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a b s t r a c t

Poly(methacrylic acid) brushes have been prepared utilizing the ‘‘grafting from’’ technique and a living
radical synthesis route using a two stage process. Firstly a poly(1-ethoxyethyl methacrylate) brush was
synthesized by atom transfer radical polymerization and then thermally decomposed to poly-
(methacrylic acid). The swelling behaviour of the weak polyacid brush was investigated as a function of
pH and salt concentration in aqueous solutions using atomic force microscopy. Force pulling measure-
ments were used to establish the molecular weight and the grafted chain density. The swelling transition
was found to be at pH 9; which is significantly different to the pKa (5.5) of untethered poly(methacrylic
acid). We attribute this large shift in pKa to the high grafting density of these brushes. This can be
explained as a result of the Coulombic repulsion of neighbouring charges. High salt concentrations (0.3 M
Naþ) also collapse the brush layer. Conversely low salt concentrations cause an increase in the thickness
of the brush, a behaviour expected for osmotic brushes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A polymer brush is a collection of polymer chains that are
grafted to a surface or interface at sufficiently high densities that
the polymer chains are forced to adopt a stretched conformation
away from the surface to reduce segment–segment interactions.
Polymer brushes offer a route for tuning surface properties by
choosing a suitable functionality for a specified application. Brush
layers can be synthesized that are responsive to an environmental
stimulus; generating so called ‘‘smart’’ polymer systems. Surfaces
that respond to a vast array of stimuli such as solvent quality,
temperature, light and electrical potentials are very desirable. The
possible applications for these smart surfaces include: directing
cellular function, drug delivery, lubrication, and the detection of
biomolecules. Valves and openings can be coated with poly-
electrolytes to allow molecular sorting with the potential to retain
proteins and release proteins on demand [1]; responsive brushes
have the possibility to be used as a new class of nano-actuating
materials [2,3].
.
nell).

All rights reserved.
Polyelectrolyte brushes are capable of switching conformation
in response to changes in pH, ionic strength or the valency of the
salt enabling the tailoring of the surface properties [4]. The degree
of swelling and the range of pH values over which the layer
switches conformation can be tailored by altering the grafting
density and chain architecture [5].

Polymer brushes are usually formed by grafting the polymer
onto a surface or interface. One end of the polymer is functionalized
so that it can react with an appropriate surface, typically using thiol
or silane chemistry although physisorption with a diblock copoly-
mer can also be used [6,7]. The advantage of the ‘‘grafting to’’
method is that there is precise control over the molecular weight
and the polydispersity of the polymer system on the surface, as
modern synthesis routes like anionic polymerization can give
excellent control over these properties. Entropic effects limit the
grafting density of brushes formed in this fashion, as the chains will
spread out in order to maximize their conformational entropy,
which reduces the area available for other chains to reach the
surface.

Another way to prepare brushes is to grow the polymers in situ
from an initiator on the surface, the so-called ‘‘grafting from’’
method. This method allows the growth of high density brushes as
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the entropic effects that limit the densities of brushes produced via
‘‘grafting to’’ route do not apply. The ‘‘grafting from’’ method used
in this work involves depositing a monolayer of an initiating species
onto a surface or interface from which a polymer chain can then be
‘‘grown’’ using atom transfer radical polymerization (ATRP). This
can be a living polymerization mechanism and so gives control over
the molecular weight and polydispersity of the polymer brush.
Determining the exact molecular weight can be problematic
however, due to the inability to measure the molecular weight
directly from the grafted brush layer using standard GPC tech-
niques. As an area of 1 cm2 contains approximately 2.5 mg of
material for a 25 nm thick brush layer of PMAA, assuming
successful cleavage from the silicon substrate which is non-trivial
with our present system. Polymer bulk laboratory methods for
determining molecular weight (i.e. size exclusion chromatography)
require milligrams of material and can therefore not be used. Free
initiator can also be added to the polymerization reaction to
determine the molecular weight of the brush indirectly [8].

The primary condition for the onset of brush like behaviour is
that the distance between polymer chain grafting sites be signifi-
cantly less than radius of gyration (Rg) of the polymer [9]. Here the
height of the brush scales linearly with the polymerization index N,
whereas an unstretched chain would scale as N1/2 [10]. Brushes are
stretched and it is this stretching that makes them different and
therefore interesting compared to ungrafted chains in solution.
Other types of deposited polymer layer architectures such as spin
coated layers and layer by layer deposited systems are less confined
and will consequently adopt a random walk configuration in
solution. For these systems the actuation comes from the globule to
coil transition and most systems tend to be hydrogel layers and
form a network of linked chains [11].

