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ABSTRACT: A well-defined, high-density poly(2-hydroxyethyl methacrylate) (PHEMA) brush was
fabricated on the surface of a poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) film by surface-
initiated living radical polymerization (LRP). First, a sufficient amount of peroxides as initiating moieties
were successfully introduced on the film surface without causing etching by the Os-plasma treatment.
Subsequently, the polymerization mediated by reversible addition—fragmentation chain transfer (RAFT)
was carried out at a mild temperature in a nonsolvent for FEP to minimize the swelling of the FEP film
surface and avoid the growth of chains from deep inside of the film. The contact angle and ESCA
measurements indicated that the boundary intermixing layer between FEP and PHEMA layers was
reasonably thin (<10 nm), meaning that the PHEMA brush was grown nearly regioselectively from the
surface of the FEP film. The graft density was estimated to be about 0.3 chains/nm?, which is almost the
same as the one achievable by the RAFT technique on inorganic substrates with a hard surface. This

graft density is much higher than the ones obtainable by conventional techniques.

Introduction

Living radical polymerization (LRP), as applied to
surface-initiated graft polymerization,'~1> has the over-
whelming advantage over other surface grafting tech-
niques in that it allows grafting of homo- and copoly-
mers of controlled structures with an extremely high
graft density. On inorganic substrates, the graft density
reached as high as 0.7 chains/nm? for common poly-
mers!?!1 such as poly(methyl methacrylate) (PMMA)
and polystyrene. This density is about 1 order of
magnitude higher than those of the semi-dilute brushes
obtainable by other techniques, and the graft systems
in this density regime may be termed concentrated or
high-density brushes. Even in a dry state, such a high-
density PMMA brush is necessarily anisotropic because
its dry thickness reaches about 40% of the full length
of the graft chain or the chain end-to-end distance in
all trans conformations. Therefore, its dry-state proper-
ties such as glass transition temperature,!® compression
resistance,* and miscibility with untethered molecules!!
are quite different from those of semi-dilute brushes.
The equilibrium thickness of the high-density brush
swollen by a good solvent is surprisingly large, as large
as 80—90% of the full length of the graft chains,
meaning that the chains themselves are extended that
much.?10 This highly anisotropic structure of the swol-
len brush brings about extremely strong resistance
against compression and remarkable size-exclusion
properties.!l By taking advantage of unprecedented
properties of high-density polymer brushes, one may
create novel materials with smart surfaces. Recently,
we found that a high-density poly(2-hydroxyethyl meth-
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acrylate) (PHEMA) brush formed on an inorganic
substrate exhibits much better biocompatibility than a
comparable semi-dilute brush.12

While surface-initiated LRP has been first established
on inorganic solid surfaces,!”15 there have been an
increasing number of attempts for its application to
organic polymer substrates. These include fibers,6:17
films,18721 porous membranes,?272¢ particles,2>=28 lan-
terns,2?30 and monoliths31~33 composed of cellulose,!7-18
hydrocarbon polymers such as polyethylene and poly-
styrene,19:20,22,23,25-29,31-33 polyester,?! and fluorocarbon
polymers.2430 Most studies focused on the control in
molecular weight and polydispersity of the graft poly-
mer. On the other hand, little attention has been paid
to graft density, although high-density grafting provides
fascinating surface properties unpredictable, in many
cases, from those which low- to moderate-density graft-
ing does, as mentioned above.

The prerequisites to fabricate a well-defined, high-
density brush on a polymer substrate are: (1) the
introduction of the initiating moiety on the surface with
a sufficiently high density, (2) the optimization of LRP
conditions to have fast initiation and uniform chain
growth, and (3) the proper choice of the polymerization
media to prevent the surfaces of polymer substrates
from swelling. The last requirement is specific to
polymer substrates, namely, in a swollen substrate,
chains can grow from its deep inside, forming a thick
boundary (coexisting) layer of graft and substrate
polymers (Scheme 1a). In some cases, the thickness of
the boundary layer reaches an order of micrometers.19-30
Such graft systems, even if the graft density may be
high, are poorly defined in both the structure and
properties.

