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ABSTRACT: A tethered triblock copolymer has been synthesized by sequential monomer addition to a
self-assembled monolayer of (11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane. Si/SiO2//
polystyrene-b-poly(methyl acrylate)-b-polystyrene (PS-b-PMA-b-PS) and Si/SiO2//PMA-b-PS-b-PMA were
prepared by the “grafting from” method using atom transfer radical polymerization. The resulting triblock
brushes were characterized by ATR-FTIR, water contact angles, ellipsometry, X-ray photoelectron
spectroscopy (XPS), and atomic force microscopy (AFM). Free polymer formed during the brush formation
was characterized by gel permeation chromatography. Treatment of the triblock brushes with block-
selective solvents caused reversible changes in the water contact angles and AFM. AFM analysis revealed
a patterned nanomorphology when the brush was treated with a good solvent for the mid-block. We have
interpreted this nanomorphology in terms of a folded brush structure where the two end blocks aggregate
and force the mid-block to the air interface. XPS and water contact angle observations are consistent
with this interpretation.

Introduction

Polymer brushes refer to an assembly of polymer
chains which are tethered by one end to a surface or
interface.1,2 Tethering of the chains in close proximity
to each other forces the chains to stretch away from the
surface to avoid overlapping. Polymer brushes have
recently attracted considerable attention, and there
have been numerous studies to examine their structure
and novel properties.3-9 As such, polymer brushes have
found application in a broad range of fields, including
colloid stabilization,10 tailoring surface properties, and
“chemical gates”.5 Polymer brushes are typically syn-
thesized by two different methods: physisorption and
covalent attachment. Polymer physisorption normally
involves absorption of block copolymers onto a substrate,
where one block interacts strongly with the surface and
the other block forms the brush layer.11 The disadvan-
tages of physisorption include thermal and solvolytic
instabilities due to the noncovalent nature of the graft-
ing, poor control over polymer chain density, and
complications in synthesis of suitable block copolymers.
Tethering of the polymer chains to the surface is one
way to surmount some of these disadvantages.

Covalent attachment of polymer brushes can be
achieved by either “grafting to” or “grafting from”
techniques. The “grafting to” technique involves tether-
ing preformed end-functionalized polymer chains to a
suitable substrate under appropriate conditions.12 This
technique often leads to low grafting density and low
film thickness, as the polymer molecules must diffuse
through the existing polymer film to reach the reactive
sites on the surface. The steric hindrance for surface
attachment increases as the tethered polymer film
thickness increases. To overcome this problem, the
“grafting from” approach can be used and has generally
become the most attractive way to prepare thick,
covalently tethered polymer brushes with a high graft-
ing density.13 The “grafting from” technique involves the

immobilizing of initiators onto the substrate followed
by in situ surface-initiated polymerization to generate
the tethered polymer brush. Surface immobilized initia-
tors can be generated by either treating the substrate
with plasma or glow discharge in the presence of a gas14

or forming initiator containing self-assembled mono-
layers (SAMs) on the substrates.15,16 As the chains are
growing from the surface, the only limit to propagation
is diffusion of monomer to the chain ends, thus resulting
in thick tethered polymer brushes with high grafting
density.

Recent advances in polymer synthesis techniques
have given rise to the importance of “living” free radical
polymerization, as it provides a number of advantages
over traditional free radical techniques.17 The main
advantages that a “living” free radical system provides
for polymer brush synthesis are control over the brush
thickness, via control of molecular weight and narrow
polydispersities, and the ability to prepare block copoly-
mers by the sequential activation of the dormant chain
end in the presence of different monomers.18,19 Probably
the most common “living” radical technique to produce
polymer brushes is atom transfer radical polymerization
(ATRP).19-23 In earlier work, we observed the formation
of unusual nanomorphologies for tethered diblock co-
polymers that were treated with block-selective sol-
vents.7,8 Treatment of Si/SiO2//PS-b-PMMA with cyclo-
hexane (a selective solvent for the PS block) resulted in
the formation of a patterned surface that was inter-
preted in terms of pinned micelles. Motivated by this
earlier work, we decided to synthesize and characterize
an ABA triblock copolymer brush. Our goal was to
determine whether the compatibility of the two end
blocks would create a similar nanomorphology. In this
report we detail the use of ATRP to synthesize ABA type
triblock copolymer brushes of styrene and methyl acry-
late and characterization of the resulting tethered brush
systems.
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Experimental Section
Materials. Methyl acrylate (MA, Aldrich, 99%) and styrene

