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ABSTRACT: Polymers containing catechol groups have gained a large interest, as they
mimic an essential feature of mussel adhesive proteins that allow strong binding to a large
variety of surfaces under water. This feature has made this class of polymers interesting for
surface modification purposes, as layer functionalities can be introduced by a simple
adsorption process, where the catechol groups should provide a strong anchoring to the
surface. In this work, we utilize an AFM-based method to evaluate the wear resistance of
such polymer layers in water and compare it with that offered by electrostatically driven
adsorption. We pay particular attention to two block copolymer systems where the
anchoring group in one case is an uncharged catechol-containing block and in the other
case a positively charged and catechol-containing block. The wear resistance is evaluated in terms of wear volume, and here, we
compare with data for similar copolymers with statistical distribution of the catechol groups. Monitoring of nanomechanical
properties provides an alternative way of illustrating the effect of wear, and we use modeling to show that the stiffness, as probed by
an AFM tip, of the soft layer residing on a hard substrate increases as the thickness of the layer decreases. The stick−slip
characteristics are also evaluated.

■ INTRODUCTION

The pioneering work of Waite and co-workers1−3 provided an
understanding of the role of the structure and composition of the
cationic adhesion proteins used by the mussel Mytilus edulis to
strongly bind to surfaces under water. They recognized the
importance of a repeating decapeptide containing the unusual
amino acid 3,4-dihyroxyphenylalanine (DOPA) for the under-
water adhesion, and the foot protein with the highest DOPA
content was found to predominate at the adhesion point to the
solid substrate.3 Remarkably, strong underwater adhesion is
found to nearly all types of surfaces, even Teflon, even though
the adhesion strength depends on the nature of the solid.3 The
key feature of DOPA is the presence of two OH groups
separated by a single carbon−carbon bond, as also found in
catechol. The strong underwater adhesion offered by DOPA and
catechol has inspired significant efforts in the preparation of
bioinspired synthetic adhesion polymers4−11 and functional
materials.12 There are several excellent reviews covering
different aspects of these developments.13−19

The binding modes of mussel adhesive proteins, DOPA, and
catechol to different surfaces have been investigated both
experimentally and theoretically. The picture that is emerging is
quite complex. Some early studies reported the importance of
the complex formation ability of catechol and DOPA. For
instance, complex formation between aluminum and catechol
was pointed out as being of importance for binding of catechol to

aluminum oxides,20 and complex formation between Fe(III)
and DOPA was highlighted as an important physical cross-
linking mechanism.21 This was later emphasized in studies
showing increased corrosion protection of carbon steel with
time when thin films containing mussel adhesive proteins were
utilized as a protecting agent.22−24 Surface force measurements
have demonstrated a stronger binding to titanium dioxide than
to mica.25 In both cases, bidentate hydrogen bonds between
DOPA and the surface were regarded as being of paramount
importance, and the difference in adhesion to the two surfaces
was suggested to be due to the larger covalent character of the
hydrogen bonds between DOPA and titanium dioxide.
Consequently, oxidation of DOPA to dopaquinone reduces
the adhesion force to titanium dioxide surfaces, as demonstrated
by contact mechanics adhesion tests using DOPA-containing
hydrogels.26 Bidentate hydrogen bonds between DOPA and
silica have also been suggested as being of primary importance
for the adhesion strength.27 It has also been suggested that
DOPA can form covalent bonds with primary amines and
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thiols,12 that electrostatic forces contribute to the adhesion
between negatively charged surfaces and cationic mussel
adhesive proteins,28 and that hydrophobic interactions contrib-
ute to the adhesion to non-polar surfaces.29 Vibrational sum
frequency spectroscopy studies have suggested that π−π
stacking contributes to the adhesion to surfaces such as
polystyrene.30

Clearly, many different adhesion modes are available to the
mussel adhesive proteins in particular but also to the DOPA and
catechol groups. Further understanding of the adhesion
mechanisms can be obtained by modeling experiments. A
density functional theory study of catechol binding to silica
showed that three to four hydrogen bonds could be formed
between a silica surface and the catechol group (the catechol
group can act as a donor in two hydrogen bonds and also as an
acceptor in hydrogen bonds where surface silanol groups act as
donors).31 Thus, the hydroxyl groups and not the aromatic ring
dominated the binding energy of catechol. It was found that the
binding of catechol to silica was non-covalent but with a higher
binding energy than that of water to silica with a binding energy
difference of up to 2 kcal/mol. Thus, direct catechol−surface
bonds were formed and water was displaced from the surface by
the catechol moiety. Dispersion forces made the binding energy
of catechol to silica even more favorable when compared to that
of water binding to silica.31 Later, molecular dynamics
simulations confirmed that catechol displaced preadsorbed
water molecules at the silica surface.32 Further theoretical
studies suggested that the catechol−silica bond can be broken by
a force of 0.5 nN and that the binding energy, due to hydrogen
bonds and dispersive interactions, in the presence of water
amounts to 23 kcal/mol.33 A similar, but slightly larger, binding
energy has also been calculated for DOPA interacting with
silica.34

We recently introduced a novel approach to compare the
binding strength of different polymer layers, which utilized an
AFM-based method to locally wear the adsorbed layer using

shear under different loads.35 Similar methods have been used
for studying the local wear of hard surfaces36,37 and polymer
coatings38 on the nanoscale, and the relation between stick−slip
motion and abrasive wear has been highlighted.39,40 We note
that evaluation of partial wear of nanometer thin layers is
particularly challenging, since the wear volume by necessity is
small. An alternative is to utilize changes in local nano-
mechanical properties of the adsorbed layer that occur due to
wear. Such properties can be measured with nanometer
resolution with AFM41 and include surface stiffness, elastic
modulus, deformation, and tip−sample adhesion. Recently,
Pileni and co-workers utilized such measurements for
elucidating the importance of mechanical properties of self-
assembled suprastructures for their localization and organization
after uptake in cancer cells.42,43

In this work, we utilize an AFM-based technique to compare
the local wear resistance of two diblock copolymers having the
same buoy block but different anchoring groups, one being
based on catechol groups and the other one containing both
catechol and cationic functionalities. The method is based on
measuring the topography and nanomechanical properties of the
worn and surrounding pristine surface area after wear measure-
ments with a hard AFM tip. We compare with previously
investigated statistical copolymers35 and extend the analysis to
include the wear volume for all of these systems. It should be
noted that the outcome of the experiment depends on both
polymer−surface interactions and tip−polymer interactions.
Since all polymers expose PEO side chains toward the solution
side, the latter interaction can be expected to be rather similar for
the different polymers, as also suggested by similar tip−sample
adhesion values. We also present modeling results that
rationalize the use of surface stiffness measurements to
distinguish wear of thin soft layers on hard substrates. The
stick−slip characteristics are also evaluated using a fast Fourier
transformation of lateral force images captured as the tip slides
across the surface.

