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ABSTRACT: Polyelectrolyte brushes are of great interest for
various applications from smart actuators to fouling resistant
surfaces. Strong stretching due to proximity and Coulombic
repulsion of the neighboring chains is a key to their function,
which creates tension along the polymer chains and leads to
degrafting of polymer brushes from the surfaces. A promising
approach to lower the tension along the backbone is to reduce the
number of charged units. Herein, we report a series of strong
polyelectrolyte brushes with precisely controlled architectures, based
on the alternating copolymers of styrene and N-substituted
maleimides. Alternating copolymerization is employed to ensure the homogeneous distribution of charged units and dilute the
charge density. Tailor-made maleimide monomers bearing hydrocarbon spacers with cationic groups are copolymerized with styrene
via surface-initiated Activators ReGenerated by Electron Transfer Atom Transfer Radical Polymerization (SI-ARGET ATRP).
Swelling behavior of the brushes is investigated as a function of molecular weight and pH. In solution atomic force microscopy
(AFM) analyses and water contact angle measurements revealed that it is possible to obtain PEBs with good hydration properties, by
combining hydrophobic and ionic units in an alternating sequence. Results also proved that the spacers play an important role in
swelling behavior and wettability of brushes. Stability of the brushes is evaluated through incubation tests, and AFM is used to follow
the changes in thickness and surface morphology. Brushes retained more than 80% of their original height after 3 weeks in buffer
solutions. This study provides a novel approach to design PEBs with enhanced stability and adjustable macromolecular architecture.

■ INTRODUCTION
Polymer brushes (PBs) consist of polymer chains that are
densely tethered to a surface by one end.1 Surface modification
through polymer brushes has become a powerful tool due to
the high degree of synthetic flexibility on various substrates
including metal, glass, and polymer surfaces.2−4 PBs enable the
obtainment of functional coatings with well-controlled
composition, architecture, and thickness.5−7 Polyelectrolyte
brushes (PEBs), which contain charged groups in their
repeating units, constitute an important class of PBs.8 They
exhibit distinctive properties due to the repulsive electrostatic
and steric interactions; those can be adjusted by counterions,
pH, salt concentration, and solvent quality.9−11 Many
applications have been described for PEBs including artificial
joints,12 enzyme immobilization supports,13,14 smart actua-
tors,15,16 and responsive interfaces.17 They have been widely
used to modify surface properties such as fouling resist-
ance,18,19 wettability,20,21 friction,22,23 and adhesion.24 There is
a growing interest in applications of polymer brushes since
these covalently tethered polymer films offer chemical and
mechanical robustness. However, a number of studies proved
the instability of PBs under certain conditions resulting with
degrafting of polymer brushes from the surfaces.25 Degrafting
is proposed to be a mechanochemical process, which proceeds
through hydrolytic cleavage of labile bonds in the substrate−

polymer interface, assisted with strong stretching.26−30

Polyelectrolyte brushes are subjected to stronger tension
compared to their neutral peers, because of additional tension
generated by electrostatic repulsion and osmotic pressure.
Thus, they exhibit faster degrafting kinetics in a dense grafting
regime.
To the date, the stability of PEBs has been investigated as a

function of intrinsic and extrinsic parameters such as grafting
density, degree of charging, molecular weight, confinement,
solvent quality, and ionic strength.31,32 Ko and Genzer studied
degrafting of weak and strong polycationic brushes with
varying molecular weights, charge degrees, and grafting
densities,33 where they reported that the degrafting increases
with the degree of quaternization degree, molecular weight,
and grafting density. Menzel et al. explored the stability of
patterned and nonpatterned cationic brushes from the
perspective of kinetic and thermodynamic effects.34 Galvin
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and co-workers examined degrafting of weak polyanionic
brushes with a range of grafting densities which are prepared
from analogous ester and amide-bearing ATRP initiators. They
proved that the presence of labile groups that are prone to
hydrolysis contributes to the detachment of chains beside
other parameters such as grafting density and protonation
degree.35 Similar results were reported by Ataman and Klok,
where they investigated the stability of hydrophilic brushes
synthesized through various ATRP initiators.36 Several
strategies have been developed to enhance the stability of
PEBs, including copolymerization. Introduction of hydro-
phobic-neutral blocks between charged segments and the
substrate through block copolymerization has been widely
employed28,37,38 to create a hydrophobic shielding layer for the
labile bonds and to reduce the tension at the polymer−
substrate interface by hydrophobic spacers. However, weak
points can be still introduced along the polymer chain where
charged groups are direct neighbors. A better understanding of
the effects of charge placement and charge density along the
backbone and how those affect the mechanochemical stresses
is required to design stable polymer brushes.
In this study, a novel approach is adopted; alternating

