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ABSTRACT: Polyelectrolyte brushes can undergo reversible
conformational transitions in response to changes in environmental
pH and ionic strength. Therefore, they offer great potential for the
design of “smart” surfaces and surface-based sensing devices.
Herein, we report weak acidic polyelectrolyte brushes with pH-
dependent autofluorescence based on alternating copolymers of
styrene and tailor-made N-maleimides, which exhibit “clusterolu-
minescence” due to the through-space conjugation of π-
chromophoric subfluorophores. Swelling behavior of the poly-
electrolyte brushes was evaluated as a function of pH via in-
solution atomic force microscopy (AFM) analyses. The correlation
between the pH-induced conformational transitions and auto-
fluorescence was confirmed with confocal laser scanning
microscopy (CLSM) and two-photon laser scanning microscopy. Poly(styrene-alt-N-maleimide)-based well-defined, stable
polyelectrolyte brushes, generating optical signals from conformational changes without conventional fluorophores, may enable the
design of sensors and optoelectronic devices.
KEYWORDS: polyelectrolyte brushes, autofluorescent brushes, alternating copolymers, smart surfaces, aggregation-induced emission

■ INTRODUCTION
Polymer brushes enable the modification of surfaces over nm
to μm length scales with precisely controlled end-functionality,
composition, architecture, density, and thickness for a wide
range of applications.1−3 Conformations of polymer brushes
can be dynamically modulated through external stimuli, which
can lead to a transition from a fully extended chain to a
collapsed state.4 These reversible transitions between two
states can be induced by changes in pH, ion content,
temperature, solvent, and mechanical force and thus render
them as suitable materials for the design of stimuli-responsive
(“smart”) surfaces.5−7 Polyelectrolyte brushes (PEBs), which
contain charged groups in their repeating units, have attracted
considerable attention for the design of smart polymer
interfaces, and many applications have been described for
PEBs, including smart membranes,8 enzyme immobilization
supports,9,10 smart actuators,11 and responsive interfaces.12

Specifically, weak polyelectrolyte brushes establish a versatile
platform for responsive coatings since they can undergo
dynamic changes in accordance with their degree of ionization
and protonation, depending on the local pH.13,14

Polyelectrolyte brushes hold considerable potential for
surface-based sensing materials, given the variety of functional
and structural possibilities. However, these systems suffer from
drawbacks, which are limiting their scope: stability and real-
time analyses of conformational transitions. For example,

degrafting of chains from the surface has been observed for
both neutral and charged systems where the latter is subjected
to additional forces in addition to the steric effects and osmotic
pressure due to the electrostatic repulsion.15,16 To date, two
strategies have been commonly employed to enhance the
stability of PEBs: (1) minimizing the number of labile bonds
that may be susceptible to hydrolysis17,18 and (2) introducing
hydrophobic-neutral blocks between the substrate and charged
segments to create a shielding layer and reduce the mechanical
stresses at the polymer−substrate interface.19,20 Recently, an
effective approach was reported by our group, where
alternating copolymerization was employed to dilute the
charge density and thus reduce that tension.21 We have
designed strong cationic brushes via poly(styrene-alt-N-
maleimide) copolymers, which facilitate the precise control
of architecture, charge placement, and charge density.
Incorporation of luminescence into polymer brushes is a

promising approach to overcome the limitations in real-time
analysis of the conformational transitions and the dynamic
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response of brushes to the environmental changes. Lumines-
cent moieties can be introduced through copolymerization22,23

using fluorophore-containing monomers or via postsynthetic
modifications after brush growth, such as chain-end
modifications.24,25 However, there are several disadvantages
of these approaches as most of the π-conjugated fluorophores
have limited solubility in water. Incorporation of fluorophores
into a polyelectrolyte brush structure can alter its intrinsic
properties and cause chain collapse.24,26 Precise placement and
homogeneous distribution of fluorophore-containing mono-
mers through copolymerization can be problematic due to
different polymerization kinetics of comonomers. Fluorophore-
containing monomers can also initiate photoinduced electron
transfer reactions with the propagating radicals and lead to
decreased polymerization rates.27 Moreover, fluorophores
within the closely packed brush structure can undergo self-
quenching.
We suggest that these issues can be addressed by the use of

