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Chapter 15

On the Bioadhesive Properties

of Silicone-Based Coatings

by Incorporation of Block Copolymers

Thi Chinh Ngo, Radostina Kalinova, Rosica Mincheva,
Audrey Beaussart, Elise Hennebert, Patrick Flammang,
Yves Dufréne, Philippe Dubois, Roberto Lazzaroni

and Philippe Leclére

Abstract This chapter discusses the applicability of different AFM-based tech-
niques with force sensitivity of a few pN for mapping the nanostructure and
quantifying the nanoscale mechanical properties of the surface of complex polymer
coatings based on silicone oligomers in order to use them as bioadhesives. The
AFM modes used are Peak Force Tapping and Contact with Si3N, and
chemically-modified (CHjs-terminated alkanethiols, COOH-terminated alkanethi-
ols) probe tips both in air and aqueous media. Studying nanostructured films of
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block copolymers containing a polydimethylsiloxane (PDMS) segment and a seg-
ment of poly(acrylic acid) (PAA) or poly[(2-dimethylamino) ethyl methacrylate]
(PDMAEMA) led to a better understanding of the interaction of the polymer chains
with solvent molecules or chains of another polymer in the self-assembly process.
Stiffness mapping by PFT-AFM has allowed identifying the difference in me-
chanical properties between two polymer constituting blocks. The effect of
copolymer concentration and solvents on the surface morphologies was also studied
in details. In more complicated situation, the copolymers were used to modify the
surface properties of elastomeric PDMS coatings and the PDMS surface properties
before and after immersion in water were also evaluated. AFM-based
nano-mechanical testing showed that the surface reorganization significantly affects
the morphology and the adhesion properties of the silicone coatings. The observed
broadening of the adhesion distribution is believed due to the different interactions
between hydrophobic/hydrophilic surfaces and the silicon probe tip in aqueous
solution. Finally, the nature of the tip-surface interaction forces was clarified by
employing functionalized AFM tips. The adhesion force mapping with hydrophobic
tips (CHs-terminated alkanethiols) for 10 wt% PDMS-b-PDMAEMA-filled coat-
ings before and after immersion in water showed larger forces for the coatings
before immersion, thus confirming that the interaction forces between two hy-
drophobic surfaces are stronger than those between one hydrophobic and one hy-
drophilic surface. In addition, the interaction forces between amino groups of the
PDMAEMA and COOH-terminated tips were investigated as a function of the pH
and the ionic strength of aqueous media. Progressive stretching and continuous
desorption of individual copolymer chains from the tip surface were recorded. The
dynamic changes of polymer desorption were also reported by recording force
curves at various pulling speeds and contact times. Furthermore, the adhesion force
maps recorded at high ionic strength (in 0.1 M NaCl solution) showed a major
decrease in the adhesion frequency and plateau forces, indicating a loss of poly-
electrolyte properties. Bio-adhesion experiments with mussels were then performed
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on the different types of substrates—unfilled PDMS coatings and PDMS coatings
filled with block copolymers. The results revealed that these organisms attach
preferably to block copolymer-filled coatings after immersion due concomitant
molecular reorganization at the top-surface of the copolymer-filled coatings. These
observations provided evidence for the significant role played by the selected
amphiphilic block copolymers to promote bio-adhesion on surface-treated silicone
coatings.

15.1 Introduction

Polymers have found applications in different areas as molds, foils, thin films,
coatings, adhesives, joints, blends, composites as well as biomaterials, they have
been also used in micro- and nanotechnology. The surfaces and interfaces of
polymer materials have strong influence on their properties (such as adhesion,
friction, wetting, swelling, penetrability and biological compatibility). Particularly,
block copolymers occupy a large area of research due to their well-controlled
molecular architecture and chemical composition. Those copolymers especially
exhibit the combined properties of different components that offer widespread
applications in industry as well as daily-life. Among all copolymers, amphiphilic
block copolymers are one of most interesting classes of synthetic systems for
creating self-assembled nanostructures [1-3].

Among all polymers, polydimethylsiloxane is of great particular interest.
Particularly, the cross-linked PDMS called silicone rubber or silicone elastomer has
demonstrated a long history of use in multiscale structured surfaces [4]. PDMS has
also been widely used for a number of biotechnological, biomedical applications
due to its extraordinary features (such as excellent flexibility, nontoxicity, easy
sealing with other materials, oxidative stability, and relatively low temperature of
curing) [5-7].

PDMS possess extremely high flexibility and high mobility of polymer chains
compared to other polymers, which in fact directly correlates with the very low
value of its glass transition temperature (T,"°MS ~ —125 °C). The flexibility of
PDMS chains can result in two different conformations by exposing either methyl
groups or oxygen atoms outwards at the polymer surface. In air the apolar methyl
groups point outwards and occupy the surface of PDMS, which leads to
hydrophobicity (Fig. 15.3a). In contact with water, because the chains are very
flexible and mobile, they can restructure to expose the polar oxygen groups to the
PDMS/water interface as shown in Fig. 15.1.

PDMS is also water impermeable and has long time durability in the presence of
aqueous solutions [8], which is an important requirement for its possible use as
underwater adhesive. However, its application range is somehow restricted by the
risk of adhesion failure due to its low surface free energy (19.9 mJ/m?) and
extremely low chemical reactivity [8, 9] This can be overcome by increasing the
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Fig. 15.1 Schematic representations showing the two possible orientations of PDMS chains
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Fig. 15.2 Chemical structures of a polydimethylsiloxane-b-poly-[(2-dimethylamino) ethyl
methacrylate], b polydimethylsiloxane-b-poly[(quaternized 2-dimethylamino) ethyl methacrylate],
¢ polydimethylsiloxane-b-poly[(betainizied 2-dimethylamino) ethyl methacrylate], d polydimethyl-
siloxane-b-poly(acrylic acid)

PDMS surface energy and reactivity via introduction of reactive functional groups
at the polymer surface. The functionalization of polymer surfaces is usually
achieved by using physical or chemical processes (like plasma treatment or surface
grafting) or a combination of both [10]. These techniques are able to improve the
hydrophilicity of the PDMS surface without affecting its properties.

In our study, amphiphilic poly(dimethylsiloxane)-b-poly-[(2-dimethylamino)
ethyl methacrylate] (PDMS-b-PDMAEMA) bearing pendent tertiary amine groups
along the poly(methacrylate) block (Fig. 15.2a), and polydimethylsiloxane-b-poly
(acrylic acid) (PDMS-b-PAA) bearing carboxylic groups along the poly (acrylate)
sequence (Fig. 15.2d), were synthesized through atom transfer radical polymer-
ization (ATRP). Then, in order to study the charge-type/adhesion relationship,
modified PDMS-b-PDMAEMA was obtained by quaternization (introduction of
quaternary amines, Fig. 15.2b) and betainization (introduction of zwitterions,
Fig. 15.2¢) reactions of the tertiary amine functions [11].

The development of scanning probe techniques plays an important role for the
progress of nano-science and nanotechnology [12]. In particular, Atomic Force
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Microscopy (AFM) has been used to investigate a wide range of materials (con-
ductive, semi-conductive, insulating, ceramics, polymers, ...), including soft bio-
logical systems (proteins, membranes, living cells...) [13-15] in multiple
environments (air, UHV, liquid, electrochemical...). AFM is also well known as an
appropriate technique to visualize the microstructure, combined with the probing of
the nano- and micro-mechanical properties of material surface at the nanoscale [16].

In order to estimate the mechanical properties of a sample by AFM, a sharp
probe has to establish a stable contact with the sample surface. The system usually
consists of a flexible cantilever with a sharp, microfabricated probe at its end which
can eventually chemically modified in order to measure local forces. In this later
case, the technique is called “Chemical Force Microscopy (CFM)” [17]. Typically,
these cantilevers are rectangular or V-shaped, besides other shapes of cantilevers
exist for some specific applications [18]. Cantilevers are usually made of single
crystal silicon of silicon nitride. The back side (opposite to the tip side) of the
cantilever is generally coated with a thin metal layer (gold, platinum, or aluminum)
to improve the reflectivity of the cantilever when the laser spot coming from a laser
diode is back reflected into a four-quadrant photodiode. This method is the most
commonly used and is named “optical lever detection”. By using this kind of
photodiode, it is very easy to separate the contributions of vertical and horizontal
deflections of the cantilever to determine the topography and the friction properties,
respectively. The sensitivity of the photodetector to the applied (low) forces
depends on the shape and spring constant of the cantilever, which may vary from
0.01 to 100 N/m.

To obtain the mechanical properties, the data acquisition can occur either in the
“quasi-static” or “dynamic mode”. Historically, and because of the easiness of the
technique, the first developed mode for the mechanical measurements involved
quasi-static loading of the sample surface. In this mode, the AFM tip is brought into
contact with the sample surface, pressed against it, and after withdrawn. This full
approach-retract cycle is then able to provide the so-called “force-distance curve
(FD curve)” by calculating the forces from the tip deflection against the piezo
actuator position. Applications of various contact mechanics models to fit this FD
curves allow for the calculation of the main mechanical properties at the nanometer
scale such as the elastic modulus, the sample deformation, and the adhesion [16,
19]. Among the most commonly used models, depending on the applications
(mainly driven by the softness and the adhesion of the sample), one can consider
Derjaguin—Muller—Toporov (DMT) [20], Johnson—Kendall-Robert (JKR) [21], or
other more sophisticated models [22].

