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Two prepared silicon wafers bearing cationic and anionic polyelectrolyte brushes were joined with 2 uLL
of water under 0.098 MPa of pressure at room temperature. The bonded area was fixed at 5 x 10 mm?.
A lap shear strength of 1.52 MPa was achieved through the adhesion of poly[2-(methacryloyloxy)ethyl
trimethylammonium chloride] and poly(3-sulfopropyl methacrylate potassium salt) brush substrates
due to electrostatic attractive interactions between the positively and negatively charged polymers. In
contrast, the lap shear strength of bonded polymer brushes with like charges was only 0.027-0.072
MPa. The polyelectrolyte brushes remained on the substrates even after their separation in the lap shear
test; and the brush substrates readhered in the presence of a small amount of water. Furthermore, the
adhering substrates were smoothly debonded in aqueous NaCl solution due to the electrostatic
interaction of the hydrated salt ions. However, the substrates did not separate in deionized water. In
summary, reversible nanoscale adhesion was achieved using oppositely charged polyelectrolyte brushes
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combined with aqueous solution.

Introduction

Adhesion techniques using a simple, clean, nontoxic, and envi-
ronmentally benign process at a nanoscale thickness are neces-
sary for the advancement of nanodevices, nano- to microanalysis
systems, and microfluidic devices. Alternatives to conventional
adhesives or glues include biomaterial-based adhesives or
micropatterned elastomeric surfaces with pillars utilizing van der
Waals forces. For example, Messersmith et al. proposed a bio-
adhesive inspired by the composition of adhesive proteins in
mussels, 3,4-dihydroxyphenyl-L-alanine (L-DOPA). Micro-
sized pillars or micropatterned surfaces with higher aspect ratios
inspired by the toe pads of geckos have been investigated to
understand the adhesion mechanism, which is based on van der
Waals and capillary forces.’>® Self-welding or interdiffusion
between miscible polymer/polymer interfaces at temperatures
below the bulk-glass transition temperature has also been
examined because these processes are chemically stable, low-cost,
and simple nanoscale adhesion methods for soft materials.®®
Ionic interactions between oppositely charged polyelectrolytes
also present an attractive and promising adhesion force.
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1 Electronic supplementary information (ESI) available: Video of the
adhesion procedure and weight-hanging demonstration. See DOI:
10.1039/c1sm05132f

Polyelectrolyte complexes'® formed between positively and
negatively charged polymers have already be utilized in layer-by-
layer assembly'' as a novel adhesive layer.'*!®* Neoh and
coworkers prepared surface-grafted polyelectrolytes on ozone-
or argon-plasma-pretreated polymer films, such as polyaniline
emeraldine base,* polytetrafluoroethylene,'s low-density poly-
ethylene,'®'” and polycarbonate,'®' by photolytically or ther-
mally induced graft copolymerization of 1-vinylimidazole* or
methacrylate monomers, such as acrylic acid, styrenesulfonic
acid sodium salt, 3-(N-2-methacryloyloxyethyl-N,N-dimethyl)
ammonium propane sulfonate (MAPS), N, N-dimethyl-N-meth-
acrylamidopropyl-N-(3-sulfopropyl)ammonium betaine, and
3-sulfopropyl methacrylate potassium salt (SPMK).** Two
polyelectrolyte-grafted films were joined by direct contact in the
presence of water and subsequent drying. A lap shear adhesion
strength as high as 3.40 MPa (=N mm?) was achieved between
two polyaniline films grafted with poly(MAPS)* due to the
strong interchain electrostatic interaction arising from the
amphoteric side chains of the ammonium cation species and
the sulfonate anion species. Photolytically or thermally induced
graft polymerization is a conventional technique for fabricating
surface-grafted polymers on a film or substrate. However, it is
difficult to control the molecular weight, the graft density, and
the thickness of the grafted polymer layer.

Over the last decade, well-defined surface-grafted polymers
with sufficiently high graft density, called polymer brushes,?***
have been prepared via surface-initiated polymerization
combined with controlled/living radical polymerization, such as
atom transfer radical polymerization (ATRP).* Generally,
polymer brushes are grown from surface initiating sites that are
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immobilized on solid surfaces or substrates through covalent
bonding. Therefore, the brush chains cannot be released from the
substrate, even in a good solvent solution. The thickness of the
brush layer is also controllable through the molecular weight of
the polymer when surface-initiated polymerization proceeds in
a living manner. LaSpina and Geoghegan ef al. investigated the
pH-sensitive adhesion of poly(N,N-dimethylaminoethyl meth-
acrylate) brushes on poly(methacrylic acid) gel,>® which was
analyzed by Johnson-Kendall-Roberts experiment and neutron
reflectivity measurement.

