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ABSTRACT: The simple approach of UV-induced coupling of 4-vinylbenzyl chloride (VBC) with the
hydrogen-terminated Si(100) (the Si-H) surface provided a stable Si-C bonded initiator monolayer (the
Si-VBC surface) for the surface-initiated atom transfer radical polymerization (ATRP). Well-defined
polymer-Si hybrids, consisting of covalently tethered polymer brushes of sodium 4-styrenesulfonate
(NaStS) and poly(ethylene glycol) monomethacrylate (PEGMA) on single crystal silicon substrates, were
prepared. Kinetic studies revealed an approximately linear increase in both graft polymer concentration
and polymer film thickness with the polymerization time, indicating that the chain growth from the
functionalized silicon surface was a controlled process with a “living” character. Atomic force microscopy
(AFM) images suggested that the surface-initiated ATRP had proceeded uniformly on the Si-VBC surface
to give rise to a dense and molecularly flat surface coverage. The “living” chain ends were used as the
macroinitiator for the synthesis of diblock copolymer brushes, consisting of the NaStS polymer (P(NaStS))
and the PEGMA polymer (P(PEGMA)) blocks.

1. Introduction

Tethering of polymer brushes on a solid substrate is
an effective method of modifying the surface properties
of the substrate.1,2 Recently, considerable attention has
been paid to the manipulation and control of the
physicochemical properties of single-crystal silicon sur-
faces because of their crucial importance to the modern
microelectronics industry.2-7 In many cases, the dense
polymer brushes can serve as an effective etching
barrier in the microlithographic process, provide excel-
lent mechanical and chemical protection of the sub-
strate, alter the electrochemical interface characteristics
of the substrate, and provide new pathways to the
functionalization of silicon surfaces for molecular rec-
ognition and sensing.8-11

The synthesis of polymers with well-defined composi-
tions, architectures, and functionalities has long been
of great interest in polymer chemistry. With the progress
in polymerization methods, it is possible to prepare well-
defined graft polymer chains on various substrate
surfaces by cationic polymerization,12 anionic polymer-
ization,13 radical polymerization,14 nitroxide-mediated
radical polymerization,15 reversible addition-fragmen-
tation chain transfer polymerization,16 and atom trans-
fer radical polymerization (ATRP).17-19 ATRP is a
recently developed “living” radical polymerization method,
involving a copper halide/nitrogen-based ligand cata-
lyst.20 The method does not require stringent experi-
mental conditions, as in the case of cationic and anionic
polymerization. This controlled radical polymerization
technique allows for the polymerization and block
copolymerization of a wide range of functional mono-
mers, such as styrene,21,22 acrylates,23 and methacryl-
ates24 in a controlled fashion, yielding polymers with
narrowly dispersed molecular weights, predetermined

by the concentration ratio of the consumed monomer to
initiator.25 There are a number of reports in the
literature dealing with the modification of silicon sur-
faces by ATRP.6,26-33 Surface initiators were immobi-
lized on the oxidized silicon surface, the hydrogen-
terminated silicon surface, or the monolayer-modified
silicon wafer, usually in multistep processes.

In this work, we report on an alternative one-step
approach to the covalent attachment (Si-C bonding) of
an ATRP initiator on the oriented single-crystal silicon
surface via UV-induced coupling of 4-vinylbenzyl chlo-
ride (VBC) with the hydrogen-terminated Si(100) sur-
face (Si-H surface). Polymer brushes of sodium 4-sty-
renesulfonate (NaStS) and poly(ethylene glycol) (PEG-
MA), and diblock copolymer brushes of NaStS and
PEGMA, were prepared via surface-initiated ATRP on
the VBC-coupled silicon (Si-VBC) surface to give rise
to the well-defined polymer-Si hybrids. The chemical
composition and topography of the modified silicon
surfaces were characterized by X-ray photoelectron
spectroscopy (XPS) and atomic force spectroscopy (AFM),
respectively.

