
Surface-Grafted Hyperbranched Polymers via Self-Condensing Atom
Transfer Radical Polymerization from Silicon Surfaces

Hideharu Mori,† Alexander Bo1ker,†,‡ Georg Krausch,‡,§ and Axel H. E. Mu1 ller*,†,§

Lehrstuhl für Makromolekulare Chemie II, Lehrstuhl für Physikalische Chemie II, and Bayreuther
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ABSTRACT: A novel synthetic concept for preparing hyperbranched polymers on a planar surface is
described, in which a silicon wafer grafted with an initiator layer composed of an R-bromoester fragment
is used for a self-condensing vinyl polymerization (SCVP) via atom transfer radical polymerization (ATRP).
A large number of nanoscale protrusions were found on the surface obtained by (meth)acrylic AB* initiator-
monomers (“inimers”). The variations of the size and density of the protrusions, as well as the film
thickness, depend on the catalyst system and show a slight correlation with the degree of branching and
molecular weight of the ungrafted polymers, as confirmed by scanning force microscopy (SFM). The surface
roughness is much larger than that of polymer brushes obtained by polymerizing conventional (meth)-
acrylates. The copolymerization of an AB* inimer and a conventional vinyl monomer gave an intermediate
surface topography between the polymer protrusions and the polymer brush, which may be due to the
highly branched structure. X-ray photoelectron spectroscopy (XPS) was used to determine the surface
chemical composition. We find significant differences in the intensity of the bromine peak between the
linear polymer brush, the branched, and the hyperbranched polymers, suggesting the feasibility of
controlling the surface chemical functionalities.

Introduction
The manipulation and control of surface properties

of thin polymer films have become progressively impor-
tant in numerous commercially important technologies,
such as biotechnology and advanced microelectronics.
Surface grafting of polymer chains has been investigated
as an effective and versatile method for this purpose.1
Commonly, the grafted polymers were prepared by
interaction of end-functionalized polymers or block
copolymers with the surface.2,3 These systems, how-
ever, have a limited grafting density as further grafting
is hindered by the polymer chains already adsorbed on
the surface. On the other hand, surface-initiated
polymerization4-6 has been employed for a variety of
monomers in order to modify surfaces of solid substrates
and to design the surface macromolecular architecture,
such as polymer brushes. To obtain well-defined poly-
mer brushes, several requirements have to be met
including controlled surface grafting density and mono-
disperse polymer chains, which might be achieved with
living polymerization methods. Such brushes consist of
end-grafted, strictly linear chains of the same length,
and the chains are forced to stretch away from the
interface. A high grafting density and a brush height
significantly larger than the unperturbed radius of
gyration can be obtained. The well-defined brushes can
be used further to prepare smart materials to serve as
functional devices on a nanometer scale, since they react
collectively to environmental stimuli such as changes
of the pH or ionic strength, temperature, solvent quality,
or mechanical forces.7 Hence, several attempts have
been conducted to accomplish controlled/“living” poly-
merizations on a surface utilizing cationic,8,9 anionic,10,11

radical,12-17 and ring-opening18-20 methods.

Highly branched polymers are of considerable scien-
tific and industrial interest, due to their low intrinsic
viscosity, high solubility, and miscibility and their
potential as polyfunctional carriers. In recent years,
there have been several studies of dendrimers grafted
to surfaces.21 Due to the highly compact and globular
shape, as well as the monodispersity, they are useful
for many potential applications, such as data storage
or nanolithography systems. Recently, Zhou et al.22

reported the preparation of a highly branched poly-
(acrylic acid) film attached to a self-assembled mono-
layer of mercaptoundecanoic acid on gold using a series
of repeated “grafting to” steps. The advantage of the
system is that each new layer contains more polymer
branches than the previous one, and thus is more tightly
packed. They demonstrated that the hyperbranched
polymers can be covalently modified with a broad range
of functional groups, such as fluorophores, electroactive
groups, perfluorinated moieties, dyes, and even other
polymers. The surface-confined hyperbranched polymers
are suitable for a number of technical applications,
including corrosion inhibition, chemical sensing, cellular
engineering, and micrometer-scale patterning.23 How-
ever, both approaches have the disadvantage that many
tedious synthetic steps are necessary to reach the
defined surface structures.

Several strategies for the preparation of hyper-
branched polymers are currently employed, the most
common method being the polycondensation of ABn
monomers. The recent discovery of self-condensing vinyl
polymerization (SCVP) by Fréchet et al.24 made it
possible to use vinyl monomers for the one-step syn-
thesis of hyperbranched structures. This reaction is
based on an initiator-monomer (“inimer”) of the general
structure AB*, where the double bond is designated A
and B* is a group capable of initiating the polymeriza-
tion of vinyl groups. Living cationic and radical poly-
merizations, group transfer polymerization, and ring-
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opening polymerization have been applied to SCVP.25-33

Since the disclosure of the above reaction, it has also
been shown that the copolymerization of AB* inimers
with conventional monomers yields macromolecules
with branched structures, allowing to control molecular
weight and molecular weight distribution.26,34,35 The
copolymerization method is a facile approach to obtain
functional branched polymers, because different types
of functional groups can be incorporated into a polymer
depending on the chemical nature of the comonomer.
In addition, the chain architecture can be modified
easily by a suitable choice of the comonomer ratio in
the feed.