In this study, positively and negatively charged poly-
electrolyte brushes approximately 100 nm thick were prepared
by surface-initiated ATRP of 2-(methacryloyloxy)ethyl-
trimethylammonium chloride (MTAC), sodium methacrylate
(MANa), and SPMK on silicon wafer bearing immobilized
alkylbromides. The oppositely charged polyelectrolyte brush
substrates were expected to bond strongly to each other in the
presence of a small amount of water, as previously reported by
Neoh.' In addition, we demonstrated debonding of the brush
substrates in aqueous salt solution as well as readhesion with
water. This is the first report of a reversible adhesive-free
nanoscale adhesion with oppositely charged high-density poly-
electrolyte brushes that employed environmentally benign
aqueous solutions as triggers.

Experimental
Materials

Copper(1) bromide (CuBr, Wako Pure Chemicals, 99.9%) was
purified through successive washes with acetic acid and ethanol
then dried under vacuum. Ethyl 2-bromoisobutylate (EB, Tokyo
Chemical Inc. (TCI), 98%) was dried and distilled over CaH,
before use. Commercially available copper(ir) bromide (CuBr,,
Wako Pure Chemicals, 99%), 2,2’-bipyridyl (bpy, Wako, 99.5%),
4,4'-dimethyl-2,2’-bipyridyl (Me,bpy), 2,2,2-trifluoroethanol
(TFE, Acros, 99.9%), 2-propanol (TCI, 99.5%), ascorbic acid
(Aldrich), SPMK (Polysciences Inc., 98%), and MANa (Wako,
98%) were used without additional purification. Commercially
available MTAC aqueous solution (Aldrich, 80%) was concen-
trated using a vacuum pump to remove water, and then dis-
solved in TFE. The MTAC/TFE solution was purified by
alumina column chromatography and membrane filtration.
The surface initiator, (2-bromo-2-methyl)propionyloxy hexyl-
trimethoxysilane (BHM), was synthesized by hydrosilylation of
5’-hexenyl 2-bromoisobutylate treated with trimethoxysilane in
the presence of a Karstedt catalyst. The BHM monolayer was
immobilized on silicon wafers or glass plates (10 x 40 x 0.5
mm?®) in dry toluene at 298 K for 4 h. Deionized water was
purified using the Arium 611 UV system (Sartorius Stedim
Biotech). The chemical structure of the polyelectrolyte brushes is
illustrated in Fig. 1.
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Fig. 1 Chemical structures of the polyelectrolyte brushes.

Brush preparation

The typical protocol was followed for surface-initiated ATRP on
MTAC in TFE.? Briefly, a few sheets of the BHM-immobilized
silicon wafers, 4.0 mL of MTAC/TFE solution (2.0 M), and 0.30
mL of 2-propanol were charged in a well-dried glass tube with
a stopcock then degassed using a freeze-thaw process repeated
three times. A catalyst solution containing CuBr (0.020 mmol),
bpy (0.040 mmol), and EB (0.020 mmol) diluted with TFE was
injected into the monomer solution. The resulting reaction
mixture was degassed again by repeated freeze-thaw cycles to
remove the oxygen and then stirred in an oil bath at 333 K for 16
h under argon, which simultaneously generated poly(MTAC)
brushes from the substrate and free (unbound) poly(MTAC)
from EB. The reaction was stopped by opening the glass vessel to
air at 293 K. The reaction mixture was poured into THF to
precipitate the free polymer and unreacted MTAC. The silicon
wafers were washed with TFE using a Soxhlet apparatus for 12 h
to remove the free polymer adsorbed on the surface. The wafers
were then dried under reduced pressure. The poly(SPMK)*
brushes were prepared by surface-initiated ATRP of SPMK
(36.5 mmol) from a BHM-immobilized silicon wafer in a water
(6.0 mL) and methanol (15.0 mL) mixture with CuBr, (0.050
mmol), Me,bpy (0.010 mmol), and ascorbic acid (0.050 mmol)
under argon atmosphere at 298 K for 16 h. The resulting
substrates were washed with water for 12 h using a Soxhlet
apparatus and ethylene glycol. The synthesis procedure for the
PMANa brushes was similar to that reported by Huck® and
Klok et al** CuBr (0.020 mmol), Me,bpy (0.040 mmol), and
BHM-functionalized silicon wafers were introduced into a glass
tube, which was then degassed by seven cycles of vacuum
pumping and flushing with argon. MANa (70 mmol) was dis-
solved in water (17.5 mL) to obtain 2.20 M aqueous solution and
the pH was adjusted to 8.4 by the addition of a 0.1 M aqueous
sodium hydroxide solution. The monomer solution was degassed
by applying three freeze-pump-thaw cycles. A portion of the
MANa aqueous solution (7.0 mL) was transferred to the argon-
purged copper catalyst, and degassing continued for three
additional freeze—pump-thaw cycles. Surface-initiated polymer-
ization was performed at 298 K for 3 h under an argon atmo-
sphere. The substrates were washed with hot water for 12 h using
a Soxhlet apparatus.

