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ABSTRACT: Poly(acrylicacid) (PAA) brushes covalently linked to mica were prepared using the graft from
approach in a two-step process: (i) poly(zert-butyl acrylate) (PrBA) brushes were first synthesized by atom
transfer radical polymerization directly from an activated mica substrate (ii) followed by hydrolysis to
generate PAA brushes. The hydrolysis reaction was confirmed by water contact angle measurements,
polymer thickness measurements, and FTIR. The swelling behavior of the brushes in aqueous solutions was
measured by examining the change in brush thickness (L), using atomic force microscopy (AFM), as a
function of polymer grafting density (o), pH, and salt (NaCl) concentration (Cs). A sharp transition from
collapsed to stretched conformation was found at pH 7.5. For pH < 7, the acrylic acid groups are not
dissociated, and no swelling of the polymer layer was observed relative to the dry state, regardless of grafting
density and salt concentration. For pH > 7.5, the brushes behaved as charged polymer brushes exhibiting
Pincus and salted-brush regimes that were dependent on the salt concentration. In salt-free solution, the
equilibrium thickness scales with surface grafting density according to L o< ¢®*’, and at high salt concentra-
tions, the brushes collapse according to L o< ¢"*°C,~%'". The swelling behavior of PAA brushes was reversible

with changes in pH and salt concentration under the studied experimental conditions.

Introduction

The control of surface properties using end-grafted polymers
or polymer brushes represents an important scientific issue for
developing responsive surfaces such as biocompatible substrates
for impeding nonspecific adsorption of macromolecules, surfaces
exhibiting switchable wettability, and self-lubricating surfaces, to
name but a few. Surface properties of polymer-coated surfaces
are dependent on the chemical composition of the outermost
surface layer and more particularly on the polymer conformation.
For example, the conformation adopted by polymer chains
stretched along the normal direction to the grafting surface, referred
to as a polymer brush, is different from typically flexible polymer
chains in solution that adopt random-walk configurations. The
specific brush conformation controls surface groiperties such as
autophobicity,' > lubricity,*® and antifouling,'"~'* among others.
Given their sensitivity to environmental conditions, end-grafted
polymers can be used for modifying surface properties in a
controlled and reversible manner via changes in their conformation
associated with changes in their surroundings. Weak polyelectrolyte
(PE) brushes, also called annealed brushes, represent interesting
systems because the degree of dissociation of the chains can be
varied via changes in pH and ionic strength, resulting in another
parameter for reversibly tuning the polymer conformation. On the
other hand, strong PE brushes have a degree of dissociation that is
independent of pH and ionic strength and are therefore called
quenched brushes.

A common and practical means for probing changes in brush
conformation is by measuring the swelling of the brush with
changes in environmental conditions (i.e., ionic strength and pH).
Theoretical studies of polyelectrolyte brushes predict a complex
swelling behavior depending on the degree of dissociation of the
chain (o), grafting density (o), and concentration of added salt
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(Cy)."*~" Different regimes have been proposed to describe the
variation in brush height or brush thickness (L) as a function of
these parameters. For relatively dense and charged brushes in the
absence of added salt, three different regimes, based on simple
scaling description, are often used: (i) weakly charged brushes
behaving as quasi-neutral brushes (neutral brush regime) with
L o< No', where N is the number of repeating units of the poly-
mer chain, (ii) charged brushes with all the counterions located
within the brush whose thickness is mainly controlled by the
osmotic pressure of the counterions (osmotic brush regime) and
independent of o (L o< Na'’?), and (iii) charged brushes with the
counterion distribution extending beyond the brush (Pincus
regime) and whose behavior is mainly controlled by the electro-
static repulsion between units (L o< N°oa®). The presence of added
electrolytes affects the electrostatic interactions within and be-
tween the chains as well as the osmotic pressure of the counterions.
As a consequence, the swelling behavior can be strongly influ-
enced by the presence of added salt. For instance, for annealed PE
brushes at high grafting density and low salt concentrations, the
brush thickness is expected to depend on the grafting density and
the salt concentration according to:'*

1/3
LeNo~ '3 <71 (_’“’OtbcH+ + CS>

where o, is the degree of dissociation of the isolated chains in
solution. This regime is generally referred to as the annealed
osmotic regime. For salt concentrations larger than the conc-
entration of the brush counterions, electrostatic screening effects
are expected to reduce the brush thickness according to L o<
No'Pa?3¢, "3, This regime is called salted brush regime.
Most experimental studies of weak polyacid brushes focus on
PAA and its derivatives grafted on silica substrates and report the
variation of the brush thickness as a function of pH, salt
concentration, and grafting density.?* 2® These studies agree