2. Experimental Section
2.1. Surface Characterization. The chemical composition

of the modified silicon surfaces was determined by X-ray
photoelectron spectroscopy (XPS). The XPS measurements
were performed on a Kratos AXIS HSi spectrometer using a
monochromatized Al KR X-ray source (1486.6 eV photons) at
a constant dwell time of 100 ms and a pass energy of 40 eV.
The samples were mounted on the standard sample studs by
means of double-sided adhesive tapes. The core-level signals
were obtained at a photoelectron takeoff angle (R, measured
with respect to the sample surface) of 90°. The X-ray source
was run at a reduced power of 150 W (15 kV and 10 mA). The
pressure in the analysis chamber was maintained at 10-8 Torr
or lower during each measurement. All binding energies (BE’s)
were referenced to the C 1s hydrocarbon peak at 284.6 eV. In
peak synthesis, the line width (full width at half-maximum,
or fwhm) for the Gaussian peaks was maintained constant for
all components in a particular spectrum. Surface elemental
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stoichiometries were determined from XPS spectral area ratios
and were reliable to within (5%. The elemental sensitivity
factors were calibrated using stable binary compounds of well-
established stoichiometries.

The static water contact angles of the pristine and func-
tionalized Si-H surfaces were measured at 25 °C and 60%
relative humidity, using the sessile drop method with a 3 µL
water droplet, in a telescopic goniometer (Rame-Hart model
100-00-(230), manufactured by the Rame-Hart, Inc., Mountain
Lakes, NJ). The telescope with a magnification power of 23×
was equipped with a protractor of 1° graduation. For each
angle reported, at least three measurements from different
surface locations were averaged. The angle reported was
accurate to (3°.

The thickness of the polymer brushes grafted on the silicon
substrate was determined by ellipsometry. The measurements
were carried out on a variable angle spectroscopic ellipsometer
(model VASE, J.A. Woollam Inc., Lincoln, NE) at incident
angles of 70° and 75° in the wavelength range 200-1000 nm.
Organic films typically have indices of refraction in the range
of 1.4-1.5.34 In this work, the refractive indices of the NaStS
and PEGMA polymers were taken to be 1.45 in the Cauchy
film model used for the simulation of film thickness. For each
sample, the thickness measurements were made on at least
four different surface locations. Data were recorded and
processed using the WVASE32 software package.

The topography of the modified silicon surfaces was studied
by atomic force microscopy (AFM), using a Nanoscope IIIa
AFM from the Digital Instrument Inc. In each case, an area
of 5 × 5 µm2 was scanned using the tapping mode. The drive
frequency of the equipment, with the voltage between 3 and
4.0 V, was 330 ( 50 kHz. The drive amplitude was about 300
mV, and the scan rate was 0.5-1.0 Hz. The arithmetic mean
of the surface roughness (Ra) reported was calculated from the
roughness profile determined by AFM.

2.2. Materials. (100)-oriented single crystal silicon, or Si-
(100) wafers, with a thickness of about 1.5 mm and a diameter
of 150 mm, were purchased from Unisil Co. of Santa Clara,
CA. The as-received wafers were polished on one side and
doped lightly as n-type. The silicon wafers were sliced into
square chips of about 1.2 cm × 1.2 cm in size. To remove the
organic residues on the surface, the silicon substrate was
washed with the “piranha” solution, consisting of 98 wt %
concentrated sulfuric acid (70 vol %) and hydrogen peroxide
(30 vol %). After rinsing with copious amounts of doubly
distilled water, the silicon chips were dried at 70 °C in a
vacuum oven for 2 h.

Hydrofluoric acid (HF) (37 wt %), 4-vinylbenzyl chloride
(VBC, 97%), 2,2′-byridine (Bpy, 99%), copper(I) chloride (99%),
copper(II) chloride (97%), and poly(ethylene glycol) monometh-
acrylate (PEGMA) macromonomer (Mn ∼ 360 g/mol, liquid,
>99%) were obtained from Aldrich Chemical Co. of Milwaukee,
WI. The monomer used for graft copolymerization, sodium
4-styrenesulfonate (NaStS, MW ∼206 g/mol, powder, >99%),
was obtained from Wako Pure Chemical Industries Ltd. of
Tokyo, Japan. PEGMA was passed through the silica gel

column to remove the inhibitor and stored in an argon
atmosphere at -10 °C.

2.3. Immobilization of the Initiator on the Si-H
Surface. The pristine (oxide-covered) silicon chips of about
1.2 cm × 1.2 cm in size were immersed in 20 mL 10 vol % HF
in individual Teflon vials for 2 min to remove the oxide film
and to leave behind a uniform H-terminated Si(100) surface
(the Si-H surface).3,7,29,35 The initiators were immobilized via
UV-induced coupling of VBC with the Si-H surface to give
rise to a covalently bonded (Si-C bonded) monolayer (the Si-
VBC surface). The process is shown schematically in Figure
1.