(S, Aldrich, 99%) were passed through a column of activated
basic alumina (Aldrich, ∼150 mesh) and purged with high-
purity nitrogen for 1 h prior to use. (11-(2-Bromo-2-methyl)-
propionyloxy)undecyltrichlorosilane was synthesized as de-
scribed in the literature.19 CuBr (Aldrich, 98%) was purified
as described in the literature.24 N,N,N′,N′,N′′-Pentamethyldi-
ethylenetriamine (PMDETA, Aldrich, 99%), ethyl 2-bromoisobu-
tyrate (Br-iB, Aldrich, 98%), anhydrous anisole (Aldrich),
dichloromethane, acetone, and ethanol (EtOH) were used as
received. Silicon ATR crystals (25 × 5 × 1 mm) were obtained
from Harrick Scientific. Silicon wafers were purchased from
Semiconductor Processing, Inc., and cut into 25 × 10 mm
pieces using a diamond-tipped glass cutter. All other reagents
were purchased from either Aldrich or Fisher and used as
received.

Substrate Preparation. ATR crystals and silicon wafers
were cleaned by treatment with freshly prepared “piranha”
solution (70/30, v/v, concentrated H2SO4/30% aqueous H2O2)
at 90 °C overnight and were then rinsed with distilled water
and dried with a stream of clean air. It should be noted that
the “piranha” solution is extremely reactive and should be
handled with great care.

General Procedure for Deposition of Surface Bound
Initiator. Into a dried round-bottom flask was placed a freshly
cleaned silicon wafer and ATR crystal. The flask was sealed
using a septum and flushed with high-purity nitrogen for 30
min. Dry toluene (10 mL) and a 25 vol % solution of the
trichlorosilane initiator in toluene (0.2 mL) were added to the
flask via syringe, and the flask was heated at 60 °C for 4 h
under an atmosphere of nitrogen. The silicon wafer and ATR
crystal were then removed, sequentially washed with toluene,
EtOH, and CH2Cl2, and then dried in a stream of air.

Typical Procedure for Surface ATRP from a Flat
Silicon Substrate. An ATR crystal and silicon wafer were
placed in a 100 mL Schlenk flask and sealed with a rubber
septum. The flask was degassed and back-filled with nitrogen
three times and left under nitrogen. CuBr, anisole, and
monomer were added to a separate 100 mL Schlenk flask with
a magnetic stirrer bar, sealed with a rubber septum, and
degassed by purging with nitrogen for 1 h. PMDETA was
added to the mixture via syringe, and the solution was stirred
at 90 °C until it became homogeneous (approximately 15 min).
The solution was then transferred to the flask containing the
ATR crystal and silicon wafer via cannula, followed by the
addition of free initiator, Br-iB, via syringe. The final concen-
trations were as follows: [S]0 ) 3.9 M, [PMDETA]0 ) 25 mM,
[CuBr]0 ) 12 mM and [Br-iB]0 ) 10 mM or [MA]0 ) 3.7 M,
[PMDETA]0 ) 25 mM, [CuBr]0 ) 12 mM and [Br-iB]0 ) 10
mM. The polymerization was allowed to proceed at 90 °C for
24 h, after which the ATR crystal and silicon wafer were
removed and rinsed with CH2Cl2. To remove untethered
polymer, the ATR crystal and silicon wafer were placed in a
Soxhlet extractor and extracted with CH2Cl2 for 24 h. Free
polymer from the polymerization solution was isolated by first
evaporating residual monomer and solvent, dissolving in THF,
and then passing the THF/polymer solution through a short
column of activated basic alumina to remove any residual
catalyst.