© 2010 American Chemical Society



Article

only qualitatively with the predicted theory of charged brushes
in that weak polyelectrolyte brushes show an expected non-
monotonic behavior as a function of salt concentration.?’” 22
It has been shown that the brush thickness initially increases with
increasing salt concentration, which corresponds to the annealed
osmotic regime, and subsequently decreases with increasing salt
concentration in the salted brush regime.?**!%*2%2% Most of these
studies show a weaker effect of salt concentration on the brush
thickness than the theoretically predicted one for the annealed
osmotic brush regime'* with different scaling laws (L o< C,* to L o
C03) 202123726 Although discrepancies between results of var-
ious studies are assumed to originate from different grafting
densities, this has not been demonstrated. Despite the numer-
ously reported experimental studies of end-grafted polyelectro-
lyte brushes, to the best of our knowledge, only one quantitatively
correlates the brush thickness as a function of grafting density
and salt concentration.”® The lack of experimental—theoretical
correlation concomitant with inconsistent experimental data
illustrate the complex swelling behavior of weak polyelectrolyte
brushes. As a result, there is a need to better control the para-
meters affecting brush swelling, in particular the grafting density
and electrostatic interactions, in order to establish reliable struc-
ture/properties correlations.

Herein we examine the behavior of end-grafted PAA layers
covalently attached to mica substrates in order to better under-
stand the reversible swelling behavior of charged polymer
brushes. Grafting densities covering an order of magnitude were
investigated for elucidating the behavior of end-grafted poly-
electrolytes across different surface coverage regimes. This is
important given the inconsistencies of previous works that
examined limited grafting densities. The role of electrostatic
charges on the swelling behavior of PAA was also examined by
varying the degree of dissociation of the chains with changes in
pH and ionic strength. While previous studies focused on neutral
and acid pH, we herein examine the swelling effect with pH
ranging from 6 to 9 for verifying the scaling relations for
charged brushes under different degrees of polymer dissocia-
tion. The thickness of the PAA layer as a function of grafting
density, pH, and salt concentration is measured in solution using
the AFM step-height method. A better understanding of the
complex responsive behavior of weak polyelectrolyte brushes is
highlighted while bringing new experimental support to theore-
tical models.

Experimental Section

General Methods and Materials. Chemicals were purchased
from Aldrich unless otherwise stated. Granular anhydrous
sodium chloride (NaCl, 99.999%), tris(hydroxymethyl)amino-
methane (Trizma base, 99.9%), and trifluoroacetic acid (TFA,
99% ) were used as received. Milli-Q quality water was obtained
from a Millipore Gradient A 10 purification system (resistance
18.2 MQ-cm, TOC 4 ppb). Methylene chloride (CH,Cl,) used
for the hydrolysis reaction was filtered through a 0.2 um PTFE
membrane. Absolute ethanol used for cleaning was distilled
prior to use. Ruby mica sheets were obtained from S & J Trading
Inc. All surface manipulations were performed in a clean
laminar airflow cabinet preventing dust deposition on the
surfaces, and all glassware was carefully cleaned.

Surface Preparation and Polymer Hydrolysis. PrBA brushes
on mica surfaces were synthesized as previously reported.?’
More information on monomer purification and on the initiator
grafting reaction is available in the Supporting Information. All
surface samples were synthesized with a targeted molecular
weight in solution of 52 + 3 kg/mol, and it was assumed that
the brush molecular weight was similar to that of the free
polymer in solution. All samples were prepared according to
the step-height method (see the Characterization Techniques
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section for more details). End-grafted PAA layers were
obtained by hydrolysis of end-grafted PtBA layers as follows.
End-grafted PrBA covalently attached to mica surfaces were
immersed in 11 mL of CH,Cl,/TFA solution (10:1 v/v) at room
temperature. The surfaces were left in the solution overnight
with stirring. The mica sheets were then removed from the
solution, washed for about 1 min under a gentle flow of absolute
ethanol, Milli-Q water, and again with absolute ethanol, and
then finally dried with a nitrogen gun for about 1—2 min. The
samples were stored in a desiccator when not in use.

Swelling Study as a Function of pH and Salt Concentration.
For the swelling study of the PAA layers, a buffer solution was
used to obtain different solutions with stable pH. 0.1 M Trizma
base buffer solution was prepared in Milli-Q water. The initial
pH of the solution was 10.2—10.6. The pH was adjusted to the
desired value (pH 7, 7.5, or 9) by adding a given volume of a
0.1 M HCl solution (1:1, 2:1, and 9:1 v/v pH 10 buffer solution/
HC], respectively). The ion concentration increases from 0.02 M
to 0.1 M with the addition of HCI as pH decreases from 9 to 7.
The solution at pH 6 was pure Milli-Q water. The pH of all
solutions was measured with a Symphony SB20 pH meter
(VWR Scientific Products) equipped with an Ag/AgCl elec-
trode. The electrode was calibrated with pH 4.01, 7.00, and
10.01 buffer solutions. NaCl solutions were prepared either at
pH 6 or pH 9. Samples were left in the given solution to
equilibrate by stirring at least 2 h before being analyzed by
AFM. Prior to AFM measurements, the pH of the buffer
solutions and the salt solutions were verified and adjusted if
necessary.