The properties of grafted weak polyelectrolytes in solution are
significantly more complex than those of grafted strong poly-
electrolytes as the charge density is not fixed for weak poly-
electrolytes [12]. Instead the charge density varies depending on
the pH or ionic strength of the surrounding solution [13–16]. Weak
polyelectrolytes exhibit much richer behaviour in response to
added salt ions than either strong polyelectrolytes or neutral
brushes. Weak polyelectrolyte brushes collapse in the same way as
strong polyelectrolyte brushes at high salt concentrations. However
weak polyelectrolyte brushes exhibit an interesting effect before
this critical collapse salt concentration is reached; at low
(increasing) salt concentrations the brush height increases and this
is referred to as the osmotic brush state. This happens due to the
requirement of charge neutrality for the local concentration of
protons in the brush. As the salt ions can be exchanged with the
protons without invalidating the charge neutrality requirement,
the salt ions have the effect of altering the degree of dissociation of
the acid or base groups depending on whether the brush is
a polyacid or a polybase. It is likely that the salt cations (e.g. Naþ) will
recombine with the acid groups in a polyacid brush to form a salt
[17]. This leads to a net increase in the charge within the system,
causing an increase in the osmotic pressure within the brush.
Consequently the brush swells with increasing salt concentration
until the salted brush regime is reached and the brush collapses [18].
The crossover regime between the osmotic brush state and the
salted brush should take place when the external salt concentration
corresponds to the concentration of free ions inside the brush.

In this work we report the synthesis and characterization of
poly(methacrylic acid) (PMAA) brushes using a protected monomer
that can be deprotected to give well-defined PMAA brushes. PMAA
is an example of a weak polyacid that exhibits a large volumetric
change when it passes through its collapse transition making it an
ideal model system for study. ATRP gives control over molecular
weight and polydispersity and is available for a wide range of
monomers, but unfortunately PMAA is difficult to synthesize
directly via ATRP because the acidic monomers poison the catalyst
by coordinating to the transition metal [19]. To overcome this
problem a two-step process is utilised. A brush of poly(1-ethoxy-
ethyl methacrylate) is grown via ATRP and then thermally con-
verted to PMAA.

The response of the brushes to the addition of salt and the
variation of the solution pH was investigated using atomic force
microscopy (AFM) in liquid. This is a technique that has been used
by many researchers looking at brush response and dynamics
[20,21]. We show that the swelling transition occurs at significantly
higher pH values than that observed for the free untethered poly-
mer [22]. The molecular weight of the grafted brush was deter-
mined with high resolution force spectroscopy (HRFS), by force
pulling measurements of the chains pulled out of the brush and
measuring the terminal distance and equating this to be the
molecular weight of the brush.

2. Experiment

2.1. Substrate preparation

Silicon wafers (Mitsubishi Research) polished to the (100) face
and having a native oxide layer thickness of 15 Å, and rendered
hydrophilic by first cleaning in an oxygen plasma for 10 min
followed by the RCA method stage one [23] (18 MU cm water,
ammonia (BDH 37%) and hydrogen peroxide (Fisher) (20% v/v)
with a volume ratio of 5:1:1, at 80 �C for 10 min). The sample was
then washed repeatedly with clean water. The cleaned silicon was
dried under a nitrogen atmosphere for several minutes and placed in
a vacuum oven at 80 �C for 30 min to remove all the traces of
water on the silicon surface. The initiator (11-(2-bromo-2-methyl)-
propionyloxy)undecyl trichlorosilane was synthesized according
to the method used by Beers et al. [24,25]. Copper(I) chloride
(Aldrich, 98%þ) was purified using sequential washings with
glacial acetic acid under nitrogen, petroleum ether and ethanol
before storing under nitrogen. Triethylamine (Aldrich, 99%) was
filtered through a 0.45 mm PTFE Acrodisc CR filter (PALL Life
Sciences) immediately prior to use. N,N,N0,N0,N00-pentamethyl-
diethylenetriamine (PMDETA, Aldrich, 99%) and methyl-2-bro-
mopropionate (Aldrich, 98%) were used as-received. The silicon
surface was rendered hydrophilic as described above before being
sealed tightly in a PTFE beaker containing 20 mL of a 0.15% v/v
solution of (11-(2-bromo-2-methyl)propionyloxy)undecyl tri-
chlorosilane initiator in dry toluene [26]. The silicon block was
then removed and subjected to two sequential washings with
toluene, acetone, and ethanol before finally being dried under
nitrogen. The blocks were stored under vacuum until required for
the brush synthesis. Decyltrichlorosilane (Aldrich) was used as the
non-initiating species for the variable grafting density study also at
a concentration of 0.15% v/v in dry toluene.

2.2. Synthesis of 1-ethoxyethyl methacrylate (EEMA)

Under a nitrogen atmosphere, 1.0 mol (85.2 mL) of methacrylic
acid (Aldrich 99%) was added slowly at 0 �C to a mixture of 1.2 mol
(114.9 mL) of ethyl vinyl ether (Aldrich 99%) and 0.002 mol (0.2 g)
of phosphoric acid (Aldrich) as a catalyst. The mixture was stirred at
room temperature for 48 h. The catalyst was then absorbed in
hydrogen talcite. After filtration the excess vinyl ether was evapo-
rated using a rotary evaporator. The product was distilled at
reduced pressure to remove the phenothiazine polymerization
inhibitor. The product was stored at �10 �C prior to use [27,28]. The
1H NMR (chloroform-d) for the EEMA monomer is displayed in
Fig. 1 and confirms the structure of the EEMA monomer.



