacrylate)
homopolymer brushes from a flat silicon surface using surface-initiated atom transfer radical polymerization (SI-ATRP). These
polymer brushes were characterized by XPS, ellipsometry, and static water contact angle measurements. They were then shown to be
repeatedly self-repairing by thermal treatment at 120 °C after damage by pH 3, with longer side chains being more resistant to
damage from the acid. Branching of the side chains did not significantly influence this resistance, but it lowered the static water
contact angle. Some polymer brushes with intermediate side chain length displayed an increase in the contact angle over the first four
cycles. This was not caused by impurities but was the result of an annealing effect that improved the packing of the side chains of the
brushes. In all, these coatings are suitable, self-healing, environmentally friendly, and fully nonfluorinated alternatives for current
fluorine-based hydrophobic coatings.
KEYWORDS: hydrophobic coating, polymer brush, self-healing, fluorine-free, surface-initiated atom transfer radical polymerization

■ INTRODUCTION
Hydrophobic surfaces are essential for a smooth operation in,
for example, oil processing,1,2 heat exchangers,3 inkjet printing,
and polymer production.4 The butterfly wing5 but also the
upper part of a lotus leaf6 are well-known, highly attractive
natural hydrophobic surfaces: chemically unreactive with water
and both nano- and macrostructured. Most synthetic hydro-
phobic coatings have taken one or more aspects of the lotus
leaf as inspiration. That is, 3D structures have been created to
reduce the contact area with a water droplet, thus increasing
the contact angle, leading to superhydrophobicity.7−10 In such
cases, the structural integrity of the coating is crucial, and
damage leads to significant loss of functionality.11−13

Furthermore, without the use of a chemical coating, this
structural repellence works only for solvents with a high surface
tension.

Well-known examples of such coatings are those in which
long polyfluorinated aliphatic chains are used. Examples like
polytetrafluoroethylene (PTFE/Teflon)14−16 and perfluori-
nated silanes17−20 are often applied as nonreactive coatings

on industrial scales but also for medical purposes and kitchen
utensils.21 However, increasing knowledge on their toxicity and
carcinogenicity22−24 in combination with their environmental
persistence displays serious drawbacks, and the use of per- and
polyfluoroalkyl substances (PFAS) should be drastically
reduced.25 In line with this, more and more countries are
restricting or forbidding the use of PFAS.26 In contrast to their
environmental persistence, the lifetime of such coatings is
typically limited, as they lend their antifouling ability to low
surface tension which is easily disturbed.

As recently reviewed,27 many highly elegant approaches have
been designed to obtain coatings that are able to withstand
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damage by the incorporation of a self-repair mechanism.27−32

However, although the possibility of self-repair after damage
may significantly extend the device lifetime, the removed part
is still lost to the environment. As all of the aforementioned
examples are carbon−fluorine-based, release of these fluorine-
containing parts has a persistent, negative environmental
impact. Finding nonfluorinated hydrophobic coatings is thus
urgently needed. The group of Hozumi developed an oil-
repellent polymer brush through A(R)GET-ATRP from
(dimethylamino)ethyl methacrylate, thus using an environ-
mentally friendly method to create a fluorine-free coating.33 As
polymer brushes are covalently attached to the surface, a
strong, lasting connection is formed.34 By grafting them from
the surface, the thickness can be closely controlled and precise
knowledge of the chemical composition is maintained.
Nanoscale alterations can be performed, if required, for the
intended application. Due to this precision, polymer brushes
have been developed as coatings for various applications,
ranging from antibiofouling35,36 via thermoresponsiveness37,38

to lubrication39,40 and nanosensors.41 In previous research,32

we have produced such a self-repairing polymer brush-based
coating as well. In that report, next to a study of a series of
fluorinated polymer brushes, we provided preliminary evidence
that poly(decyl methacrylate) (which is fluorine-free, hydro-
phobic, and polymer repelling) is resistant to damage by pH 3.
In contrast, their fluorinated counterparts were damaged by the
same solution. Additionally, poly(pentyl methacrylate) and
poly(ethyl methacrylate) were not resistant to the pH 3
solution either but were repairable by placement in the oven at
120 °C. Although we were positively surprised by this result,
we did not have a full explanation at that time.