In this paper we describe a novel synthetic approach
to prepare hyperbranched polymers grafted from a
planar surface. A silicon wafer grafted with an initiator,
B*, for controlled/“living” radical polymerization is used
for SCVP, as illustrated in Scheme 1. Because both the
AB* inimer and the functionalized silicon wafer have
groups capable of initiating the polymerization of vinyl
groups, the chain growth can be started from both B*
in the initiators immobilized on the silicon wafer and a
B* group in the inimer. Both of the activated B* can
add to the double bond, A, to form the ungrafted or
grafted dimer with a new propagating center, A*.
Further addition of AB* inimer or dimer to A* and B*
centers results in hyperbranched polymers. Because the
polymer formed in solution may also add to active
centers of attached polymers, the method described here
can be considered as a combination of “grafting from”
and “grafting to” approaches. Atom transfer radical
polymerization (ATRP) was used in this study, because
of (a) the feasibility of attaining controlled polymeriza-
tion of conventional monomers from a surface,12-17 (b)
the significant influence of various factors on the degree
of branching, molecular weight and polydispersity of a
branched polymer obtained by SCVP29 (the ratio of
Cu(I)/Cu(II), the ligand used to complex copper, solvent,
and temperature), (c) compatibility with a wide variety
of monomers (e.g., acrylates, styrenes, acrylonitrile, and
derivatives), and (d) easy handling compared to other
living systems. The one-step self-condensing ATRP from
the surface can be regarded as a novel and convenient
approach toward the preparation of smart interfaces.
The thin polymer films obtained may have a high
density of functional groups at the interface and a
characteristic surface topography due to the hyper-
branched architecture. In this study, we discuss the
surface morphology of the polymer films grafted from
the surface as a function of the structure of AB* inimer
and the ratio [AB*]0:[catalyst]0. The surface topography
and composition of the surface-grafted polymer layers
were investigated by scanning force microscopy (SFM)
and X-ray photoelectron spectroscopy (XPS).

Experimental Section

Materials and Momomers. CuBr (95%, Aldrich) was
purified by stirring overnight in acetic acid. After filtration,
it was washed with ethanol, ether, and then dried. N,N,N′,N′′,
N′′-Pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich)
and ethyl 2-bromo-2-isobutyrate (EBIB, 98%, Aldrich) were
distilled and degassed. Bis(triphenylphosphine)nickel(II) bro-
mide ((PPh3)2NiBr2, 99%, Aldrich) was used as received. tert-
Butyl acrylate (tBuA, BASF AG) was fractionated from CaH2,
stirred over CaH2, and distilled and degassed in high vacuum.
Methyl methacrylate (MMA, Röhm GmbH) was stirred over
CaH2 and then distilled and degassed. Other reagents were

commercially obtained from Aldrich and used without further
purification. Syntheses of (meth)acrylic AB* inimers, 2-(2-
bromopropionyloxy)ethyl acrylate (BPEA) and 2-(2-bromoiso-
butyryloxy)ethyl methacrylate (BIEM), were conducted by the
reaction of an R-bromoacid halide with 2-hydroxyethyl (meth)-
acrylate in the presence of pyridine as reported previously.27

These inimers were degassed by three freeze-thaw cycles.
Synthesis of r-Bromoester Type Initiator on Silicon

Wafer. The preparation of the R-bromoester initiator attached
to a silicon wafer was conducted by reaction of the crude
trichlorosilyl derivative with a silicon wafer in a manner
similar to that reported previously by Husseman et al.13 The
trichlorosilyl R-bromoester, which has reactive species capable
of bonding to the surface and a latent R-bromoester, was
prepared by the reaction of hex-5-enol with 2-bromo-isobutyryl
bromide, followed by the hydrosilylation reaction with tri-
chlorosilane. Silicon (100) wafers, cut into 1.2 × 1.6 cm2 pieces,
were cleaned in absolute ethanol, acetone, and toluene baths

Scheme 1
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under ultrasonic treatment for 5 min and dried in a nitrogen
stream. The sample was oxidized with a mixture of concen-
trated H2SO4 and 30% H2O2 (50/50 vol %) at room temperature
overnight. The wafers were rinsed with ultrapure hot H2O
(80-90 °C), cleaned in an ultrapure H2O bath at room
temperature under ultrasonic treatment for 3 min, and allowed
to stand in fresh ultrapure H2O at 80-90 °C for 15 min. The
samples were removed from the bath and finally cleaned in a
stream of CO2 crystals (“snow jet”). Freshly cleaned silicon
wafers were placed into a dried flask, followed by dry toluene
(5 mL) and the crude trichlorosilyl derivative (1 mL, ca. 0.6
mmol). Then triethylamine (1 mL, 7.2 mmol) was added
dropwise to the mixture under nitrogen, and the reaction
mixture was allowed to stand for 18 h at room temperature
without stirring. The wafer was then removed from the solu-
tion, rinsed repeatedly with methanol followed by dichloro-
methane, and then left to stand in dichloromethane for 18 h.
The procedure was then repeated, and finally the wafers were
dried in a nitrogen stream to give functionalized silicon
surfaces, which were used immediately for the polymerization
or stored at room temperature in a drybox. The mean rough-
ness of the functionalized silicon wafer determined by SFM
was about 0.6 nm in a 3 × 3 µm2 region.

Polymerization. CuBr/PMDETA and bis(triphenylphos-
phine)nickel(II) bromide ((PPh3)2NiBr2) were used as catalyst
systems for the polymerization of acrylic and methacrylic
monomers/inimers, respectively. All polymerizations were
carried out in a round-bottom flask sealed with a plastic cap.
A representative example is as follows: Distilled and degassed
BPEA (1.92 g, 7.65 mmol) was added to a round-bottom flask
containing the functionalized silicon wafer and CuBr(I) (0.0220
g, 0.153 mmol). As soon as PMDETA (0.0266 g, 0.153 mmol)
was added, the system became green, indicating the start of
the polymerization. The covered flask was allowed to stand
at 30 °C, and the characteristic green color kept constant
during the polymerization. Since the reaction was performed
in bulk, the content of the flask was completely solidified when
conversion reached a certain level. After 15 min, the poly-
merization was stopped by cooling. Conversion of the double
bonds detected by 1H NMR of the ungrafted material was 97%.
After the mixture was dissolved in THF and was subsequently
passed through a neutral alumina column, GPC measurement
was conducted. The soluble polymer had a Mn ) 4600 and a
Mw/Mn ) 2.32 (as determined by GPC using linear polystyrene
standards). The wafer was removed from the mixture and
rinsed with THF. Afterward, any absorbed polymer formed
was removed from the wafer by Soxhlet extraction in THF for
24 h. Upon removal from the extractor, the wafer was dried
under nitrogen and stored at room temperature in air. The
determination of the proportion of B* in the ungrafted
polymers was performed by evaluation of 1H NMR spectra
according to a method reported previously.27 The proportions
of b and B* could be calculated: b ) (signal at 1.0-1.3 ppm
which is formed by activation of the B* and subsequent
addition of monomer)/(sum of signals at 1.0-1.3 ppm and
signals at 1.75 ppm, the latter assigned to CH3 of the
2-bromopropionyloxy group, B*); B* ) 1 - b. The reactivity

ratio of A* and B* groups, r ) kA/kB, was determined from eq
1.28

where B* is the proportion of B* groups in the soluble polymer
and x is the conversion of double bonds. The degree of
branching (DB) was determined as reported previously.36

