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A smectic polystyrene—poly(perfluorooctylethyl acrylate) block copolymer was
synthesized by atom transfer radical polymerization and blended with a thermo-
plastic elastomer SEBS in different compositions. The mesophase structure and
transition temperatures were investigated by DSC and WAXD. Thin films of the
block copolymer and the blends exhibited large contact angles with both water
and n-hexadecane, which resulted in low solid surface tensions. XPS findings at
different photoemission angles confirmed the effective surface segregation of the
mesogenic chains of the fluorinated polymer block.

Keywords: block copolymer; fluorinated polymer; mesophase; polymer blend; surface
segregation

INTRODUCTION

Block copolymers with mesogenic side chains are able to self-organize
on different length scales. Their microstucture is in fact formed under
the influence of the two driving forces of microphase separation of the
blocks and liquid crystalline ordering of the mesogens [1]. One special
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case is that of block copolymers carrying perfluorinated side chain
mesogens. Pendent perfluoroalkyl groups to a polymer backbone can
form smectic-like structures at the surface of thin films, which is
mediated by the bulk mesophase order [2—4]. Therefore, an additional
structuring effect originates from surface segregation to minimize sur-
face and interface tensions at the solid—air interface. The wettability of
fluorinated polymers is markedly influenced by their packing order,
and liquid crystalline polymers generally present lower surface
tensions than amorphous polymers [5-11]. Because of the inherent
non-stick behavior fluorinated polymers are candidates as lubricant,
wear control, antisoiling and anti(bio)fouling materials.

Our interest is in developing a low surface energy, low elastic modu-
lus material potentially applicable in fouling release coatings in the
marine environment [12]. In this work we incorporated a smectic
poly(styrene-b-2-perfluorooctylethyl acrylate) diblock copolymer into
blends with a commercial thermoplastic elastomer SEBS. Films of
such fluorinated block copolymers self-aggregate in hierarchical struc-
tures and exhibit a surface mostly covered with perfluoroalkyl groups
owing to their low surface energy [13,14]. We highlight the role of the
perfluorinated chains of the block copolymer in affecting the bulk and
surface properties of the SEBS blends.

EXPERIMENTAL PART
Materials

Trifluorotoluene (TFT), hexafluorobenzene, 2,2'-bipyridine (Bipy),
CuBr, 1-phenylethyl bromide (1-(PE)Br) and monomer 2-perfluorooc-
tylethyl acrylate (AF8) (Aldrich) were used without further purifi-
cation. Styrene (S) (Fluka) was washed with 5% NaOH and water,
dried over Nay,SO, and distilled under reduced pressure. o,0'-Azobis
(isobutyronitrile) (AIBN) (Fluka) was recrystallized from methanol.
Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) triblock
elastomer (Kraton G1652M) was kindly provided by Kraton Polymers.
The styrene content of SEBS was ~30wt%.

Styrene-AF8 Random Copolymer

A solution of 3.54 mL (30.94 mmol) of S, 50 mg (0.30 mmol) of AIBN,
4.892¢g (3.44mmol) of AF8 and 15mL of TFT was degassed by
four freeze-thaw pump cycles. The polymerization was let to proceed
for 48h at 65°C, and the polymer was then purified by repeated
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precipitations from TFT solutions in methanol (yield 73%). The
resulting random copolymer, containing 12 mol% AF8, is denoted by
(S-co-AF8).

'H NMR (CDCl3): § (ppm)=0.4-2.8 (27.85H, CH,CH, CH,CF5),
3.0-4.2 (2.00H, COOCHy), 5.6-8.0 (38.09H, aromatic).

9F NMR (CDClg/hexafluorobenzene): § (ppm)=36 (2.0F, CFy),
38-41 (10.1F, CF,), 48 (2.0F, CFy CHy), 81 (3.0 F, CF3).

FT-IR (film): 7 (cm™1)=3150-2990 (v C—H aromatic), 2990-2825
(v C—H aliphatic), 1740 (v C=0), 1603 (v C=C aromatic), 1495 and
1455 (6 C—H aliphatic), 1400-1000 (v C—O and v C—F), 761 and 701
(0 C—H aromatic), 656 (w CF5).