Intrigued by these initial findings and in light of the need for
robust, fluorine-free hydrophobic coatings, in this paper, the
effect of the alkyl side chain of a poly(alkyl methacrylate)
brush on both the stability (in pH 3) and capacity for self-
repair is investigated. A range of linear side chains is
investigated, from ethyl to hexadecyl (Figure 1). As micelle
research by Brady42−44 has shown that alkyl chains can form
impenetrable sheets from eight carbons and longer, we
expected a change in stability behavior beyond a certain alkyl
chain length. In addition, since branching of the alkyl chains
may affect such sheet formation, it is highly relevant to also
study the effects thereof on the coating stability and self-repair
capabilities.

This paper outlines the synthesis of some hitherto not
reported alkyl methacrylate monomers, including four with
branched alkyl moieties, the polymer brush formation of 14 of
these monomers by surface-initiated atom transfer radical
polymerization (SI-ATRP), the characterization of the
resulting coating by ellipsometry, X-ray photoelectron spec-
troscopy (XPS), and static water contact angle measurements,
and studies of the polymer brush structure after damage by
acid (pH 3) and annealing. Finally, it provides a comparative
analysis of fluorinated and nonfluorinated polymer-brush
coatings and outlines the significant potential of the latter in
view of the reported observations.

■ RESULTS AND DISCUSSION
Setup of Study and Monomers Involved. The effect of

the side chain structure on the self-healing capability of 14
polymer brushes was investigated with a range of homopol-
ymer brushes (Figure 1). First, we studied 10 methacrylates

Figure 1. Schematic depiction of the self-repairing polymer brushes with side chains accentuated in green (top) and the general synthesis and
structure of the studied polymer brushes (bottom).
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with linear side chains consisting of 2−16 carbons. Then, to
also investigate the effect of branching, we studied decyl
methacrylate and two of its isomers, isodecyl methacrylate and
3,7-dimethyl-1-octyl methacrylate, the latter in both enantio-
pure and racemic forms. Additionally, we studied 2-hexyldecyl
methacrylate, an isomer of hexadecyl methacrylate with 10
carbons in its longest chain and therefore displaying two
branches of considerable length.

Eight of the monomers studied were commercially available.
The other six (heptyl-, octyl-, nonyl-, (S)-3,7-dimethyl-1-octyl-,
(rac)-3,7-dimethyl-1-octyl-, and (rac)-2-hexyldecyl methacry-
late) were synthesized on gram scale, via the acid-catalyzed
esterification of methacrylic acid, with isolated yields between
75% and 89% (see Supporting Information sections S4−S9,
respectively, for details on the synthesis and characterization).

Polymer Brush Formation. A previously reported32 SI-
ATRP protocol was performed on initiator-activated silicon
surfaces to obtain homopolymer brushes of all 14 meth-
acrylates (Supporting Information section S3). A batch of
silicon surfaces was activated by sonication and oxygen plasma
cleaning before being submerged in a solution of 3-
(trichlorosilyl)propyl-2-bromo-2-methylpropanoate in toluene
at room temperature for 16 h. Subsequently, the polymer-
ization reaction was performed by placing 10 of thus coated
silicon surfaces in a reactor in a nitrogen atmosphere glovebox
in a polymerization solution (8−48 h at 60 °C; see for further
details Table 1 and Supporting Information Figure S1). The
preparation of the polymerization solution was done in the
glovebox as well. After polymerization, the surfaces were placed
in a vacuum oven at 50 °C and 50 mbar overnight for further
drying. The surfaces were then analyzed by ellipsometry, static
water contact angle measurements, and XPS (see for details
Supporting Information section S10), with the characteristic
results given in Table 1. For three types of surfaces, the
advancing and receding contact angles were determined as
well, both in horizontal state and at a 30° tilt (Supporting
Information section S12, Table S2). Sliding angles were not
found: the water remained on the surfaces, even at 180° tilt.

