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Preface  
This work represents the master graduation project of Frankje de Boer performed at the Eindhoven 
University of Technology (TU/e). The research was performed under the supervision of prof. dr. 
Gijsbertus de With and dr. Catarina Esteves in the group Materials and Interface Chemistry (SMG).  
 
In this work I aim to extend the knowledge on hydrophilic coatings. During this project mPEG dangling 
chains were incorporated into polycaprolactone and poly(ethylene glycol) based coatings and their 
behavior was studied in liquid and air environments by means of contact angle, and atomic force 
microscopy. 
 
The defense of this research will take place on the 13th of April, at 13.30hr in room STC 002 at the TU/e. 
  
Frankje de Boer  
Eindhoven, 6-5-2015 
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Summary  
The aim of this project was to incorporate mPEG dangling chains into polycaprolactone and 
poly(ethylene glycol) based coatings and to measure their behavior in liquid and air environments by 
AFM and contact angle measurements. It was expected that when immersed in water, the films would 
take up water and swell. This might lead to changes in topography and eventually in surface chemical 
composition, which could be observed with the chosen analysis techniques.  
 
In this research two different types of coatings were made, PCL- and PEG-based. Dangling chains of 
mPEG550, mPEG750 and mPEG2000 were incorporated in the coatings in different ratios. For water 
uptake and some AFM measurements free standing films were made, for the other AFM and contact 
angle measurements thinner coatings were created and measured.  
 
Not many changes in topography were observed by AFM for the PCL-based films, for the ones with 
dangling chains in their network, crystallization was observed in air but not in water. The roughness of 
the films in water was, for all coatings, lower than in air which is not according to expectation. This 
might be due to unreacted components in the coating that migrate out of the network in the water. In 
1H NMR measurements it was confirmed that unbound components are present in the extract water. In 
the cyclic AFM measurements it was found that after the coating has been into water and then dried 
again, the roughness values in water are higher than in air.  
 
It can be concluded that adding longer dangling chains into the network, leads to a higher roughness in 
AFM for the coatings and films. Of all the different dangling chains used in this project, mPEG2000 leads 
the highest roughness values. Also when the more mPEG is incorporated in the network, the more water 
the films are able to take up. When the network consists out of only PEG2000 and mPEG2000 the film 
takes up the most water.  
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Aim  
The origin of hydrophilic surfaces can be found in Nature, where hydrophilicity is, for example, used by 
the pitcher plant to attract and entrap insects. Plants can use hydrophilicity for fast evaporation of 
water, cleaning of the plant leaves, or for slippery surfaces that could be used by carnivorous plants for 
catching prey1. Inspired by these principles, synthetic hydrophilic coatings could be developed with 
advanced properties such as low friction, adhesive prevention, anti-fouling or self-cleaning. Furthermore 
these properties would be ideal for applications in the medical and marine field, especially the 
possibility of anti-fouling, which prevents proteins to adsorb onto the coating surface. Micro-organisms 
can attach to proteins, hence preventing protein adsorption; the material obtains anti-fouling 
properties. The increase in hydrophilicity will always be beneficial to enhance fouling resistance since 
many foulants are hydrophobic in nature2.  
 
The properties of such functional materials are highly dependent on the surface characteristics, i.e. 
chemical composition and topography. However, wear and friction will always remain a major source for 
surface damage and loss of the surface chemical groups, namely the hydrophilic ones, which will 
ultimately compromise the performance of the materials.  
 
The incorporation of a self-healing mechanism in these materials could provide a longer life-time of the 
surface functionality and extend the usability of the material or device. The maintenance and repair 
costs could be reduced if the coating can self-repair, and in case of the hydrophilic coatings the self-
cleaning function would also last longer. Additionally, the safety level of the material can also be 
increased, especially for the medical applications, since there will be lower protein adsorption, hence 
less contamination and infection3. Hydrophilic coatings are permanently in contact with water or other 
liquids. This leads to additional challenges, namely, surface chemical composition and eventually 
morphology changes. This is limitedly studied and poorly understood, mainly because it is difficult to 
measure surfaces immersed in liquids and there are not so many techniques available. Hence, in this 
project a new analyzing atomic force microscopy (AFM) method was developed to characterize different 
types of hydrophilic coatings.  
 
AFM was used to investigate the surface characteristics of the hydrophilic coatings, mainly topography 
(height imaging) but chemical/physical properties (phase imaging) as well. This was carried out not only 
in air but also in a liquid environment. It was expected that when immersed in liquids (e.g. water), the 
water penetration and interaction with the coatings network components may lead to swelling, changes 
in topography and eventually in surface chemical composition. AFM measurements air and liquid 
environments were compared.  
 