Fig. 1. 1H NMR data for the EEMA monomer prior to the synthesis.1.21 [3H, t, –OCH2CH3],
1.43 [3H, d, –COOCH(CH3)], 1.95 [3H, s, CH2]C(CH3)], 3.52–3.75 [2H, m, –OCH2–], 5.59
[1H, s, CH2]C(CH3)–], 5.99 [1H, q, –COOCH(CH3)], 6.15 [1H, s, CH2]C(CH3)–].
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2.3. ATRP procedure for 1-ethoxyethyl methacrylate synthesis

The EEMA monomer was passed through a column of basic
Al2O3 (BDH) to remove any unreacted methacrylic acid or other
impurities. The EEMA monomer (21 mL) was then placed into the
reaction vessel. The Cu(I)Cl (75 mg) was weighed out and placed
Scheme 1. The reaction scheme for the growth of a protected poly(1-ethoxyethyl methacry
surface. Followed by the brush polymerization (step ii) and subsequent conversion to poly
into the reaction vessel and stirred continuously until the wafers
were removed. The reaction vessel was purged for 15 min with
oxygen free nitrogen (BOC) after which time 0.6 mL of the ligand
(PMDETA) was added through a suba-seal using a syringe. After the
addition of the ligand the silicon wafers were lowered into the ATRP
mixture and the polymerization proceeded for a maximum of 2 h
depending on the desired brush thickness. The polymerization was
carried out at room temperature.
2.4. Procedure for the deprotection of 1-ethoxyethyl methacrylate
to methacrylic acid

It is possible to synthesize PMAA brushes with poly(tert butyl
acrylate) [12,29,30] as the precursor which can then be hydrolysed
under strong acidic conditions to leave a brush layer that is inho-
mogeneous over the surface. We prefer to use an EEMA synthesis
because the conversion to PMAA is achieved without the use of
harsh reaction conditions that could cause cleavage of the brush
chains Scheme 1. The hydrolysis is performed by heating the brush
to 150 �C in a vacuum oven for 4 h (hydrolysis step 1) and then
placing it in water (hydrolysis step 2). The effect of the heating is to
remove the protecting groups and leave a poly(methacrylic acid)
brush; further heating could result in anhydride formation. This
was overcome by placing each brush in ultrapure deionized water
for a minimum of 24 h. The anhydride group is highly reactive and
is readily converted back to a carboxylic acid group via this method.
2.5. Characterization

The thickness of the polymer brushes was measured using
ellipsometry. A Gaertner 116B ellipsometer using a HeNe laser at
628 nm and 70� incidence angle was used. The resulting ellipso-
metric parameters J and D were fitted using a single layer model
with a refractive index of n¼ 1.5 on a silicon substrate with values
for the real (n) and imaginary components (k) of n¼ 3.875 and
k¼ 0.018. Ten measurements were taken over the sample surface
and the data presented here are the average values obtained with
the associated standard deviation.

The chemical composition of the brush was investigated using
a Perkin Elmer Spectrum One FTIR spectrometer. The samples for
late) brushes on silicon substrates, (step i) is attachment of the initiator to the silicon
(methacrylic acid) via a pyrolysis de-protection stage (step iii).
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this study were grown on both sides of ultra thin silicon wafers
(50 mm thick) polished on both sides (Virginia Semiconductor).

The sessile or ‘‘static’’ drop method was used to determine the
advancing contact angles, with water as the liquid phase. An FTA
200 machine (First Ten Angstroms) was used in conjunction with
the inbuilt drop shape analysis software to determine the plateau
point in the drop formation, corresponding to the advancing
contact angle for the surface being measured. For each surface three
areas were measured to give an average contact angle. Between
each measurement, the samples were rinsed in ultrapure water
(resistivity of 18 MU cm) and dried under nitrogen. The brush
samples used in the study were measured before and after the
hydrolysis to see its effect on the contact angle. To study the effect
of the pH, the solution was adjusted using concentrated HCl (BDH)
or NaOH (BDH).

The X-ray photoelectron spectroscopy (XPS) wide energy scan
data are plotted in Fig. 2; a scan is performed at each step in the
scheme for synthesizing a PMAA brush layer. Each sample studied
was measured at three separate areas on the brush surface to
examine the homogeneity of the ATRP reaction scheme. The
samples were studied at a take-off angle of 90�. The data were
subsequently analysed using the standard CASA (XPS) software
package. The RCA cleaned silicon and initiator-treated silicon stages
have spectra dominated by the underlying silicon surface. The XPS
data shown in the inset in Fig. 2 confirm the successful formation of
the initiator layer with a bromine 3d peak at 69.7 eV.