Polymer brush formation was performed until coatings of at
least 60 nm thickness were obtained, as we required the brush
regime of the tethered polymer chains. We expected similar
polymerization rates for all side chain lengths; however, we
found a large variation in coating thickness after 24 h (data not
shown). We therefore optimized the reaction conditions for
each monomer to reach at least 60 nm thickness (Table 1). In
some instances, double catalyst and ligand concentrations were
used in order to speed up the reaction. The longer
methacrylates (C10 and higher) did not mix well with ethanol,
which we thus substituted with 2-butanone. Decyl-, dodecyl-,
and tetradecyl methacrylate polymerized well in this solvent.
While these varying polymerization conditions resulted in
difference polymerization rates between different monomers/
surfaces, from earlier work32 (based on AFM) we could infer
that our polymerization method (for a given monomer/
surface) does yield smooth surfaces (with a roughness in the
order of 1−3 nm).

The exception was hexadecyl methacrylate, for which the use
of either ethanol or 2-butanone as solvent did not provide
coatings of more than 40 nm, even after reacting for 96 h
(Supporting Information section S11, Table S1). An average of
23 nm was obtained in 2-butanone after 24 h. Toluene, 1-
pentanol, 1-octanol, or 1-decanol as solvent, both at 60 °C and
at 100 °C and using 4,4'-dinonyl-bipyridine as alternative
ligand, did not work well either for this monomer: no more
than 15 nm of brush could be grown. Self-healing results of the
thickest poly(hexadecyl methacrylate) brushes (Figure S18)
showed vastly different behavior from that of poly(tetradecyl
methacrylate), indicating poor surface coverage. This is most
likely caused by poor polymerization due to low solubility of
the monomer. Poly(hexadecyl methacrylate) should therefore
not be included in the series for further experiments. In
contrast, polymerization of its branched isomer 2-hexyl-1-decyl
methacrylate was possible under the regular reaction
conditions and only slightly longer reaction time. However, a
large sample-to-sample variation in thicknesses was observed,
indicating that solute−solvent mixing was not ideal for 2-hexyl-
1-decyl methacrylate either.

Table 1. Polymer Brush Formation of the Methacrylates under Study: Reaction Conditions, Average Coating Thickness, and
Static Water Contact Angle (WCA)a

monomer solvent polymerization time (h) coating thickness (nm) WCA (deg)

Hexadecyl methacrylate 2-Butanoneb 24 23 ± 11 107 ± 1
Tetradecyl methacrylate 2-Butanonec 24 113 ± 5 107 ± 1
Dodecyl methacrylate 2-Butanone 40 125 ± 8 105 ± 3
Decyl methacrylate 2-Butanone 26 114 ± 5 102 ± 3
Nonyl methacrylate 2-Butanone 48 40 ± 3 96 ± 3

Ethanolc 24 139 ± 12
Octyl methacrylate Ethanolc 20 69 ± 11 94 ± 3
Heptyl methacrylate Ethanolc 24 87 ± 28 90 ± 4
Hexyl methacrylate Ethanol 20 111 ± 38 87 ± 2
Pentyl methacrylate 2-Butanone 48 66 ± 3 86 ± 1

Ethanolc 46 64 ± 5
Ethyl methacrylate Ethanol 8 85 ± 6 76 ± 1
Isodecyl methacrylate Ethanol 8 103 ± 26 94 ± 2
(S)-3,7-Dimethyl-1-octyl methacrylate Ethanol 48 143 ± 7 96 ± 1
(rac)-3,7-Dimethyl-1-octyl methacrylate Ethanol 24 65 ± 12 95 ± 1
2-Hexyldecyl methacrylate 2-Butanone 48 61 ± 44 105 ± 3

aReactions were performed at 60 °C with 1 mol % CuBr catalyst, 2 mol % bpy ligand, 25 vol% monomer, and 75 vol% solvent. Thickness variation
within a surface was about 5 nm. Indicated thickness deviations are between different surfaces of the same batch. bWith 4,4'-dinonyl-bipyridine
(dnbpy) as ligand instead of 2,2'-bipyridine (bpy). cDouble catalyst and ligand concentration.
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A clear linear correlation was visible between side chain
length and the static water contact angle (Figure 2). The