Characterization

Size-exclusion chromatography (SEC) of the free soluble poly
(MTAC) was performed to determine the number-average
molecular weight (M),) and molecular weight distribution
(MWD) with a Shimadzu HPLC system connected to three
Tosho polystyrene gel columns (1 x G3000PWy-CP + 2 x
G5000PWx -CP) and equipped with a multi-angle light-scat-
tering detector (MALS; Wyatt Technology DAWN-EOS,
wavelength: 1 = 690 nm), and an acetic acid (500 mM) aqueous
solution containing sodium nitrate (200 mM) was used as an
eluent at a rate of 0.6 mL min~'. The thickness of the brush layers
was determined with a MASS-102 spectroscopic ellipsometer
(Five Lab Co.) equipped with a Xenon arc lamp (wavelength
380-890 nm) at a fixed incident angle of 70°. XPS measurement
was performed with an XPS-APEX (Physical Electronics Co.
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Ltd.) using a monochromatic Al-Ka X-ray source at a power of
150 W and a pressure of 1 x 107° Pa. All XPS data were collected
at a takeoff angle of 45°, and a low-energy (25 ¢V) electron flood
gun was used to minimize sample charging. The survey spectra
(0-1000 eV) and the high-resolution spectra of the Cg, Oy, Ny,
Sop, Kap, Clap, and Siy, regions were acquired at analyzer pass
energies of 100.0 and 25.0 eV, respectively. The X-ray beam was
focused on an area with a diameter of approximately 0.2 mm.

During the adhesion process, 2 pL of deionized water was
injected onto a brush-immobilized rectangular silicon substrate
and then another substrate was pressed onto it under a constant
load of 4.9 N at 298 K and 55% relative humidity. The contact
area of the substrates was maintained at 5 x 10 mm?, unless
otherwise specified. After 2 h of drying time, a supporting
aluminium plate (10 x 30 x 0.3 mm?) was bonded to both ends
of the lapping substrates using a cyanoacrylate-type instant glue
to prepare an easy-to-clip sample for the lap shear test. The
adhesion strength was determined by measuring the lap shear
adhesion force with a tensile tester (Shimadzu EZ-Graph) at 298
K in an ambient atmosphere. As shown in Fig. 2(b), the sample
was held at both ends of the aluminium plates with two
mechanical chucks connected to a load cell and a tester base
anchor. The crosshead speed was set to 1 mm min~! in tensile
mode. The lap shear strength was defined as the force corre-
sponding to the breaking point divided by an adhesion area of
50 mm? To measure the adhesion holding time, a specimen
prepared as previously described was attached to a hanging
weight of 100 g (3.0 cm® in volume) and slowly immersed in
a 0.5 M aqueous NaCl solution at 298 K, as shown in Fig. 2(c).
We measured the time until the bonded brush substrates
debonded and separated from each other in a graduated cylinder
filled with an aqueous salt solution.

Results and discussion

Three types of polyelectrolyte brushes, poly(MTAC),>” poly
(SPMK),*® and poly(MANa),?** were prepared with surface-
initiated ATRP on alkylbromide-immobilized silicon wafers, as
shown in Fig. 1. The M, and MWD of free poly(MTAC) were
383 000 and M, /M, = 1.18, respectively. The M, of the surface-
grafted poly(MTAC) was also measured by SEC after the
isolation of grafted polymer cleaved from the substrate surface.
We confirmed both ATRP from the surface-immobilized
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initiator and sacrificial free initiator in a solution proceeded in
a controlled manner to give polymers with almost same M,,.273!
The thickness of the poly(MTAC) brush was approximately 115
nm, and the thickness of the poly(SPMK) and poly(MANa)
brushes was approximately 150 nm. Based on the thickness and
M, the graft density of the poly(MTAC) brush was estimated at
0.20 chains nm~2.