2.5.1. Instrumentation
A Nanoscope IIIA multi-mode AFM manufactured by Veeco

(Santa Barbara) was used for the ambient air condition scans of the
brush layers. The AFM tips were standard Olympus tapping tips
with a resonance of 275 kHz. A Dimension 3100 AFM was used with
a Nanoscope IV controller for the liquid measurements. This
configuration of the Dimension AFM provides the most suitable
Fig. 2. XPS data from the surface of the brush layers, these data were used to deter-
mine the atomic composition of the brush layers and to infer the conversion of the
brushes from protected PEEMA to PMAA. The inset figure is of the bromine 3d peak at
69.7 eV for the initiator coated silicon.
setup for altering the pH because the sample can be accessed with
ease, due to the open configuration of the sample and scan head. A
section of the brush layer was removed using a scalpel to leave
a brush silicon-boundary that was then imaged as the pH or ionic
strength was altered. The pH of the solution was measured
immediately prior to each pH change and then added using
a micropipette. The pH of each solution was measured with a Seven
Easy pH meter (Mettler Toledo) calibrated using buffer solutions of
pH 3, pH 7 and pH 9.2 (Scientific Laboratory Supplies). Initially the
sample was overfilled with an excess of the new pH solution, which
was then removed with a clean micropipette. This process was
repeated 4–5 times to make sure that the pH of the solution was
well defined. The same procedure was carried out for the added salt
experiments. The salt sodium nitrate (NaNO3, 99%) (Aldrich) was
chosen as it contains only monovalent ions, the pH of the solution
that of deionized water (pH 6.5). Brush samples were then imaged
for 25 min per pH environment or ionic strength as this allowed the
sample to equilibrate, with the last image being used for the brush
height measurement. An experimental study of the brush response
dynamics has shown this to be sufficient for the brush layer to
swell, with a typical layer responding to the influence of the solvent
pH in seconds to tens of seconds [22]. The analysis of the AFM
images involved measuring the step height change in the brush as
a function of the solution pH. This was done across the same scan
region to remove uncertainties due to fluctuations in sample
thickness. The brush height was determined from an average of 6
line scans to give a brush layer thickness for each particular pH or
ionic strength.

High resolution force measurements were made using
a Molecular Force Probe 1D instrument (MFP, Asylum Research,
Inc.) isolated from vibrations using a Halcyonics active vibration
table. The experimental setup uses an open cell arrangement with
a wetted SPM tip brought into contact with the wetted sample
surface. Commercially available soft cantilevers (MSCT-AUNM
Veeco SPM) were used which had ultra sharp, gold-coated
(increased reflectivity) silicon nitride tips calibrated using the
thermal method built into the MFP. The tips had a radius of
curvature of less than 20 nm. The spring constant for each experi-
ment was determined according to the nondestructive thermal
method [31].

The brush samples were cleaned with copious amounts of
deionized water before and after each set of measurements and
allowed to equilibrate with the solution for 5–10 min. This time-
scale proved more than adequate as no noticeable change in the
force curve data was observed over this timescale. The pulling
speed of the cantilever tip was kept constant for all data at
800 nm s�1 and the tip reversed and approached with no dwell
time on the surface. The Asylum MFP 1D was used for all the force
pulling measurements with the force separation data converted
into force–distance data using the methodology of Seog et al. [32].
The MFP measures force as a function of the cantilever deflection
along the z-axis. This observed deflection is made up of the distance
between the tip and the sample and the cantilever deflection, so for
a true value of the tip-sample distance D and to produce mean-
ingful force–distance curves, the cantilever deflection must be
subtracted from the z-piezo movement to give values for D. For
a very hard surface, zero separation is defined as the region in the
force curve in which the cantilever deflection is coupled 1:1 with
the sample movement. This appears in the force curve as a straight
line of unit slope. A complete force curve includes the measured
force as the tip probe approaches the sample and is retracted to its
initial starting position.

X-ray reflectivity measurements of the brush sample was made
using a Bruker D8 Advance X-ray scattering system fitted with
a Göbel mirror on the X-ray source emitting radiation at 1.54 Å



Table 1
Contact angle data for the various stages in the preparation of EEMA brushes and
subsequent conversion to PMAA brushes.