relatively low static contact angle for the C16 brush could be
explained by its low thickness, which would make the overall
surface somewhat less hydrophobic (as compared to the
trendline). For the other brushes, every carbon added to the
length of the side chain added 2.7° to the contact angle, on
average. The common threshold for hydrophobicity, 90°, was
reached by seven carbon atoms in the alkyl side chains. The
branched alkyl moieties did not behave according to their
number of carbons but rather to their longest chain. For
example, both racemic and enantiopure poly(3,7-dimethyloctyl
methacrylate) had a static water contact angle of 95°, similar to
the value of 94° for poly(octyl methacrylate). This indicated
that the cross-section area of the polymer chains, determined
by the length of the longest linear side chain, rather than
number of carbon atoms per side chain dominated the
hydrophobicity of the polymer brushes.

Polymer Brush Self-Repair. The self-repairing ability of
the polymer brushes was tested by repeated placement in a pH
3 solution (HCl, for 24 h) and a 120 °C oven (for 2 h), as
done in previous research.32 After each step, the surfaces were
blown dry, and their static water contact angles were measured
(Figure 3). For poly(pentyl, nonyl, and dodecyl methacrylate),
the advancing and receding contact angles were measured at
each stage as well, at a 30° tilt (Supporting Information section
S12). The polymers with shorter linear side chains (C2 until
C7) displayed a clear zigzag pattern. Upon placement in acid,
the contact angles decreased. This was most likely caused by
acid-catalyzed hydrolysis of the ester bonds in the polymer,
which removed the aliphatic chain and left only carboxylic acid
on the backbone of the polymer. As the carboxylic acid is more
hydrophilic than the aliphatic chain, the water contact angle
decreased. As this affected the receding contact angle more
than the advancing, an increase in hysteresis was observed for
poly(pentyl methacrylate) in Figure S19. Upon placement in
the oven, full recovery of the original contact angles was
observed, indicating that the hydrophobic top layer was

restored. We hypothesize that upon heating above the glass
transition temperature, the polymer brush rearranges itself in
the thermodynamically most favorable way. The acidic groups
will cluster together, while the hydrophobic side chains will be
pushed outward (Scheme 1). A near-pristine top layer reforms,
displaying the same hydrophobicity as before the damage took
place. As the glass transition temperatures of poly(n-alkyl
methacrylates) are shown to be lower with each additional
carbon,45 starting with 74 °C for poly(ethyl methacrylate),46

we can assume that at 120 °C, all the studied polymer brushes
are well above their glass transition temperature.

While the polymer brushes with short side chains showed a
clear zigzag pattern, the damage of polymer brushes with
longer side chains was much less pronounced. In the
poly(octyl methacrylate) brush some damage and repair
could be observed, but poly(nonyl, decyl, dodecyl, and
tetradecyl methacrylate) brushes even looked mostly un-
affected by the acid. The hysteresis between advancing and
receding contact angle for poly(nonyl methacrylate) remained
constant as well and even reversed for a few cycles in
poly(dodecyl methacrylate) (Figures S20 and S21, respec-
tively). We hypothesize that the long linear alkyl chains stack
to form a closely packed sheet that is impenetrable by acid. As
the acid cannot reach the ester moieties, no hydrolysis takes
place, and thus no damage to the coating occurs. Already in the
1970s such close packing of alkyl chains was mentioned in
micelle formation, with a turning point around eight carbons.43