Under the condition described above, b ) 0.44 was observed,
corresponding to r ) kA/kB ) 3.8 and DB ) 0.49. For a
polymerization of BIEM, a mixture of BIEM (0.906 g, 3.25
mmol) and (PPh3)2NiBr2 (0.0483 g, 0.065 mmol) was heated
at 100 °C for 2 h. Conversion of the double bonds detected by
1H NMR of the ungrafted material was 79%, with a Mn ) 4300
and a Mw/Mn ) 2.83 (as determined by GPC using linear
polystyrene standards). In some cases (for example, entries 1,
4, and 7 in Table 1), the residual polymer was again dissolved
in a small amount of THF and poured into methanol (or
methanol/water) to precipitate the polymer, which was used
to determine the molecular weight by 1H NMR, assuming one
double bond per macromolecule.

Similarly, the copolymerization of a (meth)acrylic AB*
inimer with a conventional monomer (tBuA or MMA) was
carried out in the presence of the functionalized silicon wafer.
In a typical experiment, BPEA (0.371 g, 1.48 mmol) was added
to a round-bottom flask containing the functionalized silicon
wafer, CuBr(I) (0.0207 g, 0.144 mmol), PMDETA (0.0253 g,
0.146 mmol), and tBuA (1.86 g, 14.5 mmol). The flask was
placed in an oil bath at 60 °C for 5 h. Conversion was >98%,
with a Mn ) 7500 and a Mw/Mn ) 3.32 (as determined by GPC
using linear PtBuA standards). The PtBuA and PMMA
brushes were also prepared by surface-initiated ATRP with
ethyl 2-bromo-2-isobutyrate (EBIB) as an added or controlling
initiator. A typical experiment for homopolymerization is as
follows: EBIB (0.0360 g, 0.185 mmol) was added to a round-
bottom flask containing the functionalized silicon wafer,
CuBr(I) (0.0265 g, 0.185 mmol), PMDETA (0.0332 g, 0.192
mmol), and tBuA (2.96 g, 23.1 mmol). The mixture was heated
at 60 °C for 15 h. Conversion was 97%, with a Mn ) 15 800
and a Mw/Mn ) 1.21 (as determined by GPC using linear
PtBuA standards). The ungrafted polymers obtained by the
homo- and copolymerizations were removed in a manner
similar to that obtained by SCVP of AB* inimers.

Characterization. After preparation, the polymers bound
only loosely to the surface were washed with THF and
subsequently passed through a neutral alumina column to
remove the catalyst residues. The remaining solution was
characterized by GPC using THF as eluent at a flow rate of
1.0 mL/min at room temperature. Column set: 5 µm PSS SDV
gel, 102, 103, 104, 105 Å, 30 cm each; detectors: Waters 410
differential refractometer and Waters photodiode array detec-
tor operated at 254 nm. Narrow PS standards (PSS, Mainz)
were used for the calibration of the column set. The calibration
curves of PtBuA and PMMA were used for the polymers
obtained by homo- and copolymerizations of tBuA or MMA,
respectively. 1H NMR spectra were recorded in CDCl3 with a
Bruker AC-250.

Table 1. Polymerization Conditions of AB* Inimers with the Functionalized Silicon Wafer and Properties of Soluble
Polymers

entry AB* [AB*]0:[catalyst]0 temp (°C) time (h) xa (%) Mn
b Mw/Mn

b bc rd DBe

1f BPEA 50 30 0.25 97 4600 2.32 0.44 3.8 0.49
2f BPEA 125 30 2 95 4200 2.28 0.38 5.8 0.47
3f BPEA 200 30 24 89 3300 2.49 0.29 11.5 0.43
4f BPEA 100 50 0.25 89 4100 2.21 0.21 26.2 0.36
5g BPEA 100 50 3 8
6g BPEA 100 100 2 gel
7g BIEM 50 100 2 79 4300 2.83
8g BIEM 125 100 2 65 4400 3.82

a Conversion of the double bonds as determined by 1H NMR. b As determined by GPC vs linear polystyrene standards, after column
purification of ungrafted polymers. c Fraction of reacted B* units as determined by 1H NMR. d r ) kA/kB, as determined according to eq
1. e Degree of branching as determined according to ref 36. f Bulk polymerization with CuBr/N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA). g Bulk polymerization with (PPh3)2NiBr2.

r ) kA/kB ) (x + B* - 1)/[-ln(B*) + B* - 1] (1)
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Scanning force microscopy (SFM) images were taken on a
Digital Instruments Dimension 3100 microscope operated in
Tapping Mode (free amplitude of the cantilever ≈ 30 nm, set
point ratio ≈ 0.98). Film thicknesses were observed by applying
a scratch to the polymer film and subsequent SFM topography
imaging in the vicinity of the scratch.37 The values reported
were determined as averages over an array of cross sections
(>25 sections) of at least four different areas (two independent
scans at different places) in SFM. Care was taken to remove
the polymer within the scratch without damaging the sub-
strate surface. Experimental uncertainties are approximately
(10% in the thickness as determined by the statistical error
of thickness measurement at different areas. The diameter and
density of the protrusions obtained by SCVP were determined
by means of the particle analysis tool in the Nanoscope III
software on the basis of a threshold height of about 5.0 nm in
all cases. This procedure systematically underestimates the
lateral extension of the particles, due to the well-known
broadening of surface features by convolution with the finite
size of the AFM tip. We assume that all tips had a tip radius
of 10 nm. This value was subtracted from the measured
diameter of the protrusions. The thickness of several samples
was also confirmed by ellipsometery operating with a 633 nm
He/Ne laser at a 70° incident angle. The following refractive
indices were used for the various layers: 3.8816 for native
silicon, 1.462 for silicon oxide, 1.460 for initiator layer, and
1.466 for poly(BPEA) (value from poly(n-butyl acrylate)). The
surface coverage, Γ (mg/m2), and grafting density, Σ (chains/
nm2), of polymer films were calculated by the following
equations:2

where h is the thickness of the layer, F ) 1.1 g/cm3 is the mass
density of PMMA, NA is Avogadro’s number, and Mn is the
number-average molecular weight.