Sample Configuration Advancing water
contact angle

RCA cleaned silicon Si/SiO2 12�

Initiated layer of silicon Si/SiO2/Init 73�

Brush A unhydrolyzed Si/SiO2/Init/PEEMA 76�

Brush B unhydrolyzed Si/SiO2/Init/PEEMA 75�

Brush A hydrolyzed Si/SiO2/Init/PMAA 35�

Brush B hydrolyzed Si/SiO2/Init/PMAA 33�
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(copper Ka) and running at 40 kV and 40 A. The sample was
a 50 mm diameter circular silicon wafer. Reflectivity runs were
collected over a 4 h period with step sizes sufficiently small enough
to distinguish the features seen. The data were fitted using custom
written routines with the application pro Fit (QuantumSoft) for the
Macintosh. The brush layer was modeled as a stack of thin slabs
using a recursive scheme [33,34]. Each layer within the model was
characterized by an X-ray density, a thickness and a roughness
modelled following the scheme of Névot and Croce [35]. The data
fitting was done in a least-squares manner. A combination of
steepest descent and Monte Carlo fitting procedures was used in
order to ensure that the fits obtained were as close as possible to
the global minima.
3. Results

3.1. Growth of 1-ethoxyethyl methacrylate brushes and their
subsequent conversion to poly(methacrylic acid)

The kinetics of the ATRP ‘living’ polymerization reaction used to
synthesize the brushes was investigated using an eight armed
reaction vessel which enabled the removal of silicon wafers at set
times throughout the reaction. (The reaction vessel is kept under
a positive pressure of nitrogen gas, ensuring that the reaction
continues unaffected during removal of the silicon wafers.)

Fig. 3 shows ellipsometry measurements for the increase in
brush thickness as a function of the reaction time for a series of
brushes before and after the thickness change following depro-
tection/removal of the protecting group. The first 30 min of the
polymerization shows a linear growth rate in the brush thickness
until a thickness of 30 nm after which the reaction appears to slow
Fig. 3. Polymer brush thickness as a function of the polymerization time for the
1-ethoxyethyl methacrylate (circles) and after the hydrolysis to poly(methacrylic acid).
with no further increase in thickness. This could be due to a number
of possible factors including poisoning of the reaction by oxygen in
the reaction system and also the burying of the living ends in the
bulk of the brush, reducing the reaction rate [36]. Another mech-
anism could be a small amount of chain deprotection that would
inhibit further brush growth. The difference in thickness between
the hydrolyzed and unhydrolyzed brushes is a key indication of the
change from PEEMA to PMAA as the bulky protecting groups have
been removed from the chain. This thickness change is very
pronounced with the PMAA brush layer being thinner after the
deprotection step than the unhydrolysed PEEMA and gives a qual-
itative confirmation that the hydrolysis step has converted the
protected monomer to poly(methacrylic acid). A calculation of the
thickness change from the removal of the bulky protecting group
during the heating step predicts a thickness reduction of 46% as the
PEEMA is converted to PMAA. The sample polymerized for 90 min
was initially 31.6 nm and reduced to 17.9 nm after heating. We
predict (assuming the mass change under hydrolysis) the brush to
have a thickness of 17.1 nm, which agrees well with the observed
thickness change for the PEEMA brush.

A simple way of confirming that the pyrolysis of EEMA to poly-
(methacrylic acid) is effective at hydrolyzing the brush layer is to
Fig. 4. Static water contact angle measurements as a function of pH for a PMAA brush.
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measure the contact angle of water drops on the brush layers at the
different stages of brush treatment. The contact angle value for RCA
cleaned silicon of 12� compares well with the literature value [37]
of 10� for the type of silicon used. Table 1 shows that the contact
angle of the brush surface for two identical brushes is consistent
and also that the change in contact angle after hydrolysis is very
pronounced. Contact angle measurements are a means of exam-
ining changes in the surface energy but these measurements do not
elucidate whether the brush is fully hydrolyzed throughout
because it only probes the top 10–20 Å of the brush layer. To test the
polyelectrolytic nature of the brush layer contact angles at different
values of pH were measured for the collapsed (pH 4), and swollen
(pH 10) states of the brush; the data are presented in Fig. 4. The data
for the pH change from pH 4 to pH 10 show a shift in the contact
angle from 42� for the collapsed layer down to 32� for the swollen
state. The value of the contact angle for the brush at pH 10 is similar
to the value at pH 6 (35�), even though we noted the swelling
transition using AFM measurements to take place above pH 9.
However dilute PMAA is expected to be swollen at pH 6, and our
earlier measurements on polybase brushes demonstrated that the
end of the brush is more likely to be swollen than the region close
to the substrate [38].

FTIR is a powerful tool for examining the chemical composition
of samples. Brushes must be grown on thin IR transparent silicon
(silicon has a transmission window in the IR region), enabling the
absorption spectrum of the brush to be measured. This was done
using thin silicon polished on both sides to give sufficient trans-
mission to measure the IR spectrum. The homopolymer data pre-
sented in Fig. 5 show the spectrum for a PMAA standard (Polymer
Fig. 5. FTIR spectra for a brush before and after the conversion of the grafted brush
layer from poly(1-ethoxyethyl methacrylate) to poly(methacrylic acid) via a pyrolysis
step. The arrows highlight the main changes after conversion to PMAA (see main text).
Source) with a broad peak at 3200 cm�1 which is attributed to the
–OH group [6]. Confirmation of the chemical conversion of the
brush layer can be seen in the IR spectra in Fig. 5. The most
important change in the spectrum after hydrolysis is the growth of
an extremely broad peak due to the carboxylic acid O–H stretch
from 3500 to 2500 cm�1. We also note a broadening of the carbonyl
stretch due to overlapping monomeric 1704 cm�1 and dimeric
1724 cm�1 acid bands and a reduction in the 1140 cm�1 peak from
the C–O–C group.

