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ABSTRACT: This paper describes detailed studies on the controlled synthesis of poly[2-(methacryloyloxy)eth-
yl]dimethyl(3-sulfopropyl)ammonium hydroxide (polyMEDSAH) from initiator-modified gold surfaces and the
properties of these brushes as a function of grafting density and thickness. Improved control over polymerization
was achieved by preforming the catalytically active complex to ensure that the monomers did not coordinate to
the catalyst. We observed an intriguing transition thickness (hcrit) in which the polyMEDSAH brushes switched
from hydrophilic to hydrophobic due to the strong inter- and intrachain associations. We studied this transition
as a function of the rate of polymerization and grafting density and found that both factors strongly influence the
value of hcrit. Faster grown polyMEDSAH brushes have higher hcrit values, and brushes grown from higher grafting
density have higher hcrit value. These observations suggest that the hcrit is governed by the density of the brushes,
the polymer chain length, and the degree of alignment. Furthermore, the inter- or intrachain associations can be
reversed by increasing the temperature, leading to a hydrophobic to hydrophilic switch, where the magnitude of
the switching is governed by the grafting density.

1. Introduction

There have been significant theoretical and experimental
efforts to study the equilibrium thickness of both weak and
strong polyelectrolyte brushes in water and their responsive
properties upon changes in pH or addition of salts.1-6 However,
both theoretical and experimental studies have focused almost
exclusively on polyelectrolytes that contain either positive or
negative charges and where the stretching of the chains is due
to repulsive interactions between charged monomers. A different
and completely new situation arises in polyelectrolyte brushes
that also contain attractiVe noncovalent interactions. In a recent
publication,7 we demonstrated the growth of up to 100 nm thick
films of zwitterionic poly[2-(methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)ammonium hydroxide (polyMEDSAH) polymers
using atom transfer radical polymerization (ATRP). These are
sulfobetaine polymer brushes bearing an anionic sulfonate
(SO3

-) and a cationic quaternary ammonium (QA+) group on
each monomer unit.

Polyzwitterions are isoelectric at neutral pH, with typical
dipole moments in the 20-30 D range.8,9 The salt-free solution
properties of polyzwitterions are dominated by attractive
electrostatic interactions between the monomeric units, generally
rendering them insoluble. This behavior is strongly dependent
on temperature and molecular weight, which strongly influence
the inter- and intrachain ion-pairing interactions.10-13 For certain
polyzwitterionic hydrogels this reversible self-association mani-
fests itself experimentally as an upper critical solubility tem-
perature (UCST);12 i.e., only at sufficiently high temperatures
are the dipolar, electrostatic, interactions broken, yielding
isolated polymer chains that are completely solvated.14-16

Polyzwitterionic polymers exhibit excellent hemo- and biocom-
patibility.17-22 Like other biocompatible surfaces, such as
poly(ethylene glycol),23 biocompatibility is attributed to hydra-
tion of the zwitterionic surface to form a dynamic boundary
layer.24 The modification of surfaces with zwitterionic structures
is therefore of general interest in the area of biomaterials science,
and there are numerous literature examples on the use of self-
assembled monolayers and polymeric coatings containing zwit-
terionic groups.22,25,26 We,7 and others,27,28 have recently shown

the formation and protein-resistant properties of zwitterionic
polymer brushes. However, thus far, the synthesis of these
brushes has been rather difficult to control, with the polymer-
ization terminating after the formation of around 100 nm thick
brushes and significant amounts of solution polymerization
occurring.

Here we present the formation of up to 600 nm thick brushes
of polyMEDSAH and demonstrate how control over the
polymerization rate as well as grafting density gives an insight
into the unusual properties of these brushes, which show a
sudden and significant change in wettability at a relatively
precise thickness and grafting density.

2. Experimental Section

Materials. MEDSAH (97%), copper(I) chloride (99.995+%)
(CuCl), copper(II) chloride (99.995+%) (CuCl2), and 2,2′-dipyridyl
(99+%) (bipy) were purchased from Aldrich and used as received.
CuCl was stored under vacuum until needed. Analytical Reagent
grade methanol (99.99%) was purchased from Fisher Scientific and
used as received. Deionized water with a resistance of 18.2 MΩ · cm
was obtained form a Millipore Simplicity 185 system.