copolymerization is employed to dilute the charge density
along the backbone. A series of strong cationic PEBs with an
alternating sequence of neutral and charged units are prepared
and investigated to understand the effects of charge spacing
and placement on swelling behavior and stability. PEBs are
synthesized through surface-initiated Activators ReGenerated
by Electron Transfer Atom Transfer Radical Polymerization
(SI-ARGET ATRP) of styrene (electron-donor monomer) and
N-substituted maleimides (strong electron-acceptor mono-
mers). Cross-propagation of comonomers enabled distribution
of the charges along the backbone uniformly and thus reduced
charge density,39,40 where the design of N-substituted
maleimides with pendant chains bearing the quaternary
ammonium groups were allowed to control the distance
between the charged groups and the backbone. Brushes were
grown from planar silicon surfaces with different film
thicknesses then evaluated in buffer solutions with varying
pH to provide a better understanding of the relationship
between the macromolecular architecture and brush perform-
ance. To the best of our knowledge, effects of charge spacing
and periodicity have not been systematically addressed yet.

■ EXPERIMENTAL SECTION
Materials. Maleic anhydride, di-tert-butyl dicarbonate, magnesium

sulfate (MgSO4), and sodium chloride (NaCl) were obtained from
BTC. Acetone-d6, chloroform-d (CDCl3), 1,2-diaminoethane, 2,2′-
(ethylenedioxy)bis(ethylamine), ethyl acetate, sodium acetate
(NaAc), acetic anhydride, ethyl-2-bromoisobutyrate (EBiB), copper-
(II) bromide (CuBr2), tris[2-(dimethylamino)ethyl]amine
(Me6TREN), N,N-dimethylformamide (DMF), trimethylamine,20 α-
bromoisobutyryl bromide (BIBB), ethanol (EtOH), dichloromethane
(DCM), (3-aminopropyl)triethoxysilane (APTES), trifluoroacetic
acid (TFA), (2-(methacryloyloxy)ethyl) trimethylammonium chlor-
ide (METAC), and styrene (St) were purchased from Sigma-Aldrich.
L-Ascorbic acid was obtained from Fisher Scientific. Styrene was
passed through an inhibitor removal column (Aldrich) before
polymerization; others were used as received. A RiOs 3 Water
Purification System was used to obtain deionized water (DIW).
Silicon wafers (boron-doped, (100) orientation) were purchased from
Pure Wafer.

Synthesis of N-Substituted Maleimides. N-substituted mal-
eimides were synthesized through the reaction of maleic anhydride
with mono-t-BOC protected diamine derivatives leading to maleamic
acid intermediates, which are subsequently cyclized into the
corresponding maleimides. Mono-t-BOC protected diamines that
act as spacers and enable the separation of charged units from the
backbone were prepared through the reaction of 1,2-diaminoethane
and 2,2′-(ethylenedioxy)bis(ethylamine) with di-tert-butyl dicarbon-
ate in 1,4-dioxane (6:1 molar excess of diamine to di-tert-butyl
dicarbonate at 25 °C). A small amount of the bis-protected diamines
was separated from the products by using their water insolubility.
After evaporation of dioxane, the product was dispersed in 50 mL of
DIW and insoluble bis compounds were removed by filtration. Water-
soluble monoprotected diamines then were collected through
extraction from the aqueous phase with DCM. The organic phase
was dried over MgSO4, and mono-t-BOC protected diamines were
obtained after filtration of the drying agent and evaporation of the
DCM.

