Applied Surface Science 579 (2022) 152264

Contents lists available at ScienceDirect

Applied Surface Science
journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Self-healing antifouling polymer brushes: Effects of degree of fluorination
Annemieke van Dam a, Maarten M.J. Smulders a, *, Han Zuilhof a, b, c, *
a

Laboratory of Organic Chemistry, Wageningen University and Research, Stippeneng 4, 6708 WE, Wageningen, the Netherlands
School of Pharmaceutical Sciences and Technology, Tianjin University, 300072 Tianjin, China
c
Department of Chemical and Materials Engineering, Faculty of Engineering, King Abdulaziz University, 21589 Jeddah, Saudi Arabia
b

A B S T R A C T

Heavily fluorinated polymeric coatings are used by industry in the prevention of polymeric fouling. However, due to their potential toxicity and lack of durability,
there is an increasing demand for sustainable alternatives. In this research, eleven polymer brushes with varying side chain lengths and degrees of fluorination have
been developed, and their antifouling and self-healing performances have been compared. In all cases where damage was inflicted by a pH 3 solution, the coatings –
including the non-fluorinated ones – showed full restoration of their contact angle upon placement in an oven at 120 ◦ C, confirming the self-healing ability of this
range of coatings. One coating, poly(C10-MAF0), was unharmed by the acidic conditions, hence no self-healing capability could be established. Investigation with
four fluorescently labelled polymer solutions and confocal fluorescent microscopy confirmed that all coatings have antifouling properties towards organic polymers.
The more heavily fluorinated polymer brushes performed better than the rest, and not the non-fluorinated but rather the singly fluorinated brushes showed the least
antifouling capability. Determination of the critical surface tension confirmed this trend: the heavily fluorinated polymer brushes have the lowest critical surface
tension, and the singly fluorinated polymer brushes have the highest. A lack of alignment of the side chains of the polymer brushes is the proposed reason for this,
explaining the contrast with previously reported monolayer experiments. Finally, we explain why both fluorinated and non-fluorinated brushes display self-healing
characteristics.

1. Introduction
The unwanted deposition of substances on a surface, better known as
fouling, has been subject to many investigations in the last few decades.
In marine industry, [1,2] water membranes [3,4] or medical implants or
sensors, [5,6] the deposition and attachment of biological material to
the surface is undesired. Thorough research has led to a deep under
standing of the early stages of biofouling, and a large variety of anti
biofouling coatings has been designed to prevent it, ranging from
fluorinated surfaces, [7,8] polyethylene oxide polymers, [9] via zwit
terionic brushes, [10] to N-(2-hydroxypropyl) methacrylamide-based
coatings [11].
Less known, but not less important, is the prevention of polymeric
fouling in non-aqueous media. For example, in high-quality printing,
paper manufacturing and food processing, this polymer deposition can
severely hamper industrial processes and is therefore costly [12–14].
Traditionally, polytetrafluoroethylene (PTFE, or Teflon) and other
heavily fluorinated coatings are used to minimize this type of fouling,
but their applicability is often seriously hampered by the stability of
their antifouling performance. Especially because the antifouling char
acteristics are based on having a low surface energy, exposure to an
outdoor environment rapidly decreases the antifouling abilities of these