A self-replenishing mechanism has been previously reported for hydrophobic coatings3. The aim of this 
project is to incorporate mPEG dangling chains into polycaprolactone and poly(ethylene glycol) based 
coatings and to measure their behavior in liquid and air environments by AFM and contact angle 
measurements. This will allow to develop and to fully characterize hydrophilic coatings with potential 
self-replenishing ability.  
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1 Introduction 
The need for continuous improvement in material performance is a common feature of many modern 
engineering endeavors4. To come up with new ideas, engineers often draw their inspiration from nature. 
Nature’s ability to heal has inspired engineers to design self-healing materials. A self-healing material is 
capable of sensing and responding to damage over the lifetime of the material and restoring the 
performance without affecting the materials properties. This self-healing mechanism is expected to 
make materials safer, more reliable and durable while the maintenance costs are reduced5. This 
promise, is the reason why self-healing materials is a very active research area. Therefore, many 
publications can be found on this topic. Examples of self-healing mechanisms are: capsule based self-
healing (Figure 1a), with healing agent encapsulation; vascular self-healing (Figure 1b) by channel 
transport of healing agents; intrinsic self-healing (Figure 1c) via reversible bond formation like Diels-
Alder reactions6 or non-covalent bond formation like ionomers. Another way of self-healing is chain 
rearrangement (for example by self-replenishing as in Figure 2), this can also be achieved by chain 
interdiffusion and surface segregation3,5,7.  
 

 
Figure 1: Schematics of different types of self-healing mechanisms: (a) extrinsic capsule based, (b) extrinsic vascular, and (c) 
intrinsic (irreversible bonds)8. 

 
It has been difficult to obtain the original material properties after healing, and often the self-healing is 
just a one-time event (especially in the capsule and vascular based self-healing mechanisms). Another 
healing of a new fracture is often not possible, since the capsules or vesicles are already used8. The 
possibility of multiple healing of a material would increase its durability; therefore research is done on 
multiple healing cycles8,9. One way to obtain such a more durable material is by the use of a self-
replenishing mechanism by dangling chains. This mechanism with dangling chains has been recently 
researched and proofed10. In the research of Diki  et al.3 the focus was on the recovery of the original 
functional surface properties of the material by self-replenishing of the dangling chains. 
 
Nowadays, a great deal of research is performed on the self-replenishing effect in relation to the self-
healing but also on the recovery of the surface functionality in materials and coatings11,12. Coatings can 
be made with different functionalities, for example: easy-to-clean, self-cleaning13, anti-microbial14, self-
stratifying15, anti-icing16 and combinations of some of these17. Since the performance of the materials 
relies on its surface properties, it is important to incorporate a surface-self-replenishing effect into these 
materials.  
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In the research of Diki 10 hydrophobic properties were incorporated by the use of hydrophobic dangling 
chains, which also had to be self-replenishing to maintain the surface functionality after surface damage 
and wear. This principle is schematically represented in Figure 2.  
 

Figure 2: Schematic of the self-replenishing mechanism, adapted from3. 

 
The research in this project is based on the work of Diki  et al.3 and others12,18,19 (at the department of 
Chemical Engineering and Chemistry of the Eindhoven University of Technology). The difference here is 
that in this project the aim is to create hydrophilic coatings instead of hydrophobic ones. This is based 
on the future application of these coatings in the biomedical and marine applications.  
 

1.1 Hydrophilic coatings  
As stated earlier, the future applications of the self-replenishing hydrophilic coatings are biomedical or 
marine. For both these applications anti-(bio)fouling, and therefore hydrophilicity, is an important 
property. Since both applications are different, so is the type of bio-fouling, therefore each application 
needs another type of chemical system.  
 
It is reported2,14,20,21 that hydrophilic materials possess anti-fouling properties. Before it is described how 
an anti-(bio)fouling mechanism will be incorporated in self-replenishing hydrophilic coatings, more 
knowledge is needed on the mechanism for biofilm formation and why (bio)fouling has to be prevented. 
This will be described in Section 1.1.1.  
 

1.1.1 (Bio)fouling in marine and biomedical applications  
For the marine application bio-fouling leads, next to high maintenance costs, to roughness on the 
coating and thus hydrodynamic drag, which in turn leads to a decreases in speed and therefore an 
increase in fossil fuel consumption and emission of greenhouse gases22.  
 
In the biomedical applications bio-fouling often leads to infections. Medical device related infections 
account for a sharp increase in health-care costs; especially implanted synthetic medical devices 
demonstrate a significant number of infections. This kind of infections will not only lead to prolonged 
hospitalization of patients, and therefore high health care costs, but they will also contribute to a higher 
morbidity. Other medical devices which have been associated with a high number of infections are 
catheters. Infections associated with catheters lead to a prolonged hospital stay, which is a burden on 
the health care system and on the patient health14. 
 
Another important property of the biomedical coating is lubricity: low friction is important when 
catheters are brought into the body. If a catheter has a high friction when brought into the body, it can 
rupture the tissue causing infections. Because of this rupture, also bio-fouling can take place on the 



10 
 

catheter. Another example is contact lenses which should have a high lubricity, so that they will not dry 
out. This improves the wear comfort; a higher lubricity gives less irritation for the person that wears 
these contact lenses.  
 

1.1.2 Biofilm formation  
The adhesion of microorganisms, and therefore biofilm formation onto a surface, is almost always 
dependent on the formation of a protein layer on the surface of the material14. Therefore it is important 
to take the adhesion of proteins into account when designing an anti-microbial/anti-fouling coating.  
 
