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General Introduction

Polymer materials have been used in many fields, from daily necessaries to aerospace
sciences due to their excellent bulk chemical and physical properties. Compared with
other materials, such as metals, ceramics many polymers have good processability.
However, polymer materials are inferior to other materials in point of strength, thermal
resistance, electric conductivity and so on. To improve these bulk properties, composite

materials have been widely studied [1-5].

For surface properties, surface modifications without losing bulk properties are widely
performed for high performance of a number of applications such as adhesives, coatings,
biomaterials, paints and wrappings. Many surface modification techniques have been
developed to achieve desirable and valuable properties to fulfil adhesion property,
biocompatibility, and lubricity [6, 7]. These properties directly relate to the surface
wettability. Wetting on a solid surface is not only relevant to above properties but also
itself an important phenomenon for coating, painting, and so on. The wettings of many
kinds of liquids on solid surface have been in the center of attentions over the last few
decades [8-15]. These phenomena have been studied both experimentally [16, 17] and
theoretically [18, 19]. Focusing on water wettability, some research groups have
reported the ultra-water repellent [20-27] and ultra-water wetting surfaces [27-30]
through increasing surface roughness. For example, a microstructure, as typified by
lotus leaf, was reported to bring about super water repellency to a surface whose contact
angle was 174° [21]. McCarthy et al. reported more water repellent surface. On the
nanostructured surface, a contact angle of water was 179° [31]. They are so-called
physical method. On the other hand, controlling of surface free energy by modifying the
surface chemical composition is also widely performed. For example, polar functional
groups, such as hydroxy, amine, and carboxy groups, are introduced onto the material
surfaces, then, the surface becomes hydrophilic by increasing the surface free energy
[26-37]. On the other hand, long alkyl chains or fluorinated compounds are used to
produce hydrophobic surfaces with low surface free energy. Especially, a fluorinated
compound is well known to be effective for its remarkable surface-segregation. It was
known to that the unique properties of C-F bounds brought the specific characteristics
[38]. Fluorine has a small atomic radius and the biggest electro negativity among atoms.

It forms a stable covalent bond with carbon. These bonds impede hydrogen bonding and
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dispersion interactions with polar and non-polar liquids. There are a lot of researches
about the hydrophobic modifications of polymer surfaces using fluorinated reagents [27,

28, 39-48] and fluorinated polymers [49-60].

Zisman and coworkers reported that the surface chemical species and concentrations of
functional groups affects surface free energy, which decreased in the order of -CH,- >

-CH; > -CF,- > -CF,H > -CF; [61]

It should be mentioned that the surface free energy of solid was estimated through the
results of contact angle, since it cannot be measured directly. Therefore, several
equations, which were combined with the Young equation, have been proposed to
evaluate the surface free energy [6]. Hereafter, the surface free energy calculated from

the equations is expressed as the s value in this thesis.

Nishino and Ueda groups reported the surface of the vapor deposited
n-perfluoroeicosane (CyoF4;) film [62]. Single-like crystallites of CyoF4, were epitaxially
grown with the molecular axis perpendicular to the substrate surface. The terminal -CF;
groups were completely organized in a hexagonally closest packing on the surface,

which showed 6.7 mJ/m?. It was the lowest s value on solid surface.

The very low y; value was similarly obtained using fluorinated reagent. In 1999,
Nakamae et al. demonstrated hydrophobizing poly(vinyl alcohol) surface by lowering
surface free energy, 10 mJ/m?, with a fluorinated silane coupling reagent. An original
poly(vinyl alcohol) (PVA) surface is very hydrophilic and less resistant to water. After
fluorination, the surface showed high water repellency whose contact angle of water
was 105°. Compared with the original PVA surface, the fluorinated PVA surface showed
low swelling ratio. This indicated that fluorinated PVA had resistance to water derived

from fluorine on the surface [63].

Lowering y, value is achieved both by the surface coverage of -CF3 and -CF»- groups,
and by the ordered structures of the fluorinated compound [33-40]. Especially,
self-assembled monolayers (SAMs) contained perfluoroalkylated (CF3(CF2)s-)
compounds are well known to be effective. Nakamae and Nishino studied the structures

and the y; values of fluorinated polymers, random and diblock copolymers of methyl
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methacrylate and 2-perfluorooctylethyl —methacrylate (PMMA-r-PFEMA and
PMMA-b-PFEMA, respectively). They found that the y, value of the PMMA-b6-PFEMA
surface was lower than that of PMMA-r-PFEMA, because the PMMA-b-PFEMA
surface was thoroughly covered with the -CF; groups while -CF,- groups and
methacrylate backbones were likely to be exposed on the PMMA-r-PFEMA surface
[64].

Fluorinated component plays an important role not only in lowering y, value but also in
surface-segregating of hydrophilic component. Jannasch looked into the surface
compositions of poly(styrene(S)-block-ethylene oxide (EO)) and poly(S-graft-EO) films.
He reported that S segments having the PEO chain ends terminated by hydroxy groups
were segregated on the copolymer surface, while EO segments were dominated on the
film surface for the copolymers with fluorinated poly(ethylene oxide) (PEO) chain ends.
These shows hydrophilic EO unit can be surface-segregated against the request of
surface enrichment of hydrophobic segments under some conditions [65]. These
fluorinated polymer surfaces were more hydrophilic than poly(S-graft-EO) surface and
surface-segregated components affected its properties. The effect of a
surface-segregated component on the property has been studied using many methods,
because of the contribution for surface properties [66]. By using fluorine-containing
groups as a driving force for surface-segregation, surface-segregated components were

able to be controlled and multifunctional surfaces were easily designed.

The first aim of the present work is to show how to achieve a low energy surface
through very simple method, by using fluorinated reagent. A poly(methyl methacrylate)
(PMMA)  surface was  fluorinated by  simply immersing it into
3-(perfluoro-7-methyloctyl)-1,2-epoxypropene, as shown in Figure 1, followed by heat
treatment at 120°C. As describe earlier, fluorinated reagent have been used to make
hydrophobic surfaces [29, 30, 40-49]. So far, these methods are effective in only case of
there being reactive functional groups, such as hydroxy groups. Then, introduction of
functional groups is necessary to use fluorinated reagent for polymer surface without

functional groups, such as PMMA.

The fluorinated PMMA surface showed low y; value, 10 mJ/m’. In this way, for most
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surface fluorination, the y, value downs to 10 mJ/m* was reported. To reach the y value
less than 10 mJ/m?, the ordered structures of the fluorinated compound are essential. In
this thesis, the relationship between inclination of perfluoroalkyl (Rs) groups and 7y,

value on the fluorinated surface was also observed.

(CF3)-,CF(CF)s-CH-CH,
\O/

Figure 1 Chemical structure of 3-(perfluoro-7-methyloctyl)-1, 2-epoxypropane.

The second aim of the present work is to investigate the surface properties of polymer
surface modified by MMA terpolymer containing both perfluoroalkyl (R, groups and
PEO chains as side chain, shown in Figure 2. As mentioned above, even hydrophilic
component could be surface-segregated by using fluorine. Then, investigating the
optimum condition of surface-segregation of hydrophilic components is of great

importance to utilize them through easy method.

) [, 2 |

CHz_? CHZ—(ll
(”:-OCH3 c";'o'(CHz)z'(CFz)n'F J { %‘(OCH2CH2)m'X J
. i k

o o
MMA PFEA-n PEO-X

o
cHz_cl

Figure 2 Chemical structure of P(MMA/PFEA-n/PEO-X).

This thesis consists of following two parts that have been subdivided into six chapters

to fulfill the above aims.

Part I is concerned with the preparation of low energy surface using fluorine, and the

effect of orientation of surface Ry groups on y, value. This part contains two chapters. In
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Chapter 1, properties of fluorinated PMMA surface prepared by simple method were
evalutated. In Chapter 2, n-perfluoroeicosane (CyoF4;) thin films were vapor deposited
on glass. The y, value of these surfaces was measured, and the effect of the orientation
of R, groups on the y, value was investigated. Part II is concerned the
surface-segregation of PEO side chains promoted by Ry groups which are involved in a
single molecule. In Chapter 3, polymer surfaces were modified using mixture of
following three polymers; methacrylate-based terpolymers (surface modifier) containing
both R/ groups and PEO as side chains in a single molecule, PMMA, and fluorinated
copolymer. The structure and properties of the terpolymer modified surfaces were
evaluated. The effect of PEO side chain length and the composition of matrix resin,
which was composed PMMA and fluorinated polymer, on surface-segregation of PEO
side chain was discussed. In Chapter 4, the PEO termini in terpolymer were changed
and its surface properties were investigated. Chapter 5 described the adhesion property
of terpolymer modified surface which had different carbon numbers of Ry groups. In
Chapter 6, low-fouling properties of terpolymer modified surface were observed using
several accretions. Moreover, the covalent immobilization of a functional biomolecule

on the low-fouling surfaces was attempted.
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Poly(methyl methacrylate) with Fluorinated Reagent



Chapter 1

1.1. Introduction

Surface fluorination is matchlessly effective to achieve desirable surface properties such
as low adhesive property, lubricity and hydrophobicity without changing bulk properties
[1-3]. Typical and easy fluorinated methods use using coupling reagent containing fluorine
[4-6]. For example, the hydroxy groups on a poly(vinyl alcohol) surface were able to be
fluorinated using a fluorinated silane coupling reagent, which brought about a hydrophobic
surface with the y, value of 10 mJ/m”. Durand et al. reported hydrophobic silica surface by
radical addition of tetrafluoroethylene [7]. Nystrom ef al. reported that a super water
repellent and self cleaning cellulose surface was obtained via grafting of glycidyl
methacrylate to hydroxy groups followed by fluorination [8]. These methods need reactive
functional groups, such as hydroxy groups on a substrate surface. Then, these methods are
easy but can be applied to limited substrates.

Poly(methyl methacrylate) (PMMA) is a typical amorphous polymer and possess several
desirable bulk properties such as high strength, dimensional stability, optical transparency
and high wear resistance. Because of the high transparency, PMMA has been utilized
widely for optical instruments [9]. For producing hydrophobicity on a PMMA surface, a
coupling reagent method can not be applied to the surface, because PMMA potentially has
no special reactive group which reacts with a fluorinated coupling reagent.

In this chapter, PMMA was purposely selected as a substrate whose surface potentially
has no functional groups for fluorination. However, a ring-opened glycidyl group shows
very high reactivity and might be introduced to a PMMA surface. The surface of PMMA
was fluorinated with the fluorinated reagent containing glycidyl and perfluoroalkyl groups.
The low-fouling properties and anti-fouling property of the fluorinated PMMA surface
against fingerprints were examined through albumin adsorption, thrombogenesis, and

wettability of oleic acid.
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1.2. Experimental
1.2.1. Sample preparation

PMMA, commercially called Acrypet VH and kindly supplied by Mitsubishi Rayon Co.
Ltd. (Tokyo, Japan), was used in this study. The number average molecular weight (M,)
and the polydispersity index M,/M, (M, is the weight average molecular weight) from gel
permeation chromatography were 7.6 x 10* and 3.1, respectively. PMMA was twice
purified by reprecipitation from acetone solution to 10 times the volume of methanol. The
PMMA film was achieved by casting on a polyethylene (PE) sheet from 0.05 g/mL
chloroform solution at room temperature. The cast film was dried in air for 24 h and under
vacuum at 40°C for 24 h. PMMA film was rinsed with cyclohexane for 5 min after being
immersed in 3-(perfluoro-7-methyloctyl)-1, 2-propeneoxide [Figure 1-1, Wako Pure
Chemical Industries, Ltd., Osaka, Japan] for 30 min at 25°C. Then, the film was air dried
and heat-treated at 120°C for 24 h.

(CF3),CF(CK)g-CH-CH,
\O/

Figure 1-1 Chemical structure of 3-(perfluoro-7-methyloctyl)-1, 2-epoxypropane.

1. 2. 2. Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a
Shimadzu ESCA-850 to investigate the surface composition and bindings. MgKa radiation,
generated at 8 kV, 30 mA, was irradiated on the films, and then the XPS spectra were
collected at 90° of the take-off angle between the sample and the analyzer. The pressure in
the instrumental chamber was less than 1.0 x 10~ Pa. No radiation damage was observed
during the data collection.

The dynamic contact angles of distilled water and diitodomethane were measured at room

temperature [10-12]. The advancing contact angle (6,) and the receding contact angle (&)

13
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were measured when the droplet enlarged (< 2 mm diameter) and shrunk, respectively. The
average contact angle (#,y) was calculated as

Oay = cos " {(1/2)(cos 0, +cos 6,)}. (1)

The surface free energy y; of the polymer solid was calculated using the contact angles by
Egs. (2) and (3), which were proposed by Owens and Wendt [12] who extended the Fowkes
concept [13].

d P _
+ - ’
ys 7/s ys (2)

(+cosB)y, =207 7)"* +20r0 )", 3)

d
where /i is the surface free energy of the liquid, and 7: and 7. [ are its dispersion and
d
polar components, respectively. The 71 and 7. ! values of water are 21.8 and 51.0 mJ/m’

and those of diiodomethane are 48.5 and 2.3 mJ/m?, respectively [12]. To evaluate the /s
value from the contact angles, several equations have been proposed. In this study, the

Young—Owens equation was used to simplify the evaluation, because the polar component

contributed negligibly little to the total 75 value in this study, as shown below. In addition,
the static contact angle of oleic acid was also measured at room temperature to estimate the
anti-fouling property against the fingerprint model on the surface.