The wide scan X-ray photoelectron spectroscopy data (Fig. 2)
confirm the transformation of the brush to PMAA via the removal of
the 1 ethoxy-ethyl protecting group by a change in the surface
composition of 68:25 (C:O)–60:28 (C:O). For EEMA the molar ratio
between carbon and oxygen is 8:3 so a 68% composition gives an
oxygen value of 25.5% very close to the measured value of 25%. After
heating if the layer had not been converted successfully this would
give a ratio of 60:22.5. Whereas the molar ratio of C:O for PMAA is
4:2, again for a 60% carbon composition we would expect a 30%
oxygen composition, again close to the measured value of 28%. The
measured change in the carbon/oxygen ratio using XPS shows the
successful deprotection and conversion of the brush layer to PMAA.

To summarize, the conversion of the protected PEEMA to PMAA
has been demonstrated using FTIR, XPS, contact angle and ellips-
ometry measurements.

The surface Fig. 6 uniformity of the brushes has been demon-
strated by using both X-ray reflectivity (Fig. 6) and AFM (see Sup-
porting information) on similar samples. The brush layer is clearly
uniform with a root mean square roughness value of 0.5 nm
determined independently from both measurements.
Fig. 6. X-ray reflectivity data for a typical dry brush layer synthesized using the
protected monomer route, having a dry thickness of 156 Å and a surface roughness
of 5 Å.



Fig. 7. Single molecule stretching events fitted using the worm like chain model with
a fixed persistence length of 5 Å and normalized by their contour length, Lcontour.

Fig. 8. The distribution of measured molecular weights evaluated from the worm like
chain fitted contour lengths, Lcontour of a PMAA polymer brush.
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3.2. Molecular weight determination of a grafted poly(methacrylic
acid) brush using single molecule force spectroscopy

Direct determination of the molecular weight of a grafted
polymer brush is very difficult to obtain using standard analytical
methods, owing to the small amount of brush material and the
difficulties involved in removing the grafted layer from the
substrate without destroying it. Standard practice is to use
untethered free initiator and then carry out GPC on this material
and assume that the free initiator and surface bound initiator
produce the same molecular weight polymer. Using this method,
we found that the brush was of poor quality as it was coated with
a layer of untethered polymer. Instead we decided to measure the
MW directly using force pulling methods, which have been used
extensively to evaluate the molecular weight of grafted polymer
brushes [39–42].

The force pulling profile for a grafted polymer brush has
a maximum attractive force, which decays towards zero upon
increasing chain extension. The total number of stretched chains
decreases with increasing extension, as progressively longer chains
approach their contour lengths and break free from the tip. The
preferred way to determine the molecular weight was to measure it
directly by measuring single molecule force–distance curves and
determining the contour length (Lcontour) for single molecule
stretching events, where the maximum Lcontour would be related to
the upper limit of the molecular weight of the polymer brush. The
worm like chain model (WLC) model was used to fit the single
molecule force extension curves for the brush force pulling exper-
iments. In the WLC model Fchain is the elastic restoring force of the
polymer chain, x is the chain end-to-end separation distance and kB

is the Boltzmann constant. The persistence length is lp, T is the
absolute temperature and Lcontour is the fully extended contour
length of the chain.

Fchain ¼
�

kBT
lp

��
1
4

�
1� x

Lcontour

��2

�1
4
þ x

Lcontour

�

The persistence length lp of poly(methacrylic acid) is a fixed
parameter in the WLC model using the value from the literature
of 5 Å determined using small angle X-ray scattering for
ungrafted PMAA [43]. The value of the persistence length should
be valid as it a basic property of PMAA whether or not it is
grafted to a surface. Constraining the persistence length requires
that only one parameter is fitted to the WLC model and removes
some ambiguity in the data analysis. This persistence length
value proves to be very accurate for all of the data used to
evaluate the molecular weight of the brush. The suitability of
fixing this parameter can be seen in Fig. 7, where deviation from
the fixed value of 5 Å is only seen at large extensions. This is the
case for most polymers fitted to worm like chain or freely jointed
chain models as they break down at high extensions. Single
molecule stretching events were collected in deionized water for
multiple sites on the brush to get a meaningful data set. To best
evaluate the molecular weight of the brush only the final pull
event for each approach-retract curve was fitted as this gives the
best estimate of the contour length immediately prior to the tip
pulling away from the brush. All of the terminal force pulling
events were fitted to the WLC model using a fixed persistence
length to give a distribution of contour lengths Lcontour. The fitted
contour length is an integer N times the persistence length lp.

From the distribution of measured terminal contour lengths,
a molecular weight, Mi can be determined from:

Mi ¼
M0Lc

lp
(1)
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where M0 is the individual monomer molecular weight, which is
86 g mol�1 for a methacrylic acid monomer unit (Fig. 8).

