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containing amphiphilic side chains
of well-defined fluoroalkyl-segment length with
biofouling-release potential†
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Maureen E. Callowc and James A. Callowc

Novel methacrylate copolymers containing polysiloxane (SiMA) and mixed poly(ethyleneglycol)-

perfluorohexyl side chains (MEF) were synthesised and dispersed as surface-active additives in

crosslinked PDMS films. The amphiphilic behaviour of the copolymers caused surface reconstruction in

water which was characterised by dynamic and static contact angle measurements and angle-resolved

X-ray photoelectron spectroscopy (XPS) analysis. The XPS CF2/OCH2 ratio between the hydrophobic

fluoroalkyl segments and the hydrophilic oxyethylenic segments was high (15/64) for the copolymer

richest in MEF (93 mol%), which also had a high percentage of surface fluorine (�30%). By contrast, an

especially low CF2/OCH2 ratio (0/16) and a low percentage of surface fluorine (�2%) were identified for

the copolymer poorest in MEF (14 mol%). Such large differences in surface chemical composition

reflected different antifouling and fouling-release properties against the green macroalga Ulva linza.

Generally, the films containing the copolymer with the smallest MEF content were able to resist the

settlement of zoospores better than those with a high MEF content and had a superior release of

sporelings (young plants).
1 Introduction

Biofouling consists of the unwanted accumulation of biological
species on surfaces, making it an important issue for a large
diversity of elds in applied materials science. For example in
medicine, where biolms that form both on living surfaces and
implants such as catheters, contact lenses and ventricular assist
devices can be very difficult to remove, and so cause severe
reoccurring infections.1–3 Another major area is marine
biofouling, which causes severe economic and environmental
issues. Estimated costs from marine biofouling to the US Navy
eet, which only represents 0.5% of all vessels worldwide, are
$75–100 M per year.4 Internationally registered ships consume
hundreds of millions of tons of fuel annually, and increased
drag penalties which decrease efficiency signicantly contribute
to pollution and production of greenhouse gases while also
consuming signicant additional fuel.5 Combating biofouling
by the use of biocidal antifouling (AF) paints that prevent the
settlement (attachment) of the colonising organisms imposes
environmental burdens,6 and therefore the development of new
riale and UdR Pisa INSTM, Università di
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technologies is necessary. One strategy is to replace traditional
AF coatings with new-generation fouling-release (FR) coatings
that reduce the adhesion strength of organisms so that they are
removed by hydrodynamic forces such as those generated as
a ship moves through the water.7,8

Among the range of non-toxic FR alternatives that have been
explored so far, coatings with amphiphilic surfaces have shown
potential, e.g. ref. 9–11. Advances in the engineering of such
polymers include amphiphilic polysaccharides,11 polymers with
amphiphilic polypeptoid12 and polypeptide13 functions, (photo)
polymerisation of mixtures containing polyethylene glycol
(PEG) and uorinated macromonomers,14,15 multilayers of
uorinated/PEGylated polyions,16 self-assembling uorinated/
PEGylated copolymers blended with an elastomeric matrix17–20

and PEG-crosslinked hyperbranched uoropolymers.21 The
surfaces generated are characterised by an ‘ambiguous’ nature
derived from the simultaneous presence of hydrophilic and
hydrophobic functionalities and feature (nano)scale heteroge-
neities at the surface that can inhibit the settlement of organ-
isms and also minimize the interaction forces between
biomolecules and substratum.9,22–24

One of the coatings with excellent AF/FR release properties
in both laboratory and eld trial tests has been a polydimethyl
siloxane (PDMS) network containing a surface-active copol-
ymer carrying a PEGylated-uoroalkyl amphiphilic side chain,
named ZA–SiMA.25 The hydrodynamic behaviour of this
coating was also shown to be superior compared to
RSC Adv., 2016, 6, 67127–67135 | 67127
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a hydraulically smooth reference surface, thus making these
coatings good candidates for practical exploitation.26 The
success of this material was attributed to a combination of
peculiar surface properties, imparted by the amphiphilic
copolymer, and low elastic modulus bulk properties, impar-
ted by the PDMS matrix. However, the PEGylated-uoroalkyl
side chains of the copolymers ZA–SiMA derived from
a commercial product, Zonyl FSO-100 (F(CF2CF2)m(CH2CH2-
O)nCH2CH2OH, m ¼ 0–15, n ¼ 0–6) with a polydisperse
chemical composition, being m � 5 and n � 4 on average.
Moreover, the presence of peruoroalkyl segments with
a number of CF2 groups $7 raised concerns associated with
(bio)accumulation in the environment of possible biodegra-
dation products such as peruorooctanoic acid and higher
homologues.27

