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Abstract Homopolymer and macromolecule-metal
complexes (MMC) brushes on silicon wafers were
successfully synthesized by the combination of self-
assembly of the monolayer of initiator, atom transfer
radical polymerization (ATRP) and coordination
to metal ions. The initiator monolayer attached to
silicon wafers was prepared by self-assembly of
3-aminopropyltriethoxysilane followed by amidation
with a-bromopropionyl bromide, and permitted sub-
sequent surface-initiated ATRP of butyl methacrylate
(BMA) and acrylamide (AAM). From atomic force
microscope (AFM) images it could be observed that
the surface of poly(butyl methacrylate) (PBMA)
brushes was uniform, while the surface of polyacryl-
amide (PAAM) brushes grew a large number of
nanoscale protrusions. After coordination to metal
jons, Pb*" and Cd**, MMC brushes of PAAM were
formed, while the nanoprotrusions with different sizes
and densities were observed on the surface of MMC
brushes. X-ray photoelectron spectroscopy (XPS) was
used to determine a molar ratio of 2.80C:1.000: 0.75N
for the PAAM brushes, in good agreement with the
value (3.00C:1.000:1.00N) based on the monomer
AAM. Moreover, the occurrence of the new XPS
signals of metal ions Pb** (139.1 and 143.8 eV) and
Cd** (405.4 and 412.5 eV) verified the formation of the
MMC brushes.
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Introduction

Tethering of polymer brushes on a solid substrate is
an effective method of modifying the surface proper-
ties of the substrate [1, 2]. Considerable attention has
been paid to the manipulation and control of the
surface properties of solid substrate [3]. Polymer
chains with a sufficiently high grafting density tethered
to a surface or interface are of increasingly impor-
tance because of their distinctive chemical and phys-
ical properties, such as low intrinsic viscosity, high
solubility, good miscibility, and polyfunctionality [4].
Based on these intrinsic properties, polymer brushes
attached to flat substrate surfaces are useful in many
applications, including data storage, nanolithography,
corrosion inhibition, chemical sensing, cellular engi-
neering, surface passivation, and micrometer-scale
patterning [5-7].

The progresses in polymerization methods enable
the preparation of well-defined graft polymer chains on
various substrate surfaces by controlled/living radical
polymerization such as nitroxide-mediated radical
polymerization [8, 9], reversible addition-fragmenta-
tion chain transfer polymerization [10], and atom
transfer radical polymerization (ATRP) [11-13]. This
is due to their advantages, i.e., the film thickness is
controlled and adjustable and the film properties can
be finely accommodated by introducing a variety of
functional groups or by copolymerization [14], which
will make the materials diversification and functional-
ity. In living/controlled radical polymerization methods
we have known well, ATRP is the most versatile [15,
16] due to being suitable for most of functional styrenic
and (meth)acrylate monomers; at the same time, its
reaction condition is also modest and only requires the
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absence of oxygen, the reaction is tolerant to water,
and occurs in a conventional temperature range from
the room temperature to 130 °C. In addition, ATRP
has been used for modifying the surface properties of
various substrates [11-13]. A successful ATRP is
accomplished by fast initiation and more rapid revers-
ible deactivation, which can keep a low concentration
of the active species R during the course of reaction,
leading to not only a small contribution to termination
but also a uniform growth of all the chains. A general
mechanism for ATRP is shown in Scheme 1.
Macromolecule-metal complexes (MMC) play an
essential role in biological fields and chemical indus-
tries, wherein metal ions can be bound to the polymer
ligand by a coordinate bond [17]. Owing to the
combination of the properties of organic polymer and
those of metal ions, MMC has their potential applica-
tion in environmental chemistry, and they are used as
high efficient catalysts, electrochemical materials, opti-
mized sensory, and especially as models for enzymes
[18-20]. When MMC is employed in the surface
modification of solid substrates, MMC brushes with
thickness in molecular dimensions can alter the chem-
ical and electrical interface characteristics of the
underlying substrates and provide new pathways to
functionalize surface for the potential application such
as sensory devices. In addition, high efficient MMC
catalyst attached to solid substrate (e.g. silicon wafer,
spherical silicon gel, etc.) will also benefit its recycle.
The synthesis of MMC brushes refers to two
consecutive processes: the attachment of the homopol-
ymer (or copolymer) chains containing the coordina-
tion groups onto solid substrates and then coordination
to metal ions. Commonly, the grafted polymers are
prepared by interaction between end-functionalized
(co)polymers and functional groups bonded to the
substrates; however, this technique has a limited
grafted density because of the fact that further grafting
is hindered by the polymer chains already adsorbed on
the surface [21]. An alternative technique has been
successful use of surface-initiated polymerization
[8-13] to modify surfaces of solid substrates. Due to
the suitability for most of the functional (meth)acrylate
and styrenic monomer, the coordination groups con-
taining anchoring sites like nitrogen or oxygen are easy
to be introduced into the polymer brushes by means of
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Scheme 1 A general mechanism of ATRP