The molecular weight data from the force pulling gives an
average Mn of 106,000 g mol-1, Mw of 124,000 g mol-1 and poly-
dispersity of 1.15. The force pulling data probably give an over-
estimate of molecular weight, due to the increased likelihood that
longer chains will be subjected to pulling events, and this is also
expected to affect the measured polydispersity. Countering this
however is the fact that the AFM tip is highly unlikely to interact
with the very end of the PMAA chain. However this is expected to
be a small effect because chain ends are expected to be near the
surface for an ATRP polymerization. Despite these complications,
we conclude that force pulling measurements are an effective way
of measuring the brush molecular weight.
3.3. Grafting density

The grafting density of the polymer brushes was calculated
using the molecular weight extracted from the HRFS data. The data
in Fig. 9 show the effect of the grafting density on brush height. For
such samples the silicon surface can be controlled to give different
grafting densities by using a ‘‘dummy’’ initiator. This was done
using a trichlorosilane with an almost identical length to the ini-
tiator, but incapable of initiating brush growth. This has the effect
of reducing the number of possible initiating sites on the surface
and means that the chains are much further separated than if the
surface were coated with 100% initiator sites, lowering the grafting
Fig. 9. Thickness measurements measured using ellipsometry for a series of brushes
synthesized using the protected monomer route with three different surface initiator
densities made of mixed monolayer of ATRP initiating and non-initiating species.
density. The assumption was then made for the dummy initiator
that the proportions allowed a reduction in the grafting density
according to the proportions of the mixture of dummy initiator and
standard initiator. We assume that the brush growth kinetics are
not altered by the use of dummy initiator.

The grafting density G of a polymer brush was calculated for the
dry polymer brush layer using Eq. (2).

G ¼
�

hrNA

MN

�
(2)

where h is the brush height, r is the density of the polymer, NA is
Avagadro’s constant and MN is the number averaged molecular
weight. The density of PMAA is assumed to be the same as its bulk
density of 1.015 g cm�3 [44]. For a brush with full surface initiator
coverage and an MN value of 106,000 gmol�1 from the HRFS data,
the surface grafting density was calculated to be 0.12 chains nm�2.
The distance between the grafting sites d was calculated to be
3.2 nm using:

d ¼
�

4
Gp

�1
2

(3)

The force pulling data gave a derived grafting density for the 100%
initiator case that then allowed the calculation of the grafting
density with the non-initiating silane.
3.4. pH dependent swelling

There have so far been few experiments to probe the height
change in a polyelectrolyte brush in response to changes in the
environmental pH and salt concentration. One study used neutron
reflectometry to examine the pH response of a weak polybase of
poly[2-(diethyl amino)ethyl methacrylate] and observed a shift in
the pKa as a function of the grafting density [38]. The pH at which
the brush starts to swell is a critical aspect in the behaviour of
polyelectrolyte brushes.

The data displayed in Fig. 10 show that the brush layer begins to
swell at pH 7 and continues swelling up until pH 10.5 whereupon
the layer starts to collapse, possibly due to the presence of an excess
of salt ions in the system [45]. With increasing pH, poly(methacrylic
acid) chains in solution transform from a collapsed to stretched
conformation around pH¼ pKa. This conformational change is
induced by the electrostatic repulsion between the carboxylate
anions. The equilibrium chain conformation is a balance between
the electrostatic interaction of the charged carboxylate anion
groups, which favours stretching, and the conformational entropy
of the PMAA chains, which opposes stretching. The AFM images for
the two extremes of the brush state are shown to highlight the
effect of the pH change and to show that the same area of brush has
been used to quantify the swelling of the polyelectrolyte brush
layer. Fluorescence measurements for dilute untethered PMAA
reveal that the transition for this system is much lower in pH, with
a conformational shape transition at pH 5.5 [46]. There is therefore
a massive difference between the two regimes of tethered and
untethered, that exists entirely due to the highly grafted nature of
the polymer chains to a substrate [5,47]. Currie et al. have also
observed a shift in the observed swelling of grafted poly(acrylic
acid) brush layers and attribute it to a displacement of the effective
pKa of the brush as the overall degree of dissociation a decreases
strongly with increasing grafting density. The explanation for the
shift in the effective pKa of the brush is ultimately a result of the
high degree of Coulombic repulsion of neighbouring charges.
The distance between the carboxylate anions is controlled by the
Bjerrum length of the mixture. Forcing the polyacid chains together



Fig. 11. Thickness change for a poly(methacrylic acid) brush as a function of the
sodium ion concentration at a fixed pH of 6. The predicted theoretical scaling rela-
tionships for the osmotic brush state (bOs) and the salted brush state (bs) are plotted as
dotted lines with the exponents in italics. The observed exponents from the experi-
ment are plotted with solid lines and points with the values for the measured expo-
nents in italics.