The process of biofilm formation is described extensively in literature14,20,22. This process is schematically 
represented in Figure 3 for bio-fouling on marine applications. The process of bio-fouling in biomedical 
applications is similar, however, in these applications small macro-foulers such as spores of algae and 
larvae will not attach to these coatings, because they are not present in those kinds of environments. 
 

 
Figure 3: Schematic representation of bio-fouling for marine applications, adapted from22. 

 
The first step in biofilm formation is protein adsorption on the surface (Figure 3a). These proteins form a 
film which is formed after seconds to minutes the coating is put into liquid. This film of adsorbed 
proteins is important for the adhesion of bacteria. Free swimming bacteria will adsorb within minutes to 
the film of proteins (Figure 3b). These bacteria change gene expression patterns and start producing 
extracellular polymeric substances (Figure 3c), which is the main component of the biofilm which is 
formed within hours. These extracellular polymeric substances protect the bacteria from shear stresses 
and/or antibiotic substances, which is an important issue in biomedical coatings. Then the biofilm slowly 
grows and micro-colonies of bacteria form inside of the biofilm within hours. Macro-foulers such as 
spores of algae (for marine applications, see Figure 3d) and larvae (for biomedical applications) begin to 
attach to the biofilm and finally a mature fouling community (Figure 3e) is formed in a time frame from 
days to months14,20,22. 
 
The biofilm has been investigated by AFM20. The AFM images of the surface structure of a hydrated 
biofilm reveal numerous, approximately 0.25 μm pores and 0.50 μm channels. These channels are 
discontinuous and they are believed to serve as nutrient-carrying pathways to all the layers of the 
biofilm, thereby maintaining the viability of the bacteria and their capacity to proliferate20. 
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There are three primary factors that influence (bio)fouling on a polymeric surface: 1) the nature of the 
environment, 2) the (surface) properties of the material and 3) the type of microorganism. Within these 
primary factors there are more specific factors that influence the bacterial adhesion; these depend on 
the application because they are specific for different environments.  
 
In Figure 4 the determining parameters for bacterial adhesion for a biomedical application are 
represented. These factors are important when designing experiments on protein/bacterial adhesion on 
eventual self-replenishing hydrophilic anti-fouling coatings. 
 

 
Figure 4: Parameters that determine bacterial adhesion in biomedical applications20. 

 
In conclusion, the adhesion of microorganisms onto a surface is almost always dependent on the 
formation of a protein layer on the surface of the material. Therefore it is important to try to remove 
the adhesion of proteins, to prevent bacterial adhesion, when designing an anti-microbial/anti-fouling 
coating.  
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1.1.3 Anti-(bio)fouling 
Hydrophilic surfaces have been shown14,22 to be less quickly populated by free-swimming bacteria than 
hydrophobic surfaces. However, it has also been reported 20 that hydrophilic substrates promote the 
adhesion of cells. This controversy is probably due to that bacteria themselves have hydrophilic and 
hydrophobic areas on their bodies. With these hydrophilic areas they can adhere to other hydrophilic 
surfaces. Therefore, the hydrophilic surface has to be modified to prevent protein adhesion; one way to 
do this is using polymer brushes or dangling chains, in this project dangling chains will be used to obtain 
these properties.  
 
The dangling chains that were used in this project are poly(ethylene glycol)methyl ester (mPEG) chains 
of different molecular weights, which are hydrophilic23. Because of this hydrophilicity, when the coating 
is put into water, water will be attracted into the dangling chain layer and form a repellent layer close to 
the surface. The water is held in place via hydrogen bonding to the dangling chains14. According to 
Muntean et al.24, the hydrogen bonding between hydrophilic surface and water is stronger than the 
hydrogen bonding in “bulk” water. Therefore the proteins and bacteria cannot penetrate into the 
dangling chains and (bio)fouling is prevented. This mechanism is shown in Figure 5. 
 

 
Figure 5: Anti-fouling mechanim of hydrophilic coatings with ‘polymer brushes’14. Non-hydrated dangling chains are 
randomly packed on the coating surface (A), these chains will create a tightly packed hydrated layer in an aqueous 
environment (B). Proteins encountering the hydrated layer will be repelled by steric hindrance due to the bound water in the 
layer and the elasticity of the polymer chains (C, D). 

 
This proposed mechanisms will be investigated by AFM, images will be made of coatings with and 
without dangling chains in air and in water. The hypothesis is that there is a difference in the height 
images (topography) and phase images (chemical/physical properties) of the coatings in air versus 
water.  
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1.2 Atomic Force Microscopy  
In this project, Atomic Force Microscopy (AFM) was used to investigate the surface characteristics of the 
hydrophilic coatings, mainly topography (height imaging) but chemical/physical properties (phase 
imaging) as well. This was carried out not only in air but also in liquid environment(s). It was expected 
that when immersed in liquids (e.g., water), the water penetration and interaction with the coatings 
network components leads to swelling, changes in topography and eventually in surface chemical 
composition. AFM measurements in air and liquid environments are compared in this report for 
different materials and networks. To be able to achieve these goals an AFM analysis method is 
developed for the measurement of the hydrophilic coatings in liquid and air environments. 
 