Moreover, to estimate the stability of fluorinated PMMA surface, the sample was
immersed into distilled water at 50°C for 4 days, then the static contact angle of water was
measured. Bovine serum albumin (BSA, Sigma Co., St Luois, MO) was used for the
protein adsorption test on the fluorinated PMMA surface. The films were immersed in BSA
solution (2 mg/mL, in phosphate buffered saline (PBS)) for 24 h at 37°C and then rinsed
with PBS three times to remove protein weakly adsorbed on the surface. The amount of
adsorbed BSA on the surface was evaluated using the bicinchonic acid (BCA) method [14],
where the absorbance change in the solution at 562 nm was measured using UV-vis
spectrophotometer (Hitachi Ltd., U-2000, Tokyo, Japan). The amounts of BSA adsorbed on
polytetrafluoroethylene (PTFE), polyurethane (PU, Pellethane 2363-91AE, Dow Chemical
Company, Midland, MI), poly(ethylene terephthalate) (PET), and PMMA were also

14
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measured as references. In addition, the fluorinated films were immersed in distilled water
at 37°C for a prescribed time to estimate the stability of the fluorinated PMMA surface in
water.

Square films (1x1 sz) of the fluorinated PMMA, original PMMA, and PTFE were
immersed in fresh human whole blood for 20 min at 37°C and then rinsed with PBS three
times to remove clots weakly attached to the film. Then the films were immersed in
glutaraldehyde solution (Nacalai Tesque Inc., Kyoto, Japan) at 37°C for 24 h to fix blood
attached to the surface. After 24 h, the films were observed using an optical microscope
(Nikon Co., E950, Tokyo, Japan). Fresh human whole blood supplied from a health donor
was collected at the medical center for student health, Kobe University. All samples were

obtained in accordance with ethical committee regulations of Kobe University.

1. 3. Results and discussion
1. 3. 1. Fluorinated PMMA surface

Figure 1-2 shows the XPS wide spectra and C spectra of the PMMA and the fluorinated
PMMA film, respectively. After fluorination, a Fi, peak, clearly identified around 680.0 eV,
originating from the perfluoroalkyl groups, appeared on the film surface. The C;s spectrum
for the fluorinated PMMA surface could be a curve-resolved into five peaks: at 294.1 eV
(-CF»), 291.8 eV (-CF»-), 288.8 eV (-C=0), 286.5 eV (C-0), and 285.0 eV (-CH,). The Ci;
spectrum for the PMMA surface, on the other hand, has no peak assigned to the
perfluoroalkyl group (-CF,- and -CF3). After fluorination, the O/C ratio was reduced from
0.43 to 0.27. The high F/C (2.34) value of the fluorinated PMMA surface reveals that the
fluorinated PMMA surface was almost covered with R, groups. PMMA has the surface
without functional groups which can be reacted with glycidyl groups of fluorinated reagent.
However, the methoxycarbonyl groups of PMMA slightly change to carboxylic acid [15].
Then, it is assumed that the carboxylic acid plays a role of the foothold of the surface
reaction. One of the plausible fluorination mechanisms of PMMA through the reaction

between PMMA and glycidyl groups is as follows:
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(CF3)2CF(CF2)6'C\|‘(|59H2

PMMA-COOH ———» PMMA-COOCH,CHOH(CF,)sCF(CF3),

(a) (b)
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Figure 1-2 (a) XPS wide spectra of PMMA and fluorinated PMMA, (b) C,s core level
spectra of PMMA and fluorinated PMMA. Incident angle of X-ray is 90°.

Once epoxy groups of fluorinated reagent react to a little carboxy groups on PMMA
surface, a next fluorinated reagent reacts to it. As a result, fluorine was assumed to be
introduced to a PMMA surface one after another.

Figure 1-3 shows photographs of water droplets on (a) the PMMA and (b) the fluorinated
PMMA films. The PMMA surface clearly changed to a water repellent one by being simply
immersed in the fluorinated reagent followed by heat treatment. The photographs
superimposed on each upper-right corner reveal high optical transparency, originating from

PMMA, was maintained after fluorination. Table 1-1 lists the dynamic contact angles and
the 7s values of the PMMA and the fluorinated PMMA films. The 6,, value of water on

the PMMA film changed from 67° to 111° and the 7s value decreased from 42.8 mJ/m” to
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10.0 mJ/m® by fluorination. The low value of /s after fluorination corresponds to the fact

the PMMA surface was mostly covered with fluorinated components as revealed by XPS

measurement. Moreover the /s of 10 mJ/m* achieved by this fluorination technique is
much lower than those of other hydrophobic polymers, such as polyethylene (36 mJ/m?),
polypropylene (32 mJ/m?), and PTFE (22 mJ/m?) [10]. The fluorinated PMMA in this study
showed higher water repellency than other hydrophobizing methods such as plasma
treatment followed by fluorination with silane coupling treatment [8, 16]. In contrast, the

value is much higher than that (6.7 mJ/m?) based on -CF; groups with a hexagonally close

packed surface, which was reported as the lowest /s value of any solid at room
temperature [11]. This is because -CF;- groups were exposed on the surface besides —CF;

groups.

Figure 1-3 Photographs of water droplet on (a) PMMA and (b) fluorinated PMMA. Film
transparency is shown in upper-right corners.
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Table 1-1 Contact angle 6 and surface free energy ys of PMMA and fluorinated PMMA
films.

Contactangle of water Contactangle of CH,l, d P
(degree) (degree) 7s 7s Vs
2
6, 6, 6 A6 6, 6, 6 A8 (mJfm?)
PMMA 67 75 56 19 43 47 39 8 30.9 1.9 42.8
Fluorinated 10.0
PMMA 111 121101 20 99 108 90 18 7.4 2.6 :

Figure 1-4 shows the static contact angle of water on the fluorinated PMMA after being
immersed in water at 50°C for the designated time. Even after 4 days, the static contact
angle of water was maintained at 112°. This result indicates that the fluorinated PMMA

coating is stable against heated and wet conditions.
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Figure 1-4 Relationship between the contact angle of water on the fluorinated PMMA
after immersing in distilled water at 50°C for 1, 2, 3 and 4 days.

18



Chapter 1

1. 3. 2. Application of the fluorinated PMMA

Figure 1-5 shows the photographs of (left) PMMA and (right) fluorinated PMMA films
with lines drawn with a permanent marker. Unlike the original PMMA surface, the oily felt

pen resin was repelled on the fluorinated PMMA surface.

T el

T peelmmmmmem 0
KOBE
KOBE

KOBE

Figure 1-5 Photographs of (left) PMMA and (right) fluorinated PMMA films. Lines were
drawn with permanent marker.

e —— A

PMMA Fluorinated PMMA

Figure 1-6 Photographs of oleic acid droplet on (left) PMMA and (right) fluorinated
PMMA films.
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Figure 1-6 shows the droplet of oleic acid on PMMA film before and after fluorination.
Oleic acid is known as the main component of sebum. The contact angle of oleic acid on
the PMMA film was dramatically changed from 16° to 82° by fluorination. The results in
Figures 1-5 and 1-6 indicate the fluorinated surface has anti-fouling property and the
potential to be an anti-fingerprint application.

Figure 1-7a shows the amount of BSA adsorbed on various polymer films. Tamada and
Ikeda reported that protein adsorption was reduced on a very hydrophobic surface [17].
Compared with other conventional polymers such as PTFE, PU, PET, and PMMA, the
fluorinated PMMA surface showed reduced BSA adsorption.

Figure 1-7b shows the amount of BSA adsorbed on fluorinated PMMA surfaces before
and after being immersed in water at 37°C for several days. The amount of BSA adsorbed
on fluorinated PMMA was maintained at a low value even after four-day immersion of the
film in water. This reveals that the fluorinated film was stable in water without losing its

protein repellent characteristic.
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Figure 1-7 (a) Amount of BSA adsorbed on various polymer surfaces. PTFE:
polytetrafluoroethylene, PU: polyurethane, PET: poly(ethylene terephthalate). (b)
Amount of BSA adsorbed on fluorinated PMMA surfaces before and after immersed in
water for several days. Amount of BSA adsorbed on PMMA surface was also
superimposed on the figure with arrow.
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Figure 1-8 shows the photographs of (a) PMMA, (b) PTFE, and (c¢) fluorinated PMMA
films after being immersed in whole human blood then rinsed. On the PMMA and PTFE
films, clotting took place, while no clots were observed on the fluorinated PMMA. This
originated from the protein repellent characteristics of the fluorinated PMMA surface,
because when materials came into contact with blood, proteins were rapidly adsorbed onto
the surfaces, which triggers the clotting. This result demonstrates that the fluorinated
PMMA had weak affinity with platelets and is a good candidate for an antithrombogenic

material.

(a) PMMA (b) PTFE

(c) Fluorinated PMMA

Figure 1-8 Photographs of (a) PMMA, (b) PTFE, (c) fluorinated PMMA films after
immersion in whole blood for 20 minutes at 37°C.
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1.4. Conclusions

The PMMA surface was fluorinated by simply immersing it into a fluorinate reagent
followed by heat-treatment. The contact angle of water for the fluorinated PMMA
increased to 111°. This corresponds to the surface free energy of 10 mJ/m?, which is much
lower than that of PTFE and stable under wet and heated conditions. In addition,
fluorinated PMMA surface showed high resistance to BSA adsorption, thrombogenesis,
and anti-fouling properties against fingerprints. This fluorination technique simply and

effectively lowers the surface free energy of PMMA.
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Chapter 2

2.1. Introduction

For satisfaction of high performance of adhesives, paints, coatings and biomaterials,
the control of the surface free energy is needed. A low free energy surface possesses a
variety of useful properties for these applications [1-4]. In fact, polymer surface with
low surface free energy (y;) showed water and oil repellencies, biocompatibility in
Chapter 1. In regards to lowering y; value, Zisman et al. reported that the surface
chemical species and concentrations of functional groups affects y;, which decreased in
the order of -CH,- > -CH3; > -CF,- > -CF,H > -CF; [5]. From this view point, the
value can be much more reduced, compared with that (18 mJ/m?) [6] of PTFE which is
composed of -CF,-. Nishino et al. previously reported the lowest 7, of 6.7 mJ/m* for
n-perfluoroeicosane (CpyoFsy), epitaxially grown surface, on which the -closest
hexagonally packed -CF; groups exposure [7]. The determination of the lowest y, plays
an important role in the practical achievement in a process aimed at obtaining materials
with the low y,. Table 2-1 summarizes the endeavors to lower the y, value in the
literatures [8-21]. In a large numbers of cases, the y, values down to 10 mJ/m’ were
reported, and only a few polymers with perfluorinated side chains could reach to the y;
value less than 10 mJ/m?. These suggest that strict control of surface structure is needed
to approach the low y, value.

In this chapter, the vapor deposition of CyF4, thin film was performed, and the
dynamic contact angle was measured. Then the effect of structure of CyoF4; thin film on

the y; value was investigated.
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Table 2-1 Surface free energy reported in the literatures.

Chapter 2

Surface free energy

Fluorine compound Substrate (mJim2) References

Surface treatment

CF4(CF,);(CH2),SiCly PVA 10 B
CF3(CF,)sCOCI PVA 18 9
CF3(CH,),Si(OCHs); Cellulose 26.7 10
CF3(CF3)5(CH,),Si(OCH3); Cellulose 19.9 10
(CF3),CF(CF,)sCHOCH, PMMA 10.0 1
Polymers with perfluorinated side chains

H,C=C(CH3)CO,CH,CH,(CF,)sCF3 PMMA 10.2 12
H,C=CHCOy(CH,),(CF,);CF3 9 13
H,C=CHCO,(CH,),(CF,)sCF3 - 184 14
H,C=CHCO(CH,),(CF,);CF3 - 78 15
H,C=CHCO(CH,),(CF,);CF3 - 10 16
H,C=C(CH3)(CH2),CO(CH3)1o(CF3)gH - 20.5 17
H,C=C(CH3)(CH,),CO(CH5)4o(CF;)1oH - 16.5 17
H,C=C(CH3)CO,CHy(CF,),CF3 - 12.0 18
H,C=C(CH3)CO,CHx(CF5),H - 18.0 18
H,C=C(CH3)CO,CH,CH,(CF,)sCF3 - 12.6 9
H,C=C(CH3)COy(CH,),(CF,),CF; LB? 7.3 19
H,C=C(CH3)CO,(CH,),(CF5);CF - 7.8 20
H,C=C(CH;)CO,(CH,),(C3H;N,)CH3*N(SO,CF3),- 26.9 21

aLangmuir film on Si wafer deposited at surface pressure of 5.5 mN/m from chloroform solution.
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2. 1. Experimental
2. 1. 1. Sample preparation

Slide glass was used as a substrate. To alter the surface property of the glass, a
substrate was immersed in 0.5% wt/wt aqueous solution containing distearyl dimethyl
ammonium chloride (SMA) or dialkyl sulfosuccinic acid, followed by rinsing with
distilled/deionized water and drying. The former (SMA) treatment gives the surface
hydrophobicity, but the latter (ASS) treatment brings it hydrophilicity. CyoF4, (PCR
Chemicals Inc.) was heated at 47°C under 10™ Pa and vapor deposited onto the each
pretreated slide glass with the deposition rate of 10 A/min. During deposition, the
substrate was cooled to -30°C. Total thickness of vapor deposited layer was 1000 A,

being monitored by a quartz crystal microbalance.

2. 1. 2. Characterization

The dynamic contact angle was measured with the same method described in Chapter
1.

The X-ray diffraction measurement was performed by symmetrical reflection
geometry with CuKa radiation generated at 40 kV, 20 mA.

The degree of crystallite orientation, f, in the thin films was determined by calculating
the Herman’s orientation function [22] from the relationship between the X-ray
diffraction intensity and the angle of inclination for the (006) plane of CyoF4, along the
Debye-Scherrer ring.

3<cos2 ¢> -1
=S ()

J'zl(¢5)c0s2 Psin gd
<cos2 ¢> =0 7 (2)

2

[1(p)sin g

0

where /(¢) is the intensity at the inclination angle ¢.
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1. 3. Results and discussion
1. 3. 1. Surface structure of C,)F4; vapor deposited on
as-received and ASS treated glass

Figure 2-1 shows the X-ray diffraction profiles of the C,¢F4, thin films vapor-deposited
on a) as-received glass and b) ASS treated glass. Several sharp diffractions were
observed with overlapping to amorphous halo of the glass around 26 of 25°. Judging
from the crystal structure (thombohedral lattice system,a=b=35.70 A, c=85.0 A, B =
120°) of CyF4,, these could be indexed as shown in Figure 2-1. There observed the
meridional 000 reflections, which reveal that the fluoroalkyl chains stand with their
c-axis perpendicular to both of the glass surface. In addition to these meridional
reflections, for the profile on a) as-received glass, equatorial 100/010 reflection
appeared. This result indicates that some molecules laid parallel to the surface, then
some -CF,- groups were exposed on the as-received glass surface. This contrasted with
the case for the CyoF4; thin films vapor deposited on SMA treated glass, where most of

the surface was covered with -CF3 groups.