Then, equimolar amounts of maleic anhydride and mono-t-BOC
protected diamines were reacted in ethyl acetate that resulted in
maleamic acid intermediates. The product, N-2-[(t-Boc)amino]ethyl
maleamic acid, precipitated as a white solid and was recovered by
vacuum filtration, washed with ethyl acetate, and dried, where N-(8-
[(t-Boc)amino]-3,6-dioxaoctyl maleamic acid was obtained as a
colorless oil and used in the next step without purification after
characterization. For cyclization, maleamic acid intermediates were
mixed with 0.3 mol equiv of anhydrous sodium acetate and 5.5 mol
equiv of acetic anhydride. Then, the mixture was heated to 55 °C, and
the reaction was monitored via 1H NMR. Products were collected
after 24 h and purified as described in the following. N-(2-[(t-
Boc)amino]ethyl maleimide was obtained through precipitation, as a
light brown powder with 80% yield. The reaction mixture precipitated

Figure 1. Schematic illustration of brushes with alternating sequence and monomers used to build charged and neutral segments.
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in ice-cold DIW; the product was recovered by vacuum filtration and
washed with cold DIW. However, N-(8-[(t-Boc)amino]-3,6-dioxaoc-
tyl maleimide was obtained as pale yellow viscous oil through column
chromatography (1:9 hexane/ethyl acetate) with 68% yield.
Monomers were stored at −18 °C with desiccants.
Preparation of Polymer Brushes. Substrates with a surface

immobilized ATRP initiator with an amide linker were prepared and
characterized as described below. Silicon wafers were cut into 1.5 × 2
cm2 pieces and sonicated in acetone for 10 min and then dried under
a nitrogen flow. Then, the substrates were exposed to oxygen plasma
for 45 min. After plasma treatment, they were immersed in a solution
of APTES 4% (v/v) in ethanol for 1 h and dried under N2 and then
baked for 30 min at 120 °C. APTES treated wafers were immersed in
a solution of BIBB (3 mmol) and TEA (3 mmol) in 15 mL of DCM
for 24 h in an inert atmosphere. Wafers were removed from the
solution, washed, and then stored in a desiccator.
Poly(styrene-alt-N-maleimide) brushes were synthesized through

SI-ARGET ATRP from initiator-deposited silicon substrates, which
were prepared with a multifunctional silanization agent, and an amide-

based ATRP initiator, to enhance the stability at the polymer/
substrate interface and minimize the effect of initiator/linker groups
for a better comparison. Two series of samples (Figure 1) were
prepared with different maleimides, which contain ethylene- and
oligo(ethylene oxide)-based spacers; in each set there are four
samples with varying thickness. Polymerization conditions were
optimized through preliminary studies.

Polymerizations were carried out in the presence of sacrificial
initiators with L-ascorbic acid as the reducing agent under given
conditions of [MI]/[St]/[EBiB]/[CuBr2]/[Me6TREN]/[L-ascorbic
acid] = 250/250/1/0.05/0.5/1.5 in 4 mL of DMF at 110 °C. Samples
were taken at certain time intervals, and free polymers were analyzed
by 1H NMR spectroscopy and gel permeation chromatography (GPC,
based on PS standards) to determine the composition and molecular
weight of free polymers. After a certain time, substrates were removed
from the reaction mixture, rinsed with DMF, and sonicated in THF to
remove the physically adsorbed free polymers and dried under a
nitrogen flow. Then, the substrates were analyzed via AFM, XPS, and
goniometer.

Scheme 1. Composition, Synthesis, and Modification of Poly(styrene-alt-N-maleimide) Brushes ([MI]/[St]/[EBiB]/[CuBr2]/
[Me6TREN]/[L-Ascorbic Acid] = 250/250/1/0.05/0.5/1.5)
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Quaternization of poly(styrene-alt-N-maleimide) brushes was
carried out after deprotection of t-BOC groups by immersing brushes
in TFA/DCM (1:1 v/v) solution for 24 h. After deprotection,
substrates were removed from the solution; washed with DCM,
absolute ethanol, and Milli-Q water; and then dried under vacuum.
Brushes were quaternized according to a previously reported
procedure, which involves direct alkylation of primary amines in the
presence of a sterically hindered organic base and an alkylating
agent.41 Substrates immersed in a solution of tributylamine in DMF
then methyl iodide were gradually added and the reaction proceeded
for 72 h at 40 °C. Quaternized brushes were rinsed with DMF and
ethanol with further sonication in ethanol for 5 min then dried under
a vacuum at 40 °C for 24 h. Contact angle measurements and AFM
and XPS analyses were performed on each sample.
To prepare the control series, polystyrene brushes were synthesized

under identical conditions, and poly((2-(methacryloyloxy)ethyl)
trimethylammonium chloride) (PMETAC) brushes were synthesized
according to previously reported procedures.42,43