AFM was invented as a follow up of the Scanning Tunneling Microscope (STM). The STM was only 
capable of measuring conductive materials (measuring was based on resistivity) whereas the AFM, 
which is based on interaction forces between the sample and the tip, could not only measure conductive 
samples, but also non-conductive ones, and even samples in liquid25. In this project the ability to 
measure in liquid is very important, since amongst others, the behavior of the hydrophilic coating in 
water compared to its behavior in air, was studied. Apart from the ability of measuring in liquid, more 
advantages of the AFM technique are: a minimal sample preparation and it is possible to obtain a high 
resolution when the proper cantilevers and settings are used. An important disadvantage of AFM is that 
soft samples can be more difficult to measure than hard samples. However, this disadvantage can be 
overcome by choosing the right cantilevers and operating modes26.  
 

1.2.1 Working principle  
A very important part for working with the AFM is the cantilever with a sharp tip at its end, which is 
used to scan the surface of the sample. A SEM (scanning electron microscopy) image of such a cantilever 
with tip is displayed in Figure 6. The tip is assembled under a flexible cantilever which is responsible for 
the signal transduction. The type of cantilever and tip used depends on the sample that has to be 
measured. For soft samples, as there are in this project, it is preferable to use soft cantilevers to 
minimize damaging of the sample and adherence of the sample on the tip, which gives errors and 
artifacts on the images.  
 

 
Figure 6: SEM image of a cantilever with tip 25. 
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AFM images are obtained by measuring changes in the magnitude of the interaction between the probe 
and the sample surface (van der Waals forces). Any interaction between the tip and the sample leads to 
a bending of the cantilever. To get a signal from the scanning of the sample with the cantilever, an 
optical deflection scheme is used for monitoring the bending of the force sensing cantilever. The scheme 
of the set-up of such an optical deflection is represented in Figure 7.  
 
Light from a small diode laser is focused on the back side of the cantilever and reflected onto a four 
segment photodiode which monitors the deflection of the reflected beam via the relative photocurrent 
produced in the segments. This optic mechanism enables the detection of very small forces (for AFM 
usually between 10-7 and 10-12 N)25-28. 
 

 
Figure 7: Working principle of an atomic force microscope29.

 
In this case the AFM is able to scan the surface of the sample, not by moving the cantilever over the 
sample, but by moving the sample itself by the use of a piezoelectric support. This support not only 
enables the scanning through the displacement of the sample on the x,y-plane but it is also responsible 
for the movement on the z-axis. With both these movements of the scanner it is possible to control the 
working tip-sample distance and move the tip over the surface with a high accuracy (at a level of 
fractions of an Ångstrom)30. 
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1.2.2 Acquisition and processing of the AFM images  
An AFM image is acquired by scanning the sample surface. The tip scans the first row in forward and in 
reverse direction and then the scanner moves to the next row. The surface topographic information is 
stored during the forward process; however, it is possible to store the information in the backward 
process as well. A schematic representation of this scanning process is shown in Figure 8. 
 

 
Figure 8: Schematic scanning process in AFM30. 

 
The information that is collected by the AFM during scanning is stored as a two dimensional file of 
integer numbers aij (as a matrix). The physical meaning of these numbers depends on the measured 
interaction during scanning. Each value of ij pair of indexes correspond to a certain point of the surface 
within the scanning area. The AFM frames are square matrixes, with commonly a size of 256x256 or 
512x512 elements.  
 
Visualization of the AFM frame is done by computer graphics as two-dimensional or three-dimensional 
brightness images. In 2D visualization to each point of the surface z = f (x , y) a color (or brightness) is 
assigned, that corresponds to its z-value according to a given color-scale. In Figure 9 an example of a 2D 
brightness topography is shown.  
 

  
Figure 9: 2D brightness image of a surface topography.  
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At 3D visualization, the image of a surface z = f (x , y) is plotted in an axonometric view by pixels or lines.  
There are various ways of pixels brightening that correspond to various heights of the surface 
topography. The most effective way of 3D images coloring is obtained by simulating the surface 
illumination by a point source located in some point of space above the surface, called lateral 
illumination. With this illumination type it is possible to see small-scale topography inequalities. In 
Figure 10 an example of 3D height illumination (a) and lateral illumination (b) is given.  
 

 
Figure 10: 3D visualization of a surface topography with illumination on height (a) and with lateral illumination (b). 

 
AFM images contain a lot of information; however, they also contain a lot of secondary information 
which affect the data, and appear as image distortions. Possible distortions are caused by imperfection 
of the equipment and by external parasitic influences such as: hardware noises; noise due to external 
vibrations; instability of the tip-sample contact; scanner imperfection or constant inclination30. Some of 
these distortions are discussed in the forthcoming sections.  
 

1.2.2.1 Tip quality  
An AFM image depends on the tip imaging quality, which determines the image resolution, and on the 
sample preparation, which determines the surface roughness. It has to be taken into account that the 
AFM topographic image is only a partial representation of the real surface topography. The distortion of 
images by the finite sharpness of the tip is a significant artifact in AFM imaging. As shown in Figure 11, 
the tip is not always able to image precisely any surface pattern such as holes and bumps when the tip is 
not thin enough. Apart from the tip shape, also pixelization is a crucial factor for the resolution which 
means that no smaller features can be obtained than the pixel size of the image26,31. 
 