coatings. Moreover, while the anti-polymer fouling industry relies
heavily on per- or poly-fluorinated compounds such as 1H,1H,2H,2Hperfluorooctyltrichlorosilane (FOTs), [15] more and more of such
poly-fluorine-containing chemicals are banned for being potentially
toxic and/or environmentally long-term persistent and hazardous [16].
Non-fluorinated patterned or roughened surfaces can also be used to
minimize fouling, relying on their structure to lower the surface energy.
This effect is observed in lotus leaves, which are superhydrophobic
(water contact angle above 150◦ ) due to their micro- and nanostructure
[17]. Many structural designs [18,19] and polymeric nanocomposites
[20] have been developed to mimic this lotus effect, yet the lack of selfhealing ability hampers application in harsh environments. Durable
coatings, without the use of poly-fluorinated moieties, that are both antipolymer fouling and self-healing are therefore desired, and recently, this
topic has gained more attention [21].
Li et al. [22] have developed a porous polyelectrolyte material
saturated with fluoroalkyl silanes, that is antifouling and can selfreplenish its surface when damage has taken place. Through pores in
the material, lower lying silanes are transported to the surface when the
top layer has been removed or damaged. In their slippery liquid-infused
porous surfaces (SLIPS), Aizenberg and co-workers[23] have employed
the same principle, but using a structured porous frame and a liquid
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lubricant that has saturated the material. Both components are anti
fouling, but together they are also instantly self-healing as any removed
lubricant can be replaced immediately. Although this reduces the
healing time to fractions of seconds, leaching of the perfluorinated
lubricant remains a potential environmental hazard. By using a cova
lently bound polymer brush PMAF17 (poly-(perfluorooctyl ethyl meth
acrylate)), our group [24] has eliminated the liquid elements of the
coatings, greatly reducing the environmental impact. The fluorinated
polymer brushes can still replenish after repair, as the damaged chains
will simply be buried within the polymer chains.
Whereas aqueous fouling can be prevented by high-surface energy
materials, [11,25,26] a low-surface energy material is typically required
for the prevention of polymer fouling. This can be explained by classical
thermodynamics: a process will only take place when there is energy
gained, so when the total Gibbs Free energy (ΔG = ΔH – TΔS) is lower
than zero. The enthalpic component (ΔH) describes the interactions
between the solvent, the foulant and the coating, while the entropic
component (ΔS) describes conformational changes that are often tem
perature dependent. Coatings with a low surface energy gain little
enthalpy from interactions with both solvents and fouling agents. In a
fully submerged situation, the exchange of solvent by fouling agents will
therefore not affect the surface. However, the entropic loss for the
fouling agent upon deposition is significant, as it loses the translational
freedom that it had in solution. This entropy loss, or more specifically
the entropy that can be gained by leaving the surface, will thus effect
that any fouling agent will not stay on the coating for long.
Due to what has been labelled ‘the fluorophobic effect’, [27] fluo
rinated compounds have an extremely low intrinsic surface energy,
explaining their popularity in antifouling coatings. Even in novel, selfhealing antifouling materials such as fluorosilane-infused porous poly
electrolyte materials (SLIPS), [23] or PMAF17, [24] the antifouling
property is established by the incorporation of fluorine, in most cases
relying on a high fluorine content. Recently, monolayer investigations
have shown that antifouling properties can actually improve with
decreasing amount of fluoride [28]. The increased dipole moment of a
terminal CH2F group, as compared to the CF3 or the C8F17 group, might
lead to strengthened binding to solvents, thereby further decreasing any
enthalpic gain that can offset the lost entropy in case of attachment of
the polymer onto the surface [29].
In this paper, we report the preparation and analysis of a range of
polymer brushes with varying degrees of fluorination in view of their
antifouling characteristics, the environmental demand to reduce the
fluorine content in consumer materials, and the encouraging results
obtained with low-fluorine materials. To this aim, we report a systematic
investigation of the effect of chain length and degree of fluorination on
the antifouling and self-healing abilities of methacrylate polymer
brushes (Fig. 1). Taking the C8F17 group in PMAF17 (see Scheme 1) as
the basis, both the number of fluorine atoms on the methacrylate arms,
as well as the length of those arms were varied. In this, we did not limit
ourselves to commercially available methacrylates, but instead designed

and synthesized a more complete library of monomers. For all polymer
brushes, next to standard surface characterization by XPS, ellipsometry
and static water contact angle analysis, and polymer fouling studies in
four polymer solutions (fluorescently labelled PLGA, PS, PEG and PNI
PAM in DCM), the healing ability was studied in ten damage-repair
cycles. Finally, the antifouling and self-repair results are discussed in
light of each surface’s (experimentally determined) critical surface
tension and the molecular structure of the brushes.
2. Results and discussion
In this investigation on the effect of side chain length and degree of
fluorination of methacrylic polymer brushes, we decided to study
methacrylates with side chains of two, five and ten carbons. For each of
these chain lengths, zero, one or three fluorine atoms were attached to
the final carbon of the chain. To investigate the effect of larger degrees of
fluorination, the C5 and C10 side chains were also studied with nine and
seventeen F atoms (–CH2–C4F9 and –C2H4–C8F17, respectively). Our li
brary thus consists of eleven methacrylates (Fig. 2).
Each monomer was labelled according to a naming system that
shows the length of the side chain and the degree of fluorination for each
of the methacrylates. For example, C2-MAF3 is the methacrylate (MA)
with a side chain of two carbons (C2) and three fluorines (F3). This
commercially available compound is also known as TFEMA, or tri
fluoroethyl methacrylate. In order to keep our nomenclature here
consistent and clear, we decided not to use the commercial abbrevia
tions for the polymers.
2.1. Synthesis