In the current work we developed a new amphiphilic
methacrylic monomer (MEF) with a well-dened segment of 6
CF2 groups in the PEGylated-uoroalkyl side chain. The
monomer was copolymerised with a polysiloxane methacrylic
monomer (SiMA) to obtain copolymers which resembled in
their chemical structure those previously reported,28 with the
aim of evaluating their potential as surface-active additives
when dispersed in AF/FR PDMS-based lms. Laboratory
bioassays were carried out against the marine macroalga Ulva
linza. Motile zoospores of U. linza (approximately 7–8 mm in
length) released by the adult plants form the starting point of
the assay. The swimming spores settle (attach) and become
permanently adhered to the substratum through discharge of
a glycoprotein adhesive.29 The spores rapidly germinate and
grow into sporelings (young plants), which adhere weakly to
silicone FR coatings.30,31

Correlations were found between the biological performance
of the lms and the surface chemical composition of the
surface-active copolymers, as established by dynamic and static
contact angle measurements and X-ray photoelectron spec-
troscopy (XPS) analyses. Modifying the amphiphilicity of the
lm surface by appropriately changing the composition of the
copolymer resulted in the creation of lms that had improved
biological performance.

2 Experimental
2.1 Materials

Dichloromethane was reuxed and distilled over CaH2 under
nitrogen. Diglyme was kept at 100 �C over sodium for 4 h and
then distilled under reduced pressure. 2,20-Azobis-
isobutyronitrile (AIBN) was recrystallised from methanol and
stored at 4 �C before use. Triuorotoluene (TFT), methanol, n-
hexane, 4-(dimethylamino)pyridine (DMAP), 2H,2H,3H,3H-per-
uorononanoic acid (F6COOH), N,N0-dicyclohexylcarbodiimide
(DCC), bismuth neodecanoate (BiND) and poly(ethylene glycol)
monomethacrylate (EGMA, DPn ¼ 6, Mn ¼ 360 g mol�1) (from
Aldrich) were used as received. Monomethacryloxypropyl-
terminated poly(dimethyl siloxane) (SiMA, DPn ¼ 11, Mn ¼
1000 g mol�1), poly(diethoxy siloxane) (ES40,Mn ¼ 134 g mol�1)
and bis(silanol)-terminated poly(dimethyl siloxane) (0.1% OH,
Mn ¼ 26 000 g mol�1) (from ABCR) were used as received.
67128 | RSC Adv., 2016, 6, 67127–67135
2.2 Synthesis of monomer MEF

1.961 g (5.00 mmol) of F6COOH and 0.122 g (1.00 mmol) of
DMAP were dissolved in 20 mL of anhydrous CH2Cl2 under
nitrogen atmosphere. Then, 1.032 g (5.00 mmol) of DCC in
10 mL of anhydrous CH2Cl2 was slowly added. Aer keeping
the mixture under stirring for 1 h at room temperature,
a solution of 1.66 mL (5.00 mmol) of EGMA in 15 mL of
CH2Cl2 was added dropwise. The reaction mixture was
continually stirred at room temperature for 66 h. The white
precipitate formed during the reaction was ltered off and
the organic solution was sequentially washed with 5% HCl,
5% NaHCO3 and water, and nally dried over Na2SO4. The
obtained monomer MEF (yield 75%) was an amber viscous
liquid.

1H NMR (CDCl3): d (ppm): 1.9 (CH3), 2.4–2.6 (CH2CF2), 2.7
(CH2COO), 3.6–3.8 (CH2O), 4.2–4.5 (COOCH2), 5.6–6.1 (CH2]).

FT-IR (lm): n (cm�1): 3333 (n C]C), 2927–2863 (n C–H
aliphatic), 1720 (n C]O), 1455 (d C–H aliphatic), 1258–1110 (n
C–O, C–F), 646 (u C–F).
2.3 Synthesis of copolymers MEF–SiMA/x

In a typical preparation of a copolymer, MEF (0.113 g, 0.16
mmol), SiMA (1.389 g, 1.39 mmol), AIBN (0.016 g, 0.09 mmol)
and TFT (5 mL) were added in a Carius tube. The solution was
degassed by four freeze–pump–thaw cycles. The polymerisation
reaction was let to proceed under stirring at 65 �C for 63 h. The
polymer solution was diluted with CH2Cl2, precipitated in
methanol (100 mL) and kept under vigorous stirring overnight.
The polymer was then puried by repeated precipitations from
CH2Cl2 solutions into methanol (yield 63%). The copolymer
contained 14 mol% MEF and was named MEF–SiMA/14 (Mn ¼
19 000 g mol�1).