AFM visualization of the mechanical properties in each pixel of the image is
frequently called “Force-Volume (FV)” imaging mode. This mode if the mechan-
ical model is appropriately chosen allows to provide the quantitative mapping of the
regions of different mechanical behavior on the nanoscale and has been used to
characterize many polymeric systems. Despite its usefulness of this important
mode, there are however several pitfalls to this technique. The first one is related to
the assumptions of chosen contact mechanics model. These contact mechanics
models are usually applied for simple indenter shapes (such as paraboloid, sphere,
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cone, and pyramid), and the nanoscale dimensions of AFM-based measurement can
strongly influence the calculated elastic properties. Thus, this is important to note
that to perform quantitative calculations, the tip shape should be precisely char-
acterized [for instance by Scanning Electron Microscopy (SEM)]. The fact that the
simple contact mechanics models is ideally flat sample topography in also an
important assumption. Another issue to carefully consider for the FV mapping is
related to the fact that a single measurement is performed at a constant indentation
rate and this rate is limited by the nonlinearities of piezo-actuator extension [23].
The FV mode is very time consuming which is a last but not least drawback. Even
if “Fast Force Volume” mode has been recently introduced [24], in order to
overcome these drawbacks, dynamic measurement modes were developed.

In dynamic methods, high frequency vibrations are applied to the tip—sample
contact through the actuation of the cantilever, the sample, or both. Among them,
Tapping Mode is the most famous [25]. Typically, Tapping Mode AFM is per-
formed in “amplitude modulation” mode: the height of the cantilever position is
constantly adjusted to keep a constant ratio of the tip vibrational amplitude in
contact with the sample surface to its oscillation amplitude in air, thus imaging
topographical features of the sample. The phase shift of the vibrations relative to the
excitation vibrations bears information about the energy dissipation by the tip into
the sample. The phase imaging technique can be used to produce excellent material
contrast, especially in systems with close mechanical properties, without any
additional post processing of the measurement data. Due to the fact that forces
existing between the surface and the tip are not directly measured in TM-AFM, this
technique does not allow for quantitative measurements of the elastic modulus of
the material. However, it was shown since more than two decades that it can be
used to perform contrast variation in some cases [26].

In contrast to TM-AFM, Force Modulation Microscopy measurement (FMM) is
performed in contact mode. The cantilever is vertically displaced to maintain
constant deflection while the tip is imaging the surface, while at the same time the
cantilever is vibrated at a frequency much lower than the resonance frequency [27].
In Contact Resonance AFM (CR-AFM), similar to the FMM, scanning is also
performed in the contact mode and cantilever is dynamically excited at high fre-
quency range at relatively low amplitude. However, in CR-AFM vibrations of the
tip are kept close to the resonance frequency of the cantilever, which is not the case
for FMM [28]. With these two modes, the relative Young modulus can be acquired
as well by using a calibration sample with well-known elastic properties. This
calibration process has to be done for each new experiment which can be rapidly
fastidious. Anyway, the simplest way is to perform qualitative imaging by
CR-AFM, which is executed by keeping the vibration frequency constant and
monitoring the change in amplitude as the tip scans the sample. The contrast of the
image can be tuned by the changes of the oscillation frequencies around the res-
onance peak or by switching to different vibrational modes [29]. To be complete,
another mode of operation of CR-AFM is a spectroscopic mode. In this mode, the
vibration amplitude is recorded for the range of vibrational frequencies, establishing
the full shape of the resonance curve at each point. Knowing the resonance
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frequency allows one to apply analysis similar to the one in the FMM method to
calculate stiffness of the tip—sample contact [30]. In CR-AFM, it is also possible to
track the position of the resonance peak by keeping the frequency window close to
each previous resonance position for each subsequent point [31]. Once again, this
method is time consuming and is better applicable to stiff samples. Therefore,
several improved methods have been proposed such as ‘Dual AC resonance
tracking (DART) where two separate frequencies are applied to the vibrating
cantilever [32]. In fine, the “ultrasonic AFM (UAFM)” technique is similar to FMM
and CR-AFM in that the tip is constantly pressed against the sample surface and the
vibrations are induced into the tip—sample contact with the applied frequency much
higher than the natural resonance of the cantilever and the amplitude of this fre-
quency is constantly changing, while the average tip deflection is monitored [33].

Pulsed Force (PF) modes have also to be consider if the quantitative mapping of
the mechanical properties is needed. Firstly introduced by Marti [34] in 1997, the
methodology has been declined by many manufacturers or laboratories and even the
principle is basically the same, PF is nowadays known with different names such as
PeakForce Tapping (PFT) [35], Intermittent Contact Resonance AFM [36], Digital
Pulsed Force Microscopy [37], HybriD mode [38], Quantitative Imaging (QI) AFM
[39], PinPoint Mode [40], Ringing Mode [41], ... . In PF, each measurement cycle
(corresponding to one pixel of the image) starts above the surface, then the tip
approaches and makes a very brief contact with the surface resulting in a small
indentation. The depth of the indentation of the tip is controlled by the maximum
force exerted on the sample by the cantilever (set point). The cycle is finalized by
withdrawing the tip from the surface up to the initial baseline static deflection. By
limiting the set point from few nN to few pN (depending on the sample stiffness),
indentations as small as 1-2 nm can be performed, therefore very soft, nonde-
structive measurement conditions could be achieved.

Recently, multifrequency techniques have been proposed and seem very
promising if one can adapt the most appropriate model(s) to the recorded raw data
and is able to reconstruct the force distance curves closer to the actual ones. To
name a few here, we can cite: HarmoniX™ [42], Band Excitation AFM [43],
Intermodulation AFM [44], mode-synthesizing atomic force microscopy [45],
G-mode AFM [46], ...

Since it appears that the mechanical properties of a sample surface can be
determined by different AFM techniques that depends on the way that the mea-
surement is done aiming at the correct or the most accurate description of the
tip-surface interactions, in this work we deliberately focused on two of them,
namely Chemical Force Microscopy and Peak Force Tapping (PFT). PFT is a
recent technique that allows simultaneously the recording of data on the topo-
graphic profile (i.e., the surface morphology) and the surface nano-mechanical
properties with high resolution in different media including water. This is more
difficult to quantitatively provide these properties with the other scanning probe
techniques described above (mainly for tip and detector calibrations which are
mandatory to provide quantitative measurements). This technique gives a number
of advantages compared to other modes. PFT-AFM operates at a frequency of
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approximately 2 kHz, the time required for obtaining high-resolution images of
those properties is less than that in the case with approach-retract curves recorded at
1 Hz. PFT can generate mechanical maps at higher resolution (up to 2048 pix-
els x 2048 pixels) compared to 64 pixels x 64 pixels at best in Force-Volume
imaging. Contact-mode topographic image and FV-adhesion map are recorded
separately while PFT provides simultaneously topographic and mechanical images
with high resolution and relatively high-speed imaging.

In addition, Peak Force operation offers the benefits of both contact and Tapping
mode: one can not only control constantly the force between the tip and the sample
but also minimize the lateral forces by intermittently contacting the sample.
Therefore, it is possible to minimize damages for the tip and the studied sample,
which is of great interest for imaging of soft and delicate biological materials. PFT
operates in a non-resonant mode and at low force; this is particularly advantageous
in liquids. Using V-shaped silicon nitride probes with a low spring constant (less
than 1 N m™"), PFT-AFM gives higher force sensitivity compared to Tapping
mode. The cantilever stiffness will be chosen based on the sample stiffness in order
to cause enough deformation of the sample and still retain high force sensitivity.
The probe is calibrated on a hard and clean surface prior to the experiment, in order
to directly quantify the force as well as the mechanical properties.

In our study, the morphology and microstructure of PDMS-b-PAA and PDMS-
b-PDMAEMA block copolymer thin films and their adhesion properties were firstly
investigated using Atomic Force Microscopy. Depending on the copolymer struc-
ture, chemical composition and on the nature of the solvent, a variety of mor-
phologies were obtained through the self-assembly of the block copolymer chains.
These four copolymers were then in a second step used for modifying the surface
properties of elastomeric PDMS coatings. The idea is to achieve a reversible ad-
hesion between the ionic segments of the amphiphilic block copolymers incorpo-
rated in silicone coatings in aqueous media as a function of specific and controllable
conditions (pH, ionic strength, temperature) interactions (as shown in Fig. 15.3).

In this context, the surface restructuring of PDMS in water was investigated by
Chen et al. [47] using sum frequency generation (SFG) vibrational spectroscopy.
The results showed that the methyl groups of PDMS tilt more toward the surface
upon contact with water. Beigbeder et al. [48] also demonstrated some decrease in
the surface hydrophobicity when PDMS chains get in contact with water. This is

Silicon surface + PDMS block

Positively/negatively Q‘éi +; A +§ :;S*éb Ug:;; :z:‘er
charged — . ;
ionogenic block g?_ } e ?‘é— ﬁ § 2

Fig. 15.3 Schematic representation of reversible adhesive in aqueous media
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suggested to be a consequence of the reorganization of the siloxane backbone and
the methyl groups at the coating surface. In order to functionalized PDMS coatings,
many approaches have been proposed and most of them are described in the recent
review by Kalinova et al. [49].