Sample Preparation. Gold substrate coated with ω-mercap-
toundecyl bromoisobutyrate to form a thiol initiator monolayer was
prepared as described previously for surface-initiated ATRP.3 The
polymerization solutions were prepared as follows: MEDSAH (25
g, 89 mmol) was degassed and left under nitrogen. CuCl (0.18 g,
1.8 mmol), CuCl2 (48 mg, 0.36 mmol), and 2,2′-dipyridyl (0.70 g,
4.5 mmol) (bipy) were degassed and left under nitrogen. A mixture
of methanol (40 cm3) and water (10 cm3) was freeze-pump-thaw
degassd at least four times. The monomer was then dissolved in
degassed solvent (45 cm3), and the copper/ligand mixture was
dissolved in degassed solvent (5 cm3). After 10 min the catalyst
mixture was added to the monomer solution and mixed thoroughly
at room temperature. Initiator-coated samples (∼1 cm2) were sealed
in reaction vessels, degassed, and left at room temperature under
nitrogen. The polymerization solution was then injected into each
reaction vessel, adding enough solution to submerge each sample
completely. After various polymerization times the samples were
removed, washed with warm Milli-Q water (65 °C), and dried under
a stream of nitrogen. Polymerizations with different monomer-to-
copper ratios and different grafting density7 (adopted the system
previously published by our group) were carried out to study the
kinetics and conformation effects on the properties of this poly-
electrolyte zwitterionic brushes.
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Ellipsometry. Ellipsometric measurements were carried out with
a spectroscopic ellipsometer (R-SE from J.A. Woollam Co, Inc.).
The data were fit using a Cauchy model for the index of refraction
of the organic layer and tabulated values for the index of refraction
of gold substrate. At least three measurements across each sample
were taken.

Contact Angle Measurements. Contact angle goniometry was
performed using a homemade stage with a computer-controlled
microsyringe and digital camera. Infusion and withdrawal rates of
2 µL min-1 were used. Advancing water contact angles (θAW) were
recorded.

3. Results and Discussion

We previously outlined a synthetic route to polyMEDSAH
brushes up to 100 nm thick with potentially interesting surface
properties in the form of an UCST transition for brushes over
90 nm thick.3 The general synthetic route is shown in Figure 1.
In our first series of detailed experiments into the growth of
these brushes, we used a polymerization solution containing
MEDSAH, CuCl, CuCl2, and 2,2′-bipyridine at molar ratios
ranging from 100:1:0.1:2.5 to 100:3:0.3:7.5, respectively (as
shown in Table 1), with a monomer concentration of 1.79 M,
with water in methanol (20% v/v) as solvent. The solution was
rigorously degassed using four freeze-thaw cycles to minimize
uncontrolled polymerization in solution. The different ratios of

Cu+ to Cu2+ provide a synthetic tool to improve the “living”
character of the brush growth.29,30 The ellipsometric data for
the thickness of the polymer brushes formed under different
conditions is shown in Figure 2. Some general trends can be
observed during the first 200 min of the polymerization (which
are partly lost during later stages of the reaction):

First, in agreement with the general rate equation for ATRP
reactions,31,32 increasing the concentration of deactivating CuCl2
slowed down the kinetics of polymerization, as can be seen for
the series 2: 0.1; 2: 0.2; 2: 0.4; 2: 0.8. Second, changing the
ratio of total catalyst to monomer, while keeping the [Cu+]/
[Cu2+] molar ratios constant had little influence on the rate of
polymerization, as can be seen for the series 1: 0.1; 2: 0.2; 3:
0.3.

Figure 1. (a) Synthesis of poly[2-(methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)ammonium hydroxide (polyMEDSAH) brushes using
surface-initiated atom transfer radical polymerization (ATRP). (b) Ion-
pairing interactions between zwitterionic monomers. (c) Different
conformational states of polymers in brushes ranging from fully
hydrated, nonassociated chains to collapsed chains with interchain and
intrachain associations.

Table 1. Relative Concentrations of Catalyst, Deactivator,
Monomer

([2-(Methacryloyloxy)ethyl]dimethyl(3-sulfopropyl)ammonium
Hydroxide, MEDSAH), and Ligand (2,2′-Dipyridyl, bipy) Used

for Polymer Brush Growth from Initiator-Modified Gold
Substratesa

molar ratio

MEDSAH (M) MEDSAH CuICl CuIICl2 bipy

1.79 100 1 0.1 2.5
1.79 100 2 0.1 5
1.79 100 2 0.2 5
1.79 100 2 0.4 5
3.58 100 2 0.8 5
1.79 100 3 0.3 7.5

a All polymerizations were performed at room temperature using water/
methanol (20% v/v) as solvent.