 

Figure 11: Model of an AFM tip scanning over a surface, adapted from31. 
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1.2.2.2 Constant inclination and creep  
All acquired images will show inclination and creep in the overall plane. Inclination is a result of tilted 
mounting of the sample onto the scanner or due to non-flatness of the sample itself. Creep happens 
when there may be a temperature drift, which results in the tip shifting with respect to the sample. 
Moreover creep might be due to non-linearity of the piezo-scanner movement. Because of a constant 
inclination or creep, small features will not be visible in the image. To be able to see all the details, the 
constant inclination can be subtracted from the image. An example of this subtraction is represented in 
Figure 12.  
 

 
Figure 12: Subtraction of an inclined plain from an AFM image.  

 
Imperfections such as hysteresis, creep and nonlinearity can be compensated by the software of the 
AFM and by choosing the right settings for the measurement. However, there can still be some 
distortions that have to be removed with the software, that is by subtracting a plane or a sphere or 
whatever is necessary.  
 

1.2.2.3 Vibrations  
Since the cantilever is very flexible, external (but also internal) vibrations can be a problem. One way to 
protect the system against mechanical (internal) vibrations is the use of a vibration-insulation system. 
Another source of vibrations that can affect the measurement is acoustic noise. Acoustic waves directly 
affect elements of the AFM head, which results in oscillations of the tip with respect to the surface. 
Various enclosures can be used to protect the AFM. The most effective protection against acoustic noise 
is to place the measuring head into a vacuum chamber30, however, the use of a vacuum chamber was 
impossible for the type of measurements within this project, since the samples are in water.  
 
During the scanning, the frequency of data acquisition on each line usually differs from the frequency of 
data acquisition of multiple lines. This means that high-frequency noise is contained in the lines of the 
AFM image, while low-frequency noise affects the mean position of each line with respect to the others. 
In addition, the tip sample distance changes frequently during scanning, for example due to micro 
movements in elements of the head structure, or due to changes in the tip working part. This produces 
steps that are parallel to the direction of scanning on the AFM image. It is possible to get rid of such 
defects using a line-by-line averaging procedure30.  
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1.2.3 Operating modes  
There are three main operating modes in AFM, namely contact, non-contact, and semi-contact mode. 
Since non-contact mode is not used in this project, it will not be discussed here. More information on 
this subject can be found in the article of Garcia et al.32 
 

1.2.3.1 Contact mode  
In contact mode the cantilever maintains contact between the tip and the sample surface (see Figure 
13a), the tip scans over the sample surface and topographical changes on the substrate and differences 
in frictional forces between the tip and substrate translate to deflections of the cantilever33.  

 
Figure 13: Schematic representation of contact mode (a) and semi-contact mode (b) imaging with the AFM, adapted from33. 

 
In contact mode the probe is brought down to the surface until a desired contact force is measured (the 
set-point). A servo control is used to maintain this constant force as an image is generated from the 
height correction signal 25. This control system is represented in Figure 14a.  
 

 
Figure 14: Control systems for imaging modes in AFM (a) contact mode and (b) semi-contact mode25. 

 
The force in contact mode is relatively high, tens to hundreds of nano-newtons34, which may lead to 
poor images and distortion of soft samples by the tip. The force that is applied by the tip on the sample 
can be calculated by Hooke’s law 33:  
  =               Eq. 1 
 
In which F is the applied force, k is the empirically determined spring constant and x is the deflection of 
the cantilever. Because of the high forces that are applied in contact mode, its applications are limited 
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for investigation of polymers29, although this mode is very suitable for hard samples such as metals and 
semi-conductors. Other disadvantages of contact mode AFM are possible tip disengagement and 
capillary effects when measuring in air34. Cantilevers with different force constants are available for the 
different measuring modes, e.g. very soft cantilevers for the minimization of surface changes when 
applying contact mode AFM.  
 

1.2.3.2 Semi-contact mode  
Semi-contact mode is also known as “tapping mode” in which the tip taps the surface while scanning. In 
Figure 13, a schematic representation is given of semi-contact mode (b) compared to contact mode (a). 
In semi-contact mode AFM, the cantilever is excited in such a way that it vibrates near its resonant 
frequency, f0. Under the influence of tip-sample attractive and repulsive forces, the resonant frequency, 
the amplitude and the phase of the cantilever vibration will change and serve as measurement 
parameters34. When the cantilever is vibrating near its resonance frequency, the AFM instrument 
monitors the amplitude of the oscillation deflection signal. The oscillation amplitude is typically adjusted 
to some fixed amount, A0, with the tip far from the surface, and the servo control set-point adjusted so 
that advance of the probe is stopped when a set-point amplitude, Asp, is reached. This control 
mechanism is represented in Figure 14b. In semi-contact mode AFM the tip touches the sample for only 
a short time. Thus, surface damage is as much as possible avoided during scanning of the sample. 
Therefore semi-contact mode is mostly used for investigating soft samples such as polymers25.  
 