Figure 1. Structures of the diblock copolymers. The chemical names and the abbreviations we use in this paper are p(PEO19MEMA)-b-p(DOPMA),
PEO-b-catechol, and p(PEO19MEMA)-b-p(MEDAPDAC), PEO-b-cationic-catechol.

Table 1. Chemical Name, Abbreviation, and Key Properties of the Copolymers

copolymer properties

chemical name abbreviation
composition PEO19MEMA

(mol %)
Mn

(kDa) dispersity, Đ
degree of polymerization,

DP

p(PEO19MEMA)-b-p(DOPMA) PEO-b-catechol 46 52.7 1.37 94
p(PEO19MEMA)-b-p(MEDAPDAC) PEO-b-cationic-catechol 51 54.8 1.23 98
p(PEO19MEMA-s-METAC) PEO-s-cationic 46 62.5 1.18 103
p(PEO19MEMA-s-DOPMA) PEO-s-catechol 56 55.4 1.19 88
p(PEO19MEMA-s-MEDAPDAC) PEO-s-cationic-catechol 46 61.9 1.13 99
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■ MATERIALS AND METHODS

Materials. The diblock copolymers used consist of one
uncharged block of poly(ethylene glycol) methyl ether
methacrylate (molecular weight 950 Da, PEO19MEMA) and
one block that contains either uncharged catechol segments or
positively charged catechol segments. These blocks provide
strong anchoring to silica surfaces. The structure of the
copolymers is provided in Figure 1. The details of the synthesis
and characterization of the diblock copolymers are provided in
the Supporting Information. Briefly, their composition was
assessed by 1H NMR spectroscopy, and the number-average
molecular weight Mn and dispersity Đ of the copolymers were
determined by size exclusion chromatography, SEC, with triple
detection. These parameters are reported in Table 1. As we
compare the wear volume determined for the diblock
copolymers with the corresponding similar statistical copoly-
mers, we also include the properties of the statistical
copolymers34 (Table 1).
All solutions were made using Milli-Q water with a resistivity

of 18.2 MΩ m to give a polymer concentration of 100 ppm by
weight. All solutions were adjusted to pH 4, as monitored by
using MQuant (Merck) pH-indicator strips (pH 2.0−9.0).
Methods. Atomic Force Microscopy.Wear and mechanical

measurements were carried out using a JPK NanoWizard 3
Atomic Force Microscope (JPK Instruments AG, Berlin,
Germany). To minimize possible tip damage, measurements
were performed using diamond-like-carbon-coated probes (All-
In-One-DLC, Budget Sensors). The measured normal spring
constant was 7.0−7.1 N/m, and the nominal tip end radius was
10 nm. The torsional spring constant, kt, was estimated from the
known tip shape, the cantilever material properties, and the
measured normal spring constant to be about 7× 10−8 N·m/rad,
following the procedure suggested by Alvarez-Asencio et al.44

Polymer layers were formed by adsorption on cleaned silicon
substrates of 22× 22mm2 surface area for 10min inside an AFM
liquid cell using a polymer concentration of 100 ppm. This
waiting time was judged sufficient based on the QCM-D data
shown in the Supporting Information, where limited changes in
dissipation and frequency were observed after 10 min. Next, the
solution in the cell was replaced several times with Milli-Q water
adjusted to pH 4 to remove all polymers that remained in the
bulk solution and thus prevent self-healing of the layer by
adsorption from solution when worn by the sliding AFM tip.
Wear measurements were carried out in contact mode using a

tip sliding speed of around 4.5 μm/s. In one set of experiments,
different loads were applied at different parts of the surface using
one wear cycle. In another set of experiments, the same area was
worn three times at a constant load. The worn area was in all
cases about 1 × 1 μm2. During the wear measurements, the
lateral force (measured in mV) was monitored and lateral force
images were obtained. These images provide information on
stick−slip phenomena, and characteristic stick−slip lengths (if
present) will be evident after 2D fast Fourier transformation
(FFT) of these images. The 2D Fourier spectra of the AFM
lateral force images were generated with the built-in FFT java
script in ImageJ (version 1.53j). ImageJ employs a fast Hartley
transform algorithm as an intermediate in generating the 2D
FFT spectrum. The corresponding 1D FFT data were obtained
by radial integration, using an integration angle of 25° to
maximize the signal-to-noise ratio. Peaks in these spectra were
fitted using Gaussian functions with three parameters: peak
position, height, and width. The characteristic stick−slip length

is obtained as the inverse of the peak position in k-space. The
same approach39 as well as 1D Fourier analysis of stick−slip
patterns have recently been reported for other surfaces,45,46 and
in one case, it has even been correlated with bacterial adhesion.47