Br

p

Five of the desired methacrylates are commercially available, leav
ing six monomers to be synthesized. For the synthesis of these mono
mers, three different synthetic routes were used, all on gram scale. C10MAF0, C5-MAF3 and C5-MAF9 could be made via the acidic esterifi
cation of methacrylic acid and the corresponding alcohols: 1-decanol,
1,1,1-trifluoropentan-5-ol and 1H,1H-perfluoropentan-1-ol, respec
tively (Scheme 1A). For C10-MAF0 and C5-MAF3, this simple Fisher
esterification was performed by stirring at room temperature for four
and nine days respectively, until NMR analysis showed no more increase
in conversion. After work-up (that included extractions and column
chromatography) the C10-MAF0 and C5-MAF3 monomers could be
obtained in a yield of 75% and 84%, respectively. The isolated mono
mers were subsequently characterized by various NMR methods, mass
spectrometry and IR spectroscopy (Supporting Information, sections S4
and S5), to assess their purity. The Fisher esterification of C5-MAF9 was
performed with the same reagents as used for C10-MAF0 but at 110 ◦ C,
as the reaction was too slow at room temperature. At this temperature,
this esterification was completed in five hours. Also, since purification
by column chromatography could not be performed for this monomer
due to on-column polymerization of the product (Supporting
O
O
O
9

O

CnH2n+1-xFx
with n = 2, 5 or 10
and x = 0, 1, 3, 9 or 17

Si
O O O
Si
Fig. 1. Schematic depiction of the self-healing antifouling polymer brushes with fluorinated side chains (left) and general structure of (partially) fluorinated brushes
studied herein (right).
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Scheme 1. Synthetic pathways to the six non-commercially available methacrylates under study. (A) Fisher esterification for the formation of C10-MAF0, C5-MAF3
and C5-MAF9 (at 100 ◦ C) (B) Esterification for the formation of C10-MAF3 and C5-MAF1. (C) Synthesis of C10-MAF1 in a two-step reaction. For full procedures and
characterization: see Supporting Information, sections S4-S10.
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Fig. 2. Monomers under study as used for the investigated polymer brushes.

Information, section S6), the monomer contained approximately 10% of
1H,1H-perfluoropentan-1-ol. XPS analysis of the eventually resulting
polymer brush (see below for details) indicated that this was not
incorporated in the coating. The crude yield of C5-MAF9 was 64%.
C10-MAF3 and C5-MAF1 were made via the esterification of
methacrylic acid and the corresponding bromides: 1-bromo-10,10,10trifluorodecane and 1-bromo-5-fluoropentane, respectively (Scheme
1B). This SN2 reaction was catalyzed by potassium carbonate, and per
formed overnight under argon at 50 ◦ C in DMF. Following several

extraction steps, the desired methacrylates could be isolated, and the
products were characterized by mass spectrometry, IR spectroscopy and
various NMR techniques. In the C5-MAF1 product, traces of 1-bromo-5fluoropentane were found, but these proved not to interfere with poly
mer brush formation (vide infra). C10-MAF3 was produced with 67%
yield, and C5-MAF1 with 82% yield (Supporting Information, sections
S7 and S8).
For the synthesis of C10-MAF1, neither 1-bromo-10-fluorodecane
nor 10-fluorodecan-1-ol were commercially available. Therefore, a
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two-step synthesis was designed (Scheme 1C), starting from 10-bromo
decan-1-ol. 18-Crown-6 catalyzed the halogen exchange between po
tassium fluoride and 10-bromodecan-1-ol, which had 7-decen-1-ol and
8-decen-1-ol as byproducts. The C = C bonds were brominated to in
crease the boiling points of these byproducts, after which the desired 10fluorodecan-1-ol could be separated via Kügelrohr distillation. This was
followed by a Fisher esterification via the same procedure as used for
C10-MAF0, to produce 10-fluorodecyl methacrylate. Mass spectrom
etry, IR spectroscopy and various NMR techniques confirmed the for
mation and purity of the desired C10-MAF1 monomer, with an overall
yield of 32% (Supporting Information, sections S9 and S10).

Table 1
Polymer brush formation of methacrylates under study: reaction conditions,
average coating thicknesses and static water contact angles (WCA). Reactions
were performed at 60 ◦ C with 1 mol% CuBr catalyst, 2 mol% ligand, 50 vol%
monomer and 50 vol% solvent.

