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Introduction. Functionalization of oriented single-
crystal silicon surfaces with organics is emerging as an
important area in the development of new silicon-based
devices, such as biomicroelectromechanical systems
(BioMEMS), three-dimensional micro- and nanomemory
chips, and DNA- and protein-based biochips and
biosensors.1-6 Stable polymer brushes covalently bonded
on a silicon surface can provide excellent mechanical
and chemical protection to the substrate, alter the
electrochemical characteristics of the interface, and
provide new pathways for the functionalization of silicon
surfaces.2,5-8 Micropatterned polymer brushes are of
crucial importance to the development of biochips,
microarrays, and microdevices for cell growth, regula-
tion of protein adsorption, and drug delivery.1,6,9-12 A
variety of techniques, including microlithography6,7,9,13

and chemical amplification of patterned monolayers
from self-assembly,7,10,14,15 have been developed for
fabricating patterned polymer brushes.

Nitroxide-mediated radical polymerization (NMRP)
and atom transfer radical polymerization (ATRP) have
been widely used in the synthesis of well-defined (nearly
monodispersed) “living” polymers of controlled molecu-
lar weights and macromolecular architecture.16-19 ATRP
involves a copper halide/nitrogen-based ligand catalyst
system,16,17 while NMRP is based on a reversible
combination of propagating radicals with nitroxide free
radicals.20,21 It is possible to prepare well-defined poly-
mer brushes on various substrates via surface-initiated
NMRP and ATRP.22-27 In this communication, different
polymer brushes, as well as their diblock copolymer
brushes, have been micropatterned on a Si(100) surface
via alternating surface-initiated NMRP and ATRP. The
ATRP initiator was covalently immobilized via UV-
induced hydrosilylation of 4-vinylbenzyl chloride (VBC)23

with the (HF-etched) hydrogen-terminated silicon (Si-
H) microdomains to produce a micropatterned and Si-C
bonded VBC monolayer. The NMRP initiator was then
introduced in a one-step process19 onto the unetched
(oxide-covered) surface microdomains via reactions with
a mixture of the silane coupling agent (3-(trimethoxy-
silyl)propyl methacrylate (TSPMA)), radical initiator

(2,2′-azobis(isobutyronitrile) (AIBN)), and alkoxyamine
initiator (2,2,6,6-tetramethylpiperdinyloxy (TEMPO)).
This approach to the controlled micropatterning of
silicon surfaces via a combination of surface-initiated
NMRP and ATRP is shown schematically in Scheme 1.

Experimental Section. The resist-patterned Si(100)
chip (Figure 1) of about 1.2 cm × 1.2 cm in size was
immersed in 10 vol % HF solution in a Teflon vial for 2
min to remove the oxide film in the resist-free regions
and to leave behind a micropatterned Si(100) surface
with hydrogen-terminated microdomains (Si-H/SiO2
surface). Immobilization of the ATRP initiator to the
Si-H surface was achieved via 3 min of UV-induced
hydrosilylation23 of VBC with the Si-H surface to
produce a Si-C bonded VBC monolayer (Si-VBC/SiO2
surface). After the UV-induced hydrosilylation reaction,
the micropatterned Si-VBC/SiO2 chip was rinsed with
copious amounts of acetone (a good solvent for VBC and
the photoresist on the silicon surface) to ensure the
complete removal of adsorbed VBC and to expose the
SiO2 regions. Details on the preparation and charac-
terization of the Si-H and Si-VBC surfaces were
described earlier.23 Coupling of the alkoxyamine initia-
tor to the SiO2 regions19 of the micropatterned surface
was achieved by adding TSPMA (0.41 mmol), AIBN
(0.23 mmol), and TEMPO (0.46 mmol) at a molar ratio
of 1.8:1:2 into 3 mL of dry DMF in a Pyrex tube
containing the Si-VBC/SiO2 chip. After purging the
mixture with argon for 30 min, the surface coupling
reaction was conducted at 80 °C for 24 h under an argon
atmosphere, followed by introducing 10 µL of water into
the reaction mixture. The reaction was conducted for
another 24 h to complete the NMRP and ATRP initiator-
micropatterned silicon surface (Si-VBC/Si-TEMPO sur-
face). After the reaction, the Si-VBC/Si-TEMPO chip
was washed and extracted exhaustively with excess
acetone and then with an ethanol/water (1:1, v/v)
mixture.