X-ray photoelectron spectroscopy (XPS, Leybold) with a
monochromatic Mg KR X-ray source (Eexc ) 1256.3 eV) and a
hemispherical analyzer was used to characterize the surface
chemical composition of the functionalized silicon wafer and
the surface-grafted polymers. The base pressure during ac-
quisition of the XPS spectra was approximately 5.0 × 10-8

mbar, and the spot size was 2 × 7 mm2. All binding energies
(BEs) were referenced by setting the CHx peak maximum in
the C1s spectrum to 285.0 eV. Survey scans (0-1200 eV) were
acquired at one location on the sample at an analyzer pass
energy of 200 eV. All spectra were recorded at a takeoff angle
of 90°, which is defined as the angle between the horizontal
axis of the surface and the axis of the analyzer lens system.

Results and Discussion
Characterization of the r-Bromoester Initiator

on Silicon Wafer. In this study, the R-bromoester
group was selected as a group capable of initiating from
both the surface and the AB* inimer. The formation of
densely covered monolayers of a 2-bromoisobutyryl
fragment on a silicon wafer was conducted by reaction
of the crude trichlorosilyl compound with a silicon wafer.
Subsequently, the sample was washed in methanol and
dichloromethane repeatedly in order to remove free
attachable initiator from the monolayer. Characteriza-
tion of the functionalized silicon surface was carried out
by XPS. Figure 1 displays a typical XPS survey spec-
trum of the functionalized silicon wafer. The C1s (285
eV) and O1s (533 eV) peaks associated with the organic
portion of the attachable initiator along with a small
Br3d signal (70 eV) are seen in the spectrum. The
observed atomic composition of oxygen is significantly
higher than the expected value based on the chemical
structure of the initiator, indicating that the detected

O1s peak is due to both the organic layer and SiOx. The
Si2s and Si2p3/2 peaks are also observed at 150 and 98
eV, respectively. This indicates that the thickness of the
organic layer is smaller than the escape depth of the
photoelectrons, suggesting that a very thin layer of the
initiator forms on the silicon surface.

It has been reported that bromo-terminated mono-
layers are susceptible to damage by X-rays and second-
ary electrons during XPS.38,39 Therefore, the Br peak
intensity was monitored as a function of exposure time.
The initial intensity of the Br3d peak decreased with
time (less than 30% was found after 6.5 h exposure).
To correct for this effect, the C1s to Br3d ratio was
determined as a function of X-ray dose, and the zero
dose value was determined by extrapolation. The rela-
tive atomic composition obtained from the corrected Br
peak area was approximately 11% Br and 89% C, which
are (within the experimental error of about 10%) in
agreement with the structure of the initiator molecule
grafted on the surface (9% Br and 91% C). These XPS
measurements of the functionalized silicon wafer con-
sistently indicate the formation of the initiator layer on
the surface and absence of other chemical functional-
ities.

SCVP from the Functionalized Silicon Wafer.
For the preparation of hyperbranched polymers, BPEA
(1) and BIEM (2) were used as acrylic and methacrylic
AB* inimers, respectively. Hyperbranched polymers
were synthesized by SCVP of the (meth)acrylic AB*
inimers with the functionalized silicon wafer. Although
a variety of catalyst systems and polymerization condi-
tions are applicable, a suitable choice is required to
fulfill the advantages of surface-initiated SCVP for the
preparation of hyperbranched polymers grafted to the
surface. Attempts to attain polymers quantitatively
having a high degree of branching and a high grafting
density were made by adjusting the catalyst system and
polymerization conditions.

Figure 1. XPS survey spectrum of the functionalized silicon
wafer.

Γ ) hF (2)

Σ ) Γ × 10-21NA/Mn (3)
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Polymerization of the acrylic AB* inimer, BPEA, with
the functionalized silicon wafer was carried out in the
presence of CuBr and PMDETA. The results are shown
in Table 1. Because chain growth can be started from
both the B* initiators immobilized on the silicon wafer
and from B* groups in the inimers (Scheme 1), both
ungrafted and grafted polymers can be produced. The
unattached polymer chains were separated from the
covalently bound polymers by washing with an ap-
propriate solvent (THF) and used to estimate the
molecular weight, the molecular weight distribution,
and the degree of branching. When the reaction was
performed at a ratio [BPEA]0:[CuBr]0 ) 50, after 15 min
at 30 °C, a viscous polymer with apparent number-
average molecular weight Mn ) 4600 and polydispersity
index Mw/Mn ) 2.32 (as determined by GPC using linear
polystyrene standards) was obtained. In living polymer-
izations of conventional monomers from surface-grafted
initiators, the molecular weight distribution of the
grafted polymers is often assumed to be almost equal
to that of polymer initiated by added soluble initia-
tors.13,14 Unfortunately, this is not the case for SCVP.
The calculated molecular weight distribution of poly-
mers formed in SCVP without initiators (conventional
SCVP in solution) is broader than that obtained from
SCVP in the presence of f-functional initiators.40-42

Thus, the molecular weight and molecular weight
distribution obtained here are only estimates. However,
they may be used as relative values in order to compare
polymers obtained under different conditions. The pro-
portion of B* units in the soluble polymer, which can
be observed by evaluation of 1H NMR spectra, cor-
responded to a reactivity ratio, r ) kA/kB ) 3.8, indicat-
ing that addition of monomer occurred at A* centers at
a rate approximately 4 times faster than that at B*
centers. From this value, a degree of branching DB )
0.49 can be calculated.36 For the batch conditions used
here (inimers and initiators grafted on the surface are
mixed spontaneously), the effect of the f-functional
initiators on the degree of branching was calculated to
be negligible.40 This means that the degree of branching
does not depend on whether polymer is formed in
solution or on a surface. Hence, the result obtained here
suggests the formation of highly branched polymers by
SCVP of BPEA.

