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small amounts, they could not be classified according to size, as
previously reported (Fig. 7B) [23,44,47]. In contrast, the majority of
the wear particles from untreated CLPE surfaces were 0.1—1.0 pm
across. In addition to enhancing the wear resistance of the cups,
reducing bone resorptive responses to generated wear particles is
important for preventing periprosthetic osteolysis. Such responses
are dependent not only on the total amount of wear particles, but
also on the proportion of particles that are within the most bio-
logically active size range. The CLPE cups release a large number of
sub-micrometer and nanometer-sized particles which are known
to induce a greater inflammatory response than larger particles.
Hence, although CLPE indeed causes a reduction in the total
amount of particles, it might not necessarily lead to the prevention
of periprosthetic osteolysis. Clinical evidence regarding the
longevity of artificial joints with CLPE is anticipated in the future.

A previous study has shown that polymer particles covered with
PMPC are biologically inert with respect to phagocytosis by
macrophages and subsequent bone resorptive actions [48]. An
increasing number of studies are exploring potential pharmaco-
logical modifications for the adverse host response to wear parti-
cles using agents such as cytokine antagonists, cyclooxygenase-2
inhibitors, and osteoprotegerin, or anti-RANKL (receptor activator
of NF-kB ligand) antibody. However, they may cause serious side
effects because the agents must be taken for a long period after
surgery and because they are not currently targeted to the site of
the problem. Surface modifications of MPC polymers for other
medical devices have suppressed biologic reactions when they are
in contact with living organisms [49] and are now clinically used on
the surfaces of intravascular stents [50], soft contact lenses [51],
and artificial lungs and hearts [52] under the authorization of the
Food and Drug Administration of the United States. Hence, PMPC
grafting is superior to these developing pharmacologic treatments,
because the absence of side effects has already been confirmed
clinically by several medical devices. In addition, based on other
related evidences and multicenter clinical trials, the Japanese
government (Ministry of Health, Labor, and Welfare) approved the
clinical use of PMPC-grafted CLPE acetabular liners (Aquala® liner;
Japan Medical Materials Corp.) in artificial hip joints in April 2011.

Despite these promising results, our study is subject to
a number of limitations. First, we did not entirely capture the
stabilities of the polyelectrolyte-grafted layers. Surface modifica-
tion was accomplished using same photoinduced radical poly-
merization technique as that for methacrylate monomers. Hence,
we believe the present surface modification layers combined with
the substrate by strong C—C covalent bonding to attain similar
stability. Second, we used a confined period for the hip simulator
test. Although experiencing 3.0 x 108 cycles in the hip simulator is
comparable to 3—5 years of physical walking, the duration may not
be sufficiently long for young active patients. We are now running
the hip simulator longer and thus far have confirmed almost no
wear on the PMPC-grafted CLPE cups after 1 x 107 cycles [44]. Third,
we did not entirely capture the range of loading and motion
conditions of the in vivo environment in terms of the variety of
positions, the magnitude of loading, or the daily routine, although
we believe this, according to the ISO standard 14242-3, can provide
some indication of the wear performances. Fourth, the procedure
for the isolation of wear particles in this study does not entirely
capture the contribution of wear particles with a diameter of less
than 0.1 um, as previously reported [53]. Cellular response to
particles is thought to be dependent upon factors such as particle
number, size, shape, surface area, and material chemistry. If
nanometer-scaled particles are generated in vivo, it will be impor-
tant to determine their biological activity in relation to that of
micrometer-scaled particles. Fifth, the wear performance we report
is only valid for this specific combination of Co—Cr—Mo alloy and

polyelectrolyte-grafted CLPE. It was well known that protein
molecules such as albumin from the lubricant are adsorbed more
extensively on the surface of Co—Cr—Mo alloy than on other
femoral component materials such as alumina, zirconia, and
zirconia-toughened alumina [35—37,54]. Hence, we believe this
study can provide more effective indication of the wear
performance.

5. Conclusions

We evaluated the friction and wear performance of controlled,
100-nm-thick, uniform hydrophilic grafted polymer layers with
various types of surface charge in various lubricant conditions and
obtained clear preliminary evidence for their effectiveness. The
primary mechanism underlying the low friction and high wear
resistance must be attributed to the high level of hydration of the
grafted layer, where water molecules act as very efficient lubri-
cants. The secondary mechanism is considered to be repulsion of
protein molecules and positively charged inorganic ions by the
polyelectrolyte-grafted layer in a synovial fluid, which may reduce
the adhesive interaction or interpenetration between opposing
Co—Cr—Mo alloy surfaces themselves or between protein films
adsorbed on the Co—Cr—Mo alloy. Finally, we showed that the
nanometer-scaled hydrophilic polymer or polyelectrolyte layer on
the CLPE surface can confer high durability to acetabular cup
bearings in THA. Our findings may have implications on future
studies on surface modification with cartilage-like or SPAL-like
layers, which are of great importance in the design of lubricated
surfaces for artificial joints.
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ABSTRACT: The surface wettabilities of polymer brushes with hydro-
phobic and hydrophilic functional groups were discussed on the basis of
conventional static and dynamic contact angle measurements of water and
hexadecane in air and captive bubble measurements in water. Various types
of high-density polymer brushes with nonionic and ionic functional groups
were prepared on a silicon wafer by surface-initiated atom-transfer radical
polymerization. The surface free energies of the brushes were estimated by
Owens-Wendt equation using the contact angles of various probe liquids
with different polarities. The decrease in the water contact angle
corresponded to the polarity of fluoroalkyl, hydroxy, ethylene oxide,
amino, carboxylic acid, ammonium salt, sulfonate, carboxybetaine,
sulfobetaine, and phosphobetaine functional groups. The poly(2-perfluor-
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ooctylethyl acrylate) brush had a low surface free energy of approximately 8.7 mN/m, but the polyelectrolyte brushes revealed
much higher surface free energies of 70—74 mN/m, close to the value for water. Polyelectrolyte brushes repelled both air bubbles
and hexadecane in water. Even when the silicone oil was spread on the polyelectrolyte brush surfaces in air, once they were
immersed in water, the oil quickly rolled up and detached from the brush surface. The oil detachment behavior observed on the
superhydrophilic polyelectrolyte brush in water was explained by the low adhesion force between the brush and the oil, which
could contribute to its excellent antifouling and self-cleaning properties.