For the preparation of styrene polymer (PS) brushes
on the silicon surface, the surface-initiated NMRP of
styrene was carried out using a [styrene (48 mmol)]:
[AIBN (0.096 mmol)]:[TEMPO (0.192 mmol)] molar feed
ratio of 500:1:2 in a Pyrex tube containing the Si-VBC/
Si-TEMPO chip. The reaction was conducted at 120 °C
for 12 h under an argon atmosphere to produce the Si-
VBC/Si-g-PS hybrid. After the reaction, the Si-VBC/Si-

† Department of Chemical and Biomolecular Engineering, Na-
tional University of Singapore.

‡ Department of Electrical and Computer Engineering, National
University of Singapore.

§ Soochow University.
* To whom all correspondence should be addressed: Tel +65-

6874-2189; Fax +65-6779-1936; e-mail cheket@nus.edu.sg.

Figure 1. Optical micrograph of the resist-patterned Si(100)
surface.
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g-PS hybrid was washed thoroughly with copious
amounts of THF and with refluxing dichloromethane
to remove the physically adsorbed PS chains on the
surface.28 For the preparation of the sodium 4-styrene-
sulfonate (NaStS) polymer (P(NaStS)) brushes on the
VBC-micropatterned section of the Si-VBC/Si-g-PS sub-
strate, the surface-initiated ATRP was carried out using
a [NaStS (8.6 mmol)]:[CuCl (0.086 mmol)]:[CuCl2 (0.0017
mmol)]: [Bpy (0.17 mmol)] molar feed ratio of 100:1:
0.2:2 in 5 mL of doubly distilled water in a Pyrex tube
containing the Si-VBC/Si-PS chip. The reaction mixture
was stirred and degassed with argon for 30 min, prior
to being conducted at 50 °C for 12 h to produce the Si-
g-P(NaStS)/Si-g-PS hybrid. After the reaction, the Si-
g-P(NaStS)/Si-g-PS hybrid was washed thoroughly with
doubly distilled water. The micropatterned diblock
copolymer brushes on the silicon surface were prepared
by using the Si-g-P(NaStS)/Si-g-PS chip as the macro-
initiators for the subsequently surface-initiated NMRP
and ATRP of the third monomer, 2-hydroxyethyl meth-
acrylate (HEMA). The surface-initiated NMRP of HEMA
was carried out using a [HEMA (41 mmol)]:[AIBN
(0.082 mmol)]:[TEMPO (0.164 mmol)] molar feed ratio
of 500:1:2 in a Pyrex tube containing the Si-g-P(NaStS)/
Si-g-PS chip to give rise to the micropatterned Si-g-
P(NaStS)/Si-g-PS-b-P(HEMA) hybrid. The surface-
initiated ATRP of HEMA was performed using a [HEMA
(33 mmol)]:[CuCl (0.33 mmol)]:[CuCl2 (0.066 mmol)]:
[Bpy (0.66 mmol)] molar feed ratio of 100:1:0.2:2 in 4
mL of doubly distilled water at room temperature in a
Pyrex tube containing the Si-g-P(NaStS)/Si-g-PS-b-
P(HEMA) chip to give rise to the micropatterned Si-g-
P(NaStS)-b-P(HEMA)/Si-g-PS-b-P(HEMA) hybrid. The
diblock copolymer brushes were washed and extracted
thoroughly with ethanol.

Results and Discussion. The composition of modi-
fied silicon surfaces was analyzed by X-ray photoelec-
tron spectroscopy (XPS). To avoid cross-contamination
of signals from different regions of the micropatterned
surface (arising from the limited resolution of the
conventional XPS technique), XPS analyses were carried

out on the corresponding large area (nonpatterned)
silicon surfaces modified under similar conditions.
Details on the preparation and characterization of Si-H
and Si-VBC surfaces were described earlier.23 The
resist-patterned Si(100) chip was treated with HF to
remove the oxide film in the resist-free region and to
leave behind a micropatterned Si-H/SiO2 surface. For
the Si-H surface, no oxidized silicon species in the
binding energy (BE) region of 101-103 eV was detected
in the Si 2P core-level spectrum, confirming that the
silicon surface etched by HF was predominately hydro-
gen-terminated.2,23 The ATRP initiator was immobilized
via UV-induced hydrosilylation3,23 of VBC with the Si-H
region of the Si-H/SiO2 surface to give rise to a Si-VBC/
SiO2 surface. The presence of UV-induced hydrosilyla-
tion of VBC with the Si-H region was ascertained by
the XPS wide scan spectrum (Figure 2a) of the Si-VBC
control (nonpatterned) surface from UV-induced hydro-
silylation under conditions similar to those used for the
micropatterned Si-H/SiO2 surface. A new Cl 2p core-
level spectrum at the BE of about 200 eV, characteristic
of the covalently bonded chlorine,23 has appeared. The
resist remained intact under the hydrosilylation condi-
tions. A VBC monolayer thickness of about 0.3 nm was
immobilized on the Si-H surface. The initiator density
and surface initiator efficiency for the Si-VBC surface
were estimated to be about 1.4 VBCs/nm2 and 35%,
respectively.23