The degree of branching and molecular weight de-
creased with increasing [BPEA]0:[CuBr]0 ratio, while the
ratio had only a slight effect on the polydispersity of
the soluble polymer (Table 1, entries 1-3). Note that
the calculated reactivity ratio in conventional SCVP in
solution was r ) 4.5,28 which was explained on the basis
of the dynamics of the activation equilibrium. An
increase in polymerization temperature led to a decrease
in the degree of branching. SCVP of BPEA with (PPh3)2-
NiBr2, which was mainly employed for the methacrylic
type monomers as described later, provided a polymer
gel or only a small amount of polymer (Table 1, entries
5 and 6), suggesting that the Ni-based catalyst is not
suitable for SCVP of the acrylic AB* inimer.

SCVP of the methacrylic AB* inimer, BIEM, was also
conducted with the functionalized silicon wafer in the
presence of (PPh3)2NiBr2 at 100 °C. No significant
difference was observed in the apparent molecular
weights of soluble polymers obtained from BPEA and
BIEM under the same [AB*]0:[catalyst]0 ratio, as shown
in Table 1. The relatively low apparent molecular weight
of the resulting polymers may be due to the hyper-

branched structure, as branched polymers have smaller
hydrodynamic volumes than their linear analogues. The
molecular weight determined by 1H NMR, assuming one
double bond per macromolecule, was 1.5-3 times higher
than that determined by GPC. The difference in the
molecular weights also supports the highly branched
structure. The polydispersities of soluble polymers
obtained from BIEM were slightly higher than those
obtained from BPEA.

Unfortunately, we were not able to determine the
molecular weight, polydispersity, and degree of branch-
ing of the grafted polymers by cleaving them from the
surface, because the amount of polymer grafted onto the
surface is extremely small (microgram range). Experi-
ments aiming to determine the structural characteris-
tics of the surface-grafted hyperbranched polymers
obtained by this method are currently under way and
will be reported elsewhere.

Surface Topography. Tapping mode SFM was used
to investigate the surface topography of the grafted
hyperbranched polymers after Soxhlet extraction in
THF for 24 h. At least three scans at different spots on
the sample were taken. Table 2 presents various pa-
rameters of the surface-grafted polymers obtained from
SCVP of AB* inimers. Figure 2 shows a typical topog-
raphy image of the polymer obtained from SCVP of
BPEA at a ratio [BPEA]0:[CuBr]0 ) 125. Protrusions
are clearly visible on all height images. The protrusions
were not detected on the functionalized silicon wafer
prior to polymerization. The mean film thickness of the
polymer layer determined by SFM topography imaging
in the vicinity of the scratch was 7.5 ( 1.0 nm. The film
thickness obtained by ellipsometry was 7.0 ( 1.0 nm in
this case. Prolonged Soxhlet extraction had no effect on
the film thickness and surface topography, indicating
that the remaining polymer is covalently linked to the
silicon wafer and any loosely bound polymer chains are
completely removed by the treatment.43 Parts b and c
of Figure 2 represent a magnification of one representa-
tive protrusion and the cross section of the dotted line
in the magnification, respectively. These images indicate
that a typical protrusion corresponds to a broad dome
structure having a height of about 10 nm. The mean
diameter of the protrusions determined by SFM on the
basis of the threshold height of 5.0 nm after subtracting
the tip radius is about 30 nm. When a linear polymer
brush is prepared by the “grafting-to” approach, the film
thickness is limited to about 2Rg (the radius of gyration
of a random coil polymer in a good solvent) as further
grafting is hindered by an entropic barrier created by
the formation of the brush layer itself.2,10 The theory
for a planar brush of randomly branched polymers
grafted onto the surface44 indicates that the Gaussian

Table 2. Parameters of the Grafted Polymers Obtained
from AB* Inimers

samplea

mean film
thicknessb

(nm)

mean
roughnessb

(nm)

areal density of
protrusionsc

(µm-2)

surf.
coveraged

(mg/m2)

1 4.0 2.2 67 4.4
2 7.5 3.1 57 8.3
3 11.0 3.6 42 12.1
7 4.5 1.5 94 5.0
8 12.0 2.0 47 13.2

a See Table 1. b As determined by SFM. c Density of protrusions
was calculated on the basis of the threshold height of about 5 nm.
d Surface coverage ) film thickness × density (1.1 g/cm3 for
PMMA).
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dimensions, Rg, of a randomly branched polymer con-
sisting of N units scale as Rg ) a(N/Λ)1/4, where a is a
unit size and Λ is the branching probability given as
the inverse of the average number of units between two
neighboring branching points. The limiting extension,
H(Λ), can be represented as H(Λ) ) a(N3/4Λ-1/4). Since
the degree of branching includes both branching and
terminal units, which have approximately equal prob-
ability, the degree of branching equals 2Λ. If there are
limiting geometric constraints on a chain grown from
the surface imposed by its neighbors, the polymer may
adopt a more extended conformation even if the struc-
ture is hyperbranched. Thus, the value of H(Λ) (mean
film thickness ) 7.5 nm) may be larger than 2Rg of the
hyperbranched polymers. As to Rg of branched and
linear polymers, the following relation holds based on
a contraction factor, 〈Rg

2〉branched ) g〈Rg
2〉linear, where the

contraction factor is typically g ≈ 0.3.32 Because the
diameter of the protrusions determined by SFM is much
larger than the expected molecular dimensions given
above, the protrusions must consist of more than one
hyperbranched polymer chain. Protrusions with differ-
ent sizes should contain different numbers of polymer
chains (roughly up to 25 chains per protrusion assuming
no significant geometric constraints imposed by their
neighbors).

