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ABSTRACT: Living anionic surface-initiated polymerization on flat gold substrates has
been conducted to create uniform homopolymer and diblock copolymer brushes.
A 1,1-diphenylethylene (DPE) self-assembled monolayer was used as the immobilized
precursor initiator. n-BuLi was used to activate the DPE in tetrahydrofuran at –78 8C
to initiate the polymerization of different monomers (styrene, isoprene, ethylene oxide,
and methyl methacrylate). Poly(styrene) (PS) and poly(ethylene oxide) (PEO) in partic-
ular were first investigated as grafted homopolymers, followed by their copolymers,
including poly(isoprene)-b-poly(methylmethacrylate) (PI-b-PMMA). A combined ap-
proach of spectroscopic (Fourier transform infrared spectroscopy, surface plasmon spec-
troscopy, ellipsometry, X-ray photoelectron spectroscopy) and microscopic (atomic force
microscopy) surface analysis was used to investigate the formation of the polymer
brushes in polar solvent media. The chemical nature of the outermost layer of these
brushes was studied by water contact angle measurements. The effect of the experi-
mental conditions (solvent, temperature, initiator concentration) on the surface proper-
ties of the polymer brushes was also investigated. VVC 2005 Wiley Periodicals, Inc. J Polym Sci

Part A: Polym Chem 44: 769–782, 2006

Keywords: anionic polymerization; surface polymerization; self-assembled mono-
layer; polymer brushes; FTIR; AFM

INTRODUCTION

Polymer brushes on solid substrates are attracting
increasing attention because of their ability to tai-
lor the surface properties of these inorganic mate-

rials.1–3 In particular, diblock copolymer brushes
evoke great interest because of their potential
applications in a variety of technological fields
from adhesion to biomedical applications.4–7 More-
over, it is important to develop understanding of
how the immobilized chain end along with the
interaction parameter, v, and the surface energy, c,
of each block affects the tendency for microphase
separation of the diblock copolymer brushes.
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The fabrication of tethered polymers can be
achieved by two different approaches. The first
approach involves physical adsorption or physi-
sorption. This case can occur, either by the use of
end-functionalized polymers with zwitterionic
end-groups8 or by the selective physical adsorp-
tion of diblock copolymers,9 where a shorter
‘‘anchor’’ block adsorbs strongly onto the surface
leaving the remaining ‘‘buoy’’ block tethered to
the interface. However, this method has the dis-
advantage of solvolytic and thermal instability
due to the low interaction between the polymer
and the substrate. The second approach involves
the covalent attachment or chemical adsorption
(chemisorption) of the polymer chains onto the
surface. The two possible ways to accomplish the
covalent attachment are the so-called ‘‘grafting-
onto’’10 and ‘‘grafting-from’’ techniques. Regard-
ing the grafting-onto technique, end-functional-
ized polymers are synthesized and covalently
reacted with the appropriate substrates. Both
physisorption and grafting-onto are self-limiting
techniques with regards to the polymer film
thickness and the grafting density. Every ad-
sorbed polymer molecule ‘‘wants’’ to maintain the
random coil conformation it adopts in solution.
Therefore, the additional polymer chains have to
diffuse through the already adsorbed layer to
react with the available grafting sites. Conse-
quently, the concentration of the polymer chains
close to the interface becomes much higher than
the solution and the diffusion becomes sterically
and kinetically hindered. To circumvent these
limitations, another promising technique, ‘‘graft-
ing-from,’’11–48 is used. The grafting-from techni-
que is accomplished using surface immobilized
initiators. Hence, small molecules (the mono-
mers), rather than big polymer chains, have to
diffuse to react with the initiation sites, and the
polymerization is promoted in the direction nor-
mal to the substrate. The immobilized initiators
can be obtained, either by treating the substrate
with plasma or glow-discharge49–52 or by the self-
assembled monolayer (SAM) technique.53 The
utilization of SAMs as the initiator sites for sur-
face-initiated polymerization provides the oppor-
tunity to prepare well-defined, highly dense, poly-
mer brushes.