Characterization. Molecular weight (Mn) and dispersity (Đ) of
the free polymers were measured with an Agilent 1200 gel permeation
chromatography (GPC) instrument using three PSS SDV columns
(with molecular weight ranges of 1000−10 000 and 1000−1 210 000
g mol−1) with a refractive index detector at 35 °C. THF was used as
an eluent with a flow rate of 1.0 mL min−1, based on PS standards. 1H
NMR spectra of N-substituted maleimides and free polymers were
recorded on a Varian Inova 500 spectrometer operating at 500 MHz
at room temperature.
AFM measurements were conducted using an Oxford Instruments

Cypher ES atomic force microscope equipped with an environmental
scanner. Silicon tips (Oxford Instruments) with a resonance frequency
of 300 kHz and a 26 N/m spring constant were used for the dry state,
while the tips with a 70 kHz frequency and a 2 N/m spring constant
were used for in-fluid analyses. The dry and wet thickness of brushes
was measured through step-height measurements by AFM. To
measure brush thickness, samples were carefully scratched with a
razor blade, and AFM height images were taken at the boundary
between the scratched and nonscratched regions. Imaging was
conducted in tapping mode, and the thickness of each sample was
measured in three different regions. To determine the swelling ratio,
samples were incubated in buffer solutions and DIW for 2 h to
equilibrate, then the wet thickness of swollen brushes was measured.
X-ray photoelectron spectroscopy (XPS) analyses were conducted

using Scienta Omicron ESCA 2SR XPS equipped with a
monochromatic Al Kα high power X-ray source operating at a
power of 150 W with an emission current of 12.5 mA. The base
pressure in the spectrometer was around 10−8 mbar. Survey spectra (5
scans) were collected with a pass energy of 200 eV and a step size of 1
eV, and high resolution (10 scans) ones were collected with a pass
energy of 50 eV and a step size of 0.05 eV. Casa XPS software was
used for data processing including fitting.
Water contact angle (WCA) measurements were performed with

an Attension Theta Lite goniometer using the sessile drop method;
data were collected for a 10 s period within 60 s. The average of
results was obtained from repeating measurements.
Degrafting Studies. Quaternized poly(styrene-alt-N-maleimide)

brushes, PMETAC, and PS brushes as control groups were incubated
in buffer solutions with at pH 3, 7, and 10, with 50 mM ionic strength.
Samples stored at room temperature in sealed vials and periodic
measurements were conducted via AFM at given time intervals, to
determine the changes in film thickness and surface topography.
Samples were rinsed with DI water and dried under a vacuum before
characterizations.

■ RESULTS AND DISCUSSION
Mono-t-BOC protected diamines and N-substituted malei-
mides N-(2-[(t-Boc)amino]ethyl maleimide (MI1) and N-(8-
[(t-Boc)amino]-3,6-dioxaoctyl maleimide (MI2) (Figure 1) are
obtained in high yields, and 1H NMR spectra are provided in
Figures S1−S4. Immobilization of the ATRP initiator was

confirmed by XPS analysis (Figure S5a) and WCA measure-
ments (77.28 ± 1.62°; Figure S6). The XPS spectrum shows
the characteristic peaks of APTES-BIBB, which were observed
at 533.9 (O 1s), 400.9 (N 1s), 285 (C 1s), and 71.9 (Br 3d)
beside the 99.5 (Si 2s) eV (Figure S5a). Scheme 1 presents the
route that is followed to synthesize and modify the brushes.
Targeted brushes were prepared in three steps: (1) SI ARGET-
ATRP of styrene and N-substituted maleimides (MI1, MI2)
with t-BOC protected amine groups, (2) deprotection via TFA
treatment, and (3) quaternization with an excess of methyl
iodide. Two series of brushes, series A and B (Scheme 1), are
prepared with MI1 and MI2 (Figure 1) and varying thicknesses
from 9.5 to 50.4 nm and 5.5 to 48.8 nm, respectively.
Composition and the dry thickness of brushes are summarized
in Table 1.