H INTRODUCTION

Hydrophilic surfaces and interfaces have attracted much
attention because of their applications in water lubrication,’
antifouling and nonbiofouling surfaces,” and biocompatible
materials.” The surfaces of living cells, cartilage, the vitreous
body of eyes, and synovial joints are all hydrophilic surfaces and
interfaces consisting of polyelectrolytes that afford excellent
biolubrication.*> One of the useful artificial methods of
producing a hydrophilic surface is grafting a polymer onto a
solid surface. With this method, the wettability and hydro-
philicity can be tuned by the chemical structure of the polymer
and remain stable for a long period of time because of the
covalent anchoring of the polymers to the substrate.

Recently, many types of hydrophilic polymer surfaces with
suitable wettability and antifouling properties, especially
bioantifouling, have been proposed and prepared by the
surface-initiated controlled radical polymerization of vinyl
monomers with specially designed hydrophilic functional
groups, leading to densely grafted polymers on the solid
surface, so-called polymer brushes.’ For example, the poly-
(oligoethyleneglycol methacrylate) brush” and polysulfobetaine
brushes®® have antifouling and nonbiofouling surfaces with
good wettability. Théodoly et al. prepared well-anchored

blications  © 2012 American Chemical Society
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polystyrene-block-poly(acrylic acid) on a polystyrene film to
form a poly(acrylic acid) brush that exhibited wetting transition
behavior from partial to total wetting according to deposition
conditions.'® Spruijt et al. achieved surface wettability control
of a poly(2-(methacryloyloxy)ethyltrimethylammonium chlor-
ide) (PMTAC) brush by changing the counterions and
electrode potentials.'’ Superhydrophilic poly[2-
(methacryloyloxy)ethyl phosphorylcholine] (PMPC) is well
known as an excellent biocompatible and blood-compatible
polymer,'* and its grafted surface shows low friction in aqueous
media and humid air.""*

Self-cleaning often depends on the ability of super-
hydrophobic surfaces to wash out oily contamination particles
with water drops flowing on a surface.'® For example, the leaves
of the lotus plant have a typical self-cleaning surface provided
by an intrinsic hierarchical structure with randomly oriented
hydrophobic wax bosses.'® Oleophobicity and self-cleaning
behavior can also be provided by superhydrophilic surfaces in
the wetted state by water.'”~'® For example, fish can maintain a
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clean body surface even in oil-polluted water. Fish scales are
composed of calcium phosphate, protein, and a thin layer of
mucus that gives them their hydrophilic behavior, and they are
known to be well protected from contamination by oil
pollution, marine fouling, and the adhesion of marine
organisms. Liu et al. demonstrated that a drop of 1,2-
dichloroethane spreads on the surface of fish scales in air.
However, once the scales were immersed in water, a drop of
1,2-dichloroethane immediately formed a sphere to flow away
from the surface of the fish scales.”” Hydrophilic nano-
technology in ceramics has already been applied to the
development of new dirt- and stain-resistant materials for
exterior tiles, which have a surface that absorbs moisture from
the air to form a thin water layer.”" This layer allows dirt
adsorbed on the tile surface to be washed off by rainfall.
Therefore, it is expected that self-cleaning surfaces can be
artificially fabricated by grafting hydrophilic brushes onto
substrates.

In this study, both hydrophobic and hydrophilic polymer
brushes bearing nonionic and ionic functional groups were
prepared by surface-initiated atom-transfer radical polymer-
ization (SI-ATRP) to compare their wettabilities and
antifouling properties on the basis of the contact angles of
water in air and captive air bubbles as well as hexadecane and
silicone oil droplets in water. The oil detachment behavior on
swollen hydrophilic brush surfaces in water was explained by
the adhesion force between the brush and oil.

In addition, the surface free energies of the brushes were also
estimated by different calculation methods, such as Owens’
method®” and the acid—base theory progosed by Fowkes,™>**
and by van Oss, Chaudhury, and Good. These methods are
still being discussed in the field of surface science”®™>® because
of the discrepancies in the surface free energy, even that of
poly(methyl methacrylate) (PMMA), given by individual
methods. However, the surface free energy is scientifically
important to an understanding of surface characterization. We
tried here to understand the fundamental wettability and
antifouling behavior of brush surfaces based on the surface free
energy.

B EXPERIMENTAL SECTION

Materials. Copper(I) bromide (CuBr, Wako Pure Chemicals) was
purified by successive washing with acetic acid and ethanol and was
dried under vacuum. Methyl methacrylate (MMA), vinyl acetate
(VAc), ethyl iodoisobutylate, and ethyl 2-bromoisobutylate (EB)
purchased from Tokyo Chemical Inc. (TCI) were distilled before use.
(—)Spartein (Nacalai Tesque) was distilled under reduced pressure

7213

and then stored as an anisole solution. Hexadecane (Nacalai Tesque),
diiodomethane (Nacalai Tesque), 2,2"-bipyridyl (bpy, Aldrich), 4,4"
dimethyl-2,2bipyridyl (Me,bpy, Aldrich), 4,4-dinonyl-2,2"bipyridyl
(Cybpy, Aldrich), 2,2,2-trifluoroethanol (TFE, Acros, 99.9%), and 2,2~
azobis(4-methoxy-2,4-dimethyl valeronitrile) (V-70, Aldrich) were
used as received. 2-Perfluorooctylethyl acrylate (FA-Cg) monomer was
kindly donated by Daikin Co. Ltd. and was purified by distillation
under reduced pressure repeatedly to remove other types of monomer,
such as 2-(perfluorodecyl)ethyl acrylate. The purity of FA-Cg was over
98% by gas chromatography. 2-(N,N-Dimethylamino )ethyl methacry-
late (DMAEMA, TCI) was distilled in the presence of calcium hydride
under reduced pressure and was diluted with acetone for storage in a
2.5 M solution. Oligoethylene glycol methacrylate (OEGMA, Aldrich)
with nine units of ethylene glycol on the side chain was passed through
an aluminum column to remove the stabilizer prior to use.
Sulfobetaine-type monomer was freshly synthesized before use by
the reaction of DMAEMA and 1,3-puropanesultone and purified by
recrystallization in hexane solution to give 3-[dimethyl(2'-
methacryloyloxyethylJammonio ]propanesulfonate (MAPS) as a
white powder. MPC monomer was prepared using a previously
reported procedure.”” The other methacrylate monomers, such as
methacrylic acid sodium salt (MANa, Wako Chemicals), 3-sulfopropyl
methacrylate potassium salt (SPMK, Aldrich), and 4-[dimethyl(2"-
methacryloyloxyethyl)ammonio]butanoate (DMAB, Otsuka Chemical
Co.), were used as received without any purification. A commercially
available MTAC aqueous solution (Aldrich, 80%) was concentrated
using a vacuum pump to remove water and then dissolved in TFE.
The MTAC/TFE solution was purified by alumina column
chromatography and membrane filtration. Deionized water for contact
angle measurement was purified with a NanoPure Water system
(Millipore Inc.).