Characterization Techniques. Contact angle measurements
were carried out using a FTA200 dynamic contact angle analy-
zer (First Ten Angstroms) with the sessile drop method. Data
analyses were performed with the Fta32 Video software and
using Milli-Q quality water as the probe liquid. Three separate
measurements were done for each substrate, and the angle data
were statistically combined. The variation around the mean
contact angle averaged over three measurements was £2°. The
equilibrium contact angle of a chemically heterogeneous sur-
face, O, can be related to the fraction of the different chemical
groups f'in terms of the phenomenological Cassie—Baxter and
the modified related equations:*

[1+ cos(Bons)]” = f1[1 + cos(6:)]?
+fo[1 4 cos(02)]  withfi+/o =1 (1)

The water contact angle of a surface covered with a maximum
number of hydrophobic small molecules, f; = 1, is assumed to
be 0; = 90° as previously reported,*** while the water contact
angle against a surface containing only OH groups, /> = 1, is
6, = 0° as experimentally determined (data not shown).

AFM images and polymer film thickness measurements in air
under about 20% humidity were acquired at room temperature
using a Nanoscope I[11a, Extended controller, and a MultiMode
microscope (Digital Instruments, Santa Barbara, CA). In air,
intermittent contact imaging (i.e., “tapping mode” imaging) was
performed at a scan rate of 1 Hz for topographic imaging and at
a scan rate of 0.5 Hz for step-height measurements using silicon
cantilevers (Arrow, Nanoworld) with a resonance frequency of
~285 kHz and a spring constant of ~42 N/m. Images were
acquired with medium oscillation damping (16—25%). AFM
imaging and polymer film thickness measurements in water were
done at room temperature using a Nanoscope Illa, Extended
controller, and a Dimension 3100 microscope (Digital Instru-
ments, Santa Barbara, CA) equipped with a custom-made fluid
cell. In water, intermittent contact (tapping mode) was per-
formed at a scan rate of 1 Hz for topographic imaging and at a
scan rate of 0.5 Hz for step-height measurements using silicon
cantilevers (Macrolevers E) with a resonance frequency of ~6—
10 kHzin liquid and a spring constant of ~0.1 N/m. Images were
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Table 1. Water Contact Angle and Film Thickness Prior to and after Hydrolysis

grafted polymer layer

immobilized initiator layer

P/BA PAA

Owater f Owater dry thickness o s Owater dry thickness
(£2°) (%)" (£2°) (1 nm)” (chain/nm?)° (nm) (£2°) (£1 nm)”
35 23 75 33 0.04 5 16 23407
37 25 7 5 0.06 4.1 10 24407
38 27 83 7 0.08 3.5 7 43+09
41 31 12 0.15 2.6 31 5
61 60 84 16 0.20 2.2 36 7
66 67 86 26 0.32 1.8 17 12
68 70 84 25 0.34 1.7 11
74 79 84 32 0.38 1.6 34 14
75 81 84 41 0.49 1.4 26 17

“Calculated from eq 1.” Measured by AFM in air using step-height method. ¢ Calculated from eq 2. The average molecular weight M, of the free PrBA

polymer is 52 + 3 kg/mol.

acquired with weak oscillation damping (5—10% of amplitude
attenuation) in order to avoid film compression. Data analyses
were performed using the NanoScope III software (version
5.30r3sr3). In the text, dry and wet film thicknesses refer to
the thickness measured in air and in liquid media, respectively.
Film thickness was determined using the step-height method as
previously reported.?”! Briefly, a thin sheet of mica, playing the
role of a mask, was removed from the substrate to leave a clean
surface used as reference for the step-height measurement. An
AFM image of a typical step used for the height measurement is
shown in the Supporting Information (Figure S1). For each
sample, the film thickness was measured at two different areas
on each mica surface. For each measurement, two thickness
values were determined using step-height analysis and bearing
analysis. The reported values are mean thicknesses of the four
values obtained on each surface. The surface roughness and the
standard deviation were calculated for each measurement
and the largest value was reported as the error. In the present
study, the regimes of low (¢ < 0.1 chain/nm?), moderate (0.1 <
o < 0.3 chain/nm?), and high grafting density (¢ = 0.3 chain/
nm?) are represented by 3, 2, and 4 different mica substrates,
respectively.

