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ABSTRACT: Surface-initiated atom transfer radical poly-
merization (ATRP) was used to tailor the functionality
of polysulfone (PSF) membranes. A simple one-step
method for the chloromethylation of PSF under mild
conditions was used to introduce surface benzyl chlo-
ride groups as active ATRP initiators. Covalently teth-
ered hydrophilic polymer brushes of poly(ethylene
glycol)monomethacrylate and 2-hydroxyethyl methacry-
late and their block copolymer brushes were prepared
via surface-initiated ATRP from the chloromethylated
PSF surfaces. A kinetic study revealed that the chain

growth from the membranes was consistent with a con-
trolled process. X-ray photoelectron spectroscopy was
used to characterize the surface-modified membrane af-
ter each modification stage. Protein adsorption experi-
ments revealed substantial antifouling properties of the
grafted PSF membranes in comparison with the those
of the pristine PSF surface. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 111: 1942–1946, 2009
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INTRODUCTION

Polysulfone (PSF) is one of the most widely used
polymers for preparing ultrafiltration membranes. It
displays excellent membrane-forming properties,
thermal stability, high mechanical strength, and
chemical inertness. However, the hydrophobic na-
ture of PSF makes the membranes prone to fouling
in protein-contacting applications. One way to pre-
vent bacterial adhesion on PSF biomedical devices is
the creation of nonfouling or microbial-repellent sur-
faces.1 The ability to manipulate and control the sur-
face properties of PSF is of crucial importance to
their widespread application. The incorporation of
desirable hydrophilic functionalities onto PSF surfa-
ces can be accomplished via plasma treatment,2,3

ultraviolet irradiation,4 the chemical reaction of
hydrophilic components onto the PSF surface,5–8 and
hydrophilic polymer coating and blending.9,10

The covalent tethering of polymer brushes on
solid substrates is an effective method of surface
functionalization. Most of the earlier work on the

surface modification of polymer substrates by graft
copolymerization has been carried out via free-radi-
cal-initiated processes.11 Recent progress in polymer
synthesis techniques has made it possible to produce
well-defined polymer chains on various substrate
surfaces. Cationic polymerization on gold surfaces,12

anionic polymerization on ceramic surfaces,13 nitro-
xide-mediated radical polymerization on silicon sur-
faces,14 atom transfer radical polymerization (ATRP)
on zirconium surfaces,15 and reversible addition–
fragmentation chain-transfer polymerization on sili-
cate surfaces16 have been widely used in the synthe-
sis of well-defined living polymers of controlled
molecular weights and macromolecular architecture.
ATRP has been successfully used to prepare well-
defined polymer brushes on various surfaces.17–21

In this study, the chloromethylation of PSF chains
was first carried out to introduce the ATRP initiators
into their backbones and onto the surface. Functional
polymer brushes of poly(ethylene glycol)monome-
thacrylate (PEGMA) and 2-hydroxyethyl methacry-
late (HEMA) and their block copolymer brushes
were then prepared via surface-initiated ATRP. The
modified PSF membranes were characterized by con-
tact angle measurements and X-ray photoelectron
spectroscopy (XPS). The antifouling properties of the
modified PSF were dramatically improved compared
to those of the unmodified membrane.
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EXPERIMENTAL

Materials

PSFs were obtained from Aldrich Chemical Co. (Mil-
waukee, WI). PEGMA (number-average molecular
weight¼ 360,>99%), HEMA (97%), paraformaldehyde
[(HCOH)n; þ95%], chlorotrimethylsilane (Me3SiCl;
97%), stannic chloride SnCl4; 99%), 2,20-byridine
(Bpy; 99%), copper(I) chloride (CuCl; 99%), and cop-
per(II) chloride (CuCl2; 97%) were also obtained
from Aldrich Chemical Co. PEGMA and HEMA
were passed through an inhibitor-remover column
to remove the inhibitors and then stored in clean
vessels at �10�C. The solvents were analytical grade
and were used without further purification unless
otherwise mentioned.