autofluorescent polymers, which can emit fluorescence without
the presence of conjugated polymeric building blocks and
conventional fluorophores.26,28 Autofluorescent behavior of
poly(styrene-alt-N-maleimide) copolymers was reported re-
cently,29−31 which is associated with the “through-space” π−π
interactions of carbonyl groups of maleimides and the adjacent
benzene ring of the styrene units.26,32,33 Poly(styrene-alt-N-
maleimide) copolymers are classified as luminogens with
aggregation-induced emission effects (AIEgens), which gen-
erate clusters and luminesce strongly in the aggregated state.
Using these AIEgens for the synthesis of stimuli-responsive

polymer brushes may confer advanced functionalities to brush
systems through visualization of conformational changes in
addition to stability.28,34

Herein, we report well-defined weak acidic PEBs with pH-
dependent luminescence for potential surface-based sensing
devices. PEBs were prepared based on alternating copolymers
of N-substituted maleimides and styrene through tailor-made
maleimides to dilute charge density and adjust the distance
between the charged groups and the backbone, which played
an important role in stability and swelling properties. pH-
dependent conformational changes from collapsed (∼100 nm)
to fully extended state conformations (∼400 nm) altered the
fluorescence characteristics, which were monitored via
comparisons between in-solution AFM analyses and confocal
laser scanning microscopy (CLSM). We showed that
alternating copolymers of N-substituted maleimides and
styrene enable the incorporation of sensing functionality in
brush-integrated surfaces, which overcome the limitations of
conventional fluorophores and low stability.

■ RESULTS AND DISCUSSION
Synthesis of N-substituted Maleimides and PEBs. N-

substituted maleimides were synthesized with two different
side chains, which enabled adjustment of the proximity of the
ionic groups to the backbone. β-Alanine t-butyl ester has two
methylene groups separating acidic units from the backbone,
while tert-butyl 3-(4-hydroxybutoxy) propanoate contains six
methylene groups between the acidic unit and the polymer

Scheme 1. Schematic Representation of (A) Synthesis of N-(tert-Butyl propanoate) Maleimide (MI1), (B) Synthesis of tert-
Butyl 3-(4-Hydroxybutoxy) Propanoate and N-(tert-Butyl(3-butoxy) propanoate) Maleimide (MI2), and (C) Synthesis and
Postsynthetic Modification of the Brushes (PMI1 and PMI2)
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backbone. N-substituted maleimides were synthesized via
different methodologies (Scheme 1): N-(tert-butyl propa-
noate) maleimide (MI1) was synthesized through the reaction
of maleic anhydride with β-alanine t-butyl ester leading to a
maleamic acid intermediate, which was subsequently dehy-
drated into maleimide. For the synthesis of N-(tert-butyl(3-
butoxy) propanoate) maleimide (MI2), a modified Mitsunobu
method was employed, where tert-butyl 3-(4-hydroxybutoxy)
propanoate was reacted with maleimide in the presence of
triphenyl phosphine and a dialkyl azodicarboxylate. The
successful synthesis of the products was confirmed with 1H
NMR (Figures S1−S4).
PEBs were grown from a surface-immobilized ATRP

initiator (APTES-BIBB) through surface-initiated Cu(0)-
mediated controlled radical polymerization, which enables
the synthesis of thick, dense brush layers with low volumes of
polymerization solutions and simple experimental setup at
room temperature.35,36 Polymerization solution was filled
between an initiator-immobilized wafer and a copper plate,
and then brush growth was determined at room temperature
(25 °C) for 6 h. Brush thickness increased linearly with the
polymerization time up to 6 h and leveled around 151 and 137
nm for brush series PMI1 and PMI2, respectively (Figure S5).
Dry thickness of the resulting brushes was determined via
AFM step-height measurements before and after hydrolysis of
tert-butyl groups, where a noticeable decrease was observed
upon the removal of bulky t-butyl groups due to relaxation
(Figure 1E,F).
The composition of the poly(styrene-alt-N-maleimide)

brushes was investigated via survey and high-resolution XPS
scans. A representative survey spectrum of PMI2 is presented
in Figure 2A. In a perfectly alternating sequence, PMI2 brushes
are expected to contain 76% of C, 4% of N, and 20% of O. The
surface composition determined via XPS survey analysis
indicated that the copolymers exhibit alternating sequence
with uniform distribution of maleimide and styrene units.