After the wear measurements, an area of about 2 × 2 μm2 was
imaged in quantitative imaging (QI) mode at a set point force of
25 nN. In these images, the worn 1 × 1 μm2 area is located at the
center. Thus, we can directly compare the topography and
nanomechanical properties of the adsorbed layer in the worn
and pristine area, and thus evaluate the effect of the combined
action of normal and lateral forces. The nanomechanical
quantities evaluated in this work require no fit to contact
mechanics models and included the stiffness (i.e., the slope of
the force curve at short distances between the maximum applied
force and 50% of this force), the deformation (i.e., the
compression of the surface at a load of 22.5 nN), and the tip−
sample adhesion. We note that the deformation is given with a
negative sign as the surface moves toward the tip as the layer is
compressed. How these quantities are evaluated from the
measured force curves has been described in numerous articles,
e.g., in ref 41.
The wear volume was evaluated from the topography images

obtained after the wear measurements. This was done by first
setting the zero baseline area for the pristine copolymer layer
around the wear mark using the JPK data processing software (v.
6.1.86). Then, the height change histogram was obtained for the
chosen wear mark in negative numbers, i.e., below the zero plane
of the pristine unworn layer. Knowing the exact area size and
scan data points, it was possible to calculate the actual pixel size
in nm2. To obtain the volumetric wear, the height change in the
histograms was multiplied by the corresponding amount of
pixels and the pixel area. Thus, the wear volume is given as the
decrease in thickness of the worn area multiplied by the worn
surface area. Themajor effect is due to abrasive wear, as also seen
by the material pushed to the side of the worn area, but there
may also be a contribution from changes in polymer
conformations that do not relax between the time of the wear
measurement and the subsequent imaging of the worn area.

QCM-D. A Q-sense E4 microbalance (Biolin Scientific,
Gothenburg, Sweden) was utilized for following the adsorption
of the copolymers on silica sensors (QSX-303, Biolin Scientific)
cleaned with 2% Hellmanex (Hellma GmbH) solution. The
sensors were first immersed in the Hellmanex solution for 30
min, then rinsed with Milli-Q water, and finally dried by a gentle
jet of nitrogen gas. Here we utilized sensors with silica coating
(QSX-303, Biolin Scientific). The QCM-D cell itself was
cleaned using 2% Deconex solution (Borer Chemie AG,
Switzerland) followed by sonication for half an hour and rinsing
with Milli-Q water and ethanol. All cleaning and assembly
operations were carried out in a laminar flow cabinet.
The adsorption processes were followed by measurements of

changes in frequency and energy dissipation of a quartz sensor.
In our measurements, the dissipation change was small and we
could thus evaluate the mass oscillating with the crystal
(polymer and associated solvent) using the Sauerbrey
model.48 In this case, the mass, ΓQCM, was evaluated using eq 1

Γ = −
ΔC f
nQCM (1)

where Δf is the measured frequency change, n the overtone
number, and C a conversion factor equal to 0.177 mg m−2 Hz−1

for our sensors. The thickness of the adsorbed layer, t, was
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estimated by dividing the adsorbed mass per unit area with the
density of the layer, assumed to be 1 g/cm3.
Modeling of Surface Stiffness. Finite element simulations

were performed to evaluate the effect of surface thickness and tip
radius on the surface stiffness measured by AFM. Both the AFM
tip and the surface where explicitly modeled using a 2D
rotational symmetric geometry in COMSOL Multiphysics
[COMSOL Multiphysics v. 5.4, www.comsol.com, COMSOL
AB, Stockholm, Sweden]. Table 2 shows the parameters
defining the geometry used which is illustrated in Figure S6.
For details on the boundary conditions used, see section S6 in
the Supporting Information.

A neo-Hookean49−51 hyperelastic material model was used to
describe the soft polymer surface with Lame ́ parameter, μ = 5.0
MPa, bulk modulus, κ = μ/2 = 2.5 MPa, and density ρ = 970 kg/
m3. The hard tip was modeled using a simple linear elastic
material model, Young’s modulus of E = 170 GPa, Poisson ratio
of ν = 0.28, and density of ρ = 2329 kg/m3. The tip remains
essentially undeformed during the simulations.
Simulated force curves were obtained by time dependent

simulations where the tip was given a prescribed displacement of
1 nm/s toward the surface. As the tip deforms the surface, the
total displacement, x, of the tip into the surface was measured as
well as the contact force, F, between the tip and the surface (in
the direction perpendicular to the surface). The tip was allowed
to deform the surface until a maximum von Mises stress of 19.5
MN/m2 was obtained in the thin polymer layer. The stiffness, k,
of the surface was then calculated by taking the derivate of the
force curve

=k
F
x

d
d (2)

■ RESULTS AND DISCUSSION
In this part, we first briefly characterize the adsorption of the
block copolymers on silica surfaces as evaluated by QCM-D
measurements. The main part is then devoted to measurements
of nanowear utilizing a sharp AFM tip. We qualitatively evaluate
the wear by measurements of surface stiffness and quantitatively
by measurements of the wear volume. Next, the reconstructed
2D FFT maps of lateral forces measured during the nanowear
experiments are analyzed to provide quantification of the stick−
slip length. In the last part, we rationalize the use of stiffness
measurements for probing the wear of thin soft layers on hard
substrates using a modeling approach.
Adsorption. Adsorption of the block copolymer layers was

evaluated by following changes in frequency and dissipation as a
function of time, and a set of typical data is shown in the
Supporting Information (Figure S5). The data reported in Table
3 were extracted once adsorption equilibrium had been reached.

The change in frequency was used to calculate the mass as
described in the Methods section.

For purely electrostatically driven adsorption of polyelec-
trolytes, the adsorbed amount at equilibrium is limited by either
steric repulsion between adsorbed molecules (low charge
density polyelectrolytes) or electrostatic forces that counteract
further adsorption once the surface charge density of the surface
has been neutralized.52 Note, however, that the presence of the
cationic groups next to the silica surface stimulates further
dissociation of surface silanol groups.53,54 Further, if there also is
a non-electrostatic affinity between the polymer and the surface,
then charge overcompensation may occur.55 The two statistic
cationic copolymers PEO-s-cationic and PEO-s-cationic-cat-
echol have the lowest mass detected by QCM-D, which can be
assigned to the limitations enforced by electrostatic forces once
charge neutralization has been achieved. The adsorbed mass of
the PEO-b-cationic-catechol block copolymer is clearly larger,
which is suggested to be due to the high concentration of
catechol groups in the anchoring group that drives adsorption to
above the charge neutralization limit. An accumulation of excess
positive charges in the adsorbed layer would result in
incorporation of small ions and water to neutralize and separate
the excess charges, leading to swelling of the layer. Indeed, the
relatively high dissipation for this polymer layer suggests that
this occurs.
It should be noted that the mass measured by QCM is due to

both the adsorbed polymer and that of associated water that
oscillates with the crystal. Thus, in all cases, the adsorbed
amount is smaller than the mass reported in Table 2, and most
significantly so for themost swollen layer, i.e., that formed by the
PEO-b-cationic-catechol block copolymer.
The two layers formed by polymers with uncharged anchoring

blocks (PEO-b-catechol and PEO-s-catechol) have similar mass,
as monitored by QCM and also similar dissipation, suggesting
that the adsorbed amount also is similar.