The MW gradient samples were prepared through kinetic
studies for both series. Free polymers enabled the use of
solution techniques such as 1H NMR and GPC to analyze the
composition and molecular weight. The resultant free
polymers displayed unimodal GPC elugrams with molecular
weight distributions [Đ: 1.3−1.6]. The correlation between the
molecular weight (Mn) of free polymers and dry thickness of
the brushes, determined via AFM, is represented in Figure 2a
and b. A linear relationship is observed for series A where it is
slightly deviated from the linear region for series B, most likely
due to the bulkier structure of the monomer combined with
the hydrophilicity that might affect the polymerization kinetics
on the surface. Molecular weight of the surface tethered
polymers is expected to be lower than the free polymers as a
result of local viscosity and restricted mobility.44 Therefore, the
data have been used as an indicator of polymerization kinetics
and composition of tethered polymers. The composition of the
copolymers was determined through 1H NMR by comparing
the integrations of aromatic protons of styrene (6.5−7.5 ppm)
to the protons of tert-butyl groups (1.45 ppm) or methine and
methylene groups of maleimides (Equation S1). Representa-
tive NMR spectra are given in Figures S7 and S8. Composition
analyses revealed that both copolymers are slightly rich in
styrene, with a ratio of [St]/[MI] = 58:42, due to the bulky
structure and electron-donating nature of substituted alkyl
chains in the maleimide structure. It is known that the nature
of substitutes is important, and the substituents enhancing the
difference between electron densities of (co)monomers are
more effective at obtaining precise alternating sequences.45,46

The resulting copolymers did not display strictly defined
alternating sequences, but they exhibited a predefined
distribution of ionic groups along the polymer backbone.
Synthesis of the poly(styrene-alt-N-maleimide) brushes is

confirmed with XPS analyses. A representative XPS survey
spectrum of S7 (Table 1) brushes is shown in Figure 3a. In

Table 1. Composition and Dry Thickness of the Brushes

sample ID monomer dry thickness (nm)

S1 MI1 9.5 ± 0.2
S2 MI1 14 ± 0.5
S3 MI1 25.1 ± 0.3
S4 MI1 50.4 ± 1.7
S5 MI2 5.5 ± 0.1
S6 MI2 12.4 ± 0.7
S7 MI2 18.6 ± 0.5
S8 MI2 48.8 ± 1.5
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addition to the peaks expected for poly(styrene-alt-N-
maleimide) brushes, disappearance of Si (2s, 2p) peaks also
indicates brush growth and uniform surface coverage.
Quaternization of the brushes was performed using various
methyl iodides through the Menschutkin reaction in DMF,
after deprotection. The appearance of iodine peaks in survey
spectra of the brushes after confirmed quaternization is shown
in Figure S5b. The degree of quaternization (DQ) was
determined using the high-resolution spectra of N 1s. Figure
3b and 3c show deconvoluted core level peaks of N 1s before
and after quaternization. Before deprotection, a broad peak
around 401.6 eV was observed arising from the amide and
imide nitrogens.47,48 Quaternized samples exhibited two
nitrogen peaks at 401.8 and 403.8 eV, assigned to the neutral
(N0) nitrogen atoms and quarternary ammonium groups (N+)
in the brush layer.49,50 DQ was determined via peak-fitting and
varied between 62 and 64% (Figure S9). Reaction times
extended up to 1 week to achieve higher quaternization
degrees. However, the degree of quaternization remained
stable at 64%, most likely due to steric hindrance. Brushes
displayed similar morphologies, with a dense, uniform polymer
coating after quaternization (Figure S10).
Swelling behavior of the brushes with varying molecular

weight was investigated for both series via in solution AFM
analyses. Brushes were equilibrated in DIW for 2 h prior to the

measurements, and the swelling behavior was evaluated using
the swelling ratio (h/h0), which is the ratio of swollen brush
thickness (h) to dry brush thickness (h0). The thickness
determined after quaternization is considered the initial dry
thickness to calculate swelling ratio and height changes after
stability tests. Swelling ratios determined through step height
measurements are presented in Figure 2d and c. Brushes
displayed swelling ratios close to the reported values in the
literature for strong cationic brushes that are found between
2.06 and 2.43 for series A and 3.1 and 3.7 for series B.11,33

Brushes in series B exhibited higher swelling ratios due to the
contribution of oligo(ethylene oxide) spacers to the total
hydrophilicity (Figure 4b). Swelling ratios varied with
molecular weight, but no correlation was observed. Variations
in swelling ratios can be explained by the dispersity of the
brushes which affects the local stress and lateral pressure.27