Treatment of the micropatterned Si-VBC/SiO2 chip
with acetone resulted in the removal of the photoresist
and exposure of the SiO2 regions. Uniform silane layers
can be coupled on SiO2 surfaces.19,29 Coupling of the
alkoxyamine initiator was achieved via a one-step
process in the SiO2 region of the Si-VBC/SiO2 chip from
reactions with a mixture of TSPMA (bearing a terminal
double bond), AIBN, and TEMPO (Experimental Section
and Scheme 1). During the first 24 h, the reaction of
AIBN with the double bond of the TSPMA molecule
created a radical intermediate that was trapped in situ
by TEMPO to produce the alkoxyamine.19 Subsequent
introduction of a predetermined amount of water into

Scheme 1. Schematic Diagram Illustrating the Process of Controlled Micropatterning of a Silicon Surface by a
Combination of Surface-Initiated Nitroxide-Mediated Radical Polymerization (NMRP) and Atom Transfer

Radical Polymerization (ATRP)a

a VBC ) 4-vinylbenzyl chloride, TSPMA ) 3-(trimethoxysilyl)propyl methacrylate, AIBN ) 2,2′-azobis(isobutyronitrile), TEMPO
) 2,2,6,6-tetramethyl-1-piperidinyloxy, PS ) polystyrene, NaStS ) sodium 4-styrenesulfonate, and HEMA ) 2-hydroxyethyl
methacrylate.
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the reaction mixture is necessary for hydrolysis and for
reaction of the silane with the -OH groups in the SiO2
regions of the patterned Si-VBC/SiO2 surface to com-
plete the immobilization of TEMPO (Si-VBC/Si-TEMPO
surface). From the parallel experiment on a control Si-
VBC surface, the process of TEMPO immobilization did
not affect the surface composition of the immobilized
VBC layer to a significant extent. The presence of
surface-coupled alkoxyamine in the SiO2 region of the
Si-VBC/Si-TEMPO surface is confirmed by the appear-
ance of a new N 1s signal at the BE of 399 eV,
characteristic of the neutral amine species,24 in the XPS
wide scan spectrum (Figure 2b) of the corresponding Si-
TEMPO control surface, prepared from an unpatterned
pristine (SiO2-covered) silicon chip under conditions
similar to those used for the preparation of the Si-VBC/
Si-TEMPO surface. On the basis of the surface-coupled
alkoxyamine monolayer thickness (h) of about 1.5 nm
(determined by ellipsometry), an alkoxyamine density
(F) of about 1.0 g/cm3, and the alkoxyamine molecular
weight (M) of 442 g/mol, the initiator density (Fh/M) for
the Si-TEMPO surface was estimated to be about 2
TEMPOs/nm2. Figure 3a shows the representative
atomic force spectroscopy (AFM) image of the Si-VBC/
Si-TEMPO surface. The average vertical distance (VD)
(determined by sectional analysis of AFM) between the
VBC and TEMPO layers, h1, is about 4 nm. Based on
the VBC layer thickness of about 0.3 nm and the
TEMPO layer thickness of about 1.5 nm, the SiO2
thickness under the TEMPO layer is about 2.8 nm. This

value is in reasonable agreement with the oxide layer
thickness of about 3.0 nm (determined by ellipsometry)
for the pristine (oxide-covered) silicon surface.