1H NMR (CDCl3): d (ppm): 0.1 (SiCH3), 0.5 (SiCH2) 0.7–2.3
(SiCH2CH2CH2CH3, CH2C(CH3), COOCH2CH2CH2Si) 2.3–2.8
(CH2CF2, CH2COO), 3.7 (CH2O), 4.0–4.4 (COOCH2).

19F NMR (CDCl3/CF3COOH): d (ppm): �5 (CF3), �39
(CF2CH2), �46 to �48 (CF2), 50 (CF2CF3).

FT-IR (lm): n (cm�1): 2961–2926 (n C–H aliphatic), 1731
(n C]O), 1447 (d C–H aliphatic), 1260 (n Si–CH3), 1100–1027
(n C–O, C–F, Si–O), 800 (Si–CH3).

The chemical composition of the copolymers was evaluated
from the integrated areas of the signals at 0.5 ppm (SiCH2 of
SiMA) and 4.0–4.4 ppm (COOCH2 of MEF). Three samples MEF–
SiMA/x were prepared with different content x of MEF (x ¼ 14,
27 and 93 mol%) by changing the feed ratio of the two como-
nomers. The two respective homopolymers MEF–SiMA/0 and
MEF–SiMA/100 were also prepared by the same procedure.
2.4 Preparation of thin lms

Films were prepared by spin-coating a 3 wt% polymer solution
in ethyl acetate on acetone-cleaned glass slides using a Laurell
WS-400-b6npp-lite spin coater. Films for static and dynamic
contact angles were deposited on 18 � 18 mm2 and 24 � 50
mm2 glass slides at a speed of 5000 and 7000–10 000 rpm,
respectively. Aer preparation they were kept in a desiccator at
This journal is © The Royal Society of Chemistry 2016
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room temperature for 24 h and then at 120 �C for 12 h (thick-
ness 300–500 nm).

2.5 Preparation of thick lms

Copolymers MEF–SiMA/14 and MEF–SiMA/93 were used as
surface-active components in a PDMS matrix for the prepara-
tion of the respective two-layer lms, F14/y and F93/y, with
varied content y of the copolymer in the top layer (y ¼ 1 and 4
wt% with respect to PDMS), following a previous procedure.25

As a typical example, bis(silanol)-terminated PDMS (5.00 g),
crosslinker ES40 (0.125 g) and catalyst BiND (50 mg) were dis-
solved in ethyl acetate (25 mL). The solution was spray-coated
using a Badger model 250 airbrush (50 psi air pressure) over
clean glass slides (76 � 24 mm2). This bottom thin layer was
cured at room temperature for 24 h and later at 120 �C for 12 h
(2–5 mm thickness). A solution of the same amounts of PDMS,
ES40 and BiND with copolymer MEF–SiMA/14 (50 mg) in ethyl
acetate (25mL) was subsequently cast on top of the bottom layer
and cured at room temperature for 48 h and then at 120 �C for
12 h to obtain a thicker layer (150–200 mm). The lm contained
1 wt% MEF–SiMA/14 (with respect to the PDMS matrix) in the
top layer and was named F14/1.

A thick lm consisting only of PDMS was prepared as
a control.

2.6 Characterisation
1H NMR and 19F NMR spectra were recorded with a Varian
Gemini VRX400 spectrometer. The number and weight average
molecular weights of the polymers (Mn and Mw) were deter-
mined by size exclusion chromatography (SEC) with a Jasco PU-
1580 liquid chromatograph equipped with two PL gel 5 mm
Mixed-D columns and a Jasco 830-RI refractive index detector.
Poly(methyl methacrylate) standards (400–400 000 g mol�1)
were used for calibration.

Differential scanning calorimetry (DSC) analysis was per-
formed with a Mettler DSC-30 instrument from �150 to 120 �C
at heating/cooling rate of 10 �Cmin�1 under a dry nitrogen ow.
The glass transition temperature (Tg) was taken as the inection
temperature in the second heating cycle.