ATRP technique [22]. Thus, the preparation of MMC
brushes attached to solid substrates can be carried out
by the integration of surface-initiated ATRP and
coordination to metal ions.

In this work, homopolymer brushes of BMA and
AAM were prepared by the combination of the self-
assembly of initiator and ATRP technique, respec-
tively. A uniform PBMA brushes was prepared,
however, a lot of nanoscale protrusions appeared on
the surface of PAAM brushes. After coordination to
the metal ions, Pb®>* and Cd*>*, MMC brushes of
PAAM were synthesized, the brushes grew nanoscale
MMC protrusions whose size was larger than PAAM
nanoprotrusions prior to coordination. The resulting
polymer brushes were analyzed by means of XPS,
AFM, UV-visible spectrum and contact angle mea-
surement.

Experimental section
Chemicals

N,N-Dimethylformamide (DMF, 99%, Beijing chemi-
cal Co.) was distilled under vacuum having been dried
with NaOH. Copper(I) chloride (CuCl, 97%, Beijing
Chemical Co.) was purified by precipitation from acetic
acid to remove Cu?", filtrated and washed with ethanol
and then dried. Acrylamide (99%, Beijing Chemical
Co.) was recrystallized from acetone. Butyl methacry-
late (97%, Beijing Chemical Co.) was dried with CaH,
and distilled under vacuum. 2.2’-Bipyridine (97%,
Beijing Chemical Co.), a-bromopropionyl bromide
(97%, Fluka Chemical Co.), DL-ethyl-bromopropio-
nate (97%, Acros Chemical Co.), 3-aminopropyltrieth-
oxysilane (99%, Aldrich Chemical Co.), Lead(II)
acetate trihydrate (Pb(CH3COO)>3H,0, 97%, Beijing
Chemical Co.), Cadmium(II) acetate dihydrate
(Cd(CH3CO0)52H,0, 97%, Beijing Chemical Co.)
were used without further purification. Toluene (99%,
Tianjin Chemical Co.) was washed by concentrated
H,SO4, H,0, a 10% Na,COj; solution, H,O in turn and
then dried with CaH,, distilled. Triethylamine (99%,
Beijing Chemical Co.) was refluxed forl2 h in the
presence of CaH, and distilled under vacuum.

Substrate treatment

The silicon wafers were ultrasonically cleaned for
5 min in succession with toluene, acetone, ethanol and
water. Having been cleaned, the wafers were etched
with a hydrofluoric acid solution (10%) for about
2 min and then rinsed with a large amount of water.
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The silicon wafers were put into a bath containing the
solution of concentrated H,SO4H,0, (v/v 5:5) at
60 °C for several hours, and then washed thoroughly
with water. The contact angle of water on the wafers
was 15°, revealing the cleanness and the uniformity of
the surface. Subsequently, self-assembly was carried
out on the silicon wafers.

Monolayer self-assembly and initiator synthesis

The above-modified wafers were put into a solution of
3-aminopropyltriethoxysilane (9.46 x 107 g, 427 x 107
mol) in dry toluene (5x 10°m’) for 18 h without
stirring at room temperature. The wafers were cleaned
under ultrasonic treatment in dry toluene and absolute
ethanol for 5 min, respectively. The wafers were dried
in a nitrogen (N,) stream.