Polystyrene-AF8 Block Copolymer

In a first step, a solution of 20.00 mL (174.81 mmol) of S, 1.022g
(6.54 mmol) of Bipy, and 0.30 mL (2.18 mmol) of 1-(PE)Br was purged
with nitrogen for 15min and then 0.313 g (2.18 mmol) of CuBr was
added. After four freeze-thaw pump cycles, the polymerization was
let to proceed for 330 min at 110°C. After cooling to room temperature,
the polymer solution was diluted with THF and then eluted on neutral
alumina. The polymer was purified by repeated precipitations from
THF solutions in methanol (yield 85%). The resulting Br-terminated
polystyrene macroinitiator (average degree of polymerization, n =58)
is denoted by P(S).

In a second step, 1.11 g (0.18 mmol) of P(S) and 85.0 mg (0.54 mmol)
of Bipy were flushed with nitrogen three times. A solution of 1.890 g
(3.65 mmol) of AF8 in 11 mL of TFT was added under nitrogen. After
four freeze-thaw pump cycles, 27.1 mg (0.19 mmol) of CuBr was added
and the solution was subjected to four freeze-thaw pump cycles. The
polymerization was let to proceed for 86 h at 115°C. When the reaction
was stopped the polymer solution was diluted with TFT and washed
with water until the disappearance of greenish color. The solvent
was removed under vacuum and the polymer was precipitated from
TFT solution in methanol (yield 51%). The resulting diblock copolymer,
containing 9mol% AF8 (average degree of polymerization, m =6), is
denoted by (S-b-AF8).

'H NMR (CDCls): d(ppm)=1.2-2.8 (34.98H, CH,CH, CH,CF), 4.5
(2.00H, COOCHy), 6.2—-7.4 (49.97TH aromatic).

9 NMR (CDCls/hexafluorobenzene): d(ppm)=36 (2.0F, CFy),
38-41 (10.0F, CF5), 48 (2.0F, CF,CH,), 81 (3.1F, CFj3).

FT-IR (film): 7 (cm ')=3150-3990 (v C—H aromatic), 2990—2800
(v C—H aliphatic), 1739 (v C=0), 1602 (v C=C aromatic), 1494 and
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1453 (6 C—H aliphatic), 1400-1000 (v C—O and v C—F), 757 and 699
(6 C—H aromatic), 658 (v CF5).

Polymer Blends

Blends were prepared by co-precipitation of a 1wt% chloroform
solution of block copolymer (S-6-AF8) and SEBS in methanol. They
are denoted as (S-b-AF8)X, where X is the wt% of block copolymer
(X=10-90).

Film Deposition

The polymer films were obtained by spin coating 3 wt% TFT solutions
of the polymer alone or blended with SEBS (10-90wt%) on glass
slides. They were vacuum dried overnight and then annealed at
120°C for 15h (thickness 200-400 nm).

Characterization

H (vs. TMS) and '°F (vs. hexafluorobenzene) spectra were recorded on
Varian Gemini VRX 200 and Varian Gemini VRX 300 spectrometers,
respectively.

Number (M,) and weight (M,) average molecular weights and
polydispersities (M /M,) were measured by size exclusion chromato-
graphy (SEC) using a Jasco PU-1580 liquid chromatograph equipped
with two PL gel 5um Mixed-D columns, a Jasco 830-RI refractive
index detector and a Perkin-Elmer LC75 UV detector. Polystyrene
standards (4.0 - 10-4.0 - 10° g/mol) were used for calibration.

Differential scanning calorimetry (DSC) measurements were
performed with a Mettler DSC-30 instrument (10°C/min). The
phase transition temperatures were taken at the maximum tempera-
ture in the DSC enthalpic peaks of the second heating cycles. The
glass transition temperature (T,) was set at the half-devitrification
temperature.

Wide angle X-ray diffraction (WAXD) patterns were recorded with
a home made diffractometer equipped with a flat film camera. The
Ni-filtered CuKa radiation was used (1=1.54A). Polymer powder
samples were studied from room temperature up to the isotropization
temperature.

Static contact angle measurements were carried out with a FTA200
Camtel goniometer using as interrogating liquids water, n-hexadecane
and ethylene glycol of the highest purity commercially available
(>99%).
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X-ray photoelectron spectroscopy (XPS) spectra were recorded with
a Perkin-Elmer PHI 5600 spectrometer with a standard Al-Ko source
(1486.6 €V) operating at 350 W. The working pressure was less than
10 ®Pa. The spectrometer was calibrated by assuming the binding
energy (BE) of the Au 4f7 5 line to be 84.0 eV with respect to the Fermi
level. Extended spectra (survey) were collected in the range 0-1350 eV
(187.85eV pass energy, 0.5eV step, 0.025s/step). Detailed spectra
were recorded for the C (1s), O (1s), and F (1) regions (11.75eV pass
energy, 0.1eV step, 0.1s/step). The standard deviation in the BE
values of the XPS line was 0.10eV. The atomic percentage, after a
Shirley type background subtraction [15], was evaluated using the
PHI sensitivity factors [16]. To take into account charging problems,
the hydrocarbon peak was adjusted to a position of 285.0eV and the
sub-peak BE differences were evaluated.