The grafting density o of the PrBA layer was calculated from
the dry polymer layer thickness d using:

dPNA
o =2 @)
where p is the density of P/BA (1.047 g cm 2),*> Ny is the
Avogadro’s number, and M, is the molecular weight of the
grafted polymer chains which is assumed to be similar to that of
the free polymer in solution. The molecular weight of the free
polymer, relative to polystyrene standards, was determined by
GPC.

Infrared reflection—absorption spectroscopy (IRRAS) spec-
tra of the polymer films grown on a silicon wafer were recorded
with p-polarized light at an incidence angle of 70° with respect to
the surface normal using a Bruker Vertex 70 spectrometer. A
total of 1024 scans were coadded for each spectrum at 4 cm ™'
spectral resolution. A silicon wafer bearing a grafted PAA brush
was incubated for about 15 min in water (pH 6) under stirring
after which it was dried under a flow of nitrogen. The IRRAS
spectrum was then recorded. The same silicon wafer was then
immersed in a Trizma base buffer solution at pH 9 for about
15 min with stirring after which it was dried under a flow of
nitrogen. The IRRAS spectrum was then recorded.

Results and Discussion

Synthesis of End-grafted PAA on Mica. The initiator-
functionalized mica substrates with various surface coverage
were prepared as previously reported.?’ The initiator surface

Scheme 1. Illustration of the Formation of Grafted PAA Film

on Mica Substrates
& h
n
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coverage (f1) was estimated from the water contact angle
according toeq 1 and varied from 23 to 81% (Table 1). These
surfaces were then used to polymerize PrBA via surface-
initiated ATRP in the presence of free initiator.>” The free
P/BA was analyzed by GPC in THF giving a molecular
weight of 52 &+ 3 kg/mol, corresponding to a calculated PAA
molecular weight of 30 kg/mol. The molecular weight of the
grafted polymer could not be determined because of the very
small amount of polymer generated. However, experimental
studies report similar molecular weight (of the same order of
magnitude) for the grafted and the free polymer chains
grown by ATRP.*73% Therefore, it is assumed that the
molecular weights of the free and grafted polymer chains
are similar in our study. The grafting densities of the grafted
P:BA were calculated from the molecular weight of the free
polymer (M) and from the dry film thickness (d) according
to eq 2 and varied between 0.04 and 0.5 chain/nm”. The
corresponding distances between grafting sites (s = 1/d'/?)
range from 5 to 1.4 nm. For comparison, the approximate
characteristic sizes of the linear homopolymer of 52 + 3 kg/
mol in solution are 100 nm for the length of a fully extended
chain (& aN where a is the characteristic dimension of each
repeating unit, 0.25 nm, and N is the average number of
repeating units of the PfBA chain, 406), 9 nm for the Flory
radius (Rg) of a swollen coil (R ~ aN%°) and 2 nm for the
radius of a collapsed coil (Rg ~ aN°3%.>7 Therefore, the
surface coverage of the neutral PrBA brushes correspond to
the brush regime (s < Rp).

P/BA was converted to PAA by immersing the surface in
CH,Cl,/TFA (10:1 v/v) at room temperature (Scheme 1).
The hydrolysis of PrBA to PAA results in a decrease in both
the water contact angle and film thickness (Table 1). The
decrease in water contact angle confirms that a hydrophilic
layer is obtained. A 50% decrease in film thickness upon
converting PfBA to PAA is a result of losing the fert-butyl
group giving rise to chain relaxation.?®**3’ This is evidenced
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Figure 1. AFM and cross- -section images in air of polymer films prior and after acid hydrolysis for two different grafting densities: (a) 0.04 chain/nm?
and (b) 0.38 chain/nm?. The cross sections corresponding to the black line shown in the AFM images are given below each image.

by AFM imaging where large aggregates are observed for
the PrBA layer (Figure la). These reorganize into smaller
and closely packed nodules upon hydrolyzing to PAA of
low grafting density. However, such organization could
not be clearly observed at high grafting density because
the chains are closely packed and less mobile (Figure 1b).
The change in film topography upon hydrolysis is associated
with a decrease in the film roughness from 1.6 to 0.6 nm
at low grafting density and from 0.7 to 0.4 nm at high
grafting density. The conversion of PfBA to PAA brushes
grafted from silicon wafers was confirmed by IRRAS. The

IR spectrum of the PAA layer shows a broad carbonyl
stretching band at 1728 cm ™! assigned to the carboxylic acid
and no tys)lcal tert-butyl bending bands at 2980, 1393, and
1369 cm ™ (Figure 2a). The absence of these characteristic
frequencies confirms that the protecting group was success-
fully cleaved and that the PrBA groups are converted
to PAA.