Fig. 10. AFM brush height measurements for the swelling and de-swelling cycle for
a poly(methacrylic acid) brush as the pH of the solution is altered from pH 7 to pH 11
and reversed from pH 10 back to pH 7. The brush has a dry thickness of 21 nm as
measured by ellipsometry, an average MW of 124,000 gmol�1 and a grafting density of
0.12 chains nm�2.
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therefore causes counterion condensation, which avoids frustration
of excess charge in such a confined system. Dissociation of the weak
acid groups within the brush layer will therefore only be complete
at higher pH values in solution relative to that of a weak acid in the
bulk phase. This increase of the pKa to 9 is a good deal more than
that seen for an ungrafted carboxylic acid group which has a pKa of
4 [48].
Table 2
Summary of the measured exponents for the osmotic brush state (bOs) and the salted
brush state (bs) for poly(acrylic acid) or PAA and poly(methacrylic acid) or PMAA
end-anchored or chemically end-grafted weak polyelectrolyte brush layers. G is the
grafting density of the brushes in units of chains nm�2.

Polymer G [chains nm�2] bOs bS Technique Reference

PAA 0.125–0.39 0.1 – Ellipsometry Currie et al. [5]
PAA 0.039 0.03 �0.3 DLS Guo et al. [50]
PAA 0.718 0 �0.31 SAXS Bendejacq et al. [51]
PAA 0.143 0.03 – Ellipsometry Wu et al. [52]
PMAA 0.005–0.116 0.11 �0.10 Ellipsometry Zhang et al. [47]
PMAA 0.025 0.33 �0.33 Ellipsometry Biesalski et al. [17]
PMAA 0.123 0.03 �0.24 AFM This study
3.5. Monovalent salt ions

A systematic study was carried out to examine the influence of
added monovalent sodium (Naþ) salt ions. The brush was investi-
gated at a fixed pH of 5.9 using milli Q pure deionized water. The
same area of sample was measured throughout the experiment to
give a consistent method for measuring the effect of the ionic
strength on the brush height.

The brush swells from an initial thickness of 24 nm at a salt
concentration of 1 mM to a maximum thickness of 33 nm at 0.3 M
and then collapses as the salt concentration is increased beyond
0.3 M.

The data in Fig. 11 are presented in a double logarithmic plot of
the brush thickness as a function of ionic strength because this
gives a way to compare the data to the theoretical mean field power
law proposed by Zhulina et al. [14]. Here it is proposed, that in the
osmotic brush regime, the brush height scales as a function of ionic
strength, h f I1/3 for a given pH and a fixed grafting density. There is
qualitative agreement between our data and the mean field
predictions for an osmotic brush in that it shows two distinct
regimes. The results clearly show that the exponent for this brush
system is significantly smaller with a brush height increase for the
osmotic brush regime of wI1=30. This large difference between the
experimental data and theory may be due to the analytical model
neglecting important steric contributions, which are expected to
play an important role for closely packed polymer chains. Table 2 is
a summary of experiments where we can compare the exponents
for the osmotic brush and the salted brush for comparable weak
polyelectrolyte systems. The only set of data that shows an
agreement with the theoretical model of Zhulina et al. for the
osmotic brush state is the study carried out by Biesalski et al.,
whose study concerns non-densely grafted chains with a poly-
dispersity of 2. The other studies all show a much weaker depen-
dence with exponents ranging from 0.0 to 0.11. The agreement
between the salted brush regime experiments seems to be more
consistent values closer to the predicted exponent of 0.33, although
we have limited data to draw a full conclusion for the salted regime.

The transition from the osmotic brush to the salted brush
regime occurs when the bulk salt concentration is equal to the free
mobile counterion concentration [49]. This point happens at
a sodium ion concentration of 0.3 M, which corresponds to a Debye
length of 6 Å. A simple calculation using the areal density, thickness
and molecular weight allow us to estimate the degree of ionization
in the brush, which gives a z 0.05, where a¼ 1 means that the
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brush is fully dissociated. Further work will examine the effect of
adding salt at higher values of pH.

4. Conclusions

We have successfully prepared stimuli-responsive poly-
(methacrylic acid) brushes on planar silicon surfaces using atom
transfer radical polymerization of EEMA, which was converted to
PMAA by hydrolysis. The grafted polymer brushes were charac-
terized by determining the molecular weight via single molecule
force spectroscopy, which then enabled the determination of the
grafting density. The deprotection of the EEMA precursor was
assessed by transmission FT-IR with the presence of a broad peak at
3200 cm�1 which indicates an OH group. The swelling properties of
the brushes in aqueous liquids confirm a rich responsive poly-
electrolytic behaviour. AFM measurements show pH dependent
swelling to take place well above pH 7 with a maximum swelling at
pH 10.5, well above the pKa of free poly(methacrylic acid). The salt
swelling of the brush shows a transition from the osmotic brush to
the salted brush as the concentration of monovalent salt ions was
increased.
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