Surface-initiated ATRP polymerization

The chloromethylation of PSF chains was performed
to introduce benzyl chloride groups, as shown sche-
matically in Figure 1. For the chloromethylation
reaction,22 5 g of (HCOH)n, 0.2 mL of SnCl4, and 21
mL of (CH3)3SiCl were introduced into the PSF chlo-
roform solution. The mixture was stirred at 50�C for
12 h to produce chloromethylated polysulfone (PSF-
Cl) and was then poured into methanol. The precipi-
tate was filtered, redissolved, and reprecipitated and
then dried under reduced pressure at 80�C for at
least 24 h until a constant weight was obtained.

The membranes were fabricated via the well-
known phase-inversion process. The PSF-Cl was
solved in NMP to a concentration of 18 wt %. The
PSF-Cl solution was cast on a glass plate. The glass
plate was subsequently immersed in doubly distilled
water. After the membrane had detached from the
glass plate, it was extracted in a second water bath.
The obtained membrane was kept in distilled water.

For the preparation of surface-initiated ATRP from
the PSF-Cl membranes, the reaction was carried out
for a predetermined period of time with a 100 : 1 :
0.2 : 1.5 [PEGMA or HEMA]/[CuCl]/[CuCl2]/[Bpy]
molar feed ratio in 4 mL of deionized water in a Py-
rex tube containing the PSF-Cl membrane at room
temperature. After the reaction, the PSF–poly[poly(-
ethylene glycol)monomethacrylate] [P(PEGMA)] and
PSF–poly(2-hydroxyethyl methacrylate) [P(HEMA)]
membranes were washed and extracted well with
ethanol and doubly distilled water. Then, the mem-
branes were immersed in a large volume of ethanol
for about 48 h to ensure the complete removal of
the adhered and physically adsorbed reactants.

To confirm the presence of dormant chain ends in
the grafted P(PEGMA) and P(HEMA) brushes, block
copolymer brushes were prepared by reactivation of
the dormant chain ends on the corresponding PSF–
P(PEGMA) and PSF–P(HEMA) membranes to serve

as the macroinitiators. The procedure for the second
round of surface-initiated ATRP was similar to those
used for the surface-initiated ATRP of the initial
homopolymer.

Protein fouling measurements

To investigate the antifouling properties of the modi-
fied PSF membranes, protein fouling experiments
were carried out on the membranes with bovine se-
rum albumin (BSA) as a model protein. The mem-
branes were initially washed with phosphate-
buffered saline (PBS) solution (0.01M, pH 7.4) for 1 h
and then incubated in a PBS solution containing 6.0
mg/mL BSA for 24 h at room temperature. The
membranes were then removed from the solution,
gently washed three times with PBS, and rinsed once
with doubly distilled water. After they were dried
under reduced pressure, the protein-adsorbed surfa-
ces were analyzed by XPS. The XPS N1s core-level
signal was used as a marker for the analysis of the
relative amount of protein adsorbed on the surface.23

Characterization

XPS analysis was performed on a Kratos AXIS HSi
spectrometer (Kratos Analytical Ltd., Manchester,
UK) with a monochromotized Al Ka X-ray source
(1486.6 eV photons) and procedures similar to those
described earlier.24,25 Surface elemental stoichiome-
tries were determined from the sensitivity-factor-cor-
rected spectral area ratios and were reliable to
within �5%. The static water contact angles of the
pristine and functionalized surfaces were measured
at 25�C and 60% relative humidity on a telescopic
goniometer (Rame-Hart model 10000-230, Rame-
Hart, Inc., Mountain Lakes, NJ). The telescope, with
a magnification power of 23�, was equipped with a

Figure 1 Schematic diagram illustrating the process of
surface-initiated ATRP from the PSF membrane.
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protractor of 1� graduation. For each angle reported,
at least three measurements from different surface
locations were averaged. The angle reported was
reliable to �3�.