More recently, the addition of copolymers to PDMS has been proposed as a
valuable pathway to tune the anti-fouling properties of silicone. Martinelli et al. [50,
51] have prepared coatings by blending amphiphilic copolymers containing poly
(ethylene glycol) (PEG)-fluoroalkyl acrylate and polysiloxane methacrylate with a
PDMS matrix in order to investigate the effect of the copolymer on the biological
performance. The results of the immersion tests showed a better performance
towards hard fouling for coatings containing the amphiphilic copolymer, compared
to those without copolymer. AFM analyses showed the changes in the surface
morphology of the coatings after immersion, possibly due to the swelling of the
PEGylated portions at the surface [50].

Several techniques were used to evaluate the effect of the block copolymer on
the PDMS surface properties before and after immersion in water. Contact angle
measurements served to measure surface wettability. X-ray photoelectron spec-
troscopy (XPS) was then used in order to determine the surface chemical compo-
sition. Peak Force Tapping AFM and Chemical Force Microscopy were applied to
investigate the surface morphology and to quantitatively measure the adhesion on
the nanoscale. Finally, the bio-adhesion properties were tested by experiments with
mussels, a major biological model for underwater adhesion [52-54].

15.2 Self-assembly of PDMS-Based Block Copolymers

In the case of diblock copolymers, depending on their structure, chemical com-
position and used solvent, a variety of morphologies can be obtained. It is known
that if both block components exhibit similar solubility parameters, they are soluble
in the same solvents. Repulsion between the blocks leads to different morphologies
that are thermodynamically driven [55]. In contrast, a variety of self-assembled
aggregates called micelles can be formed in dilute solution when the solvent
preferentially solvates one of the blocks.

As already known in the literature, the strength of polymer-solvent interaction is
crucially related to the solvent quality which is commonly assessed by the
Hildebrand solubility parameter (8) [56]. According to this approach, a good sol-
vent must have a very similar solubility parameter to that of the polymers. Based on
the solubility parameters presented in Table 15.1, one can conclude that THF is a
selective solvent for PDMS and PDMAEMA blocks while the PAA blocks are
better soluble in MeOH.

In this study, two block copolymers including PDMS-b-PDMAEMA (M, PPMS
= 10,000, M,PPMAEMA = 15 600) and PDMS-b-PAA (M,"PMS = 10,000, M,
= 12,100) were dissolved in THF and a mixture of THF and MeOH, respectively, at
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Table 15.1 Solubility Solvent or polymer Solubility parameter & (MPa)'?
parameters for the solvents THE 185
and the block copolymer :
components [8§9-91] MeOH 29.7
THF/MeOH 24.9
PDMS 14.6
PAA 24.6
PDMAEMA 18.8

0
nN

50
nm
0
nm

Fig. 15.4 PFT-AFM images (2 pm X 2 um and a zoom 400 nm x 400 nm) of a PDMS-b-
PDMAEMA block copolymer thin film obtained from a 0.1 g/mL copolymer/THF solution
(M, PPMS = 10,000, M, PPMAEMA — 15 600). a Height; b stiffness; ¢ adhesion

concentration of 0.1 g/mL. The films were then prepared by spin coating at
4000 rpm for 120 s. The desired films are formed after the evaporation of the
solvent. AFM measurements were performed in Peak Force Tapping with a
Dimension Icon in air and in ambient conditions. V-shaped silicon nitride probes
(k ~ 0.3-0.4 N m™") cantilever were used. The oscillation of the probe tip was
operated in the vertical direction at a frequency of approximately 2 kHz. The probe
was calibrated on a stiff surface prior to the experiments, in order to quantify the
tip-sample forces. All images were digitally recorded with a resolution of 512
pixels/line. The scan rate was kept at 0.5 Hz. The Nanoscope image processing
software was used for image analysis.

15.2.1 Self-assembly of PDMS-b-PDMAEMA Copolymers
in THF Non-selective Solvent

Figure 15.4a—c, respectively displays topographic, elastic modulus and adhesion
images obtained simultaneously on the same area of the surface for a PDMS-b-
PDMAEMA copolymer film. The topographic image shows a lamellar morphology
consisting of alternating stripes of the polymer components.

The Young modulus derived by using the DMT model (vide supra) mapping
shows the alternation of dark and bright stripes (Fig. 15.4b) accounting for the
different stiffness of the constituent polymer components. The darker domains are
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considered to be the softer PDMS (stripe width: 14 nm), while the brighter areas
correspond to lamellae of stiffer PDMAEMA (stripe width: 26 nm). In parallel, the
adhesion image (Fig. 15.4c) demonstrates that the stiffer PDMAEMA regions are
less adhesive (darker stripes in the adhesion image) than the softer PDMS (brighter
stripes in the adhesion image). These data correlate well with observations on the
modulus map, since it is easier for the AFM tip to separate from a harder surface
than from a softer one.

15.2.2 Self Assembly of PDMS-b-PAA Block Copolymers

PFT images presented in Fig. 15.5 illustrate a spherical morphology. The aggre-
gation size is 50 = 4 nm. The formation of spherical aggregations is the result of
the micro-phase separation of block copolymers in selective solvents [57].
Depending on the solvent quality and solubility parameter (8) [56, 58, 59], the
micelle-like aggregates can be formed as a result of the association of the insoluble
blocks [60-62].

In this case, the solubility parameter of the PAA (8 = 24.6 MPa'’?) is almost the
same to one of THF/MeOH mixture (8 = 24.9 MPa'’?) (Table 15.1), so one may
suggest that the less soluble PDMS blocks self-aggregate into the core to minimize
contact with the solvent and the soluble PAA chains form the diffuse corona of the
micellar-like aggregations. As observed, the spheres are relatively homogenous in
terms of stiffness (no contrast among the spheres on the stiffness image in
Fig. 15.5). In addition, the adhesion image shows lower adhesion for bright spheres
on the height image (dark ones on the adhesion image) and stronger adhesion for
dark spheres on the height image (bright ones on the adhesion image). The different
adhesion may be caused by the different contact areas between the AFM tip and the
surface, which is one of the major factors determining the adhesion strength [63].

After we have found out that PDMS-b-PAA copolymer in the THF/MeOH
mixture (1:1) forms micellar-like structures, our interest was set to investigate the
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Fig. 15.5 PFT-AFM images (2 pum x 2 um and a zoom 500 nm x 500 nm) of PDMS-b-PAA
copolymer (M,"PMS = 10,000, M”44 = 12,100) in an equal mixture of THF and MeOH (1:1)
(0.1 g/mL). a Height; b stiffness and ¢ adhesion
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influence of the copolymer concentration on the size of the micelles. Copolymer
solutions with different concentrations (20; 50 and 100 mg/mL) in a 1:1 ratio
mixture of THF and MeOH were used. The images presented in Fig. 15.6 show the
same spherical morphology for copolymer films prepared from three different
concentrations. This observation leads us to the conclusion that the morphology is
independent of the concentration. An increase in the aggregation size is observed
(32 £3; 42+ 3 and 50 & 4 nm, at concentration 20; 50 and 100 mg/mL,
respectively).

The fact that the micelle size depends on the concentration is likely related to the
equilibrium between the aggregates and the isolated molecules in the solution. By
increasing the concentration, the number of molecules in equilibrium to form the
micelle (aggregation number) is favored in order to decrease the interface area
between the solvent and the aggregating blocks [3]. This leads to an increase in the
radius of the micelle core, which reflects on the size of the micelle.

As previously mentioned, the solvent has also a strong influence on micellar-like
morphologies. Depending on the nature of the solvent, the self-assembly of block
copolymers leads to formation of various morphologies. In this study, the influence
of different solvents, THF (selective solvent for PDMS), MeOH (selective solvent
for PAA) and also the mixture of both of them, on surface morphologies was
investigated in detail.

The height image presented in Fig. 15.7a shows cylindrical objects (rod-like
aggregates) for the PDMS-b-PAA copolymer in pure THF. In this case, it is
expected that the PAA sequences assemble into the core while the PDMS blocks
form the corona. The cylinders have an apparently uniform width of 56 + 7 nm,
but are rather polydisperse in length, lying in the 90-550 nm range. Most aggre-
gates appear to be bent rather than straight cylinders. The results obtained with the
(9:1) THE/MeOH mixture show the presence of both spherical and cylindrical
micelles (Fig. 15.7b). This suggests that these two types of organizations have
similar stabilities in the solvent mixture. With further addition of MeOH, moving to
the (1:1) THF/MeOH mixture and then to pure MeOH (by increasing the content of
MeOH to the (1:1) in THF/MeOH mixture and then moving to pure MeOH), a fully

Fig. 15.6 Topography images (I um x 1 pm) of PDMS-b-PAA copolymer (M,"PMS = 10,000,
M,PA% =12,100) in THF/MeOH mixture (1:1) at different concentrations a 20 mg/mL;
b 50 mg/mL and ¢ 100 mg/mL
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160 nm

Fig. 15.7 PFT-AFM height images (2 pm x 2 um) of PDMS-b-PAA copolymer in different
solvents (100 mg/mL) a from pure THF, b from THF/MeOH mixture (9:1), ¢ from THF/MeOH
mixture (1:1), d from pure MeOH

spherical morphology is recovered and the size of the spheres is more homogenous
(Fig. 15.7¢, d, respectively).