Figure 2. Time-resolved growth of poly[2-(methacryloyloxy)ethyl]di-
methyl(3-sulfopropyl)ammonium hydroxide (polyMEDSAH) brushes
on gold: (A) 0-24 h polymerization time; (B) 0-240 min polymeri-
zation time. All polymerizations used a monomer concentration of 1.79
M in water/methanol (20% v/v) at room temperature. Legend values
refer to the molar ratio of [Cu+]/[Cu2+] molar ratios used, as outlined
in Table 1. Lines are added to guide the eye.
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The samples were further analyzed by contact angle goni-
ometry, the results of which are depicted in Figure 3. We
intuitively expect the results to be independent of film thickness
since the material of the film is uniform throughout, but we
previously7 observed that thick (>90 nm) polyMEDSAH
brushes were markedly more hydrophobic than thin brushes.
Looking at our contact angle data, it becomes quite obvious
that the thickness-dependent properties of polyMEDSAH brushes
are quite complicated.

In general, films below a thickness of ∼90 nm are hydrophilic
with θAW between 10° and 20°. Above a film thickness of ∼300
nm the films are hydrophobic with θAW up to ∼80°. Between
these thicknesses a broad crossover regime is observed. Looking
closely at Figure 3, the critical switching thickness (hcrit) for
the series 2: 0.4 occurs close to the lower boundary of 100 nm.
Conversely, hcrit for the series 2: 0.1 occurs near the upper limit
of 300 nm.

Figure 3 also indicates that increasing the CuCl2 concentration
reduces the critical thickness at which a change in wettability
occurs. By combining these observations for the kinetics and
wetting, the beginnings of a theory can be proposed. Increasing
the polymerization rate and/or losing control over the poly-
merization will result in an extended hydrophilic regime,
switching to a hydrophobic regime at a higher hcrit. Slow
growing, well-controlled brushes will exhibit narrow molecular
weight distributions and similar polymer chain densities through-
out their profile. Conversely, rapid polymer brush growth would
be expected to yield films with broader molecular weight
distributions, and therefore a reduced polymer chain density,
due to the burial of active end groups by surrounding chains
and an increased probability of termination. These differences
in brush morphology may explain the spread of data for the
wetting characteristics shown in Figure 3.

These initial experiments prompted us to further improve the
control over the polymerization reaction. The key to further
control was found in changing the procedure for mixing the
brush growth solution. We noticed that no polymers formed in
solution before the addition of copper catalyst and that more

solution polymer formed with larger amounts of catalyst added.
A possible explanation for this is the formation of sulfobetaine
copper complexes which may lead to unwanted side reactions.33

In order to overcome this problem, the copper catalyst was
precoordinated and degassed separately from the MEDSAH
monomer. In a typical experiment, water in methanol (20% v/v)
was freeze-pump-thaw degassed at least four times. The
monomer MEDSAH was degassed and left under nitrogen in a
separate flask. The CuCl, CuCl2, and bipy were degassed and
left under nitrogen in a third flask. Once the solvent was
degassed, 10% of the total solvent volume required was added
to the catalyst flask; the solution was stirred for at least 10 min
to precoordinate the copper, forming the copper-(bipy)2

complexes. The remaining 90% of the total solvent needed was
added to the monomer. Once the monomer had dissolved, the
precoordinated catalyst was added to the monomer solution.
After thorough mixing, the polymerization solution was injected
over initiator-coated wafer samples held under nitrogen and left
to polymerize for various times. After polymerization the
samples were washed with warm Milli-Q water at 65 °C and
dried under a stream of nitrogen before analysis. Masses and
volumes of the starting materials were chosen such that in the
final polymerization solution the monomer concentration was
1.79 M, and the ratio of monomer to catalyst followed a
selection of those given in Table 1. The polymerization was
now much more reproducible (although slower), and no solution
polymerization was observed for the first 20 h of the reaction.
The reaction follows a similar trend as observed for the
conditions described above, with more Cu2+ leading to slower
brush growth.

However, Figure 4 shows that in all cases there is now a
dramatic and sudden change of the contact angles from
hydrophilic to hydrophobic when the thickness of the brushes
reaches a critical thickness (hcrit). The transition is clearly
strongly correlated to the Cu+/Cu2+ ratio and can be tuned to
occur anywhere between 50 and 250 nm brush thickness. Slower
growing brushes show lower hcrit, which suggests that it is not
the length of the chains (i.e., the molecular weight of the
brushes) that is the key parameter that determines the value of
hcrit. Instead, slower growing brushes are more dense,30 and it
is the grafting density of the polymer brushes that apparently
controls the collapse transition of the brushes.