Polymer brushes resulting from the graft-
ing-from technique have been synthesized from
flat substrates,11–28 silica and gold nanopar-
ticles29–45 and carbon nanotubes,46–48 via a nu-
mber of polymerization mechanisms, including
free-radical, cationic, anionic, atom transfer ra-

dical (ATRP), ring opening metathesis polymer-
ization (ROMP), reversible addition-fragmenta-
tion transfer (RAFT), and nitroxide-mediated
radical polymerization (NMRP).

To obtain a uniform, well-defined diblock co-
polymer brush, the polymerization mechanism
must fulfill certain criteria. First, the mechanism
must be living. This means that block copolymers
can be obtained by sequential addition of mono-
mers. The tethered polymer chains must also
grow simultaneously from the well-packed (high
grafting density) initiator sites of the SAM to
obtain brushes with low polydispersity indices
and good control of the molecular weight. Anionic
polymerization is known to provide the best con-
trol over molecular weight and molecular weight
distribution, leading to the synthesis of well-
defined block copolymers. In addition, the synthe-
sis of more complex macromolecular architec-
tures can be achieved through this polymeriza-
tion method.54–55

We have previously reported the living anionic
surface-initiated polymerization of styrene and
diene homopolymers as well as diblock copolymer
brushes on silicon and gold wafers in benzene.
1,1-Diphenylethylene (DPE) with chlorosilane
and thiol end-groups, tethered by the self-assem-
bled technique, was the initiator precursor.21,37

The Quirk group has likewise reported the tether-
ing of homopolymers and copolymers using DPE
on a variety of substrate surfaces.23

In this paper, we report the synthesis and
characterization of homopolymer and block
copolymer brushes on gold substrates in a polar
solvent (tetrahydrofuran, THF) with a variety of
monomers (styrene (St), isoprene (I), ethylene
oxide (EO), and methyl methacrylate (MMA)).
We first focused on poly(styrene) (PS) and poly-
(ethylene oxide) (PEO) homopolymers. In particu-
lar, the grafting of PEO or polyethylene glycol
(PEG) is of high interest because of their protein
resistant properties and interesting interaction
with water molecule structures.31 Eventually, the
goal was to synthesize thick, uniform polymer
brushes with high grafting density, using a polar
solvent, which is deemed to be more favorable
for surface-initiated living anionic polymeriza-
tion. The generality to block copolymer syn-
thesis was applied towards poly(isoprene)-b-poly
(methylmethacrylate) (PI-b-PMMA) brush for-
mation. The effect of monomers with different
surface energies on the observed morphology
of diblock copolymer brushes will also be dis-
cussed.
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EXPERIMENTAL

Materials

Solvents [benzene (Aldrich, >99%), THF (Aldrich,
99.9%), hexanes (Aldrich, 99.9%)], monomers [styr-
ene (Aldrich, 99%), isoprene (Aldrich, 99%), ethyl-
ene oxide (Aldrich, 98%), methyl methacrylate
(Aldrich, 99%)], and terminating reagent (metha-
nol) were purified according to standard proce-
dures.56 Phosphazene base (P4, Aldrich, 1.0 M in
hexanes) was used as additive to facilitate the
anionic polymerization of ethylene oxide, using an
organolithium anionic initiator. It was dried under
vacuum for at least 12 h and diluted by distilling
purified THF through the high vacuum line. The
solution was sealed in a glass apparatus equipped
with break-seals. n-Butyllithium was synthesized
by the reaction of n-butyl chloride (Aldrich, 98%)
and lithium metal (Aldrich, 99.99%) and was used
as the polymerization initiator.

Characterization Techniques

X-ray spectroscopy (XPS) was carried out with a
Kratos Axis 165 Multitechnique Electron Spectrom-
eter system. A monochromatic Al Ka X-ray source
(1486.6 eV) operated at 15kV and 20 mA was
employed to excite the photoelectron emission at
h ¼ 0 (normal to the surface). Fixed analyzer trans-
mission (FAT) mode was used, and survey scans
(spot of 800 � 200 lm2 resolution 4 eV at analyzer
pass energy of 160 V) were collected from 0 to
1400 eV to obtain elemental composition of the
polymer film. The C1s peak of hydrocarbon signal
(284.5 eV) was used as the binding energy re-
ference. The charge build-up during the mea-
surements was compensated by a built-in charge
neutralizer.