The silicon wafers with the layer of 3-aminopropyltr-
iethoxysilane were immersed into a bath of triethylamine
(725x 102 g, 716 x 10*mol) in dry toluene (5 x
10°m?) and then cooled in an ice bath (0 °C). After
10 min, o-bromopropionyl bromide (0.1 g, 4.77 x 107
mol) was added dropwise to it. The reaction was
carried out at 0 °C for 2 h and then at room temper-
ature for 5 h (Scheme 2). The color of the solution
changed from white to yellow. The wafers were rinsed
with toluene and absolute ethanol, respectively, and then
dried in a N, stream. The silicon wafers with the initiator
monolayer were either used immediately for polymeri-
zation or stored in a dry box at room temperature.

The synthesis of PAAM brushes on silicon wafers

The wafers with the initiator monolayer including
the o-bromoester groups were immersed into 1 X
10° m® of a DMF solution of 1.422 g (2 x 1072 mol)
of acrylamide and 0.014 g (8.96 x 107> mol) of 2,2'-
bipyridine, the mixture solution was bubbled with N,
for 10 min, and then 0.004 g (4 x 107> mol) of CuCl
was put into the mixture. The reaction continued
under a N, stream and was heated in an oil bath at
120 °C for several hours. Throughout the reaction the
color kept maroon (Scheme 2). After the polymeri-
zation, the wafers were ultrasonically cleaned for
5 min in a DMF solution and rinsed with a large
amount of ultrapure water. The wafers were
immersed into ultrapure water for 24 h to remove
the adsorbed free PAAM.

The synthesis of PBAM brushes on silicon wafers

The wafers with initiator monolayer were put into
1x10°m® of a DMF solution of 4.47 g (3.14 x 107
mol) of Butyl methacrylate, 0.052 g (2.86 x 10~* mol)
of DL-ethyl-bromopropionate (free initiator), 0.098 g
(6.0 x 10*mol) of 2,2-bipyridine and 0.030 g
(2.9 x 10~ mol) of CuCl. Under the protection of N,
the reaction solution was heated at 60 °C for several
hours. After the polymerization, the wafers were
ultrasonically cleaned for 5 min in DMF and absolute
ethanol, and then dried in N, stream.

Scheme 2 Synthesis route of 1— on -—O\
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The synthesis of MMC brushes of PAAM

The PAAM brushes were put into a DMF solution of
Pb>* ions for 24 h without stirring at room tempera-
ture, and then cleaned with DMF and dried in a N,
stream, finally PAAM-Pb** complex brushes were
obtained. The procedures for the synthesis of PAAM-
Cd** complex brushes were the same as those of
PAAM-Pb>" complex brushes.

Instruments

The X-ray photoelectron spectrum (XPS) was
recorded on a VG Scientific ESCA LAB MK II
x-probe spectrometer with a monochromatic Mg Ka
X-ray source (Eqy. = 1,256.3 eV) and a hemispherical
analyzer at a pass energy of 50 eV to characterize the
surface composition of the functionalized silicon wafer
and the surface-grafted polymer and MMC brushes.
The base pressure during acquisition of the XPS
spectra was controlled in the range of 10°-10~° mbar,
and the spot size was 2 x 7 mm?® All of the binding
energy at the emission angle of the photoelectron at
90° was referenced by setting the CH, peak at the
maximum in the resolved Cy, spectra to 285.0 eV. One
spectrum was a sum of 5 scans. The measurements
were taken at least three times to check the reproduc-
ibility. The UV-Visible spectrum (UV) was recorded
on a SHIMADZU UV-2450 UV-Visible spectropho-
tometer. The atomic force microscopy (AFM) obser-
vations of the surface were carried out with the
commercial instrument (Digital Instrument, Nano-
scope IIIa, Multimode). All the tapping mode images
were taken at room temperature in air with the
microfabricated rectangle crystal silicon cantilevers
(Nanosensor). The topography images were obtained
at a resonance frequency of approximate 365 kHz for
the probe oscillation. The Contact angle measurements
of deionized water were performed in air with a Rame-
Hart contact angle model 100 goniometry at room
temperature. Angles from three different spots on each
wafer were measured and statistically compiled.