Nanowear and Nanomechanics. We are particularly
interested in evaluating how the presence of catechol groups
and their distribution in the polymer chain affect the wear
resistance of the adsorbed layer. Thus, to this end, we need to
also investigate a copolymer without catechol groups, which is
the PEO-s-cationic copolymer. The wear resistance of the
different layers is rather different, and for this reason, we have
carried out single scan and multiple scan wear measurements.
The results from single scan measurements will be discussed
first, followed by data from multiple scan measurements.

Single Scan Measurements. An experiment with an
adsorbed layer of the PEO-s-cationic polymer is reported in
Figure 2. This polymer is anchored to the surface via
electrostatic forces, and we find that it is easy to remove a

Table 2. Parameters Defining the Geometry Used in the
Simulationsa

parameter value unit

w 500 nm
t 1−128 nm
h 40 nm
R 6, 10, 14, 20 nm
θ 20 deg

aw is the width and t the thickness of the surface layer. While h is the
height, θ is the aspect ratio, and R is the radius of the tip.

Table 3. Summary of QCM-D Data for the Copolymer
Adsorption from 100 ppm Polymer Solution, pH 4, on Silica
Surfacesa

polymer −Δf/n (Hz) ΔD × 106
ΓQCM

(mg/m2)
t

(nm)

PEO-b-catechol 23.4 ± 0.2 1.0 ± 0.1 4.1 ± 0.1 4.1
PEO-b-cationic-catechol 21.3 ± 0.2 1.2 ± 0.1 3.8 ± 0.1 3.8
PEO-s-cationic 12.7 ± 0.2 0.6 ± 0.1 2.3 ± 0.1 2.3
PEO-s-catechol 21.5 ± 0.2 1.0 ± 0.1 3.8 ± 0.1 3.8
PEO-s-cationic-catechol 12.4 ± 0.2 0.7 ± 0.1 2.2 ± 0.1 2.2

aThe data for the statistical copolymers are from ref 35.
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significant fraction of the layer with only a single path of the tip at
a relatively low normal force of 75 nN. The worn area is clearly
distinguished in the topography image (Figure 2b), and we also
note that the nanomechanical properties are different in the

worn area compared to those in the pristine area. The surface
deformation is slightly smaller in the worn area than in the
pristine area (Figure 2c), which is a direct consequence of the
larger surface stiffness in the worn area (Figure 2d). As will be

Figure 2. AFM data for the polymer PEO-s-cationic adsorbed on silica surfaces. (a) Topography before wear measurements. (b) Topography, (c)
deformation, (d) surface stiffness, and (e) adhesion maps recorded after a wear measurement under a load of 75 nN. The worn area is located in the
middle part of the images.

Figure 3. Wear measurements of the adsorbed PEO-b-cationic-catechol diblock copolymer on a silica surface. (a) Lateral photodetector response
under different loads from bottom to top at 10, 150, 300, and 450 nN. (b) Topography before wear measurements, (c) topography, (d) deformation,
(e) surface stiffness, and (f) adhesion after wear measurements under the different loads. The worn area is in the middle of the images. The tip scanned
the surface one time.
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discussed later, the higher stiffness in the worn area is due to the
reduced thickness of the layer due to wear. The tip−sample
adhesion is also reduced in the worn area (Figure 3e), since there
are less polymer molecules per unit area that can bind to the tip.
Thus, we can conclude that simultaneous measurements of
nanomechanical properties of worn and pristine areas indeed
can detect effects due to wear of thin and soft layers on hard
surfaces.
We note that the deformation is larger in magnitude than the

layer thickness reported in Table 3. When the thickness was
calculated as reported in Table 3, the layer was assumed to be
homogeneous along the surface and across the layer.
Particularly, the second assumption does not reflect the real
layer structure with a segment density distribution that decays
away from the surface.52,54,56 Since the deformation is calculated
as the difference between the final distance and the distance
where the tip first encounters a measurable repulsive force, it
means that the longest tails determine the value of the
deformation. Thus, a correct interpretation of the data in Figure
2c is that the length of the longest tails is somewhat less after
wear, as the polymers can adopt conformations with a larger
number of surface contacts as the adsorption density is reduced.
Results from a similar experiment using an adsorbed layer of

PEO-b-cationic-catechol copolymer on silica are reported in
Figure 3. However, as this layer is more wear resistant than that
of PEO-s-cationic copolymer, we needed to apply a higher

normal force to observe any wear. In this case, we used different
normal forces in different regions; from bottom to top: 10, 150,
300, and 450 nN. The lateral photodetector signals encountered
during the wear measurements are reported in Figure 3a. In this
image, it is easy to distinguish the regions where different loads
have been applied, which is due to an increased friction force
with load. A careful inspection of each load region shows that the
photodetector voltage is not constant even when the load is kept
the same. Thus, the friction force varies even though the load
and sliding speed are constant. This is a sign of stick−slip, and
this will be discussed further in a following section. Parts b and c
of Figure 3 show the topography before and after the wear
measurement, respectively. Clearly, the wear scar for PEO-b-
cationic-catechol block copolymer is much less obvious even at a
load of 450 nN than that obtained for PEO-s-cationic polymer at
75 nN. Thus, we conclude that the presence of catechol groups
significantly strengthens the binding of the polymer to silica
surfaces. Due to the limited wear of the adsorbed PEO-b-
cationic-catechol block copolymer layer, it is less easy to observe
the effect of wear in the nanomechanical images. It is most
clearly seen in the adhesion image (Figure 3f), where decreased
adhesion is observed at the higher loads. In the deformation
(Figure 3d) and stiffness (Figure 3e) images, the worn area is
hardly visible, but differences between the worn area at high
loads and the pristine surface can be found by evaluating average
values and distributions of these values (see Table 4).