RESULTS AND DISCUSSION
Synthesis

The diblock copolymer (S-b-AF8) was prepared by a two-step pro-
cedure based on two successive atom transfer radical polymerizations
(ATRP) (Fig. 1).

In the first step, a bromo-terminated polystyrene macroinitiator
P(S) (M, =6.1-10%g/mol, n=58) was prepared by ATRP of styrene,
S, in bulk with 1-phenylethyl bromide as an initiator and CuBr/2,2’'-
bipyridine as a catalyst (1:1:3 molar ratio) at 110°C. In the second step,
the copolymerization for attachment of the block of fluorinated
acrylate monomer AF8 to the polystyrene block was carried out in
TFT solution at 115°C. The length of the AF8 block (m =6; 9mol%)
was calculated from the known length of the S block. The SEC elution
curves were monomodal with a narrow polydispersity (M,,/M, =1.21),
indicating that the polymerizations proceeded under a controlled
mechanism without significant deactivation of the propagating poly-
mer species. Therefore, by taking advantage of the capability of ATRP
a block copolymer was devised in which the AF8 content was low

Br N Br Br
n n m
. . L 07 OCH,CH(CF2)eF
CuBr/Bipy CuBr/Bipy
110°C TFT, 115°C

1-(PE)Br S P(S) (S-b-AF8)

FIGURE 1 Synthesis of block copolymer (S-b-AF8) by ATRP.
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enough to enable easy processing and blending. A random copolymer
(S-co-AF8) (12mol% AF8) was prepared by conventional free
radical polymerization initiated by AIBN in TFT at 65°C and taken
as a reference compound for the block copolymer.

The fluorinated block copolymer was used as a surface active
component to prepare blends (S-6-AF8)X with the thermoplastic elas-
tomer SEBS in varied proportions (X =10-90wt% block copolymer).
The blends were formulated so as to tune the elastic modulus and sur-
face energy of the films, in order to develop a general methodology for
creating novel coatings potentially capable of inhibiting the adhesion
and/or promoting the release of marine micro- and macro-organisms.

Thermal and Mesophase Behavior

The thermal properties of the block copolymer and the SEBS blends
were studied by DSC, with particular attention to detection of thermo-
tropic mesophases and their phase transitions.

The block copolymer (S-b6-AF8) exhibited a clear transition peak at
71°C (AH;=0.9J/g), associated with the isotropization of a mesophase
of the fluorinated block, and a glass transition at 93°C due to the poly-
styrene block. The liquid crystal behavior was confirmed by WAXD
studies. The diffraction patterns displayed up to three small-angle
Bragg reflections indicative of a correlated layered structure (period-
icity 32.6A), in which the fluorocarbon chains were arranged on a
pseudo-hexagonal lattice (side of the hexagon agy=>5.9A) and tilted
with respect to the layer normal by an angle of 16° (Smly or SmF,
mesophase) (Fig. 2). By contrast, no evidence of mesophase formation
was detected for the random copolymer either by DSC or X-ray diffrac-
tion studies. Whereas in (S-b-AF8) each block preserved the glass and

FIGURE 2 WAXD pattern of the smectic mesophase of (S-6-AF8) at 25°C.
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TABLE 1 Thermal Transitions of Copolymers and Blends with SEBS

Sample SEBS (wt%) ¢ (°C) & (C) ¢ (°C) TS (°C)
(S-co-AF8) 0 - 73
(S-b-AF8) 0 71 93
(S-5-AF8)90 10 — - 72 93
(S-b-AF8)70 30 — 17 72 94
(S-5-AF8)50 50 —-56 18 73 93
(S-b-AF8)30 70 —55 17 74 95
(S-5-AF8)10 90 -53 17 - -
SEBS 100 —-59 17

“Glass transition and melting temperatures of the ethylene-co-butylene block of
SEBS.

bIsotropization temperature of the fluorinated block of the block copolymer.