To clarify the influence of the catalyst system on the
surface topography, height images of the grafted poly-
mers obtained at different [BPEA]0:[CuBr]0 ratios are
shown in Figure 3. Polymerization conditions, properties
of soluble polymers, and parameters of the grafted
polymers obtained are shown in Tables 1 and 2, samples
1-3. Evaluation of the areal density and of their size
can also be performed by taking cross sections through
the SFM height images. The size of the protrusions
clearly increases with increasing ratio [BPEA]0:[CuBr]0.
These observations were reproducible at different spots
on the surface. The mean thickness of the polymer
layers obtained from BPEA changes from 4.0 to 11.0 nm
when increasing the ratio [BPEA]0:[CuBr]0 from 50 to

200 (Table 2, samples 1-3). The surface roughness
increases with increasing ratio [BPEA]0:[CuBr]0, while
the opposite tendency was observed for the areal density
of protrusions. This means that the higher ratio may
induce an increase of the size of a protrusion by
accumulating the polymer chains, while a slight de-
crease of the number of protrusions may be due to the
overlap of neighboring protrusions. The value seems to
correlate slightly with the degree of branching of the
ungrafted polymer. For example, sample 3 has the
lowest degree of branching, suggesting that it has a
higher Rg. However, since Rg ∼ DB-1/4 only, this effect
cannot be large. Possibly the Mn of the grafted polymer
depends on the ratio [AB*]0:[catalyst]0. The phenomenon
may occur by a process akin to crystallization of a
polymer melt; that is, larger protrusions are obtained
by fewer initiating sites as the lower concentration of
catalyst leads to preferential growth of polymer from
fewer regions of the surface. Another explanation is that
the variation in the film thickness induced by the
[AB*]0:[catalyst]0 ratio is attributed to the different
numbers of polymer chains attached to the surface. In
this case, a higher ratio [AB*]0:[catalyst]0 would lead
to more initiating sites on the surface, due to the high
solubility of catalyst in an AB* inimer. This is in
agreement with the assumption described above that a
protrusion consists of a certain number of hyper-
branched polymer chains.

SFM measurements of the polymers obtained from
BIEM were also performed (entries 7 and 8 in Tables 1
and 2). As shown in Figure 4, small protrusions are seen
to be distributed over the surface, and the areal density
and size of the protrusions clearly increase with in-
creasing [BIEM]0:[(PPh3)2NiBr2]0 ratio. Particularly, the
polymer obtained at a ratio of 125 showed densely
packed small protrusions with a relatively narrow size
distribution. There was no significant difference in the
surface topography between the polymers obtained from
BPEA and BIEM at the [AB*]0:[catalyst]0 ratio of 50.
As can be seen in Tables 1 and 2, the mean thickness

Figure 2. Tapping Mode images of grafted polymer obtained from BPEA at a ratio [BPEA]0:[CuBr]0 ) 125: (a) height image,
which ranges from 0 to 30 nm; (b) higher magnification image of a typical protrusion; (c) cross section taken at the position
indicated by the dotted line in (b).
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of the polymer layers is affected significantly by the
ratio; it changes from about 4.5 nm at a ratio of 50 to
about 12 nm at a ratio of 125. The dependences of the
mean film thickness and the mean roughness on the
[AB*]0:[catalyst]0 ratio show the same tendency. These
results indicate that both (meth)acrylic AB* inimers can
be used to prepare surface-grafted hyperbranched poly-

mers, and the film thickness and surface topography
can be controlled by changing the [AB*]0:[catalyst]0
ratio. The nanoscale polymer protrusions with different
sizes and different densities, which may be due to the
hyperbranched architecture, indicate that both the
three-dimensional chemical structure and topological
characteristics can be controlled on the surface. These

Figure 3. Three-dimensional height images of the grafted polymers obtained from BPEA at different ratios [BPEA]0:[CuBr]0:
(a) 50; (b) 125; (c) 200. The height scale ranges from 0 to 30 nm in all height images. Cross sections through the lines indicated
by the two arrows in the height images ([BPEA]0:[CuBr]0 ratio: (d) 50; (e) 125; (f) 200).
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studies of SCVP of (meth)acrylic AB* inimers via ATRP
with the functionalized silicon surface show that the
technique is an effective tool to synthesize hyper-
branched polymers from initiators attached to the
surface and can provide characteristic surface topogra-
phies on the nanoscale.

Highly Branched and Linear Polymers. In the
next step, we attempted to prepare surface-grafted
branched and linear polymers by different polymeriza-
tion procedures. Copolymerization of an AB* inimer
with a conventional vinyl monomer leads to highly
branched polymers, allowing for the control of the
polydispersity and degree of branching.26,34,35 For ex-
ample, theoretical calculations have demonstrated that
the polydispersity of polymers obtained in such a
copolymerization is lower than that obtained in a homo-
SCVP, and the effect of diluting the AB* inimer by a
conventional monomer only decreases the degree of
branching; for low comonomer ratios it can even in-

crease.34 A benefit of radical polymerizations over other
techniques is the wide variety of monomers amenable
to homo- and copolymerizations. Thus, an appropriate
comonomer can be used to introduce additional func-
tional groups. On the basis of this consideration, the
copolymerization of a vinyl monomer with an AB*
inimer via ATRP in the presence of the functionalized
silicon wafer should be a reliable method to prepare
surface-grafted branched polymers in which one can
tune the architecture, physical properties, and surface
topography by the choice of comonomers and their
composition in the feed. For comparison, linear brushes
were also prepared by surface-initiated ATRP using
ethyl 2-bromo-2-isobutyrate (EBIB) as a controlling
initiator.

Table 3 summarizes the characteristic features of the
branched polymers obtained by copolymerization of an
AB* inimer with an acrylic vinyl monomer and the
linear polymer brushes. The conditions for the homo-

Figure 4. Three-dimensional height images of the grafted polymers obtained from BIEM at different [BIEM]0:[(PPh3)2NiBr2]0
ratios: (a) 50; (b) 125. The height scale ranges from 0 to 30 nm in all images. Cross sections through the lines indicated by the
two arrows in the height images ([BIEM]0:[(PPh3)2NiBr2]0 ratio: (c) 50; (d) 125).
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and copolymerizations were adjusted to yield polymers
quantitatively (conversion determined by 1H NMR was
>90% in all cases). When BPEA was copolymerized with
tert-butyl acrylate (tBuA) with CuBr/PMDETA at
[tBuA]0:[BPEA]0:[CuBr]0 ratio of 100:10:1, a viscous
polymer with apparent Mn ) 7500 and Mw/Mn ) 3.32
(soluble part) was obtained. The thickness of the result-
ing polymer film after Soxhlet extraction, as estimated
by SFM, was about 9.0 nm, which is slightly larger than
that obtained by SCVP of BPEA using a similar [AB*]0:
[catalyst]0 ratio (7.5 nm, Table 2, sample 2). SFM height
images (Figure 5) depict different grafted polymers
obtained from copolymerization of BPEA and tBuA (a)
and from homopolymerization of tBuA (b). Large pro-

trusions are irregularly distributed on the copolymer
surface, while the polymer obtained from SCVP of BPEA
shows densely packed small protrusions with a rela-
tively narrow size distribution (Figure 3b). The value
of the mean diameter of the protrusions was 50 and 30
nm, respectively.