The surface plasmon spectra (SPS) were mea-
sured using the SPS mode of the Multiskop with
a Kretschmann configuration and attenuated
total reflection conditions.57 The reflectance was
monitored with a p-polarized He–Ne laser (k
¼ 632.8 nm) as a function of the angle of incidence.

The polymer film morphologies were studied
by atomic force microscopy (AFM) using a Pico-
Scan system (Molecular Imaging) equipped with
an 8 � 8 micro scanner. A magnetic AC (MAC1)
mode was used for all AFM images. MAC lever1,
a silicon nitride-based cantilever coated with
magnetic film, was used as the AFM tip. The force
constant of the tip was 0.5 N/m with a resonance
frequency of approximately 100 kHz. All samples

were measured inside a suspension chamber to
minimize ambient disturbance.

Infrared (IR) spectra were obtained using a
Nicolet NEXUS 470 FTIR system, with a grazing
incidence angle attachment for specular or low
angle measurements on Au-coated glass substrates
(�450 Å). Polarization modulation infrared reflec-
tion absorption spectroscopy (PM-IRRAS) meas-
urements were also made with the gold-coated
glass substrates. The spectra were obtained using
a Nicolet MAGNA-IR 860 spectrometer equipped
with a liquid nitrogen-cooled mercury–cadmium–
teluride (MCT) detector and a Hinds Instruments
PEM-90 photoelastic modulator (37 kHz). The light
was reflected from the samples at an 808 angle and
collected over 256 scans at a spectral resolution of
4 cm�1.

1H and 13C NMR experiments were performed
on a Bruker ARX-300 spectrometer (Bruker Instru-
ments, Karlsruhe, Germany). Typical parameter
settings include temperature ¼ 305 K, relaxation
delay ¼ 4 s, solvent ¼ CDCl3. The internal stand-
ard was the residual proton chloroform signal of
deuterated chloroform (7.24 ppm downfield from
tetramethylsilane).

The advancing and receding water (Milli-Q)
contact angles were measured using the sessile
drop technique—contact angle goniometer (Micro-
CAM, Tantec).

A Quartz Crystal Microbalance (QCM; Maxtek
Inc.), with a phase-locked PLO-10 oscillator and
PM-740 frequency counter, was used to measure
the mass and density of the DPE initiator. The
quartz crystal electrode was modified by SAM for-
mation of the thiol initiator.

Ellipsometric thickness measurements were
performed using the Multiskop ellipsometer
(Optrel GmbH, Germany), with a 632.8 nm He–
Ne laser beam as the light source at 708 angle of
incidence. Both delta and psi values (thickness
data) were measured and calculated using inte-
grated specialized software that was provided
with the instrument.

Immobilization of the Initiator Precursor

The SAM of the DPE initiator was prepared as fol-
lows: the gold-coated glass substrates were treated
with plasma cleaning (under Ar, using PLASMOD,
March Instruments). The substrates were thor-
oughly rinsed with Milli-Q purified water and
dried in an oven (90 8C) overnight before use.
Modified gold-coated quartz crystals (QCM sub-
strates) were plasma-treated under O2 followed by
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Ar conditions. The procedure for the thiol-DPE
SAM formation on Au involved dipping the sub-
strate into the dry toluene solutions of the initiator
(10�4 M in toluene for 3 h) and subsequent copious
washing with toluene. All the surfaces were char-
acterized before and after polymerization.