In this paper, we report the successful preparation
of a well-defined, high-density polymer brush on a
polymer substrate (Scheme 1b). 2-Hydroxyethyl meth-
acrylate (HEMA) was graft-polymerized from the sur-
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Scheme 1. Schematic Illustration of the Graft Polymerization on the FEP Film in (a) Good and (b) Non-solvents
for FEP
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face of poly(tetrafluoroethylene-co-hexafluoropropylene)
(FEP) film by reversible addition—fragmentation chain
transfer (RAFT)-mediated LRP.?435 The surface-initi-
ated LRP of HEMA has so far been carried out on
inorganic surfaces®®37 but not on polymer substrates.
The combination of the polar monomer with the non-
polar substrate suppressed the swelling of the film
surface. Among various techniques, including chemical
reaction and high-energy-beam irradiation,?® we chose
Og-plasma irradiation (Scheme 1) to introduce initiating
moieties on the surface of the polymer film. The plasma
treatment is a powerful and effective method to intro-
duce initiating moieties (peroxides) selectively on the
surface (within a depth less than 10 nm, typically®?) of
an inert film without reactive functional groups. Be-
cause the plasma technique is applicable to a variety of
polymer substrates with various shapes and RAFT
polymerization is applicable to versatile monomers, this
procedure can be an effective route to novel polymeric
materials functionalized with high-density polymer
brushes.

Experimental Section

Materials. HEMA (99%, Nacalai Tesque, Japan) was puri-
fied as follows:*® an aqueous solution of HEMA (25 vol %
HEMA) was washed with hexane (4 x 200 mL). To this
solution, NaCl was added to salt HEMA out of the aqueous
phase. The HEMA phase was dried over Na,SO4 and then
distilled under reduced pressure. Cumyl dithiobenzoate was

CH3

ol

prepared according to the CSIRO group.3435 Methanol (99.9%,
Wako Pure Chemical, Japan), 2,2'-azobis(4-methoxy-2,4-di-
methylvaleronitrile) (V70) (99.9%, Wako), N,N-dimethylaniline
(98%, Nacalai), and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
(98%, Wako) were used as received. The FEP film (100 ym
thickness; Daikin, Japan) was washed by ultrasonication in
acetone for 30 min and dried under reduced pressure at room
temperature overnight.

Plasma Treatment. The Os-plasma treatment was made
by a BP-1U bell-jar-type plasma reactor (Samco, Kyoto, Japan)
with two parallel plate electrodes. The applied frequency was
13.56 MHz. The O pressure was kept 60 Pa (the gas flow rate
was 0.4 mL/min), and the electronic power was 40 W. The FEP
films were placed on the ground electrode, and plasma was
exposed to one side of the film. After the plasma treatment,
the film was stored at room temperature in air for 30 min and
then subjected to the determination of the peroxide concentra-
tion and the graft polymerization (see below). After the graft
polymerization, we confirmed by attenuated total reflection
infrared (ATR—IR) spectroscopy that the graft polymer was
homogeneously distributed on the one side of the film with no
graft polymer on the other side.

Determination of Peroxide Concentration. The perox-
ide concentration on the film surface was determined by the
radical-scavenging method.*1*2 Namely, the plasma-treated
film (6 x 6 cm?) was folded, placed in a glass tube (1 cm
diameter), and immersed in a toluene solution (2 mL) of DPPH
(0.2 mM). After being degassed and sealed under vacuum, the
glass tube was heated at either 40 or 80 °C to decompose the
peroxides, and the formed radicals were scavenged by DPPH.
The peroxide concentration was estimated by following the
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Figure 1. Plot of the number density of introduced peroxide
vs plasma-treatment time. For the determination of the
number density, see the text.

decrease of DPPH concentration by electron spin resonance
(ESR). The experiment was duplicated. The duplicated data
agreed within 10% (Figure 1), suggesting good quality of the
data.

Graft polymerization. The plasma-treated FEP film (1 x
2 cm?) immersed in a methanol solution of HEMA (4 M), cumyl
dithiobenzoate (1 mM), V70 (0.1 mM), and N,N-dimethyl-
aniline (0.5 M) in a glass tube (1 cm diameter) was degassed,
sealed under vacuum, and heated at either 40 or 80 °C. After
polymerization, the solution was diluted with N,N-dimethyl-
formamide (DMF) to a known concentration and analyzed by
gel permeation chromatography (GPC). The conversion was
determined from the GPC peak area. The film was rinsed in
a Soxhlet apparatus with methanol for 6 h to remove phys-
isorbed free polymer and impurities.

Measurements. The ESR spectra were recorded at room
temperature on a Bruker EMX spectrometer (Karlsruhe,
Germany) equipped with a cavity of the type ER4119ST. The
measurement was performed with 100-kHz magnetic field
modulations at microwave output of 0.5 mW.

The GPC analysis was made on a Tosoh HLC-802 UR high-
speed liquid chromatograph (Tokyo, Japan) equipped with two
Shodex gel columns LF804 (300 x 8.0 mm; bead size = 6 um;
pore size = 20—2000 A) (Tokyo). DMF was used as eluent
(40 °C). The column system was calibrated with Tosoh
standard poly(ethylene glycol)s (PEGs). Sample detection and
quantification were made with a Tosoh differential refracto-
meter RI-802. Sample detection was also made with a multi-
angle laser light scattering (MALLS) detector, a Wyatt Tech-
nology DAWN EOS (Santa Barbara, CA), equipped with a Ga—
As laser (1 = 690 nm). The refractive index increment dn/dc
was determined to be 0.075 mL g~! by a Wyatt Technology
OPTILAB DSP differential refractometer (1 = 690 nm).