Static contact angles with water and n-hexadecane (qw and
qh) were measured using the sessile drop method with a Camtel
FTA200 goniometer at room temperature. They were then used
to determine the surface free energy (gS) of the polymer lms
with the Owens–Wendt–Kaelble method32,33 as presented in ref.
34. Dynamic contact angles with water were measured by the
Wilhelmy balance method using a Dataphysics tensiometer
DCAT-11 with immersion-withdrawal rates of 0.2 mm s�1. The
experiment consisted of three immersion cycles at 6 mm
immersion depth, with dwell times between immersion and
withdrawal of 10 s as detailed in ref. 23.

X-ray photoelectron spectroscopy (XPS) spectra were recor-
ded by using a Perkin-Elmer PHI 5600 spectrometer with
a standard Al-Ka source (1486.6 eV) operating at 350 W. The
working pressure was less than 10�8 Pa. The spectrometer was
calibrated by assuming the binding energy (BE) of the Au 4f7/2
line to be 84.0 eV with respect to the Fermi level. Extended
This journal is © The Royal Society of Chemistry 2016
(survey) spectra were collected in the range 0–1350 eV (187.85
eV pass energy, 0.4 eV step, 0.05 s per step). Detailed spectra
were recorded for the following regions: C (1s), O (1s), F (1s)
and Si (2p) (11.75 eV pass energy, 0.1 eV step, 0.1 eV s per step).
The standard deviation in the BE values of the XPS line was
0.10 eV. The spectra were recorded at two photoemission
angles f (between the surface normal and the path taken by
the photoelectrons) of 70� and 20�, corresponding to sampling
depths of �3 nm and �10 nm, respectively. The atomic
percentage, aer a Shirley type background subtraction35 was
evaluated using the PHI sensitivity factors (�1% experimental
error).36 To take into account charging problems, the C (1s)
peak was considered at 285.0 eV and the peak BE differences
were evaluated. The XPS peak tting procedure was carried
out, aer a Shirley type background subtraction, by means of
Voigt functions and the results were evaluated through the c2

function.37
2.7 Biological assays

Nine coated slides of each sample were placed in a 30 L tank of
recirculating deionised water at�20 �C for 7 days. Samples were
equilibrated with ltered (0.22 mm) articial seawater (ASW:
Tropic Marin®) for 1 h prior to the start of the bioassays.
Zoospores were released into ASW from mature plants of U.
linza using a standard method.38,39 In brief, 10 mL of zoospore
suspension, adjusted to 1 � 106 spores per mL with ASW, were
added to each test surface placed in individual compartments of
Quadriperm dishes (Greiner One), which were placed in dark-
ness at room temperature. Aer 45 min, the slides were washed
in ltered ASW to remove unsettled (unattached) zoospores.
Three replicate slides of each sample were xed in 2.5%
glutaraldehyde in ASW then washed sequentially in ltered
ASW, 50% ltered ASW/50% deionised water and deionised
water and allowed to air-dry overnight. The density of adhered
spores was determined by autouorescence of chlorophyll
using an AxioVision 4 image analysis system attached to a Zeiss
uorescence microscope (20� objective; excitation 546 nm,
emission 590 nm). The reported data are the average of 90
counts, 30 counts (each 0.15 mm2) from each of the three
replicate slides. Resulting error bars show 95% condence
limits.

The six remaining slides of each sample were used to culti-
vate sporelings. Tenmillilitres of nutrients enriched ASW40 were
added to each compartment of the Quadriperm dishes, which
were incubated at 18 �C for 7 days with a 16 h : 8 h light : dark
cycle and an irradiance of 40 mmol m�2 s�1. The biomass of
sporelings was determined in situ by measuring the uores-
cence of the chlorophyll contained within the cells with a uo-
rescence plate reader (Tecan Genios Plus). The biomass was
quantied in terms of relative uorescence units (RFU).41

The strength of attachment of sporelings was determined
using a calibrated ow channel42,43 in which the slides were
exposed to a wall shear stress of 8 Pa. Percentage removal was
calculated from readings taken before and aer exposure to
ow, with 95% condence limits calculated from arcsine-
transformed data. Differences between surfaces were tested
RSC Adv., 2016, 6, 67127–67135 | 67129
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using one-way Anova followed by Tukey's test for pairwise
comparisons.41
3 Results and discussion
3.1 Polymer synthesis