The presence of different morphologies is probably related to polymer-solvent
interactions (which are related to the difference between the solubility parameters of
the polymer and the solvent). The formation of cylindrical aggregates may be
caused by the particular orientation of the PAA cores in THF as its solubility
parameter (Opaa = 24.6 MPa'?) is relatively close to the value of THF
(Orur = 18.5 MPa'/ 2) compared to the solubility parameter between PDMS
(3ppms = 14.6 MPa'?) and MeOH (8ypeon = 29.7 MPa'’?).

With the addition of MeOH, the quality of the solvent for the PDMS blocks is
expected to decrease gradually. This leads to the appearance of spherical micelles.
Since MeOH is a selective solvent for the PAA blocks, it can swell the PAA cores
and increases the mobility of the PAA chains. Therefore, the presence of MeOH
leads to a reorganization of the system towards spherical objects. The sizes of the
micelles generated in different solvents [THF, THF: MeOH (1:1) and MeOH] are
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56 & 7,50 £ 4 and 57 + 6, respectively. It is observed that the aggregates have a
similar average size (considering the error bars). This is more likely due to the
similar molecular weights of the PDMS and the PAA blocks (MEPMS = 10,000,
MPAA = 12,100). In the case of the 1:1 THF/MeOH mixture, the micelle size seems
to be more homogenous, probably as a result of a better solvation of the PAA
chains. The solubility parameter of PAA (dpaa = 24.6 MPa'?) is indeed very
similar to that of the THF/MeOH mixture (Smixwre = 24.9 MPa'’?). It means that
these micelles also have considerable stability in the THF/MeOH mixture [64].

15.3 Incorporation of Block Copolymer into Silicone
Coatings for Adhesive Applications

15.3.1 Coating Preparation

In this study, the modification of silicone coatings is achieved by incorporating
amphiphilic block copolymers containing a PDMS segment which provides a good
miscibility with the PDMS matrix and a segment of poly(acrylic acid) or poly
((2-dimethylamino) ethyl methacrylate) (PDMAEMA), or a modified-PDMAEMA
segment [with quaternary amine (PDMATMA-I") or zwitterionic functions
(PDMAEMA-SO3)]. These second blocks bearing different functional groups will
allow enhancing the surface wettability and also modifying the surface chemistry
and adhesion after immersion in water, due to their hydrophilic character. As the
PDMS-b-PDMAEMA-SOj is not soluble in any solvent, dry condensation-curing
is found to be a suitable technique to incorporate all copolymers in the silicone
matrix.

In order to prepare these coatings, room temperature vulcanizing (RTV) silicone
was purchased from ABCR, Germany. It consists of two parts: namely A and B,
which have to be mixed together in a 10:1 weight ratio in order to obtain cross-
linked materials. Part A initially contains a polymer base (silanol-terminated
PDMS) and a crosslinking agent [poly (diethoxysiloxane)]. Part B contains a cat-
alyst [DBTL (dibutyl tin dilaurate)] and trimethylsiloxy-terminated PDMS
(PDMS-CHj3) was used to dilute the catalyst. A filler [silicon dioxide (silica),
hexamethylsilazane surface-treated, ABCR Germany] was further added in order to
improve the mechanical stability of the cured silicone.

The block copolymer-filled coatings were prepared as follows: first PDMS-OH
and 2 wt% silica were mixed with a mechanical stirrer for 30 min. Then the block
copolymer (5, 10, or 20 wt% for PDMS-b-PDMAEMA and 10 wt% for PDMS-b-
PDMAEMA-SO5, 10 wt% PDMS-b-PDMATMA-I", 10 wt% PDMS-b-PAA) in
powder form was roll-milled within part A of the condensation-curing silicone.
A three-roll milling machine (Exakt 80E, Exakt Advanced Technologies GmbH,
Germany) set at room temperature, counter-rotation mode at 150 rpm, gap between
the back and middle rolls 15 um and between the middle and the front rolls 5 pm
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was used. The roll-milling process was repeated three times. The obtained mixture
was degassed in a vacuum oven, followed by addition of the crosslinker under
stirring  (silanol-terminated PDMS/crosslinker = 91/9 mass ratio). Then part B
(PDMS-CHj; and the catalyst—DBTL, 1 wt%) (10:1 mass ratio) was added and the
mixture stirred at 500 rpm for 1 min. In this case, DBTL is a typical catalyst for
condensation curing. It plays an important role in the crosslinking reaction between
silanol-terminated PDMS and poly (diethoxysiloxane) (as shown in Fig. 15.8).

Finally, each mixture was spread on glass substrates (microscopy glass slides) by
means of the Doctor-Blade method, which resulted in a coating thickness of about
300 pm. The glass slides (size 25 x 75 x 1 mm, VWR) were treated with a silane
coupling agent (Primer OS1200, Dow Corning, Belgium) prior to deposition of the
silicone coatings.

15.3.2 Contact Angle Measurements

Sessile drop water contact angle measurements on coatings before and after
immersion in water were carried out with a Kruss DSA 10 apparatus. The hy-
drophobic/hydrophilic character of the PDMS layer was evaluated by measuring the
static contact angle between the surface of the coating and demineralized water
drops (ca. 30 pL). Advancing and receding contact angles were measured by
increasing by 20 pL (growing phase) and then decreasing by 30 pL (contracting
phase) the drop volume. A waiting period of 20 s, called the relaxing phase, was
applied between the growing phase and the contracting phase. The data presented
are the average of a minimum of five measurements on more than three different
samples. All measurements were performed in ambient air at room temperature.
It is well known that adhesion is strongly dependent on the surface properties,
such as wettability. In order to elucidate this point, the changes in the surface

OCH,CH;
A0 ol DBTL
4 '51 si{ + CHsCH,0—Si—OCH,CH; ——3»
H,C  CHs H3CH,CO

. O—Si—nann  + 4CH3CH,0H
P Sy

H3C/ \CH3

Fig. 15.8 Crosslinking reaction between silanol-terminated PDMS and poly (diethoxysiloxane)
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wettability of PDMS upon addition of the copolymers were investigated in air by
static contact angle (CA) and surface tension (ys) measurements. As underwater
adhesion is aimed, measurements were performed before and after immersion in
water for predetermined period(s). As is clear from the static contact angle mea-
surements in air and before immersion in water, all the coatings exhibit a hy-
drophobic behavior, with contact angles exceeding 100° (Fig. 15.9). It means that
all coatings exhibit hydrophobic behaviour before immersion in water; the presence
of the copolymers does not seem to influence the coating wettability. Then, a
gradual decrease of contact angle values was observed after immersing for 1, 3 and
4 weeks (as shown in Fig. 15.9).

According to the literature [48], after immersion in water the CA value measured
for unfilled hydrosilylation-curing PDMS coatings dropped from 109° to 96°,
showing some decrease in the surface hydrophobicity. This is reported to be a
consequence of a reversible reorganization of the siloxane backbone and the methyl
groups at the coating surface. The reversibility of the process for unfilled PDMS

120 = [ unfilled PDMS
I PDMS-b-PDMAEMA filled coating
1 Bl PDMS-b-PDMAEMA-SO; filled coating
10 Il PDMS-b-PDMATMA-I filled coating
] PDMS-b-PAA filled coating
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before after immersion after immersion after immersion after dry
immersion for 1 week for 3 weeks for 4 weeks  for 1 day

Fig. 15.9 Contact angles of PDMS and copolymer/PDMS coatings before and after immersion in
water for different time
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was confirmed by CA after drying at 80 °C for 24 h under reduced pressure
(Fig. 15.9). Even if the exact nature of the process is not fully understood yet, it is
supposed to be due to changes in the initial packing arrangement of the polymer
chains, leading to surface reorganization and variations in terms of roughness and
morphology [65]. In the case of the block copolymer-filled coatings, one observes a
strong decrease in contact angle, from 102° to about 84° for PDMS-b-PDMAEMA;
from 101° to about 85° for PDMS-b-PDMAEMA-SOy5, from 104° to 90° for
PDMS-b-PAA filled coatings after 4 weeks of immersion. In fact, the average CA
of copolymer-filled PDMS shifts to lower values (86°) in comparison with unfilled
PDMS (96°), thus suggesting the occurrence of other processes besides the rear-
rangement of the polysiloxane chains. During the near-surface reorganization of the
films, the amphiphilic block copolymer chains incorporated in PDMS coating could
rearrange and move to locate at the outermost surface (as depicted in Fig. 15.10).

To confirm this hypothesis, coatings filled with 5, 10, 20 wt% of the PDMS-b-
PDMAEMA block copolymer were prepared. The contact angle data for the
coatings before and after immersion in water are presented in Fig. 15.11.

Before immersion, the wettability of the coating surface is not affected by the
presence of the block copolymer, as the static contact angle remains in all cases
close to 102°. Upon immersion in water, the contact angle of all coatings decreases
with time, but it does much faster for 20 wt%-filled coatings than for the 5 wt%-
filled ones. After immersion for 4 weeks, the contact angles for 10 and 20 wt% are
quite similar, indicating that the maximum level of surface modification has been
reached. Moreover, the reversibility of the process seems to be lost (Fig. 15.9): the
CA of the copolymer/PDMS coatings insignificantly changed after drying (80 °C,
24 h, reduced pressure), thus confirming the presence of block copolymers on the
coating surface.