(003) a) as-received glass Figure 2-1 X-ray

(100/010) diffraction profiles of the
CxF42 thin films vapor
(004) deposited on a)

Intensity

as-received glass and b)
(008) ASS treated glass.

1
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20 (degree)

(003) b) ASS treated glass
=
»
gf) (004)
£
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Figure 2-2 shows the relationship between the X-ray diffraction intensity and the angle
of inclination for the (006) plane of CyoF4, along the Debye-Scherrer ring. From the
integral width of the curve, the f'value of the crystallite orientation was valued as shown
in Figure 2-2. In both cases, very high f values indicate that the C,oF4, molecules are
almost standing on the substrate. In particular, the f value for C,oF4, deposited on
as-received glass was higher than that on the ASS treated glass. The glass surface may
be roughened by the ASS treatment. The molecular alignment of CyoFs, against

substrate will be disturbed for this reason.

a) as-received glass b) ASS treated glass

1.0 1.0
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Figure 2-2 Relationship between the X-ray diffraction intensity and the angle of
inclination for the (006) plane of CxF4, along the Debye-Scherrer ring. Thin film was
vapor deposited on a) as-received glass and b) ASS treated glass.
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Table 2-2 Dynamic contact angle 6,, of H,O, CHal,, the surface free energy y; of
vapor deposited CxoF 4.

Contact angle Surface free energy

Glass Water CH.l,

degree mJ/m?
As-received 91 84 19
ASS treated 112 106 8.1

Table 2-2 shows the dynamic contact angle 6,, of H,O, CH;I,, the y, value of vapor
deposited CyoF4, on as-received and ASS treated glasses. The 6,, and the y, values for
the CyoF4; thin film on the as-received glass almost correspond to those of PTFE [18].
On the other hand, the 8,, value was higher, and the y, value was lower for CyoF4, vapor
deposited on the ASS treated glass. These results indicate that the lack of -CF,- groups

and -CF; total coverage of the surface are more important for the low (<10 mJ/m?) y;.

2. 3. 2. Time dependence of surface structure

Figure 2-3 shows the X-ray diffraction profiles of C,oF4, thin film on SMA treated
glass at a) just after deposition, b) 3 days after deposition, and c¢) 30 days after
deposition. The profile a) and b) were intrinsically as same as that observed in Figure
2-1b. However, the profile c¢) showed that the thin film became amorphous state after 30
days. This indicates that crystalline state is unstable, and CyF4; thin film is intrinsically

amorphous at room temperature.
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a) JUSt after dGDOSItIOI‘l Figure 2-3 X-ray diffraction
profiles of CyF4, thin film on
SMA treated glass at a) just
after deposition, b) 3 days after
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Just after deposition After 3 days
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Figure 2-4 Time dependence for the relationship between the X-ray diffraction
intensity and the angle of inclination for the (006) plane of C,F4, vapor deposited
on SMA treated surface along the Debye-Scherrer ring.

Table 2-3 Dynamic contact angle 6,, of H,O, CH.l,, the surface free energy s
together with schematic representation of the orientation of CyiF4> molecule on
SMA treated glass just after deposition, 3 days and 1 month.

Just after 3 days 30 days
Contact angle (deg.)
Water 119 113 79
CHsl; 107 100 59
Surface free energy 6.7 9 1 33

(mJ/m?2)
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Figure 2-4 shows the time dependence for the relationship between the X-ray
diffraction intensity and the angle of inclination for the (006) plane of CyF4, vapor
deposited on SMA treated surface along the Debye-Scherrer ring. Just after deposition,
very high crystallite orientation was observed. On the other hand, the distribution peak
was split into two peaks after 3 days stored at room temperature. The 6,, and y, values
were shown in Table 2-3 together with schematic representation of the orientation of
CyoF4, molecule on SMA treated glass. Just after deposition, CyoF4; molecules were
strictly standing on the substrate, which brought the lowest y; value to the surface. After
stored for 3 days at room temperature, the molecules started to incline, and the y, value
increase to 9.1 mJ/m” from 6.7 mJ/m®. This result reveals that ca.0.2°distortion of chain
orientation caused the increase of 2.5 mJ/m? for the y, value. After one month, the chain
orientation was totally lost and both -CF»- and -CF; groups exposed on the surface, and

the y, value increased very much.

2. 4. Conclusion

While with large number of papers appeared, many reported the y, value down to 10
mJ/m?, and only a few reported the y, value lower than 10 mJ/m’. To examine this
reason, the microstructure and surface properties of CyFa, thin film vapor deposited
under various conditions were investigated. Surface exposure of -CF»- group, instead of
-CF; group, increased the y, value. In addition, slight inclination of the perfluoloalkyl
groups also increased the y, value. As a result, in order to reach to the lowest y, value,
precise control of the surface structure, especially total coverage of the surface with

-CF5 groups is necessary.
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Chapter 3

3.1. Introduction

Surface property is important for high performance of adhesives, paints, coatings,
biomaterials, and lubrications. For many applications, a lot of hydrophobic surface
modifications have been reported, because a hydrophobic surface, in other words, a low-
free-energy surface, brings useful surface properties. As mentioned in General introduction,
the use of fluorine is well known to be effective for achievement of a low-free-energy
surface and there has been a great deal of studies on fluoropolymers for lowering the
surface free energy. A typical and first example is polytetrafluoroethylene (PTFE), it is
widely utilized in many fields such as coating, biomaterials, and soil-resistant and
breathable textiles. However, fully fluorinated polymers have disadvantages from the
viewpoint of mechanical properties, processing, and cost [1-3]. For industrial applications,
a surface modifier is commonly used to change surface properties without losing bulk
properties. In order to overcome the disadvantages of using fully-fluorinated polymers,
copolymers with smaller amounts of fluorine-containing comonomers have potential
applications as surface modifiers. This is because that the fluorine-containing moieties tend
to be segregated at the air/polymer interface to lower the surface free energy, so polymers
with perfluoroalkyl (Ry) side chains were reported to show very low surface free energy.
Enrichment of the low surface free energy component at the surface has been observed
experimentally [1, 2, 4-6] and demonstrated theoretically [3, 7, 8]. It brought the surface
high water repellency and low adhesive strength simultaneously.

Fluorine-containing groups are also used for surface-segregation of hydrophilic
components, which is hard to be segregated on a surface. Jannasch investigated the surface
compositions of poly(styrene(S)-block-ethylene oxide (EO)) and poly(S-graft-EO) films.
He presented that S segments were segregated on the film surface of the copolymer having
the EO chain ends with hydroxy groups, while EO segments dominated the surface by the
fluorine termination of the EO chain ends. These shows hydrophilic EO units can be
surface-segregated against the request of surface enrichment of hydrophobic segments
under some conditions [9]. This method brought unique properties, which could not be

achieved using only fluorine-containing groups, on modified surface.
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In this chapter, Ry group and poly(ethylene oxide) (PEO) were used as fluorine-containing
group and a hydrophilic component, respectively. As a surface modifier, methacrylate-
based terpolymers containing both Ry group and poly(ethylene oxide) (PEO) as side chains
were synthesized. The PEO side chain length was changed to observe the effect on the
surface properties. Then the surface structure and properties of these terpolymers were
investigated, and the surface composition was found. Then, I revealed the factors affecting

the surface-segregation of PEO side chains.

3. 2. Experimental

3. 2. 1. Materials

Methyl methacrylate (MMA, Nacalai Tesque, Inc., Kyoto, Japan) was distilled under
reduced pressure before use. 2, 2’-Azobisisobutyronitrile (AIBN, Nacalai Tesque, Inc.,
Kyoto, Japan) was recrystallized from methanol. Fluorine-containing monomer, 2-
(perfluorooctyl) ethyl acrylate (PFEA-8, Clariant Corp., Tokyo, Japan), and several
macromonomers with PEO side chains with different lengths (PEO-OMe: BLEMMER
PME-100, 400, 1000, 2000 and 4000, NOF Co. Tokyo, Japan) were used as received. The
PEO side chain lengths (n) in PEO-OMe were 2, 9, 22, 45, and 90. The termini of the PEO
side chain were methoxy group. Poly(methyl methacrylate) (PMMA) (Acrypet VH,
Mitsubishi Rayon Co. Ltd., M, = 41,100, Tokyo, Japan) was purified by reprecipitation
from methyl ethyl ketone (MEK) solution into methanol. Vinylidene fluoride (VdF) -
tetrafluoroethylene (TFE) copolymer (P(2F-4F), (CH,CF,)s0(CF,CF3),, Kynar SL, Atfina

Chemicals Inc., M,, = 69,300) was used as received.
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3. 2. 2. Sample preparation

“ 1], ¢ 1
CHZ—(li CHz—c':
(-O-(CH;),-(CF)s-F J{ -(OCH,CH),-OCH, J
o J (o) k
MMA PFEA-8 PEO-OMe

n=2,9, 22, 45, 90

Figure 3-1 Chemical formulae of terpolymers, P(MMA/PFEA-8/PEO-OMe)s.

The chemical formulae of terpolymer, P(IMMA/PFEA-8/PEO-OMe)s, used in this study
are shown in Figure 3-1. P(IMMA/PFEA-8/PEO-OMe)s were synthesized by free-radical
polymerization in ethyl acetate at 75°C for 16 h using AIBN as an initiator (0.5% w/w vs.
monomers). The sum of the monomer concentrations was 30% w/w. After polymerization,
an excess of n-hexane/n-butanol mixture (n-hexane/n-butanol = 4/1 v/v) was poured into
the reactant solution at 55°C, then the terpolymers were obtained as precipitates. The
resultant terpolymer was used as the surface modifier after being dried at 60°C under
vacuum. To evaluate the PEO side chain content in the terpolymer, nuclear magnetic
resonance analysis (‘"H-NMR, DPX-250, Bruker BioSpin K. K., Kanagawa, Japan, 250. 63
MHz) was performed at 60°C using deuterated chloroform (EURISO-TOP Co., Les
Algorithmes, France) as a solvent. The fluorine content was evaluated by the lanthanum
alizarin complexone method followed by being resolved through oxygen flask combustion
method [10, 11]. The weight average molecular weight (M), number average molecular
weight (M,) were measured using gel permeation chromatography (GPC, Waters Co., Ltd.,
Model 410) equipped with reflective index detector and connected four columns (HRO.5,
HR1, HR2, HR4, Waters Co., Ltd.). Tetrahydrofuran and polystyrene were used as an
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eluent, and molecular weight standards, respectively. The actual monomer compositions

and molecular weight of the terpolymers were shown in Table 3-1.

A mixture of PMMA and P(2F-4F) was used as a matrix resin of the modifier. The
mixture of PMMA, P(2F-4F) and each surface modifier was co-dissolved in methyl ethyl
ketone/methyl isobutyl ketone (MIBK) = 7/3 w/w to prepare 10% w/w clear solution. After
stirring for overnight, the solution was dip-coated on a poly(ethylene telephthalate) (PET)
film, followed by annealing at 140°C for 1 h. The coated surface is hereafter a terpolymer

modified surface.

Table 3-1 Monomer compositions of P(MMA/PFEA-8/PEO-OMe)s.

n 2 9 22 45 90
Actual MMA 1000 1000 1000 1000 1000
composition
(mol ratio) PFEA-8 166 151 128 139 140
PEO-OMe 110 107 339 390 401
Average M, (103) 21.8 - 23.7 19.9 12.7
molecular M, (103) 58.2 - 65.8 61.3 68.9
weight M, /M, 27 - 2.8 3.1 54

3. 2. 3. Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Kratos
AXIS-HS to investigate the surface composition. The radiation source was monochromated
X-ray gun (LMX-30, Shimadzu Co., Kyoto, Japan). AlKa radiation, generated at 15 kV, 10
mA, was irradiated on the films, and then the XPS spectra were collected at 15° of the take-
off angle a between the sample and the analyzer. The analytical depth A, could be

decreased by decreasing a (Figure 3-2), and given by the equation as follows;

Ao = AoSina
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where A (3A: 6 nm) is the mean free path of the photoelectrons emitted from the sample.

Thus, a of 15° corresponds to A, of 1.55 nm.

No radiation damage was observed during the data collection.

/" Detector \ /" Detector '\

A
Electron Electron

X-Ray X-Ray

—90°

__________ Nl

Sample
Substrate |
d; = 3Asina d>d,

d, = 3Asina

Figure 3-2 Schematic representation of the depth profiling using the XPS
measurements.

The dynamic contact angles of distilled water in air were measured with the same method
described in Chapter 1. The dynamic contact angle of air bubble in distilled water was

measured by sessile bubble method.

To evaluate the adhesive property, 90°-peel test against epoxy resin was performed. First,
a sample film was glued to Al plate (the thickness was 0.5 mm) using epoxy resin,
commercially available adhesive, Araldite (AR-R30, NICHIBAN Co., Ltd., Tokyo, Japan)
followed by being hardened under constant pressure, 270 Pa, for 24 h, at room temperature.
After that, the sample film was peeled from the Al plate at the angle of 90°, then the 90°-
peel strength was measured by tensile tester, Autograph AGS-1kND (Shimadzu Co., Kyoto,

Japan); the peel rate was 50 mm/min. The number of tested specimens was more than five.
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For the measurement of macromonomer density, picnometer method, calibrated with
distilled water (0.996 g/cm’), was performed at 65°C. The density of the surface modifier
was determined by floatation method using the mixtures of methanol (0.792 g/cm®) and

sodium bromide aqueous solution.