The PEGylated-peruorohexyl methacrylic monomer (MEF) was
synthesised by direct esterication reaction of 2H,2H,3H,3H-
peruorononanoic acid (F6COOH) with poly(ethylene glycol)
monomethacrylate (DPn¼ 6, EGMA) (Fig. 1). This monomer was
designed in such a way as to have an amphiphilic chemical
structure with a mixed hydrophilic–hydrophobic side chain.
Similar amphiphilic monomers have previously been used to
produce surface-active polymers,28,44,45 some of which were
shown to be effective for creation of high-performance AF/FR
coatings.25 In contrast to those materials that consisted of
long and polydisperse uoroalkyl chains (approximately eight
CF2 groups long), monomer MEF has a short and well dened
uoroalkyl chain with exactly six CF2 groups. This enables
construction of better controlled polymer structures, which can
be incorporated into AF/FR coatings with a decreased environ-
mental impact.

MEF was copolymerised with a commercially available pol-
ysiloxane monomethacrylate monomer (DPn ¼ 11, SiMA). The
free-radical copolymerisations were carried out using AIBN as
an initiator and TFT as a solvent (Fig. 2). The feed composition
was varied to form copolymers with a gradually increasing
content of PEGylated-peruorohexyl counits. The copolymers
were designated by the code MEF–SiMA/x, where x is the mole
content of MEF units in the nal copolymer (x ¼ 0, 14, 27, 93
and 100%). While SiMA is hydrophobic, MEF has a twofold,
hydrophilic and hydrophobic (and lipophobic), nature. There-
fore, the copolymers had a tuned amphiphilic character.

Thermal analysis by DSC proved that copolymers were
amorphous, displaying one or two glass transition temperatures
Fig. 1 Synthesis of monomer MEF.

Fig. 2 Synthesis of the copolymers MEF–SiMA/x with different mole co

67130 | RSC Adv., 2016, 6, 67127–67135
(Tg) on the basis of their chemical composition. In fact the
copolymers exhibited a Tg � �122 �C, which correlated well
with that of the homopolymer MEF–SiMA/0 (Tg ¼ �122 �C),
whereas a Tg associated with the homopolymer MEF–SiMA/100
(Tg ¼ �49 �C) was detected when the percentage of MEF was
$27 mol% (Fig. S1, ESI†). These ndings indicate an intra-
molecular microphase separation, where the long side chain
components of MEF and SiMA could undergo their respective
glass transitions.
3.2 Wettability of copolymer lms

The wettability of the lms (thickness 300–500 nm) of surface-
active copolymers was examined by measuring the contact
angles q with water and n-hexadecane. The homopolymer MEF–
SiMA/100 was highly hydrophobic (qw ¼ 114�) and lipophobic (qh
¼ 65�), consistent with its uorinated nature.46 The copolymers
showed relatively high qw, which slightly increased with the
content of MEF units (104� for MEF–SiMA/14 and 112� for MEF–
SiMA/93). The contact angle for hexadecane (qh) could be
measured only for the copolymer with the highest content of
uorinated counits, which showed a wettability behaviour similar
to that of the corresponding homopolymer. All the other lms
were fully wetted, or even partly dissolved, by this probing liquid
(Table 1). Such a lipophilic behaviour was due to the polysiloxane
chains of the copolymers, owing to their affinity to apolar hydro-
carbons.47 As expected, the surface free energy values were rela-
tively low (gS ¼ 14–15 mN m�1) for the samples richest in MEF.

Measurements of qw were also carried out on the surface-
active copolymer lms aer immersion in water for various
periods of time up to 15 days. Different trends were detected as
a function of the chemical composition of the tested polymers
(Fig. 3). In fact, while qw progressively decreased from 114� to
101� aer 15 days for both the homopolymer MEF–SiMA/100
and the copolymer MEF–SiMA/93, it remained substantially
unchanged for the copolymers MEF–SiMA/27 and MEF–SiMA/
ntent of MEF.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Static contact angles and surface free energy for the polymer
films

Film qw
a (�) qh

a (�) gS (mN m�1)

MEF–SiMA/100 114 � 2 65 � 4 14.3
MEF–SiMA/93 112 � 2 64 � 2 14.8
MEF–SiMA/27 97 � 3 n.d.b n.d.b

MEF–SiMA/14 104 � 3 n.d.b n.d.b

MEF–SiMA/0 103 � 1 n.d.b n.d.b

a Measured with water and n-hexadecane aer 20 s of contact. b Not
determined, because of wetting or partial solubility (qh < 20�).