“Glass transition temperature of the polystyrene block of the block copolymer.

mesophase behavior of their respective homopolymers, the incorpor-
ation of an almost same amount of non-mesogenic counits in a statisti-
cal manner into (S-co-AF8) introduced constitutional irregularity
which did not permit the onset of liquid crystalline order. The phase
transition temperatures of the blends are collected in Table 1 and
compared with those of SEBS and the copolymers.

SEBS presented a glass transition at —59°C and a melting
transition at 17°C due to the partially crystalline ethylene-co-butylene
block. The T, of the polystyrene block was not detected because of its
low content in the triblock copolymer. The blend (S-5-AF8)10, richer in
SEBS, exhibited all the transitions typical of SEBS only. Conversely,
the blend (S-6-AF8)90, poorer in SEBS, presented all the thermal
transitions of the block copolymer only. The DSC traces of the blends
with intermediate SEBS contents resulted from the superimposition of
the SEBS and block copolymer curves, with the relative intensities of
the transitions depending on the blend composition (Table 1). These
results suggest that the blend components were chemically incompa-
tible and segregated in different (micro)phases. We assume that the
block copolymer was selectively located at the interface with SEBS
and/or within the SEBS polystyrene domains, thus originating a
supra-molecular structure.

Wetting Behavior and Surface Energy

The wetting behavior of the copolymers and the blends was studied by
measurements of the static contact angle 0 of thin films (200-400 nm
thickness) using water, ethylene glycol and n-hexadecane as wetting
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TABLE 2 Static Contact Angles® and Surface Tensions® of Copolymers and
Blends With SEBS

Film 0y () 0h () Ogg ) VK (mN/m) ¥ mN/m) % (mN/m)
(S-co-AF8)  109+1 58+1 94+1 16.8 16.1 0.7
(S-b-AF8) 120+1 80+1 101+1 9.7 9.4 0.3
(S-b-AF8)90 119+1 81+1 101+1 9.7 9.3 0.4
(S-b-AF8)70 119+1 80+1 100+1 9.7 9.3 0.4
(S-b-AF8)50 118+1 82+1 101+1 9.5 9.0 0.5
(S-b-AF8)30 118+1 80+1 100+1 10.0 9.5 0.5
(S-b-AF8)10 108+2 59+1 97+1 16.8 15.7 0.9

“Contact angles measured with water, n-hexadecane, and ethylene glycol.
bCalculated with the Owens—Wendt—Kaelble method: 7§ dispersion component, 7%
polar component.

liquids (Table 2). The films were spin-coated onto glass slides, dried
under vacuum overnight and then annealed for 15h at 120°C to
achieve equilibrium morphologies.

The values of 0 with water and n-hexadecane are conventionally
used to estimate qualitatively hydrophobicity (0., > ~90°) and lipopho-
bicity (0, > ~60°) of a polymer film, respectively. The block copolymer
showed high static contact angles with all the interrogating liquids,
exhibiting in particular strong hydrophobic (6, = 120°) and lipophobic
(0, = 80°) properties. This two-fold character is typical of fluorinated
polymers, as opposed to other polymers, namely polyolefins, that are
hydrophobic, but not lipophobic at the same time. Both 0,, and 0y, for
the block copolymer were much larger than for the random copolymer,
but essentially equal to those for most of the blends. The latter were
unaffected by the blend composition, even at contents of SEBS as high
as 70 wt%. It appears that the statistical distribution of the fluori-
nated units in the random copolymer results in a less effective segre-
gation of the pendant fluorinated chains at the solid—air interface. On
the other hand, the chemical incompatibility between the fluorinated
block copolymer and SEBS enhances the self-assembly of the fluori-
nated chains at the outer surface of the films and induces distinct
non-wetting properties. The phenomenon of surface segregation is
known for a variety of fluorinated polymers [17,18], polymer blends
and networks [19-21] and is here pursued as a tool to construct low
surface energy, low adhesion polymer coatings.