Block Copolymerizations. Block copolymerizations were
performed in the same manner as the typical ATRP procedures
for styrene and MA. The order of addition was governed by
the use of ATR crystals and silicon wafers containing the initial
polymer brushes. For example, the Si/SiO2//PS-b-PMA-b-PS
brush was produced by performing the following typical ATRP
procedures in the order styrene, methyl acrylate, and styrene.
After each polymerization the ATR crystal and silicon wafer
were cleaned and extracted to remove any untethered polymer
before proceeding to the next polymerization.

Treatment of Si/SiO2//PS-b-PMA-b-PS Brushes with
Acetone. The sample was first immersed in CH2Cl2 at 40 °C
for 30 min to recover the original state. The Si/SiO2//PS-b-
PMA-b-PS brush was then immersed in 20 mL of acetone at

40 °C for 30 min. The sample was then removed from the
solvent and dried with a stream of clean air followed by
characterization with tensiometry, XPS, and AFM.

Treatment of Si/SiO2//PMA-b-PS-b-PMA Brushes with
Cyclohexane. The sample was first immersed in CH2Cl2 at
40 °C for 30 min to recover the original state. The Si/SiO2//
PMA-b-PS-b-PMA brush was then immersed in 20 mL of
cyclohexane at 40 °C for 30 min. The sample was then removed
from the solvent and dried with a stream of clean air followed
by characterization with tensiometry, XPS, and AFM.

Characterization Methods. FTIR-ATR spectra were re-
corded using a Nicolet System 730 spectrometer using a
modified 4XF beam condenser (Harrick Scientific). Spectra
were recorded at 2 cm-1 resolution, and 500 scans were
collected. Contact angles were determined using a Rame Hart
NRL-100 contact angle goniometer equipped with an environ-
mental chamber and tilting base mounted on a vibrationless
table (Newport Corp.). Advancing and receding values were
determined using the tilting stage method. Drop volumes were
10 µL. Ellipsometric measurements were performed on a
Gaertner model L116C ellipsometer with He-Ne laser (λ )
632.8 nm) and a fixed angle of incidence of 70°. For the
calculation of the layer thickness, refractive indecies of n )
1.455 (for silicon oxide),25 n ) 1.444 (for the initiator layer),
n ) 1.5894 (for PS),25 and n ) 1.480 (for PMA)25 were used.
AFM was performed using a Multimode scanning probe
microscope (Digital Instruments) in tapping mode with a
silicon tip. The AFM images were obtained at room temper-
ature in air. Molecular weight distributions were determined
by size-exclusion chromatography (SEC) using a Waters 501
pump, Waters HR4 and HR2 styragel columns, a Waters 410
differential refractometer, and a Viscotek T60A dual light
scattering and viscosity detector. Molecular weights were
determined using Universal calibration. X-ray photoelectron
spectroscopy (XPS) was performed on a Perkin-Elmer instru-
ment using Al KR radiation at The MATNET Surface Analysis
Centre at Case Western Reserve University. The takeoff angle
was 45°, and the incidence angle of X-rays was 45° with respect
to surface normal, making the X-ray to electron angle 90°.
Survey spectra were taken after the sample was treated with
different solvents.