2.2. Polymerization

Br
Br

OH
Si

Br
O

O

Si
Cl Cl Cl

Si
O O O

toluene, 16h

Si

O
O
ATRP

R

Solvent

Polymerization
time (h)

Coating
thickness
(nm)

WCA
(◦ )

C10MAF17
C10MAF3
C10MAF1
C10MAF0
C5-MAF9

dnbpy

TFT

48a

68

dnbpy
bpy
dnbpy

Ethanol
Ethanol
Ethanol

16
16
16

38
59
113

dnbpy
dnbpy
bpy

Ethanol
Toluene
Ethanol

17
120a
15

189
108
209

C5-MAF3

dnbpy

Ethanol

8

62

C5-MAF1

dnbpy

Ethanol

24

69

C5-MAF0

C2-MAF1

dnbpy
bpy
dnbpy
dnbpy
bpy

Ethanol
Ethanol
Neat
Ethanol
Ethanol

8
16
71a
1.5
24b

30
135
47
82
26

C2-MAF0

dnbpy

Ethanol

6

93

120
±2
89 ±
1
83 ±
7
104
±4
116
±1
92 ±
1
76 ±
1
87 ±
1
95 ±
1
69 ±
2
77 ±
1

Notes: a: 110 ◦ C. b: using 10 mol% catalyst and 12 mol% ligand.

Unexpectedly, C2-MAF1 remained inactive. Only when increasing both
the catalyst and bpy concentration tenfold, did this methacrylate start
polymerizing, at 1.1 nm/h. Deactivation took place within a day, and no
coatings above 30 nm could be grown for C2-MAF1.
The polymer brushes were characterized by static water contact
angle (WCA) (Table 1). The fully fluorinated coatings have a high con
tact angle: 116◦ for poly(C5-MAF9) and 120◦ for poly(C10-MAF17).
When keeping the carbon side chain constant but decreasing the number
of fluorine atoms per chain (e.g., from poly(C10-MAF17) via poly(C10MAF3) to poly(C10-MAF1)), an expected decrease in contact angle was
observed, with the singly fluorinated side chains being least hydro
phobic. The non-fluorinated side chains showed a slight increase in
contact angle with respect to the singly fluorinated ones, which we
attribute to more tightly packed side chains of the polymer brush (see
also the discussion of critical surface tension below). When keeping the
number of fluorine atoms per side chain constant, but decreasing the
side chain length (going from poly(C10-MAF1) via poly(C5-MAF1) to
poly(C2-MAF1), for example), a decrease in WCA was observed as well.
For industrial purposes where anti-wetting is the main goal, hydro
phobic coatings are most relevant. This would imply that from our study,
the more fluorinated and/or longer side chains, namely poly(C10MAF17), poly(C10-MAF0), poly(C5-MAF9), poly(C5-MAF3) and poly
(C2-MAF3), are most interesting for industrial applications.
The elemental composition of the coatings was subsequently verified
with XPS. In Fig. 3, the wide XPS spectrum and the C1s narrow scans are
shown of the four polymer brushes in the C5 family. The full XPS
analysis (wide scan, and C1s, O1s and F1s narrow scans) of all polymer
brushes, and of the initiator-activated silicon surface, can be found in the
Supporting Information (section S14).
The XPS data obtained for poly(C5-MAF9) serve as an example. The
wide XPS spectrum (Fig. 3, top row) showed a ratio of 9 : 49 : 42 for O : C
: F, which is largely in line with the theoretical ratio of 10 : 45 : 45 for a
polymer brush consisting solely of C5-MAF9 monomers; the slightly
elevated carbon signal indicates some atmospheric contamination
[31,32]. No Si 2p signal was visible, suggesting a polymer layer of at
least 20 nm thick that completely covers the silicon surface, which is in
line with the ellipsometry results that revealed a thickness of 100 nm.