Preparation of Polymer Brushes. All brush samples were
prepared by the grafting-from method using SI-ATRP from a silicon
wafer immobilized with a surface initiator. The surface initiator, (2-
bromo-2-methyl)propionyloxyhexyl trimethoxysilane (BHM), was
synthesized via the hydrosilylation reaction of 5-hexenyl (2-bromo-
2-methyl)propionate and trimethoxysilane in the presence of Karstedt
catalyst®® and immobilized on a purified silicon wafer by the chemical
vapor adsorption method.***" The chemical structures of polymer
brushes were illustrated in Figure 1. An unbound initiator as a
sacrificial initiator is necessary to control the degree of polymerization
and to estimate the number-average molecular weights (M,) of the
resultmg polymer.®” A typical SLATRP of MTAC was performed as
follows.> A few sheets of the BHM-immobilized silicon wafers, 4.0 mL
of MTAC/TFE solution (2.0 M), and 0.30 mL of 2-propanol were
placed in a well-dried glass tube with a stopcock and then degassed
using a freeze—thaw process that was repeated three times. A catalyst
solution containing CuBr (0.020 mmol), bpy (0.040 mmol), and EB
(0.020 mmol) diluted with TFE was injected into the monomer
solution. The resulting reaction mixture was degassed again by
repeated freeze—thaw cycles to remove the oxygen and then stirred in
an oil bath at 333 K for 16 h under argon, which simultaneously
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generated poly(MTAC) brushes from the substrate and free
(unbound) poly(MTAC) from EB. The reaction was stopped by
opening the glass vessel to air at 293 K. The reaction mixture was
poured into THF to precipitate the free polymer and unreacted
MTAC. The silicon wafers were washed with methanol using a Soxhlet
apparatus for 12 h to remove the free polymer absorbed on their
surfaces and dried under nitrogen gas at room temperature.

The PMPC brush was synthesized in a similar manner using CuBr
and Me,bpy in methanol at 303 K for 12 h."* SLATRP of the FA-Cq
brush was conducted in the presence of CuBr and Cybpy at 383 K for
72 h under an argon atmosphere to generate the PFA-C; brush on the
silicon substrate.”* The PMMA brush was prepared by SI-ATRP using
a CuBr/(-)spartein catalyst in anisole at 333 K for 3 days. A poly(2,3-
dihydroxypropyl methacrylate) (PDHMA) brush was prepared by SI-
ATRP of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl methacrylate
(DMM) and successive acid hydrolysis.”> The PVA brush was
prepared by surface-initiated iodide-transfer polymerization of VAc
and successive acid hydrolysis.*® SLATRP of OEGMA was performed
using CuBr and bpy in methanol at 303 K for 5 days. DMAEMA
underwent SI-ATRP by the CuBr/pentamethyldiethyletriamine system
in acetone at 303 K for 24 h. SI-ATRP of MAPS was performed in
TFE using CuBr and bpy at 303 K for 24 h to give the PMAPS
brush.>” MANa was polymerized in an aqueous solution at pH 8.3 (2.2
M of MANa) using CuBr and Me,bpy at 298 K for 3 h.*® SLATRP of
SPMK was carried out in methanol/water (5/2 v/v, 1.7 M SPMK) at
298 K for 15 h using a reaction system consisting of SPMK/CuBr/
CuBr,/Me,bpy in the following molar ratio: 200/2/0.4/4.%° The
PDMAB brush was prepared by SI-ATRP in the presence of CuBr and
bpy in methanol at 333 K for 48 h.

Measurements. The molecular weight and molecular weight
distribution of the unbound polymers were estimated by size exclusion
chromatography (SEC) using a Shimadzu HPLC system equipped
with a multiangle light-scattering detector (MALS, Wyatt Technology
DAWN-EOS, 30 mW GaAs linearly polarized laser, wavelength 4 =
690 nm) and a refractive index detector (Shimadzu RID-10A, tungsten
lamp, wavelength 470—950 nm). The Rayleigh ratio at a scattering
angle of 90° was based on that of pure toluene at a wavelength of
632.8 nm at 25 °C. SEC of PMPC was performed with three
polystyrene gel columns connected to two super AW3000 and super
AW4000 (Tosoh Bioscience) using water containing 0.01 M LiBr as
an eluent at a rate of 0.5 mL/min at 313 K. PMAPS required
polymethacrylate-based TSKgel columns consisting of G6000PWy,
GS5000PWy;, and G3000PWy; (Tosoh Bioscience) using a 200 mM
NaCl aqueous solution as an eluent at a rate of 0.8 mL/min at 313 K.
In the case of PMTAC, three polystyrene gel columns of Tosho
G3000PWy;-CP and two polystyrene gel columns of Tosho
GS000PWy;-CP were used with an acetic acid aqueous solution
(500 mM) containing sodium nitrate (200 mM) as an eluent at a rate
of 0.6 mL/min. SEC of PFA-Cg was conducted with three gel columns
of a6000, a5000, and a4000 (Tosoh Bioscience) using 1,1,1,3,3,3-
hexafluoro-2-propanol as an eluent at a rate of 0.5 mL/min. The SEC
of PMMA was measured on three gel columns of G35000Hy,
G4000Hy;, and G3000Hy, (Tosoh Bioscience) using THF as an
eluent at a flow rate 1.0 mL/min at 313 K. DMF containing 0.01 M
LiBr was employed for PDMM, PVAc, PDMAEMA, and POEGMA.
Calibration curves were prepared with a series of PMMA standards.