Results and Discussion

Synthesis and Characterization of Tethered
Triblock Copolymer Brushes on Flat Silicate Sub-
strates. The synthesis of tethered triblock copolymer
brushes of styrene and methyl acrylate on flat silicate
substrates via a “grafting from” approach is illustrated
in Scheme 1. Scheme 1 outlines the preparation of a Si/
SiO2//PS-b-PMA-b-PS triblock copolymer. A similar ap-
proach was used to produce the Si/SiO2//PMA-b-PS-b-
PMA triblock copolymer. Preparation of the triblock
copolymers involves immobilization of a bromo-iso-
butyrate ATRP initiator onto the silicate substrate by
a self-assembly technique. The bromo-isobutyrate ATRP
initiator used was (11-(2-bromo-2-methyl)propionyloxy)-
undecyltrichlorosilane and was synthesized as described
in the literature.19 This initiator has been previously
used to produce polymer brushes of both methyl meth-
acrylate18 and styrene.19 The ATR-FTIR spectrum of
the immobilized initiator (Figure 1a) shows peaks at
2925 and 2853 cm-1, which are assigned to the C-H
stretching and CH2 stretching vibration, respectively,
and 1736 cm-1, which is assigned to the carbonyl
stretching vibration of the ester group.

The detailed experimental conditions for the ATRP
reactions to produce the tethered triblock copolymer
brushes are described in the Experimental Section.
Table 1 outlines the properties of the obtained polymers.
The catalyst system used was CuBr/PMDETA, and the
polymerizations were carried out at 90 °C for 24 h. Free
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initiator, ethyl 2-bromoisobutyrate, was added to the
polymerization. It has been reported that free initiator
is required to provide a sufficiently high concentration

of deactivator, which is necessary for controlled poly-
merizations on the surface.18 Without polymerization in
solution, the concentration of the deactivating copper-
(II) species is insufficient and control is not obtained.
The other advantage to using free initiator is that the
free polymer in solution has been shown to have a linear
correlation with film thickness.18,19 Therefore, since the
amount of polymer on the silicon wafer is too small to
degraft and analyze, the polymer in solution may
provide a indication of the properties of the polymer on
the surface.18 Samples were extracted for 24 h in CH2-
Cl2 to remove any untethered polymer from the sub-
strates.

The values in Table 1 outline the properties for each
of the layers of the triblock copolymer brushes produced.
Each of the values shown is representative of the outer
layer only. The experimental molecular weight values
shown in Table 1 are from the free polymer in solution,
and the calculated molecular weights are calculated
from the overall conversion of monomer, which was
determined by gravimetry. The good agreement between
the experimental and calculated molecular weights, and
the narrow molecular weight distributions, indicate that
the solution polymerization in each case is a controlled
polymerization. Previous reports have shown that there
is generally good agreement between the molecular
weight values of the free polymer and the tethered
polymer chains.26,27 These studies also show that in the
majority of cases the PDI of the tethered chains is
slightly broader when compared to the PDI of the free
polymer. This is explained by radical-radical termina-
tion reactions between the tethered polymer chains.27

Thickness measurements in Table 1 suggest that the
reinitiation efficiency decreased for the outer block in
each case, as the thickness of the outer block was
significantly lower than the first layer even though the

Figure 1. ATR-FTIR spectra of (a) Si/SiO2//bromo-isobutyrate initiator, (b) Si/SiO2//PMA (tethered PMA brush), (c) Si/SiO2//
PMA-b-PS, and (d) Si/SiO2//PMA-b-PS-b-PMA.

Scheme 1. Synthesis of PS-b-PMA-b-PS Brush on a
Silicon Substrate

4962 Boyes et al. Macromolecules, Vol. 35, No. 13, 2002



same experimental conditions were used. This is be-
lieved to be due to radical-radical termination in
preparation of the previous layers, resulting in tethered
chains that are unable to reinitiate. The contact angle
for both the outer PS layer in the Si/SiO2//PS-b-PMA-
b-PS triblock brush and the middle PS layer in the Si/
SiO2//PMA-b-PS-b-PMA triblock brush were signifi-
cantly lower than the characteristic contact angle for
PS (θa ≈ 99°).28 This is believed to be due to the presence
of PMA at the surface in each of these cases.