O
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O
9

O

9

O
9
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p

Using the 11 acquired methacrylates, homopolymers were grafted
from an initiator-activated silicon surface (Scheme 2) by adaptation of a
previously reported procedure for a surface-initiated atom transfer
radical polymerization (SI-ATRP; see also Supporting Information, sec
tion S3) [30]. To this aim, the silicon surface was thoroughly cleaned by
sonication in hexane, ethanol and dichloromethane and subsequent
oxygen plasma cleaning, after which it was submerged in a solution of 3(trichlorosilyl)propyl 2-bromo-2-methylpropanoate in toluene at room
temperature overnight. After rinsing and drying, the surface was
transported to a nitrogen atmosphere glovebox, and the polymer brush
growth was started. As all polymer brushes were grown from surfaces
produced with this same procedure, a similar grafting density was
assumed for all eleven coatings. For poly(C2-MAF0), an upper estimate
of the grafting density was determined at 1.11 chains per nm[2] (Sup
porting Information, section S18). Below we will discuss the required
reaction conditions, and polymer brush characterization methods, spe
cifically static water contact angle and XPS.
The polymerization of C10-MAF17 was previously reported in tri
fluorotoluene (TFT) at 110 ◦ C, with copper bromide (CuBr) as catalyst
and 4,4-dinonyl-bipyridine (dnbpy) as ligand [24]. Using these condi
tions (Supporting Information, section S3), a polymerization rate of 1.7
nm/h was reached for C10-MAF17 (Table 1), as could be deduced from
ellipsometry measurements. The polymerization of C10-MAF0 was
performed in a similar fashion, but since the monomer is not fluorinated,
toluene was used as solvent instead of TFT. A comparable polymeriza
tion rate of 0.8 nm/h was reached (Supporting Information, section
S13). When performing the SI-ATRP of C10-MAF0 in ethanol, the rate
increased to 11 nm/h, most likely due to increased solubility of CuBr.
Hence, all other polymerizations were performed in ethanol, resulting in
polymerization rates ranging from 2.9 nm/h to 25 nm/h (Table 1). C10MAF17 did not dissolve in ethanol, and no brush growth was observed
in this solvent.
In the reaction mixtures of C10-MAF3, C5-MAF9, C5-MAF0 and C2MAF1, bipyridine (bpy) was used as a ligand, as dnbpy did not dissolve
well. For C10-MAF3 and C5-MAF0 this increased the polymerization
rates, from 2.3 nm/h to 2.8 nm/h for C10-MAF3 and from 2.8 nm/h to
5.6 nm/h for C5-MAF0. For C5-MAF9, polymerization was taking place
at 11 nm/h, as opposed to no polymerization when dnbpy was used.

Monomer

Si
O O O
Si

Scheme 2. Schematic representation of the activation of a silicon oxide sur
face, and subsequent grafting of a polymer brush by SI-ATRP.
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Fig. 3. XPS wide scan (left) and C1s narrow scans (right) for poly(C5-MAF9) (in black), poly(C5-MAF3) (in blue), poly(C5-MAF1) (in green) and poly(C5-MAF0) (in
red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The C 1 s narrow scan showed five peaks, indicating five different carbon
species. These can be classified as –CF3, –CF2–, –C = O, O–CH2–CF2 and
aliphatic C, going from high to low binding energy. Their theoretical
ratio is 11 : 33 : 11 : 11 : 33. We observed an overrepresentation of the
aliphatic carbons (46% instead of 33%), which is in line with the
observation of atmospheric carbon contamination in the wide XPS
spectrum. The other signals had the correct ratios. The O 1 s XPS narrow
scan (Supporting Information, section S14) showed two species occur
ring in equal amounts, corresponding to the two different oxygen atoms
in the ester moiety of each methacrylate. The F 1 s XPS narrow scan
(Supporting Information, section S14) showed a single signal, corre
sponding to carbon-bound fluorine. Together, these spectra indicate a
thick, fully surface-covering polymer brush build up from C5-MAF9
monomers.
When comparing the wide XPS spectra of poly(C5-MAF9), poly(C5MAF3), poly(C5-MAF1) and poly(C5-MAF0), the expected gradual
decrease in fluorine content was observed: from 42% in poly(C5-MAF9)
(theoretical 45%), to 23% in poly(C5-MAF3) (theoretical 21%), 7% in
poly(C5-MAF1) (theoretical 8%) and the expected 0% in poly(C5MAF0). Since the number of oxygens and carbons per monomer remains
unchanged, we observed a concomitant increase in their contributions.
The C 1 s XPS narrow scans showed a similar trend. Where poly(C5MAF9) had a large contribution of CF2 carbons, these were absent in the
less fluorinated polymer brushes. The signal for the CF3 group shifted
from 293.0 eV to 291.8 eV in poly(C5-MAF3), due to the absence of
neighboring fluorinated carbons. The signal for the CH2 group adjacent
to the ester moiety shifted from 287 eV in poly(C5-MAF9) via 286 eV in
poly(C5-MAF3) and poly(C5-MAF1), to 285 eV in poly(C5-MAF0), in