Two silicon wafers, one prepared with cationic and one with
anionic polyelectrolyte brushes, were joined in a 5 x 10 mm?
contact area using 2 pL of water and pressed under a pressure of
0.098 MPa. Polymer brushes with anionic or cationic side chains
show expanded chain conformations in pure water due to the
electrostatic repulsions among the ionic side chains. After 2 h of
adhesion time, followed by drying at 298 K in ambient air, the
adhesion strengths of the samples were determined by measuring
the lap shear adhesion force with a tensile tester at 298 K, as
shown in Fig. 2(b). Fig. 3 represents the lap shear adhesion
strength between two silicon substrates immobilized with poly-
mer brushes after 2 h of adhesion with 2 uLL of water. For the
combination of poly(SPMK) and poly(MTAC) brushes, the
average adhesion strength reached 1.52 + 0.43 MPa. This value
was weaker than typical adhesion strength of commercially
available adhesives (10-30 MPa), however, it would be suffi-
ciently useful adhesion strength for many applications because
the adhered brush substrates with 1 cm? adhesion area could lift
up a weight of ca. 15 kg. The right side Y axis in Fig. 3 stands for
the tensile load (kg) per 1 cm? adhesion area calculated from the
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Fig. 3 Lap shear adhesion strengths of pairs of polyelectrolyte
brushes—immobilized on silicon substrates at 298 K in an ambient
atmosphere and 55% relative humidity.
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Fig. 2 Schematic view of (a) the adhesion process of the polyelectrolyte brushes, (b) the lap shear test setup using a tensile tester, and (c) the holding

adhesion test in 0.5 M aqueous NaCl solution.
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lap shear strength (MPa). The lap shear adhesion strength
between the poly(MANa) brush and poly(MTAC) brush
substrates was 1.08 + 0.25 MPa. The sulfonate anion group of
SPMK apparently interacted more strongly with the ammonium
cation group in MTAC than with the carboxylic acid in MANa.
The adhesion between two polymer brushes bearing the same
polarity, such as combination of poly(SPMK)/poly(SPMK)
brushes and poly(MTAC)/poly(MTAC) brushes, was also shown
in Fig. 3. However, the lap shear strength of bonded polymer
brushes with the same charges was only 0.027-0.072 MPa, which
was far below that observed between opposite charged brushes.
The lower adhesion strength between two identical poly(SPMK)
brush substrates is due to the lack of electrostatic attractive
interaction.

As a control experiment, we prepared PMMA?? and poly
(hexyl methacrylate) (HMA) brush substrates. The dry thickness
of these polymer brushes was 100-120 nm. The PMMA brushes
were joined in the presence of a small amount of water and dried
at 298 K for 2 h in air. However, the adhesion of the PMMA
brush sample was too weak for the lap shear adhesion strength to
be measured. The sample for the poly(HMA) brush also easily
debonded before we began the lap shear test. Tanaka et al
previously reported that PMMA spin cast films (not brushes)
adhered with 5 pL of water with 0.1-0.2 MPa lap shear adhesion
strength due to the swelling of the polymer segments at the
surface as well as successive entanglement of the surface—polymer
chains during the drying step. In contrast, the interdiffusion of
opposing PMMA brush chains was restricted due to the high
graft density. The adhesion of poly(HMA) brushes wetted with
toluene instead of water was also attempted to enhance the
interdiffusion or entanglement between opposite brush chains,
but the adhesion strength was lower than 0.01 MPa.

On the other hand, poly(MTAC) and poly(SPMK) brushes
10-20 nm thick hardly adhered; i.e., the adhesion strength was
lower than 0.01 MPa. Due to the high graft density, the substrate
surface must be sufficiently covered with ionic functional groups
even though the brush thickness was less than 10 nm. These
results suggested that the adhesion was affected not only by
electrostatic interactions, but also by the molecular weight or
chain length of the brushes. We predicted that the electrostatic
interactions contributed greatly to the adhesion process of the
polyelectrolyte brushes. However, the opposite brush chains
might also interdiffuse at the interface, leading to enhanced
adhesion strength.