The thickness of the polymer brushes immobilized on a silicon
wafer in air (the relative humidity was ca. 45%) was determined by a
MASS-102 spectroscopic ellipsometer (Five Lab Co.) with a xenon arc
lamp (wavelength 380—890 nm) at a fixed incident angle of 70°. The
thickness was also measured by AFM of a partially scratched brush film
under vacuum to prevent the influence of moisture. AFM observation
was done with E-Seep with an SPI 3800N controller (SII
NanoTechnology, Inc.) using a silicon nitride (Si;N,) integrated tip
on a commercial triangular 200 mm cantilever (Olympus Co., Ltd.)
with a spring constant of 0.09 N m™.

The static and dynamic contact angles were recorded with a DSA10
Mk2 (Kriiss, Inc.) drop shape analysis system equipped with a video
camera using an inclinable plane. A 2.0 uL droplet of water,
diiodomehane, ethylene glycol, formamide, dimethylsulfoxide, or
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Figure 2. Definitions of static 6, advancing 6,, receding 6y, and sliding
O contact angles of liquid on a solid surface in air and the contact
angle ¢ of an air bubble in water.

hexadecane was placed on the surface using a micropipet to measure
the static contact angle (Figure 2a). The surface free energy and
parameters of these probe liquids are listed in Table 1. In an inclinable
plane, the sample on the stage was tilted at 2 deg/s until a 30 uL water
droplet began to slide down the sample surface. Subsequently, the
advancing contact angle (0,), the receding contact an§1e (6g), and the
sliding angle (f5) were determined (Figure 2b). All of these
evaluations were conducted in ambient air at room temperature
(approximately 298 K). The relative humidity was approximately 40%.
The contact angles of a captive air bubble and hexadecane in water
were measured on the brush substrate facing downward in a square
transparent glass vessel filled with deionized water or hexadecane-
saturated water. The air bubble or hexadecane droplet (10 uL) was
released from beneath the brush substrate using a microsyringe, as
shown in Figure 2c.

B RESULTS AND DISCUSSION

Surface Modification by Polymer Brushes. SI-ATRP
smoothly proceeded on the BHM-immobilized silicon substrate
to give PFA-Cg, PMMA, PDMM, PDMAEMA, PMTAC, and
PMPC brushes. The corresponding unbound polymers were
also generated from the sacrificial free initiator simultaneously.
The M, values of the unbound polymer brushes were
determined with an SEC-MALS system to be 30000—150
000, which were expected to be the same as those of the
corresponding brushes.***”*"** The thickness of a dried
polymer brush film, L, was determined by ellipsometry. Most
of the brushes were thicker than 40 nm, except for the PVA
brush, which was 20 nm in thickness. The graft density of a
brush, o, was theoretically estimated with the following
equation by assuming that the reflective index was uniform in
the thin brush layer

dLiN, x 107
o= ——-
M, (1)

where d and N, are the assumed density of the bulk polymer at
293 K and Avogadro’s number, respectively. For example, the ¢
values of PFA-C;, PMMA, PDMM, PDMAEMA, and PMPC
brushes were 0.15, 0.36, 0.36, 0.40, and 0.23 chains/nm?
respectively. AFM observation revealed that a homogeneous
polymer layer was formed on the substrate and that the surface
roughness was 0.8—1.5 nm in a dry state over a § X § ym?
scanning area. Hydrolysis of the PDMM brush under mildly
acidic conditions produced a PDHMA brush without any
elimination of brushes from the substrate.*® A PVA brush was
prepared by the surface-initiated iodide-transfer polymerization
of VAc and subsequent acid hydrolysis.36 Aqueous SI-ATRP of
MANa proceeded very quickly in spite of the absence of free
initiator and resulted in a polymer brush of 200 nm thickness
within a few hours.*® Similarly, SLATRP of SPMK and DMAB
were conducted without sacrificial free initiators to result in
polyelectrolyte brushes with thicknesses of up to 100 nm.
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Table 1. Surface Free Energies and the Acidic and Basic Components of the Liquids Employed”

liquid (symbol)“(‘ 7y (mN/m) hvd (VLVLW) (mN/m)

water (W)*—4 72.80 21.80
water (W*)* 72.90 22.50
formamide (F)* 58.10 35.50
formamide (F*)* 57.83 32.10
diiodomethane (I) 50.80 49.50
diiodomethane (1*)* 50.98 50.90
ethylene glycol (E)* 48.00 29.00
ethylene glycol (E*)* 48.10 31.20
dimethylsulfoxide (D)**** 44.00 36.00
dimethylsulfoxide (D*)* 44.17 34.40
hexadecane (HD)* 27.6 27.6

7 (™) (mN/m) Y~ (mN/m) 7' (mN/m) Yiw (mN/m)

S1.00 25.50 25.50

50.40 10.80 58.80

22.60 11.30 11.30

25.73 59.10 2.80

1.30 0.65 0.65 41.6
0.08 0.035 0.47 48.5
19.00 47.00 1.92

16.90 34.00 2.10

8.00 32.00 0.50

9.77 19.90 1.20

0.0 0.0 0.0 53.7

“The surface free energy of probe liquids (y.y) and their components attributed to Liftshitz—van der Waals (y"), the acid—base components
(y™®), the electron-donor (7y7), and the electron-acceptor (yy") interactions. y, is the interfacial free energy of the probe liquid/water.

Table 2. Contact Angle of Various Liquids on the Surfaces of the Polymer Brushes”

polymer brushes water (deg) diiodomethane (deg)

ethylene glycol (deg)

dimethylsulfoxide (deg) formamide (deg) hexadecane (deg)