High-resolution C 1s spectra of PMI1 and PMI2 are provided
in Figure 2B,C. The C 1s spectrum of PMI1 can be fitted with
three curves with expected ratios, corresponding to C�C
(286.9 eV), C−C (287.6 eV), and N−C�O/O−C�O
(290.6 eV). The high-resolution signal of the PMI2 requires
an additional component, C−O−C (288.6 eV), due to the
ether moiety in its side chain. To determine the precise
composition of the copolymers, which is critical for the brush
performance and stability, free copolymers of styrene and N-
substituted maleimides were also synthesized and analyzed via
1H NMR (Figures S6 and S7). The maleimide/styrene ratio
was determined to be 45/55 and 43/57 for series PMI1 and
PMI2, respectively.
As a complementary technique to XPS, near-edge X-ray

absorption fine-structure spectroscopy (NEXAFS) was used to
determine the near-surface composition and detailed chemical
structure of the brushes. Figure 2D,E shows the postedge
normalized C 1s NEXAFS spectra of brush surfaces acquired at
an X-ray incidence angle of 55°. Similar NEXAFS spectra were
obtained for PMI1 and PMI2. The first three sharp peaks at
284.9, 287.8, and 288.4 eV are assigned to C 1s π*

dC�C
, C

1s σ*C−H, and C 1s π*
dC�O

transitions, respectively.37,38 Since
styrene units are the only source of aromatic structures, C
1s π*

dC�C
resonance is an indicator of the surface concentration

of the hydrophobic segments, whereas the additional fine
structures at 287.8 and 288.4 eV are indicative of maleimide
segments populating the surface. The peak representing C
1s σ*C−H resonance has a greater intensity in PMI2 than in
PMI1, which is consistent with the long aliphatic side chains. C
1s π*

dC�O
transitions may also include some contribution from

the C 1s σ*C−O resonance due to etheric moieties in the side
chain of PMI2.

39 The broad peaks at higher energies at 293.5
and 303 eV are transitions to the σ* orbitals and assigned to
σ*C−C, σ*C−N and σ*C�C, σ*C�O, respectively.

Figure 1. Chemical structure of the brushes (A) PMI1 and (B) PMI1. 3D height images of the brushes with scratched regions used for step-height
measurements. (C) PMI1 and (D) PMI2. AFM height profiles exhibit the step-height difference between the bare wafer and the brush layer after
hydrolysis of tert-butyl groups: (E) PMI1 and (F) PMI2.
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pH-responsive swelling behavior of the brushes was
investigated via in-solution AFM analyses. The samples were
incubated in aqueous buffer solutions for 2 h and then
analyzed in tapping mode. Since both PEBs have identical
backbones, their swelling behaviors were expected to be
defined by the side-chain composition (Figure S8). AFM data
revealed that the steric effects are suppressed by the
hydrophobic interactions, where PMI1 with β-alanine-based
shorter side chains displayed a higher swelling ratio at a given
pH value. In the neutral state, these brushes had weak
interactions with water, and thus brush thicknesses remained
almost constant between pH 3 and 5. As the pH increased

from 5 to 6, the thickness of poly(styrene-alt-N-maleimide)
brushes sharply increased due to the deprotonation of acidic
moieties, followed by a gradual increase with a further increase
in pH up to 11. Figure 3A,B shows the swelling ratios of
samples as a function of pH, which varied between 3.2 and 4.5
for PMI1 and 2.2 and 3.3 for PMI2. Representative height
profiles are provided in Figures S9 and S10. Poly(styrene-alt-
N-maleimide) brushes displayed similar morphologies during
the transition from a collapsed to a fully extended state. When
the brushes are in the neutral state, aqueous buffers (pH < 6)
are poor solvents for both segments; therefore, polymer−
polymer interactions become more favorable. After an