Table 2 Dynamic water contact angles and hysteresis for the polymer
films

Film qaw (�) qrw (�) D (�)

MEF–SiMA/100 135 25 110
MEF–SiMA/93 131 21 110
MEF–SiMA/27 105 73 32
MEF–SiMA/14 106 75 31

Table 3 XPS atomic surface compositions of F, O, C and Si at different
f angles for the films before (as-prepared) and after being immersed in
water (water-conditioned)

f
�

Si
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14. These results suggest that the homopolymer and copoly-
mers that contained larger proportions of the MEF chains
responded more to the water environment than copolymers
richer in SiMA chains, owing to a more amphiphilic character.
The surface reconstruction involved the ipping of the amphi-
philic side chains, in order to expose the hydrophilic oxy-
ethylenic segments to the water. Similar results were reported
for copolymers containing Zonyl FSO-100 side chains,44,48 as
well as copolymers with PEGylated uorostyrene side chains.49

For both copolymer systems it was shown that the low surface
energy uorinated component dragged the oxyethylenic
segments to a near-surface region when the polymer was in
contact with air. Consequently, they can readily rearrange and
expand outwards when immersed in water to maximize their
contact with water.

The surface modication of polymer lms aer contact with
water was also demonstrated using dynamic contact angle
measurements by the Wilhelmy method. The advancing
(qaw) and receding (qrw) water contact angles, as well as the
hysteresis values (D ¼ qaw � qrw), are collected in Table 2. Overall,
qaw values were high (qaw $ 105�), especially for the homopolymer
MEF–SiMA/100 and the copolymer MEF–SiMA/93 (qaw$ 131�). In
contrast qrw were low (#75�), especially for the two polymers
above (qrw # 25�). This gave rise to large hysteresis values (D ¼
110�) for these lms, conrming that the polymers richer in
MEF underwent surface rearrangement to a more marked
extent than those containing lower amounts of MEF. However,
for complex systems such as those described here, not only
amphiphilicity, but also surface heterogeneity, due chemical
Fig. 3 Static contact angles for the polymer films after immersion in
water for up to 360 h.

This journal is © The Royal Society of Chemistry 2016
incompatibility between MEF and SiMA side chains, contribute
to the comparatively large hysteresis.

3.3 XPS analysis

Information about the chemical composition of the surface of
the polymer lms was obtained bymeans of X-ray photoelectron
spectroscopy (XPS). XPS spectra were acquired at different
photoelectron emission angles f, corresponding to sampling
depths of 3–10 nm (Fig. S2, ESI†). The experimental data at
different f for the atomic surface compositions from the signals
centered at �290 eV (C (1s)), �533 eV (O (1s)), �689 eV (F (1s))
and�153 eV (Si (2p)) are summarised in Table 3, where they are
also compared with the corresponding values calculated from
the known stoichiometric ratios of the block copolymer
components. For the copolymer MEF–SiMA/14, no large
changes in C, O, Si and F atomic percentages were detected with
f and the experimental compositions were similar to the
theoretical ones, being slightly poorer in Si and richer in O. This
is indicative of the presence of the oxyethylenic chains at the
polymer–air interface. Consistent with this interpretation, the C
(1s) signal was structured in three components at �285 eV,
�287 eV and �289 eV due to carbons in SiCH3, CH2O and COO
moieties, respectively (Fig. 4). No contributions attributable to
any CF carbons were clearly evident in the C (1s) signal.

For MEF–SiMA/93, the F percentage was higher than that
calculated and decreased with increasing sampling depth (31%
Film ( ) C (%) O (%) F (%) (%)

MEF–SiMA/100 Theoretical 53 19 28 —
As-prepared 70 46 16 38 —

20 45 22 33 —
Water-conditioned 70 45 16 39 —

20 48 20 32 —
MEF–SiMA/93 Theoretical 54 19 25 2

As-prepared 70 48 18 31 3
20 53 20 24 3

Water-conditioned 70 48 18 31 3
20 51 21 25 3

MEF–SiMA/14 Theoretical 58 21 3 18
As-prepared 70 60 23 2 15

20 59 24 2 15
Water-conditioned 70 60 23 3 14

20 59 23 2 16
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Fig. 6 Deconvolution of the C (1s) signal of the homopolymer film
MEF–SiMA/100 (f ¼ 70�).
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at f¼ 70� and 24% at f¼ 20�). On the other hand, both C and O
slightly increased with f. Thus, the uorinated segments were
selectively segregated to the outermost surface layers of the
copolymer MEF–SiMA/93 with a high content of MEF. The
marked surface segregation of the PEGylated-peruorohexyl
side chains was also conrmed by a closer inspection of the C
(1s) signal. In fact, two peaks at�292 eV and�294 eV attributed
to the CF2 and CF3 groups were observed in addition to those
detected for MEF–SiMA/14 (Fig. 5). Similarly, the homopolymer
MEF–SiMA/100 had the highest surface concentration of F
atoms, which was signicantly higher than the theoretical
value. The CF2 and CF3 peaks were also clearly evident in the C
(1s) signal (Table 3 and Fig. 6).