Results and discussion

In this work, a-bromoester group was selected as a
functional group capable of initiating ATRP on the
surface of the silicon wafer. A uniform and densely
packed initiator-modified substrate was prepared by
self-assembly of 3-aminopropyltriethoxysilane, fol-
lowed by amidation with a-bromopropionyl bromide.
In the process of the amidation, triethylamine was used

as the catalyst and absorbed HBr from the solution to
generate a precipitate of quaternary ammonium halide
(CH3CH,)sNH'Br~, which benefited the amidation.
Subsequently the wafers were washed in dry toluene
and absolute ethanol in order to remove the free
reagents and the absorbed precipitate from the sub-
strate. The contact angle of water on the initiator
monolayer was 84.7°, which was significantly different
from that of the silicon wafer (15°) before the
treatment. It indicated that the properties of the
surface were changed due to the addition of a new
initiator monolayer.

XPS was used to confirm the formation of the
initiator monolayer. The Br 3d peak was observed
around 70 eV in the XPS spectrum of the initiator-
modified substrate, indicating further the formation of
the initiator monolayer. AFM presented a typical
topography image of the initiator monolayer (Fig. 8a).
A uniform and densely packed surface whose surface
roughness was about 0.3 nm could be found, which was
used to form the polymer brushes of PAAM and
PBMA.

Monomer AAM was chosen to obtain MMC
brushes; this is due to AAM containing the nitrogen
and oxygen atoms with a lone-pair of electrons which
could coordinate to metal ions. According to the
previous reports by Wirth and coworkers [23-25],
ATRP had been successfully used in the formation of
the PAAM brushes grown from solid substrate surface
based on the CuCl/bpy catalyst system. Although the
detailed proof for the controlled character of ATRP
was not provided, researchers were still able to prepare
homopolymer brushes and block copolymer brushes of
AAM by surface-initiated ATRP method. On the basis
of the above reason, we chose AAM as the monomer
to prepare the MMC brushes.

During the course of polymerization, DMF was used
as the solvent for the polymerization of AAM, as the
initiator was attached to the silicon wafers, ATRP of
AAM on the silicon wafer was out of phase. According
to the polymerization conditions carried out in previ-
ous reports [23-25], no deactivator or ‘sacrificial’
initiator were added into the reaction. Two piece of
silicon wafers, one of which was covered with initiator,
the other was blank, were put into the reaction
solution. Reaction temperature was high (120 °C)
enough to lead to the thermal polymerization of
AAM, however, the catalyst and a large amount of
monomer AAM remained in the reaction solution, the
polymerization carried out on the surface of the wafers
still continued. After the polymerization, on the blank
wafer no PAAM brushes were found, which indicated
the free PAAM in the solution did not adhere to the
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surface, so the PAAM brushes were formed on the
silicon wafer only by ATRP technique. The PAAM
brushes attached to the silicon wafers were immersed
into a large amount of ultrapure water for 24 h to
remove the adsorbed PAAM. Thus, the surface of the
brushes could be observed actually by AFM, other-
wise, the absorbed PAAM would have an influence on
the surface topography image.

Figure 1 showed typical UV-Visible absorption
spectra of the initiator monolayer before (a) and after
(b) the polymerization of AAM. From the comparison
of the absorption spectrum of the initiator monolayer
with that of the PAAM brushes, it could be found that
an obvious absorption of PAAM brushes appeared,
which was caused by the C=0O of the repeat unit of the
PAAM brushes, confirming the existence of PAAM
brushes on the silicon wafers.

XPS was used to characterize the surface of the
polymer brushes. Two peaks of the Si 2p electrons
were found before and after the polymerization at
102.5 eV and 98.9 eV, which were assigned to the SiO,
and silicon, respectively. After the polymerization, the
decrease of the intensity of the two peaks indicated the
addition of the organic polymer to the surface (Fig. 2).
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Fig. 1 The UV-visible absorption spectra of initiator monolayer
(a) and PAAM brushes (b) on quartz slide

Simultaneously, the increase of the intensity of the
silicon peak (98.9 eV) relative to that of the SiO, peak
(102.5 eV) could be caused by the deoxidization of
SiO; during ATRP.