For the UV-induced coupling of VBC with the Si-H surface,
about 0.2 mL of the VBC was introduced onto the freshly
prepared Si-H surface of about 1.2 cm × 1.2 cm in size. The
Si-H chip was sandwiched between two quartz plates of 1.5
cm × 4.0 cm in size, and a uniform thin liquid film of VBC
formed on the Si-H surface. The assembly was placed in a
Pyrex tube of 2 cm in diameter and subjected to UV irradiation
for 3 min in a Riko RH400-10W rotary photochemical reactor
(manufactured by Riko Denki Kogyo of Chiba, Japan). The
reactor was equipped with a 1000 W high-pressure Hg lamp
and a constant-temperature bath. All UV-induced reactions
were carried out at a constant temperature of 28 °C. After UV
irradiation, the silicon substrate was washed thoroughly in
an excess amount (about 200 mL) of acetone, a good solvent
for VBC and its polymer, for 24 h, followed by rinsing with
copious amounts of fresh acetone. The VBC-coupled Si-H (Si-
VBC) substrate was then dried by pumping under reduced
pressure. Surface composition calcd for VBC: [Cl]/[C] ) 1.0/
9.0. Found from XPS analysis: [Cl]/[C] ) 0.98/9.0. Surface
water contact angle: 86°. A control experiment, in which the
Si-H substrate was soaked in neat VBC for the same period
of time, but in the absence of UV irradiation, was also carried
out. No VBC molecules were detected on the Si-H surface
after the substrate was rinsed briefly with acetone and
subjected to surface analysis by XPS.

2.4. Surface-Initiated Atom Transfer Radical Poly-
merization (ATRP). For the preparation of the NaStS
polymer (P(NaStS)) brushes on the Si-VBC surface, NaStS
(1.0 g, 4.8 mmol), CuCl (4.85 mg, 0.048 mmol), CuCl2 (1.29
mg, 0.0096 mmol), and Bpy ligand (15 mg, 0.096 mmol) were
added to 5 mL of doubly distilled water in a Pyrex tube. The
mixture was stirred and degassed with argon for 30 min. The
Si-VBC substrate (about 1.2 cm × 1.2 cm in size) was then
introduced into the reaction mixture. The reaction tube was
sealed and kept in a 30 °C water bath for 0.5-3 h. After the
reaction, the silicon substrate with surface grafted P(NaStS)
(the Si-VBC-g-P(NaStS) surface) was removed from the
reaction mixture and washed thoroughly with continuous
stirring in about 200 mL of doubly distilled water for 24 h. It
was subsequently rinsed with about 100 mL of doubly distilled
water. The substrate was dried for 10 h by pumping under
reduced pressure. P(NaStS) film thickness after 3 h of ATRP:
7 nm. Surface composition calcd for P(NaStS): [S]/[Na] ) 1.0.
Found from XPS analysis: [S]/[Na] ) 1.2. Surface water

Figure 1. Schematic diagram illustrating the processes of UV-induced coupling of VBC on the Si-H surface to give the Si-VBC
surface and the Si-VBC surface-initiated ATRP of NaStS and PEGMA.
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contact angle: 29°.
For the preparation of PEGMA polymer (P(PEGMA)) brushes

on the Si-VBC surface, PEGMA (0.80 mL, 2.4 mmol), CuCl
(2.38 mg, 0.024 mmol), CuCl2 (0.65 mg, 0.005 mmol), and Bpy
ligand (7.5 mg, 0.05 mmol) were added to 5 mL of doubly
distilled water in a Pyrex tube. The mixture was stirred and
degassed with argon for 30 min. The Si-VBC substrate (about
1.2 cm × 1.2 cm in size) was introduced into the reaction
mixture. The reaction tube was sealed and kept in a 30 °C
water bath for 0.5-3 h. After the reaction, the silicon substrate
with surface grafted P(PEGMA) (the Si-VBC-g-P(PEGMA)
surface) was removed from the solution and washed thoroughly
with an excess amount of doubly distilled water, following the
same procedures as those described above for the Si-VBC-g-
P(NaStS) surface. The substrate was dried by pumping under
reduced pressure. P(PEGMA) film thickness after 3 h of
ATRP: 8 nm. Surface composition calcd for P(PEGMA):
[C-O]/[OdC-O] ) 12. Found from XPS analysis: [C-O]/[Od
C-O] ) 10.5. Surface water contact angle: 43°.