These results are further confirmed by surface tension measurements. The sur-
face tension of the coatings was evaluated also by measuring the contact angles
with polar (water) and non-polar (dilodomethane and n-hexadecane) liquids and
calculated using the Owens-Wendt-Young equation:

1/2
v (1+ cos 9)/2yLd1/2 = ys81/2 4 ygPl/2 (pr/yLd) /

where 0 is the contact angle, y! and y® refer to surface tension arising from dis-
persion forces and polar interactions, respectively, and the subscripts L and S refer
to the contact-angle test liquids and solid, respectively. Table 15.2 shows the sur-
face tension (y,) values of all coatings at 20 °C.
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Fig. 15.10 Schematic representation of the reorganization of hydrophilic (red chains) and
hydrophobic (blue chains) segments upon contact with water
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Fig. 15.11 Evolution of the 105
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Table 15.27ISurface tension Samples Surface tension (Y, mN m_l)
(75, mN m ) measurements . .
. Before After immersion
of the condensation-cured
silicone coatings 1 week | 4 weeks
Unfilled PDMS 23.2 24.0 24.9
PDMS-b-PDMAEMA 23.2 25.8 28.1
PDMS-b- 23.8 26.5 29.8
PDMAEMA-SO5
PDMS-b-PDMAEMA-T™ 22.9 23.8 29.8
PDMS-b-PAA 234 23.8 26.3

Before immersion in water, the unfilled and copolymer-filled PDMS coatings
exhibited relatively similar surface tension values of about 23 mN m™'. Immersion
leads to an increase in v, from 23.2 to 24.9 mN m™" for unfilled PDMS. In the case
of the copolymer-filled coatings, one observes a strong increase in the surface
tension after immersion for 4 weeks, especially for PDMS-b-PDMAEMA; PDMS-
b-PDMAEMA-SO; and PDMS-b-PMAETMA-I" for which v, rises from 23.2 to
28.1; from 23.8 to 29.8 and from 22.9 to 29.8 mN m™', respectively. Based on
these results, one can imagine that the surface restructuring of PDMS chains allows
penetration of water molecules in the near-surface layer. As a consequence, water
molecules provoke conformational changes in the PDMS-6-PDMAEMA
(PDMAEMA-SOy) aggregates (see Surface Morphology section), bringing
PDMAEMA (PDMAEMA-SO3) segments to the surface. Thus, nitrogen and/or
sulfur atoms should be present at the surface of the copolymer-filled PDMS coat-
ings after immersion in water. This observation is confirmed using XPS analysis.
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15.3.3 X-ray Photoelectron Spectroscopy Measurements

The surface composition of block copolymer-filled coatings was analyzed with
X-ray Photoelectron Spectroscopy, using a VG ESCALAB 220iXL spectrometer.
The XPS data were collected using monochromatic AlKo radiation at 1486.6 eV.
Photoelectrons were collected from a 1 mm?” sample area at take-off angle of 90°,
giving an estimated probe depth of about 10 nm. For each sample, a survey
spectrum was recorded with a 100 eV pass energy and 240 W of electron beam
power, followed by high-resolution spectra for the Cls, Ols, Si2p and N1s peaks
with a 31 eV pass energy. Atomic compositions were derived from peak areas
using photoionization cross-sections calculated by Scofield, corrected for the
dependence of the escape depth on the kinetic energy of the electrons and corrected
for the analyzer transmission function of the spectrometer.

As immersed in water, all the coatings tend to be more hydrophilic. The
molecular reorganization of PDMS and block copolymers upon contact with water
gives the opportunity for the hydrophilic blocks to be exposed at the coating
surface. In order to obtain information about the chemical composition of the
pristine and the water-treated PDMS and copolymer-filled PDMS surfaces, XPS
experiments were carried out on two coatings filled with PDMS-b-PDMAEMA and
PDMS-b-PDMAEMA-SO; copolymers. The results from the survey spectra of
both coatings before immersion demonstrate the presence of three elements: silicon,
oxygen and carbon typical of pristine PDMS, with peaks at 148, 102, 285, and
533 eV assigned to the Siyg, Siyp,, Ci and Oy, respectively (Fig. 15.12a, c¢). After
immersion in water, a new peak assigned to the Ny level of PDMS-6-PDMAEMA
appears in the spectrum (Fig. 15.12b, d).

The XPS spectra in the C;¢ region (Fig. 15.13) were chosen to explain the
copolymer-filled PDMS surface composition changes after immersion. As expec-
ted, only one peak at 284.4 eV, corresponding to the methyl groups of PDMS, is
present for both coatings before immersion (Fig. 15.13a, ¢). After immersion in
water for 4 weeks, the PDMS-b-PDMAEMA-filled coating shows a complex Cy;
signal which can be curve-fitted into five components using the Voigt function
(Fig. 15.13b). The component at 284.4 eV corresponds to the methyl groups of the
PDMS backbone and the other four components, with binding energies between
284.9 and 288.8 eV, are typical of the PDMAEMA block. The component at 284.9
corresponds to —C—C/H groups; the contribution at 288.8 eV is due to COO groups,
and the binding energy at 286.4 eV corresponds to the C-N and C-O-groups,
which cannot be resolved [46]. The fourth component at 285.4 eV is characteristic
of carbon atoms adjacent to the carbonyl group of the ester moiety (*C—(C=0)-0).

The C, fitting for the PDMS-b-PDMAEMA-SOy5 filled systems reveals the
presence of the peak at 284.4 eV corresponding to methyl groups of the PDMS
block, along with five other distinct peaks for the PDMAEMA-SO; block:
285.0 eV for C—C/H groups, at 285.7 eV for *C—COOH groups, at 286.6 eV for
C-N groups, 287.7 eV for (C=0)-O-C* groups, at 288.8 eV for *CO (O) groups.
The presence of N* (CH;),SO5 groups is confirmed by peaks at 403.4 eV for
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Fig. 15.12 XPS Survey spectra of 10 wt% PDMS-b-PDMAEMA filled silicone coatings a before;
b after immersion and of 10 wt% PDMS-b-PDMAEMA-SOj filled silicone coatings ¢ before;
d after immersion

quaternized nitrogen and at 168.0 eV for the sulfur atoms (Fig. 15.12d). The XPS
results thus indicate that the PDMAEMA and PDMAEMA-SO5 blocks originally
located underneath the surface of the coatings move to the surface upon prolonged
contact with water. Moreover, considering that the repeating unit in PDMS polymer
is Si (CH3),0 and that of PDMAEMA is CgH;50,N, one can assess the density of
PDMAEMA after immersion in water by considering the Si/N atomic ratio after
immersion: Si = 95.26% and N =4.74%. Thus, for 10 wt% copolymer-filled
PDMS coatings the PDMAEMA moieties occupy 4.74% of the surface of the
sample (the thickness probed by the VG Escalab 220iXL spectrometer is estimated
to be 10 nm).

15.3.4 Atomic Force Microscopy (AFM) Measurements
in Air

AFM measurements were performed on the thin films using a Dimension Icon
(Bruker Nano Inc., Santa Barbara, CA) and a Multimode 8 (driven by a
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Fig. 15.13 XPS Cls spectra of PDMS-b-PDMAEMA-filled silicone coatings a before and b after
immersion; and of PDMS-b-PDMAEMA-SO5 filled silicone coatings ¢ before and d after
immersion

Nanoscope V control unit) in air or dried after immersion in ultrapure MilliQ water,
in ambient conditions. Two different types of samples (before and after immersion
in water) were studied. The immersed coatings were dried with a nitrogen flow prior
to measurement in air. For the samples analyzed in water, measurements with a
specific cantilever holder were carried out in a fluid cell, in order to evaluate the
variation in the surface morphology of the coatings upon immersion.

Imaging was performed in contact mode and Peak Force Tapping with a minimal
applied force (250 pN for hydrophilic tips or 500 pN for hydrophobic tips). Unless
otherwise specified, all force measurements were recorded with an approach and
retraction speed of 1000 nm/s and a contact time lower than 50 ms. Adhesion maps
(in force volume) were obtained by recording 32 x 32 force distance curves on
areas of 5 um x 5 pm, calculating the maximum adhesion peak and displaying the
value as a gray pixel. PFT images were digitally recorded with a resolution of 512
pixels/line. The scan rate was kept at 0.5 Hz. For high ionic strength experiments,
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0.1 M NaCl solutions were injected into the liquid cell 15 min prior to force
measurements.

V-shaped silicon nitride probes (k ~ 0.3-04 Nm™') with 115 pum
narrow-legged cantilevers, CHj-terminated and COOH-terminated tips were used
on these samples. The surface roughness (R,) over 5.0 x 5.0 um® images was
calculated using the Nanoscope Analysis software. For the measurements of the
mechanical properties, the probe was calibrated on a stiff surface prior to the
experiment, in order to quantify the tip-sample force. The spring constant was
determined by the thermal tune technique.