Styrene, NaStS, and HEMA were selected as the
model monomers for the preparation of polymer brushes
on the dual-initiator micropatterned silicon surface via
surface-initiated NMRP and ATRP. For the surface-
initiated NMRP of styrene and HEMA, the addition of
a predetermined amount of “free” alkoxyamine initiator
to the reaction mixture can help to “control” the surface-
initiated polymerization.26,28 The molar ratio of [styrene
or HEMA]:[AIBN]:[TEMPO] was controlled at 500:1:2.
The Cu(II) complex (CuCl2) was added to control the
concentration of the deactivating Cu(II) complex22,23

during the surface-initiated ATRP of NaStS and HEMA.
The molar ratio of [NaStS or HEMA]:[CuCl]:[CuCl2]:
[Bpy] was controlled at 100:1:0.2:2. The presence of
grafted styrene polymer (PS), NaStS polymer (P(NaStS)),
and HEMA polymer (P(HEMA)) on the silicon surfaces
was confirmed by XPS analysis (Figure 2c-f) of the
corresponding Si-VBC and Si-TEMPO control (unpat-
terned) surfaces after the surface-initiated polymeriza-
tions. For the surface-initiated NMRP of styrene and
block copolymerization of HEMA, the resulting surfaces
are referred to as the Si-g-PS(NMRP) and Si-g-PS-b-
P(HEMA)(NMRP) surfaces, respectively. For the surface-
initiated ATRP of NaStS and block copolymerization of
HEMA, the resulting surfaces are referred to as the Si-
g-P(NaStS)(ATRP) and Si-g-P(NaStS)-b-P(HEMA)(ATRP)
surfaces, respectively. The disappearance of Si signals
in the wide scan spectrum (Figure 2c) of the Si-g-PS
(NMRP) surface is consistent with the fact that the
thickness of the PS brushes (about 14 nm after 12 h of
NMRP) on the silicon surface is larger than the sam-
pling depth of the XPS technique (about 7.5 nm in an
organic matrix30). The presence of the S 2p (at the BE
of about 167.4 eV),31 S 2s (at the BE of about 228 eV),31

and Na 1s (at the BE of about 1072 eV)31 signals in the
wide scan spectrum (Figure 2d) of the Si-g-P(NaStS)-
(ATRP) surface suggests that P(NaStS) has been suc-
cessfully grafted from the Si-VBC surface. The thickness
of the P(NaStS) brushes (about 21 nm after 12 h of
ATRP) is also larger than the sampling depth of the XPS
technique. The presence of a strong O 1s (at the BE of
about 530 eV)31 signal in the wide scan spectrum (Figure
2e) of the Si-g-PS-b-P(HEMA)(NMRP) surface suggests
that P(HEMA) has been successfully grafted on the Si-
g-PS (NMRP) surface. The thickness of the P(HEMA)
brushes obtained from 12 h of NMRP was about 9 nm.
The disappearance of S signals in the wide scan
spectrum (Figure 2f) of the Si-g-P(NaStS)-b-P(HEMA)-
(ATRP) surface is consistent with the fact that the
thickness of the P(HEMA) brushes (about 17 nm after
12 h of ATRP) on the Si-g-P(NaStS) surface is larger
than the sampling depth of the XPS technique.

Figure 3b,c shows the respective AFM images of the
Si-VBC/Si-g-PS surface, obtained at the NMRP time of
12 h from the micropatterned Si-VBC/Si-TEMPO sur-
face, and the Si-g-P(NaStS)/Si-g-PS surface, obtained
at the ATRP time of 12 h from the Si-VBC/Si-g-PS
surface. The average VD (h2) between the VBC and PS
layers is about 18 nm. Based on the VD (h1) value of
about 4 nm between the VBC and TEMPO layers, the
thickness of PS brushes on the Si-VBC/Si-g-PS surface
is about 14 nm. A control experiment of “surface-
initiated NMRP” of styrene under similar conditions on
an unpatterned Si-VBC surface did not produce any

Figure 2. XPS wide scan spectra of the (a) Si-VBC(ATRP),
(b) Si-TEMPO(NMRP), (c) Si-g-PS(NMRP), (d) Si-g-P(NaStS)-
(ATRP), (e) Si-g-PS-b-P(HEMA)(NMRP), and (f) Si-g-P(NaStS)-
b-P(HEMA)(ATRP) surfaces. These silicon surfaces were ob-
tained via surface-initiated NMRP and ATRP from the control
(unpatterned) Si(100) substrates. ATRP ) atom transfer
radical polymerization, NMRP ) nitroxide-mediated radical
polymerization, VBC ) 4-vinylbenzyl chloride, TEMPO )
2,2,6,6-tetramethyl-1-piperidinyloxy, PS ) polystyrene,
P(NaStS) ) poly(sodium 4-styrenesulfonate), and P(HEMA)
) poly(2-hydroxyethyl methacrylate).
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significant changes in the organic layer thickness and
the relative intensity of the Cl 2p signal. The above
results indicate that the C-Cl bond in the ATRP
initiator was relatively stable and did not act as a chain
transfer agent during NMRP. The average VD (h3)
between the P(NaStS) and PS layers on the Si-g-
P(NaStS)/Si-g-PS surface is about 3 nm. Thus, the
thickness of P(NaStS) brushes is about 21 nm (18 + 3
) 21 nm). A control experiment of “surface-initiated
ATRP” of NaStS under similar conditions on an unpat-
terned Si-TEMPO surface did not produce an increase
in organic layer thickness or any significant changes in
surface composition.