Results indicate that the hydrophobicity of the neutral units
(styrene) can be surpassed through the combined effect of
hydrophilic spacers and ionic groups, and the driving force
created by these interactions is enough to create a 2- to 3.7-
fold increase in brush height. Strong swelling is one of the most
critical factors that builds up the tension along the polymer
backbone besides the steric and Coulombic interactions; thus
the samples which exhibited the highest swelling ratios were

Figure 2. Relationship between the dry brush thickness measured by AFM and Mn of free polymers: (a) series A, (b) series B. Swelling ratio of
quaternized brushes with different dry thickness in DIW: (c) series A, (d) series B.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00647
Macromolecules 2022, 55, 5291−5300

5295

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00647/suppl_file/ma2c00647_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00647/suppl_file/ma2c00647_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00647/suppl_file/ma2c00647_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00647?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


selected from each series (S3 and S7) for further character-
izations and stability studies.35,38

To explore the pH response of the quaternized brushes, in
solution AFM analyses were conducted in buffer solutions for
selected samples, S3 and S7. Samples were incubated in

phosphate buffers at pH 3, 7, and 10, which contain 50 mM
NaCl, and after 2 h of incubation the swollen brush heights
measured at three different points and average values are
reported. Dry state and in fluid AFM images captured in buffer
solutions (height and phase) are shown in Figure 5. The root-

Figure 3. (a) XPS survey spectra of brushes (S7 h0: 17.6 nm), (b) high resolution N 1s spectra of S7 before deprotection, (c) after quaternization
(fitting curve is gray).

Figure 4. (a) Swelling ratio of brushes, S3 and S7 (Table 1), in DIW and buffer solutions with variable pH. (b) WCA of samples before (left) and
after quaternization (right).
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mean-square (RMS) roughness calculated from each of these
images is given below the height images. Brushes displayed
similar morphologies in buffer solutions, although a significant
increase observed in RMS for S7, when incubated at pH 10.
Height profiles, which were used to determine swelling ratios,
are presented in Figures S11 and S12. Brushes exhibited lower
swelling ratios in buffer solutions compared to values

determined in DIW, due to the screened charges and reduced
electrostatic interactions. No drastic change is observed in
swelling behavior, which indicates that the degree of charging
does not depend on pH at 64% of DQ, and brushes behave as
strong polyelectrolytes.
In solution AFM analyses proved that it is possible to obtain

PEBs with good hydration properties, by combining hydro-

Figure 5. Dry state and in fluid AFM tapping-mode height and phase images of S3 (top) and S7 (bottom; 1 μm × 1 μm).

Figure 6. Normalized dry thickness of brushes (a) S3 and (b) S7 as a function of the incubation time in pH 3 and 10 solutions.
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phobic and ionic units in an alternating sequence. To elucidate
the role of macromolecular architecture and composition in
brush stability, brushes were incubated in buffer solutions (pH
3 and 10) for 3 weeks. Samples were removed from the
solution at certain time intervals, rinsed with DIW, and dried
under a vacuum, then the dry thickness was measured via
AFM. The dry thickness of polymer brushes (h) is defined by
the molecular weight (MW) and grafting density σ, i.e., h =
(MW·σ)/(ρ·NA), where ρ is polymer density and NA is
Avogadro’s number. Therefore, a decrease in brush height can
be explained by the change of either MW or σ. The MW of the
brushes should remain constant, since the poly(styrene-alt-N-
maleimide) backbone is expected to be chemically stable under
incubation conditions.51 Whereas, the grafting density might
decrease by the detachment of the brushes from the substrate.
Figure 6a and b show the normalized thickness of brushes as a
function of incubation time and pH. Sample S3, which bears an
ethylenediamine-based spacer, retains more than 80% of the
brush height after 21 days in buffer solutions. In addition, the
extent of degrafting is nearly identical for acidic or basic
mediums. A similar trend was reported in the literature where
it is attributed to the lack of hydrolysis vulnerable groups such
as ester functions.32,52 However, the sample with an oligo-
ethylene oxide based spacer (S7) exhibited different degrafting
kinetics with varying pH. After a total incubation time of 21
days, the sample incubated at pH 3 preserves ∼92% of the
initial height, which is ∼12% higher than that at pH 10. This
trend can be explained by the effect of increased tension due to
enhanced hydrophilicity and steric effects of bulkier side
chains, which accelerate degrafting combined with base-
catalyzed hydrolysis at high concentration of the hydroxide
ions in pH 10. Control experiments were conducted at pH 7 to
confirm the data obtained from incubation tests at pH 3 and
10. Samples were incubated at pH 7 for 6 days, and dry
thicknesses were measured every 48 h. Similar trends were
observed for both S3 and S7, which retained 89% and 90% of
their initial thicknesses (Figure S13), respectively.
To provide a comparison with homopolymer based systems,