RESULTS AND DISCUSSION

Surface-initiated ATRP on PSF membranes

The chemical composition of PSF-Cl was determined
by XPS. The XPS wide-scan spectra of the pristine
PSF and PSF-Cl surfaces are compared in Figure
2(a,b); the Cl2p signal appeared on the PSF-Cl sur-
face. The corresponding Cl2p core-level spectrum

consisted of the Cl2p3/2 and Cl2p1/2 peak compo-
nents at binding energies of about 199.7 and 201.5
eV, respectively, attributable to the covalently
bonded chlorine species.26 The [Cl]/[C] ratio was
about 1.8 � 10�2 (as determined from the sensitivity-
factor-corrected Cl2p and C1s core-level spectral
area ratio), which confirmed that the active benzyl
chloride groups were introduced for the subsequent
surface-initiated ATRP. Thus, P(PEGMA) and
P(HEMA) were obtained by the surface-initiated
ATRP of PEGMA and HEMA on the surface of the
PSF-Cl membrane.
The PSF-Cl surfaces after grafting with PEGMA

polymer and HEMA polymer were analyzed by
XPS, as shown in Figure 2(c,d). The reaction condi-
tions and surface properties of the modified mem-
branes are also summarized in Table I. The C1s
core-level spectra of the PSF–P(PEGMA) and PSF–
P(HEMA) surfaces were curve-fitted to three peak
components with binding energies of about 284.6,
286.2, and 288.6 eV, attributable to the CAH, CAO
and O¼¼CAO species, respectively.26 The [CAO]/
[O¼¼CAO] ratios for the PSF–P(PEGMA) and PSF–
P(HEMA) surfaces were about 11.5 and 2.1, respec-
tively, which were in approximate agreement with
the theoretical ratios of about 12.0 and 2.0 for the
corresponding P(PEGMA) and P(HEMA) homopoly-
mers. The XPS results indicate the presence of the
grafted P(PEGMA) and P(HEMA) layers on the PSF
surfaces with a thickness larger than the probing
depth (ca. 7.5 nm in an organic matrix)27,28 of the
XPS technique. Grafting yield is defined as (Wa �
Wb)/SA, where Wa and Wb represent the weights of
the dry membrane after and before grafting, respec-
tively, and SA is the respective surface area of the
membrane. These values for the PSF–P(HEMA)1 and
PSF–P(HEMA)2 membranes were about 5.1 and 14.2
mg/cm2, respectively. The corresponding grafting
yield values for the PSF–P(PEGMA)2 membrane

Figure 2 Wide scans of (a) PSF and (b) PSF-Cl membrane
surfaces and C1s core-level spectra of (c) PSF–P(PEGMA)
and (d) PSF–P(HEMA) surfaces.

TABLE I
Static Water Contact Angles, [Cl]/[C] Ratios, and Grafting Yields of Surface-Functionalized PSF

Samplea Reaction time (min) [Cl]/[C]b Grafting yield (mg/cm2)c Contact angle (�3�)d

PSF–P(HEMA)1 30 5.8 � 10�3 5.1 45
PSF–P(HEMA)2 90 2.9 � 10�3 14.2 39
PSF–P(PEGMA)1 60 5.0 � 10�3 7.5 44
PSF–P(PEGMA)2 90 3.7 � 10�3 10.0 42
PSF–P(HEMA)2–P(PEGMA)e 60 14.2 � 5.8 43
PSF–P(PEGMA)2–P(HEMA)e 60 10.0 � 8.5 40

a The reaction conditions were as follows: a monomer/CuCl/CuCl2/Bpy concentration ratio of 100 : 1 : 0.2 : 1.5 in water
at room temperature.

b Determined from the sensitivity-factor-corrected XPS Cl2p and C1s core-level spectral area ratios. The [Cl]/[C] ratio
for the initial PSF-Cl surface was 1.8 � 10�2.

c The grafting yield is defined as (Wa � Wb)/SA, where Wa and Wb represent the weights of the dry membrane after
and before grafting, respectively, and SA is the respective surface area of the membrane.

d The static water contact angle of the pristine PSF was about 79�.
e Surface-initiated ATRP from the corresponding PSF–P(HEMA)2 or PSF–P(PEGMA)2 surfaces.
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surface increased to about 10.0 from about 7.5 mg/
cm2 for the PSF–P(PEGMA)1 membrane surface.
After grafting with P(PEGMA) and P(HEMA), the
PSF surface became more hydrophilic. The static
water contact angles of PSF–P(HEMA)2 and PSF–
P(PEGMA)2 were about 39 and 42�, compared to 79�

for the pristine PSF surface.
The kinetics of P(PEGMA) and P(HEMA) growth

from the PSF-Cl membranes via surface-initiated
ATRP were also investigated. Figure 3 shows an
approximately linear increase in grafting yield of
P(PEGMA) and P(HEMA) on the PSF-Cl membranes
with polymerization time, which indicates that the
chain growth from the PSF-Cl membrane was in
agreement with a living and well-defined process.
The growth of the P(HEMA) brushes was faster than
that of the P(PEGMA) brushes, which was consistent
with the accelerating effect of water on the surface-
initiated ATRP of HEMA.29 With the polymerization
time, chain termination by bimolecular coupling
or disproportionation reactions resulted in a de-
crease in the [Cl]/[C] ratio of the grafted PSF surface
(Table I).