The homopolymerization of tBuA from the function-
alized silicon surface with EBIB as a controlling initiator
resulted in a polymer with a low polydispersity and
number-average molecular weight close to the predicted
value and a polymer layer with film thickness of 23 nm.
The SFM height image of this surface-grafted PtBuA
revealed a relatively uniform and smooth surface with
a mean roughness of about 1.5 nm in most areas. A
relatively rough surface was also observed occasionally
(Figure 5b). The polymer film obtained by copolymeri-
zation gave a characteristic surface topography, which
is an intermediate between the polymer protrusions
obtained by SCVP of BPEA and the polymer brush
prepared by homopolymerization of tBuA. These results
indicate that the film thickness, surface roughness, and
the chemical structure of the surface-grafted polymer
can be controlled by copolymerizing an AB* inimer and
a conventional vinyl monomer.

The methacrylic AB* inimer, BIEM, was also copoly-
merized with MMA in order to obtain branched PMMA.
The film was relatively thin compared to its acrylate
counterpart, although there was no significant differ-
ence in the molecular weight (Table 3, entries 9 and 11).
In the case of the homopolymerization of MMA, the
condition was adjusted to follow the previous study of
Husseman et al.,13 in which ATRP of MMA from
functionalized silicon wafers was accomplished using
EBIB as a controlling initiator in the presence of
(PPh3)2NiBr2. They showed a linear relation between
the molecular weight of soluble polymer and the film
thickness and demonstrated that a living radical poly-
merization process permits the accurate control of
molecular weight and polydispersity of the covalently
attached polymer chains. The polymerization of tBuA
was also controlled by ATRP with CuBr/PMDETA,45

which is the same catalyst system used in this study.
For these reasons, we assume that the polymer brushes
obtained in this study consist of a layer of linear chains
of uniform length due to the controlled character of the
polymerization. If the backbone of the polymer is in an
extended conformation, the film thickness of the brushes
of PtBuA and PMMA should amount to the contour
length DPn × 0.25 nm ≈ 30 nm. This study shows that
the measured thicknesses are smaller than the calcu-
lated values, suggesting that the polymer films do not
consist of fully extended chains. This is consistent with
similar results of living radical polymerizations from
surfaces17 in which there were some differences between
the thickness expected for fully extended chains and the

Table 3. Synthesis and Characterization of Highly Branched and Linear Polymers

entry monomer AB*
[monomer]0:[AB*]0:

[catalyst]0 Mn
a Mw/Mn

a

mean film
thicknessb

(nm)

mean
roughnessb

(nm)

surf.
coveragec

(mg/m2)

grafting
densityd

(chains/nm2)

9e tBuA BPEA 100:10:1 7 500 3.32 9.0 5.0 9.9 0.80
10e,g tBuA 125:-:1 15 800 1.21 23 1.5 25.3 0.96
11f MMA BIEM 100:10:1 7 700 4.49 4.5 1.0 5.0 0.39
12f,g MMA 125:-:1 11 600 1.25 12 2.0 13.2 0.69
aAs determined by GPC. b As determined by SFM. c Surface coverage ) film thickness × density (1.1 g/cm3 for PMMA). d Grafting

density ) surface coverage × NA(Avogadro’s number)/Mn. e Bulk polymerization with CuBr/N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) at 60 °C. f Bulk polymerization with (PPh3)2NiBr2 at 100 °C. g Ethyl 2-bromo-2-isobutyrate (EBIB) was used as a controlling
initiator (equimolar to catalyst).

Figure 5. Three-dimensional height images of the grafted
polymers obtained from (a) copolymerization of BPEA and
tBuA at [tBuA]0:[BPEA]0:[CuBr]0 ratio of 100:10:1 and (b)
homopolymerization of tBuA at a ratio [tBuA]0:[CuBr]0 ) 125.
The height scale ranges from 0 to 30 nm in all images.
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observed one, even if the measured thickness increased
linearly with reaction time. The increase in the film
thickness with polymerization time was also observed
in a nonliving radical polymerization system,4,5 which
might give nonuniform polymer chains. Hence, chains
growing from the surface should be less uniform than
under homogeneous conditions, regardless of whether
a “controlled” or “noncontrolled” polymerization system
is used, due to the limited accessibility of the initiator
and monomer in a region close to the interface and the
geometric constraints resulting from the densely packed
chains at the surface.

The film thickness of surface-grafted PtBuA was
relatively close to the calculated limiting value, while
a significant difference was found in the case of PMMA.
We assume that the polymer chains obtained by homo-
polymerization from the surface are coiled to some
extent and the degree of extension in PtBuA is higher
than that in PMMA. To prove this assumption, the
grafting density of these polymers was calculated by
assuming a mass density of 1.1 g/cm3 in all cases. The
value observed in the polymer prepared by homopoly-
merization of MMA was approximately 0.7 chains/nm2,
which is close to the value reported by Yamamoto et
al.46,47 The authors prepared PMMA brushes by Cu-
based ATRP from a silicon surface functionalized with
2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane. The
polymer film obtained from copolymerization of BIEM
and MMA had a lower areal density of chains. On the
other hand, the values of the acrylate counterparts were
about 0.9 chains/nm2. The difference in the average area
occupied by each polymer chain between the brushes
obtained from tBuA and MMA may be due to the
different geometric constraints, depending upon the size
of the monomer, the flexibility of the polymer main
chain, and/or different grafting efficiencies, namely
different numbers of potential initiators per one polymer
chain.