The siloxane bond between the activated mica and the
initiator along with the ester group connecting the initiator
to the polymer are susceptible to hydrolysis leading to
polymer cleavage.’*** ™% To verify that such a cleavage
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Figure 2. IRRAS spectra recorded in air: (a) P/BA film and PAA film chemically grafted on a silicon wafer; (b) PAA film grafted on a silicon wafer that
were immersed in pH 6 (solid line) and pH 9 (dotted line) solutions for 15 min (only the carbonyl region is shown).

reaction did not occur under our hydrolysis conditions, we
investigated the stability of the initiator layer and of the PAA
layer under the same hydrolysis conditions. An initiator-
functionalized mica substrate, with a water contact angle of
62 + 2°, was immersed in CH,Cl,/TFA overnight, after
which time the substrate was washed with ethanol and water.
Water contact angle measured after immersion was 56 + 2°,
suggesting that the initiator layer is relatively stable under
the hydrolysis condition. Therefore, chain cleavage due to
initiator hydrolysis is considered negligible during the con-
version of PrBA to PAA. Similarly, we studied the stability of
the PAA layer by measuring the variation in PAA thickness
at prolonged hydrolysis conditions. A mica substrate bearing
a grafted PAA film with a thickness of 17 & 2 nm was
immersed in CH,Cl,/TFA for 3 days with stirring, after
which time the substrate was thoroughly washed with a
gentle flow of ethanol followed by rinsing with Milli-Q
water. Thickness measurements by AFM revealed no signi-
ficant change in the film thickness, confirming that polymer
cleavage from the substrate does not occur under our
hydrolysis conditions. This study confirms that the grafted
layers are resistant to hydrolysis, and therefore, no chain
cleavage occurs during PrBA conversion.

Swelling Study as a Function of pH and Grafting Density.
The swelling behavior of PAA brushes was investigated by
measuring the variation in polymer film thickness as a
function of pH and the polymer grafting density. Both the
dry and wet film thicknesses of the polymer were measured
via AFM step-height measurements in air and water, respec-
tively. The swelling behavior of the brushes was quantified
using the swelling ratio (Q), defined as the ratio between the
wet film thickness L and the dry film thickness &:

L

0= (3)
The swelling ratio as a function of grafting density at
different pH values is shown in Figure 3a. Q remains on
the order of unity for pH 6 and 7, increases significantly at
pH 7.5, and reaches a mean value of 10 at pH 9. The absence
of brush swelling observed at pH < 7.5 suggests that the
chains maintain the same collapsed conformation as that in
the dry state. The morphology of a collapsed PAA layer in
the dry state occurs as small aggregates that are also visible at
pH 6 (Figure 4). These aggregates have a mean diameter of
10 nm. The height of a single aggregate cannot be determined

by AFM as the aggregates form a dense and compact layer
on the surface. The average dry thickness of the layers is
reported in Table 1. The results confirm that the PAA layer is
collapsed at pH 6, whereas the swollen PAA layer has a
different morphology with no visible aggregates at pH 7.5
and pH 9 (Figure 4). The collapsed layer at pH 6 suggests that
the PAA chains are protonated because of poor solvency of
the undissociated PAA by water.*! ~* A significant increase
in the swelling ratio was observed at pH 7.5 (Figure 3a). This
is due to the presence of electrostatic repulsions within the
brush resulting from dissociation of the PAA carboxylic acid
groups, causing chain stretching. The dissociation of the
PAA carboxylic acids with increasing pH was confirmed by
IR. Figure 2b shows the IRRAS spectra of PAA grafted on a
silicon wafer that was immersed in aqueous solutions of pH
6 and pH 9. The characteristic —COOH stretching at 1725
cm” ' is observed while that of COO™ at 1580 cm ™' is absent
at pH 6. The PAA brushes therefore exist as undissociated
brushes at pH 6. When the pH increases to pH 9, the ratio of
the COOH/COQ stretching frequencies decreases, confirm-
ing that the acid groups along the polymer chains are
dissociated.