Polymerization Procedure for the PS
Homopolymer Brush

The all-glass apparatus used in the synthesis is
shown in Figure 1. After placing the SAM-coated
substrate (with DPE moiety) in the reactor, the
glass apparatus was docked to the high vacuum
line. A volume of 50 mL of purified THF was dis-
tilled from a reservoir containing liquid K/Na alloy
(3:1 by weight) through the high vacuum line to
the purge section. This reactor was flame-sealed
from the high vacuum line (A). The purge section
was placed in a dry ice–isopropanol bath at �78 8C
and then n-BuLi (7 mL, 1 M in hexane) and 0.5 mL
of neat DPE were introduced into the purge section
by rupturing the corresponding break-seals. This
solution was used to clean the inner walls of the
reactor. Then this solution was kept at �78 8C for
1.5 h and a portion of the excess n-BuLi reacted
with the DPE moiety on the substrate. The solu-
tion was transferred into the purge section and
clean solvent was back distilled into the reactor. By
doing this, all impurities and excess n-BuLi were
collected in the purge section, which was subse-
quently removed by flame-sealing the constriction
(B). Styrene monomer (10 g) was distilled into the
reactor. The polymerization of styrene was allowed
to proceed for approximately 12 h at �78 8C before
terminating with 2 mL of degassed methanol.

Polymerization Procedure for the PEO
Homopolymer Brush

The preparation of the initiator-bound substrate
and the cleaning of the reactor are the same as
described above. The ethylene oxide monomer
(10 g) was added to the reactor by rupturing the
corresponding break-seal. The reactor was kept at
room temperature for 1 h before the addition of the
phosphazene base t-BuP4 (10

�3 mol). The polymer-
ization was allowed to proceed for 8 days at 40 8C.

Polymerization Procedure for the PS-b-PEO
Block Copolymer Brush (Scheme 2)

The procedure adopted for the polymerization of
the PS block was similar to the one described

here for the homopolymer brush. The polymeriza-
tion of the styrene (10 g) was allowed to proceed
for 4 h at �78 8C, followed by addition of the sec-
ond monomer ethylene oxide (5 g) into the reac-
tor. The temperature was gradually increased to
room temperature, and after one hour phospha-
zene base t-BuP4 was introduced into the reactor.
The polymerization of the second monomer was
allowed to proceed for 8 days at 40 8C.

Polymerization Procedure for the PI-b-PMMA
Block Copolymer Brush (Scheme 3)

The polymerization of isoprene was conducted fol-
lowing the same procedure as that for the poly-
merization of styrene. The polymerization of iso-
prene (10 g) was allowed to proceed for 4 h at
�78 8C, followed by addition of 2 mL of DPE into
the reactor. One hour later methyl methacrylate
(5 g) was distilled into the reactor and was poly-
merized for another 3 h at �78 8C.

RESULTS AND DISCUSSION

SAM Formation

The detailed synthesis of the precursor initiator
thiol-DPE (Scheme 1) and the complete charac-
terization of the SAM-DPE by a number of sur-

Figure 1. Polymerization reactor for the synthesis
of homopolymer and block copolymer brushes.
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face-sensitive analytical techniques (ellipsometry,
SPS, AFM, QCM, and contact angle) was
reported in our previous work.21 The formation of
a uniform, well-packed, and characterized SAM
on the substrate is very crucial for the whole pro-
cedure. Hence, by using thiol-DPE on gold surfa-
ces, the SAM formation is facilitated by the
absence of a native oxide layer on the substrate
(not common for many metals), since the presence
of such a layer can affect the polymerization
mechanism. The precursor initiator thiol-DPE
has a number of advantages. DPE is stable at
high temperatures, and in various solvents, can
react quantitatively with alkyllithium initiators
and can polymerize styrenic, dienic, and (meth)a-
crylic monomers. It is also suitable because, due
to steric reasons, it prevents the self-polymeriza-
tion after activation with alkyllithium initiators
parallel to the surface. In addition, the long alkyl
spacer between the DPE and the thiol group is
responsible for the formation of a well-packed
monolayer, which provides high surface coverage.
Finally, the precursor initiator can form a stable
Au–S chemical bond on the substrate with
respect to the temperature.

To prepare a polymer brush with high grafting
density it is important to create as many initia-
tion sites on the SAM as possible. For this reason,
a number of polymerizations took place in cus-
tom-made glass reactors (Fig. 1) to estimate the
appropriate reaction time for a large excess of
n-BuLi to activate the DPE end-group of the
SAM. Five Au substrates, having the same
adsorbed amount of SAM-DPE as that estimated
by QCM, were placed in five reactors and allowed
to react with the same amount of n-BuLi for 0.5,
1, 1.5, 2.5, and 4 h at �78 8C. After the complete
removal of the excess of n-BuLi, an equal amount
of styrene was added in each reactor and all the
polymerizations were allowed to proceed for 3 h
before terminating with methanol. All substrates
were washed many times with toluene. QCM
measurements (monitoring frequency shift) indi-
cated that there were no weight change in sub-

strates after 1.5 h. Hence, 1.5 h is the estimated
minimum time for the n-BuLi to create the maxi-
mum concentration of initiation sites on the Au
surface.