The surface morphology was observed with an atomic force microscope (AFM, NanoNavi
Station/E-sweep, Seiko Instruments Inc., Chiba, Japan) in dynamic force mode (DFM). The
cantilever was made of Si, whose force constant is 15 N/m. The scan area was 1 um square.
The surface roughness was evaluated by the root mean square (RMS) value from the AFM

image of the terpolymer modified surface.

3. 3. Results and discussion
3. 3. 1. Surface compositions of terpolymer modified surfaces

Figure 3-3 shows the a) wide and b) C;s narrow XPS spectra of the surface modified with
MMA terpolymer, PIMMA/PFEA-8/PEO-OMe) with n = 9. The detected depth from the
surface is evaluated around 1.55 nm; lower than the conventional depth because of the low
incident angle of the X-ray beam [12]. The results of the angular dependence were shown
in Figure 3-3c. On the terpolymer modified surface, together with Cis and Oy, peaks, a Fi
peak was clearly observed around 680.0 eV, originating from R/ groups. The C; spectra for
the terpolymer modified surfaces could be curve-resolved into eight peaks: at 294.1 eV (-
CF3), 291.7 eV (CF,-(CF,)), 291.0 eV (CF»-(CH)), 288.8 ¢V (C=0), 286.5 ¢V (C-O-
(C=0)), 286.4 eV (C-O-(CHy)), 285.5 eV (CH,-(CF,)), and 285.0 eV (C-(CHy)). These
peak assignments agreed well with the previously reported ones [13, 14]. The curve-
resolving was performed under following conditions; the area of the C-O-(C=0) was equal

to that of C=0, and C-(CF,) was equal to CF,-(CH,), respectively.
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Figure 3-3 XPS a) wide and b) C4s narrow spectra of terpolymer (P(MMA/PFEA-
8/PEO-OMe) (n = 9)) modified surfaces. Incident angle of X-ray is 15°. ¢) Relationship
between the C-O atomic% and the depth from the air surface by XPS
measurements.The measurements were performed for the P(MMA/PFEA-8/PEO-
OMe) films. a: Take off angle.

Figure 3-4 shows the relationships between the segregations factors of ether (C-O) bond,
the fluorine atom and the PEO side chain length of the terpolymer. The segregation factors
are here defined as the ratio between the observed (obs.) and calculated (cal.) values. The
each value of C-O (obs.) and C-O (cal.) was evaluated by curve-fitting of C;, spectra, and
the bulk value of surface modifier (calculated from the elemental analyses), respectively.
To evaluate the C-O atomic% assigned to the ether bond of PEO side chains, the C-O
atomic% from the ester groups were eliminated based on the curve-fitting process. The F/C
atomic% (obs.) was also evaluated from the Cs spectra. As mentioned above, it is general
that the component with the lower y; is segregated on the surface. From this view point,
surface should be covered with Ry groups because the y; value is 8.5 mJ/m® for the
homopolymer of PFEA-8 and that of the macromonomer is 44.0 mJ/m>. However, the
fluorine segregation factor was rather less than the unity. This indicates that the surface
fluorine concentration is less than that of the bulk. On the contrary, hydrophilic PEO side

chains were predominantly segregated on the surface. The segregation factor of PEO side
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chain reached to max.70 times compared with that of the bulk, when PEO side chain length
n of 9. When the terpolymer modified surface was assumed to be totally covered with PEO
side chain (-(CH,CH,0)o-OMe), the segregation factor will reach to ca. 340. In other words,
for the terpolymer modified surface, about one fifth as mol ratio of the surface was covered
with the surface-segregated PEO side chains. It was speculated that the both PEO side
chain and terpolymer main chains existed near the surface because it was random
copolymer. However, surface-segregated PEO side chains rather than terpolymer main
chain were detectable because of the XPS detected depth. Besides the surface free energy,
to explain these phenomena, next, the free volume effect of PEO side chain was

investigated.

In general, polymer chain ends are well known to possess high free volume, which brings
the surface-segregation of the chain ends because of entropy effect [15]. Bates et al.
reported that chain with large free volume tends to localize on the surface because of the
entropy effect [16]. In the case of using comb-shaped molecule such as macromonomer as
used in this study, it is expected that there is also very large free volume attributed to the

side chain.

80
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Figure 3-4 Relationships
between the  segregation
factors of C-O, F/C and the
PEO side chain length of
P(MMA/PFEA-8/PEO-OMe).
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Figure 3-5 a) Effect of the PEO side chain length in macromonomer PEO-OMe on the
density of the terpolymer P(MMA/PFEA-8/PEO-OMe), and the macromonomer. b)
Effect of the PEO side chain length in macromonomer PEO-OMe on the
macromonomer crystallinity. X-ray diffraction (XRD) was carried out using an X-ray
diffractometer (RINT2100, Rigaku) equipped with Ni-filtered CuKa radiation, generated
at 40 kV, 20 mA. The scanning speed was 2.0 degree/min and the 26 scan data were
collected at 0.02 degree intervals.

Figure 3-5a shows the effect of the PEO side chain length of macromonomer PEO-OMe
on the densities of the terpolymer and the macromonomer itself. Though the density of the
macromonomer increased with the PEO side chain length, the density of the terpolymer
showed minimum value when n = 9 and 22. The increase of macromonomer density is due
to their crystallization (See Figure 3-5b). The macromonomer with long PEO side chain is
considered to show low mobility, so the longer PEO side chains were easy to align, then,
crystallized and showed high density. For terpolymer, macromonomers were fixed into
polymer chain, the crystallization was prohibited due to random sequence, which brought
lower density to the terpolymer compared with the macromonomer. The low density
suggests that the terpolymers with the PEO side chain (n = 9, 22) possesses large free
volume. As the results, the large free volume of the PEO side chain stimulates the surface-
segregation of the hydrophilic segments due to its entropy effect, which agreed with the
results of Figure 3-4. Hereafter, P(MMA/PFEA-8/PEO-OMe) with the PEO side chain
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length (n) of 22 was used, and the effect of the P(2F-4F) contents of the matrix resin on the

surface composition were investigated.
3. 3. 2. Effects of P(2F-4F) content on the surface composition

As a matrix resin, P(2F-4F) was used, which was fluorine-containing polymer and
possessed higher surface free energy than R, group, compatibility with PMMA, in
expectations of an interaction between R, groups and a matrix resin. Figure 3-6 shows the
relationship between the segregation factors of the C-O, F/C and the P(2F-4F) content in
the matrix resin. Compared with the bulk composition, fluorine concentrated and no PEO
side chain appeared on the surface for just blended the terpolymer with PMMA matrix.
This is due to the conventional surface-segregation effect of fluorine based on lowering of
surface free energy. On the other hand, instead of fluorine, PEO side chains were
segregated on the terpolymer modified surface for the PMMA/P(2F-4F) blended matrix.
Especially, in case of 40% wt/wt of P(2F-4F) was blended with PMMA, PEO side chains
were largely segregated on the surface. This reveals that the incorporation of P(2F-4F) to
the matrix resin promoted the surface-segregation of PEO side chains. It is presumed that
the interaction between fluorine segments of the terpolymer and P(2F-4F) of the matrix

additionally promotes the surface-segregation of the PEO side chains.
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Figure 3-6 Relationship between the segregation factors of C-O, F/C and the P(2F-4F)
content in matrix resin on terpolymer modified surfaces (n = 22).
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From the above results, the mechanism of the segregation of the hydrophilic PEO side
chains on the terpolymer modified surface is schematically shown in Figure 3-7. Not only
R/ groups but also PEO side chains are segregated on the surface by balances between three
driving forces, that is, surface free energy of Ry group, entropy effect due to free volume of
PEO side chain, and interaction between Ry and P(2F-4F) in the matrix resin. These factors
competitively acted, the surface composition can be controlled by the PEO side chain

length and compounding ratio of the matrix resin.

Simultaneous PEO
R o o 1

Surfacefree

energy Interaction with

matrix resin

Figure 3-7 Mechanism to explain the segregation of the hydrophilic EO units on the
terpolymer modified surface.

3. 3. 3. Dynamic contact angle and environment-responsiveness

Figure 3-8 shows the hysteresis of dynamic contact angle of a) water in air and b) air in
water on the matrix, P(MMA/PFEA-8/PEO-OMe), and P(MMA/PEO-OMe) surface, where
PEO-OMe with n = 22 is used. The 6, and 6, represent advancing contact angle and
receding contact angle, respectively. In general, polymer surface shows the hysteresis
between 6, and 6,. This phenomenon, as it is called pinning effect [17], can be separated
into two types [18, 19]. One is based on physical effect, as famous with Wenzel effect

and/or Cassie-Baxter effect, originated from surface roughness. Regarding this matter, the
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AFM topographical image of the terpolymer modified surface with P(MMA/PFEA-8/PEO-
OMe) and the RMS value by DFM mode operating in air was shown in Figure 3-8c. The
terpolymer modified surface possessed a very smooth and flat surface, where the RMS
value was 0.5 nm. This indicates that the effect of physical roughness on the dynamic
contact angle can be regarded as negligible. The other is chemical pinning effect from
chemical heterogeneity/environmental change of the surface during the measurement. A

huge variety of studies on the heterogenetic surface about this pinning effect have been

performed [20-25].
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Figure 3-8 Hysteresis of dynamic contact angle of a) water droplet on the terpolymer
modified surface in air, b) air bubble on the terpolymer modified surface in water. e:
modified with P(MMA/PFEA-8/PEO-OMe), o: modified with P(MMA/PEO-OMe) A:
matrix only. ¢) AFM Topographical image of the terpolymer modified surface with
P(MMA/PFEA-8/PEO-OMe) and the root mean square roughness (RMS) obtained by
DFM mode operating in air.
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From Figure 3-8a, b, the terpolymer modified surface showed high water repellency due
to “chemical pinning effect” of Ry groups on the surface during the enlargement of water
droplet. On the contrary, the surface became hydrophilic during the 6, measurement,
because the extended PEO side chains predominated the surface property when water
droplet covers the surface. These futures are shown schematically shown in Figure 3-9.
Conversely, in water, the terpolymer modified surface is hydrophilic because PEO side
chains cover the surface in water, therefore, air bubble shows high 8,, while the 6; of air is
low due to spreading of Ry groups on the surface by contacting with air, that is, the
terpolymer modified surface showed reverse pinning effect on the air bubble in water.
Moreover, through the dynamic contact angle measurements, 6, and 6, were alternatively
performed successively at the same point up to repeating number of ten times, these
environment-responses were reversible and rapid, which took place within 5 second to
change the surface from water repellent one to hydrophilic one, and hydrophilic one to

water repellent one, reversely.

Air
Hydrophilicity Reversible Watter
Rapid repellency
PEO Chain

Matrixresin

Figure 3-9 Mechanism of high water repellency on terpolymer modified surface.

3. 3. 4. Adhesion property

Figure 3-10 shows the relationship between the 6, value of water on the terpolymer

modified surface and the 90°-peel strength against epoxy resin. In general, the surface with
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high 6,, value in other words, high water repellent surface shows low peel strength such as
PTFE, polyethylene (PE), and isotactic polypropylene (PP). This is because the surface
possesses poor wettability against adhesive. On the contrary, hydrophilic surface shows low
6, value and high peel strength as poly(vinyl alcohol) (PVA). However, the results in
Figure 3-10 indicate the terpolymer modified surfaces showed high 6, and high peel
strength simultaneously. On the terpolymer modified surface, high water repellency due to

Ry groups and high wettability against adhesive due to PEO side chains appeared.
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Figure 3-10 Relationship between the 90°-peel strength and the advancing contact
angle 6, of water on various polymers.

3. 4. Conclusions

The surface modifiers composed of methacrylate-based terpolymer containing both PEO
side chains and Ry groups in a single molecule were prepared, and mixed with

PMMA/P(2F-4F) matrix. It was found that not only R, groups but also PEO side chains
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were segregated on the surface. This is considered to be brought by the balances among the
three driving forces, that is, surface free energy of Ry group, entropy effect due to free
volume of PEO side chain, and interaction between Ry and P(2F-4F) in the matrix resin. In
the air, the surface showed high water repellency originated from the chemical pinning
effect of Rygroup. Instead, in water, the surface is getting very hydrophilic, because the
surface is covered with extended PEO side chains. These environment-responses were
reversible and rapid, which took place within 5 second. The terpolymer modified surface
showed high water repellency due to Ry groups and high peel strength due to PEO side

chains, simultaneously.
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4. 1. Introduction

A surface modifier is widely used to change surface properties without losing bulk
properties for industrial applications. Fluorinated surface modifiers are used for their
unique properties such as oil and water repellency and a low friction property derived from
fluorine. Especially, the surface, modified using surface modifier containing perfluoroalkyl
(Ry) group as side chain or copolymers, shows some property derived from Ry group when
small amount of this surface modifier is added in matrix resin, because R, groups are
preferentially surface-segregated [1-8]. Although fluorine polymers are expensive, the
surface modification can minimize the required amount of fluorine polymers.

As described in Chapter 3, surfaces having unique properties were prepared using surface
modifiers which composed of methyl methacrylate (MMA) terpolymers containing both Ry
groups and poly(ethylene oxide) (PEO) side chains in a single molecule. By using these
terpolymers as a surface modifier, the terpolymer modified surface was covered with not
only R, groups but also PEO side chains being against the order of the surface free energy
at a certain condition. PEO side chains were found to be surface-segregated by balance of
three driving forces as below; free volume of PEO side chains, surface free energy of Ry
groups, and interaction between Ry groups and fluorine polymer as matrix resin as shown in
Chapter 3 [9]. Based on these results, I presumed that controlling surface-segregation of
PEO side chains played an important role in broadening the application of surface modifier.

PEO is well known to be a flexible, hydrophilic, neutral polymer and to show resistance
to nonspecific protein adsorption and low-toxic property. Then, PEO attracts many
attentions in the evolution of polymer materials in the medical field [10-13]. To prepare a
PEO rich surface, many methods have been proposed, such as graft copolymerization of
PEO macromonomer onto a surface and covalent grafting of PEO, and so on [14].