The scaling relationship describing the swelling behavior
of charged polymer brushes in good solvents predicts that the
degree of dissociation (o) of weak polyacid decreases with
increasing grafting density (o) according to o o< 6 '/3.'* The
pH transition between neutral and charged brushes at
high grafting density is therefore expected to be higher than
the acid dissociation constant of the acrylic acid monomer
(pK, = 4.25)* and of PAA in dilute solution (pK, ~
4.2—5.5).2%4748 This has been experimentally shown with
PAA brushes (M, = 25 kg/mol) where the pK, increases
from 4 to 6 with increasing grafting density from 0.06 to
0.12 chain/nm?.2** Similarly, a pK, of 6.8 for a PAA brush
with a grafting density of 0.72 chain/nm? was reported.?® Our
results showing an abrupt increase in the swelling ratio at pH
7.5 suggest that the dissociation of the acid group occurs at
pH 7.5, which is higher than the pK, of the corresponding
monomer (Figure 3a). This behavior is in contrast to a
progressive transition that is usually observed with increas-
ing pH.?*?>* In these previous studies, the PAA layers were
swollen at the initial stage (pH 3) due to the brush prepara-
tion conditions. This suggests an initial dissociation of PAA
acid groups and, therefore, a progressive dissociation with
further increases in the pH of the solution. On the contrary,
the PAA layers in our study are undissociated and remain
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Figure 3. Swelling ratio (Q) and film thickness as a function of grafting density for different pH: dry state (opened triangles), pH 6 (solid squares),
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collapsed at pH < 7.5 due to poor solvency. The increase in
pH led to the dissociation of the PAA acid groups (Figure 2b)
together with a better solubility of the charged PAA chainsin
water. The resulting sharp increase in Q with pH is similar to
that observed with a change in solvent quality.*'** For pH
< 7.5 the change in ionic strength associated with the change
in pH should not affect the brush swelling as the PAA are
protonated (neutral brushes) (vide infra). The increase in
ionic strength associated with the decrease in pH from 9 to
7.5 could induce a collapse of the brush. However, Q remains
relatively insensitive to changes in ionic strength as shown in
Figure 3a.

At pH = 7.5, the measured film thickness is larger than
that of a swollen coil (~9 nm) regardless of grafting density
(Figure 3b). This confirms that the PAA polymer layer is in
the brush regime for grafting densities ranging from 0.04 to
0.5 chain/nm?. The maximum PAA layer thickness (i.e., ca.
140 nm at pH 9 and for large grafting density) is larger than
the expected fully extended chain length of a 52 kg/mol PfBA
chain of 406 repeating units (ca. 100 nm). This result suggests
that the molecular weight of the grafted chains might be
larger than the one of the free polymer in solution. An under-
estimation of the grafted chain molecular weight would lead
to a sur-estimation of the grafting density. However, an
increase in the molecular weight of ca 21 kg/mol (based on
the comparison of fully extended chain lengths 100 nm for

52 kg/mol and 140 nm for 73 kg/mol) would lead to an
increase in the exponent of the scaling relationship L vs o, of
ca. 0.1 which does not significantly affect the interpretation
of our results. The variation in the swelling ratio (Q) with pH
for dissociated PAA brushes (pH = 7.5) is independent of the
grafting density within the experimental error (Figure 3a). The
wet brush thickness increases with grafting density according to
L o< 6*% at pH 9, as determined from the logarithmic repre-
sentation of the experimental data (Figure 3b and 3c). The
general trend of L increasing with ¢ has been qualitatively
observed for PAA brushes.”>*® However, to our knowledge,
only one study reports a quantitative relationship between
brush thickness and grafting density of L o 0™ for PAA of
M, = 25 kg/mol at pH 5.8, in the absence of salt, and for
grafting densities ranging from 0.08 to 0.8 chain/nm?.%® In this
study, the degree of dissociation of the PAA brushes is assumed
to be about 0.5 at pH 5.8.%° Our results (L o< ¢™%") differ from
that study and are closer to the charged brush behavior
described by the Pincus regime (L «< o) than to the osmotic
(L # flo)) or neutral (L o< ') regimes. This suggests that the
PAA brushes are charged and that counterions are extending
out of the brush. The slight deviation from the Pincus model
can be explained by an under-estimation of the grafted chain
molecular weight and/or by a nonhomogeneous distribution of
charges along the brush and the size of the ions present in the
buffer. The amine used to prepare the pH 9 buffer solution
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Figure 4. AFM images of a PAA brush with a grafting density of 0.34 chain/nm? exposed to different pH conditions. The AFM image of the layer in air

is presented as a reference for the topography of a collapsed PAA layer.
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Figure 5. Reversibility of the PAA swelling behavior, as indicated by
the arrows, for two grafting densities: 0.15 chain/nm? (solid squares)
and 0.34 chain/nm? (open circles).

plays the role of counterions for the charged acid groups in the
absence of added salt. Because of the large size of these
counterions, the ions distribution might extend outside the
brush. For the same reason, the dissociation of the PAA units
at the water/brush interface might be favored compared to the
dissociation at the brush/substrate interface. Meanwhile, the
undissociated acids close to the surface protect the end-grafted
initiator against unwanted hydrolysis (vide infra).

The reversible swelling behavior of PAA brushes as a func-
tion of pH was investigated for two samples: one at moderate
(0 = 0.15 chains/nm?) and another at high (¢ = 0.34 chains/nm?)
grafting density (Figure 5). The samples were left to equili-
brate for 2 h at a given pH, after which time the thickness of
the layers was measured. The results show that the thickness
increases at high pH and decreases reversibly to the initial
thickness of that at pH 6 (Figure 5). The swelling of PAA
layers is therefore reversible with polymer conformation,
demonstrating that switching and tuning of surface proper-
ties in response to pH are possible.