line with the reduced influence of electronegative fluorine atoms. The
position of the ester carbon remained in all cases more or less unchanged
(287.9 ± 0.4 eV).
2.3. Self-healing performance
Having synthesized and characterized the polymer brushes, their
self-healing capability was analyzed by static water contact angle (WCA)
measurements (Fig. 4), based on a literature procedure[24] (see also
Supporting Information, section S3). Each measurement was repeated
on at least five independently prepared surfaces, with at least two drops
per surface. By using a damaging solution of pH 3, nearly all polymer
brushes were damaged, as evidenced by a decrease in the WCA of 2◦ to
8◦ (Fig. 4; first half cycle). Upon heating in a 120 ◦ C oven, all polymer
brushes showed full recovery of the WCA to their original value, indi
cating restoration of the outer layer of the coating (Fig. 4; second half
cycle).
The most striking observation from the self-healing results (Fig. 4) is
the zigzag pattern that nearly all coatings showed. The decrease in WCA
upon damage indicates a disruption of the surface tension, and can be
explained by partial hydrolysis of the acid-sensitive ester bonds in the
methacrylates that make up the polymer brush. In this process, the hy
drophobic side chains of the polymer brush are released, leaving a hy
drophilic acid group behind, which leads to a decrease in WCA. When
heating the polymer brush above its glass transition temperature, Tg,
rearrangements can occur. The high surface tension is restored, resulting
in a restoration of the WCA. As most of these polymers are new, their
glass transition temperature is not yet reported in literature. For poly
5
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Fig. 4. Self-healing performance of the polymer brushes under study. 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 < 1◦ for all points, and are omitted for clarity.

(C5-MAF0), poly(C2-MAF3) and poly(C2-MAF0), values of 3 ◦ C, 75 ◦ C
and 65 ◦ C have been reported, respectively [33,34]. To ensure that for
all brushes the healing experiments were performed above the Tg, and
also to be consistent with previously reported healing studies, [24] we
performed all healing experiments at 120 ◦ C. Nevertheless, healing was
also possible at lower temperature: for example, for poly(C5-MAF0)
(with a Tg of 3 ◦ C) healing at room temperature was feasible (Supporting
Information, section S15). Although, due to the lower temperature, the
time for healing increased to around one and a half day.
We also observed a gradual increase of the WCA over the first few
cycles in some of the polymer brushes. This “annealing phase” is most
likely caused by rearrangement of the polymer brush during the healing
steps. Annealing also occurs when the surface is heated to 120 ◦ C
without damage first (Supporting Information, section S16), but at a
slower rate: around one day of heating is needed to rearrange a poly
(C10-MAF1) brush to its critical surface tension, while it takes only four
damage-repair cycles (i.e., in total 8 h of heating) to obtain the same
result. We attribute this initially counterintuitive observation to the
reduction of the density of the top layer of the brush, and a resulting
increase in brush flexibility. Initially, the improved repair possibility at
the annealing phase more than compensates for the slight damage done
during the acid dips.
Until now, it was thought that the low surface energy that resulted
from the F atoms, as described by Dalvi and coworkers and named the
fluorophobic effect, [27] was the main reason for the this restoration of
surface tension [24,35,36]. This would cause the fluorinated side chains
to repel each other and the surface, pushing the intact side chains out
ward to create a low surface tension, thereby burying the damaged side
chains deep in the polymer brush. However, if this was the only driving
force for the restoration of the surface tension, non-fluorinated polymer
brushes such as C10-MAF0, C5-MAF0 and C2-MAF0 would not restore
at all, which they actually also did fully – to our initial surprise.
Apparently, also pure aliphatic chains are pushed outwards, burying the
acidic groups. One could think that the nature of the substrate has a part
in this: as the silicon oxide surface is polar, it attracts the damaged acidic
groups, pulling them deep down in the brush. The non-damaged side
chains would then remain on the outside of the coating, restoring the
low surface tension. In thin coatings this could indeed have an effect, but
one would expect this effect to decrease with increasing coating thick
ness: the further removed the polar surface is from the damaged top
layer, the less it can attract the acidic groups. However, both at 70 nm