PFA-Cg 121 + 0.8 100 + 0.8 102 + 0.6 90 + 1.1 103 + 1.4 74 + 1.1
PMMA 74 + 1.1 36+ 19 49 + 1S 22 £ 19 60 + 0.9 23
PMANa 31+ 14 4+ 14 8§+ 1.1 <3 15 + 0.8 <3
PMTAC 12 £ 1.3 35+ 1.5 8+19 9+ 18 10 + 0.9 £3
PSPMK 7+ 1.6 39'F 1.1 1T = 1.7 3£ 05 S =09 <3
PMAPS 11 2.1 30+ 1.8 5+08 17 +£ 09 1S + 13 <3
PMPC <3 27+ 1.8 7+ 14 <3 6+ 12 <3
“All of the static contact angles were measured with a 2 yL droplet.
Table 3. Contact Angles on Nonionic-Type Polymer Brushes
PFA-Cy (deg) PMMA (deg) PDHMA (deg) PVA (deg) PEGMA (deg) PDMAEMA (deg)
water 6: static® 121 + 0.8 74 £ 1.1 60 + 1.8 45 £ LS 44 + 1.7 56 + 12
6,: advancing” 127 + 09 99 + 1.0 76 + 2.1 71 + 0.9 89 + 0.8° 78 + 1.8
O receding” 110 + 1.1 58 + 0.9 18 + 19 20 + 08 21 + 0.9° 27 + 1.0
Og: Slidingb 6+ 12 43 + 1.7 80 + 0.6 50+ 1.2 60 + 1.5° 62 + 13
diiodomethane 0: static” 100 + 0.8 36+ 1.9 40 + 1.8 25 + 1.1 18 + 0.9 38 + 0.9
hexadecane 0: static® 74 + 1.1 <3 6+ 0.5 10 + 0.9 16 + 1.1 <3
air bubble in water ¢ static? 59 + 1.0 104 + 1.3 145 + 1.5 142 £ 12 142 + 09 138 + 1.8
hexadecane in water @b static” <3 89 + 1.1 108 + 1.0 119 + 1.0

“All the static contact angles were measured with a 2 4L droplet. “Dynamic contact angles were measured with 30 4L of water. “40 L. %¢ is the
supplementary angle for the contact angle of an air bubble (10 L) in water.

Surface Wettability of Nonionic Polymer Brushes. The
water contact angles of polymer brush surfaces are summarized
in Tables 2—4. The contact angle measurements were
performed at room temperature (298 K) using a contact
angle goniometer equipped with video camera recording system
operated by software for drop-shape analysis. Three different
probe liquids (Milli-Q water, ethylene glycol, and diiodo-
methane) were used.

Figure 2 illustrates the schematic view of the (a) static and
(b) dynamic contact angles of the liquid droplets in air and (c)
the contact angle of the air bubble captured on a solid surface in
water. The surface free energy ygy for a solid (S) in contact with
saturated vapor (V) is described by the well-known Young
equation using the interfacial free energy yg at the brush and
liquid (L) interfaces

Yoy = Fo + Hy cos & (2)
where ypy and 6 are the surface free energy and the contact

angle of the liquid, respectively. When the liquid is water (W),
the surface and interfacial free energies are described as yyy and
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Ysw- The surface free energy can be described by the extended
Fowkes equation using the dispersion force (7%) and polar force
(y*) components.

d)1/2

_ d 1/2
Yoo = Yoy + iy — 206y iy = 201y 1y") (3)

where the surface free energy ygy consists of yg" and 7.

_ ., d
Tov =l Tl 4)
Then, egs 2 and 3 give the Owens-Wendt equation (eq 5):**

d)l/?.

(1+ cos Oy, = 2(J'SdeLv + 2(}'svpyva)l/2 (5)

Therefore, the surface free energy of the polymer brush can be
calculated by the contact angles of two types of liquids with
different y* and ® values, for example, water and diiodo-
methane, using eq 5. Table § displays the interfacial free
energies of the polymer brushes versus vapor ygy and water yqy
evaluated by Owens’ method. The yg, estimated by the water
contact angle in the vapor phase is described as Ysw" in Table §
to distinguish it from ygy" estimated by the captive bubble
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technique in water, as described later. The surface free energy
components of probe liquids attributed to the Liftshitz—van der
Waals (") and acid—base components (y;,*") and the
electron-donor (y;y~) and electron-acceptor (y") interactions
are listed in Table 1.°7%

As shown in Table 3, the PFA-Cg brush with a broad
molecular weight distribution had the highest water contact
angle of the brushes, which was 121° and the lowest surface
free energy of 8.6 mN/m for a series of brushes. Typical
photographs of water and hexadecane droplets on the surfaces
of nonionic-type polymer brushes are displayed in Figure 3.

PFA-Cs

PMMA PDHMA PVA

Water

inair
Hexadecane
inair

Air bubble
in water

Hexadecane -

inwater |

Figure 3. Photographs (side view) of water and hexadecane droplets
on polymer brushes in air and an air bubble and hexadecane in contact
with the brush surface in water.

The contact angle of hexadecane on the PFA-Cg brush surface
was 74°, implying oleophobic behavior. The low surface tension
was caused not only by the low polarity of the C—F bond*” and
the weak molecular interactions of fluorocarbons but also by
the unique aggregation structure of perfluorooctyl chains at the
brush surface.® ™' Perfluorooctyl chains at the outermost
surface were oriented perpendicular to the substrate surface,
forming a densely gpacked structure to afford a stable
hydrophobic surface.*

The contact angle of the PFA-Cg brush surface was
influenced by the brush thickness and molecular weight
dispersity.”> When the brush thickness was increased from 4
to 20 nm, the static water contact angle gradually increased
from 107 to 120° which was related to the molecular
aggregation state of the perfluoroalkyl (R;) chains. The
orientation of R chains at the outermost surface in the PFA-
Cg brush that was thicker than 12 nm was confirmed by a
grazing incident wide-angle X-ray diffraction measurement,
whereas no diffraction peaks were detected from the thinner
PFA-Cg brush film. The brush that was thicker than 20 nm had
an X-ray diffraction pattern caused by the lamellar structure
composed of the R; groups.®* The densely packed structure of
the R groups contributed to the reduction in the surface free
energy, which was the case for the dependency of the water
contact angle on the brush thickness. In this work, a series of
polymer brushes with sufficient thickness were prepared to
obtain stable contact angles to estimate their surface free
energies and specific characteristics.

Polymer brushes with polar functions such as carbonyl,
hydroxy, ether, and amino groups had lower water contact
angles. PDHMA, PVA, PEGMA, and PDMAEMA are all water-
soluble polymers. However, the corresponding polymer brushes
had different contact angles depending on their hydrophilicity.
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Even though hydroxy groups were attached to the side chain or
main chain, PDHMA and PVA brushes had relatively high
contact angles of 63 and 45°, respectively. Much higher sliding
angles and asymmetric drops with high @, and low 6y were
observed for PDHMA and PVA brushes than for the other
brushes. A water droplet on the PDHMA brush surface did not
slide until a tilting angle of 80°, whereas a water droplet on the
PMMA brush began to slide when the plate was tilted to 18°.