1.2.3.3 Phase imaging 
More information can be obtained from semi-contact mode AFM scanning, this is phase imaging. Phase 
imaging can be performed at the same time as topographic imaging with semi-contact mode in a single 
scan. In semi-contact mode the cantilever’s oscillation amplitude is used as a feedback signal to measure 
topographic variations of the sample. Variations in materials properties such as sample hardness, 
elasticity or adhesion lead to a phase lag of the cantilever oscillation, relative to the signal sent to the 
cantilever’s piezo-oscillation driver35. When there is a transition from a softer region in the sample to a 
stiffer region the phase of the cantilever oscillation changes (see Figure 15). This change of the 
cantilever oscillation phase is recorded as phase contrast image. The cantilever oscillations phase shift in 
semi-contact mode is determined by the amount of dissipative tip-sample interaction30. 
 

 
Figure 15: Changes in sample stiffness are represented by changes in the oscillation’s phase lag (in semi-contact mode), 
adapted from33. 

 
AFM phase images give non-quantitative information about the hardness and elasticity of the sample. 
Phase imaging can also act as a real-time contrast enhancement technique because phase imaging 
highlights edges. Fine features, such as surface steps or edges, which can be obscured by a rough 
topography are revealed more clearly trough phase imaging35. An example of a phase image compared 
to a height image is given in Figure 16. 
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Figure 16: Improved contrast in phase imaging (b) compared to height imaging (a), both obtained in semi-contact mode. 

 
The contrast in height and phase images depends on the experimental conditions. Factors that are 
important are the cantilever force constant, the tip shape, the amplitude A0 of the free vibration, and 
the set-point amplitude ratio:  
  =              Eq. 2 
 
It has been reported34 that the height image shows the true surface topography when rsp is close to 1, 
this corresponds to “light tapping”. However, to observe the maximum phase shift contrast between 
stiff and soft regions in the sample rsp is about 0.5, which corresponds to “hard tapping”. Therefore it is 
advised to scan twice with different settings to obtain the optimal images for both topography (height 
imaging) and physical properties (phase imaging).  
 

1.2.4 Liquid AFM  
The possibility to carry out measurements in liquid is extremely important for the research in this 
project, since the research is about the differences in behavior of the coating in air and liquid. In 
literature there is not much to be found in the topic AFM measurements in liquid of hydrophilic 
coatings; this is also the reason to study it now.  
 
To be able to use AFM for samples in liquid a special sample holder is used, which can hold water inside 
without damaging the instrument, and a special measuring head for liquid samples. Liquid AFM can be 
performed in contact mode and in semi-contact mode36. Both operating modes have their own 
advantages and disadvantages. In contact mode AFM capillary effects, that may appear in air 
measurements, can be avoided by using liquid AFM34. However, there is a higher risk that the sample 
gets modified by the tip due to the higher applied forces in contact mode.  
 
Semi-contact mode liquid AFM will give more information (topography and phase images). However, in 
semi-contact mode liquid AFM it is very difficult to drive oscillation of the cantilever when it is 
submersed in a fluid, because of the volume of fluid that must be displaced as the cantilever oscillates. A 
high level of mechanical drive is required to oscillate the cantilever in liquid25,30,37, this may result in 
unreal responses of the microscope25, and therefore artifacts in the obtained image.  
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It is expected that the created coatings will swell with water because of their hydrophilicity. They will 
have more surface roughness than the coatings that are measured in air. The mPEG chains are expected 
to orient towards the water interface, since they have more affinity with water because of their 
hydrophilicity.  
 

1.1.5 Force spectroscopy  
The AFM is also suitable to study interaction forces, which leads to a deeper understanding of physical 
phenomena of the sample. In a force spectroscopy experiment, the cantilever is moved towards the 
sample until the tip is in contact with it, and then the cantilever is retracted while the interaction 
between the tip and the sample is measured. This cantilever and tip movement is schematically 
represented in Figure 17. 
 

 
Figure 17: Schematic representation of the vertical tip movement during approach and retraction in a force spectroscopy 
experiment 38. 

 
When the cantilever is retracted from the surface, the tip often remains in contact with the surface due 
to adhesion and the cantilever is deflected downwards see Figure 18 for the approach and retraction in 
a force curve. For measurements in air there is usually adhesion from capillary forces between the tip 
and the sample.  
 

 
Figure 18: Plot of approach (red) and retract (blue) curves in air, on force spectroscopy measurements.  

 
Surfaces of the tip and the sample are almost always covered, either partly or completely, with an 
adsorbed layer of molecules from the environment, except in ultra-high vacuum38,39. In this project the 
coatings will most probably covered with a thin water layer, since the coatings are hydrophilic. The 
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adhesion between the tip and the sample in water is actually reduced in most cases compared to 
measurements in air. Since the water layer is no longer thin, there are no capillary forces working 
between the cantilever tip and the coating.  
 