and at 100 nm thickness, C5-MAF0 and C2-MAF0 showed full contact
angle restoration after a full damage and anneal cycle (Supporting In
formation, section S17). We therefore hypothesize that not the polar
surface, but rather the acid groups themselves attract each other,
forming hydrophilic, perhaps even hydrogen-bonded clusters. Such
clustering deep inside the brush would keep them from the interface
with air and pushes the hydrophobic aliphatic chains up, effectively
restoring the top layer in the process.
Next to this, we observe in Fig. 4 that when the amount of fluorine is
decreased in the C10 series (going from C10-MAF17 to C10-MAF3 to
C10-MAF1 to C10-MAF0), the damaging impact of the pH 3 solution is
also decreased. Brady has shown that aliphatic side chains of at least
eight carbons long have a tendency to aggregate into a tightly packed
crystalline layer [37–39]. Such tight packing could hamper acid in
reaching the ester moieties near the polymer brush backbone, thereby
preventing damage to the coating. Because fluorine is both larger than
and electronically different from hydrogen, chains containing both types
of atoms are more likely irregular, hampering alignment and tight
packing. As a result, whereas the non-fluorinated polymer brush was
apparently largely undamaged by repeated submersion in a pH 3 solu
tion, the singly and triply fluorinated polymer brushes did show small
but significant signs of damage. As this alignment is only feasible for
chains of at least eight carbon atoms, [39] C5-MAF0 and C2-MAF0 are
not protected in this way, and damage is visible.
2.4. Antifouling properties
The antifouling capabilities of the polymer brushes were tested with
fluorescently labelled fouling polymers, following a protocol adapted
from literature [24,40]. In a petridish, a plasma-treated surface and 11
coated surfaces were placed, face up, and submerged in a fouling solu
tion containing a fluorescently labelled polymer. After 15 min (60 min in
case of polystyrene), the surfaces were cleaned by rinsing with fresh
solvent, and blown dry. Using confocal fluorescent microscopy, the
surface coverage by the fouling polymer was determined (see also
Supporting Information, section S3).
Four fluorescently labelled polymers of varying hydrophobicity were
used as fouling agents, with PLGA (poly(lactic-co-glycolic acid)) and PS
(polystyrene) as hydrophobic polymers and PEG (polyethylene glycol)
and PNIPAM (poly(N-isopropylacrylamide)) being more hydrophilic (at
room temperature). Procedures for the synthesis of fluorescently
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labelled PS and PNIPAM are based on literature, [41] and can be found
in the Supporting Information (sections S11 and S12, respectively). To
prevent solvent effects, all polymers were dissolved in the same solvent,
dichloromethane. Using a confocal microscope, the amount of surface
covered by the fouling polymers was analyzed for each of the coated
surfaces, and the results were normalized against the surface coverage
for non-coated, plasma-treated silicon surface (Fig. 5).
For all coatings and all fouling agents, the degree of fouling was
significantly lower than for the non-coated silicon surfaces. Although we
observe differences between the four fouling polymers, no clear corre
lations between antifouling capability of the coatings and the degree of
fluorination, the side chain length or the hydrophobicity of the fouling
agent are observed.
The antifouling performance was most pronounced in the highly
fluorinated polymer brushes poly(C10-MAF17), poly(C5-MAF9) and
poly(C2-MAF3), where fouling of all polymers was reduced by at least
80%. Going to less fluorinated polymer brushes, a slight increase in the
degree of fouling was observed. The non-fluorinated coatings showed a
small reduction in fouling with respect to the single fluorinated ones.
This trend is most pronounced in the C10 and the C2 series, and less
clear in the C5 series. The observation is in line with the trends observed
in the WCA of the coatings, but in contrast to the antifouling monolayers
reported by Wang et al., [28] who found that a single fluorine in a
hexadecyl monolayer made the coating better antifouling than a non– or
fully fluorinated hexadecyl-based monolayer. Wang et al. reasoned that
a strong dipole interaction between surface and solvent prevents fouling
agents from adhering to the surface, as there is only very limited
enthalpy to gain by substituting solvent molecules with fouling particles.
The DMF contact angle of their F1 coating was lower than those of F0
and F17, explaining why the F1 was best in antifouling.
As we are working in DCM instead of DMF, the interactions of our
coatings with the solvent are not directly comparable to those observed
by Wang et al. To quantify the amount of surface-solvent interaction for
our polymer brushes, we determined the critical surface tension of our
11 polymer brushes (Table 2, and section S3 in Supporting Information)
as described in literature [42]. Using a range of solvents with varying
surface tensions, the advancing contact angle θ was determined for each
solvent on each coating. Cos θ was plotted against the surface tension,
and the critical surface tension was determined by extrapolation to cos θ
= 1. As the error margins of the contact angles were about 2–3◦ , we
considered all critical surface tensions within 5 mN/m to be of similar

Table 2
Critical surface tensions of polymer brushes. See section S3 in the supporting
information for full description of the determination of the critical surface
tension.
Polymer brush

Critical surface tension (mN/m)

Group

Poly(C10-MAF17)
Poly(C10-MAF3)
Poly(C10-MAF1)
Poly(C10-MAF0)
Poly(C5-MAF9)
Poly(C5-MAF3)
Poly(C5-MAF1)
Poly(C5-MAF0)
Poly(C2-MAF3)
Poly(C2-MAF1)
Poly(C2-MAF0)