PMETAC brushes (h0: 21.1 nm) (Figure S14), which are
strong cationic polyelectrolytes (DQ 100%) with a meth-
acrylate-based backbone and similar swelling properties (hDIW/
h0: 3.1), were synthesized and evaluated under identical
conditions. Figure S15 presents the variation of normalized

thickness of PMETAC brushes within 6 days of incubation.
PMETAC brushes exhibited limited stability, displaying a
significant reduction (∼69%) in normalized thickness of the
sample incubated at pH 10 during that time, whereas the
sample retained ∼51% of its initial height at pH 3 over that
same period. After 3 weeks of incubation, alternating
copolymer brushes retained more than 80% of their original
height and revealed higher stability compared to homopolymer
strong cationic brushes. Our findings suggest that the
distribution of the charges along with the side chain chemistry
plays an important role in stability and swelling behavior of the
brushes. Alternating sequences of neutral and charged
segments as well as separating the charge from the backbone
contributed to stability by reducing the charge density along
the polymer chain. A more detailed study is required to
understand the precise role of the pendant chains bearing the
charged groups in swelling properties and overall stability of
the brushes.
Figure 7 shows the AFM surface height and phase images of

brushes before and after incubation. Surface roughness values
were determined from the height images with a scan size 1 × 1
μm2. Samples S3 and S7 exhibited similar morphologies in the
dry state, with relatively uniform phase images and RMS
roughness values of 0.7 and 0.61, respectively (Figure 5). For
both samples, an increase in RMS roughness was observed
after incubation, accompanied by the changes in surface
morphology which strongly depend on the pH. Samples
incubated at pH 3 displayed perforated top layers with pinhole-
like structures. The contrast in the phase images also confirms
the formation of heterogeneous layers having different stiffness
from the underlying polymer. Resulting morphologies can be
associated with the different solubility behavior of charged and
neutral units. Long-term exposure of the brushes to aqueous
buffer solutions, which represent poor solvent conditions for
hydrophobic styrene units, may induce rearrangement of the
brushes. To support this claim control experiments were
conducted with homopolymer polystyrene (PS) brushes. PS
brushes with a 20 nm height were incubated in buffer solutions
and then characterized with AFM. After 72 h of incubation,
similar features appeared on the surface of PS brushes; no
significant change was determined in the brush height (Figure
S16). Samples incubated at pH 10 adopted different
morphologies, with no evident pattern. The difference between

Figure 7. AFM images (1 μm × 1 μm) of samples after 3 weeks of incubation. (a) S3 in pH 3, (b) S3 in pH 10, (c) S7 in pH 3, (d) S7 in pH 10.
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the morphologies at varying pH might be related to the pH-
mediated hydroxide adsorption to the brushes, which creates
interchain hydrogen bonds and physical cross-links, resulting in
stiffer brushes with restricted mobility at increasing pH.53

■ CONCLUSION
In summary, a series of strong cationic PEBs were synthesized
through alternating copolymerization of styrene and tailor-
made charge-bearing N-substituted maleimides and evaluated
in terms of swelling behavior and stability in various
environments. The stability data, collected over a 3 week
incubation period at two different pH’s, showed that
introduction of hydrophobic-neutral units to reduce the
number of charged group monomers along the backbone is
an effective strategy. Uniform distribution of charges in an
alternating sequence enabled the obtainment of brushes with
good hydration properties and contributed to stability by
lowering Coulombic stress. We demonstrated that the
composition of the tailored side arms also plays an important
role in the brush performance; using oligo(ethylene oxide)
alkyl-based spacers instead of short alkyl chains enhances the
hydration behavior without diminishing stability. Outcomes of
this study provide important insights into the design of stable
brush systems with a novel approach.
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