Table 4. Increase in Surface Stiffness, Srel, and Decrease in Magnitude of the Deformation, Drel, in the Worn Area Compared to
That of the Undisturbed Layer

polymer loads polymer loads

PEO-b-catechol 150 nN 300 nN 450 nN 300 nN (×3) PEO-b-cationic-catechol 150 nN 300 nN 450 nN 300 nN (×3)

Srel (%) 4.6 4.4 5.6 7.3 Srel (%) 3.7 4.5 6.4 8.5
Drel (%) 17.8 18.5 18.3 25.7 Drel (%) 20.4 21.3 21.7 29.7

Figure 4. Wear measurements of the adsorbed PEO-b-catechol diblock copolymer on a silica surface. (a) Lateral photodetector response under
different loads from bottom to top at 10, 150, 300, and 450 nN. (b) Topography before wear measurements, (c) topography, (d) deformation, (e)
surface stiffness, and (f) adhesion after wear measurements under the different loads. The worn area is in the middle of the images.
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The same type of experiment for an adsorbed layer of the
PEO-b-catechol diblock copolymer on silica is shown in Figure

4. In this case also, the lateral photodetector image (Figure 4a)
easily distinguishes the different areas that were exposed to

Figure 5. The PEO-b-cationic-catechol diblock copolymer adsorbed on silica was worn three times using a force of 300 nN. (a) Topography, (b)
deformation, (c) surface stiffness, and (d) adhesion maps after the wear process. The worn area is located in the middle of the images.

Figure 6. The PEO-b-catechol diblock copolymer adsorbed on silica was worn three times using a force of 300 nN. (a) Topography, (b) deformation,
(c) surface stiffness, and (d) adhesion maps after the wear process. The worn area is located in the middle of the images.
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different loads. The PEO-b-catechol block copolymer does not
carry any positive charges, and one could thus expect that it
would be less strongly adsorbed to the negatively charged
surface than the cationic analogue PEO-b-cationic-catechol
block copolymer. However, the topography image after wear
(Figure 4c) can hardly be distinguished from the topography
image recorded before wear (Figure 4b), and the worn area is
also difficult to distinguish in the nanomechanical images.
From these measurements, we conclude that adding cationic

charges to a diblock copolymer containing a high density of
catechol groups does not increase the wear resistance of the layer
adsorbed to negatively charged silica surfaces.
Multiple Scan Measurements. To clearly observe wear of

our catechol-containing diblock copolymer layers, we need to
use more severe conditions than discussed above. The easiest
way to do this is to allow the tip to scan the same surface area
several times, and results from such measurements will be
reported next.
Figure 5 contains data obtained during wear of an adsorbed

layer of the PEO-b-cationic-catechol diblock copolymer three
times using a high load of 300 nN. In the topography image
obtained after the wear measurements, one can now distinguish
the worn area in the middle of the image (Figure 5a). In
particular, one notices that somematerial has been pushed to the
side of the worn area. The effect of the wear is also clearly
observed in the deformation image (Figure 5c) where the worn
area is less deformed by the tip than the pristine area. Similarly,
the tip−sample adhesion is reduced in the worn area (Figure
5d). Less clearly, but nevertheless distinguishable, is that the
stiffness is higher in the worn area (Figure 5b). Thus, the same
effects of wear on nanomechanical properties are observed
during multiple scans at a high load (300 nN) over the PEO-b-
cationic-catechol block copolymer layer (Figure 5), as observed
using a single scan at a low load (75 nN) over the cationic but
not catechol-containing PEO-s-cationic copolymer (Figure 2).
The same type of experiments was also performed using the

uncharged PEO-b-catechol diblock copolymer, and the data is
reported in Figure 6. In this case, one can also distinguish the
worn area in the topography image, includingmaterial pushed to
the side of the worn area. The deformation is decreased and the
stiffness is somewhat increased in the worn area compared to in
the surrounding pristine area. On the other hand, and different
compared to the cationic analogue, no effect of wear is observed
in the adhesion image, suggesting that (close to) the same
number of polymer molecules bind to the tip in the worn and
unworn area.
The increase in the average stiffness, S, and decrease in

magnitude of the average deformation, D, in the worn area
relative to the surrounding pristine area, evaluated from the
stiffness and deformation images in Figures 3−6, are provided in
Table 4. The change in stiffness, Srel, and magnitude of the
deformation, Drel, were calculated as

=
−

S
S S

S

( )
rel

W p

p (3)

=
−

D
D D

D

( )
rel

W p

p (4)

where the subscripts w and p stand for the worn and pristine
area, respectively.

We note that the stiffness in the worn area increases with load
and with repeated scans over the same area. This is due to the
decreasing thickness of the soft layer residing on the hard
substrate, as supported by the modeling results presented later.
Thus, measurements of these nanomechanical properties can be
used for a qualitative measure of wear of a soft thin layer on a
hard substrate.

Wear Volume. In our previous work,35 we utilized the relative
change in stiffness in the worn and unworn area to qualitatively
compare the wear of adsorbed statistical copolymer layers. A
more common and quantitative measure of wear is to consider
the wear volume. This is challenging when the wear depth is low,
as in our case, but possible with the method described in the
Methods section. The results of this analysis for the block
copolymers used in this work are presented in Figure 7. Since
this analysis has not previously been done for the statistical
copolymers, we also include data for these in Figure 7.

The polymer without catechol groups, PEO-s-cationic, is
significantly more susceptible to wear, and thus, it was exposed
only to a low load of 75 nN during a single scan. For the more
robust catechol-containing copolymer layers, we present data for
a single scan at 450 nN and triple scans at 300 nN. Despite the
lower load used, the polymer that does not contain catechol
groups clearly has the largest wear volume, which emphasizes
the importance of the catechol groups for the wear resistance.
The diblock copolymers, PEO-b-catechol and PEO-b-

cationic-catechol, have higher wear resistance than their
counterparts that have a statistical distribution of the two
different segments, PEO-s-catechol and PEO-s-cationic-cate-
chol, signifying that more catechol−surface bonds are formed by
the block copolymers. When comparing the wear resistance of
the cationic and uncharged version of the catechol-containing
polymers, we find that the wear volume is smaller for the
uncharged versions both for the diblock copolymers and the
statistical polymers. Again, we assign this to the larger amount of
catechol−surface bonds for the uncharged copolymers.