The deflection of the cantilever is proportional to the tip-sample interaction force, there are two 
measurements required to convert the photodetector signal into a quantitative value of force.  
1. Determine the slope of the contact region from a force curve to determine the sensitivity of the 

lever (in nm/nA), see Figure 18 “change in deflection”.  
2. Once the deflection of the cantilever is known as a distance, x, the spring constant, k, is needed to 

convert this value in a force F, using Hooke’s law:  
 

F = k x            Eq. 1  
 

The spring constant can be obtained by performing a thermal tune to determine the resonant 
frequency of the cantilever. Then an algorithm computes the spring constant.  

 
The adhesion can be calculated in a similar way. Another possibility is to calculate it via the software 
Nova PX when putting the vertical axis on DFLnForce (nN) instead of DFL (nA). 
 

1.3 Contact angle  
Another important technique which will be used to characterize the coatings prepared during this 
project is the contact angle measurement. By this technique it is possible measure the wetting of the 
coating, and with this the hydrophilicity of the coating. The basis for a quantitative description of 
wetting phenomena is Young’s equation. This equation relates the contact angle to the interfacial 
tensions , , and  40: 
 cos =     or rearranged:  cos =    Eq. 3  
 
When the contact angle, , is larger completely wet the solid and the 
surface is hydrophobic  
(partially) wets the surface, and then the surface is hydrophilic. The surface can also be 
superhy  or superhydrophilic then the surface has a contact 
angle .41 It has to be noted that these values are by convention.  
 
The easiest method of measuring the contact angle is to observe a sessile drop with a camera. A light 
source is positioned behind the drop, which then appears dark on the camera (see Figure 19).  
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Figure 19: Sessile drop contact angle measurement. 

 
The image of the drop is recorded by a video system and the contour is fitted by a computer program. 
The geometry is determined by the Laplace equation, which predicts the spherical cap geometry. In this 
equation it is assumed that the surface and liquid are isotropic. From the measured height and contact 
radius  of the drop, the contact angle is calculated by the following equation40:  
 =             Eq. 4 
 
In Figure 20 on the left a schematic representation is given of the sessile drop contact angle principle. 
On the right the schematic representation of the captive bubble method is shown.  
 

 

Figure 20: Sessile drop (left) and Captive bubble (right). 

 
In the captive bubble method, a bubble is positioned usually at the top of a cell which is filled with 
liquid. Since the coatings that were analyzed in this project are hydrophilic this captive bubble technique 
might give a better result. This method is less sensitive to pollution of the interface and the vapor phase 
is automatically saturated, so there are no evaporation problems.  
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2 Approach  
Different variations of hydrophilic coatings were made and analyzed in this project. As stated earlier, the 
self-replenishing mechanism has been previously reported for hydrophobic coatings3. The reason to 
switch to hydrophilic coatings is the specific application for which the coatings are designed for. The two 
different coatings types that were analyzed in this project have both different applications, that is: one is 
for biomedical and the other for marine. In this chapter the approach to establish these coatings is 
described.  
 

2.1 Biomedical applications 
For the biomedical applications, hydrophilic poly(ethylene glycol) (PEG) network forming precursors 
were used, see Figure 21a, while the hydrophobic dangling chains consisted of poly(ethylene 
glycol)methyl ester (mPEG) (Figure 21b). PEG and mPEG were chosen because of their proven 
hydrophilicity42, anti(bio)-fouling properties43, and compatibility with the human body44.  
 

 
Figure 21: PEG precursor and mPEG dangling chains for biomedical coatings. 

 
To investigate which network type gives the most optimal result the length precursor was varied. To do 
this, different molar weight PEG chains were used: PEG1000, PEG2000 and PEG4000. The molecular 
weight of the mPEG dangling chains, were varied as well: mPEG550, mPEG750, mPEG2000 were used.  
 

2.2 Marine applications 
For the marine applications a polycaprolactone based hydrophobic precursor (TMP-PCL or 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol-polycaprolactone) was used, and the hydrophilic dangling chains 
consisted out of mPEG. Both the precursor (a) and dangling chain (b) are represented in Figure 22. TMP-
PCL was chosen as precursor since polycaprolactone materials have a well-established mobility (a wide 
range of Tg can be reached)3, and their end group composition can be easily controlled by ring opening 
polymerization45. For TMP-PCL, the PCL chain length was typically 8 (n = 8), which is also referred to as 
TMP-PCL-24. A disadvantage of the use of PCL based precursors is that hydrolysis can take place46, 
therefore, other more reliable, model systems based on polycarbonate may be used in the future. 
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Figure 22: Precursors TMP-PCL (a) and mPEG (b).  

 
For the synthesis of the TMP-PCL precursor a cationic ring-opening polymerization was used. There are 
two mechanisms for this type of polymerization, that is the activated monomer (AM), and the active 
chain end (ACE) mechanism. The AM mechanism is based on the hydrolysis of monomers and has been 
proposed for the polymerization of i. a. lactones. See Figure 23 for the reaction schemes of both the AM 
and ACE mechanisms47. 
 

 
Figure 23: Reaction schemes of the active chain end and the activated monomer mechanism. 
 