One of the unique characteristics of the polymers synthe-
sized by ATRP is the preservation of the active or “living” end
groups throughout the polymerization reaction. To confirm the
presence of active chain ends in the grafted NaStS (or PEGMA)
polymer, diblock copolymer brushes consisting of P(NaStS) and
P(PEGMA) blocks were prepared by using the P(NaStS) (or
P(PEGMA)) brushes on the Si-VBC surface (Figure 1) as the
macroinitiators for the ATRP of the second monomer PEGMA
or NaStS. For the preparation of the P(NaStS)-b-P(PEGMA)
copolymer brushes on the Si-VBC-g-P(NaStS) surface (or the
P(PEGMA)-b-P(NaStS) copolymer brushes on the Si-VBC-g-
P(PEGMA) surface), the Si-VBC-g-P(NaStS) substrate (or the
Si-VBC-g-P(PEGMA) substrate) was used instead of the Si-
VBC substrates under the same reaction conditions as de-
scribed above for the preparation of the initial homopolymer
block.

3. Results and Discussion
3.1. Immobilization of the Initiator on the Si-H

Surface. The chemical composition of the silicon sur-
faces at various stages of surface modification was
determined by XPS. Two peak components at the
binding energies (BE’s) of about 99 and 103 eV, at-
tributable to the Si-Si and Si-O species, respectively,29

are observed in the XPS Si 2p core-level spectrum of
the pristine (oxide-covered) silicon surface (Figure 2a).
To obtain the hydrogen-terminated silicon (Si-H) sur-
face, the pristine silicon chip (Si(100) substrate) was
treated with dilute hydrofluoric acid solution to remove
the native oxide layer.3,7,29,35 No oxidized silicon species
in the BE region of 101-103 eV was detected in the Si
2p spectrum after the HF treatment (Figure 2b). This
result is consistent with the formation of a predomi-
nantly hydrogen-terminated silicon surface.3,7,29,35

For the preparation of polymer brushes on the silicon
surface, a uniform and dense monolayer of initiators
immobilized on the silicon surface is indispensable. The
initiators are immobilized via UV-induced coupling of
VBC on the Si-H surface to give rise to a stable initiator
monolayer via the Si-C bonds. The Si-H group on the
Si-H surface can be homolytically dissociated by UV
irradiation to form a radical site, which reacts readily
with an alkene to give rise to a surface-tethered alkyl
radical on the â-carbon. The radical subsequently
abstracts an H atom from the adjacent Si-H bond. The
abstraction creates a new reactive silicon radical to
allow the above reaction to propagate as a chain reaction
on the Si-H surface.3,7,35,36 Figure 2c,d shows the
corresponding C 1s and Cl 2p core-level spectra of the
VBC coupled Si-H surface (Si-VBC surface). The C 1s
core-level spectrum of the Si-VBC surface can be curve-
fitted into three peak components having BE’s at about

283.9, 284.6, and 286.2 eV, attributable to the C-Si
species, C-H species, and C-Cl species, respectively.37,38

The presence of the C-Si peak component in the C 1s
spectrum is unambiguous. UV-induced formation of a
very stable Si-C bond between the Si-H surface and
alkyl monolayer has been well-established.3,7,35,36 The
π-π* shake-up satellite of the benzyl group of VBC is
also discernible at the BE of about 290.4 eV. The Cl 2p
core-level spectrum in Figure 2d consists of the Cl 2p3/2
and Cl 2p1/2 peak components at the BE’s of about 199.3
and 201.5 eV, respectively, attributable to the covalently
bonded chlorine species. The appearance of the C-Si
and C-Cl species, as well as the π-π* shake-up
satellite, confirms the presence of a reactively coupled
VBC layer on the Si-H surface. Thus, the benzyl
chloride groups have been successfully immobilized on
the Si-H surface to cater for the subsequent ATRP
process on the Si-VBC surface. The fact that the
[C-Cl]/[C-H] component area ratio (∼0.13) in Figure
2c is very close to the theoretical ratio of 0.125 for the
VBC molecule suggests that UV-induced formation of
benzyl radical probably has not occurred to a significant
extent. A substantial increase in water contact angle of
the Si-VBC surface, from that of the Si-H surface
(Table 1), is consistent with the complete coverage of
the Si-H surface by VBC. The complete coverage,
however, probably does not mean complete replacement
of Si-H by Si-C bonds. Experiment and theoretical
studies have suggested that a maximum of about 60%
of the hydrogen sites on the hydrogen-terminated Si-
(100) are substituted by alkyl group at complete surface
coverage.35