Figure 2. (A) XPS survey spectrum of PMI2. (B) High-resolution C 1s spectrum of PMI1. (C) High-resolution C 1s spectrum of PMI2. C 1s
NEXAFS spectra of the brush surfaces (D) PMI1 and (E) PMI2 obtained at an X-ray incidence angle of 55° and an entrance grid bias of −150 V.
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incubation period, heterogenous features appeared on the top
layer as a result of aggregated chains (Figure 3C,D). High
contrast in the corresponding phase images also confirmed the
formation of the aggregates (Figure S11). At pH 6 and above
where acidic groups start to deprotonate, chains stretched away
from the surface and created a homogeneous top layer. In the
swollen state, brushes displayed homogeneous surfaces with
relatively uniform phase behavior, and the swelling was
accompanied by a significant reduction in RMS roughness
(<1 nm).
Poly(styrene-alt-N-maleimide) copolymers are classified as

aggregation-induced emission luminogens, and their photo-
luminescence behavior is associated with “through-space” π−π
interactions between the carbonyl and phenyl groups, which is
induced by clusterization.40 The theoretical and experimental
analysis confirmed that the emissive behavior depends on the
proximity and abundance of the subfluorophores and can be
enhanced by increasing the amount of AIEgens.28,41 The
photophysical properties of free copolymers (deprotected)
were analyzed under various conditions; first, we prepared
solutions of copolymers (in THF) with various concentrations
and measured fluorescence intensity as a function of
concentration. The data confirmed the aggregation-induced
emission behavior of copolymers where the fluorescence
intensity increased with the increasing copolymer concen-
tration (Figure 4A,B). For both copolymers, broad emission
spectra were obtained (λex = 400 nm) with an emission
maximum around 485 nm (Figure 4C,D).

Next, the influence of pH on fluorescence intensity was
examined. Since copolymers bear carboxylic acid groups in the
side chains of maleimide units, it was anticipated that the
degree of ionization would affect the chain conformation upon
deprotonation and hence the clusteroluminescence. Therefore,
deprotected copolymers were dissolved in buffer solutions (pH
7 and 11) (3 mg/mL), and fluorescence spectra were recorded.
In alkaline solution, the extent of packing between the styrene
and maleimide units is expected to decrease as a result of
electrostatic repulsion along the polymeric backbone, which
limits the π−π interactions to some extent and results in lower
emission intensity. The emission maximum was red-shifted to
526 nm for PMI1 and to 532 nm for PMI2, indicating a
decrease in the emission energy due to the transition between
the tautomers.42 The copolymers exhibited stronger emission
at pH 7, and a significant reduction was observed at pH 11.
The latter condition corresponds to an extended chain
conformation, leading to limited intra-/interchain interac-
tions.43

pH-dependent clusteroluminescence of the PEBs was first
qualitatively examined via CLSM, and z-stack images of the
samples were recorded in acidic and basic environments to
construct 3D images from the optical sections. Both samples
exhibited greater fluorescence intensity in the collapsed state
(pH 3) (Figure 5B,E), which drastically decreased upon
swelling at pH 11 as a result of the reduced local density of
polymer chains in the extended conformation (Figure 5C,F).
The relationship between fluorescence intensity and brush
conformation was quantitatively evaluated by two-photon laser

Figure 3. Swelling ratios of (A) PMI1 and (B) PMI2 in buffer solutions with various pHs. 3D AFM height images of the brushes after 2 h of
incubation: (C) PMI1 and (D) PMI2.
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scanning microscopy. Fluorescence images were scanned in λ
mode from 413 to 693 nm (λex = 800 nm), in pHs 3, 6, 8, and
10, and the corresponding emission spectra were generated
through 64 spectral sections (Figure 5D,G). Fluorescence
spectra of the brushes correlated with that of free copolymers;
however, the emission maximum shifted to a longer wave-
length for PMI1, indicating a decrease of the emission energy.
Surfaces displayed a strong fluorescence signal at pH 3, where
polymer chains were present in the collapsed state. In this
form, polymer chains occupy smaller volumes compared to the
swollen state, which leads to a higher local chain concentration.
Such chain confinement facilitated space conjugation inter-
actions and enhanced luminescence. The fluorescence intensity
decreased as brushes switched from a collapsed to an extended
state between pH 3 and 10. For PMI2, a gradual decrease was
observed in the fluorescence intensity, while the brush height
slowly increased from 106 nm (pH 3) to 235 and 320 nm for
pH 6 and 8, respectively. However, a steep decrease was
observed for PMI1 as a result of the sharp increase in the brush
height from 108 nm (pH 3) to 333 and 383 nm for pH 6 and