The surface morphology of PDMS unfilled and filled coatings before immersion
in water in air were obtained by AFM. It was found that, the unfilled PDMS films
are homogenous and smooth (as illustrated in Fig. 15.14a), with a small roughness
(R, ~ 1 nm). The values obtained for the block copolymer filled samples show
increasing in the roughness: R, ~ 14 nm for the PDMS-b-PDMAEMA filled
coating, R, ~ 3 nm for the PDMS-b-PDMAEMA-SO; filled coating and
R, ~ 6 nm for the PDMS-b-PAA filled coating. This increase is a result of the
presence of rough round-shaped objects, which we call aggregates, on the coating
surface. In the case of PDMS-b-PDMAEMA filled coatings (Fig. 15.14b), we
observe very large aggregates compared with the coatings filled with PDMS-b-
PDMAEMA-SO; and PDMS-6-PDMATMA-I" as well as PDMS-b-PAA
(Fig. 15.14c—e, respectively). This may be related with our observation that PDMS-
b-PDMAEMA has some synergetic effect onto the catalyst, making the crosslinking
process faster (as a result, the curing time is shorter compared to coatings filled with
the other copolymers). We thus propose that the aggregates shown on the AFM
images are regions of the coating where the PDMS crosslinking has proceeded to a
larger extent because of the presence of the copolymer below the surface, giving
rise locally to a different morphology.

The formation of those aggregates is demonstrated more clearly by adding
different amounts of the PDMS-b-PDMAEMA copolymer (5, 10, 20 wt%) in
coatings.

As illustrated in Fig. 15.15, the increase of the copolymer amount (from 5 to
20 wt%) leads to an increase in the number of aggregates. The proportion of
aggregates can be estimated by directly measuring the number and the size of the
objects present on the images. These proportions are 11, 30 and 47% for the coating
containing 5, 10, and 20 wt% copolymer, respectively. This observation suggests
that the aggregates are: (i) related to the presence of copolymer; (ii) not the
copolymer itself (since the XPS data show the absence of copolymer on the sur-
face). This leads to our hypothesis that the aggregates are regions with a higher
density of crosslinking because of a local increase in the amount of copolymer
below the surface. The synergistic effect [66] of the PDMS-b-PDMAEMA
copolymer on the crosslinking reaction is probably due to the amino groups of
PDMAEMA, which can improve the activity of the DBTL catalyst during the
crosslinking process. This would explain that the formation of aggregates is less
prominent when the polymer is protonated (PDMS-b-PDMAEMA-SO5) or
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320 nm

0 nm

Fig. 15.14 Topography images (5 pm x 5 pm) of different coatings: a PDMS unfilled; b filled
with 10 wt% PDMS-b-PDMAEMA; c filled with 10 wt% PDMS-b-PDMAEMA-SO;; d filled
with 10 wt% PDMS-b-PDMATMA-T"; e filled with 10 wt% PDMS-b-PAA copolymers
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Fig. 15.15 PFT-AFM height images (5 pum x 5 um) of PDMS filled with different amounts of
PDMS-b-PDMAEMA copolymer before immersion in water a 5 wt%; b 10 wt% and ¢ 20 wt%

quaternized (PDMS-b-PMAETMA-I"), i.e., when the amino groups have been
turned into ammonium groups.

Following the initial experiments, some extra measurements were catried out on
dry samples immediately after their removal from water.

The unfilled PDMS coating after immersion shows a slight change in the surface
topography (with the appearance of some higher spots on the surface, as shown in
Fig. 15.16d) and an increase of the roughness (from R, ~ 1 to 3 nm). It may be the
result of the surface reorganization due to the flexibility of PDMS chains and/or
some penetration of water in the silicone coatings. An increase in roughness is also
observed for the PDMS-b-PDMAEMA filled coatings (from R, ~ 14 to 20 nm)
and the PDMS-b-PDMAEMA-SOj filled coatings (from R, ~ 3 to 6 nm).
Interestingly, the morphology is clearly modified for those two materials: in the
case of the PDMS-b-PDMAEMA filled coatings, the microdomains with “round”
like shapes observed before immersion (Fig. 15.16b) turn to microdomains with
irregular contours (Fig. 15.16¢). In the PDMS-b-PDMAEMA-SO; filled coatings,
the surface after immersion shows elongated or star-like objects (Fig. 15.16f). This
may be the result of the swelling of the aggregates during the immersion step,
followed by drying prior to the AFM measurements (compare with the AFM data
recorded in water below).

15.3.5 Atomic Force Microscopy (AFM) Measurements
in Water

Quantitative measurements of the adhesion force are appropriately performed in
liquid by using PFT technique, in order to eliminate the effect of the thin adsorbed
water layer present on the surfaces in air. The results obtained for 10% PDMS-b-
PDMAEMA filled coatings are shown in Fig. 15.17.

The aggregates are still present when the coating is immersed, but their shape
appears to have changed, as seen in the height images (insets of Fig. 15.17a, b); the
aggregates, which are rather dense in the dry coating, turn to a “flower-like” shape
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Fig. 15.16 Height images (5 pm x 5 um) of a, d unfilled PDMS, b, e filled with 10 wt%
PDMS-b-PDMAEMA and ¢, f filled with 10 wt% PDMS-b-PDMAEMA-SO; before and after
immersion in water, respectively

after immersion in water. This is believed to be the result of the reorganization of
copolymer chains with the migration of hydrophilic chains on top of the surface (as
indicated by the increase in wettability and the appearance of peaks typical for the
hydrophilic blocks in the XPS spectra). This migration may be somewhat hampered
in the areas where the PDMS is more densely cross-linked, compared to other parts
of the surface, which may lead to the open aggregates on the coating surface after
immersion.

Regarding the mechanical properties, it is interesting to note that, when
immersed in water, these aggregates are softer than the matrix (they appear darker
in the stiffness image), owing to water absorption by hydrophilic chains at the
surface of the coatings. In addition, one observes that the highly cross-linked
aggregates are less adhesive than the surface of the matrix (as shown in Fig. 15.17e,
f). The corresponding adhesion histograms (Fig. 15.18) demonstrate the modifi-
cation of adhesive distribution on the surface after immersion.

Figure 15.18a shows a narrow distribution of adhesion values (most values are
found around 1800 pN) for the initial coating, while a broader distribution is
obtained in the case of the immersed coating (Fig. 15.18b): the adhesion values lie
in the 100-2500 pN range. The higher peak in Fig. 15.18a corresponds to the
adhesion value of the PDMS matrix while the contribution around 500 pN is due to
the aggregates, which are less adhesive. The adhesion shows a tendency to decrease
after immersion, as can be seen in Fig. 15.18b. The adhesion values around 500 pN
are still attributed to the aggregates. Adhesion values around 1800 pN become less
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Fig. 15.17 PFT-AFM images obtained in water a, b height; ¢, d stiffness and e, f adhesion of
10 wt% PDMS-b-PDMAEMA filled coatings before and during immersion in water, respectively

frequent whereas an increase in frequency of the adhesion force ranging from 1000
to 1500 pN is observed (Fig. 15.18b). As shown above by the contact angle
measurements, the coating surface after immersion becomes more hydrophilic, due
to the reorganisation of copolymer chains. The modification of the adhesion can be



15 On the Bioadhesive Properties of Silicone-Based Coatings ... 329

(a) (b)
2000 - 1200
200 1000 |
200 a0
w
4 150 £ o
= 3
o o
5] (5]
1000 wn
50 20 |
0 . ’ 0
0 S0 00 1500 2000 2500 00 3500 4000 0 50 000 150 00 20 N0 B/O 40
Adhesion (p) Adihesion (pi)

Fig. 15.18 Adhesion histograms of 10 wt% PDMS-b-PDMAEMA filled coatings obtained from
AFM imaging in water: a initial coating (immersion time = 0); b immersed coating (immersion
time = 4 weeks)

related to the different interactions between hydrophilic/hydrophobic surfaces and
the silicon tip in aqueous solution. Based on the water structure rearrangement
when an initially hydrophobic or hydrophilic surface comes into contact with water,
Israelachvili et al. [67, 68] demonstrated that the orientation of the water molecules
in the first layer next to hydrophobic or hydrophilic solid surfaces is quite different.
They observed the existence of tangential alignment of the water molecules near
hydrophobic surfaces, whereas normal alignment of the water molecules takes place
at hydrophilic surfaces. The molecular reorganization of water on the hydrophobic
substrate involves entropic effects due to the increase of hydrogen bond formation,
which leads to a stronger attractive force with a hydrophilic probe surface, com-
pared to hydrophilic substrates [69, 70]. In our case, the silicon tip is covered by a
thin SiO, layer, which makes it hydrophilic in water. Hence, the interaction force
between two hydrophilic surfaces is lower than that between one hydrophobic and
one hydrophilic surface. We therefore believe that the broadening of the adhesion
distribution of the immersed coatings reflects the reduction of hydrophobicity at the
surface (as indicated by the decrease of contact angle after immersion), as well as
the different adhesion forces between the hydrophilic/hydrophobic surfaces with the
silicon tip in water. The difference of tip-surface interaction forces will then be
clarified by employing AFM functionalized tips.

Figure 15.19 shows contact mode AFM topographic images recorded in milliQ
water of 10 wt% PDMS-b-PDMAEMA copolymer-filled silicone coatings before
and after immersion in water. It was found that the aggregates present on the
coating surfaces before immersion (Fig. 15.18a) turn to a “flower-like” shape after
immersion (Fig. 15.19b). This observation is in a good agreement with the results
obtained by Peak Force Tapping (Fig. 15.16a, b). It means that contact mode AFM
with minimal applied force does not damage the coating surface. Immersion in
water led to a rearrangement of the coating structure, with the transfer of the
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Fig. 15.19 Contact mode AFM height images (5 pm x 5 um) of 10 wt% PDMS-b-
PDMAEMA-filled silicone coatings a initial coating (immersion time: 0); b immersed coating
(immersion time: 4 weeks)

hydrophilic blocks to the surface. This reorganization resulted in changes of the
surface morphology and adhesive properties of the coatings.