The vast majority of literature on tethered polymer
brushes is for homopolymer or diblock copolymer brushes;
to the best of our knowledge, there have been no
previous reports on tethered triblock copolymer brushes.
The preparation of triblock copolymers in solution using
ATRP techniques has been previously reported.29,30

Davis and Matyjaszewski30 reported on the synthesis
of both asymmetric and symmetric ABA triblock copoly-
mers of styrene and tert-butyl acrylate using the CuBr/
PMDETA catalyst system in conjunction with an alkyl
bromide initiator. Symmetric triblock copolymers are
formed by the use of a difunctional initiator to produce
the middle block followed by polymerization of the
resultant difunctional macroinitiator to produce the
triblock copolymer. Asymmetric triblock copolymers are
produced by sequential polymerization of the monomers
starting from a monofunctional initiator. The main
advantages in using a difunctional initiator to produce
the triblock copolymer are that only two polymerization
steps are required. This should reduce the overall
amounts of radical-radical termination by reducing the
number of polymerizations required and also enable
production of symmetric triblock copolymers. However,
as the ATRP initiator used in this work is tethered to
the silicon substrate at one end, it is very difficult to
produce tethered symmetric triblock copolymers brushes;
thus, sequential polymerization was used to create
asymmetric triblocks.

The ATR-FTIR spectra for the tethered Si/SiO2//
PMA-b-PS-b-PMA polymer brush, formed by the alter-
nating polymerization of MA and styrene monomers, are
shown in Figure 1. The ATR-FTIR spectrum of the first
PMA layer is shown in Figure 1b. The PMA spectrum
shows characteristic peaks at 2924 and 2852 cm-1 for
asymmetric CH2 stretching and symmetric CH2 stretch-
ing, respectively, and also at 1734 cm-1 for the CdO
stretch. After reaction of the initial PMA layer with
styrene, the ATR-FTIR spectrum (Figure 1c) showed
the presence of peaks at 3026, 3060, and 3082 cm-1, all
attributed to aromatic C-H stretching vibrations. Fur-
ther addition of PMA to form the triblock copolymer
brush is confirmed by an increase in the intensity of
the CH2 peaks (Figure 1d). Similar results and peak
assignments were seen in the ATR-FTIR spectra for
the Si/SiO2//PS-b-PMA-b-PS triblock copolymer brush
(Figure 2a-d).

Solvent Treatment of Triblock Copolymer
Brushes. The influence of solvent on the surface
properties of diblock copolymer brushes has been previ-
ously reported.7 Each of the triblock copolymer brushes
was treated with a solvent that was a good solvent for
the middle block but a nonsolvent for the tethered and
outer blocks. For the Si/SiO2//PS-b-PMA-b-PS brush the
solvent chosen was acetone, and for the Si/SiO2//PMA-
b-PS-b-PMA brush the solvent was cyclohexane. After
treatment with solvent the water contact angle of the
brush was measured, and then the process was re-
peated; these values are listed in Table 2. Contact angles
are very sensitive to the topmost surface composition
changes, with a sensing depth of approximately 0.5-1
nm,31 with many factors such as surface roughness and
chemical heterogeneity having significant effects on
contact angle values. The contact angles for the Si/SiO2//
PS-b-PMA-b-PS brush indicate that after the initial
treatment with CH2Cl2, which is a good solvent for all
blocks, the majority of the polymer localized at the air
interface is PS. As mentioned previously, the deviation
in this value from the characteristic water contact angle
for PS is believed to be due to low initiation efficiency
of the middle PMA block, resulting in a thin outer PS
layer and the presence of small amounts of PMA at the
air interface. After treatment of the Si/SiO2//PS-b-PMA-
b-PS brush with acetone the advancing and receding
contact angles decreased to 74° and 56°, respectively.
These values are almost identical to the characteristic
values for PMA. Subsequent treatment with CH2Cl2
changed the contact angles back to their original values.
The switching of water contact angles was reversible
for many cycles of alternating solvent treatment.