Modeling of Layer Stiffness. We found experimentally
that the stiffness of the adsorbed layer increased due to wear as a
result of its decreased thickness. To elaborate on this, we
performed finite element simulations where a stiff tip was
pushed toward a thin soft polymer layer. In the simulations, the
tip cannot penetrate the layer but only deform it, which is a

Figure 7. Wear volumes for layers of the studied diblock copolymers.
For comparison, we also added data for statistical copolymers studied
before35 but not previously evaluated in terms of wear volume.
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difference compared to the experimental situation where some
penetration of the tip into the layer may occur. This approach
does not also capture molecular effects such as reduced mobility
of polymer chains next to surfaces. Nevertheless, our modeling
results demonstrate increasing stiffness with decreasing layer
thickness even in this simplified model. The magnitude of the
effect is expected to depend on the elastic modulus of the layer
and the substrate, but here we focus on the effect of the radius of
the tip used for probing the surface, as illustrated in Figure 8.
A simple relationship between the layer thickness, t, and tip

radius, R, can be used to describe this effect:

= + +
·

+k R t
a
t

b
R

c
t R

d( , )
(5)

Here a, b, and c are fitting parameters with no obvious physical
interpretation and d can be thought of as the stiffness of an
infinite thick surface measured with a tip of infinitely large radii.
It is of interest to compare the stiffness of a layer with certain
thickness to that of an infinitely thick layer with identical
properties measured with an identically sized tip. To this end, we
calculated the normalized stiffness k*(R, t) using eq 6

* =
∞

k R t
k R t

k R
( , )

( , )
( , ) (6)

The stiffness as a function of the layer thickness determined
from the simulated force curves at a load of 0.5 ± 0.025 nN is
shown in Figure 8a and illustrates that the measured surface
stiffness decreases as the radius of the tip decreases. However,
looking at the normalized stiffness in Figure 8b, we see that the
effect of the tip radii is small compared to that of the layer
thickness. We conclude that there indeed is a foundation for
probing wear of soft layers on hard substrates by using local
stiffness measurements. The observation that the change in
stiffness depends on the probe radius is not an issue when a
pristine and worn area is measured simultaneously, as in our
case. However, it is an important factor to consider when
different surfaces probed by different tips are compared.
Electrostatic vs Catechol Mediated Surface Anchor-

ing. One main finding of this work is that anchoring of the
copolymers via catechol mediated interactions provides more

robust layers than anchoring via electrostatic forces. Here we
have challenged the layers by the combined action of normal
forces that compress the layer and lateral forces that may cause
the molecules to be displaced along the surface. How readily
such a displacement occurs will depend on the lateral
interactions between the molecules and the anchoring to the
surface. In this paragraph, we consider the mode of surface
attachment. It is clear that the higher the energy barrier for
moving the polymer from one binding site to another, the less
lateral motion will be induced by the probing tip.
The silica surface exposes a high density of silanol groups

where some of these acquire a negative charge due to
deprotonation in contact with water. It is also clear that the
presence of cationic groups next to the surface induces
additional deprotonation of the silanol groups.54,57 Thus,
when a cationic polymer moves along the surface, the silanol
groups will respond by protonating at the sites where the
polymer was initially attached and deprotonating at the new
bindings sites. This local surface charge regulation will lower the
lateral energy barrier for polymer motion along the surface.
Density functional theory and molecular dynamics simu-

lations have shown that the catechol group adsorbs directly to
silica surfaces in water, i.e., without any water between the
surface and the catechol group.33 Through theoretical
calculations, it has been estimated that a catechol−silica bond
requires a force of 0.5 nN to be broken and the binding energy
was estimated to be 23 kcal/mol.33 The strong binding is due to
direct silica−catechol hydrogen bonds, of which 4 can form for
each catechol group, as well as dispersion forces. The dispersion
forces will be similar along the surface and are not expected to
provide any significant lateral energy barrier. In contrast,
hydrogen bonds are relatively strong, short-ranged, and highly
directional. Even though hydrogen bonds are weak compared to
covalent bonds, they are known to form the basis for some of the
toughest and strongest materials known such as spider silk,58

nanocellulose materials,59,60 and Kevlar.61 For spider silk,
modeling has shown that ordered domains of hydrogen bonds
are very difficult to completely break, as they readily reform at
new positions.58 We propose that a similar mechanism explains
the high wear resistance of polymers attached to silica via
catechol groups.

Figure 8. Stiffness as a function of layer thickness for tips with different radii. Data points are results from the simulations, and the dashed lines are from
eq 5 fitted to the data with a = 2688 pN, b =−498.2 pN, c =−7858 pN·nm, and d = 198.2 pN/nm. (a) As measured stiffness from the simulations and
(b) stiffness for a given layer thickness normalized by the stiffness for an infinitely thick layer according to eq 6. Results are obtained from the
simulations at a load of 0.5 ± 0.025 nN.
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Figure 9. Lateral force images measured during sliding of the AFM tip over a PEO-s-cationic copolymer layer on trace (a) and retrace (b) under a load
of 75 nN, PEO-b-cationic-catechol on trace (c) and retrace (d), and PEO-b-catechol on trace (e) and retrace (f) diblock copolymer layers. The applied
loads in the different regions in panels c−f are provided in these images. The measurements were done in water.