In this chapter, the preparation of MMA terpolymers containing Ry groups and PEO side
chains in a single molecules was studied. The effect of PEO termini on the terpolymer
modified surface was investigated. Moreover, surface properties such as adhesion property
and low-fouling property derived from PEO side chain on the terpolymer modified surfaces

were also investigated.
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4. 2. Experimental Section
4. 2. 1. Materials
Methyl methacrylate (MMA, Nacalai Tesque, Inc., Kyoto, Japan) was distilled under

reduced pressure before use. 2, 2’-Azobis-isobutyronitrile (AIBN, Nacalai Tesque, Inc.,
Kyoto, Japan) was recrystallized from methanol. The fluorine-containing monomer 2-
(perfluoalkyl) ethyl acrylate (PFEA-8, Clariant Corp., Tokyo, Japan) and several PEO-
containig macromonomer (PEO-OH: BLEMMER PE-350D and PEO-OMe: BLEMMER
PME-400, NOF Co., Tokyo, Japan) were used as received. Poly(methyl methacrylate)
(PMMA) (Acrypet VH, Mitsubishi Rayon Co. Ltd., M, = 41,100, Tokyo, Japan) was
purified by reprecipitation by pouring a PMMA/methyl ethyl ketone (MEK, Nacalai Tesque,
Inc., Kyoto, Japan) solution into methanol and used as a matrix resin for dip-coating.
Vinylidenefluoride-tetrafluoroethylene copolymer ((CH,CF;)s0(CF2CF2)20, M, = 69,300,
Kynar SL, Atfina Chemicals Inc., Philadelphia, PA, USA) (P(2F-4F) was also used as
matrix resin without further purification. Bovine serum albumin (BSA) and fibrinogen were
purchased from Sigma Co (St Luois, MO). Eagle’s minimal essential medium containing
Kanamycin (Eagle’s MEM) and Fetal bovine serum (FBS) were purchased from Nissui
Pharmaceutical Co. (Tokyo, Japan) and SIGMA Co. (St Luois, MO), respectively. Other
chemicals were purchased from Nacalai Tesque, Inc (Kyoto, Japan).

Fresh human whole blood supplied from a health donor was collected at the medical
center for student health, Kobe University. All samples were obtained in accordance with

ethical committee regulations of Kobe University.

4. 2.2. Sample Preparation

The chemical formulae of the terpolymers used throughout this chapter are shown in
Figure 4-1. The preparation of P(IMMA/PFEA-8/PEO-OMe) was reported in a previous
work (Chapter 3) [9]. In this chapter, the monomer ratios were MMA/PFEA-8/PEO-OMe,
OH, and R/=55/15/30 w/w/w. POIMMA/PFEA-8/PEO-OH) was free-radical polymerized in
ethyl acetate for 7 h at 75°C using AIBN as an initiator. The sum of the monomer

concentrations was 30% w/w. The initiator concentrations were 0.5% w/w vs. monomers
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for P(MMA/PFEA-8/PEO-OMe) and 5% w/w for P(IMMA/PFEA-8/PEO-OH). After the
reaction, an excess of n-hexane was poured into the reaction solution at room temperature,
and then a terpolymer was obtained as precipitate. The terpolymer was dissolved in acetone
again and reprecipitated using distilled water. Then, the resultant terpolymer was dried at
40°C under vacuum. P(MMA/PFEA-8/PEO-OH) was dissolved into acetone as 5% w/w
solution with keeping at 0°C. Then, triethylamine and perfluorooctylethylsulfonylchloride
(CgF17CH,CH,S0,Cl), 1.2 and 1.05-fold the amount of hydroxy groups of PEO side chains,
respectively, were added into the solution. Immediately, the flask was sealed and stirred
gently for 5 h at 0°C followed by stirring for half a day at room temperature. Next, an
excess of n-hexane was poured into the reaction solution at room temperature, and the
terpolymer was obtained as precipitate. The polymer was purified by reprecipitation in
MEK  solution for P(MMA/PFEA-8/PEO-R/) in distilled water. Then, the resultant

terpolymer was dried at 40°C in air and vacuum.

H CH, 1
et
Cli'o'(CHz)z'(CFz)S'F J . { cli'(OCHZCHz)s'X J
(o) J k
PFEA-8 PEO-X

X = OMe, OH, 0SO,CH,CH,C;F;,

Figure 4-1 Chemical formulae of terpolymers, P(MMA/PFEA-8/PEO-X)s.

The mixture of PMMA, P(2F-4F) and P(MMA/PFEA-8/PEO-OMe), (or P(IMMA/PFEA-
8/PEO-OH)) were co-dissolved into MEK/methyl isobutyl ketone (MIBK) = 7/3 w/w to
prepare 10% w/w clear solution. After stirred overnight, the solution was dip-coated on a
poly(ethylene telephthalate) (PET) film, then annealed at 140°C for 1 h. For
P(MMA/PFEA-8/PEO-R;), the mixture of matrix resin and P(MMA/PFEA-8/PEO-R;)
were co-dissolved into acetone to prepare 5% w/w clear solution. To control the
evaporation of acetone, cyclohexanone (5% w/w vs. entire amount) was added to the
solution. After stirred for overnight, the coating was performed as described above. The

coated surface is hereafter called a terpolymer modified surface.
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4. 2. 3. Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out with the same
method described in Chapter 3 and the XPS spectra were collected at 90° of the take-off
angle between the sample and the analyzer.

The fluorine content evaluation was performed with the same method described in
Chapter 3.

To evaluate the quantity of fluorination, infrared spectroscopy (FT-IR) measurements
were carried out using a Perkin—Elmer Spectrum GX FT-IR spectrophotometer with the
KBr method. A sample was scanned 10 times at a resolution of 2 cm 'over the range of
5000 ~400 cm’.

The dynamic contact angle measurements were performed with the same way described in
Chapter 1.

To estimate the adhesive property and surface morphology, 90°-peel tests against epoxy
resin and atomic force microscope (AFM) measurements were performed. The methods

were the same with those in Chapter 3.

Protein adsorption tests and antithrombogenitic tests were performed with in the same way
described in Chapter 1, but two different kinds of proteins (BSA and fibrinogen) were used
in this chapter. For XPS measurements, films were immersed in each protein solution for
24 h at room temperature and rinsed for three times with distilled water. The XPS N, core

level spectra of films were evaluated after drying at room temperature overnight.

Prior to the cell adhesion studies, films were sterilized by immersing in Eagle’s MEM
containing 60 mg/mL kanamycin for 5 h. L.929 fibroblast cells derived from mouse were
cultured on the terpolymer modified PET films in Eagle’s MEM supplemented with 10%
FBS, 1% v/v L-glutamine, and 2% v/v sodium hydrogen carbonate at 37°C in a humidified
atmosphere of 95% air and 5% CO,. The pH of the medium was adjusted to 7.4. L929 cells
were seeded on the sterilized films at a population density of 0.5 x 10° cells/mL for the

cell-adhesion tests. After culturing, the films were gently rinsed twice with approximately
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1.5 mL of PBS to remove cells weakly adhered on the surfaces. The films were observed
using a phase-contrast microscope (PM-10AK, Olympus Co., Tokyo). The cell density was
evaluated by counting the number of cells attached to unit area from the images. These

experiments were performed in triplicate and the data were averaged.

4.3. Results and discussion

4. 3. 1. Composition and reaction of terminal groups of PEO side chain
The actual monomer compositions of terpolymers were shown in Table 4-1. The results
show that MMA was preferentially polymerized, and it was difficult for PFEA-8 and PEO

macromonomer having long side chains to be copolymerized.

Table 4-1 Monomer compositions of P(MMA/PFEA-8/PEO-X)s.

X OMe OH Ry
MMA 1000 1000 1000
Actual PFEA-8 12 8 8
composition  pPEOQ-OMe 81 - -
(mol ratio) PEO-OH - 37 33
PEO-R; - - 4
Average M, (103) 26.1 5.8 6.4
molecular M, (103) 42.4 225 16.9
weight m,/M, 1.6 3.9 2.6

Figure 4-2 shows the FT-IR spectra of P(MMA/PFEA-8/PEO-OH) and P(MMA/PFEA-
8/PEO-R;). The absorption bands at 1739 cm™ and over 3300 cm™ in the spectra of
terpolymers were assigned to a carbony group and a hydroxy group, respectively.
CsF17,CH,CH,SO,Cl reacts with hydroxy groups but not with carboxy groups. The

conversion degree in the reaction can be evaluated by the ratio of absorbance of hydroxy
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group (Aoy) and carbony group (Ac-p). After the reaction, the value of 4pp/Ac-o changed
from 0.0583 to 0.0390 by fluorination. Assuming that there was no side reaction, 33% of

terminal hydroxy groups of PEO chains were fluorinated.
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Figure 4-2 FT-IR spectra of P(MMA/PFEA-8/PEO-OH) and P(MMA/PFEA-8/PEO-Ry).

4. 3. 2. Surface state and wettability

Figure 4-3 shows the typical a) wide and b) C;; narrow XPS spectra of the
P(MMA/PFEA-8/PEO-OMe) modified surface. For the terpolymer modified surface, a Fi;
peak was clearly found around 680.0 eV, derived from Ry groups. The C spectra for the
terpolymer modified surfaces were curve-resolved into eight peaks: at 294.1 eV (-CF3),
291.7 eV (CF»2-(CFy)), 291.0 eV (CF,-(CHy)), 288.8 ¢V (C=0), 286.5 eV (C-O-(C=0)),
286.4 eV (C-O-(CHy)), 285.5 eV (C-(CFy)), and 285.0 eV (C-(CHp)). The peak
assignments agreed well with previously reported values [10, 11]. The curve-resolving was
performed under following conditions; the area of the C-O-(C=0) was equal to that of C=0,
C-(CF,) was equal to CF,-(CH,). Figure 4-3c shows the relationship between PEO termini
and C-O atomic% calculated from curve-fitting of C;s spectra, the broken line indicates the

bulk value. The C-O atomic% was mostly assigned to the ether bond of PEO side chains.

61



Chapter 4

Compared with P(IMMA/PFEA-8/PEO-OMe) and P(MMA/PFEA-8/PEO-OH), PEO side
chains of P(MMA/PFEA-8/PEO-R/) were much likely to be segregated on the surface
because of the introduction of R/ groups. As mentioned above, a Ry group has very low
surface energy, therefore, R/ groups helped surface-segregation of PEO side chains in a

single side chain.
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Figure 4-3 XPS a) wide and b) Csnarrow spectra of MMA terpolymer. c) The surface
segregation factor of C-O by the XPS measurements. The broken line is the bulk value
calculated from the elemental analysis. The incident angle of X-ray is 90°.

Figure 4-4 shows the hysteresis of dynamic contact angle of water in air on
P(MMA/PFEA-8/PEO-OMe), P(MMA/PFEA-8/PEO-OH), and PIMMA/PEO-R/) surfaces.
The 6, and 6, represent advancing contact angle and receding contact angle, respectively.
Since in air, the terpolymer modified surface is water-repellent because of R, groups,
therefore, the surface shows high 6, of water. However, the 6; of water was low due to
extending PEO side chains by contacting with water. The large difference between 6, and 6,
indicates the high environment-responsiveness, which was attributed to the modifier. These
behaviors originated from the pinning effect of Ry goups, being the same as a previous
study [9]. These properties were kept when the PEO termini in terpolymer were chemically
modified. In particular, for POMMA/PFEA-8/PEO-OH), the terminal hydroxy groups would
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be oriented to water and 6, showed a very low value. Therefore, the surface showed very

large hysteresis.
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Figure 4-4 Dynamic contact angle of water on the terpolymer modified surfaces in air.
The surface modification was carried out using
0. P(MMA/PFEA-8/PEO-OMe), o: P(MMA/PFEA-8/PEO-OH), <& P(MMA/PFEA-

8/PEO-R/)

A chemical pinning effect is usually observed on surfaces smooth enough. The AFM
topographical images of terpolymer modified surfaces in air and water were shown in
Figure 4-5. The RMS values are also shown in Figure 4-5. The RMS values indicate that all
terpolymer modified surfaces were very smooth enough both in air and in water. In water,
the terpolymer modified surfaces showed unique morphologies, which were not observed in
air, probably because of highly-swollen PEO side chains. Moreover, RMS values in air
were smaller than those in water. These results revealed that surface-segregated PEO side
chains might extend in water. In addition, the terpolymer modified surfaces occasionally
got a bruise by a cantilever during measurements, which indicates that the terpolymer

modified surfaces were soft.
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Figure 4-5 AFM topographical images of P(MMA/PFEA-8/PEO-OMe), P(MMA/PFEA-
8/PEO-OH), and P(MMA/PFEA-8/PEO-R/) modified surfaces obtained by DFM
operating in air ((a), (b), (c)) and in water ((d), (e), (f)).

Figure 4-6 shows the relationship between 6, of water and the 90°-peel strength against
epoxy resin. In general, a surface with high #,, in other words, a high water repellent
surface shows low peel strength [12-15], because the surface possesses poor wettability
with adhesive. On the other hand, a hydrophilic surface, which shows low 6,, has high peel
strength. However, terpolymer modified surfaces in this chapter showed high water
repellency and high adhesion property, simultaneously [9]. This would be due to both
surface-segregated PEO chains and Ry groups.
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Figure 4-6 Relationship between advancing contact angle of water and the 90°-peel
strength on various polymers. PEO-OMe, PEO-OH and PEO-R/ represent
P(MMA/PFEA-8/PEO-X) modified surface.