8, respectively. In this state, adjacent chains are diluted with
the hydration layer44 and inter- and intramolecular interactions
are limited by electrostatic repulsion as a result of increasing
charge density. The results showed that the fluorescence
intensity is defined by the conformational changes, which
determines the local concentration of polymer chains and
inter-/intramolecular interactions. Poly(styrene-alt-N-malei-
mide) brushes offer several advantages over conventional
fluorophore-integrated systems, especially for those that
require precise placement of molecules and often require
additional postsynthetic modifications.
To investigate the effect of grafting density on cluster-

oluminescence of acidic poly(styrene-alt-N-maleimide)
brushes, a brush sample prepared with styrene and MI2 (h0:
100 nm) was immersed in tetrabutyl ammonium fluoride
(TBAF) solution to facilitate degrafting.45 Grafting density was
controlled with an incubation period in TBAF solution (1−3
h), and degrafting was confirmed with AFM analysis via the
decrease of brush height. Then, the fluorescence intensity of
the brushes was examined in the collapsed state (pH 3) as a

Figure 4. Digital photographs of solutions containing free deprotected copolymers dissolved in either THF or aqueous buffer solutions under UV
light (3 mg/mL): (A) PMI1 and (B) PMI2. Fluorescence emission spectra of copolymers at different concentrations in THF: (C) PMI1 and (D)
PMI2. Fluorescence emission spectra of deprotected polymers in aqueous buffer solutions (3 mg/mL): (E) PMI1 and (F) PMI2. All measurements
were performed at 25 °C with λex = 400 nm.
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function of grafting density. The fluorescence intensity
gradually decreased with increasing incubation time, as a
result of reduced local concentration of polymer chains and
relatively relaxed conformation of the chains, limiting
interactions between proximate subfluorophoric groups and
cluster formation (Figure S12).
Brush systems that can generate optical signals from

conformational changes without conventional fluorophores
offer considerable potential for surface-based sensing devices:30

(I) Autofluorescent polymers, which can be chemically
attached to a substrate, enable to design reusable and stable
sensors with enhanced photostability.46,47 (II) Critical
parameters such as water solubility, brush thickness, and

distribution of the functional units can be precisely controlled
to optimize the optical properties and amplification of sensor
response.40 (III) The rich chemistry of the substitution groups
on monomers offers various combinations of the active sites for
different applications. However, this functionality needs to be
combined with stability to promote the applications of PEBs.
To examine their stability and the role of alternating sequence
and charge placement, brushes were incubated in aqueous
buffer solutions for 12 days. Anionic brushes were incubated at
pH 11 to mimic extreme conditions in which they are present
in the charged state, which increases electrostatic repulsion and
accelerates degrafting combined with base-catalyzed hydrolysis
at a high concentration of the hydroxide ions.18,48 To provide a

Figure 5. (A) Schematic representation of pH-triggered conformational change and luminescence of the brushes. CLSM images of the brushes:
collapsed state (pH 3): (B) PMI1 and (E) PMI2; swollen state: (C) PMI1 and (F) PMI2 (pH 11). Fluorescence emission spectra of the polymer
brush surfaces in buffer solutions with varying pHs, collected via two-photon excitation microscopy with λex = 800 nm: (D) PMI1 and (G) PMI2.
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comparison with homopolymer-based systems, poly(acrylic
acid) (PAA) brush (h0: 83 nm), which is weak acidic
polyelectrolytes with an acrylate-based backbone, is synthe-
sized and evaluated under identical conditions. The samples
were removed from the solution at certain time intervals,
rinsed with DIW, and dried under vacuum, and then the dry
brush thickness was measured via AFM. Figure 6A shows the
normalized thickness of PMI1, PMI2, and PAA brushes as a
function of incubation time. After 12 days of incubation, a
significant reduction was observed in the normalized thickness
of the PAA brush, which retained only 12% of its initial height.
PMI1 (h0:103 nm), which contains a β-alanine-based spacer
between the charged groups and the backbone, preserved
∼30% of its initial height. However, PMI2 (h0: 105 nm) with a
longer spacer, exhibited higher stability over the same period
and retained more than 70% of its initial height. Figure S13
shows optical images of the substrates before and after
incubation; substrates with PAA and PMI1 brushes exhibited
evident deterioration after stability tests. To test the limits of
its stability, PMI2 was incubated for up to 11 weeks, and the
normalized thickness remained stable during that incubation
period (Figure 6B,C), indicating that in addition to the
alternating sequence, the distance between the charged groups
and the backbone also plays an important role in stabilty of
polyelectrolyte brushes.