3.2. Si-VBC Surface-Initiated ATRP. The physi-
cochemical properties of the silicon surface can be tuned
by the choice of a variety of vinyl monomers. In this
work, two functional monomers, sodium 4-styrenesulfo-
nate (NaStS) and poly(ethylene glycol) monomethacryl-
ate (PEGMA), were selected as the model monomers.
NaStS is a commercially important anionic monomer
with a wide range of applications, ranging from fuel cell
to humidity sensor.39,40 The NaStS polymer (P(NaStS)),

Figure 2. Si 2p core-level spectra of (a) the pristine (oxide-
covered) Si(100) and (b) the Si-H surface and (c) C 1s and (d)
Cl 2p core-level spectra of the Si-VBC surface.
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with both hydrophilic and hydrophobic groups, pos-
sesses an amphiphilic character. The physicochemical
properties are strongly affected by the sequence of the
sulfonic acid groups and the molecular weight distribu-
tion of the polymer.41 The hydroxyl end groups of the
grafted PEGMA polymer (P(PEGMA)) side chains could
be converted into various functional derivatives.42 In
addition, the P(PEGMA)-grafted silicon surface is ef-
fective in preventing protein adsorption and platelet
adhesion.43

At the beginning stage of ATRP, a sufficient concen-
tration of the deactivating Cu(II) complex is necessary
to quickly establish an equilibrium between the dor-
mant and the active chains. If this equilibrium is not
controlled properly, the process resembles that of the
conventional redox-initiated radical polymerization.44

The Cu(II) complex can be obtained by the reaction of
Cu(I) complex with the initiator or by addition of the
complex at the begin of reaction.45 In this work, the
method of addition of the Cu(II) complex (CuCl2) was
chosen to control the surface-initiated ATRP of NaStS
or PEGMA on the Si-VBC surface. The ratio of [NaStS
or PEGMA (monomer)]:[CuCl (catalyst)]:[CuCl2 (deac-
tivator)]:[Bpy (ligand)] is controlled at 100:1:0.2:2.

The presence of grafted P(NaStS) (or P(PEGMA)) on
the Si-VBC surface was confirmed by XPS analysis.
Figure 3a,b shows the respective S 2p and Na 1s core-
level spectra of the Si-VBC-g-P(NaStS) surface of 3 h
of ATRP. The S 2p spectrum consists of the S 2p3/2 and
S 2p1/2 peak components of the sulfonate species at the
BE’s of about 163.8 and 165 eV, respectively.46 On the
other hand, the Na 1s core-level spectrum appears at
the BE of about 1068.5 eV.47 The presence of the S 2p
and Na 1s species indicates that P(NaStS) has been
successfully grafted on the Si-VBC surface via ATRP.
The C 1s core-level spectrum of the as-prepared Si-
VBC-g-P(PEGMA) surface is shown in Figure 3c. The
C 1s core-level spectrum can be curve-fitted into three
peak components with BE’s at about 284.6, 286.2, and
288.5 eV, attributable to the C-H, the C-O, and the
OdC-O species, respectively.37,38 The appearance of the
two prominent peak components, assigned to the C-O
and OdC-O species of PEGMA, confirms that P(PEG-
MA) has been successfully grafted on the Si-VBC
surface. The S 2p and Na 1s core-level spectral line
shapes of the Si-VBC-g-P(NaStS) surface and the C 1s
core-level spectral line shape of the Si-VBC-g-P(PEG-
MA) surface remain practically unchanged throughout
the ATRP process. In addition, the [S]/[Na] and [C-O]/
[OdC-O] ratios, obtained by XPS, are also in fairly good
agreement with their respective theoretical ratios (Table
1) throughout the course of ATRP.

As shown in Table 1, the variation in static water
contact angles for the functionalized silicon surfaces
suggests that the hydrophilicity of the silicon surfaces
can be readily tuned. The static water contact angle of
the pristine (oxide-covered) Si(100) surface is about 20°.

The water contact angles for the Si-H surface and the
Si-VBC surface are about 72° and 86°, respectively.
When the silicon surface was grafted with a P(NaStS)
layer, the water contact angle decreases to about 29°.
When grafted with a P(PEGMA) layer, the silicon
surface becomes less hydrophilic, and the contact angle
increases to about 43°.