The stability of the PAA layers exposed to pH 6 and 9 was
also investigated. No significant change in wet film thickness
(AL = 1.3 £ 1 nm) was observed for a PAA brush (o = 0.15
chain/nm?) immersed in water at pH 6 for a week. The
stability of the PAA brush at pH 6 may be a result of the
collapsed PAA layer that protects the immobilized initiator
against hydrolysis. At pH 9, the PAA layer is ionized and
swollen, exposing the labile initiator bonds to potential
hydrolysis. To verify whether polymer cleavage occurred at
this pH, a PAA brush (¢ = 0.2 chain/nm?) with an initial dry
thickness of 7 + 1 nm was left at pH 9 for different immersion
times. No significant change in thickness was measured over
2 days (AL = 7 £ 4 nm), suggesting that the layer is stable
and that no chain cleavage occurs during the given experi-
mental time. This could be explained by the presence of
undissociated repeating units close to the surface that actasa
hydrophobic protective layer against hydrolysis.

Swelling Study as a Function of Salt Concentration and
Grafting Density. The variation of the PAA layer thickness as



Article

a function of added monovalent ions (NaCl) at pH 6 for
different grafting densities was investigated (Figure 6). As
previously shown, the PAA brushes are neutral (o ~ 0) at pH
6. According to the theory of Zhulina et al.,'*'"*" the degree
of dissociation of annealed brushes is expected to increase
with salt concentration, whereas o is expected to de-
crease with grafting density. However, our results show that
the thickness of the PAA brushes is independent of salt

30 17F
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] m f =38 % (0.08 chain/nm’)
25+ O f =67 % (0.31 chain/nm’)
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Figure 6. Wet film thickness of PAA layers at pH 6.0 as a function of
salt concentration and grafting densities. The dry thicknesses were
4.3 nm (solid squares), 12 nm (opened circles), and 14 nm (solid triangles).

Table 2. Thickness in the Dry State and in Water at pH 6 for Different
Molecular Weights of PAA Chains
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concentration at pH 6 regardless of the grafting density
(Figure 6). These results further contradict previous PAA
studies of comparable grafting density that found an increase
in the brush thickness with increasing salt concentration for
4 < pH < 6.2%%° This discrepancy could be associated
with differences in the physical state of the PAA layers in
the salt-free solutlon dnd/or the polymer molecular Welght
In previous studies,” the PAA layers were swollen prior to
the addition of salt. Therefore, as previously mentioned,
some acid groups in the brush are dissociated prior to
adjusting the pH and salt concentrations. Given that our
PAA brushes are prepared in salt-free organic solution, the
polymer remains undissociated and collapsed even when
exposed to water at pH < 7. Therefore, added ions cannot
penetrate the collapsed hydrophobic brush at low pH. To
verify whether or not the molecular weight of the grafted
polymer is responsible for the observed discrepancies in the
scaling laws with similar studies, the influence of the molec-
ular weight on the brush swelling at pH 6 (Table 2) was
investigated. The thicknesses measured at pH 6 and in the
dry state are similar regardless of the polymer molecular
weight. The PAA layer therefore remains undissociated even
in water, and a pH > 7 is required to dissociate the acid
groups. This is in contrast to its corresponding monomer
whose pK, is 4.25.

The swelling behavior of PAA brush at pH 9 is signifi-
cantly different from the one observed at pH 6. At pH 9, the
dissociated polymer segments become sensitive to the ionic
strength of the surrounding solution. The variation in the
brush thickness as a function of the salt concentration at pH
9 is illustrated in Figure 7a for different grafting densities.
For salt concentrations comprised between 0 and 1 X
107 M, the brush thickness seems to slightly increase
compared to the one in a salt-free solution as expected for
annealed polymer brushes at low salt concentrations and
scales according to L o< 6™°° (Figure 7a). The increase in the
brush thickness might result from the dissociation of acid
groups favored by the added salt and an increase in the
osmotic pressure inside the brush due to the presence of small
counterions such as Na™.'"* For higher salt concentrations
(Cs = 1 x 1072 M), the brush thickness decreases with
increasing salt concentration for all grafting densities
(Figure 7a). The dependence of the brush height with

-0.17 log(C,) + 1.09 log(o) + 5.06 =

log(L)

log(L)

log(Cc)

log(c)

Figure 7. Swelling behavior of PAA layers with various grafting densities as a function of salt concentration at pH 9.0: (a) Wet film thickness of the
PAA layers (the dry thicknesses were 2.3 nm (solid circles), 2.5 nm (opened circles), 5.6 nm (opened triangles), 5.5 nm (opened stars), and 17 nm (solid
squares); the arrows indicate samples used for the reversibility study) (b) Wet film thickness versus salt concentration and grafting density plotted

logarlthmlcally for the salted brush regime (above 1 x 1077
Lo o"C

M). The experimental law of the brush height obtained by least-squares fit is



4392  Macromolecules, Vol. 43, No. 9, 2010

5.00

2.50

0
c)o 2.50 5.00 pm

Lego et al.