Generally, contact angle hysteresis on the polymer surface
reflects the reorientation of surface polymer chains,**** the
rearrangement of the surface structure, topological rough-
ness, chemical heterogeneity,*® and surface defects.*” When
the PDHMA brush was exposed to air (or vapor), the
hydrophobic a-methyl group attached to the polymer backbone
could be oriented toward the top surface to minimize the
interfacial free energy. Alternatively, once the brush was
exposed to water, the polar functional groups on the side
chain would orient themselves toward the water interface. The
strong hydrogen bonding interaction among the hydroxy group
and water molecules contributed to a low 6y, and the a-methyl
groups formed a hydrophobic barrier at the air/brush interface,
preventing wetting to give a higher 6. Large hysteresis and 6
were also observed for the PEGMA and PDMAEMA brushes.
The water contact angle hysteresis is related to the contact
angles of air bubbles in water. In addition, the hydrophilic
polymer brushes with high graft density were hydrated in water,
forming an extended conformation as a result of the osmotic
pressure. Therefore, the hydration free energy at the edge of
the brush where the water meets the vapor phase should be

considered in the study of the water contact angle of a
brush,®®¢! as described below.

The contact angles ¢ of the air bubble and hexadecane in
water were measured by Hamilton’s method (Figure 2¢).5%%3
The interfacial energies for brush—water vapor (ysy), hydrated
brush—water (ygy), and brush—hexadecane (ysq) were also
estimated by Andrade’s protocol.** Young’s equation gives

— oW cos & (6)

where 0 is the contact angle of the air bubble filled with water
vapor for which Young’s equation holds, as shown in Figure 2c.
When a drop of hexadecane is in contact with a brush—water
interface with an angle of ¢, the equation should be

Ysv = Yy

w = Yo + Yow €08 @ (7)

where yow is the interfacial energy for hexadecane—water.

Hamilton and Andrade et al. assumed the following treatment

for the interfacial free energy between hexadecane/ sohd and
solid/water proposed by Fowkes et al. % and Tamai et al.*®

/2

o Ve e = M By} = gy (8)

d)l /2

~ ’ d
Tow ™ Yoy + Yy’ — 20y Py = Ly 9)

where yyy/ is the surface tension of hexadecane-saturated water
and Igo and Igy are polar interaction parameters for the solid/
hexadecane and solid/water interfaces, respectively. Parameter
Iso is zero because hexadecane is completely nonpolar. yyy,/" is
approximated to be the same as yyy because of the extremely
low solubility of hexadecane in water. Combining eqs 7—9 gives
_ }' d)l /2
d)l/ 2

d,
ISW =t ~ Yov cos ¢ + 2(}’5\/ Yov

(10)

2(}'sv Harv
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Table 4. Contact Angles on Polyelectrolyte Brushes

PMANa (deg)

water @: static” 31 + 1.4 12+ 1.3
Oy: ad\'ancingb 66 + 1.0 S0+ 1.2
Og: reccdingb 13 +£ 0.8 12 £ 0.7
Oy: sliding” 45 + 1.5 28 + 2.1
diiodomethane @: static” 39 + 14 35+ 1S
hexadecane 0: static® <3 <3
ethylene glycol 0: static” 8+ L1 8+ 19
air bubble in water ¢ static? 154 + 0.7 156 + 1.0
hexadecane in water & static? 170 + 0.8 151 + 1.8

PMTAC (deg)

PSPMK (deg) PDMAB (deg) PMAPS (deg) PMPC (deg)
7+ 16 16 + 1.4 11 + 2.1 <3
3220 18 + 1.9 24 + 1.8 13 £ 09
3+08 6+ 1.1 <3 <3
12+ 1.0 6 + 20 11 + 2.1 15+ 14
39 + LI 40 + 1.8 30+ 1.8 27 + 1.8
<3 <3 12 + 18 <3
11+ 1.7 8+ 1.9 5+08 7 + L1
160 + 1.8 148 + 1.8 185 + 1.9 170 £ 0.8
176 + 1.1 158 + 1.2 175 + 09 175 + 0.6

“All the static contact angles were measured with a 2 4L of droplet. "Dynamic contact angles were measured with 30 L of water. “10 L. “¢ is the
supplementary angle for the contact angle of an air bubble (10 xL) in water.

From eq 9, it can be shown that

d dy1/2
ISW = y\,vv + (ysv - YS“Y) - 2(75\/ Ywv )l (11)

The captive bubble method gives a value of (ysy — 7sw) from
eq 6. Because yyy = 72.8 mN/m, Yuy® = 21.8 mN/m, yoy =
Yov' = 27.6 mN/m, and 7oy = 53.7 mN/m, Ig and ¥sv® can be
calculated by a combination of eqs 10 and 11. ys/* can be
determined if

IS\N ~ Z(YSVPYWVP)I/Z

(12)

7sv Was given by yg,? and ygf using eq 4. The interfacial
energy for the brush—water interface was found with eq 6 and
is listed in Table S as ygw".

Table 5. Surface Free Energy of Polymer Brushes
Determined by Owens-Wendt Protocol

sl e
polymer rsv (mN/  (mN/ (mN/ Tsw' rsw
brushes m)“ m m) (mN/m)?  (mN/m)¢
PFA-Cy 8.7 8.4 0.3 46.2 54.8
PMMA 43.8 37.5 6.2 23.7 13.6
PDHMA 48.1 33.0 15.1 1IL7 9.3
PVA 59.6 375 22:1 8.1 3.8
PEGMA 61.2 39.6 21.6 8.8
PDMAEMA 50.8 334 17.4 10.1
PMANa 66.6 29.5 37.1 4.3 0.7
PMTAC 724 30.5 419 0.1 0.1
PSPMK 729 28.5 44.4 0.7 0.1
PDMAB 70.8 283 42.5 0.8 0.9
PMAPS 73.1 32.8 40.6 1.7 0.7
PMPC 74.5 33.5 41.0 0.2 0.1

“Determined with contact angles of water and diiodomethane droplets
using parameters W and I in Table 1. PThe interface energy for brush—
water evaluated with the water contact angle in air. “The interfacial
energy for brush—water evaluated with the captive bubble technique in
‘water.