The kinetics of P(NaStS) growth from the Si-VBC
surface via ATRP was investigated. In a typical XPS
spectral measurement, the spectral signal intensities
come from a fixed sampling depth at a particular
photoelectron takeoff angle (R).48 For the Si-VBC-g-
P(NaStS) surface, the overall signals of the graft and
the substrate are represented by the S 2p core-level
spectrum from the P(NaSt) layer and the Si 2p core-
level spectrum from the underlying silicon substrate,
all within the sampling depth of about 7.5 nm (R )
90°).29,49 As shown by line a in Figure 4, there is an
approximately linear relationship between the P(NaStS)
graft concentration, expressed as the [S]/([S] + [Si]) ratio
(([S] + [Si]) is the sum of the sensitivity factor-corrected

Table 1. Chemical Composition, Static Water Contact Angle, and Layer Thickness of the Graft Polymerization
Silicon Surfaces

sample [S]:[Na]a [C-O]:[OdC-O]a static water contact angle ((3°)b layer thickness ((1 nm)c

Si-VBC-g-P(NaStS) surfaced 1.2:1(1:1) 0:0:0 (0:0) 29 7
Si-VBC-g-P(PEGMA) surfacee 0:0 (0:0) 12:1 (10.5:1) 43 8

a Determined from the XPS core-level spectra area ratio. Values in parentheses are the theoretical ratio. b Static water contact angles
for the pristine (oxide-covered) Si(100) surace, the Si-H surface, and the Si-VBC surface are about 20°, 72°, and 86°, respectively. c The
thickness of the VBC monolayer on the Si-VBC surface is about 0.3 nm. d Reaction conditions: [NaStS]:[CuCl]:[CuCl2]:[Bpy] ) 100:1:
0.2:2, temperature 30 °C, reaction time 3 h. e Reaction conditions: [PEGMA]:[CuCl]:[CuCl2]:[Bpy] ) 100:1:0.2:2, temperature 30 °C, reaction
time 3 h.

Figure 3. (a) S 2p and (b) Na 1s core-level spectra of the Si-
VBC-g-P(NaStS) surface (reaction conditions: [NaStS]:[CuCl]:
[CuCl2]:[Bpy] ) 100:1:0.2:2, temperature ) 30 °C, reaction
time ) 3 h) and (c) C 1s core-level spectrum of the Si-VBC-
g-P(PEGMA) surface (reaction conditions: [PEGMA]:[CuCl]:
[CuCl2]:[Bpy] ) 100:1:0.2:2, temperature ) 30 °C, reaction
time ) 3 h).
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S 2p and Si 2p core-level spectral areas within the
sampling depth of a particular surface), and the polym-
erization time. Similarly, an approximately linear in-
crease in thickness of the grafted P(NaStS) layer on the
Si-VBC surface with the polymerization time is also
observed (line b in Figure 4). These results suggest that
the surface-initiated ATRP of NaStS was a controlled
polymerization process with a “living” character. In
addition, it was found that, under similar experimental
conditions, the growth rate of the grafted P(PEGMA)
layer was comparable to that of the grafted P(NaStS)
layer (Table 1).

From the thickness and mass density of the VBC
layer on Si-VBC (∼0.3 nm and 1.08 g/cm3, respectively)
and molecular weight of VBC (152.6 g/mol), the surface
graft density of the initiator was estimated to be about
1.4 units/nm2. Since the average cross-sectional area of
methacrylate and styrene polymers5,15 prepared by
living radical polymerization is about 2 nm2, the surface
initiator efficiency of the present system is estimated
to be about 35%. Thus, for the Si-VBC-g-P(NaStS)
surface (P(NaStS) thickness ∼7 nm) and the Si-VBC-
g-P(PEGMA) surface (P(PEGMA) thickness ∼8 nm)
from 3 h of ATRP, the degrees of polymerization for the
P(NaStS) and P(PEGMA) chains are estimated to be 54
and 46, respectively, based on the surface initiator
density of 1.4 units/nm2, an initiator efficiency of 35%,
and P(NaStS) and P(PEGMA) densities50 of 0.80 and
1.46 g/cm3, respectively.

3.3. Surface Topography. The changes in topogra-
phy of the Si-H surface after modification by surface-
initiated ATRP were investigated by AFM. Figure 5
shows the representative AFM images of (a) the as-
prepared Si-H surface, (b) the Si-VBC surface, (c, d)
the Si-VBC-g-P(NaStS) surfaces at the respective
ATRP time of 3 and 8 h, and (e, f) the Si-VBC-g-
P(PEGMA) surfaces at the respective ATRP time of 3
and 8 h. The freshly prepared Si-H surface is rather
uniform and smooth, with a root-mean-square surface
roughness value (Ra) of about 0.18 nm. The Si-VBC
surface remains molecularly uniform with a Ra of about
0.25 nm. After surface graft polymerization of NaStS
and PEGMA via ATRP for 3 h, the Ra values for the
Si-VBC-g-P(NaStS) surface and the Si-VBC-g-P(PEG-