Figure 10. Lateral force images measured during sliding of the AFM tip over a PEO-b-cationic-catechol diblock copolymer layer under a load of 300
nN. Data were obtained during trace (a−c) and retrace (d−f) on the first (a, d), second (b, e), and third (c, f) scan over the same area. The
measurements were done in water.
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Statistical vs Diblock Copolymer Adsorption Layers.
Diblock copolymer layers have a clear segregation between the
adsorbing anchor block that accumulates next to the surface and
the buoy block that preferentially resides further away from the
surface.56 In our case, the buoy block contains the 19-unit-long
PEO chains, while the anchor block is either non-ionic as in
PEO-b-catechol or cationic as in PEO-b-cationic-catechol. In
contrast, the different segments in a statistical copolymer are by
necessity less segregated, and one thus would expect a lower
number of anchoring segments in contact with the surface for a
statistical copolymer compared to that of a similar diblock
copolymer.
We have argued that the high wear resistance of the catechol-

containing polymers is due to the strong binding of catechol to
silica. Thus, it is reasonable to suggest that the more silica−
catechol bonds that are formed, the more wear resistance the
layer should be. From these arguments, one would expect that
the diblock copolymer layers should be more wear resistant than
the layers formed by the statistical polymers. The data or the
wear volume shown in Figure 7 is consistent with this, but the
difference is relatively small.
By considering the change in stiffness and deformation (Table

4) as well as the wear volume during repeated scans (Figure 7),
we conclude that the wear resistance of the polymer with an
uncharged anchor (PEO-b-catechol) block is slightly higher
than that for the corresponding copolymers with charged anchor
blocks (PEO-b-cationic-catechol). Following a similar line of
thought as above, we can rationalize this to be partly due to
competition for available surface sites between the cationic
group and catechol group, leading to somewhat fewer direct
catechol−surface bonds when charged groups are present in the
anchoring block. It is also partly due to the swelling of the
polymer layer due to the excess positive charge in the adsorbed

layer, again leading to fewer direct catechol−silica anchoring
points. We note that in a previous study35 using the statistical
polymers and single scans a slightly larger wear resistance was
found for PEO-s-cationic-catechol layers than for PEO-s-
catechol layers. This conclusion was based on measurements
on changes in stiffness and is also observed in the present data at
a load of 150 nN (Table 3), but the situation changes at higher
loads and during repeated scans (Table 4 and Figure 7) where
the PEO-s-catechol layers are found to be more wear resistant.

Stick−Slip Features.As briefly noted before, even when the
surface layers are challenged by a constant load and at constant
sliding speed, there is a variation in the lateral photodetector
voltage during sliding due to variations in the friction force. Such
variations are typically due to stick−slip phenomena. In some
cases, the stick−slip occurs irregularly, e.g., due to surface
roughness effects, and in other cases, it occurs with a
characteristic stick−slip length (i.e., with a characteristic
distance between two stick events), as typically observed for
polymers that deform plastically during the combined action of
load and shear.38,39 To analyze this situation, one utilizes the
lateral photodetector images recorded during wear. Data
obtained at different loads for adsorbed layers formed by the
polymers PEO-s-cationic copolymer, PEO-b-cationic-catechol,
and PEO-b-catechol are shown in Figure 9. Similar data are
shown in Figures 10 and 11 for the two diblock copolymers, as
they are worn three times over the same area at a load of 300 nN.
Qualitatively, one notices that the images reported in Figure 9

have different features at different loads, where the features tend
to become larger at larger loads. This is a sign of a larger stick−
slip length at higher loads. To analyze this quantitatively requires
a 2D FFT of the images as reported in detail in our previous
work.35,39

Figure 11. Lateral force images measured during sliding of the AFM tip over a PEO-b-catechol diblock copolymer layer under a load of 300 nN. Data
were obtained during trace (a−c) and retrace (d−f) on the first (a, d), second (b, e), and third (c, f) scan over the same area. The measurements were
done in water.
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The load dependence of the stick−slip will not be discussed
further in this article, but we will instead pay attention to if the
stick−slip pattern is affected by first sliding the tip in one
direction (trace) and back along the same line in the other
direction (retrace), and if it is affected by scanning the same area
several times. To this end, we will present FFT analyses of the
images reported in Figure 9a,b for the PEO-s-cationic copolymer
layer at 75 nN and in Figures 10 and 11 for the PEO-b-cationic-
catechol and PEO-b-catechol block copolymer layers under a
load of 300 nN.
Following the procedure described in the Methods section,

2D FFT spectra of the images reported in Figure 9a,b were
obtained and these are shown in Figure 12a,b. The radial
integration converts these images into 1D spectra in k-space
(Figure 12c). In this plot, we can distinguish one peak located at
k ≈ 0.02 nm−1, which corresponds to a characteristic stick−slip
length of about 50 nm in both the trace and retrace images.
However, the peak is more pronounced in the trace image. This
suggests that the initial sliding (trace) along the surface under a
load of 75 nN changes the layer structure. In addition to the wear
observed (Figure 2), it is plausible to suggest flattening of the
layer and bending of the adsorbed polymers in the sliding
direction. If these structural changes do not recover during the
time scale of one trace−retrace cycle (1 s), they will affect the
stick−slip pattern. From the data in Figure 12, we draw the
conclusion that wear, flattening, and bending of the adsorbed
polymer layer may all reduce the intensity of the stick−slip
pattern but hardly affect the peak position, i.e., the characteristic
stick−slip length.
The 2D FFT spectra obtained for the block copolymer layers

are shown in Figure 13. In these images, it is possible to
distinguish a partial outer ring, particularly clearly seen for the
uncharged PEO-b-catechol polymer layer. This suggests the
presence of two characteristic stick−slip lengths for the catechol-
containing polymer layers. Indeed, the 1D FFT functions
reported in Figure 14 display two peaks. The presence of two
peaks is not due to the diblock structure, as two peaks also have
been observed for statistical copolymers containing catechol
groups. For the statistical copolymers, the peaks at smaller
distances (larger k-values) were more pronounced for the
uncharged version of the copolymer,35 as also observed for the
diblock copolymers in this study. Thus, the presence of the small
stick−slip length (below 20 nm, Figure 15) is assigned to result
from the strong binding of catechol groups to the surface. As the

adsorbed polymer binds to the tip, it becomes stretched and the
tip will slip when the tip−polymer attachment is broken. The
longer stick−slip length is on the other hand associated with
dragging the tip along the atomically rough silica surface (RMS
roughness ≈ 0.2−0.3 nm), which also may result in dragging of
some polymers along the surface and thus wear. Indeed, a similar
stick−slip length has been reported for the bare silica surface,
which suggests that the underlying silica surface structure is of
key importance.35 As for the PEO-s-cationic copolymer layer, we
observe similar stick−slip lengths on trace and retrace.
For the catechol-containing diblock copolymers, we find no

clear difference in magnitude of the peak observed at low k-

Figure 12. Two-dimensional FFT images of the lateral force variation measured during sliding of the AFM tip over a silica surface with an adsorbed
layer of PEO-s-cationic copolymer on trace (a) and retrace (b) at a load of 75 nN. The images were constructed from the data reported in Figure 9a,b.
The degree of correlation decreases from bright to dark. Panel c illustrates the corresponding 1D FFT plot evaluated from the 2D images. TheGaussian
fitting curves are shown as solid and dashed lines for trace and retrace, respectively.