An angle-resolved XPS analysis was also carried out on the
same samples aer immersion in water for 7 days (Fig. S3, ESI†),
with the aim of ascertaining whether the surface of the lms
could undergo surface reconstruction (Table 3). The surface
composition of the lms aer immersion was expected to
correspond to a kinetically trapped condition, rather than the
equilibrium state. The atomic percentages remained practically
unchanged aer contact with water. However, in the C (1s)
signal the intensity of the SiCH3 contribution decreased, while
that of CH2O increased aer contact with water, as a conse-
quence of their respective hydrophobic and hydrophilic nature
(Table 4). For both MEF–SiMA/14 and MEF–SiMA/93 the former
Fig. 4 Deconvolution of the C (1s) signal of the copolymer film MEF–
SiMA/14 (f ¼ 70�).

Fig. 5 Deconvolution of the C (1s) signal of the copolymer film MEF–
SiMA/93 (f ¼ 70�).
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contribution decreased in intensity (from 87% and 19% to 84%
and 13%, respectively), while the latter increased (from 12%
and 52% to 16% and 64%, respectively). Moreover, for MEF–
SiMA/93 the CF2 signal decreased from 19% to 15%, whilst no
CF2 and CF3 signals were detected for MEF–SiMA/14 aer
immersion in water.

Overall, these results point to a surface reconstruction,
which involved a larger exposure of the oxyethylenic segments
to maximize their contact with water as they were dragged
towards the lm surface by the peruorinated chains linked to
them. Consistent with the contact angle measurements, the
surface modication was more massive for the copolymer MEF–
SiMA/93 richer in MEF.
3.4 Preparation of thick lms

The copolymers MEF–SiMA/93 and MEF–SiMA/14 containing
the highest and lowest amount of MEF, respectively, were
chosen to prepare two-layer lms for biological assays. The
thick top layer (150–200 mm) consisted of a PDMS matrix
incorporated with a surface-active copolymer that was cast and
crosslinked (ES40 crosslinker and BiND catalyst) over the thin
bottom layer (2–5 mm) of the same crosslinked matrix. Accord-
ing to this procedure, the physically dispersed copolymer could
segregate to the outer surface driven there by its low surface
energy uorinated chains. Their migration to the surface was
also facilitated by annealing the lms at 120 �C for 12 h. The
thin PDMS bottom layer ensured the rm anchorage of the
whole lm to the glass support, thus preventing delamination
during underwater evaluations.

The surface-active copolymer MEF–SiMA/14 was blended at
two different loadings (y ¼ 1% and 4 wt% with respect to the
PDMSmatrix) to produce the lms F14/1 and F14/4. A lm F93/1
containing 1 wt% of the surface-active copolymer MEF–SiMA/93
was produced as well. A blank PDMS lm (i.e. with no MEF–
SiMA copolymer) was prepared as a control.
3.5 Assays with U. linza

The lms F14/1 and F93/1 containing two different copolymers,
with the lowest and highest MEF content at the same relatively low
(1 wt%) loading, were chosen to be tested against spores ofU. linza.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra15104c


Table 4 XPS intensity of contributions to the C (1s) signal (f ¼ 70�) for the films before (as-prepared) and after being immersed in water (water-
conditioned)

Film �285 eV (%) �287 eV (%) �289 eV (%) �292 eV (%) �294 eV (%)

MEF–SiMA/14 As-prepared 87 12 1 n.d.a n.d.a

Water-conditioned 84 16 n.d.a n.d.a n.d.a

MEF–SiMA/93 As-prepared 19 52 7 19 3
Water-conditioned 13 64 6 15 2

a Not detected.