MA) surface have increased slightly to about 1.2 and
1.0 nm, respectively. The only slight change in the Ra
values indicates that the ATRP-mediated graft poly-
merization has proceeded uniformly on the VBC-func-
tionalized silicon surface. As shown in Figure 5c,e, the
grafted P(NaStS) and P(PEGMA) chains on the modified
silicon surface exist as a distinctive overlayer. After the
prolonged polymerization time of 8 h, the ATRP-medi-
ated graft polymerization has given rise to a denser
coverage of P(NaStS) and P(PEGMA) on the Si-VBC
surfaces, as shown in parts d and f of Figure 5,
respectively. Molecularly smooth surfaces, with the
corresponding Ra values of only about 0.22 and 0.34 nm,
were obtained for the two modified silicon substrates.
The above results indicate that the surface-initiated
polymerizations via ATRP have proceeded uniformly to
give rise to dense polymer coverages on the Si-H
surfaces.

3.4. Block Copolymer Brushes. One of the unique
characteristics of the polymers synthesized by ATRP is
the preservation of the active end groups during the
polymerization process. Thus, it is possible to synthesize
well-defined block copolymers via the ATRP process. To
confirm the existence of the “living” chain ends on the
Si-VBC-g-P(NaStS) surface (or the Si-VBC-g-P(PEG-
MA) surface), surface-initiated ATRP is again used to
synthesize the P(NaStS)-b-P(PEGMA) (or P(PEGMA)-
b-P(NaStS)) diblock copolymer brushes from the func-
tionalized silicon surface, using the grafted P(NaStS)
(or P(PEGMA)) (Figure 1) as the macroinitiator.

The formation of block copolymer brushes was con-
firmed by XPS and ellipsometry. The C 1s core-level
spectra of the Si-VBC-g-P(NaStS) surface from 3 h of
ATRP and the corresponding Si-VBC-g-P(NaStS)-b-
P(PEGMA) surface after 3 h of ATRP with PEGMA are
shown in parts a and b of Figure 6, respectively. The C
1s core-level spectrum of the Si-VBC-g-P(NaStS) sur-
face can be curve-fitted into three peak components
having BE’s at about 284.6, 285.5, and 286.2 eV,
attributable to the C-H, C-S, and C-Cl species,
respectively.37,38 The C-S peak components are associ-
ated with the P(NaStS). The corresponding C 1s core-
level spectrum of the Si-VBC-g-P(NaStS)-b-PPEGMA
surface can be curve-fitted with three peak components
with BE’s at about 284.6, 286.2, and 288.5 eV, attribut-
able to the C-H, C-O, and OdC-O species, respec-
tively.37,38 The appearance of the two prominent new
peak components, assigned to the C-O and OdC-O
species of PEGMA, confirms that PEGMA has been
successfully block copolymerized on the Si-VBC-g-
P(NaStS) surface. In addition, the C 1s core-level line
shape in Figure 6b suggests that the Si-VBC-g-
P(NaStS)-b-P(PEGMA) surface is dominated by the
P(PEGMA) blocks. An 8 nm increase in thickness of the
grafted P(PEGMA) layer was detected by ellipsometry
after the ATRP of PEGMA at 30 °C for 3 h (Table 2).
The increase in surface film thickness corresponded to
the addition of a P(PEGMA) block with a degree of
polymerization of about 46, assuming that the surface
density of the P(NaStS) macroinitiator remained the
same as that of the initial VBC initiator. The above
results confirm that the dormant sites at the end of the
grafted P(NaStS) chains allow the reactivation of the
graft polymerization process, resulting in the formation
of the block copolymer brushes on the functionalized
silicon surface. The water contact angle of the as-
prepared Si-VBC-g-P(NaStS) surface was about 29°.

Figure 4. Dependences of (a) the overall graft concentration
([S]/([S] + [Si])) and (b) the thickness of the P(NaStS) layer,
grown from the Si-VBC surface via ATRP, on the polymeri-
zation time during the preparation of the Si-VBC-g-P(NaStS)
surface. The [S]/([S] + [Si]) ratio was determined from the XPS
core-level spectral area ratio. ([S] + [Si]) is the sum of the
sensitivity factor-corrected S 2p and Si 2p core-level spectral
areas in a particular sample.
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However, the water contact angle of the Si-VBC-g-
P(NaStS)-b-P(PEGMA) surface has increased to about
44°, which is comparable to that of the Si-VBC-g-
P(PEGMA) surface.