A similar response was seen for the Si/SiO2//PMA-b-
PS-b-PMA brush when it was treated with cyclohexane,
although in this case treatment with CH2Cl2 resulted
in the characteristic contact angle for PMA and treat-
ment with cyclohexane resulted in close to the charac-
teristic contact angle for PS. The deviation from the
characteristic contact angle of PS in this case is believed
to be due to the size of the triblock brush. As each of
the blocks is approximately 20 nm long, rearrangement

Table 1. Physical Properties of Triblock Copolymer Brushes

water contact anglea (deg) mol wt (Mn)

layer θa θr thicknessb (nm) calcdc exptd PDI

PS 97 87 20 13.2 × 103 10.5 × 103 1.10
PS-b-PMA 73 63 18 17.9 × 103 17.2 × 103 1.23
PS-b-PMA-b-PS 88 70 3 21.7 × 103 18.6 × 103 1.07
PMA 72 59 20 15.2 × 103 13.6 × 103 1.50
PMA-b-PS 87 72 23 21.8 × 103 18.7 × 103 1.08
PMA-b-PS-b-PMA 73 58 15 18.4 × 103 15.5 × 103 1.23

a The standard deviation of contact angles was <2°. b Thickness determined by ellipsometry. c Calculated using the conversion determined
from the free polymer. d Experimental molecular weight of the free polymer.

Table 2. Contact Anglesa (deg) for Solvent Treatment of
Triblock Copolymer Brushes

PS-b-PMA-b-PS PMA-b-PS-b-PMA

solvent θa θr θa θr

first CH2Cl2 91 72 69 52
first acetone/
cyclohexaneb

74 56 90 72

second CH2Cl2 94 75 70 52
second acetone/
cyclohexaneb

72 59 92 72

a The standard deviation of contact angles was <2°. b PS-b-
PMA-b-PS brush was treated with acetone and PMA-b-PS-b-PMA
brush as treated with cyclohexane.
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of the outer PMA layer to avoid contact with the
nonsolvent may be difficult due to steric hindrance and
thus results in a small amount of PMA remaining at
the air interface.

To further analyze the composition of the triblock
copolymer brushes at the air interface after solvent
treatment, XPS was used. The sampling depth of the
XPS experiments is approximately 5-10 nm, depending
on the core level binding energy and takeoff angle.31

Figure 3 shows the XPS spectra of the Si/SiO2//PMA-
b-PS-b-PMA triblock copolymer brush after treatment
with CH2Cl2 (Figure 3a) and cyclohexane (Figure 3b).
The molar contents of carbon and oxygen atoms after
treatment with CH2Cl2 were 78.8 and 20.3%, respec-
tively. After treatment with cyclohexane, the oxygen
content decreased to 10.3% and the carbon content
increased to 89.2%. In each case a small amount,
approximately 0.5%, of silicon could be detected. For the
Si/SiO2//PS-b-PMA-b-PS triblock copolymer brush, the
molar contents of carbon and oxygen atoms after treat-
ment with CH2Cl2 were 85.4 and 14.1%, respectively.
After treatment with acetone, the oxygen content in-
creased to 17.3% and the carbon content decreased to
82.2%. Again, approximately 0.5% of silicon was de-
tected in each case.