Synthesis and Characterization of Tethered
Homopolymer Brushes on Au Surfaces

Homopolymer brushes of PS and PEO were syn-
thesized by means of anionic polymerization high
vacuum techniques. The polymerizations were
carried out in custom-made glass reactors (Fig. 1).
In both cases, n-BuLi was used to activate the
SAM-DPE on the surface. It was found that in
THF at �78 8C, 1.5 h was adequate for a large
excess of n-BuLi to react quantitatively with the
DPE. It is important that the excess of the alkyl-
lithium be removed before the addition of the
monomer to ensure that the polymerization will
propagate only from the surface and not in the
solution. A number of research groups have re-
ported the polymerization from both surface-
immobilized initiators and free initiators in the
solution, assuming that the propagation rate for
both polymerizations was the same. We tried to
avoid the polymerization in the solution because
it would compete with the surface-initiated poly-
merization and may be much faster.

The polymerization of styrene was allowed to
take place for 12 h at �78 8C before terminating
with an ampoule of degassed methanol. Subse-
quently, the substrates were washed many times
with toluene (until no change of the thickness
was observed by SPS) to remove any possible
adsorbed amount of polymer that had been poly-
merized in the solution. Thickness measurements
were performed using SPS (Fig. 2), which identi-
fied a uniform PS film with an average thickness
of 14 6 0.2 nm. SPS is a highly sensitive techni-
que for the characterization of ultrathin films. By
monitoring angular-reflectivity changes before
and after polymerization, we can obtain informa-
tion on film formation and optical properties. The
resonance angle and shape of the SPS curves are
correlated to film thickness and dielectric con-
stants, i.e., the refractive index. The thickness of
these films was calculated based on the Fresnel
algorithm fit of the SPS curves. The refractive
index used was n ¼ 1.51, which is typical value
for these polymers.58 The shape and position of
the curves are functions of the thickness, d, and
the refractive index, n. The film thickness was
less than the values previously reported. The
main difference between these works was the

Scheme 1. The precursor initiator for the synthesis
of self-assembled monolayers.
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experimental conditions (solvent, THF) em-
ployed. Assuming that 12 h at �78 8C was suffi-
cient for the polymerization of styrene in THF, we
can conclude that the failure to obtain a thicker
brush must be due to the solvent. THF is much
more difficult to purify than benzene. Therefore,
termination reactions are more likely to take
place in this solvent, even at low temperatures.
Considering that the polymerization propagates
only from the surface and that the concentration
of the initiation sites is extremely low, the impur-
ities and termination reactions induce a crucial
impact on the growth of the tethered polymer
chains.

The wetting properties of the PS brush were
measured by the advancing and receding water
contact angles, using the sessile drop technique.
Contact angles are very sensitive to the upper-
most surface composition changes (sensing depth
0.5–1 nm), and many factors such as surface
energy, roughness, and chemical heterogeneity
can influence the estimated values. The advanc-
ing water contact was 948 6 28 and the receding
was 878 6 28, which are both very close to the
bulk polystyrene reported values.

The XPS spectrum showed the carbon C 1s
peak at 284.5 eV, together with a small ‘‘shake
up’’ peak at 291 eV for the p-electrons (p to p*
transition), indicating the presence of PS on the
surface (Fig. 3). The ratio of the C 1s peak is
much higher with respect to the Au 4p and 4f
peaks, further confirming the formation of a rela-
tively thick PS brush with a high surface cover-
age.