Figure 6c,d shows the respective wide scan spectra
of the as-prepared Si-VBC-g-P(PEGMA) surface from
3 h of ATRP and the corresponding Si-VBC-g-P(PEG-
MA)-b-P(NaStS) surface after 3 h of ATRP with NaStS.
Comparison of the two wide scan spectra revealed that
the Na 1s and S 2p signals have appeared on the Si-
VBC-g-P(PEGMA)-b-P(NaStS) surface. The correspond-
ing Na 1s core-level spectrum (at the BE of about 1068.5
eV)47 and S 2p core-level spectrum (with the S 2p3/2 and

S 2p1/2 peak components at the BE’s of about 163.8 and
165 eV, respectively)46 are shown in parts e and f of
Figure 6, respectively. The appearance of the Na 1s and
S 2p signals confirms the existence of “living” chains
on the Si-VBC-g-P(PEGMA) surface, and the grafted
P(PEGMA) chains can serve as macroinitiators. An
approximately 5 nm increase in film thickness was
detectd by ellipsometry after the ATRP of NaStS at 30
°C for 3 h on the Si-VBC-g-P(PEGMA). The increase
in surface film thickness corresponded to the addition
of a P(NaStS) block with a degree of polymerization of
about 40. The smaller thickness (than the sampling
depth of the XPS technique) of the P(NaStS) blocks

Figure 5. AFM images of (a) the Si-H surface, (b) the Si-VBC surface, (c, d) the Si-VBC-g-P(NaStS) surfaces obtained at
ATRP time of 3 and 8 h, respectively, and (e, f) the Si-VBC-g-P(PEGMA) surfaces obtained at ATRP time of 3 and 8 h, respectively.

Table 2. Static Water Contact Angle, Layer Thickness, and Surface Composition of the Block Graft-polymerized Silicon
Surfaces

surface compositionsa

sample
static water

contact angle ((3°)
layer thickness

((1 nm) P(NaStS) (mol %) P(PEGMA) (mol %)

Si-VBC-g-P(NaStS)-b-P(PEGMA) surfaceb 44 15 0.0 100
Si-VBC-g-P(PEGMA)-b-P(NaStS) surfacec 34 13 71 29

a Composition within the sampling depth of the XPS technique (∼7.5 nm of the top surface) and determined from the S 2p and OdC-O
peak component area ratio. b The thickness of the starting Si-VBC-g-P(PEGMA) surface was about 7 nm; reaction conditions: [PEGMA]:
[CuCl]:[CuCl2]:[Bpy] ) 100:1:0.2:2, temperature 30 °C for 3 h. c The thickness of the starting Si-VBC-g-P(PEGMA) surface was about 8
nm; reaction conditions: [NaStS]:[CuCl]:[CuCl2]: [Bpy] ) 100:1:0.2:2, temperature 30 °C for 3 h.
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allows a portion of the underlying P(PEGMA) blocks to
be detected unambiguously by the XPS technique. The
compositions of the surface grafted diblock copolymers
within the sampling depth of the XPS technique (∼7.5
nm in an organic matrix49) are shown in Table 2.
Finally, the water contact angle of the Si-VBC-g-
P(PEGMA)-b-P(NaStS) surface decreases to about 34°,
from about 43° for the starting Si-VBC-g-P(PEGMA)
surface.

4. Conclusions
A simple one-step process for the covalent immobili-

zation of an ATRP initiator monolayer on the hydrogen-
terminated Si(100) (Si-H) surface was demonstrated.
The process involved direct UV-induced coupling of the
vinyl group of 4-vinylbenzyl chloride (VBC) with the
Si-H surface to give rise to the Si-VBC surface. The
process represented a considerable simplification over
the multistep processes. Well-defined polymer-Si hy-
brids, consisting of covalently tethered polymer brushes
of NaStS and PEGMA via surface-initiated ATRP on
the Si-VBC substrates, could be readily prepared.
Kinetic studies revealed an approximately linear in-
crease in graft concentration and thickness of the
surface graft-polymerized brushes with the polymeri-

zation time, indicating that the chain growth from the
functionalized silicon surface was a controlled process.
The present surface-initiated ATRP also allowed the
preparation of functional polymer-Si hybrids with
molecularly flat surfaces. The “living” chain ends on the
silicon surface could be used as macroinitiators for
further functionalization of the hybrid surfaces via block
copolymerization.
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