Surface-segregated PEO side chains were anticipated to affect the adhesion property.
Figure 4-3c reveals that PEO side chains were preferentially segregated on the terpolymer
modified surfaces. Especially, on the surface modified with P(IMMA/PFEA-8/PEO-R/),
surface-segregated PEO chains were one hundred-fold as many as that in the bulk due to
R/ groups. Even though the PEO side chains were preferentially segregated on the
P(MMA/PFEA-8/PEO-R/) surface, the peel strength on the P(MMA/PFEA-8/PEO-OH)

was the strongest, because Ry groups rich surface had poor wettability with the adhesive.
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3. 3. 3. Low-fouling properties

Figure 4-7 shows the amounts of proteins (BSA and fibrinogen) adsorbed on the
terpolymer modified surfaces. These proteins are relatively hydrophobic and are widely
used as model fouling proteins in biomedical and bioanalytical fields. While an original
PET surface adsorbed about 0.8 pg/cm? of BSA, the terpolymer modified surfaces adsorbed
reduced amounts of BSA. For example, the adsorbed BSA was only 0.20 pg/cm” on a
P(MMA/PFEA-8/PEO-R/) modified surface, which was less than one-fourth of that of an
original PET surface. On the terpolymer modified surfaces, surface-segregated PEO chains
would prevent protein adsorption. The surface modification of a PET surface was also
effective for reducing the adsorption amounts of fibrinogen (Figure 4-7b). This resistance

would originate from the excluded volume effect and high mobility of PEO side chains in

water [16].
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Figure 4-7 Amount of a) BSA, and b) fibrinogen adsorbed on the bare and modified
PET films. The surface modification was carried out using P(MMA/PFEA-8/PEO-X).
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The Nj; spectra obtained from XPS measurements are shown in Figure 4-8. The nitrogen

signal can be used as an indicator of the relative amount of protein adsorbed on the surface

[17, 18]. Thus, the significant reduction in protein adsorption was also confirmed from the

decrease of the Ny signal intensity for the terpolymer modified surfaces. These results

agreed with the resistance to protein adsorption observed in Figure 4-7.
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Figure 4-8 XPS N;s core level spectra of original PET and terpolymer modified
surfaces after adsorption of (a) BSA and (b) fibrinogen. PEO-OMe, PEO-OH, and
PEO- Rf represent PET films coated with P(MMA/PFEA-8/PEO-X).

Figure 4-9 shows the photographs of an original PET film, and the terpolymer modified

films after immersed in whole human blood and rinsing. Protein adsorption is a key step of

clotting. Blood platelets were adsorbed on the protein and clotting was caused [19, 20]. On

the original PET and film coated by only matrix resin clotting took place, while no clots
could be observed on the modified surfaces. Especially, PIMMA/PFEA-8/PEO-OH) and
P(MMA/PFEA-8/PEO-R/) surfaces were remarkable. These results originated from the

protein repellent characteristics of the terpolymer modified surfaces.
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Figure 4-9 Optical photographs of original and surface modified PET films after
immersed in whole human blood. PEO-OMe, PEO-OH, and PEO- R/ represent PET
films coated with P(MMA/PFEA-8/PEO-X). A scale bar represents 5 mm.

Cell adhesion to a material surface is also known to be initiated by protein adsorption to a
material surface. The cell adhesion to an original PET surface and terpolymer modified
surfaces was investigated using 1.929 cells. Figure 4-10a, b and ¢ shows the optical
micrographs of PET films half-coated with terpolymers after cultivation for 2 days. L929
cells are known to be adherent cells, which grow proliferously with spreading. On the
original PET film, the number of the cell attachment was larger than those of the
terpolymer modified surfaces. On the terpolymer modified surfaces, there were a few cells
attached.

Figure 4-10d shows the relationship between C-O atomic% and the cell density on the
surfaces, and C-O atomic% was determined by XPS. Figure 4-10d shows that, as the C-O
atomic% became larger, the number of attached cell decreased accordingly. These results
reveal that terpolymer modified surfaces can prevent both cell adhesion and propagation.
The reduced cell adhesion was probably due to the resistance to protein adsorption by PEO

segregated surfaces.
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Figure 4-10 Optical micrographs of L929 cells seeded and cultured for 2 day onto films
half coated by a) P(MMA/PFEA-8/PEO-OMe), b) P(MMA/PFEA-8/PEO-OH), c)
P(MMA/PFEA-8/PEO-R/). d) Relationship between cell density of L929 cells cultured 2
days and the C-O (atomic%) detected by XPS measurement.

4. 4. Conclusions

The terpolymer contained both PEO side chains and R groups in a single molecule was
synthesized. The PEO termini were changed. The adhesive properties and low-fouling
properties of terpolymer modified surfaces were investigated. On the terpolymer modified
surfaces, not only Rygroups but also PEO chains were segregated, being against the order
of surface free energy. These surfaces showed high water repellency and high adhesive
property, simultaneously. These surfaces showed resistance to protein adsorption and to
cell adhesion derived from surface-segregated PEO side chains. Especially, the
P(MMA/PFEA-8/PEO-OH) modified surface showed good adhesion property and low-
fouling property.
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5. 1. Introduction

A perfluoroalkyl (Ry) group is highly fluorinated hydrocarbon, and posses very low
surface free energy derived from fluorine. Polymers with Ry side chains linked to
common thermoplastic polymers [1-7] are widely used for many applications such as
biomaterials, coating engineering, and breathable textures, because they show the strong
surface-segregation and bring a variety of surface properties. In Chapter 3, the
properties of polymer surfaces modified by terpolymers composed of methyl
methacrylate (MMA), 2-(perfluorooctyl) ethyl acrylate and several macromonomers
(P(MMA/PFEA-8/PEO-OMe)) were investigated. The macromonomers had PEO side
chains with different length. Not only Ry groups but also PEO side chains were found to
be segregated on these surfaces, being against the order of the surface free energy.
These surfaces showed high water repellency and high adhesive property,
simultaneously [8]. Moreover, in Chapter 4, the surface modified by methacrylate-based
terpolymers composed of MMA, 2-(perfluorooctyl) ethyl acrylate and three
macromonomers  having PEO  side chains  with  different  termini
(P(MMA/PFEA-8/PEO-OMe, OH, Ry)) were prepared. Then, factors affecting the
surface-segregation were optimized. These surfaces showed good adhesion property and
low-fouling properties.

However, a Ry group with carbon number 8, whose compounds were used in Chapters
3 and 4, has fear to produce perfluorooctanoic acid (PFOA), which may cause its high
bioaccumulation [9].

In this chapter, the carbon numbers of the R, group in terpolymers were highlighted to
avoid PFOA problem. The effect of carbon numbers of the Ry group in terpolymers on

surface properties were investigated.

5. 2. Experimental

5. 2. 1. Materials

Methyl methacrylate (MMA, Nacalai Tesque, Inc., Kyoto, Japan) was distilled under
reduced pressure before use. 2, 2’-Azobis-isobutyronitrile (AIBN, Nacalai Tesque, Inc.,
Kyoto, Japan) was recrystallized from methanol. Fluoro-containing monomer,

2-(perfluoalkyl)ethyl acrylate (PFEA-4, 6, DIC Ltd., Tokyo, Japan and PFEA-S,
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Clariant Corp., Tokyo, Japan), in which figures (-4, -6 and -8) represent the carbon
numbers of perfluoroalkyl groups, and macromonomer with PEO side chains (PEO-OH:
BLEMMER PE-350D, NOF Co., Tokyo, Japan) were used as received. The terminus of
the PEO side chain was hydroxy group. Poly(methyl methacrylate) (PMMA) (Acrypet
VH, Mitsubishi Rayon Co. Ltd., M, = 41,100, Tokyo, Japan) was purified by
reprecipitation from methyl ethyl ketone (MEK) solution into methanol. Vinylidene
fluoride (VdF) -tetrafluoroethylene (TFE) copolymer ((CH,CF;)so(CF2CF2)0, My =
69,300, Kynar SL, Atfina Chemicals Inc., Philadelphia, PA, USA) was used as received.

Other chemicals were purchased from Nacalai Tesque, Inc (Kyoto, Japan).

5. 2. 2. Sample preparation

The chemical formulae of the terpolymers used throughout this chapter are shown in
Figure 5-1. PAMMA/PFEA-n/PEO-OH)s (n represents the carbon number of the Ry
groups in PFEA monomer, n = 4, 6 and 8) were synthesized by free-radical
polymerization in ethyl acetate at 75°C for 7 h using AIBN as an initiator (5% w/w vs.
monomers). In this chapter, the monomer ratios were MMA/PFEA-n/PEO-OH =
55/15/30 w/w/w. The sum of the monomer concentrations was 30% w/w. An excess of
n-hexane was poured into the reactant solution, and a terpolymer was obtained as
precipitate. The polymer was reprecipitated again in acetone solution for
P(MMA/PFEA-n/PEO-OH) in distilled water. The resultant terpolymer was used as the

surface modifier after being dried at 40°C in air until no weight change occurred.

To estimate the actual monomer composition of the terpolymer, the elemental analysis
was performed with the same method described in Chapter 3. Table 5-1 shows actual

monomer compositions of terpolymers.

The mixture of PMMA and P(2F-4F) was used as a matrix resin. PMMA, P(2F-4F)
and a terpolymer were co-dissolved into MEK/methyl isobutyl ketone = 7/3 w/w to
prepare 10% w/w clear solution. After overnight, the solution was dip-coated on
poly(ethylene telephthalate) (PET) film, then annealing at 140°C for 1 h. The coated

surface is hereafter called a terpolymer modified surface.
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Figure 5-1 Chemical formulae of terpolymer, P(MMA/PFEA-4, 6, 8/PEO-OH)s.

5. 2. 3. Characterization

X-ray photoelectron spectroscopy (XPS) and the dynamic contact angle measurements
were carried out with the same method described in Chapter 1.

To estimate the adhesive property and surface morphology, 90°-peel test against epoxy
resin and an atomic force microscope (AFM) measurement were performed,

respectively. The methods were the same with those in Chapter 3.

5. 3. Results and discussion

5. 3. 1. Polymer compositions and surface state

Table 5-1 shows actual compositions of the monomers in terpolymers. As is clearly
seen from the results, the amount of a PFEA monomer introduced into terpolymers
decreased with the increase of the carbon numbers of the Ry group. Longer Ry group as
side chain disturbed the polymerization of PFEA monomers into terpolymers. As
mentioned in Chapter 3, a chemically inhomogeneous and smooth surface often shows
chemical pinning effect. If P(MME/PFEA-4, 6, 8/PEO-OH) modified surfaces possess
surfaces smooth enough, these modified surfaces would show chemical pinning effect.
Figure 5-2 shows the AFM topographical images of P(IMMA/PFEA-4, 6, 8/PEO-OH)
modified surfaces and RMS values by DFM operating in air. The terpolymer modified
surfaces  possessed very smooth and flat surfaces similar to the
P(MMA/PFEA-8/PEO-OMe) modified surface [8]. These results indicate that the effect

of physical roughness on the dynamic contact angle can be negligible.
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Table 5-1 Molymer compositions of P(MMA/PFEA-n/PEO-OH), n represents the
carbon number of Ry groups.

n 4 6 8
MMA 1000 1000 1000
Actual PFEA-4 69 - -
compositon ~ PFEA-6 - 47 -
(mol ratio) PFEA-8 - - 27
PEO-OH 90 114 110
(a) ) (b)
9 9.80 o 4.00
RMS:1.0nm |~ RMS:1.1nm|~
w'e = _l-t'g'_l =
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0.5
[pm]

Figure 5-2 AFM topographical images of (a) P(MMA/PFEA-4/PEO-OH), (b)
P(MMA/PFEA-6/PEO-OH), and P(MMA/PFEA-8/PEO-OH) modified surfaces
obtained by DFM operating in air.

3. 3. 2. Adhesion property and environment-response

As well as Chapter 2, the hysteresises of dynamic contact angle of water in air on
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terpolymer modified surfaces were investigated. Different from commodity polymer
surfaces [10-12], the terpolymer modified surfaces showed high advancing contact
angle (6,) and low receding contact angle (6;) due to the surface-segregated PEO side
chains and the pinning effect of the R, groups. The changes from water repellent surface
to hydrophilic surface and hydrophilic surface to water repellent surface took about
several seconds (data not shown). This indicates that response is reversible and rapid.
The three terpolymers show similar hysteresis with each other. It is presumed that all

terpolymers brought about high environment-responsiveness in all cases.
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Figure 5-3 Dynamic contact angle of water on the films in air. The surface
modification was carried out using

A: P(MMA/PFEA-4/PEO-OH), L} P(MMA/PFEA-6/PEO-OH), o
P(MMA/PFEA-8/PEO-OH)
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Figure 5-4 Rerationship between advancing contact angle of water and the 90°-peel

strength on various polymers against epoxy resin. PFEA-4, 6, 8 represent
P(MMA/PFEA-4, 6, 8/PEO-OH) modified surfaces.
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79



Chapter 5

These results show that the property of terpolymer modified surface can change due to
their responsiveness to contact medium. Then, simultaneous water repellent and high

adhesive properties were expected on the terpolymer modified surfaces.

In order to demonstrate these two properties, 90°-peel test was performed. The
relationship between the 6, value of water on the terpolymer modified surface and the
90°-peel strength against epoxy resin was shown in Figure 5-4. The terpolymer
modified surfaces possessed high 6,, that is, high water repellency and high peel
strength, simultaneously while surfaces with high 6, such as polytetrafluoroethylene
(PTFE), polyethylene (PE), and polypropylene (PP) showed low peel strength. The
terpolymer modified surface showed different behavior from commodity polymers, high
water repellency derived from the pinning effect of the Ry groups and high adhesive

property derived from surface-segregated PEO side chains, simultaneously.