In order to study the influence of grafting density in a more
controlled way, a set of experiments using different initiator
densities but the same polymerization condition ([Cu+]/[Cu2+]
) 2:0.8) was carried out. The exact grafting density is difficult
to determine as not all initiator molecules in the self-assembled
monolayers will carry a polymer chain.34 We varied the grafting
density from 10% to 100% by mixing the thiol initiator with
different amounts of undecanethiol, and the kinetic plots are
shown in Figure 5. All polymerizations used a monomer
concentration of 1.79 M in water/methanol (20% v/v) at room
temperature. The legend labels refer to the corresponding
initiator concentration for the experiment.

When decreasing the initiator concentration, i.e., decreasing
the initial grafting density on the polyzwitterionic brushes, the
polymerization reactions are not so well controlled as the 100%
initiators ones. However, with lower initiator concentration, the
thickness increased slower and terminated at a lower brushes
thickness, which agrees with the rate equation, as the rate of
polymerization is proportional to the initiator concentration while
the rest of the parameters are the same. When decreasing the
initial grafting density, the polymer brushes conformation
changes from the so-called “brushes regime” to the so-called
“mushroom regime”.35-37 If we look at the thickness vs
advancing contact angle plots (Figure 5b), there is a transition
point of thickness for all cases. However, the transition thickness

Figure 3. Plot of advancing water contact angle (θAW) as a function of
the thickness of poly[2-(methacryloyloxy)ethyl]dimethyl(3-sulfopro-
pyl)ammonium hydroxide (polyMEDSAH) brushes on gold. Same
polymerization conditions as listed in Table 1. The legend labels refer
to the corresponding [Cu+]/[Cu2+] molar ratios for that experiment.
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appears at lower thickness in case of lower initial grafting
density.

To rule out differences in surface morphology for the different
grafting densities, we characterized these samples using AFM.
For the dense brushes (100% initiator), the roughness (rms, as
determined by AFM software) of the brushes changed from 0.5
to 1.2 nm2 when the thickness increased from 27 to 40 nm and
the contact angle changed from about 15° to 51°. However, for
the 50% initiator brushes the rms roughness remained more or
less constant (0.8 nm2) when the thickness changed from 28 to
39 nm. These differences are quite minimal and are not expected
to make a significant contribution to the contact angles.
However, Figure 5b shows different hcrit values for different
grafting densities; the brushes were grown for approximately
similar amounts of time (polymerization for 7-8 h resulted in
∼40-45 nm thick brushes on 100% initiator density SAMs and
10-15 nm thick brushes on 10% initiator SAMs) when the
polymer brushes hit the hcrit and changed from hydrophilic to
hydrophobic. Under the conditions used, brush growth was
controlled, and therefore the molecular weights of these brushes
should all be quite similar. This result strongly indicated that a
critical molecular weight (or length) of the polymer brushes is
a determining factor for the collapse transition. Combining these
data with the results on less controlled polymerizations,
we believe that it is molecular weight that determines the value
for hcrit. However, if the length of the polymer chains would
be the only deciding factor, then the very thick (.100 nm)
brushes reported previously should all be hydrophobic, as we
observe hydrophobic transitions at around 40 nm here. There-
fore, we believe that the transition must also be associated with
the specific intrachain and interchain interactions between
neighboring chains (Figure 1). This strongly indicates that
alignment of the chains, which is a unique property of polymer
brushes, and thereby an increased organization of the interacting
dipole-dipole associations, the trigger that provides hydropho-
bic collapse, provided that the chains are of sufficient molecular

weights. However, we cannot measure the absolute grafting
density of these brushes as we cannot measure the molecular
weights of the chains. (The polymers would be very insoluble
in water, and we can only obtain minute amounts of polymer
after dissolving the Au substrates.) The alignment in the brushes
will occur in dense brushes as well as in dilute brushes (dilute
due to more rapid growth or grown from 10% initiator SAMs)
once the size of the chains is larger than the distance between
grafting points. However, the brushes grown at different speeds
will also show differences in polydispersity.30 We believe that
the increased polydispersity of the rapidly and uncontrolled
growing chains will broaden the wetting transition and obscure
the influence of molecular weight and alignment of the chains.