The graft amount was estimated from ATR-IR absorption
spectra recorded on a BioRad FTS 6000 Fourier transform
spectrometer (Hercules, CA) equipped with a ZnSe ATR prism.
The PHEMA layers of known thickness, spin-coated on the
FEP films, were used for the calibration of the PHEMA
thickness vs absorbance. The thickness of the spin-coated
PHEMA layer was determined by a compensator-rotating
ellipsometer (M-2000U, J. A. Woolam, Loncoln, Germany)
equipped with a D2-QTH lamp. The polarizer angle was 45°
and the incident angles were 60°, 65°, and 70°. For conversion
between the thickness and the weight, the bulk density of
PHEMA of 1.15 g/em?® was used.

Electron spectroscopy for chemical analysis (ESCA) was
performed on a Shimadzu ESCA 750 spectrometer (Kyoto,
Japan) using a nonmonochromatic Mg Ko photon source with
a takeoff angle of 15°. The anode voltage was 10 kV, the anode
current was 20 mA, and the pressure in the chamber was
1076 Pa.
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Topographic images of the graft surface were obtained by
an atomic force microscope (AFM) (SPI3600, Seiko Instru-
ments, Tokyo) with an aluminum-coated cantilever (OMCL-
AC160TS, Olympus, Tokyo; spring constant 42 N/m). Contact
angles () were measured at room temperature with a contact
angle meter CA-X (Kyowa Interface Science, Saitama, Japan).
The measurement was made on at least five different spots
for each sample, and the results were averaged.

Results and Discussion

Introduction of Peroxide. We introduced peroxides
on the FEP film by the Os-plasma treatment, as shown
in Scheme 1. To form a high-density PHEMA brush on
the FEP film, peroxides should be introduced with a
sufficiently high density. To optimize the plasma-
treatment time, we determined the concentration of the
introduced peroxide as a function of the treatment time
by using the radical-scavenging method. Namely, the
plasma-treated film was immersed in a toluene solution
containing the radical scavenger DPPH and heated for
6 h at 80 °C. The radicals formed by thermal decompo-
sition of the peroxides were scavenged by DPPH. We
followed the decay of the DPPH concentration by ESR
and, assuming that all the formed radicals were scav-
enged by DPPH, we calculated the amount of decom-
posed peroxides, which would be approximately equal
to that of the introduced peroxides after a sufficiently
long time because the initiation efficiency of the perox-
ides is typically 0.9—1.0.44 The DPPH concentration did
not decrease after 6 h, meaning that 6 h was long
enough for all the peroxide molecules to decompose.
Figure 1 shows the plot of the amount (number density)
of peroxides vs the plasma-treatment time (the experi-
ment was duplicated). The number density increased
with increasing plasma-treatment time up to 120 s and
then reached a constant value of about 10 peroxides/
nm?2.41743 As indicated in Scheme 1, the introduced
peroxides can either be hydroperoxides (C—O—0O—H) or
dialkylperoxides (C—O—0—C) or both.?8 The former
would afford one initiating radical immobilized on the
surface, and the latter, two. Therefore, the number
density of the initiating moiety should be between 5 and
10 residues/nm?2, which was high enough to achieve
high-density brushes, such as obtained in this work (see
below).

We used the 60, 80, and 120 s plasma-treated films
for graft polymerization. They had peroxides in suf-
ficiently high densities. In addition, the AFM studies
revealed that their surfaces exhibited no morphology
change before and after the plasma treatment; the root-
mean-square roughness was about 6 nm in 1 x 1 um?
before and after the treatment, suggesting successful
introduction of initiating moieties without significant
surface etching. A longer plasma treatment (e.g.,
300 s) made the film surface frailer and easier to swell
because of etching.

For the 120-s treated sample, we examined the
decomposition rate of the peroxides at 40 °C (the
polymerization temperature). It took about 4 h to have
a decomposition of 0.3 peroxides/nm?, namely, the
average first-order decomposition rate constant k4 was
about 2 x 1078 s71. This meant that some 4 h was
necessary to have 0.3 initiating sites/nm?2, which was
too long to meet the requirement of fast initiation for
living polymerization. Therefore, we added N,N-di-
methylaniline to accelerate the decomposition of the
peroxides via a redox process. Although we could not
determine k4 in the presence of N,IN-dimethylaniline
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because of the degradation of DPPH by N, N-dimethyl-
aniline, we confirmed that we had a sufficiently fast
initiation, as shown below.