■ CONCLUSIONS
In summary, we report weak polyelectrolyte brushes with pH-
dependent autofluorescence based on poly(styrene-alt-N-
maleimide) copolymers exhibit clusteroluminescence due to
space conjugation of π-chromophoric subfluorophores. It was
found that fluorescence intensity can be effectively regulated
via brush conformation, which determines the abundance and

inter-/intramolecular interactions of carbonyl and phenyl
groups. In the collapsed state where polymers occupy smaller
volumes, brushes emit strong fluorescence as a result of high
polymer concentration, facilitating interactions between
proximate subfluorophoric groups and cluster formation.
Fluorescence intensity decreases upon swelling due to reduced
concentration of polymers and extended conformation. The
conformation-regulated autofluorescence of brushes was
verified via comparisons between CLSM and in-solution
AFM analyses in buffer solutions with varying pH. These
brushes enable the design of smart surfaces without the need
for conventional fluorophores and offer great potential for
sensing devices.

■ EXPERIMENTAL SECTION
Materials. Maleic anhydride, magnesium sulfate (MgSO4), and

sodium chloride (NaCl) were obtained from BTC. Acetone-d6,
chloroform-d (CDCl3), tert-butyl acrylate, N,N,N′,N″,N″-pentame-
thyldiethylenetriamine (PMDETA), tetrahydrofuran (THF), 1,4-
butanediol, potassium tert-butoxide (KOtBu), neopentyl alcohol,
maleimide, diisopropyl azodicarboxylate (DIAD), triphenyl phos-
phine (Ph3P), ethyl acetate, sodium acetate (NaAc), acetic anhydride,
ethyl-2-bromoisobutyrate (EBiB), copper(II) bromide (CuBr2),
tris[2-(dimethylamino)ethyl]amine (Me6TREN), N,N-dimethylfor-
mamide (DMF), triethylamine, α-bromoisobutyryl bromide (BIBB),
ethanol (EtOH), dichloromethane (DCM), (3-aminopropyl)-
triethoxysilane (APTES), trifluoroacetic acid (TFA), and styrene
(St) were purchased from Sigma-Aldrich. β-Alanine tert-butyl ester
hydrochloride and L-ascorbic acid were 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.

Figure 6. (A) Normalized dry thickness of the brushes measured after 12 days of incubation. (B) 3D height image of PMI2 recorded after 11 weeks
of incubation. (C) AFM height profile of PMI2 after 11 weeks of incubation.
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Synthesis of N-Substituted Maleimides. N-(tert-Butyl prop-
anoate) maleimide was synthesized via a reaction of maleic anhydride
and β-alanine tert-butyl ester. First, β-alanine tert-butyl ester
hydrochloride was purified to remove the salt, which was dissolved
in aqueous sodium hydroxide solution, and then extracted from the
aqueous phase with DCM. The organic phase was collected over 3
extractions, and then the product was obtained after filtration and
evaporation of the DCM.

Equimolar amounts of maleic anhydride and β-alanine tert-butyl
ester were reacted in ethyl acetate at room temperature for 24 h. The
maleamic acid, which precipitated as a white powder, was recovered
by vacuum filtration, washed with ethyl acetate, and then dried and
used without purification. For cyclization, maleamic acid was 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. The products were collected
after 24 h through precipitation in ice-cold DIW, where N-(tert-butyl
propanoate) maleimide was obtained as light brown powder with 70%
yield.
Synthesis of N-(tert-Butyl(3-butoxy) propanoate) Malei-

mide. tert-Butyl 3-(4-hydroxybutoxy) propanoate was synthesized
according to a previous report,49 through monoalkylation of
butanediol with tert-butyl acrylate. tert-Butyl acrylate (105 mmol)
dissolved in 100 mL of anhydrous THF was added to a solution of
butanediol (0.30 mol) and potassium tert-butoxide (100 mg) in 50
mL of anhydrous THF. The reaction was performed at room
temperature for 24 h and neutralized with 1 M HCl. The solvent was
evaporated, and the oily residue was dissolved in 200 mL of brine
solution and then extracted with ethyl acetate three times. The
combined organic layers were washed with 90 mL of brine and dried
over Mg2SO4. The solvent was removed in vacuum, and the product
was purified via column chromatography.
tert-Butyl 3-(4-hydroxybutoxy) propanoate (11.3 mmol), neopentyl