Figure 13. Two-dimensional FFT images of the lateral force variation
measured during sliding of the AFM tip over a silica surface with an
adsorbed layer of PEO-b-cationic-catechol on trace (panel A, a−c) and
retrace (d−f) evaluated from the region exposed to 300 nN normal load
repeated three times and reported in Figure 10. The corresponding data
for silica with an adsorbed layer of PEO-b-catechol on trace (panel B,
a−c) and retrace (d−f) evaluated from the region exposed to 300 nN
normal load three times and reported in Figure 11. The degree of
correlation decreases from bright to dark. Data obtained during the first,
second, and third scans are shown in images a and d, b and e, and c and f,
respectively.
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values in the 1D FFT obtained from the lateral photodetector
signal during trace and retrace, which is in contrast to what was
observed for the PEO-s-cationic copolymer layer. All of these
layers are expected to flatten and polymers to bend in the
direction of the moving tip as the layers are challenged by load
and shear, but the data for the catechol-containing diblock

copolymers suggest that this is not very important. Instead, the
main difference between on one hand the PEO-s-cationic
copolymer layer and on the other hand the catechol-containing
diblock copolymer layers is the higher wear of the former. Thus,
we assign the difference in peak amplitude found for the PEO-s-
cationic copolymer layer during trace and retrace to be due to
mainly wear. Some wear also explains why the amplitude of the
peak found at small k-values tends to shift downward with the
number of scans for the PEO-b-cationic-catechol polymer layer,
whereas this trend is less clear for the even more wear resistant
PEO-b-catechol polymer layer.
The second peaks found at high k-values (Figure 14) are

slightly stronger on retrace than on trace for the catechol-
containing diblock copolymers, suggesting that additional
catechol−surface bonds are formed when the layer is challenged
by load and shear. Thus, the anchoring to the surface becomes
stronger during the wear measurements, which further enhances
the wear resistance. It seems plausible that similar effects play a
role for mussel adhesive proteins, where enhancement of the
binding strength could be expected when themussel binding site
is challenged by predators, waves, and currents.
The effect of repeated wear measurements on the stick−slip

lengths is small, as seen in Figure 15. Thus, the peak position in
the 1D FFT curves is hardly affected by the limited wear. On the
other hand, the peak amplitude is more clearly affected by wear,
as discussed above.

Figure 14. One-dimensional FFT plot of the lateral force variation evaluated from the 2D images shown in Figure 13. The data are for an adsorbed
layer of PEO-b-cationic-catechol on trace (a) and retrace (b) and for an adsorbed layer of PEO-b-catechol on trace (c) and retrace (d) at a load of 300
nN. The Gaussian fittings are shown as solid curves for the first scan, dashed curves for the second scan, and dotted curves the third scan.

Figure 15. Characteristic stick−slip length for the catechol-containing
diblock copolymer layers as a function of repeated scans at 300 nN
evaluated from the peak position in the 1D FFT correlation function
shown in Figures 12 and 14. For comparison, the stick−slip length for
layers of the PEO-s-cationic copolymer evaluated at 75 nN is also
shown.
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■ CONCLUSIONS
Our measurements of wear and nanomechanical properties with
nanometer resolution have shown that indeed adsorbed layers of
catechol-containing polymers on silica surfaces are significantly
less subject to wear in water than similar polymers anchored by
electrostatic forces alone. This is largely due to the strong direct
hydrogen bonding between catechol and silica that allows
displacement of water from the silica surface. Our data show that
the uncharged catechol block provides a stronger anchoring to
the negatively charged silica surface than the block containing
both cationic charges and catechol groups. Based on QCM-D
data, we suggest that this is due to the formation of a more
compact adsorbed layer, allowing more catechol groups to bind,
when the anchoring block is uncharged. In contrast, a high
concentration of excess cationic charges at the silica surface is
unfavorable and leads to swelling of the layer and less catechol−
surface anchoring points. The diblock copolymers show higher
wear resistance than their statistical counterparts, which we
again assign to the larger number of catechol−silica contacts in
the diblock copolymer layers.
Partial wear of the polymer layers changes the nano-

mechanical properties of the layer. The tip−sample adhesion
is reduced by wear as less polymers bind to the probing AFM tip.
At the same time, the stiffness of the soft layer on the hard
surface increases as the layer becomes thinner. This feature was
reproduced by a simple elastic contact mechanics model. The
deformation under a given load was also reduced as the layer was
becoming thinner by wear.
The sliding of the AFM tip over the adsorbed layer was

characterized by stick−slip motion. For the polymer layer
without catechol groups, one characteristic stick−slip length was
observed. The value of the stick−slip length was similar during
trace and retrace, but the peak intensity was reduced on retrace,
which is assigned to wear. In contrast, the sliding of the AFM tip
above the catechol diblock copolymer layers was characterized
by two distinct stick−slip lengths. The longer of these, with a
similar value as that for the catechol-free polymer, was assigned
to be due to moving the polymer along the surface, while the
shorter one that was unique for the catechol-containing diblock
copolymers was assigned to stretching of firmly anchored
polymers. In this case also, wear reduces the amplitude of the
long distance stick−slip peak assigned to dragging the polymer
along the surface. Interestingly, the short distance peak assigned
to stretching the polymer was slightly larger on retrace than
trace, which suggests that more catechol−surface bonds are
formed as a result of the combined action of load and shear.
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