As described above, Chemical Force Microscopy can also provide the adhesion
properties of silicone-based coatings measured by using functionalized probe tips.
Here we first used adhesion force mapping with hydrophobic tips (CH;-terminated
alkanethiols) to probe the local hydrophobic properties of the copolymer-filled
coating surfaces before and after prolonged immersion in water.

Figure 15.20a, b shows the adhesion force maps, adhesion force histograms and
representative force curves, recorded in milliQ water with hydrophobic tips on the
10 wt% PDMS-b-PDMAEMA copolymer-filled silicone coating before prolonged
immersion in water. Most force curves recorded across the surfaces showed large
adhesion forces, with a mean magnitude of 5.5 £ 0.4 nN (n = 2048 force curves
from two maps obtained using different tips and samples). Comparison with the
data obtained on reference surfaces [69] revealed that the polymer surface had a
marked hydrophobic character, equivalent to that of a self-assembled monolayer
composed of 80% CHj-terminated and 20% OH-terminated alkanethiols. In addi-
tion, adhesion maps showed homogeneous contrast, meaning the surface is entirely
hydrophobic. Taken together, these observations indicate that the surface of the
initial copolymer-filled coating is homogeneously covered with hydrophobic
PDMS.

The observations for immersed coatings show lower adhesion forces (as seen in
Fig. 15.20c, d), indicating that those coatings are more hydrophilic after prolonged
immersion in water. Interestingly, the adhesion maps were heterogeneous, hy-
drophilic nanoscale patches (0.9 = 0.4 nN) being observed in a more hydrophobic
matrix (3.1 & 0.3 nN). As these patches correlate with the heterogeneous surface
morphology (Fig. 15.19¢c), we believe this heterogeneous hydrophobic contrast
reflects the coexistence of the hydrophilic PDMAEMA and the hydrophobic PDMS
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Fig. 15.20 Adhesion force maps (a, ¢) (5 pum x 5 pm) and b, d corresponding adhesion force
histograms recorded in milliQ water with CHj-terminated tips on a, b initial samples and c,
d immersed samples

chains on top of the immersed-coating surface. That the surface hydrophobicity of
silicone coatings decreased upon contact with water is consistent with earlier
contact angle measurements (as shown in Fig. 15.9) [70-72]. Static contact angle
measurements showed that both unfilled PDMS and PDMS-b-PDMAEMA-filled
PDMS coatings exhibit a hydrophobic behaviour, with contact angles exceeding
100° before immersion in water. After 4 weeks of immersion, the contact angle
value measured for unfilled PDMS coatings decreased to 96°, an effect believed to
be a consequence of a reorganization of the siloxane backbone and the methyl
groups at the coating surface. Interestingly, for the block copolymer-filled coatings,
the average value of the contact angle shifted to even lower values (down to 84°),
thus suggesting the occurrence of other processes, besides the rearrangement of the
polysiloxane chains. Based on these results, one can imagine that the surface
restructuring of flexible PDMS chains allows penetration of water molecules into
the near-surface layer. As a consequence, water molecules would provoke



332 T.C. Ngo et al.

conformational changes in the PDMS-b-PDMAEMA-formed aggregates, bringing
PDMAEMA segments to the surface. Thus, nitrogen atoms should be present at the
surface of the PDMS-b-PDMAEMA-filled coatings after immersion in water, which
was indeed confirmed by XPS analyses (Figs. 15.12 and 15.13) [72]. Upon
immersion in water, interactions between methyl groups and water molecules are
expected to induce molecular reorganisation of the polymer, tilting the polar oxygen
groups toward the PDMS-water interface to minimise the surface energy [47].

These results also confirmed that the interaction force between two hydrophobic
surfaces is larger than that between hydrophobic and hydrophilic surfaces as a result
of the existence of hydrophobic attraction between two hydrophobic surfaces in
aqueous media [73, 74].

As the PDMAEMA blocks in PDMS-b-PDMAEMA chains carry positively
chargeable amino groups, they could also present specific interactions with
COOH-terminated alkanethiol tips. Different tip-surface interaction forces are
investigated depending on environmental conditions (the pH and the ionic strength
of aqueous media) and dynamic changes of polyelectrolyte desorption.

Figure 15.21a—c shows the adhesion force maps, adhesion force histograms and
representative  force curves recorded in milliQ water (pH ~ 6) with
COOH-terminated tips on immersed coatings. Based on pK, of COOH and NH,
groups (pK,“%H: 4.8; pK,NH: 7.5), the -NR, groups (R=CHj3) of the PDMAEMA
[-CH,—C(CH3)(COOCH,CH,N(CHj3),)-] can be protonated to form -NHR,* while
the COOH groups can be deprotonated to form COO™ in milliQ water. Electrostatic
interactions are therefore present in this case.

It is observed that the adhesion maps are highly contrasted, a large fraction of the
curves (59%) showing adhesion forces ranging from 100 to 1800 pN. The adhesive
signatures exhibited two types of behaviors, that is, constant plateau forces with
extended rupture lengths (14%) or single linear force peaks with short rupture
length (45%). The initial force peaks are attributed to the rupture of cohesive
electrostatic bonds between the charged tip and the sample surface, and the plateau
forces to the stretching of individual copolymer chains [75, 76].
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Fig. 15.21 a Adhesion force map (5 pm x 5 um), b corresponding adhesion force histogram,
and c representative force curves recorded using COO™ -terminated tips on immersed sample in
milliQ water
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Plateau forces exhibit uniform rupture forces of 82 4+ 7 pN magnitude, but
variable rupture lengths (from 70 to 700 nm) due to the location of molecules at
different points on the tip and/or on the sample surfaces [76]. These forces corre-
spond to either continuous desorption (Fig. 15.22a, b) of individual polymer chains
which detach, together with the retraction of cantilever to the rest position, or the
progressive stretching (Fig. 15.22¢, d) of single PDMAEMA chains from the tip
surface [75-78]. In the latter case, during approach-retraction cycles, the polymer
chains tend to bridge the tip and the substrate, and then desorb from the substrate.
The first peak is characteristic of an attractive force that decreases rapidly and
linearly with distance. After the jump-off-contact, the cantilever returns to the
original position (zero deflection). The tip and sample seem to be detached, but
some molecules are still bound by bonds which are stretched along the subsequent
attractive surge until the force reaches a rupture value [76]. The interruption of
200 pN at a distance of 150 nm (green circle in Fig. 15.21d) indicates the
detachment due to the rupture of the specific bonds between these molecules.

In addition, multiple plateaus are sometimes observed, reflecting detachment of
multiples chain (Fig. 15.22b, e) [79, 80]. Note that adhesion maps did not show
nanoscale domains and that the adhesion frequency (59%) was much larger than the
fraction (10 wt%) of block copolymer introduced in the cross-linked PDMS matrix. This
observation confirms that the copolymer preferentially locates at the coating surface.

To assess whether these polyelectrolyte interactions can be controlled by envi-
ronmental conditions, we probed immersed copolymer-coatings at high ionic
strength (in 0.1 M NaCl solution). Figure 15.23 shows the force data obtained
using the same tips and samples as in Fig. 15.20 following injection of 0.1 M NaCl
solutions.

As can be seen, the presence of salts led to a major decrease in the adhesion
frequency from 59 to 16%, and the disappearance of most plateau forces, from 14 to
1%. The adhesion forces are also diminished down to less than 1200 pN with the
most frequent values around 100 pN (84%). Since NaCl is an electrolyte, it is
ionized into Na* and Cl” ions in water. The -NHR,*/COO™ interactions are
therefore affected due to the formation of electrostatic interactions between COO /
Na* and -NHR,*/CI™ ions. This leads to a strong decrease of the attractive inter-
actions between the tip and the surface, explaining the decrease of the measured
adhesion values.

In this systematic study, we also investigated the dynamics of polymer des-
orption by recording force curves at various pulling speeds and contact times.

As can be seen in Fig. 15.24a, b, plateau forces did not depend on the retraction
speed, a behaviour clearly different from receptor-ligand unbinding forces [81] and
protein unfolding forces [82]. This phenomenon, similar to that observed for
amyloids [83] and polymer chains [79, 84], indicates that the measurements were
made near thermodynamic equilibrium, thus the bonds involved in the desorption
process dissociate and re-associate on a much faster timescale than the retraction
speed of the tip. Figure 15.23c shows that increasing the pulling speed from 100 to
10,000 nm/s drastically decreased the plateau frequency, indicating that the
occurrence of desorption events depends on the separation rate. To check whether
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Fig. 15.22 a-dRepresentative force curves recorded for 10 wt% PDMS-b-PDMAEMA-filled
silicone coatings after immersion in water: a, b plateau force curves represent continuous
desorption of polymer chains from the tip surface a single plateau, b multiple plateaus; ¢, d force
curves represent the progressive stretching of single polymer chain; e scheme representing
detachment of multiples chains

this could be due to a time dependence in the desorption interaction, the contact
time was varied while keeping the pulling rate constant (1000 nm/s). Under these
conditions, no variation in plateau force frequency was observed (Fig. 15.24d),
suggesting that the electrostatic interaction bridging the polymer to the tip is a fast

process.