Graft Polymerization. We carried out the graft
polymerization of HEMA from the plasma-treaded FEP
film in the presence of cumyl dithiobenzoate (1 mM) as
a free RAFT agent, V70 (0.1 mM) as a conventional
radical initiator, and N,N-dimethylaniline as an ac-
celerator of the decomposition of the peroxides on the
film. The polymerization was carried out at a mild
temperature, 40 °C, in aqueous methanol (50 vol %), a
nonsolvent for FEP, to prevent the FEP film from
swelling.

The RAFT process343546 (Scheme 2), i.e., a degenera-
tive or exchange chain transfer process, is the key
reaction of this polymerization. It involves the addition
of the propagating radical P* to the dormant species P'-X
(X = dithiobenzoate in this work) to form the intermedi-
ate radical P-(X*)-P’ followed by the fragmentation into
P’ and P-X. A number of such exchange transfer
reactions will give approximately uniform growth of all
polymer chains, providing a low-polydispersity polymer.
In the present system, the initiating radical formed on
the FEP surface will, after incorporating some mono-
mers, take the dithiobenzoate group from the free RAFT
agent. A part of the free RAFT agent will consequently
lose the dithiobenzoate group. However, because the
concentration of the peroxide (1072 mM) is negligibly
small compared with that of the feed RAFT agent (1
mM), most of the free chains will also possess a
dithiobenzoate group and grow in a controlled manner.
The RAFT reaction can occur among the free and graft
chains.

The first-order plot of the monomer concentration was
almost linear in the examined time range (<5 h), and
the conversion reached about 25% at 5 h for all polym-
erization runs. Because free polymers simultaneously
produced in the solution are a good index in M, and
M /M, for graft polymers,® we collected free polymers
and analyzed them by GPC. Figure 2 shows the plots
of the M, and M/M, for the free polymer (filled
symbols) vs conversion, where PEG was used for
calibration. The M, (filled symbols) obtained by PEG
calibration deviated from the theoretical line (solid line).
The absolute values of M, (open symbols) obtained by
GPC-MALLS for selected samples reasonably agreed
with the theoretical ones (the GPC-MALLS molecular
weights (M, in particular) were presumably overesti-
mated by 10—20%, because a low-molecular-weight
region was not taken into calculation because of a too-
weak MALLS signal). Thus, we may adopt the theoreti-
cal M, in the following discussion. The M/M, (Figure
2) decreased with an increase in conversion up to about
15% and then stayed at a low value of about 1.3. In
addition, we observed a linear increase of the graft layer
thickness with an increase of the theoretical M), as
discussed below. These results suggest that a controlled
polymerization has occurred in the graft phase as well
as in the solution phase.

Because the graft chains in a high-density brush are
highly stretched in a good solvent with their chain ends
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Figure 2. Plots of M,, and M/M, of free polymer vs monomer
conversion for the plasma-treated FEP film/HEMA/cumyl
dithiobenzoate/V70/methanol system (40 °C): [HEMA], =
4 M; [cumyl dithiobenzoatelo = 1 mM; [V70]p = 0.1 mM in
methanol (50 vol %). The plasma-treated time for the FEP film
was (M and 0) 60 s, (a and A) 80 s, and (@ and O) 120 s. The
data indicated by filled and open symbols were obtained by
PEG-calibrated GPC and GPC-MALLS, respectively.

localized near the free surface of the graft layer, the
RAFT process can effectively occur among graft chains.
A higher frequency of the RAFT reaction can result in
a lower polydispersity for graft chains than that for free
chains. On the other hand, such a sequential RAFT
reaction can be viewed as a reaction—diffusion process
of the otherwise strictly localized propagating radicals,
and this process would increase bimolecular termination
between graft radicals, thus giving a higher polydisper-
sity. This was in fact observed in a styrene system,*’
where the exchange (RAFT) rate constant kex was
extremely large (hence an extremely fast reaction—
diffusion process). However, kex is much smaller for
MMA (about 1/30 of that for styrene*6), and thus this
surface termination should be much less important in
the present HEMA system as well as in a MMA system.
(The polydispersity, hence the chain transfer constant
Cex = kex/kp, for HEMA (Figure 2 for free polymer)
resembles that for MMA.46)

Estimation of Graft Density. After polymerization,
the film was rinsed in a Soxhlet extractor with methanol
for 6 h to remove physisorbed polymers and impurities
and dried under vacuum at room temperature. The
AFM imaging of the film showed a smooth surface
morphology with a root-mean-square surface roughness
of about 6 nm in 1 x 1 um?2 at any position of the film
(similar to that for pristine FEP), suggesting the forma-
tion of a homogeneous graft layer and hence homogene-
ity in graft density, even though the film of a crystalline