The delaminated surface of the polyelectrolyte brushes after
the lap shear test was analyzed with XPS. Fig. 4 shows the wide-
scan XPS spectra of the poly(MTAC) brush and poly(SPMK)
brush surfaces before and after the lap shear test. The XPS
spectrum of the poly(MTAC) brush surface after the lap shear
separation had peaks at Cy, Ny, Oy, and Cl,,. The atomic ratio
after the lap shear test was consistent with the MTAC compo-
nent, except for the K, peak. For the poly(SPMK) brush, Cl,,
and Ny peaks appeared after the lap shear test along with the
original SPMK components carbon, oxygen, sulfur, and potas-
sium, which probably appeared because a trace amount of the
poly(MTAC) chain was transferred to the poly(SPMK) brush
surface when the substrates were separated. No significant
changes in the thickness of poly(MTAC) and poly(SPMK)
brushes were observed by an ellipsometer after the lap shear test.
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Fig. 4 XPS spectra of the poly(MTAC) brush surface (a) before and (b)
after the lap shear test, and the poly(SPMK) brush surface (c) before and
(d) after the lap shear test.

Therefore, most of the polyelectrolyte brushes were retained on
each substrate after the lapped junction was delaminated, and
adhesion failure occurred predominantly at the interface of the
polyanion brush and the polycation brush.

The lap shear adhesion strength of the bond between poly
(MTAC) and poly(SPMK) brushes, 1.52 MPa, was lower than
the adhesion strength of 2-3 MPa reported by Neoh et al. We
believe that the surface-grafted polyelectrolytes used by Neoh’s
group, which were prepared by thermally induced free radical
polymerization on argon-plasma pretreated poly(aniline) films,
sufficiently migrated or diffused from one surface side to another
and became entangled due to the relatively low graft density as
well as the annealing above 373 K during the adhesion process.
In contrast, the graft density of our polymer brushes, prepared
by ATRP, was relatively high. Interdigitation of oppositely
charged polymer brushes would occur to some extent in an
aqueous environment. However, the interdiffusion might not be
extensive enough for entanglement. In addition, the XPS spectra
of the brush surfaces after the lap shear test revealed that
potassium and chloride counter ions remained in the brush
layers. These free counter ions could have led to interactions
between the ammonium cations and sulfonate anions attached to
the polymer chains, reducing the adhesion strength.

Because the polymer brushes remained on the substrate after
the lap shear test, we predicted that the brush substrates would be
able to rebond with a small amount of water. Fig. 5 shows the
follow-up records on the lap shear adhesion strength of a joint
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Fig.5 The lap shear adhesion strength of rebonded substrates with poly
(SPMK) and poly(MTAC) brushes after (a) the lap shear test in air and
(b) exfoliation in a 0.5 M aqueous NaCl solution. The brush substrates
were bonded with 2 uL of water and dried at 298 K for 2 h in air. For (b),
one adhesion cycle included adhesion with water, exfoliation in a 0.5 M
aqueous NaCl solution, a wash with deionized water, and a drying
period.

consisting of samples of poly(MTAC) and poly(SPMK) brushes
through repeated cycles of bonding by interfacial contact with
water and separation in the lap shear test in air. The adhesive
strength decreased in a stepwise manner from 1.52 MPa to 0.77 +
0.27 and 0.30 £+ 0.13 MPa with each rebonding process.
However, the brushes were still present on each substrate.
Although the reason for the reduction in adhesive strength

Poly(MTAC) Brush
Before adhesion After debonding in NaCl,,.

Topography Range: 17.15 nm Topography Range: 24.33 nm
w ]

Thickness = 109.9 nm

Thickness = 94.5 nm

remains unclear, the formation of potassium chloride salts at the
brush interface, the nanoscale decomposition of the brushes, and
the adsorption of minute amount of contamination from the
atmosphere are possible causes.