Surface Composition. XPS was used to determine
the surface composition of the hyperbranched polymers
obtained by SCVP from the functionalized silicon wafer.
Figure 6a shows a survey scan spectrum of the polymer
layer prepared from BPEA, which detect three ele-
ments: oxygen (533 eV), carbon (285 eV), and silicon
(150 and 98 eV). Further, bromine peaks assigned to
Br3d (70 eV), Br3p3/2 (184 eV), Br3p1/2 (191 eV), and Br3s
(278 eV) are visible. The increase in the intensity of the
carbon signal relative to the silicon and oxygen, com-
pared to the functionalized silicon wafer as shown in
Figure 1, indicates the addition of the polymer to the
surface. There are still silicon peaks, suggesting that
the thickness of the polymer layer is smaller than the
photoelectron escape depth. These results are consistent
with the thickness and surface topography of the
polymer layer observed by SFM. The initial intensity
of the Br peaks decreased during the time required to
obtain a distinguishable survey spectrum with high S/N
ratio, which was also observed for the functionalized
silicon wafer. The relative atomic composition estimated
from the corrected Br peak was 13% Br and 87% C,
which agrees with the expected value based on the
chemical composition of BPEA (11% Br). Here, the
degree of branching may induce a higher surface
enrichment of bromine groups, because a bromine atom
acting as a branching point migrates to an end group
of the branched chain formed by the next monomer
addition, and repetition of this step would bring a

bromine atom to the outer surface, as illustrated in
Scheme 1. On the other hand, such surface enrichment
may not occur in the case of a linear poly(BPEA), where
an inactivated bromine atom in BPEA still exists along
the main chain.

To clarify the correlation of the intensity of the
bromine peaks and the three-dimensional structure of
the polymer layer grafted from the surface, XPS meas-
urements were also carried out for a linear polymer
brush prepared by a surface-initiated ATRP of a con-
ventional vinyl monomer (tBuA) and a branched poly-
mer obtained by copolymerization of BPEA and tBuA.
The XPS spectra of these polymer layers exhibit only C
and O peaks, as can be seen in Figure 6b,c, indicating
that the samples are free from catalyst residues. Hardly
any silicon signal was observed, showing that the silicon
substrates were covered completely with a polymer layer
and the thickness of the layer was larger than the

Figure 6. XPS survey spectra of the grafted polymers
obtained from (a) SCVP of BPEA at a ratio [BPEA]0:[CuBr]0
) 125, (b) copolymerization of BPEA and tBuA at [tBuA]0:
[BPEA]0:[CuBr]0 ratio of 100:10:1, and (c) homopolymerization
of tBuA at a ratio [tBuA]0:[CuBr]0 ) 125. Insets: region
associated with the peak derived from bromine.
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escape depth of the photoelectrons (about 11 nm48). The
atomic composition (77% C and 23% O) of the linear
polymer brush agreed well with the calculated value
(22% O), indicating that a PtBuA layer formed on the
surface. However, no bromine peak was detected, as can
be seen in Figure 6c. The bromine peak was clearly
visible on the surface of the functionalized silicon wafer
prior to the polymerization. This is in accord with
similar XPS results reported by Matyjaszewski et al.17

in which the bromine signal was reduced by 50% during
a surface-initiated ATRP of styrene. They have also
demonstrated that the bromine could be either lost
through some termination/elimination/transfer event or
still be present at the termini of the majority of the
chains which are, however, not readily detectable by the
XPS technique because the chains are not fully ex-
tended. The nonuniformity of chain ends should lead
to a broader distribution of bromine atoms and a less
intense XPS signal. Recently, Bednarek et al. also
reported that bromine-terminated polymers prepared by
ATRP were gradually converted into inactive macro-
molecules devoid of terminal bromine in the course of
polymerization of acrylate monomers with CuBr/
PMDETA.49 The relative atomic composition of carbon
and oxygen in the polymer obtained by the copolymer-
ization was almost the same as the one in the linear
polymer brush, but a small signal remained for the
bromine at 70 eV (approximately 1% Br), as can be seen
in Figure 6b. Obviously, the reduction of the bromine
signal detected on the copolymer surface is due to
dilution of the active centers by tBuA unit. It was
anticipated that the number of Br atoms per monomer
unit is unity for the polymer obtained from SCVP,
whereas it is 1/(comonomer ratio in the feed) for the
copolymer and 1/(degree of polymerization) for PtBuA.
In other words, the Br signal for SCVP should clearly
be the largest, in agreement with the XPS measure-
ments. Hence, the strong intensity of the bromine signal
in the hyperbranched polymer obtained by SCVP rela-
tive to that in the linear and branched polymers
demonstrates that the functional bromine end groups
exist predominantly on the surface, and their number
is much larger compared to linear polymers. Therefore,
these polymer films are attractive candidates for the
preparation of surfaces with high functionalities.

Conclusions
We present the first report of surface-initiated SCVP

of (meth)acrylic AB* inimers using a silicon wafer
functionalized with monolayers of initiators for controlled/
“living” radical polymerization. Self-condensing ATRP
of the initiator-monomer, BPEA, yields polymer films
with a high degree of branching and with a character-
istic surface topography. The size and density of the
nanoscale protrusions obtained on the surface and the
film thickness depend on the polymerization conditions,
such as the ratio [BPEA]0:[catalyst]0. Similar results
were obtained by SCVP of BIEM. In this way, we have
been able to create novel surface architectures, in which
the characteristic nanoprotrusions with different densi-
ties and sizes are composed of hyperbranched polymers
tethered directly to the surface. The differences in the
surface topography and film thickness between the
polymer protrusions obtained from SCVP of an AB*
inimer, the polymer brushes obtained by ATRP of a
conventional monomer, and the intermediate structures
prepared by copolymerization of an AB* inimer and a
conventional vinyl monomer were also confirmed by

SFM. The chain architecture and chemical structure can
be modified by copolymerization of AB* monomers with
conventional vinyl monomers leading to a facile, one-
pot synthesis of surface-grafted branched polymers. The
difference in the Br content at the surfaces of hyper-
branched, branched, and linear polymers was confirmed
by XPS, suggesting the feasibility to control the surface
chemical functionality. Thus, a well-controlled synthesis
for the materials is considered to lead to the creation of
novel materials that are controllable on a nanoscopic
scale and have a chemically sensitive interface. The
principal result of the work reported herein is a dem-
onstration of the utility of surface-initiated SCVP via
ATRP to prepare surface-grafted hyperbranched and
branched polymers having characteristic architecture
and topography. After suitable modification of end
groups and/or linear segments, these polymers should
have interesting properties for many applications, such
as sensors, bioadhesives, etc.
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