Scheme 2. Reversible Addition—Fragmentation Chain Transfer

kad . \ kfr o q
P—S—C=S + P" P—S—C—S—P P+ §=C—S—P
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Figure 3. Plot of graft amount and L vs My, theor.- For symbols
and experimental conditions, see the caption for Figure 2.

polymer, FEP, may have crystalline and amorphous
regions on the surface. The amount of grafted PHEMA
was determined by the ATR-IR intensity of the absorp-
tion band (at 1725 em™1), characteristic of the carbonyl
group of PHEMA. Further Soxhlet extraction did not
change the observed amount of PHEMA. In addition,
no PHEMA graft chains were formed on the plasma-
untreated film as well as on the film with all the
peroxides thermally decomposed before the graft po-
lymerization. These results mean that the graft chains
grew only from the peroxides chemically anchored at
their sites and that physisorbed PHEMA could com-
pletely be removed even from the plasma-treated hydro-
philic surface.

The M, of the graft polymer was approximated by the
theoretical values (M theor), @s mentioned above. Figure
3 shows the plot of the amount of graft polymers vs
M, theor- We calculated the thickness L of the graft layer
on the basis of the two-layer model consisting of pure
PHEMA and pure FEP layers without a boundary layer
between them (Scheme 1b). This hypothetical layer
thickness L is indicated on the right-hand vertical axis.
The grafted amount or L was proportional to My, theor,
suggesting uniform growth of graft chains with a
constant density. From the slope of the linear line, the
graft density ¢ was estimated to be about 0.3 chains/
nm?. This proportionality demonstrates that the added
N,N-dimethylaniline accelerated the decomposition of
the peroxides on the FEP film so that the initiation was
sufficiently faster than the chain growth. The graft
density was the same as that obtained on an inorganic
(silicon) surface by the RAFT polymerization.*” This is
presumably because the boundary layer, if there is any,
is sufficiently thin, as will be discussed below. The L
values obtained in this study reached ~25% of the full
length of graft chains, which is somewhat smaller than
the value (~40%) for high-density PMMA brushes®!! but
still higher than those (<10%) for the semi-dilute
brushes previously studied. The obtained PHEMA
brushes may be viewed as being in the high-density
brush regime.

Surface Properties and Rearrangement. The
contact angle 0 on the film surface was measured in
water with an air bubble. Prior to the measurement,
the film was immersed in water at room temperature
for 24 h. The angle 6 is sensitive to chemical composition
of the outermost surface of the specimen (within a depth
of a few angstroms). Figure 4a shows the plot of 0 vs L,
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Figure 4. Plot of 0 vs L (a) in water with air bubbles and
(b) in air with water droplets: (<) pristine FEP film, (O) 120
s plasma-treated FEP film, (A) PHEMA-spin-casted FEP film,
and PHEMA-grafted FEP film with plasma-treatment time of
(m) 60 s, (a) 80 s, and (@) 120 s. The broken lines show the
contact angles of the pure PHEMA surface.

in which 6 decreased from 100° (pristine FEP) to 70°
(plasma-treated FEP) by the plasma treatment because
of the introduction of hydrophilic groups. All the PHEMA-
grafted samples gave a 6 of 26°, which was equal to the
value for the spin-cast PHEMA film (pure PHEMA
surface). This means that the uppermost surface was
totally covered with PHEMA for all the films, which had
L larger than about 10 nm.

To discuss the surface rearrangement, 0 was also
measured in air with a water droplet (Figure 4b). Prior
to the measurement, the film was dried under vacuum
at room temperature for 24 h. The value of 6 was 110°
for pristine FEP and 100° for plasma-treated FEP.
Figure 4b indicated that the 6 of PHEMA-grafted
samples was dependent on L. Samples with L > 20 nm
showed almost the same 6 value as the spin-cast
PHEMA film (pure PHEMA surface), while thinner
samples showed a more hydrophobic property. For
samples with L < 20 nm, the uppermost surface was
covered with a pure PHEMA layer in water (Figure 4a),
while it was not in air (Figure 4b). This can be ascribed
to the rearrangement of FEP and PHEMA chains at the
surface; in air (hydrophobic environment), hydrophilic
PHEMA chains tend to escape from the surface, and
hydrophobic FEP chains tend to come out to the
surface.*® Such surface rearrangement was completely
suppressed for samples with L = 20 nm or larger. This
suggests that a molecular-scale orientation of FEP and
PHEMA chains occurs in the boundary layer. For
samples with L > 20 nm, the boundary layer would be
covered with a longer PHEMA high-density brush, and
the surface rearrangement would hardly occur. Another
type of rearrangement concerns the orientation of the
hydroxyl group of the HEMA unit,*° as observed for the
pure PHEMA surface as a difference in 6 (0 = 56° in
air vs 26° in water).