To clarify the conformation of the PS brushes
on the Au substrate, atomic force microscopy

(AFM) was performed [Fig. 4(a)]. The surface top-
ography was similar to that observed for the PS
films on Au surfaces, using different polymeriza-
tion conditions (solvent, temperature, initiator).21

The film consists of smooth, uniform areas with a
root-mean-square (RMS) roughness of 0.7 nm and
defects (dimples) with a depth of 11–14 nm, corre-
sponding to the film thickness. In contrast, the
morphology that was observed on SiOx substrates
was influenced by the polymerization conditions
(addition of polar solvent, amount of initiator
used). Parameters such as grafting density, glass
transition temperature, Tg, molecular weight,
Mw, and polydispersity index of tethered polymer
chains will greatly affect the conformation of the
brushes on the substrate and thus the observed
morphology. Comparing the AFM images of Au
and SiOx substrates, only the grafting density led
to a different morphology. The SiOx substrates
have a consistent morphology made up of holes,
surrounded by reliefs statistically distributed
within the domains.21 On the other hand, on the
Au substrates the holes are much smaller and the
relief structures more prominent. The possible
reason for the low grafting density on SiOx sub-
strates is the attack of alkyllithium initiators in
the presence of the polar additive (THF) to the
Si��O��Si bonds and the removal of the surface-
tethered initiator,59 rendering these substrates
unsuitable for such polymerization conditions.

The homopolymer PEO brush was synthesized
using the same experimental procedure as that
for PS. After activation of the SAM-DPE with the
n-BuLi and the removal of its excess, the temper-
ature was increased from –78 8C to room temper-
ature and EO was added into the reactor by rup-
turing the break seal. After 1 h, 10�3 mol of phos-
phazene base (t-BuP4) was added and the

Figure 3. XPS spectrum of the PS homopolymer
brush.

Figure 2. SPS spectrum of the PS homopolymer
brush.
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reaction temperature was increased to 40 8C. It is
important that the temperature remains below
80 8C, because the Au–S bond is not stable above
this temperature. The polymerization was al-
lowed to proceed for 8 days at 40 8C before termi-
nating with methanol.

SPS measurements indicated a 6-nm thin PEO
polymer brush on the gold surface (Fig. 5). The
XPS spectrum (Fig. 6) showed the relevant C 1s

peak at 284 eV and the O 1s peak at 532 eV, indi-
cating the presence of the PEO brush. However,
relevant Au peaks (4p, 4d, and 4f) appeared at
546, 335, and 84 eV, respectively, in the spectrum.
The presence of these peaks is consistent with the
low grafting density or the small film thickness of
the polymer brush. The escape depth of the core
electrons (5–10 nm) is larger than the film thick-
ness, so it is possible that the existence of the Au

Figure 4. (a) AFM images of PS brushes. Topological or height image (left) and
amplitude or phase image (right). (b) AFM images of PEO brushes. The topological
or height image before annealing (left) and after annealing at 100 8C (right).
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peaks is due to the small film thickness. To con-
firm this statement, the wetting properties of the
PEO brush were studied. The advancing water
contact angle was 458 6 28, which is close to val-
ues reported in the literature (35–458). This value
indicates that the PEO brush has high surface
coverage because the nature of the modified
(SAM-DPE) Au surface changed dramatically
from 1108 to 458 after the formation of the brush.

The AFM images indicated a uniform PEO film
(RMS 0.4–0.6), with high surface coverage [Fig.
4(b)]. The reason for the very high grafting den-
sity could be the low Tg of the PEO, which allows
the polymer chains to have enough mobility at
room temperature to occupy a large surface area
with respect to the surface energy. After anneal-
ing at 100 8C overnight in a vacuum oven, the
grafting density seemed to be even higher and
the morphology consisted of larger, more uniform
spherical domains.