The XPS results confirm the observed water contact
angle data of the composition of the triblock copolymer
brushes at the air interface. The decrease in oxygen
content of the Si/SiO2//PMA-b-PS-b-PMA triblock brush,
after treatment with cyclohexane, is consistent with the
migration of the PMA blocks away from the air inter-
face. However, as the oxygen content after cyclohexane

treatment is still 10.3%, a significant amount of PMA
is still at or close to the air interface, and as a result,
the water contact angle is below the characteristic value
of PS. Whereas, with the Si/SiO2//PS-b-PMA-b-PS tri-
block brush the oxygen content increases after treat-
ment with acetone, as the PS blocks migrate away from
the air interface. The high oxygen content of the
Si/SiO2//PS-b-PMA-b-PS brush after treatment with
CH2Cl2 is believed to be due to a combination of the thin
outer PS layer and incomplete reinitiation of the middle
PMA block. This results in an observed water contact
angle significantly lower than the characteristic value
for PS.

AFM of Tethered Triblock Copolymer Brushes.
The AFM study of tethered Si/SiO2//PS-b-poly(methyl
methacrylate) (PMMA) and Si/SiO2//PS-b-PMA brushes
has been previously reported.7 In this earlier work we
reported the formation of a nanopattern from tethered
Si/SiO2//PS-b-PMMA and Si/SiO2//PS-b-PMA brushes
after treatment with block-selective solvents. This
nanopattern was attributed to the formation of pinned
micelles with the more soluble PS block migrating to
the air interface as the less soluble PMMA or PMA block
migrated to avoid contact with the solvent. We have
used AFM to examine the effect of solvent treatment
on the tethered triblock copolymer brushes in this study.

Figure 4 shows the tapping mode AFM images of the
Si/SiO2//PMA-b-PS-b-PMA brush after treatment with
CH2Cl2 (Figure 4a) and cyclohexane (Figure 4b). Treat-
ment with CH2Cl2 resulted in a relatively smooth
featureless surface, with a surface roughness of 0.5 nm,
where roughness is defined as the root-mean-square of

Figure 2. ATR-FTIR spectra of (a) Si/SiO2//bromo-isobutyrate initiator, (b) Si/SiO2//PS (tethered PS brush), (c) Si/SiO2//PS-b-
PMA, and (d) Si/SiO2//PS-b-PMA-b-PS.
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height deviations taken from the mean data plane. After
treatment with cyclohexane, the surface roughness
increased to 1.5 nm, and the sample exhibited an
unusual nanomorphology. The average domain diameter
of the nanomorphology, as determined by AFM, was 30
nm. Similar results were observed for the treatment of
the Si/SiO2//PS-b-PMA-b-PS brush with CH2Cl2 (Figure
5a) and acetone (Figure 5b). In this case the surface
roughness of the CH2Cl2-treated sample was 0.8 nm,
which increased to a roughness of 2.2 nm after treat-
ment with acetone, and the average domain diameter
was 20 nm.

For both triblock copolymer brushes, the formation
of the nanomorphology after treatment with a good
solvent for the middle block was attributed to migration
of the outer block to avoid contact with the nonsolvent.
The proposed scheme for the response of tethered
triblock copolymer brushes to treatment with different
solvent is shown in Scheme 2. For example, with the
tethered Si/SiO2//PMA-b-PS-b-PMA brush, CH2Cl2 is a
good solvent for both PS and PMA. When the sample is
immersed in this solvent, the polymer chains are forced
to stretch away from the interface to avoid contact with

the neighboring polymer chains. Removing the Si/SiO2//
PMA-b-PS-b-PMA brush from CH2Cl2 condenses the
polymer brushes and localizes the outer PMA block at
the air interface. If the sample is then immersed in
cyclohexane at 40 °C, a good solvent for PS only, we
speculate that the outer PMA segments migrate from
the solvent interface and form aggregates with both
neighboring PMA segments and PMA segments teth-
ered to the surface, to avoid contact with the solvent.
As the middle PS block is miscible with the cyclohexane,
it migrates to the solvent interface to form a shield
around the PMA aggregates. It should be noted that
Scheme 2 is an idealized representation of the proposed
switching mechanism and may be affected by other
factors.