Block copolymer via consecutive
surface-initiated ATRP

The remaining alkyl halides could be reactivated for
the preparation of well-defined diblock copolymer
brushes in subsequent surface-initiated ATRP to fur-
ther enhance the functionality of the PSF surface.
P(PEGMA)2 and PSF–P(HEMA)2 membranes with a
lower density of alkyl halide chain ends were used
as the macroinitiators for the second round of sur-
face-initiated ATRP to produce the corresponding
PSF–P(PEGMA)2–P(HEMA) and PSF–P(HEMA)2–

P(PEGMA) membranes (Fig. 4 and Table I). Both of
the C1s core-level spectra of the PSF–P(PEGMA)2–
P(HEMA) and PSF–P(HEMA)2–P(PEGMA) mem-
brane surfaces could be curve-fitted into three peak
components with binding energies of about 284.6,
286.2, and 288.6 eV, attributable to the CAH, CAO,
and O¼¼CAO species, respectively. The C1s core-
level spectra of the PSF–P(PEGMA)2–P(HEMA) and
PSF–P(HEMA)2–P(PEGMA) membrane surface re-
sembled those of the PSF–P(HEMA)2 and PSF–
P(PEGMA)2 membrane surfaces. The grafting yields
of the additional P(PEGMA) and P(HEMA) blocks of
the corresponding PSF–P(HEMA)2–P(PEGMA) and
PSF–P(PEGMA)2–P(HEMA) membranes were about
5.8 and 8.5 mg/cm2, respectively. Thus, the results
indicated that the block copolymer was covalently
tethered on the PSF-Cl membrane surface via con-
secutive surface-initiated ATRP.

Antifouling properties

Polysulfones display nonspecific protein adsorption.
Nonspecific protein adsorption is a dominant factor
for membrane fouling, and the reduction of protein
adsorption enhances the antifouling properties of
membranes. In this study, the dense P(HEMA) and
P(PEGMA) brushes covalently attached to the PSF
membranes shielded the underlying membrane and
prevented direct contact of protein molecules with
the PSF matrix and reduced protein adsorption. BSA
was used as model protein to probe the fouling-
resistance ability of the modified and unmodified

Figure 3 Dependence of the graft yield of the polymer of
the grafted PSF membrane on the surface-initiated ATRP
time.

Figure 4 C1s core-level spectra of (a) the PSF–P(PEGMA)
2–P(HEMA) surface and (b) the PSF–P(HEMA)2–
P(PEGMA) surface.
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membranes. The relative amount of protein
adsorbed onto the surface was represented by the
[N]/[C] ratio. The amount of adsorbed BSA
decreased remarkably for the various grafted hydro-
philic PSF membranes in comparison with the pris-
tine hydrophobic PSF, as shown in Figure 5. The
protein was excluded from the hydrophilic layer to
prevent the substantial entropy loss caused by the
entrance of large protein molecules into the highly
structural layer.30 The presence of hydrophilic
P(PEGMA) and P(HEMA) brushes on the PSF
surfaces imparted significant resistance to protein
adsorption.

CONCLUSIONS

A method for preparing PSF membranes with
surface dormant groups for further surface function-
alization via ATRP was demonstrated. An approxi-
mately linear increase in the graft yield of the
functional brushes with polymerization time indi-
cated that the chain growth from the membrane sur-
face was consistent with a controlled process.
Protein adsorption experiments revealed that the
PSF membranes with grafted hydrophilic P(PEGMA)
and P(HEMA) brushes had good antifouling
properties.

The authors thank Entang Kang and Koongee Neoh of the
National University of Singapore for useful discussions.
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