Fig. 8 Percentage removal of sporelings from films F14/1, F14/4 and
F93/1 by exposure to a wall shear stress of 8 Pa. Error bars are the
standard error of the mean based on arcsine transformed data.
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The mean density of spores settled to the test surfaces over
a 45 min period of time is shown in Fig. 7. None of the lms
performed better than the PDMS control. One way analysis of
variance and Tukey test showed that spore settlement density
was lower on F14/1 than on F93/1 (F 2, 267¼ 37.4 P < 0.05). This
trend is opposite to that recently found, where a reduction in
the amount of PEGylated-uorinated amphiphilic counits
resulted in an increase in spore settlement.50 This apparent
inconsistency can be explained on the basis of the XPS results
previously discussed. In fact, the amount of F at the surface of
MEF–SiMA/14 was much lower than that of MEF–SiMA/93 (�2%
vs. �30%) both before and aer immersion in water. Moreover,
the XPS ratio between the CF2 and OCH2 groups at the lm
surface was much lower for MEF–SiMA/14 than for MEF–SiMA/
93. This is consistent with previous ndings, which have shown
the preferential settlement of spores of U. linza on hydrophobic,
e.g. uorinated, substrates.51 The poorer antifouling perfor-
mances of the current lms containing the MEF–SiMA copoly-
mers with respect to the uorine-free PDMS control may be
attributed to the high selectivity of spores for uorinated
surfaces.

In the assay to determine how strongly sporelings were
adhered, lms of F14/4 were included alongside F14/1 and F93/
1 for comparison. The F14/4 lm closely resembled, in both
chemistry and loading of the surface-active copolymer, the most
effective sample in the series of the ZA–SiMA PDMS-based
lms.25 Sporelings grew well on all surfaces and aer 7 days
Fig. 7 Mean number of spores per mm2 of U. linza attached on films
F14/1 and F93/1 after a 45 min settlement period (mean of 90 counts,
30 from each of 3 replicates. Error bars show 95% confidence limits).

This journal is © The Royal Society of Chemistry 2016
a green lawn covered the surface of all samples. The percentage
release of biomass aer exposure to a wall shear stress of 8 Pa in
a ow channel was higher from the F14/4 lm than from the
other lms (one way analysis of variance and Tukey test on
arcsine transformed data F 3, 20 ¼ 11.9 P < 0.05) (Fig. 8). This
indicated that the higher loading of MEF–SiMA/14 in the matrix
improved the release of sporelings. Overall, such a trend
conrms those previously observed for the PDMS-based lms
containing the surface-active copolymers ZA–SiMA.25 Films with
the lowest amount of amphiphilic ZA copolymer (10 mol%)
were found to perform best, with a much higher (�4 times)
improvement in fouling-release than F14/4 with respect to the
PDMS control. Thus, the chemical heterogeneity of the lm
surface embedding the amphiphilic copolymer affects the bio-
logical performance. Such heterogeneity is enhanced upon
immersion in water.
4 Concluding remarks

The copolymers used in this study were composed of a meth-
acrylic backbone with dangling polysiloxane and PEGylated-
uoroalkyl side chains. This design ensured the production of
a biofouling-release lm with amphiphilic, surface-active and
responsive characteristics. The XPS CF2/OCH2 ratio between the
peruoroalkyl and oxyethylenic groups, taken as an estimate of
the amphiphilic balance at the lm surface, depended on the
composition of the copolymer. The simultaneous presence of
oxyethylenic and peruoroalkyl segments at the lm surface
resulted in a dynamic nature of these systems, which were able
RSC Adv., 2016, 6, 67127–67135 | 67133
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to respond to an aqueous environment on both short (dynamic
contact angle) and long (static contact angle) time scales. The
copolymer with a higher CF2/OCH2 ratio in the dry state was
more prone to undergo surface reconstruction upon contact
with water. The different surface chemical composition of the
copolymers, as well as their ability to adjust to the external
environment, affected the biological performance against the
macroalga U. linza. The lms containing the copolymer with the
lower CF2/OCH2 ratio and the lower F percentage at the surface,
were better able to reduce the spore settlement and promote the
release of sporelings compared to lms having the higher CF2/
OCH2 ratio and the higher F percentage. While our ndings
conrm that the amphiphilic nature of the surface-active
copolymer plays a role to effect the AF/FR properties of the
entire lm, these may by further improved by applying mate-
rials with an optimised hydrophobic/hydrophilic balance.
However, shortening of the peruoroalkyl side chain of the
amphiphilic copolymers results in a reduction of the FR
performances compared to other amphiphilic copolymers with
longer peruoroalkyl segments. Nonetheless, use of polymers
carrying short and well-dened uoroalkyl segments may
mitigate the environmental impact of more benign coatings.
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