15 On the Bioadhesive Properties of Silicone-Based Coatings ... 335

(c)

(a) . (b

Frequency (%)

0 500 1000 1500 2000
Adhesion force (pN)

Fig. 15.23 a Adhesion force map (5 um X 5 pm, gray scale 1000 pN), b corresponding
adhesion force histogram, and ¢ representative force curves recorded using COO™ -terminated tips
on immersed sample in 0.1 M NaCl solution
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15.3.6 Bio-adhesion Testing

Finally, the bio-adhesion of the modified PDMS-based coatings were analyzed.
Marine mussels are well known for their ability to adhere to a variety of surfaces by
using a protein-based adhesive structure, the byssus. The byssus consists of a
bundle of threads connected proximally to the base of the animal foot, within the
shell, and terminating distally with a flattened plaque which mediates adhesion to
the substrate [80]. The attachment process starts with the extension of the foot from
the shell and contact with the surface. During this contact, the proteins stockpiled in
the foot are secreted in a groove running along the length of the foot where they
self-assemble. After a few seconds, the foot retracts, leaving a plaque adhering to
the substratum with a complete thread which emerges from the groove as the foot is
withdrawn [85]. This process is repeated several times and when the complete set of
byssus threads is formed, the mussel is tethered to the substrate. Previous studies
reported that the mussels can make a choice regarding the substrate to which the
byssus is produced [85] and that, in general, they attach more rapidly to high energy
surfaces than to lower energy surfaces [86].

In this work, bio-adhesion experiments with mussels have been performed on
the different types of substrates—PDMS coatings unfilled and filled with block
copolymers, before and after immersion in water. Common blue mussels, Mytilus
edulis, were used, for which byssal plaque adhesion can be easily quantified in a
controlled laboratory setting. For the experiments, individual animals were
rubber-banded to microscope glass slides covered with the studied silicone coatings
(Fig. 15.25a). After 2 or 3 days, production of byssal threads was recorded for each
mussel and, when threads were present, traction tests were performed to measure
the detachment force of their plaque.

The results reveal that the mussels usually do not produce byssal threads onto the
unfilled PDMS coatings, neither before nor after immersion in water. Only one
individual produced a few threads on one immersed coating but they were too small
to be used for traction tests. As far as the studied block copolymer-filled coatings
were concerned, the adhesion of mussels only took place on coatings which were
first immersed in water for 4 weeks, i.e., when the copolymer is present at the
surface (Fig. 15.25b). Indeed, 2 and 3 mussels attached to the PDMS-b-
PDMAEMA filled coatings and the PDMS-b-PDMAEMA-SO; filled coatings,
respectively. On the other hand, mussels never produced byssal threads on the
block copolymer-filled coatings that were not previously immersed. The detach-
ment forces measured for the two copolymer-filled silicone coatings after 4 weeks
immersion in water are presented in Fig. 15.25c, where the forces are averaged
from the data measured for individual plaques. Both values are in the same range:
0.068 £ 0.018 N for the PDMS-b-PDMAEMA filled coatings and
0.079 £ 0.029 N for the PDMS-b-PDMAEMA-SO; filled coatings.

This clearly highlights that both the immersion treatment and the presence of
block copolymers play a significant role in the attachment of mussels to the coat-
ings. When looking at the surface energy of the coatings, the mussels attach to the
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Fig. 15.25 a Adhesion experiments with mussels; b byssal threads produced onto a block
copolymer-filled silicone coating; ¢ average detachment forces measured for the two
copolymer-filled silicone coatings after 4 weeks immersion in water

surfaces with higher energy (i.e., block copolymer-filled coatings after immersion in
water). Although there are controversial opinions in the literature, our results are in
good agreement with the studies of Crisp et al. [85] and Waite [54]. Indeed, in these
studies, mussels prefer surfaces with higher critical surface energy and their plaques
are more strongly attached to slate and glass surfaces than to plastic acetal (acetate),
paraffin wax and polytetrafluoroethylene (PTFE) surfaces.

In addition, the chemical aspects related to the attachment of the mussel byssus
to the coatings can be explained in terms of biological adhesion. Aquatic surfaces in
nature are usually charged and in equilibrium with their environment, populated by
an electrical double layer of ions [87]. Surface adsorption of underwater bioadhe-
sives likely occurs by exchange of surface-bound ligands by amino acid sidechains,
driven primarily by the relative affinities and effective concentrations of polymeric
functional groups. In mussel byssal plaques, two individual adhesive proteins
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Mfp-3 and Mfp-5 (Mussel foot proteins) are found at the interface and have been
shown to exhibit remarkable binding to surfaces [88]. The versatility of mussel
adhesion to surfaces with wide-ranging chemical and physical properties stems
from the amino acid 3, 4-dihydroxy-L-phenylalanine (DOPA) but also from the
other amino acids which can be hydrophobic, polar or charged. Among the later,
phosphorylated serine and lysine residues could be involved in interactions with the
PDMS-b-PDMAEMA filled coatings and the PDMS-b-PDMAEMA-SO; filled
coatings, respectively.

15.4 Conclusions

In this work, AFM-based techniques with force sensitivity of a few pN were utilized
for mapping the nanostructure and quantifying the nanoscale mechanical properties
of the surface of complex polymer coatings based on silicone oligomers in order to
use them as bioadhesives. AFM was used in various modes (Peak Force Tapping
Mechanical properties and Contact) with different probe tips [SizN; and
chemically-modified tips (CHjz-terminated alkanethiols, COOH-terminated alka-
nethiols)] both in air and aqueous media.

Nanostructured films of block copolymers containing a polydimethylsiloxane
segment and a segment of poly(acrylic acid) or poly((2-dimethylamino) ethyl
methacrylate) were investigated. The results have allowed for a better under-
standing of the interaction of the polymer chains with solvent molecules or chains
of another polymer in the self-assembly process. Depending on the copolymer
structure, its chemical composition and the solvent, a variety of morphologies,
lamellar for PDMS-b-PDMAEMA and spherical or cylindrical morphologies for
PDMS-b-PAA, were obtained through the self-assembly of the copolymer chains.
Stiffness mapping by PFT-AFM has allowed identifying the difference in me-
chanical properties between two polymer constituting blocks The effect of
copolymer concentration and solvents on the surface morphologies was also studied
in details. The results showed that the micellar morphology is independent of the
concentration but dependent on the solvent while the micelle size can be controlled
by the concentration. Spherical micelles were always obtained in MeOH and
THF/MeOH (1:1) mixture when changing the concentration from 20 to
100 mg/mL). Cylindrical micelles were observed in when THF was used as a
solvent as a result of a particular orientation of the PAA cores.

Then, these copolymers were used to modify the surface properties of elas-
tomeric PDMS coatings. The effect of the copolymer on the PDMS surface prop-
erties before and after immersion in water was also evaluated by various techniques.
Contact angle measurements showed that the block copolymer is not presented on
the silicone coatings before immersion in water, but an increase in wettability of the
coatings was observed after prolonged immersion in water, as a result of the
reorganization of the copolymer chains with the migration of hydrophilic chains on
top of the coating surface. Consistently, XPS results indicated the appearance of
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peaks typical for the hydrophilic blocks (PAA, PDMAEMA, and
PDMAEMA-SO53) at the surface. In addition, AFM-based nano-mechanical testing
showed that the surface reorganization significantly affects the morphology and the
adhesion properties of the silicone coatings. The observed broadening of the ad-
hesion distribution is believed due to the different interactions between hy-
drophobic/hydrophilic surfaces and the silicon probe tip in aqueous solution.

The nature of the tip-surface interaction forces was clarified by employing
functionalized AFM tips. The adhesion force mapping with hydrophobic tips (CH;-
terminated alkanethiols) for 10 wt% PDMS-b-PDMAEMA-filled coatings before
and after immersion in water was recorded by using chemical force microscopy.
The adhesion force maps showed larger forces for the coatings before immersion,
thus confirming that the interaction forces between two hydrophobic surfaces are
stronger than those between one hydrophobic and one hydrophilic surface. In
addition, the interaction forces between amino groups of the PDMAEMA and
COOH-terminated tips were investigated as a function of the pH and the ionic
strength of aqueous media. The observation of a plateau in the force curves rep-
resents the progressive stretching and continuous desorption of individual
copolymer chains from the tip surface. These plateau curves exhibit uniform rupture
forces, but variable rupture lengths. Multiple plateaus were observed, reflecting
detachment of multiple chains. The dynamic changes of polymer desorption were
also reported by recording force curves at various pulling speeds and contact times.
The results showed that the plateau frequency decreased with increasing the pulling
speed from 100 to 10,000 nm/s, but no variation in plateau force frequency was
observed when varying contact time, indicating that the electrostatic interaction
bridging the polymer to the tip is a fast process. Furthermore, the adhesion force
maps recorded at high ionic strength (in 0.1 M NaCl solution) showed a major
decrease in the adhesion frequency and plateau forces, indicating a loss of poly-
electrolyte properties.

Bio-adhesion experiments with mussels were then performed on the different
types of substrates—unfilled PDMS coatings and PDMS coatings filled with block
copolymers. The results revealed that these organisms attach preferably to block
copolymer-filled coatings after immersion. In this case, after immersion in water
and concomitant molecular reorganization at the top-surface of the copolymer-filled
coatings, adhesion of mussels occurs and can be quantified. These observations
provided evidence for the significant role played by the selected amphiphilic block
copolymers to promote bio-adhesion on surface-treated silicone coatings.
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