Besides the Si 2p peaks, the C 1s peak appeared
around 285 eV with a broad shoulder at the higher
binding energy. According to the references [26], the
high resolution region of the XPS spectra of the C 1s
was fitted with multiple Gaussians, there were three
peaks representing three different carbons (Fig. 3) in
homopolymer PAAM brushes: (1) aliphatic hydrocar-
bon (C-C at 284.7 eV); (2) an amide induced f-shifted
carbon (C—-CONH, at 285.7 eV); (3) the amide carbon
(CONH, at 288.1 eV). The contact angle of water on
hydrophilic PAAM brushes was 17.1°, which showed
obviously hydrophilicity and was different from that of
initiator monolayer on the wafer (84.7°). Moreover, the
XPS quantitative analysis for the PAAM brushes gave
rise to a molar ratio of 2.80C:1.000:0.75N, in good
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Fig. 3 The C 1s XPS spectra of PAAM homopolymer brushes
on silicon wafer

Fig. 2 The peak of Si 2p in (a) (b) 3700
XPS spectra of initiator
monolayer (a) before the 5800 -
polymerization and PAAM 3600
brushes (b) after the
polymerization 5600 -| 2 3500
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agreement with the value (a molar ratio of
3.00C:1.000:1.00N) based on the monomer AAM
[27]. All these effects suggested the attachment of the
PAAM brushes onto the surface of the silicon wafer.
Figure 4 showed the surface morphologies of
PBMA and PAAM brushes for comparison. A uniform
PBMA brushes were found, however, on the height
images of the PAAM brushes nanoscale protrusions
whose mean diameter was about 50 nm were clearly
visible, moreover, could not be detected on the
initiator monolayer prior to the polymerization
(Fig. 8a). From the AFM topography images it could
be observed that the mean thickness of PAAM and
PBMA brushes through imaging across the scratch
boundary [28] were 30 nm and 35 nm, respectively,
which had exceeded the escape depth of photoelec-
trons (about 11 nm [29]). As the surface of the
initiator-modified substrate was uniform, the silicon
wafers were covered with PAAM brushes and PBMA
brushes completely; however, the silicon signal was still
detected in PAAM brushes but not detected in PBMA
brushes by mean of XPS. The XPS spectra of the
PAAM layers exhibited a weak silicon signal, indicat-
ing that in some domains the thickness of the polymer
layer was not larger than the escape depth of the
photoelectrons. It suggested that the nanoscale protru-
sions of PAAM should be formed on silicon wafers. As
one possibility, thermal polymerization of AAM
enabled the reaction solution more viscous, the teth-
ered PAAM chains hardly stretched out enough in the
mixture solution, gathering together and twisting with
one another, which prevented the propagating of some
active PAAM chains; secondly, it was caused by the
uncontrolled character during ATRP of AAM based
on the CuCl/bpy catalyst. Unfortunately, the amount
of the polymer brushes bound to the silicon wafer was
extremely small, we were not able to determine the
molecular weight, the polydispersity and the degree of

Fig. 4 AFM images of
PAAM homopolymer
brushes (a) and PBMA
homopolymer brushes (b).
The state of AFM: Scan size:
10 pum; Scan rate: 1.026 HZ;
Image Date: Height; Date
Scale: 70.00 nm

polymerization by cleaving them from the substrate;
however, this did not deny the nature of the ATRP
technique, which had been approved in pioneering
experiments [23-25].

As a polymer ligand containing anchoring sites,
PAAM brushes with a lot of nanoscale protrusions
were used to synthesize MMC brushes of metal ions,
Pb%* and Cd?*, based on the formation of the coordi-
nate bonds.

In the XPS spectrum of PAAM-Pb** complex
brushes linking to the silicon wafer surface, the
occurrence of new peaks at 139.1 eV and 143.8 eV,
originating from coordinated Pb(4f;,) and Pb(4fs)),
respectively, verified the existence of Pb** ions
(Fig. 5a). For PAAM-Cd** complex brushes, two
new peaks of coordinated Cd 3d electrons were
detected at 4054 eV (3dsp) and 412.5 eV (3dsp),
respectively (Fig. 5b). From the occurrence of the
new signals of metal ions, it was obvious that the MMC
brushes of PAAM had been prepared. Besides the
metal ions peaks, the Si peak of the MMC brushes was
still detected, which suggested that the introduction of
the metal ions did not change the morphology of the
brushes, the nanoprotrusions still existed on the
surface of the MMC brushes.