Tethered Block Copolymer Brushes on Au Surfaces

Block copolymer brushes of PS-b-PEO and PI-b-
PMMA were synthesized following the same
experimental procedure for the homopolymers.
The polymerizations were carried out in custom-
made glass reactors (Fig. 1), using high vacuum
techniques. In both cases the polymerization of
the first monomer, styrene or isoprene, was
allowed to proceed for 4 h at �78 8C, followed by
the addition of the second monomer. The first
monomer was added in large amounts, �10 g, to
form a concentrated monomer solution (�25%) to
promote the diffusion of the monomer to the liv-
ing anions on the surface. The amount of the first
monomer remaining, after the introduction of the

second into the reactor, cannot affect the block
copolymerization. In both cases, it is not possible
to form tapered or alternating copolymer brushes.
The detailed schematic diagrams for the synthe-
sis of the two brushes are provided in Schemes 2
and 3. As shown in Table 1, both block copolymer
brushes formed ultrathin films, not expected
when using THF as solvent. In our previous
paper,21 we reported the synthesis of homopoly-
mers and block copolymers brushes in benzene.
The thickness of the tethered polymers was
between 5 and 25 nm. We had seen that by addi-
tion of small amounts of polar additives such as
tetramethylethylenediamine (TMEDA) and THF
in the nonpolar solvent (benzene), the thickness
of the polymer brushes on Au substrates in-
creased. On the basis of these results, we believed
that the presence of a polar additive facilitated
the polymerization at the interface, where the
propagating anions created a more polar inter-
face and the access of the monomers could be
enhanced.21 Since the monomers (St, I, Bd) and
the solvent (benzene) were nonpolar, in all poly-
merization there was a large difference in surface
tension between the polar interface of the living
anions and the nonpolar environment of the solu-
tion, which can prevent the diffusion of mono-
mers to the living initiation sites on the surface.
This would result in the formation of polymer
brushes with low thickness with respect to the
slow propagation rate of the monomers. However,
using more polar monomers (MMA, EO) and sol-
vent (THF) no significant change in the brush
thickness was observed. It seems that the low
concentration of the living anions on the surface
plays a crucial role.

Figure 5. SPS spectrum of the PEO homopolymer
brush.

Figure 6. XPS spectrum of the PEO homopolymer
brush.
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The thickness of the PS-b-PEO, as measured
by SPS, was 7 nm (Fig. 7). The presence of the
two blocks in the polymer brush was confirmed
by FTIR analysis (Fig. 8). The peak at 1500–
1600 cm�1 corresponds to C��C aromatic stretch-
ing vibrations, those between 2850 and 2990 cm�1

to aliphatic CH stretching vibrations (Al��CH),
and the peak at 100–1200 cm�1 to C��O��C vibra-
tions. The spectrum was background-subtracted

from the glass adsorption (due to a thinner reflect-
ing Au surface, only 45 nm). The wetting proper-
ties of this brush were also studied. We had previ-
ously measured the advancing water contact
angles for both PS and PEO homopolymers on gold
substrates. The advancing water contact angle for
the PS-b-PEO block copolymer was measured at
638 6 28. This value was between the two reported
values (948, 458) for the two homopolymer brushes.

Scheme 2. The schematic diagram for the formation of PS-b-PEO block copolymer
brush on an Au surface.
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We would expect that the value of the advancing
water contact angle of the tethered diblock brush
should be around 458, since it has been reported23

that even one monomeric unit of ethylene oxide at
the end of a grafted PI brush changed the advanc-
ing water contact angle from 868 to 478. We
assume that the reason for the high value of the
contact angle is the large interaction parameter, v,
between the two blocks, along with the higher sur-
face energy, c, of PEO block compared with that of

the PS block. A high value of v, would result in the
minimization of the interfacial area between the
two blocks. The PEO chains would aggregate to
avoid contact with the PS chains and because cPEO
> cPS the brushes would tend to reorganize to
maximize the amount of PEO at the surface and to
minimize the surface contacts of PS chains. Hence,
it would be easier for the tethered PS chains to
increase their contact area with the air interface.
A phase separation of the two blocks after this

Scheme 3. The schematic diagram for the formation of PI-b-PMMA block copoly-
mer brush on an Au surface.
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reorganization of the polymer brushes, at the sur-
face, was expected. However, this was not
observed by AFM (Fig. 9) and the most likely rea-
son is the small thickness (low molecular weight of
the tethered polymer chains) of the film. Also this
film exhibits different surface properties in re-
sponse to different solvent conditions. It is known60

that block copolymer brushes tend to reorganize
when they are in contact with different environ-
ments. The Au substrate was immersed in methyl-
ene chloride (a good solvent for both blocks) for 3 h
and the advancing water contact angle was esti-
mated at 6086 28. The substrate was subsequently
treated with cyclohexane at 35 8C (a theta solvent
for PS and nonsolvent for PEO block) for another
3 h and the advancing water contact angle was
estimated at 8786 28.