Photographs of air bubbles and hexadecane droplets attached
to the brush surfaces in water are also shown in Figure 3. The
contact angle ¢ of the air bubble on the PFA-Cg brush in water
was 59°, which corresponded to the supplementary angle of the
water contact angle (6 = 121°) in air to 180°. If there is no
surface reorganization, then the sum of ¢ values for the air
bubble in water and @ for the water droplet in air should be
180°. The PMMA brush surface, for example, showed 6 = 74°
for the water contact angle and ¢ = 104° for the air bubble
contact angle in water.
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However, larger total angles than 180° for the combination
of 0 and ¢ were observed in the surfaces of nonionic
hydrophilic polymer brushes such as the PDHMA, PVA, and
PDAEMA. These polymer brushes exhibited large contact angle
hysteresis. In the case of the PDHMA brush, the contact angle
0 of the water droplet in air was 60° and the contact angle ¢ of
the air bubble in water was 145°. This difference might be
caused by surface reorganization, including the reorientation of
functional groups after the environmental change. Under air or
vapor, the water droplet on the brush was pinned at the triple
contact line of the brush—water—vapor by the hydrophobic a-
methyl groups, preventing wetting and leading to a higher
magnitude of . In water, the PDHMA brush formed a swollen
structure by hydration. When the air bubble was in contact with
the hydrated brush surface, a conformational change in the
polymer chain occurred to reduce the interfacial free energy
between the brush and air. However, it would be hard to
exclude the water molecule from the hydrophilic polymer
because of the strong hydration force between water and the
polar functional groups. A similar situation occurs at the
receding water line on the tilted brush substrate in air. As a
result, ¢ had a value close to 180° — 6y, not 180° — 4.

The contact angle of hexadecane in water also depended on
the hydrophilicity of the brushes. A hexadecane drop spread on
the PFA-Cg brush surface in water, whereas oleophobicity was
observed by the contact angle measurement of hexadecane in
air on the PFA-Cy brush surface.” On the contrary, PMMA
and PDHMA exhibited a higher contact angle of hexadecane in
water in spite of the very low contact angle of hexadecane in air.
The hexadecane droplet can easily spread on a hydrophilic
surface in air because the surface free energies of hydrophilic
brushes ygy are higher than that of hexadecane yqy (yy = 27.6
mN/m in Table 1). In water, the contact angle of hexadecane is
largely governed by ygy and yow, where o is the interfacial
energy at the hexadecane—water interface. As listed in Tables 1
and S, yow (yow = 53.7 mN/m in Table 1) is significantly larger
than ygy of the hydrophilic brushes to create a self-standing
drop shape of hexadecane on the brush surface in water.
Parameters gy and 7" of the hydrophobic PFA-Cg brush
were 46.1 and 54.8 mN/m, respectively, which were close to
the value of yow. Therefore, a small contact angle of
hexadecane in water was observed on the PFA-Cg brush
surface. Conversely, ygw" of polar polymer brushes with
hydrophilic functional groups were lower than g, ", indicating
the reduction in the interfacial energy for the brush—water
interface in the aqueous environment. The fully hydrated
polymer brush in water formed a hydrophilic layer on the
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Figure 4. Photographs (side view) of water and hexadecane droplets on polyelectrolyte brushes in air and air bubbles and hexadecane droplets in

contact with the brush surfaces in water.

substrate surface, which resulted in antifouling behavior against
the hydrocarbon drops.

Surface Wettability of lonic Polymer Brushes. A water
droplet on the polyelectrolyte brush surface had a lower contact
angle compared to those of droplets on nonionic-type
hydrophilic polymer brushes, as shown in Table 4 and Figure
4. PMANa, PMTAC, PSPMK, PDMAB, and PMPC are water-
soluble polymers, whereas PMAPS can be dissolved in an
aqueous salt solution. Sulfobetaine groups in PMAPS strongly
bind to each other by electrostatic interaction and do not
disperse in deionized water at 298 K, resulting in a slightly
higher contact angle (11°) for water than for the other
zwitterionic-type polyelectrolyte brushes. Although the water
contact angle of PMANa was relatively high (31°), the other
polyanion, polycation, and zwitterionic-type polyelectrolyte
brushes had smaller contact angles. In particular, a very small
contact angle of water (3°) was observed on the PMPC brush
surface because PMPC adsorbs moisture from the atmosphere
like a deliquescent material does.

As shown in Table 5, the surface free energies of
polyelectrolyte brushes evaluated by Owens’ method were
70—74 mN/m, which were much higher than those of nonionic
hydrophilic polymer brushes such as PMMA, PDHMA, and
PVA brushes. The surface free energies of the polyelectrolyte
brushes were also estimated by the three-liquid acid—base
method proposed by van Oss, Chaudhury, and Good
(vOCG)* in this study. The calculation process of the
vOCG method and the surface free energies of polymer
brushes are described in the Supporting Information.

When we estimate the surface free energies of the
hydrophilic polymer brushes, another important issue to be
considered is the partial wetting or total wetting of the
hydrophilic polymer brush surface with water. Hydrophilic
polymer brushes with a high graft density collapse or shrink in
air or in the vapor phase but become hydrated in water to form
an extended conformation due to the osmotic pressure.
Therefore, the work of hydration at the edge of the brush
where the water meets the vapor phase might be considered for
the study of the water contact angle of the brush. Cohen Stuart
et al. have reported the wetting of PEO brushes.®° They studied
the effect of the bridging of the water/vapor interface by the
grafted PEO layer on partial wetting. Théodoly et al. studied
the wetting with water of the surface of polystyrene (PS)
covered with a poly(acrylic acid) (PAA) brush.'® They
explained how the wetting behavior was governed by the free
enthalpy of hydration of the polyelectrolyte monomer units and
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interfacial tension among PS, PAA, water, and air and the
pressure in the brush at the triple contact line of PAA brush—
water—vapor. Complete wetting with water can be expected on
the surfaces of water-soluble polyelectrolyte brushes such as
PMANa and PMPC but might require microscopic observation
of the water drop edge as it spreads on the brush surface.