The XPS measurements were carried out to obtain
much more insight into the information on the struc-
tures of the MMC brushes, based on the variance of the
binding energies of the elements such as Oy and Ny of
the -CONH, group. The XPS assignments are sum-
marized in Table 1. It was obvious that metal-ligand
(PAAM) coordination increased the binding energies
of Ny and Oy electrons in the -CONH, groups, which
was ascribed to the reason that the 2p electrons binding
energies of nitrogen and oxygen might be perturbed
upon coordination to metal ions. For PAAM brushes,
in the Ny region (Fig. 6b) there was one peak at
399.9 eV caused by the N atom of the -CONH, group.

0.0m  70.0

35.0 om

H.0m

00 0.0 m
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Fig. 5 The peaks of
coordinated Pby (a) and Cdsq
(b) in XPS spectrum of MMC
brushes

(a)

Intensity

(b)

Intensity

150 148 146 144 142 140 138 136 134 132
Binding Energy (eV)

Table 1 Binding energies (eV) and composition for XPS spectra
of PAAM brushes and MMC brushes®

Assignment PAAM MMC (Pb*") MMC (Cd*)
Ols 531.8 5323 531.8

Nis 399.9 400.2 400.1

Pb*y - 139.1, 143.8 -

Cd*3q - - 405.4, 412.5

? Tt was assumed that the -CONH, groups detected by the
photoelectrons of XPS all participated in coordination with
metal ions

In the Oy region (Fig. 7b), the peak at 531.8 eV was
assigned to the carboxyl oxygen. With the introduction
of metal cations, an increase of 0.2 eV and 0.3 eV for
the Ny, signals in XPS spectrum (Fig. 6) was consistent
with Cd** and Pb** coordination to the AAM nitrogen
lone pair, respectively. At the same time, it could be
seen that the peak corresponding to Oy electrons
exhibited an increase of 0.5 eV due to Pb*>" coordina-
tion to the carbonyl oxygens. However, the Oy, peak

LT ~.©
.~ Trmee o
----- -7 I
T T T T T
397 398 399 400 401 402 403
Binding Energy (eV)

Fig. 6 The peak of Ny in XPS spectra of MMC-Pb** brushes
(a), PAAM brushes (b), MMC-Cd** brushes (c)

@ Springer
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seemed not to be influenced by the coordination of
Cd** ions (Fig. 7), which suggested two possibilities: on
the one hand, the quantity of the oxygen atoms
participating in coordination was too few to detect
the shift of the peak; on the other hand, the coordinate
bond between O atoms and Cd** ions was weak
enough not to affect the binding energies of Oy,
electrons. The variance of their binding energies
suggested that both O atoms and N atoms participated
in coordination in the PAAM-Pb** complex, however,
the anchoring sites of the PAAM-Cd*" complex were
mainly nitrogen atoms. While from the comparison
with the shift of the binding energies of Ny, we could
see that the variance of the binding energies in the
PAAM-Cd** complex brushes was smaller than that in
the PAAM-Pb®" complex brushes, which indicated a
stronger coordinate bond between N and Pb**.
According to the above data, it was clear that the
MMC brushes of Pb** and Cd** with different struc-
tures had been prepared.

— T T T T T T T T T T
526 527 528 529 530 531 532 533 534 535 536
Binding Energy (eV)

Fig. 7 The peak of Oy in XPS spectra of MMC-Pb** brushes
(a), PAAM brushes (b), MMC-Cd** brushes (c)
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Simultaneously, AFM was used to characterize the
surface of the MMC brushes, it was observed that
nanoscale protrusions were still distributed uniformly
over the surface. To clarify the variances of the surface
of the

topography, the height images initiator

Fig. 8 Three-dimensional
height images and the cross
section of (a) Initiator; (b)
PAAM brushes; (¢) MMC
(Cd**) brushes; (d) MMC
(Pb**) brushes. The state of
AFM: Scan size: 10 pm; Scan
rate: 1.026 HZ; Image Date:
Height; Date Scale: 70.00 nm