Measurements of liquid—solid contact angles are commonly used to
evaluate solid surface tension yg . However, the correlation between 0
and y is still a controversial question and none of the different
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approaches proposed are generally accepted [22,23]. Accordingly, we
followed the additive-component methods of the surface tension of
Owens, Wendt, and Kaelble (OWK) [24,25] and van Oss, Chaudhury,
and Good [26,27], by using different wetting liquids of known surface
tension yr. As the yg values calculated with the two different methods
were in excellent agreement with each other, we report on the OWK
method only (ySVX). In this approach the solid surface tension:

s =78+ 78 (1)

combined with the Young’s equation yields:
(14 cos0) = 2((§ +1)"* + (& +90)" (2)

where 72 and )P are the dispersion and the polar components of surface
tension, respectively. Since there are two unknowns (y3, 7%), it is neces-
sary to use at least two probing liquids of known ¢ and yP. The surface
tensions and the related components calculated for the copolymers and
the blends are also collected in Table 2.

The values of the y3VX were consistent with a low surface energy of
the polymer films, being in the range of 9-17mN/m. In any case, the
dispersive component overwhelmed the associated polar component in
determining the total surface tension. This behavior is typical of fluori-
nated surfaces which experience dispersion forces but prevent polar,
e.g., dipole—dipole or hydrogen bonding, interactions. The surface
tensions of the blends were similar to that of the block copolymer,
and therefore the surface properties were dominated by the fluori-
nated copolymer. For the blend (S-6-AF8)10 the highest content of
SEBS resulted in a comparatively high surface tension.

Surface Analysis

To substantiate better the surface segregation of the fluorinated block
we started an analysis of the chemical composition of the film surface
by angle-dependent X-ray photoelectron spectroscopy (XPS) measure-
ments. Spectra were recorded at different photoemission angles
¢ ="170° 50°, and 20°, that corresponded to increasing sampling depths
in the range 3—10 nm.

We focus our attention on the films of the block copolymer and
its blend (S-6-AF8)90. The survey spectra of the films demonstrated
the presence of no other elements than C, O and F in the range of
binding energy up to 800eV (Fig. 3) [28]. The C(1s) peak revealed a
complex shape, and the fitting procedure indicated the presence of
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FIGURE 3 XPS survey spectrum at ¢ =50° for (S-b-AF8).

several overlapping contributions. The signals due to the CFy and CF5
moieties were clearly identified at ~291eV and ~293 eV, respectively
(Fig. 4).

The elemental analysis data for the different angles ¢ are summar-
ized in Table 3, where they are also compared with the corresponding
values calculated from the known ‘stoichiometric’ composition of the
block copolymer. The atomic percentages slightly changed with angle
¢, consistent with a composition gradient normal to the film surface
into the bulk. For the block copolymer the F atomic percentage was
markedly higher (60.1%) than the stoichiometric one (18%) and
decreased with decreasing ¢, whereas the C atomic percentage
followed the opposite trend. Thus, the outermost surface of the films
was selectively enriched by the low energy fluorinated block. The O
atomic percentage was generally comparable with the anticipated

FIGURE 4 C(1s) XPS spectra at ¢ =50° for (S-b-AF8) (left) and (S-6-AF8)90
(right).
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TABLE 3 XPS Atomic Composition of (S-56-AF8) and a Blend With SEBS

Film ¢ () C (%) 0O (%) F (%)

(S-b-AF8) Stoichiometric® 80 2 18
70 Experimental 35.3 4.6 60.1
50 36.6 5.6 57.8
20 37.8 5.4 56.8

(S-b-AF8)90
70 Experimental 32.8 4.7 62.5
50 35.4 5.4 59.2
20 41.6 5.6 52.8

“Calculated on the basis of the known degrees of polymerization n and m.

nominal composition and slightly increased with increasing sampling
depth, according to the increment of the ester group concentration in
the underlying molecular layers of the polymer films. This behavior
is even more evident in the blend. Even though it is not possible to
compare the XPS experimental results with the stoichiometric ones
because of the uncertainty of the actual SEBS composition, the
detected F atomic percentages are much larger than those we expected
for the blend and very close to those detected for the neat block copo-
lymer. A strong surface segregation of the fluorinated tails takes place
in the blend, which is possibly enhanced over that of the block copoly-
mer itself.

CONCLUSIONS

Blends of smectic block copolymer (S-b-AF8) with SEBS present low
wetting properties irrespective of the chemical composition, at least
up to 70 wt% SEBS. Such behavior is associated with the segregation
of the mesogenic side chains of the fluorinated polymer block to the
outer surface. The blend films can combine low surface energy of
fluorinated copolymer and low elastic modulus of elastomer SEBS.
These two paired features may be expected to provide release proper-
ties against marine foulants, such as barnacles, to the polymer films
by allowing the adhered organisms to detach from the surface under
low shear stresses.
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