The surface composition in a hydrophobic environ-
ment (in a vacuum) was complementarily examined by
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ESCA. ESCA spectra were measured at the takeoff
angle of 15° (not 90°) to examine the uppermost surface.
The analytical depth (95% signal) was ~2 nm (a value
reported for polystyrene and PMMA??). Figure 5 shows
an example of the Cy; core-level spectra. The Cy; signals
for PHEMA appeared at 285—290 eV, while those for
the perfluoropolymer FEP appeared at a higher-energy
field of 290—295 eV because of the larger electron
negativity of the fluorine atom. From the intensities of
the signals, we estimated the volume fractions of FEP
(Vrep) and PHEMA (1 — Vygp) using the bulk densities
of FEP (2.2 g/cm?) and PHEMA (1.15 g/cm?). Figure 6
shows that Vgp decreased with increasing L to reach
zero at L = 20 nm. This result is consistent with that
obtained by the contact angle measurement in air.
Notably, even the samples with L = 10 nm had only a
small amount of FEP (10%) in the surface layer (within
about 2 nm). Thus, we conclude that the thickness of
the boundary layer between FEP and pure PHEMA
layers is smaller than 20 nm. Taking into consideration
the fact that both the contact angle and ESCA measure-
ments carried out in the air or vacuum sensitively
detected the uppermost layer of the surface in which
the hydrophobic FEP chains would be much more
concentrated than in a hydrophilic environment, the
boundary layer may be practically considered to be even
thinner than 10 nm, as suggested by Figure 4a. An
increase of L will simply increase the thickness of the
pure PHEMA layer, decreasing the relative contribution
of the boundary layer. In this context, we may conclude
that samples with L sufficiently larger than 20 nm have

High-Density Polymer Brush on Polymer Substrate 4609

a well-defined, high-density brush structure with a
negligibly thin boundary layer, such as illustrated in
Scheme 1b.

In the above-mentioned experiment, we carefully
prevented the film surface from swelling during graft
polymerization. As a reference, we also attempted graft
polymerization at a high temperature, 80 °C, to inten-
tionally swell the film surface. We obtained the grafted
FEP film with L = 90 nm, where M theor Was 79000.
The graft density was 0.6 chains/nm?2, which is higher
than those obtained at 40 °C. As illustrated in Scheme
la, graft chains can grow up, in the swollen condition,
not only from the outermost surface but also from a
somewhat deep inner part of the film, giving a poorly
defined brush structure with an apparently higher value
of graft density. The 0 value was 26° in water (6 = 26°
for pure PHEMA) and 75° in air (6 = 56° for pure
PHEMA), meaning that surface rearrangement of FEP
and PHEMA chains occurred even at L = 90 nm. This
contrasts to the results obtained at 40 °C and stresses
the importance of careful design of experimental condi-
tions for preparing well-defined, high-density polymer
brushes on polymer substrates.

Conclusions

High-density PHEMA brushes were fabricated on the
surface of a FEP film by using the Og-plasma treatment
to introduce initiating moieties and carrying out a
RAFT-mediated living radical graft polymerization. The
Og-plasma treatment afforded peroxides on the film
surface with a density as high as about 10 peroxides/
nm?, as determined by a radical trapping method. A fast
decomposition of the peroxides could be attained by the
addition of N,N-dimethylaniline. To prevent the chain
growth from deep inside of the FEP film, the polymer-
ization was conducted at a mild temperature (40 °C) in
methanol, a nonsolvent for FEP, which minimized the
swelling of the FEP film surface. Such careful design
of experimental conditions enabled us to prepare well-
defined, high-density PHEMA brushes on the FEP
surface. The graft density actually achieved was about
0.3 chains/nm?, a value close to that achieved on an
inorganic solid surface. The contact angle and ESCA
measurements showed that, even in hydrophobic media,
the PHEMA-grafted films with L = 10 nm were covered
mostly (>90%) by PHEMA, and those with L > 20 nm
formed a pure PHEMA layer on the film surface in both
hydrophilic and hydrophobic media. This was because
PHEMA graft chains were densely anchored to a
considerably thin (<10 nm) boundary layer.

Independent experiments have shown that high-
density PHEMA brushes formed on inorganic substrates
exhibit excellent biocompatibility.!2 By taking the best
advantage that the plasma treatment followed by RAFT
polymerization is applicable to various polymeric sub-
strates with various shapes, we are planning to find
their applications to novel biointerfaces.

Acknowledgment. We thank Professor Koichi Ko-
matsu at the Institute for Chemical Research, Kyoto
University, for the ESR measurement. We thank Mr.
Masahide Nakamura in SHOKO Co., Ltd. for the
GPC-MALLS measurement. This work was supported
by a Grant-in-Aid for Scientific Research, the Ministry
of Education, Culture, Sports, Science, and Technology,
Japan (Grant-in-Aids 14205131 and 14350496).