Compared with the P(MMA/PFEA-8/PEO-OH) modified surface,
P(MMA/PFEA-6/PEO-OH) modified surface about showed twice peel strength. After
90°-peel test, on the P(MMA/PFEA-6/PEO-OH) modified surface, cohesive failures
between an underside of substrate and a coating polymer appeared to have happened for
many specimens. This indicates that the actual 90°-peel strength between an epoxy resin
and a modified surface was higher than 9.1 N/cm. To discuss this phenomenon, the
terpolymer modified surfaces were investigated using XPS. Chapter 3 revealed that high
adhesive property had close relationship with the surface-segregated PEO side chains
for these terpolymer modified surfaces. Figure 5-5 shows the effect of the chain length
of the R, group in a PFEA monomer on the C-O atomic% detected by the XPS
measurements and on the 90°-peel strength. The C-O atomic% is mostly assigned to the
ether bond of PEO chains. In the bulk, the C-O atomic% (0.6 ~ 0.8 atomic%) were
estimated from the elemental analyses. In brief, PEO side chains were found to be
segregated on the terpolymer modified surfaces in every case. The 90°-peel strength
synchronously changed with the amount of surface-segregated PEO chains. In particular,
P(MMA/PFEA-6/PEO-OH) modified surface shows high peel strength and large
amount of surface-segregated PEO side chains. Each homopolymer (poly(PFEA-4, 6,
8)) was seemed to have different glass transition point (Tg). Therefore, the carbon

number of Ry group affected the Tg of a surface modifier, that is, the mobility of PEO
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side chains and Rygroups.

Figure 5-6 shows the 6, and 90°-peel strength on P(MMA/PFMA-6/PEO-OH)
modified surface. POMMA/PFMA-6/PEO-OH) was synthesized using only methacrylate,
and carbon number of Ry group was 6. Dip-coated samples were prepared in the same
way of P(MMA/PFEA-6/PEO-OH). On the P(MMA/PFMA-6/PEO-OH) modified
surface, the 90°-peel strength was lower than that on P(MMA/PFEA-6/PEO-OH)
modified surface. To achieve the surface-segregation of PEO side chains, it was

necessary to optimize the balance of molecular structure.
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Figure 5-6 Rerationship between advancing contact angle of water and the 90°-peel
strength on various polymers against epoxy resin. PFMA-6 represents
P(MMA/PFMA-6/PEO-OH) modified surface.

5.4. Conclusions

The methacrylate-based terpolymers containing both PEO side chains and Ry groups,
with different carbon numbers, in a single molecule were prepared, and mixed with
PMMA/P(2F-4F) matrix. The water wettability and adhesive property on the terpolymer
modified surfaces were investigated. The amount of the surface-segregated PEO side
chain and peel strength depended on the carbon number of the Ry groups. These

terpolymer modified surfaces showed high water repellency and adhesive property, and
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environment-response. Especially, P(MMA/PFEA-6/PEO-OH) modified surface
showed good adhesion property while avoiding PFOA problem.
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6.1. Introduction

Immobilization and conjugation of functional biomolecules, such as antibody and
enzyme, on substrate surfaces have been widely studied for detection of specific
biomolecules. Preparation of these surfaces is a key step in construction of biosensors and
biochips [1-4]. Since antibody reacts with antigen very selectively, antigen-antibody
reaction is widely used in medical diagnostics and biosensing fields. However, nonspecific
protein adsorption (fouling) on a surface is often a large problem for biosensors and
biochips, since the fouling makes the detection inexactitude. It is of great importance to
prevent nonspecific protein adsorption on a sensor surface and there have been, to date, a
lot of efforts to achieve non-fouling surfaces. For instance, inexpensive and amphiphilic
proteins derived from animals, such as bovine serum albumin (BSA), are widely used as a
blocking reagent to mask a hydrophobic polymeric surface to prevent protein fouling in a
microplate-based immunoassay. A polymer surface blocked by BSA, however, does not
show satisfactory resistance to nonspecific protein adsorption and BSA-blocking
sometimes interferes with antigen-recognition ability of antibody [5].
Poly(ethylene oxide) (PEO) is well-known to be a flexible, hydrophilic, electrostatically
neutral and biocompatible polymer. A PEO-modified surface shows resistance to
nonspecific protein adsorption and a low-toxic property [6-9]. To date, many methods have
been reported to make PEO chains be segregated on surfaces: graft copolymerization of
PEO macromonomer from a surface, covalent grafting of PEO to a surface, and so on [10,
11]. For example, grafting of PEO to hydrophobic surface was performed using argon
plasma treatment. The grafting density of PEO was controlled by treating time. These
surfaces showed hydrophilicity and low protein adsorption derived from PEO, and had

possibilities of improvement by immobilization of biomolecule [12].

In our previous study, the preparation of the methacrylate-based terpolymers containing
perfluoroalkyl (Ry) groups and PEO side chains in the same molecules as surface modifiers
was studied. Using these terpolymers, the surface-segregation of PEO side chains through a

very simple method, dip-coating was succeeded. The terpolymer modified surfaces were
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covered with Ry groups and PEO side chains according to the balance among the surface
free energy, the free volume effect of PEO side chains and the interaction to matrix resin
[13]. The terpolymer modified surface showed high water repellency and high adhesive

strength simultaneously.

In this chapter, methacrylate-based terpolymers containing PEO side chains and Ry groups
were synthesized. Terpolymer modified surfaces were prepared by dip-coating
polyethylene terephthalate (PET) films with terpolymer solutions. Protein adsorption,
anti-thrombogenic tests, and cell adhesion were performed to reveal low-fouling properties
of the terpolymer modified surfaces. Moreover, the covalent immobilization of a functional
biomolecule on the low-fouling surfaces using the termini of surface-segregated PEO side

chains as reactive sites was attempted.

6. 2. Experimental
6. 2. 1. Materials

Methyl methacrylate (MMA, Nacalai Tesque, Inc., Kyoto, Japan) was distilled under
reduced pressure before use. 2,2’-Azobis-isobutyronitrile (AIBN, Nacalai Tesque, Inc.,
Kyoto, Japan) was recrystallized from methanol. The fluorine-containing monomer
2-(perfluoalkyl)ethyl acrylate (PFEA-4, 6, DIC Ltd., Tokyo, Japan and PFEA-8, Clariant
Corp., Tokyo, Japan) and several PEO-containig macromonomer (PEO-OH: BLEMMER
PE-350D, NOF Co., Tokyo, Japan) were used as received. Poly(methyl methacrylate)
(PMMA) (Acrypet VH, Mitsubishi Rayon Co. Ltd., M, = 41,100, Tokyo, Japan) was
purified by reprecipitation by pouring a PMMA/methyl ethyl ketone (MEK, Nacalai Tesque,
Inc., Kyoto, Japan) solution into methanol and used as a matrix resin for dip-coating.
Vinylidenefluoride-tetrafluoroethylene copolymer ((CH,CF;)go(CF,CF2)a0, M, = 69,300,
Kynar SL, Atfina Chemicals Inc., Philadelphia, PA, USA) P(2F-4F) was used as another
matrix resin without further purification. Bovine serum albumin (BSA) and fibrinogen were
purchased from Sigma Co (St Luois, MO). Eagle’s minimal essential medium containing

Kanamycin (Eagle’s MEM) was purchased from Nissui Pharmaceutical Co. (Tokyo, Japan).
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1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
biotinhydrazide were purchased from Indofine Chemical Company Inc. (Hillsborough, NJ)
and Dojindo Molecular Technologies, Inc. (Kumamoto, Japan), respectively. AlexaFluor®
488-labeled streptavidin (0.1 mg/mL, Life Technologies Co., Carlsbad, California) and
AlexaFluor® 647-labeled BSA (0.1 mg/mL, Life Technologies Co.) were used as
fluorescence labeled proteins. Other chemicals were purchased from Nacalai Tesque, Inc
(Kyoto, Japan).

Fresh human whole blood supplied from a health donor was collected at the medical
center for student health, Kobe University. All samples were obtained in accordance with

ethical committee regulations of Kobe University.

6. 2. 2. Sample preparation

The chemical formulae of the terpolymers used in this study are shown in Figure 6-1. The
detailed procedure for the synthesis of terpolymers (P(MMA/PFEA-n/PEO-OH), n =4, 6 or
8) was described in Chpater 5. Actual monomer compositions of these terpolymers were
MMA : PFEA-n : PEO-OH = 1000 : 69 : 90 (n =4), 1000 : 47 : 114 (n = 6) and 1000 : 27 :
110 (n=28).

Poly(ethylene telephthalate) (PET) film dip-coated with each surface modifier was
prerpared with the same way described in Chapter 5.

! [, & 1
CHZ_C|; CH2_ |
(-O-(CH;),~(CF5)q-F J { (-(OCH,CH,)s-OH J
0 J o] k
MMA PFEA-n PEO-OH

n=4,6,8
Figure 6-1 Chemical formulae of P(MMA/PFEA-n/PEO-OH). The ratios of | : j : k were
1000 : 69 : 90 for n =4, 1000 : 47 : 114 for n = 6, and 1000 : 27 : 110 for n = 6.
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6. 2. 3. Characterization
Sample films were immersed in a BSA solution (1 mg/mL, in phosphate buffered saline
(PBS)) for 2.5 h at room temperature and rinsed for three times with distilled water to
remove BSA weakly adsorbed on surfaces. The amount of BSA adsorbed on the surface
was evaluated using the micro bicinchonic acid (BCA) method [14], where the absorbance
change of the solution at 562 nm was measured using a UV-vis spectrophotometer (U-2000,
Hitachi Ltd. Tokyo, Japan). As a reference, a PET film was used. The number of tested
specimens was eight. The adsorption of fibrinogen to film surfaces was also evaluated. To
estimate the protein adsorption via another method, XPS measurement for films after
immersing in BSA solution was performed in the same way described in Chapter 4.
Antithrombogenitic test and cell adhesion test were performed with the same method

described in Capter 1 and 4, respectively.

6. 2. 4. Immobilization of fluorescent compounds on terpolymer modified surfaces
PET films (0.7 x 1.5 cm) modified with a terpolymer (P(MMA/PFEA-6/PEO-OH) were
used for streptavidin immobilization on the surfaces. For surface immobilization
experiment, the surface modified with P(IMMA/PFEA-6/PEO-OH) is written as “PEO-OH”.
To convert the hydroxy group of a PEO side chain in the terpolymer to a carboxy group, the
terpolymer modified film was immersed in an ethanol/water (2/8 v/v) solution containing
succinic anhydride (20% w/w) and a drop of perchloric acid as a catalyst. After 24 h at
room temperature, a sample surface was washed with an excess amount of distilled water.
The PET films were dried at room temperature overnight. A terpolymer modified surface
was immersed in water containing NHS (100 mM) and EDC (400 mM) for 20 min at room
temperature to convert a carboxy group to a reactive NHS ester. Then, a film was immersed
in a solution of biontin hydrazide (10 mM in ethanol/water = 2/8 v/v) for 1 h at room
temperature. To remove unreacted NHS esters, the films were immersed in a sodium borate
buffer (pH 9.0) for 2 h at room temperature. Subsequently, the films were transferred to
PBS (pH 7.4) containing AlexaFluor® 488-labeled streptavidin (0. mg/mL) and

AlexaFluor® 647-labeled BSA (0.1 mg/mL). A film was washed for two times with PBS
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and distilled water, respectively. The fluorescently labeled streptavidin and BSA were
visualized Aex = 460 nm, Aep, = 515 nm and Aex = 630 nm, Ay, = 670 nm, respectively, using
Image Quant LAS 4000 (GE Healthcare, Buckinghamshire, UK). The schematic illustration

of preparation of the film surface by dip-coating was shown in Scheme 6-1.

Streptavidin . ./
@ Biotinhydrazide
® T mom om

| | | | | |
HO. HO: HO HO~20 HO~o20 HO-_O HN~20 HN~2O HN<_O HN~20 HN- O HN

PEO chain

(o]

Dip-coating

P(MMA/PFEA-6/PEO-OH)

PMMA Rf Rf
P(2F-4F) Succinicanhydride NHS/EDC Rinsed
— — I —
PET film —) PET film —) PET film PET film — PET film

Scheme 6-1 Schematic illustration of preparation of a low-fouling surface using
dip-coating and of immobilization of streptavidin on its surface. R; represents a
perfluoroalkyl group.

6.3. Results and discussion
6. 3. 1. Resistance to protein adsorption

Figure 6-2 shows the amounts of proteins (BSA and fibrinogen) adsorbed on terpolymer
modified surfaces. These proteins are relatively hydrophobic and are widely used as model
fouling proteins in biomedical and bioanalytical fields. While an original PET surface
adsorbed 1.2 pg/cm?® of BSA, the terpolymer modified surfaces adsorbed reduced amounts
of proteins. For example, a PFEA-8-modified surface adsorbed only 0.40 pg/cm® of BSA,
which was less than one-third of that of an original PET surface. In particular, the
terpolymer modification of a PET surface was remarkably effective for reducing the
adsorption amounts of fibrinogen. PFEA-4-modification reduced the adsorption amount of
fibrinogen to 0.30 pg/cm?, while an original PET surface adsorbed 1.1 pg/cm® The
difference of the carbon number in Ry group of the terpolymer gave the variation in the
resistance to protein adsorption. As our previous report, dip-coating the terpolymer with
PMMA introduced PEO side chains on a surface. The PEO side chains were predominantly

segregated on a top surface when the surface contacted with aqueous environment.
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Moreover, in Chapter 3, it was found that the incorporation of P(2F-4F) to the dip-coating
polymers promoted the surface-segregation of PEO side chains. That is why the terpolymer
modified surfaces exhibited resistance to nonspecific protein adsorption. This resistance
would originate from the excluded volume effect and high mobility of PEO chains being

highly soluble in water.
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Figure 6-2 Amounts of (a) BSA, and (b) fibrinogen adsorbed on original and modified
PET surfaces. The surface modification was performed by dip-coating a mixture of
P(MMA/PFEA-n/PEO-OH), P(2F-4F), PMMA. Error bars represent standard
deviations.

XPS measurement was also used for the detection of protein adsorption [15]. The Ny,
spectra from XPS measurements are shown in Figure 6-3. The nitrogen signal can be used
as an indicator of the relative amount of proteins adsorbed on the surface [16]. An original
PET surface exhibited an N;; peak around 402 eV, indicating the presence of adsorbed
BSA. The terpolymer modification remarkably reduced the N5 peak, implying the decrease
of the BSA adsorption.
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Figure 6-3 XPS Ny core level spectra of an original PET surface and terpolymer
modified surfaces after BSA adsorption. PFEA-4, PFEA-6 and PFEA-8 represent PET
films coated with a mixture of P(MMA/PFEA-n/PEO-OH), P(2F-4F) and PMMA.