20.0 nm

10.0 nm

0.0 nm

b)o 2.50 5.00 um

Figure 8. AFM images of a PAA layer with a grafting density of 0.15 chain/nm? exposed to (a) a pH 9 solution, (b)a I x 107> M NaCl pH 9 solution

after 1 week, and (c) AFM image of a bare mica.

grafting density and salt concentration obtained by the
least-squares fit is L o< " C,""!7 (Figure 7b) with R* =
0.95. This behavior is different from the expected theoretical
salted regime scaling law (L o ¢'>C;~'/). Interestingly, the
effect of added salt is similar to previous experimental
PMAA studies for ¢ = 0.12 chain/nm? (M,, = 106 kg/mol)
that follow L o C; °?* at pH 6.>' The increase in brush
thickness with grafting density is considerably larger than
that expected by scaling analysis for the salted regime (L o<
0"3). An experimental PAA study has also shown a trend
(L o ¢*7) that is higher than the theoretical one for the
salted brush regime.”® Moreover, this experimental study
reports an effect of added salt on brush thickness that is more
pronounced for moderate to high grafting densities (o = 0.15
chain/nm?) than for low grafting density (¢ ~ 0.1 chain/nm?),
whereas our data (L o« ¢"?C, %) show a unique scaling
relation for a large range of grafting densities. The L « o
scaling behavior is usually predicted for quenched brushes
(Pincus regime), low grafting density regimes, or low salt
concentrations (weak screening effects).'® Therefore, our re-
sults suggest that the dissociated PAA brushes at pH 9 do
not collapse under electrostatic screening effects as much as
theoretically predicted even at high added salt concentration
(100 mM). This could partly explain the observed linear
variation between L and o that is otherwise predicted for weak
screening effects.'”

The swelling reversibility of PAA layers at pH 9 and at
different ionic strengths was additionally investigated. Two
samples with different grafting densities (0 = 0.15 and 0.49
chain/nm?) were first exposed to pH 9 overnight in the
absence of salt. The measured thickness was 97 £+ 10 and
143 + 8 nm, respectively (Figure 7a). They were then
immersed in a pH 9 solution with added salt, and the
thickness decreased to 63 &+ 8 and 97 £ 4 nm, respectively.
After thickness measurements, the samples were rinsed with
Milli-Q water to remove a maximum amount of salt em-
bedded in the brush, and they were then re-exposed to a salt-
free pH 9 solution for two hours. The resulting measured brush
thickness, 104 + 10 and 124 £ 8 nm for ¢ of 0.15 and 0.49
chain/nm?, respectively, were similar to the thickness measured
at the same pH before immersion in salt. The swelling behavior
of the brush is therefore reversible with pH and salt concentra-
tion and further confirms that the polymer is not hydrolyzed
from the surface under these conditions. Moreover, the PAA
layer (6 = 0.15 chain/nm?) was stable for 2 days when
immersedina 1 x 10> M NaCl pH 9 solution as no significant
changes in thickness (AL = 7 & 5 nm) were measured.
However, no thickness was measured after a week, and the
observed surface topography was similar to that of a bare
mica (Figure 8). Both observations suggest that the polymer
layer is cleaved from the substrate. The presence of salt might
induce slow ionization of the undissociated repeating units
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close to the surface. This disrupts the protective layer of the
immobilized initiator, exposing it to conditions that are
known to hydrolyze the labile bond. The observed kinetics
suggests that the hydrolysis reaction is slow and occurs over
the course of several days. The PAA layer is therefore
relatively stable under our experimental conditions and
reliable correlations between polymer conformation and
surface properties can be had.

Conclusions

The swelling behavior of irreversibly attached PAA brushes
was studied for the first time on mica surfaces as a function of
grafting density, pH, and salt concentration by AFM step-height
measurements. The fully protonated PAA brushes behave like
neutral brushes in a poor solvent regime, as they adopted a
collapsed conformation regardless of both ionic strength and
grafting density. Swelling occurs as a sharp transition, from
collapsed to swollen conformation, with increasing pH as a result
of monomer dissociation and a change in solvent strength. The
dissociated PAA brushes in salt-free solution and at high pH
behave like brushes in the Pincus regime, suggesting the presence
of electrostatic repulsions inside the brush and a distribution of
counterions extending outside the brush. In the salted regime, our
data show a unique scaling relation, L o< ¢" """, for a large
range of grafting densities and salt concentrations (Cs) which is
indicative of a weak electrostatic screening effect. The reversible
conformation changes observed in the present study prove a better
control and understanding of polyelectrolyte brush behavior.
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