We have now observed a similar turning point for the stability
of methacrylate-based polymer brushes with alkyl side chains:
clear damage of, e.g., poly(heptyl methacrylate) brushes, slight
damage of poly(octyl methacrylate) brushes, and no significant
damage of the brushes composed of poly(nonyl methacrylate)
and longer, linear poly(alkyl methacrylates). IRRAS analysis
confirmed this sheet formation, as the signal for C−H
stretching was shifted from 2932 cm−1 in poly(pentyl
methacrylate) to 2925 and 2926 cm−1 in poly(dodecyl
methacrylate) and poly(nonyl methacrylate), respectively
(Supporting Information section S13).47 Additionally, AFM
studies (see Supporting Information, section S15) confirmed
that a polymer brush with a short side chain (C5) could be
damaged in acidic (pH 3) conditions, as evidenced from the
increased surface roughness). The damaged, roughened surface
could subsequently be healed by thermal treatment (as
evidenced by a reduction in surface roughness). In contrast,
the longer chain (C12) coating was unaffected by the acidic
conditions and did not undergo a healing step during the
thermal treatment, as was observed by the largely unchanged
surface roughness.

The low stability of the poorly grafted poly(hexadecyl
methacrylate) (Supporting Information section S11) was
another indicator that sheet formation prevented damage.
Although the side chains were of sufficient length to prevent
hydrolysis, the coating was so poorly grafted that no full sheet
of alkyl chains was formed, offering no protection against acid
hydrolysis. As a result, large changes in contact angle were
observed after each damage (around 100°) and repair (around
107°) half-cycle.

We hypothesized that branching of the side chains could
disrupt the sheet formation of the side chains, thereby allowing
hydrolysis to take place in branched polymer brushes with side
chains above eight carbons. Poly(isodecyl methacrylate)
displayed some damage and repair after cycle four, indicating
that its packing is not as tight as in poly(decyl methacrylate).

Figure 2. Correlation between the number of carbon atoms in the
side chain of the polymer brush and the static water contact angle of
this brush (from Table 1). A least-squares line is fitted through the
contact angles of the coatings with linear side chains (black points
only) and is described by a linear function.
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However, both types of poly(3,7-dimethyloctyl methacrylate)

showed no damage. Apparently, the disruption caused by the

methyl on the end of the side chain could be mitigated by the

methyl closer to the ester bond, providing additional

hydrophobic shielding to the nearby ester group. This occurred
regardless of the enantiopurity of the side chain.

Disruption of the packing by a larger side chain did not have
much of an effect either. Poly(2-hexyl-1-decyl methacrylate)
showed the same contact angle and stability as poly(decyl

Figure 3. Self-repair of the linear polymer brushes (top) and the branched polymer brushes (bottom). The static water contact angle was measured
after each damaging step (half-cycle points) and after each healing step (whole cycle points). The error margins are around 1° for all points and are
omitted for clarity.

Scheme 1. Proposed Self-Repair Mechanism32,a

aIn an acidic environment, some of the ester bonds will be broken and the side chains will be removed. Upon heating, rearrangements occur: the
acid groups will cluster together in the bulk of the polymer, and a full top layer returns. A color-coded schematic representation of the polymer is
provided on the right.
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methacrylate). No effect of the branching hexyl group was
observed. We thus note that although branches close to the
ester bond could disrupt the packing of alkyl chains, they
remain effective in protecting the ester from acidic hydrolysis,
likely by a combination of increased local hydrophobicity and
steric hindrance. In contrast, branching at the end of the side
chains reduced the robustness of the polymer brush, which we
hypothesize to be due to the reduction of the interdigitation of
alkyl chains inside the brush: branching at the end of the alkyl
chain would most affect this interdigitation.

The stability of the coatings was also tested at other pHs.
Repeated submersion of poly(decyl methacrylate) in HCl
solutions of pH 1 and 2 showed no damage (Supporting
Information section S14), indicating complete stability in acid.
Full stability in NaOH solutions of pH 11 and 13 was found as
well. Upon submersion at pH 14, the entire polymer brush was
removed from the surface, indicating breaking of the silane
bond rather than the ester of the methacrylates.

Annealing Phase. In the first four damage−repair cycles,
the static water contact angle of poly(hexyl methacrylate)
steadily increased (Figure 3). Poly(heptyl methacrylate),
poly(octyl methacrylate), and poly(isodecyl methacrylate)
also displayed this behavior. We hypothesized that either
contamination (that is released during the immersion in pH 3
solution) or poor packing of the side chains could disrupt the
behavior of the polymer brushes at the start of the experiments,
leading to a slightly reduced contact angle.