The XPS spectrum for the tethered diblock co-
polymer brush PI-b-PMMA is shown in Figure 10(a).
The peaks at 284.5 and 532 eV correspond to the
C 1s and O 1s core electrons, respectively, indicat-
ing the presence of the PMMA block. However, Au
relevant peaks were again present at 335 eV 4d
and at 84 eV 4f. The ratio of these peaks was com-
parable with that of the peaks corresponding to C
1s and O 1s. As reported earlier, this is consistent

with the small thickness of the film, which was
measured as 6.0 nm by SPS, or low grafting den-
sity. However, there was no evidence of low graft-
ing density by the AFM images (Fig. 11). It is also
important to note that the Au peaks have a much
higher sensitivity factor for photoelectron transi-
tions compared with C (C/Au of 1:17), and this
may explain why Au peak intensities are higher
compared with the actual constitution. From the
analysis of the spectrum [Fig. 10(a)] there is no
evidence for the presence of the PI block. To con-
firm the existence of the PI, bromination experi-
ments were performed on the polymer brush.61

The carbon–carbon double bonds should be reac-
tive to bromination if a PI block is present. Hence,
bromination took place in a sealed chamber for a
few minutes by evaporating Br2 directly in the
path of the substrate. The relevant peaks, Br 3s
255 eV, Br 3p1/2 188 eV, Br 3p3/2 182 eV, Br 3d 69
eV, verify the presence of the PI block. In addition,
water contact angle measurements were carried
out. The PI homopolymer brush is reported to
have an advancing water contact angle of �868
6 28. The advancing water contact angle of the
PI-b-PMMA brush was measured as 738 6 28, in
good agreement with values reported in the litera-

Table 1. Preparation Conditions, Thickness, and Contact Angles of Homopolymers
and Copolymers Grown by Anionic SIP

Sample Initiator Solvent Thickness (nm) Contact Angle (deg)

PEO n-BuLi THF 6.0 45
PS n-BuLi THF 14.0 94
PS-b-PEO n-BuLi THF 7.0 63
PI-b-PMMA n-BuLi THF 6.0 73

Figure 7. SPS spectrum of the PS-b-PEO block
copolymer brush.

Figure 8. FTIR spectrum of the PS-b-PEO block
copolymer brush.
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ture. High-resolution XPS experiments are in
progress to estimate the polymer composition
with respect to the bromination.

CONCLUSIONS

Homopolymer and diblock copolymer brushes
were synthesized by living anionic surface-initi-
ated polymerization on gold substrates. SAM-

DPE activated by n-BuLi was utilized as the ini-
tiator mechanism. Surface-sensitive analytical
techniques, including ellipsometry, SPS, AFM,
QCM, XPS and FTIR, were used to confirm the
presence of the SAMs and of the polymer brushes.
The wetting properties as well as the response of
the tethered diblock copolymers at different sol-
vent environments were studied by water contact
angle measurements. Low surface initiator con-
centrations and experimental conditions seem to
be the crucial parameters for the small film thick-
ness. The use of polar media and absence of
impurities are critical in facilitating grafting via
surface-initiated anionic polymerization methods.
Future investigations will target the synthesis of
thick diblock copolymer brushes, with controlled
compositions, to clarify the influence of a number
of parameters, including the immobilization of
the one end of the polymer chain on the substrate,
the Flory interaction parameter, v, the grafting
density, the total Mw, the volume fraction and the
surface energy, c, of each block on the tendency
for microphase separation.

Figure 9. (a) AFM images of PS-b-PEO diblock
copolymer brush. The topological or height image
before annealing. (b) AFM images of PS-b-PEO
diblock copolymer brush. The topological or height
image after annealing at 120 8C.

Figure 10. XPS spectra of the PI-b-PMMA grafted
diblock copolymer brush (a) before and (b) after bro-
mination.
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