5
28
32
25
12
22
32
30
19
42
32

Ultra-low
Medium
Medium
Low
Very low
Low
Medium
Medium
Low
High
Medium

value. This leads to five categories: ultra-low (<10 mN/m), very low
(around 10 mN/m), low (around 20 mN/m), medium (around 30 mN/
m) and high (>40 mN/m). When rearranging the antifouling results
from Fig. 5 in these groups and placing the coatings in ascending order
of critical surface tension (Fig. 6), the correlation between critical sur
face tension and antifouling capability is quite pronounced. The classi
fication in different categories clearly reflects our previous observations:
the fully fluorinated coatings show the best antifouling and have the
lowest critical surface tension, while the singly fluorinated coatings,
showing the least antifouling capability, have the highest critical surface
tension. These critical surface tensions also indicate when a coating is
hydrophobic: we observed after polymerization that there were five
hydrophobic coatings. These all have a critical surface tension of 25 mN/
m or lower. All other coatings have a higher critical surface tension, and
are not considered hydrophobic.
It is remarkable, and consistent with lower water contact angles
(Table 1), that the singly fluorinated polymer brushes show the highest
critical surface tension. This indicates the strongest surface-solvent in
teractions, which we attribute to the dipole moment of – at least
somewhat – ordered CH2F moieties. As the dipole moment of a CF3
group is stronger than that of a CH2F moiety, this same reasoning could
hold for the CF3-functionalized chains. However, both monolayers and
polymer brushes show a weaker effect for the CF3 than for the CH2F
chains, indicating that another factor needs to be considered as well: the

Fig. 6. Relative surface coverage of fluorescently labelled polymers on 12 types
of surfaces, after those surfaces were submerged in a fouling solution. The
surfaces are placed in order of increasing critical surface tension, as described
in Table 2.

Fig. 5. Relative surface coverage of fluorescently labelled polymers on 12 types
of surfaces, after those surfaces were submerged for 15 min (or 60 min for PS)
in a 1 mM polymer solution.
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radius of the polar group. Since fluorine is larger than hydrogen, a CF3
group is sterically more demanding than a CH2F or a CH3 group. As a
result, the packing of parallelly oriented triply fluorinated chains cannot
be as tight as the packing of singly or non-fluorinated chains, which
likely disrupts the overall organization of the terminal moieties. This
counteracts the effect of the dipole moment.
The fouling observed on singly fluorinated polymer brushes is
consistently higher than on the corresponding triply fluorinated polymer
brushes. Apparently, the higher critical surface tension is dominant
here, even though there are some relatively small differences between
the various brushes, which might reflect differences in organization, in
water content, and packing density. This observation contrasts findings
for monolayers, [28] in which singly fluorinated coatings were consis
tently best in antifouling but did not show an unusual critical surface
tension [42]. We attribute this to the difference in solvents: the anti
fouling measurements on the polymer brushes were performed in DCM,
while the monolayer experiments took place in DMF. As DMF is intrin
sically hygroscopic, it will likely have contracted water in the open-toair experiments, which can lead to C–F⋅⋅⋅H–O–H⋅⋅⋅O = C hydrogenbonded complexes at the interface. In the DCM experiments, these
hydrogen-bonded complexes are less likely to be prominent.
The interplay of polarity and steric irregularity thus appears to be
crucial to both the stability and antifouling abilities of a polymer brush.
Where a coating with long, regularly packed side chains such as C10MAF0 is exceptionally stable in acidic conditions, its lack of fluorine
atoms makes for an antifouling coating of intermediate performance.
Substitution with one fluorine atom at the end of each side chain (C10MAF1) actually decreases its performance, both in stability and in
antifouling capability. In contrast, replacement of 17 hydrogen atoms
with 17 fluorine atoms (C10-MAF17) makes for an excellent antifouling
coating, having the lowest critical surface tension of all 11 investigated
coatings. On the other hand, C10-MAF17 is the most heavily fluorinated
of the C10 series, and from environmental perspective there is a clear
preference for C10-MAF0. Where in monolayer studies, conducted in
DMF, a low amount of fluorine was most effective, in polymer brushes
the motto seems to be ‘all or nothing’. Shortening the side chains to five
or two carbons does not influence this trend, yet as a result of the shorter
chains, alignment of the chains is less feasible, resulting in lower contact
angles and higher critical surface tensions. Depending on the applica
tion, one may hence consider C10-MAF0 (for stability and environ
mental impact) or C10-MAF17 (for highest contact angle and best
antifouling performance) as the most suitable polymer brush.
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