6. 3. 2. Antithrombogenicity

Above investigations evaluated the adsorption of purified proteins on the terpolymer
modified surfaces. In practical terms, a foulant is usually a mixture of proteins, other
organic and inorganic compounds. For example, blood contains a wide variety of foulants
and they are thought to be cooperatively adsorbed on a polymer surface. Then human
whole blood was used to examine the antithrombogenicity of the terpolymer modified
surfaces. Figure 6-4 shows that no clots were observed on the terpolymer modified surfaces,
while there were obvious blood clots on an original PET surface. Clotting is usually caused
by the aggregation and adhesion of platelets. They are triggered by fibrinogen adsorption,
which is one of blood proteins. The antithrombogenicity obtained can be explained by the

protein repellent characteristics of the terpolymer modified surfaces [17, 18].
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Figure 6-4 Optical photographs of original and surface modified PET films after
immersed in whole human blood. PFEA-4, PFEA-6 and PFEA-8 represent PET films
coated with a mixture of P(MMA/PFEA-n/PEO-OH), P(2F-4F) and PMMA.

6. 3. 3. Resistance to cell adhesion

Cell adhesion to a polymer surface is also known to be initiated by protein adsorption to a
polymer surface [19]. The cell adhesion to an original PET surface and terpolymer modified
surfaces cells was investigated by using L929 cells. Cell-adhesive proteins play a key role
in the adhesion of L.929 cells on a polymer surface and the cell propagation [20]. Figure
6-5A shows the cell adhesion on PET film surfaces, lower halves of which were coated
with terpolymers. After culturing 1929 cells for 2 days on the films, a number of cells
adhered on the upper half of the film surfaces (Figure 6-5a-c), meaning the cell adhesion on
an original PET surface. The terpolymer modified surfaces (lower halves of the films)

exhibited negligible amounts of cell adhesion.

For evaluating the cell adhesion quantitatively, L.929 cells that adhered on film surfaces
were counted over 3 days. Figure 6-5B shows the effect of culture time on the cell density

on an original PET surface and the terpolymer modified surfaces. Cell densities on all kinds
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of the terpolymer modified surfaces were only one-eighth of that on an original PET film 3
days after seeded. These results reveal that the surface modification with terpolymers can
prevent both cell adhesion and propagation on the surfaces. The reduced cell adhesion was
probably due to the resistance to protein adhesion of PEO segregated surfaces. In particular,

the PFEA-6-modified surface showed high resistance to the cell adhesion.
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Figure 6-5 A) Optical micrographs of L929 cells seeded and cultured for 2 days on PET
flms. The lower halves of films were coated with a mixture of
P(MMA/PFEA-n/PEO-OH), P(2F-4F) and PMMA. (a) P(MMA/PFEA-4/PEO-OH), (b)
P(MMA/PFEA-6/PEO-OH) and (c) P(MMA/PFEA-8/PEO-OH). B) Effect of culture time
on cell density of L929 cells on an original PET film and surface modified films. Original
PET (o), P(MMA/PFEA-4/PEO-OH) (m), P(MMA/PFEA-6/PEO-OH) (o) and
P(MMA/PFEA-8/PEO-OH) (0).

6. 3. 4. Covalent immobilization of biotin on a low-fouling surface

From the viewpoints of analytical chemistry and of biosensing, covalent immobilization
of analytical molecular device (e.g. antibody, enzyme, oligonucleotide, ligand etc) on

low-fouling surfaces is of great importance. However, a low-fouling surface is usually less
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reactive and does not have reactive functional groups. In the present study, the terpolymer
contained hydroxy groups at the termini of PEO side chains. Oxidization of the hydroxy
groups of the terpolymer (P(MMA/PFEA-6/PEO-OH)) was performed to produce carboxy
groups, and immobilization of a functional molecule (biotin hydrazide) on a terpolymer
modified surface was attempted using the carboxy groups. Figure 6-6 shows the
fluorescence images of an original PET film and surface modified films after immersed in
an aqueous solution containing Alexa Fluor®647-labeled BSA (red) and Alexa
Fluor®488-labeled streptavidin (green). An original PET surface shows strong red
fluorescence derived from Alexa Fluor®647-labeled BSA, while the terpolymer modified
surfaces (PEO-OH, PEO-COOH and PEO-biotin) exhibited weak red fluorescence. This
means that the resistance to BSA adsorption derived from PEO chains was maintained even
after the carboxylation of the PEO termini and the conjugation of biotinhydrazide to the
PEO termini.

Only the biotin-immobilized surface (PEO-biotin) displayed strong green fluorescence
derived from Alexa Fluor®488-labeled streptavidin, while an original PET surface and
other terpolymer modified surfaces did not show green fluorescence. This means the
successful carboxylation of the PEO termini and also the successful immobilization of
biotin hydrazide. The terpolymer modified surface (PEO-OH) and the carboxylated surface
(PEO-COOH) showed resistance to streptavidin adsorption. Streptavidin adsorption was
inhibited even on an original PET film. This is possibly due to the blocking effect of
adsorbed BSA. BSA molecules were predominantly adsorbed on an original PET film,

which would prevent the streptavidin adsorption.

The difference among the results of micro BCA method, XPS, and fluorescence
observation was due to the immersing time (micro BCA method: 2.5 h, XPS: 24h,
fluorescence observation: 1h). These time conditions could not be unified because of their

operation.
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PEO-OH PEO-COOH PEO-biotin

Figure 6-6 Fluorescence images of PET and terpolymer-modified surfaces that were
treated with an aqueous solution containing Alexa Fluor®647-labeled BSA (red) and
Alexa Fluor®488-labeled streptavidin (green). A mixture of P(MMA/PFEA-6/PEO-OH),
P(2F-4F) and PMMA was used for the modification. PEO-COOH and PEO-biotin
represent the terpolymer containing carboxy-terminated PEO and the terpolymer
containing biotin-conjugated PEO. PET films were dip-coated with a mixture of
P(MMA/PFEA-6/PEO-OH), P(2F-4F) and PMMA (PEO-OH). The hydroxy groups at
termini of PEO chains in the terpolymer were carboxylated as illustrated in Scheme 1
(PEO-COOH). Then biotin hydrazide was conjugated with the carboxy groups
(PEO-biotin). A scale bar represents 2 mm.

6. 4. Conclusions

In the present study, methacrylate-based terpolymers containing R, groups and PEO side
chains in the same molecule were used to dip-coat a PET film. The terpolymer modified
surfaces showed resistance to protein adsorption, antithrombogenisity and resistance to cell
adhesion. These anti-fouling properties were due to the surface-segregated PEO side chains
of the terpolymers. Moreover, the carboxylation of the PEO termini and covalent
immobilization of biotin on the PEO segregated surface were succeeded. The
biotin-functionalized surface recognized streptavidin in the presence of other protein. The
present study proposed the simple surface modification via dip-coating synthetic

terpolymers to achieve low-fouling properties and ligand-immobilization.
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Conclusions

In this thesis, commodity polymer surfaces were functionalized by the two simple
methods using fluorine chemistry. One was direct surface fluorination using a
fluorinated reagent (Part I). The other was dip-coating with a fluorine-containing
terpolymer as a surface modifier (Part II). Fluorine-containing groups were used not
only for giving fluorine-specific properties to a polymer surface, but also for the
induction of surface-segregation of other functional group. The properties of the
functionalized polymer surfaces were investigated using a combination of various
measurements such as dynamic contact angle, 90°-peel test, atomic force microscopy,
X-ray diffraction, X-ray photoelectron spectroscopy, micro BCA method,
antithrombotic test, and cell adhesion. The results were summarized as shown below.

Part I is concerned with the preparation of low energy surface using
fluorine-containing groups. Part I is composed of Chapter 1 and Chapter 2.

In Chapter 1, properties of fluorinated poly(methyl methacrylate) (PMMA) surface
prepared using a reactive fluorinated reagent were evalutated. While a PMMA surface
has no functional groups which can be reacted with glycidyl groups of fluorinated
reagent, the fluorination used in this thesis was effective. Moreover, the fluorinated
PMMA surface was stable under wet and heated conditions. The fluorinated PMMA
surface possesed high water repellency, resistance to fingerprint and to protein
adsorption derived form fluorine. The fluorinated PMMA surface showed very low
surface free energy (ys) value of 10.0 mJ/m?, which was lower than that (22 mJ/m?) of
polytetrafluoroethylene.

In Chapter 2, the n-perfluoroeicosane (CyoF4;) thin films were vapor-deposited on a
glass under various conditions. The relationship between y; and the orientation of the
perfluoroalkyl (R;) groups, which were highly fluorinated hydrocarbon, was
investigated. For the lowest v, value of 6.7 mJ/m?, precise control of the surface
structure, especially, total coverage of the surface with -CF; groups was necessary,
while the surface exposure of -CF,- group increased the vy, value. In addition, slightly
inclined Ry groups also increased the vy, value.

In general, use of fluorine is effective for lowering the y,. However, as exemplified by
PTFE, many fluorinated surfaces showed the y; value down to 10 mJ/m? for this reason.

In Part II, the R, groups were used as a driving force for the surface-segregation of

other functional groups. The surface-segregation of poly(ethylene oxide) (PEO) side
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chains of a methacrylate-based polymer, which were originally difficult to be segregated
on material surfaces, was investigated. The methacrylate-based terpolymers containing
both the Ry group and PEO side chain in a single molecule were synthesized and used as
surface modifiers with matrix resin, which was composed of PMMA and fluorine
copolymer. A poly(ethylene terephthalate) (PET) film was adopted as a substrate. The
effects of the PEO side chain length, compositions of the matrix resin, PEO termini, and
the carbon number of the R, groups on the surface-segregation of PEO side chains were
investigated. Part II is composed of Chapters 3, 4, 5 and 6.

In Chapter 3, PET surfaces were modified using methacrylate-based terpolymers
containing both the R, groups and PEO as side chains in a single molecule. A PET
substrate was dip-coated with the terpolymer and a matrix resin composed of PMMA
and fluorine copolymer. The morphology and properties of the terpolymer modified
surfaces were evaluated by varying the PEO side chain length and the composition of
matrix resin. It was found that not only the Ry groups but also PEO side chains were
segregated on the surface. This is considered to be brought by the balances among the
three driving forces: surface free energy of the Ry group, entropy effect due to free
volume of PEO side chain, and interaction between the R, groups and a fluorine
copolymer used as the matrix resin. Under the optimized conditions, the terpolymer
modified surface showed high water repellency due to the Ry groups and high adhesive
property due to PEO side chains, simultaneously. These surfaces showed rapid and
reversible environment-responsiveness.

In Chapter 4, to reveal the effects of PEO termini in the terpolymer on surface
properties, the adhesive and low-fouling properties of terpolymer modified surfaces
were investigated. The results indicated that large amounts of PEO side chains were
surface-segregated when the PEO termini were conjugated with R/ groups. The results
also revealed that both an amount of surface-segregated PEO side chains and PEO
termini affected on surface properties. When the PEO termini were hydroxy groups, the
terpolymer modified surface comprehensively showed good adhesive property and
low-fouling properties.

In Chapter 5, to reveal the effects of the carbon numbers of the R, groups on surface
properties, the adhesive property of terpolymer modified surfaces were investigated. It

was found that the amount of surface-segregated PEO side chains and 90°-peel strength

103



Conclusions

against epoxy resin changed depending on the carbon number of the Ry groups.
Especially, when the carbon number was 6, a large amount of PEO side chains were
surface-segregated and the surface showed high 90°-peel strength (9.1 N/cm), which
was twice as high as that of the terpolymer modified surface with the carbon number of
8. The terpolymer modified surfaces showed high water repellency and adhesive
property, and environment-responsiveness. The terpolymers synthesized in Chapters 3,
4, and 5 acted not only as a multifunctional coating agent but also as an effective primer
for adhesion to fluorine-containing surface because of their Ry groups.

In Chapter 6, under the conditions in which large amount of PEO side chains were
surface-segregated, terpolymer modified surfaces showed low-fouling properties to
several foulants. On the terpolymer modified surfaces, forming of clots and cell
adhesion triggered by protein adsorption were prevented. The terpolymer modified
surfaces were highly effective in reducing protein adsorption, and showed one-third of
the amount of protein adsorption for an original PET surface. Moreover, the covalent
immobilization of a functional biomolecule on the low-fouling surface was attempted
using the terpolymer. As a result, the terpolymer-modified surface showed selective
protein adsorption and resistance to nonspecific protein adsorption.

The conditions for surface-segregation of PEO side chains achieved in this thesis were
summarized as shown below. Taking account of a bioaccumulation problem and a
crystallization of the Ry groups, the optimized carbon number of the Ry group was 6. For
the PEO side chain length, when it was 9 ~ 22, large amounts of PEO side chains were
surface-segregated. The terpolymers with PEO side chain lengths of more than 40
showed scanty surface-segregation. The optimized amount of fluorine copolymer in
matrix resin, 40% w/w, did not depend on the carbon numbers of the Ry groups. This
result might be applied other surface modifiers containing the R, groups.

In summary, this thesis describes the surface functionalization using fluorine chemistry,
which involved two approaches: direct fluorination of a surface and dip-coating with
perfluorocarbon-containing terpolymers. While it is already known that
fluorine-induction to a surface is effective to obtain low y;, this thesis revealed that the
precise control of its surface structures (orientation of Ry groups, surface density and so
on) was also important for low vy, leading to low-fouling properties, unique adhesive

properties and low cell adhesion. In particular, total coverage of the surface with -CF;
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groups was essential for the lowest y,. Furthermore, the surface-segregation of the
fluorine-containing groups induced a surface-segregation of hydrophilic functional
groups in a polymer, which are difficult to be surface-segregated naturally. This work
gives the important insights to prepare a low v, surface and a multifunctional surface
using the Ry groups. These surface functionalization techniques using
fluorine-containing polymers are expected to have great potential for designing and

controlling surface properties of solid materials.
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