In our previous work on polyMEDSAH brushes,7 we reported
that these brushes show a reversible wetting transition at around
52 °C, which we attributed to the UCST of the polyzwitterionic
polymers. This UCST is normally strongly influenced by the
molecular weight and concentration of the polymers and the
nature and concentration of added salts.12,38 Here, we show a
marked influence of the grafting density on the wetting
transition. Figure 6 shows the reversible transition between
hydrated (hydrophilic) brushes at temperatures above the UCST
(60 °C) and the more hydrophobic, dehydrated brushes at room
temperature. All brushes became more hydrophilic at high
temperatures, but the magnitude of contact angle change ranged
from 10-15° for the 100% brushes to 30-35° for the 10%
initiator brushes, showing a strong dependency on the grafting
density. The more dilute brushes showed much lower contact
angles when hydrated (and slightly lower contact angles at room
temperature). This effect can be explained by considering that
hydrated brushes of lower grafting densities will contain a
significantly larger fraction of water and therefore will show
lower contact angles. Probing the UCST transition using contact
angles should more appropriately be measured using “captive
bubble” contact angles of air in water.39 In this study, we only

Figure 4. (a) Time-resolved growth of poly[2-(methacryloyloxy)ethyl]dimethyl(3-sulfopropyl)ammonium hydroxide (polyMEDSAH) brushes on
gold with different [Cu+]/[Cu2+] ratios. (b) Advancing water contact angles (θAW) as a function of brush thickness. All polymerizations used a
monomer concentration of 1.79 M in water/methanol (20% v/v) at room temperature. The legend labels refer to the corresponding [Cu+]/[Cu2+]
molar ratios.

Figure 5. (a) Plots of dry poly[2-(methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)ammonium hydroxide (polyMEDSAH) brushes thickness
as a function of polymerization time with different initiator concentra-
tions. (b) Plot of advancing water contact angle (θAW) as a function of
the brush thickness with respect to different initiator concentration. All
polymerizations used a monomer concentration of 1.79 M in water/
methanol (20% v/v) at room temperature.

Figure 6. Changes of the wetting characteristics of hydrophobic poly[2-
(methacryloyloxy)ethyl]dimethyl(3-sulfopropyl)ammonium hydroxide
(polyMEDSAH) brushes after raising the temperature from 20 to 60
°C. All polymerizations used a monomer concentration of 1.79 M in
water/methanol (20% v/v) at room temperature with varied initiator
concentrations. The legend refers to the fraction of initiator molecules
on the substrate.
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probed a number of both hydrophilic and hydrophobic brushes
using this method and found no qualitative differences.

4. Conclusions

We have described a detailed investigation into the controlled
synthesis of PMEDSAH brushes by ATRP. The impetus for
this work was provided by our observation that uncontrolled
polymerization yielded very thick brushes (>500 nm), but the
brush growth was accompanied by polymer formation in
solution. Furthermore, these brushes showed fairly unusual
surface wettability characteristics as a function of the thickness.
However, the transition from hydrophilic to hydrophobic brushes
took place in a very wide (200 nm) thickness window which
made it impossible to draw any conclusions about the underlying
mechanism. Significantly better control over the polymerization
was achieved by performing the Cu-bipy complex to ensure
that the monomers did not coordinate to the catalysts. Further-
more, we explored a wide range of different [Cu+]/[Cu2+] molar
ratios to maximize reproducibility in the brush growth. To
corroborate faster brush growth with our assumption that such
brushes would be have a lower grafting density, we also initiated
polymer brushes from monolayers with different initiator
densities. As a result of the improved synthetic procedure, the
wettability transition now occurred at precise thicknesses (hcrit),
below which all brushes showed the same hydrophilic character
and above which the brushes were more or less equally
hydrophobic. We studied the transition as a function of rate of
polymerization and grafting density and found that both factors
strongly influence the value of hcrit. Overall, our experiments
strongly point in the direction of an interplay between intrachain
associations between zwitterionic groups on monomers on the
same chains and interchain associations between neighboring
polymer chains. This interplay is governed by the density of
the brushes, the polymer chain length, and the degree of
alignment. Clearly, low molecular weight and dilute brushes
will always be hydrophilic, higher molecular weight, but dilute
(and/or polydisperse) brushes will also be hydrophilic, until the
chains stretch away from the surface, have a sufficient molecular
weight, and are sufficiently dense and monodisperse to form
interchain associations. We have previously suggested that some
form of supercollapsed state40 could be responsible for the rapid
transition: once these associations form, the polymers rapidly
“zip” together, as the dipole-dipole pairing leads to an
avalanche of further associations in the locally less polar
environment. Such a supercollapse transition would explain the
“sudden” collapse of the brushes at a particular thickness, rather
than a slow increase in the contact angles with increasing
thickness or grafting density. Finally, the self-associated state
can be reversed by increasing the temperature, leading to a
hydrophobic-to-hydrophilic switch, and we show that the
magnitude of the switching is governed by the grafting density.
The increased control over the brush growth and the reversible
switching in wettability, in combination with the reported
biocompatibility and protein-resistance properties of polyzwit-
terionic polymers, make these brushes interesting candidates for
new types of adaptive surfaces with applications in microfluidics,
sensors, and protein diagnostics.
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