The retention of adhesion in water was examined by hanging
a 100 g weight at the bottom of a sample, as shown in Fig. 2(c).
Interestingly, once two substrates bearing oppositely charged
polymer brushes were bonded, debonding did not occur despite
the fact that the bonded substrates were immersed in deionized
water for over 24 h. Self-delamination was also observed within
10-60 min when the brush substrates were immersed in a 0.5 M
aqueous NaCl solution, because the hydrated salt ions permeated
the adhesion interface and disrupted the electrostatic interactions
between the brushes accompanying swelling of the interface.
Reduction of the interaction between oppositely charged
PMTAC and PSPMK brushes in aqueous salt solution was
reported by Spruijt et al. using dynamic force spectroscopy.*?
After the debonded substrates were washed with deionized water
to remove salts, they readily rebonded. As shown in Fig. 5, the
lap shear adhesion strength of the rebonded substrates was 1.04
+ 0.22 MPa, relatively close to the initial bond strength. Even
after repeated bonding with deionized water and debonding in
salt aqueous solution three times, the lap shear adhesion strength
was still 0.92 + 0.32 MPa. The polymer brushes were likely
cleaned by the water and salt aqueous solution during the
debonding and readhesion process. Therefore, we concluded that
the potassium chloride salt formed by MTAC and SPMK, as well
as possible impurities adsorbed from the atmosphere, were
washed out, maintaining the strong adhesion strength at the
brush interface. Fig. 6 shows the AFM images of both brush
layers before and after the adhesion and debonding process in
salt aqueous solution. Surface morphologies of polymer brush
surface can be seen in Fig. 6(a), (b), (e) and (f). The root mean
square (rms) of the surface roughness of the polymer brushes
slightly increased after adhesion and debonding. For example,
the rms values of the poly(MTAC) brush surface in a 10 x 10

Poly(SPMK) Brush
After debonding in NaCl,,.

Before adhesion

Topography Range: 19.17 nm

Topography Range: 36.19 nm

Thickness = 165.5 nm

Fig. 6 AFM images of (a—d) poly(MTAC) brush and (e-h) poly(SPMK) brush surfaces before adhesion and after adhesion and debonding in 0.5 M
NaCl aqueous solution. The rms values were measured in 10 x 10 um? area. The brush layers were partially scratched in advance to estimate the brush
thickness. (c and d) and (g and h) are 3-D images at the boundary of brush and scratched area (silicon surface). AFM was carried out in air (35% relative

humidity).
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Table 1 Lap shear adhesion strength of various substrates bearing poly
(SPMK) and poly(MTAC) brushes

Substrates with polymer brushes

Lap shear adhesion

Poly(MTAC) Poly(SPMK) strength/MPa
Glass Glass 0.99 £+ 0.50
Glass Silicon 1.07 £ 0.48
Silicon Glass 0.86 + 0.51
Stainless steel” Silicon 0.11 +0.08

“ SUS304 plate (thickness = 0.5 mm).

um? scanning area before and after adhesion were 1.6 and 1.8 nm,
respectively. Fig. 6(c), (d), (g) and (h) show 3D images of the
brush layers that were partially scratched in advance with
a needle to estimate the brush thickness. Although the thickness
of the poly(MTAC) brush was decreased slightly after the
debonding from 106 nm to 94 nm, no significant change was
observed in the thickness of the poly(SPMK) brush throughout
the adhesion and debonding process. These results suggested that
adhesion and debonding with deionized water and an aqueous
salt solution are alternately reversible processes that do not result
in any damage to the brushes.

Because polymer brushes can be immobilized on various
substrates, we explored the adhesion of heterogeneous materials
using oppositely charged brushes. Polyelectrolyte brushes were
prepared on glass, stainless steel, and silicon wafers through
surface-initiated ATRP. Table 1 shows the lap shear adhesion
strengths of the poly(SPMK) and poly(MTAC) brushes on the
various substrates. The adhesion strength between the poly
(SPMK)-grafted glass substrate and the poly(MTAC)-grafted
silicon wafer was 1.07 & 0.48 MPa. The reverse combination of
these brushes led to an adhesion strength of 0.86 + 0.51 MPa,
which was lower than the adhesion strength between two silicon
wafers. This reduction was likely due to the surface roughness of
the glass used, which was approximately 1-50 nm in a 10 x 10
um? area. The stainless steel surface also had a large degree of
roughness. Therefore, the polyelectrolyte brushes on the glass
and stainless steel substrates could not efficiently make contact
with the opposite brushes, resulting in a lower adhesion strength.

In conclusion, we demonstrated reversible nanoscale adhesion
based on electrostatic interactions between oppositely charged
polyelectrolyte brushes combined with deionized water or an
aqueous salt solution. Positively and negatively charged poly-
electrolyte brushes approximately 100 nm thick were prepared
by the surface-initiated ATRP of MTAC and SPMK on silicon
wafers, glass and stainless steel substrates. Two substrates with
oppositely charged polyelectrolyte brushes bonded strongly to
each other with a small amount of deionized water to yield a lap
shear adhesion strength of 1.52 MPa. The brushes also
smoothly debonded in aqueous NaCl solution and each brush
layer was maintained on the substrate after separation. These
reversible adhesion and debonding processes can be developed
into novel adhesive using environmentally friendly aqueous
solvents.
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