References and Notes
(1) Huang, X.; Wirth, M. J. Macromolecules 1999, 32, 1694.



4610 Yoshikawa et al.

(2) (a) Zhao, B.; Brittain, W. J. J. Am. Chem. Soc. 1999, 121,
3557. (b) Zhao, B.; Brittain, W. J.; Zhou, W.; Cheng, S. Z. D.
J. Am. Chem. Soc. 2000, 122, 2407.

(3) (a) Husseman, M.; Malmstrom, E. E.; McNamara, M.; Mate,
M.; Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky,
P.; Huang, E.; Russell, T. P.; Hawker, C. J. Macromolecules
1999, 32, 1424. (b) Husseman, M.; Morrison, M.; Benoit, D.
G.; Frommer, J.; Mate, C. M.; Hinsberg, W. D.; Hedrick, J.
L.; Hawker, C. J. J. Am. Chem. Soc. 2000, 122, 1844.

(4) Matyjaszewski, K.; Miller, P. J.; Shukla, N.; Immaraporn,
B.; Gelman, A.; Luokala, B. B.; Siclovan, T. M.; Kickelbick,
G.; Vallant, T.; Hoffmann, H.; Pakula, T. Macromolecules
1999, 32, 8716.

(5) von Werne, T.; Patten, T. E. J. Am. Chem. Soc. 1999, 121,
7409.

(6) de Boer, B.; Simon, H. K.; Werts, M. P. L.; van der Vegte, E.
W.; Hadziioannou, G. Macromolecules 2000, 33, 349.

(7) Kim, J.-B.; Bruening, M. L.; Baker, G. L. J. Am. Chem. Soc.
2000, 122, 7616.

(8) Ejaz, M.; Yamamoto, S.; Ohno, K.; Tsujii, Y.; Fukuda, T.
Macromolecules 1998, 31, 5934.

(9) Yamamoto, S.; Ejaz, M.; Tsujii, Y.; Matsumoto, M.; Fukuda,
T. Macromolecules 2000, 33, 5602.

(10) Yamamoto, S.; Ejaz, M.; Tsujii, Y.; Fukuda, T. Macromol-
ecules 2000, 33, 5608.

(11) Tsujii, Y.; Ohno, K.; Yamamoto, S.; Goto, A.; Fukuda, T. Adv.
Polym. Sci. 2005. In press.

(12) Yoshikawa, C.; Goto, A.; Yamamoto, K.; Kimura T.; Kishida
A.; Tsujii, Y.; Fukuda, T. Polym. Prepr. Jpn. (Soc. Polym. Sci.,
Jpn) 2004, 53, 3423.

(13) Yamamoto, S.; Tsujii, Y.; Fukuda, T. Macromolecules 2002,
35, 60717.

(14) Urayama, K.; Yamamoto, S.; Tsujii, Y.; Fukuda, T.; Neher,
D. Macromolecules 2000, 35, 9459.

(15) (a) Zhao, B.; Brittain, W. J. Prog. Polym. Sci. 2000, 25, 677.
(b) Pyun, dJ.; Kowalewski, Y.; Matyjaszewski, K. Macromol.
Rapid. Commun. 2003, 24, 1043. (c) Edmonsdon, S.; Osborne,
V. L.; Huck, W. T. S. Chem. Soc. Rev. 2004, 33, 14.

(16) Carlmark, A.; Malmstorm, E. J. Am. Chem. Soc. 2002, 124,
900.

(17) Carlmark, A.; Malmstorm, E. Biomacromolecules 2003, 4,
1740.

(18) Yang, W.; Ranby, B. Macromolecules 1996, 29, 3308.

(19) (a) Yamamoto, K.; Miwa, Y.; Tanaka, H.; Sakaguchi, M.;
Shimada, S. J. Polym. Sci., Part A: Polym. Chem. 2002, 40,
3350. (b) Yamamoto, K.; Tanaka, H.; Sakaguchi, M.; Shi-
mada, S. Polymer 2003, 44, 7661

(20) Luo, N.; Hutchison, J. B.; Anseth, K. S.; Bowman, C. N.
Macromolecules 2002, 35, 2487.

(21) Farhan, T.; Huck, W. T. S. Eur. Polym. J. 2004, 40, 1599.

(22) Peng, T.; Cheng, Y.-L. Polymer 2001, 42, 2091.

(23) Ma, H.; Davis, R. H.; Bowman, C. N. Macromolecules 2000,
33, 331.

(24) Holmberg, S.; Holmlund, P.; Wilen, C.-E.; Kallio, T.; Sund-
holm, G. J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 591.

(25) Zheng, G.; Stover, H. D. H. Macromolecules 2002, 35, 6828.