monolayer, PAAM brushes and the MMC brushes
were shown in Fig. 8 By taking cross section through
the AFM height images, the evaluation of their size
and the area density could also be performed. As
shown in Fig. 8a, the initiator monolayer was uniform.
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From the PAAM brushes (Fig. 8b) to the MMC
brushes (Fig. 8c, d), the size of the nanoscale protru-
sions obviously increased wherever these observations
were reproducible on the surface, while the area
density of the protrusions decreased. According to
the variance of the surface roughness, we could obtain
the same results as the above, it was clear that
the surface roughness increased from 5.3 + 0.2 nm
(PAAM brushes) to 7.0 + 0.4 nm (MMC-Cd** brushes)
and to 8.00 = 0.4 nm (MMC-Pb*" brushes) with the
introduction of the metal ions. As the anchoring sites
nitrogen and oxygen atoms were rich in the outer
surface of the nanoscale protrusions of PAAM
brushes, when PAAM brushes were put into the
solution of metal ions, By accumulating the polymer
chains due to metal ions bridging among the PAAM
nanoprotrusions by a coordinate bond and the overlap
of neighboring nanoprotrusions, an increase of the size
of a protrusions and a slight decrease of the number of
protrusions were found, thus, metal ions were not only
distributed uniformly over the surface of the nanopro-
trusions, but also existed in the inner of the nanopro-
trusions.

Comparing the three-dimensional height images and
the cross section of the MMC brushes, we could
observe that the size of nanoprotrusions of MMC-Pb**
brushes was larger than that of MMC-Cd** brushes, at
the same time, the difference between the surface
roughnesses also verified this result. A possible reason
was that the coordination capabilities of PAAM ligand
to two kinds of metal ions were different. In MMC-
Pb** brushes a strong coordinate bond was formed
between Pb>* ions and the N and O atoms, however, in
MMC-Cd** brushes only the N atoms possessed a
relatively weak coordination ability to Cd** ions, once
the metal ions Pb** were introduced into the PAAM
systems, relative to Cd** ions, leading to the overlap of
the more neighboring nanoprotrusions, the larger size
nanoprotrusions on the surface of MMC-Pb®* brushes
were formed. Based on the above analysis, the results
of the topography image by AFM were in agreement
with that of the XPS spectra.

Conclusions

By combining the self-assembly of initiator, ATRP and
coordination to metal ions, Pb>" and Cd**, PBMA and
PAAM homopolymer brushes and the functional
MMC brushes of PAAM were prepared on the surface
of silicon wafers. The formation of the initiator
monolayer, PAAM brushes and the MMC brushes
was confirmed by XPS and contact angle measurement.
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AFM was used to characterize the surface of the
initiator monolayer, PBMA brushes, PAAM brushes
and the MMC brushes of PAAM, the surfaces of the
initiator monolayer and PBMA brushes were uniform,
however, the nanoprotrusions were found on the
surface of PAAM brushes, moreover, introduction of
metal ions into PAAM brushes induced an increase of
the size of the protrusions by accumulating the
polymer chains, while a slight decrease of the number
of the protrusions might be due to the overlap of the
neighboring protrusions. From AFM images, it was
obvious that the size of nanoprotrusions of MMC-Pb**
brushes was larger than that of MMC-Cd** brushes
due to the difference of the coordination capabilities of
metal ions. We do believe that this study opens up a
new avenue. After the suitable modification of MMC
brushes, these polymers should have interesting prop-
erties for many applications, such as electrochemical
materials, optimized sensory, etc.

In addition, experiments aiming at controlling the
size of nanoscale protrusions of PAAM brushes and
further controlling the size of the MMC nanoprotru-
sions by altering the reaction conditions according to
this method are currently under way. The MMC
brushes are rich of metal ions, Cd** and Pb**, once
the reaction of them with H,S gas takes place, it is
possible that PbS and CdS nanoparticles on/in the films
be synthesized to form a new kind of organic/inorganic
nanoparticles/polymer materials [30], not only inor-
ganic PbS or CdS nanoparticles but also macromole-
cules nanoprotrusions exist in this systems, which will
be reported elsewhere.
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