To establish whether the reduction of the contact angle was
caused by contamination, we first tried to wash out any
contamination by immersion. To this end, we placed some
poly(hexyl methacrylate) surfaces in Milli-Q for 24 h, then in
the oven for 2 h, and then again in Milli-Q and the oven. This
mimicked the first two self-repair cycles but with pH 7 instead
of pH 3, thus doing no damage. After this treatment, we
performed 10 damage−repair cycles as usual (Figure 4, blue
line). Although a slight increase in the contact angle in the first
cycle could be seen, no significant improvement was found.
Contamination that is gradually washed out is thus unlikely to
cause disruption of the contact angle.

If the disruption of the contact angle is caused by poor
packing, then no damage or solvation steps are necessary to
solve the problem, only annealing at an elevated temperature
for a specific period of time above the glass transition
temperature. To investigate this hypothesis, we placed new
surfaces in an oven at 120 °C for 48 h and measured their
contact angles (Table 2). Indeed, the starting contact angles of

most coatings were higher than without the pretreatment. This
supports the hypothesis that the initial coatings do not yet have
the most optimal packing, which is only obtained after high-
temperature annealing. It also explains why the shorter, more
flexible, chains suffer most from this phenomenon: the longer
chains have more driving force for correct packing and thus
will pack in the most stable configuration from the start.

Furthermore, poly(hexyl methacrylate) surfaces were placed
in the oven for 24 h, after which the self-repair experiments
were performed (Figure 4, dark green line). This proved to be
long enough to allow relaxation into the ideal configuration,
with no more annealing visible in the first few cycles and a
stable, high contact angle throughout the 10 cycles. Lastly, self-
repair experiments were performed with the poly(hexyl
methacrylate) surfaces that were placed in an oven for 48 h
(Figure 4, black line). Although these displayed consistent
contact angles, the values were slightly lower than after only 24
h oven treatment or no pretreatment. As a result, 24 h appears
to be the optimal pretreatment time.

■ CONCLUSIONS
Fourteen covalently linked nonfluorinated polymer brushes
were produced and shown to be self-repairing upon heating
after damage by pH 3 in 10 damage−repair cycles. Longer
linear side chains not only displayed higher hydrophobicity but
were also better able to withstand such damage. With short
side chains (≤C8), an increase in hydrophobicity was observed
over the first few cycles, indicating that the packing of chains
was improved with every cycle. Longer chains did not show
this: they were packed closely from the start.

The high hydrophobicity, durability, and self-healing
capability of nonfluorinated polymer brushes are highly
desirable, as replacements for fluorinated coatings are urgently
needed. Simultaneously, the nanoscale precision of polymer
brushes as hydrophobic coatings remains essential for heat
exchangers, inkjet printing, and related industries. In an age
where fluorinated compounds have fallen from their throne as
ideal coatings, these nonfluorinated polymer brushes are
shown to be worthy heirs.

Figure 4. Self-repair cycles of poly(hexyl methacrylate) without any
treatment (orange), after Milli-Q oven treatment (blue), after 24 h
oven treatment (dark green), and after 48 h oven treatment (black).

Table 2. Static Water Contact Angles of Polymer Brushes
before and after Curing for 48 h at 120 °C

monomer WCA (deg) before WCA (deg) after

Dodecyl methacrylate 105 ± 3 99
Decyl methacrylate 102 ± 3 99 ± 2
Nonyl methacrylate 96 ± 3 98 ± 2
Octyl methacrylate 94 ± 3 99 ± 2
Heptyl methacrylate 90 ± 4 99 ± 1
Hexyl methacrylate 87 ± 2 95 ± 2
Pentyl methacrylate 86 ± 1 89 ± 2
Ethyl methacrylate 76 ± 1 76 ± 1
Isodecyl methacrylate 94 ± 2 95 ± 3
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