(26) Jayachandran, K. N.; Takacs-Cox, A.; Brooks D. E. Macro-
molecules 2002, 35, 4247.

(27) Kawaguchi, H.; Isono, Y.; Tsuji, S. Macromol. Symp. 2002,
179, 75.

(28) Bontempo, D.; Tirelli, N.; Masci, G.; Crescenzi, V.; Hubbell,
J. A. Macromol. Rapid Commun. 2002, 23, 417.

Macromolecules, Vol. 38, No. 11, 2005

(29) Barner, L.; Zwaneveld, N.; Perera, S.; Pham, Y.; Davis, T. P.
J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 4180.

(30) Dargaville, T. R.; George, G. A.; Hill, D. J. T.; Whittaker, A.
K. Macromolecules 2004, 37, 360.

(31) (a) Meyer, U.; Svec, F.; Frechet, J. M. J.; Hawker, C. J.;
Irgum, K. Macromolecules 2000, 33, 7769. (b) Hilder, E. F.;
Svec, F.; Frechet, J. M. J. Electrophoresis 2002, 23, 3934.

(32) Viklund, C.; Nordstrom, A.; Irgum, K.; Svec, F.; Frechet, J.
M. J. Macromolecules 2001, 34, 4361.

(33) Moine, L.; Deleuze, H.; Degueil, M.; Maillard, B. J. Polym.
Sci., Part A: Polym. Chem. 2004, 42, 1216.

(34) Chiefari, J.; Chong, Y. K. B.; Ercole, F.; Kristina, J.; Jeffery,
J.; Le, T. P. T.; Mayadunne, R. T. A.; Meijis, G. F.; Moad, C.
L.; Moad, G.; Rizzardo, E.; Thang, S. H. Macromolecules 1998,
31, 5559.

(35) Le, T. P.T.; Moad, G.; Rizzardo, E.; Thang, S. H. International
Pat. Appl. PCT/US97/12540 W09801478, invs.: Chem. Abstr.
1998, 128, 115390.

(36) Huang, W.; Kim, J.-B.; Bruening, M.; Baker G. Macromol-
ecules 2002, 35, 1175.

(87) Jones, D.-M.; Huck, W.-T.-S. Adv. Mater. 2001, 13, 1256.

(38) Kato, K.; Uchida, E.; Kang, E.; Uyama Y.; Ikada, Y. Prog.
Polym. Sci. 2003, 28, 209.

(39) (a) Clark, D. T.; Dilks, A. J. Polym. Sci., Polym. Chem. Ed.
1979, 17, 957. (b) Evans, J. F.; Gibson, J. H.; Moulder, J. F.;
Hammond, J. S.; Goretzki, H. Fresenius’ Z. Anal. Chem. 1984,
319, 841. (c) Inagaki, N.; Tasaka, S.; Imai, M. J. Appl. Polym.
Sci. 1993, 48, 1963.

(40) Beers, L. K.; Boo, S.; Gaynor, S. G.; Matyjaszewski, K.
Macromolecules 1999, 32, 5772.

(41) Suzuki, M.; Kishida, A.; Iwata, H.; Ikada, Y. Macromolecules
1986, 19, 1804.

(42) Denaro, A. R.; Owens, P. A.; Crawshaw A. Eur. Polym. JJ.

1968, 4, 93.
(43) Lu, W.; Huang, C.; Roah, M. Surf. Coat. Technol. 2003, 172,
251

(44) Moad, G., Solomon, D. H., Eds. The Chemistry of Free Radical
Polymerization; Pergamon: Oxford, 1995.

(45) Tsujii, Y.; Ejaz, M.; Sato, K.; Goto, A.; Fukuda, T. Macro-
molecules 2001, 34, 8872.

(46) Goto, A.; Sato, K.; Tsujii, Y.; Fukuda, T.; Moad, G.; Rizzardo,
E.; Thang, S. H. Macromolecules 2001, 34, 402.

(47) We carried out the surface-initiated RAFT polymerization of
HEMA on a silicon surface according to the procedure in ref
45. The graft density achieved was 0.3 chain/nm?.

(48) We measured 0 alternately in water and in air several times
for the same sample (for each measurement, the mentioned
annealing in water and vacuum for 24 h was made). The 0
values in water and air were invariable (constant), meaning
that the surface rearrangement was reversible. The surface
rearrangement could occur during the contact angle mea-
surement, but 0 was virtually unchanged in the time scale
of the measurement (<50 s).

(49) Holly, F. J.; Prefojo, M. F. J. Biomed. Mater. Res. 1975, 9,
315.

(50) Zhao, B.; Haasch, R.-T.; MacLaren, S. J. Am. Chem. Soc.
2004, 126, 6124.

MAO047556H