Polystyrene (PS) brushes exhibit different morphol-
ogies, in the dry state, on the Si-VBC/Si-g-PS surface
(Figure 3b) and the Si-g-P(NaStS)/Si-g-PS surface (Fig-
ure 3c). The former was washed/extracted by THF after
the surface-initiated NMRP of styrene from the Si-VBC/
Si-TEMPO substrate, while the latter by water after the

surface-initiated ATRP of NaStS from the Si-VBC/Si-
g-PS substrate. In addition, the P(NaStS) and PS
brushes on the Si-g-P(NaStS)/Si-g-PS surface exhibit
obvious phase separation and distinct morphologies.

One of the unique characteristics of the polymers
synthesized by NMRP or ATRP is the preservation of
active or “living” end groups during the polymerization
process. Thus, it is possible to synthesize well-defined
block copolymers via a second round of surface-initiated
NMRP and ATRP.20,23 In this work, a third functional
monomer, HEMA, was chosen for the synthesis of
diblock copolymer brushes, using the respective PS and
P(NaStS) brushes on the micropatterned Si-g-P(NaStS)/
Si-g-PS surface as the macroinitiators for the surface-
initiated NMRP and ATRP (Scheme 1). Parts d and e
of Figure 3 show the respective AFM images of the Si-
g-P(NaStS)/Si-g-PS-b-P(HEMA) surface, obtained at 12
h of the surface-initiated NMRP of HEMA from the Si-
g-P(NaStS)/Si-g-PS surface, and of the Si-g-P(NaStS)-

Figure 3. AFM images of the Si-VBC/Si-TEMPO, Si-VBC/Si-g-PS, Si-g-P(NaStS)/Si-g-PS, Si-g-P(NaStS)/Si-g-PS-b-P(HEMA),
and Si-g-P(NaStS)-b-P(HEMA)/Si-g-PS-b-P(HEMA) surfaces. VBC ) 4-vinylbenzyl chloride, TEMPO ) 2,2,6,6-tetramethyl-1-
piperidinyloxy, PS ) polystyrene, P(NaStS) ) poly(sodium 4-styrenesulfonate), and P(HEMA) ) poly(2-hydroxyethyl methacrylate).
All the AFM images were obtained in the dry state.
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b-P(HEMA)/Si-g-PS-b-P(HEMA) surface, obtained at 12
h of the surface-initiated ATRP of HEMA from the Si-
g-P(NaStS)/Si-g-PS-b-P(HEMA) surface. The average
VD (h4) between the P(NaStS) and P(HEMA) layers and
VD (h5) between the P(HEMA) and P(HEMA) layers are
about 6 and 11 nm, respectively. The thickness of the
P(HEMA) brushes obtained via the surface-initiated
NMRP and ATRP are thus about 9 nm (6 + 3 ) 9 nm,
Figure 1d) and 17 nm (6 + 11 ) 17 nm, Figure 3e),
respectively. For the Si-g-P(NaStS)/Si-g-PS-b-P(HEMA)
surface (washed/extracted with ethanol), the P(NaStS)
and P(HEMA) brushes exhibit distinct morphologies.
The two “types” of P(HEMA) brushes on the Si-g-
P(NaStS)-b-P(HEMA)/Si-g-PS-b-P(HEMA) surface
(washed/extracted with ethanol), on the other hand,
exhibit a similar morphology.

In summary, micropatterned and well-defined func-
tional polymer brushes of different types have been
successfully grafted from a silicon surface by a combina-
tion of surface-initiated NMRP and ATRP. The ATRP
initiators were covalently immobilized, via robust Si-C
bonds, in the H-terminated silicon microdomains, while
the NMRP initiators were coupled to the oxide-covered
microdomains of the resist-patterned silicon surface.
The present two surface-initiated living radical polym-
erization processes were noninterfering and could be
used in combination in the design of well-defined
polymer micropatterns with reasonable resolution on an
oriented single-crystal silicon surface.
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