Air Bubble and Oil Detachment from the Polyelec-
trolyte Brush Surface in Water. Figure 4 displays photo-
graphs of air bubbles and hexadecane droplets in water on a
series of polyelectrolyte brush surfaces. Most of the air bubbles
in contact with the brush surfaces formed spherelike shapes,
although some bubbles were deformed by the buoyancy effect.
The surfaces of the polyelectrolyte brushes repelled both air
bubbles and hexadecane droplets in water. It was difficult to pin
an air bubble on the brush surface in water because the bubble
was easily swept away by slight vibrations and water flow. When
the air bubble in water is released from the lower position and
touches the polyelectrolyte brush surface, the air bubble
bounces several times. A movie of an air bubble bouncing on
the PMPC brush surface in water is available in the Supporting
Information. The contact angles of air bubbles and hexadecane
in water were observed to remain constant for at least 15—20
min. These results demonstrate the superhydrophilic surfaces
prepared with polyelectrolyte brushes.

In air, a hexadecane droplet wets and spreads on the surfaces
of polyelectrolyte brushes. However, once the brush substrate
was dipped into water, hexadecane detached from the brush
surface. Hexadecane and typical hydrocarbon liquids have lower
density (0.7—0.8 g/mL) than water. Therefore, they quickly
flowed out of the substrate in water. In this work, antifouling
behavior in water was observed using silicone oil (Shin-Etsu
Chemical Co. KE-96—100CS), the density of which (0.965 g/
mL at 293 K) is relatively close to that of water. Figure §
showed the contact angle of silicone oil on the surface of the
PMPC brush and an unmodified silicon wafer in air and in
water. The silicone oil immediately spread on the surface of the
PMPC brush and the unmodified silicon wafer in air. However,
once the brush substrate was dipped into water, the silicone oil
quickly formed a sphere that eventually flowed out of the brush
surface. The three-phase contact angle 6 at the substrate/oil/
water interface was 173°. By contrast, the silicone oil remained
attached to the unmodified silicon substrate in water (6 = 56°).
The movies of silicone oil detachment behavior on PMPC
brush surface and nonmodified silicon wafer surface in water
are available in the Supporting Information.
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Figure 5. Wettability-reversion phenomena of a silicone oil droplet
(5.0 L, Shin-Etsu Chemical Co. KF-96-100CS) on a PMPC brush (a)
in air and (b) in water and on an unmodified silicon wafer (c) in air
and (d) in water. Photograph b (side view) displays an oil droplet on a
PMPC brush substrate in water, showing the superoleophobicity, with
a contact angle of 173°.

The work of adhesion is the amount of reversible work
needed to separate a unit area of liquid from the substrate.’®
The work of adhesion in water®””® can be expressed as

(13)

Combining eqs 13 and 14 (Young’s equation) provides a
more useful expression for the work of adhesion, as given in eq
15

Wows = ¥ow + Yow ~ ¥so

cos

(14)
(15)

Provided both yqy and € can be measured experimentally, it
is possible to calculate the work of adhesion of oil to the solid
under water.”®

The interfacial free energy (yow) of silicone oil/water was
estimated to be 7.2 mN/m by the sessile drop method
combined with the Young—Laplace equation’’ and the curve-
fitting calculation for the drop shape analysis using the density
difference between the oil and water (Ap = density of water
(0.997) — density of oil (0.965) = 0.032 g/mL at 293 K). The
Yow value of the silicone oil was much lower than the value of a
typical hydrocarbon, such as hexadecane (53.3 mN/m),
probably because of some additives in the dimethylsiloxane
base oil or polar functional groups attached to the silicone

w ~ %o = Tow

Wows = yow(l + cos 0)

molecules to improve the chemical stability of the product.
Using eq 15, the Wiy of silicone oil on the PMPC brush
surface was 0.054 mN/m, and W4 of the unmodified silicon
substrate was 11.2 mN/m. The small value of the work of
adhesion on the PMPC brush in water is assumed to be caused
by the excellent affinity with water, which leads to the
formation of a water-swollen brush layer and the beading up
of the oil.

Similar oil detachment behavior in water was observed on the
PMANa and PSPMK brushes, as shown in Figure 6. However,
the silicone oil stuck on the PFA-C4 and PMMA brushes both
in air and water. The silicone oil on the PMTAC and PMAPS
brushes also revealed a relatively high contact angle
(approximately 160°) in water. However, the oil did not flow
out from the substrates. In the case of the PMAPS brush, the
contact angle of silicone oil increased with the addition of
aqueous NaCl solution. When the concentration reached 1.0
M, the contact angle became almost 175° as shown in Figure
6h, and the silicone oil eventually detached from the PMAPS
brush. This oil detachment behavior is closely related to the
hydration state of PMAPS. PMAPS is insoluble in deionized
water at room temperature but soluble in aqueous salt
solution.”” The chain dimension of PMAPS in aqueous
solution increased with the NaCl concentration, which was
confirmed by light-scattering measurements and small-angle X-
ray scattering.”>* Neutron reflectivity measurements revealed
that the thickness of swollen PMAPS brushes in aqueous
solution increased with the salt concentration from 0 to 1.0 M
because the strong attractive dipole—dipole interaction among
sulfobetaine units was moderated by the hydrated ions in the
aqueous salt solution to induce the switching from a collapsed
state to a well-hydrated brush state with a relatively extended
chain structure.”” As a result, the swollen PMAPS brush in
aqueous NaCl solution effectively enhanced the oil repellence
in aqueous solution. The antifouling effect on a polymer thin
film bearing sulfobetaine units was also reported by Gleason.”
Superhydrophilicity and water promoted the detachment
behavior of air bubbles and oils.

The removal of oil drops from solid surfaces immersed in an
aqueous medium is of interest in many applications such as self-
cleaning, antifogging, and antifouling systems. Oleophobic and
antifouling surfaces have been widely fabricated with conven-
tional superhydrophobic materials such as fluoropolymers with
micro/nanohierarchical structures like those in a lotus leaf. By
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Figure 6. Photographs (side view) of a silicone oil droplet (5.0 4L, Shin-Etsu Chemical Co. KF-96-100CS) on (a) PFA-Cg, (b) PMMA, (c) PMANa,
(d) PSPMK, (e) PMTAC, (f) PMPC, and (g) PMAPS brushes in water and (h) the PMAPS brush in a 1.0 M NaCl aqueous solution at 298 K. All of
the substrates were immersed in water after the silicone oil was applied in air. The contact angle of the oil droplet in water and the work of adhesion

are listed under the photographs.
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