alcohol (5.20 mmol), and triphenyl phosphine (10.3 mmol) were
dissolved in 150 mL of anhydrous THF and cooled to 0 °C. Then,
fine powder of maleimide (10.3 mmol) and DIAD (10.3 mmol) were
added to the solution, which was kept at 0 °C for 5 min. Then, the
reaction was performed for 12 h at room temperature. The solvent
was removed, and the product was purified via column chromatog-
raphy. N-(tert-Butyl(3-butoxy) propanoate) maleimide was obtained
as a yellow viscous oil with 65% yield.
Synthesis of PEBs. 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 × 3 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.

One milliliter of polymerization mixture containing, [1]:[1]:[0.01]
[St]/[MI]/[PMDETA] in 20:1 (v/v) DMSO/DIW was filled
between an initiator-immobilized silicon wafer and a copper plate,
which were separated by a Teflon spacer with a distance of d = 0.5
mm. The setup was then covered with a petri dish and polymerization
was conducted at room temperature for 6 h. After polymerization, the
plates were separated, and the substrates were sonicated in DMSO for
5 min. The substrates were dried and then immersed in 50 vol %
solution of TFA/DCM for the deprotection of carboxylic acid groups.
Synthesis of Poly(styrene-co-N-maleimide) Copolymers.

Poly(styrene-co-N-maleimide) copolymers were synthesized via
ARGET-ATRP to determine the precise composition of the
copolymers. Polymerizations were carried out for 24 h with given
conditions: [MI]/[St]/[EBiB]/[CuBr2]/[Me6TREN]/[L-ascorbic
acid] = 250:250:1:0.05:0.5:1.5 in DMSO at 110 °C. The copolymers
were precipitated in DIW and dried under vacuum at 40 °C for 12 h.
Characterization. NMR Spectroscopy. 1H NMR spectra of the

building blocks, monomers, and free polymers were recorded on a

Varian Inova 500 spectrometer operating at 500 MHz at room
temperature.

Atomic Force Microscopy. 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 spring
constant of 26 N/m were used for the dry state, while the tips with a
frequency of 70 kHz and a spring constant of 2 N/m 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, the samples were carefully scratched with a razor blade, and
AFM height images were taken at the boundary between 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, the samples were incubated
in buffer solutions and DIW for 2 h to equilibrate, and then the wet
thickness of swollen brushes was measured.

X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron
spectroscopy (XPS) analyses were conducted using a 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.

NEXAFS Spectroscopy. NEXAFS spectroscopy was performed at
the National Synchrotron Light Source II (NSLS-II) beamline 7ID-1
(SST-1) of Brookhaven National Lab. The samples were prepared on
silicon wafers. The data reported were acquired using a grid bias of
−150 V. The negative grid potential prevents electrons with kinetic
energy less than 150 eV from entering the detector. The PEY signals
were normalized by the incidence beam intensity obtained from the
photo yield of a clean gold grid. A linear pre-edge baseline was
subtracted from the normalized spectra, and the edge jump was
arbitrarily set to unity far above the C K-edge.50

Contact Angle. 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.

Fluorescence Measurements. Fluorescence emission spectra were
recorded using the Edinburgh FLS 1000 Spectrometer (λexc = 370 nm,
dλ = 1 nm, 380−700 nm) at RT in THF and buffer solutions (3 mg/
mL).

Confocal Laser Scanning Microscopy (CLSM). Fluorescence
imaging of polymer brushes was performed with a confocal
microscope with an inverted Axio Observer Z.1 (ZEISS LSM710).
A few drops of buffer solution were added between the cover glass
and the substrate, then the samples were excited with an argon laser
(405 nm), and emission was collected through 63× objective. Images
were recorded with a constant set of parameters for all samples. The
two-photon excited fluorescence spectra were collected using a Zeiss
LSM 880 with an excitation wavelength of 800 nm and power of 10%
using a 32× water immersion objective.
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