Comparison of the water contact angle, XPS, and
AFM results indicates that the proposed rearrangement
scheme may be influenced by a number of factors. These
include the thickness of the outer block, the proximity
of the tethered chains to each other, and the Flory-
Huggins interaction parameter between PS and PMA.
As can be seen in Figure 5a, treatment of the tethered
Si/SiO2//PS-b-PMA-b-PS brush with CH2Cl2 results in

Figure 3. XPS spectra of tethered Si/SiO2//PMA-b-PS-b-PMA brush (a) after treatment with CH2Cl2 and (b) after treatment
with cyclohexane.
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a surface that is not smooth and featureless, as was
obtained with the Si/SiO2//PMA-b-PS-b-PMA brush. The
Si/SiO2//PS-b-PMA-b-PS brush had an outer PS layer
thickness of only 3 nm, which was significantly smaller
than the outer PMA layer in the Si/SiO2//PMA-b-PS-b-
PMA brush, which was 15 nm. The thin outer PS layer
is believed to be responsible for the lower than expected
water contact angle exhibited by the brush after treat-
ment with CH2Cl2 and also for the relatively high
oxygen content as measured by XPS. The “textured”
surface seen in Figure 5a is believed to also contribute
to these results and may arise due to the Flory-Huggins
interaction parameter between PS and PMA. It has been
previously reported7 that the large Flory-Huggins
interaction parameter between PS and PMA may give
rise to phase separation not only in the vertical direction
but also in the lateral direction. In our case, the thin
and possibly incomplete (due to poor reinitiation of the
middle MA block) outer PS layer may result in aggrega-
tion of the PS and thus expose the air interface to the
underlying PMA.

The length of the outer block and proximity of the
chains to each other may also play an important role in
the formation of the observed nanomorphology after
treatment with solvent. It has been previously re-
ported3,7 that solvent treatment of tethered diblock

copolymer brushes where the more soluble block is
attached to the surface and that the size of the resulting
pinned-micelle morphology increases with the size of the
less soluble block. A similar result was observed in our
case, as the average domain size of the Si/SiO2//PS-b-
PMA-b-PS brush was 30 nm. For the Si/SiO2//PMA-b-
PS-b-PMA brush, the average domain size was 20 nm,
and the length of the less soluble outer block was only
3 nm (compared to a 15 nm outer block length for the
Si/SiO2//PS-b-PMA-b-PS system). Previous work using
a similar immobilized bromo-isobutyrate initiator indi-
cated that deposition of the initiator using a solution
method resulted in monolayers that were not completely
uniform.9 This, together with a potential decrease in
reinitiation efficiency when using sequential ATRP
polymerizations, may suggest in our case that the
grafting density is too low to facilitate block mobility
during the reorganization process.

Conclusions

Tethered triblock copolymer brushes of styrene and
methyl acrylate were synthesized using sequential
ATRP from self-assembled monolayer of a bromo-
isobutyrate initiator. The Si/SiO2//PS-b-PMA-b-PS and
Si/SiO2//PMA-b-PS-b-PMA brushes were characterized

Figure 4. AFM images of Si/SiO2//PMA-b-PS-b-PMA brush
(a) after treatment with CH2Cl2 and (b) after treatment with
cyclohexane.

Figure 5. AFM images of Si/SiO2//PS-b-PMA-b-PS brush (a)
after treatment with CH2Cl2 and (b) after treatment with
acetone.
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using ATR-FTIR, goniometry, and ellipsometry. The
free polymer was analyzed by GPC. Upon treatment
with different solvents, the tethered triblock copolymer
brushes exhibited reversible changes in surface proper-
ties, which were monitored using goniometry and XPS
analysis. AFM analysis of the treated brushes indicated
that unusual nanomorphologies were formed when
treated with a solvent that was a good solvent for the
middle block but a nonsolvent for the tethered and outer
blocks. We believe that the observed nanomorphology
is dependent on the thickness of the blocks, the proxim-
ity of the chains to each other, and the interaction
parameter between the different components.
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