For polymerizations proceeding by the AM mechanism, the active centers are located on the monomer 
molecule and the growth of a polymer chain is neutral although it is terminated with reactive hydroxyl 
group. Because in the cationic AM mechanism there is no active species at the chain end, the back-biting 
is reduced compared to ACE mechanisms48.  
 

-caprolactone is used as the monomer, TMP as the initiator and fumaric acid as a 
catalyst. The reaction mechanism of this reaction is presented in Figure 24. 
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Figure 24: Reaction mechanism of the synthesis of TMP-PCL. 

 
To investigate which network type gives the most optimal result the network structures were varied. To 
do this, different molar weight mPEG dangling chains were used: mPEG550, mPEG750, mPEG2000. For 
the marine application, mPEG was used to provide the driving force for the dangling chains to self-
segregate selectively towards the air- or liquid-surface. This driving force is not present in the PEG based 
coatings, since PEG and mPEG are both hydrophilic. With this driving force absent, these coatings 
probably won’t be self-replenishing. In the future, hydrophobic segments will be also introduced in the 
PEG-based networks to achieve this purpose.  
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2.3 Polyurethane coating 
To crosslink the coating an isocyanate based cross-linker, tHDI (1,6-hexmethylene diisocyanate) is used 
(see Figure 25a) to make a network together with the precursors and dangling chains. Because the 
polyol is two functional (in the case of PEG) and the cross-linker is three functional (TMP-PCL is also 
three functional) a three-dimensional network can be created.  
 
The t-HDI which is used in this project has a theoretical functionality of 3. However, the mixture of cross-
linkers is not completely pure, which means that there are some cross-linkers of a functionality of 2 in it 
(Figure 25b); so on average the functionality is 2.8 (as indicated by the supplier). A consequence of this 
difference in functionality is that the network might have different physical properties than is to be 
expected based on the properties of the t-HDI cross-linker.  
 

   
Figure 25: Cross-linker t-HDI (a) and 2-functional cross-linker (b).   

 
When the isocyanate-groups of the t-HDI cross-linker react with the alcohol-groups of the TMP-PCL or 
PEG precursor and mPEG dangling chains a polyurethane network is formed. The reaction mechanism 
for this isocyanate-polyol reaction is shown in Figure 26. 
 

 
Figure 26: Isocyanate-polyol reaction mechanism. 

 
The t-HDI cross-linker that is used had to be treated with care since the isocyanate-groups are reactive 
with water. Water can react easily with the isocyanate-groups because there is no steric hindrance as 
there is with the precursor or dangling chains. The side reaction of isocyanate-groups with water is 
shown in Figure 27.  
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Figure 27: Side-reaction of isocyanate with water.  

 
In Figure 27 it is visible that the isocyanate-group, after reaction with water, reacts with another 
isocyanate-group after which some functional groups are lost. This is dramatic for the crosslink density, 
because when the reaction is done it cannot react again. Also these side products get incorporated into 
the coatings, which lead to different properties of the final coatings. This is difficult to predict, since it is 
not known how many side products are present in the t-HDI. An extra difficulty then, is that also 2-
functional t-HDI is present in the t-HDI. Therefore it is important to work as water free as possible.  
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3 Experimental  
In this chapter the experimental work is described. The preparation of the coatings is explained in 
Section 3.1 and the characterization methods, contact angle and AFM, are described in Section 3.2.  
 

3.1 Materials  
All the glasswork and stir bars that were used for preparation of the stock solutions for the coating 
preparation were dried overnight in an oven at 100 C.  
 
TMP-PCL-24 was synthesized and purified according to a recipe by Diki  et al.45. PEG2000, mPEG550, 
mPEG750 and mPEG2000 were obtained from Sigma-Aldrich. Cyclohexanone (Sigma-Aldrich) was made 
water-free by using a molecular sieve (Sigma-Aldrich, 3Å). tHDI was kept water- and oxygen-free by 
flushing with argon. For curing conditions a home designed heating chamber set-up was flushed with a 
nitrogen gas-flow, which was dried with a desiccant.  
 

3.1.1 Synthesis of the TMP-PCL-24 precursor  
The procedure for the synthesis of the TMP-initiated PCL precursor (TMP-PCL-24) was adapted from 
Diki  et al.45

fumaric acid (both dried overnight in a vacuum oven at 40  C, 
-caprolactone was added to the reaction mixture and reacted for 24 hours under stirring. After 24 

hours, the reaction was stopped by removing the oil bath.  
 
For the purification of the precursor, the reaction product was dissolved in chloroform (1:3). A milky 
solution was obtained and filtrated. After filtration, the filtrate was a clear solution. To eliminate the 
residue of fumaric acid a second filtration was performed. For 
was used. The solution of polymer and chloroform was precipitated in n-heptane (1:10). The precipitant 
in n-heptane solvent was filtrated under vacuum. The residue was a white sticky product and was dried 
in a vacuum oven at 20 °C. A second purification step was performed to remove all potential low 
molecular weight polymer chains. The polymer was dissolved in THF (1:3) and precipitated in n-heptane 
(1:10). The residue was again filtrated under vacuum and then dried in a vacuum oven without heating 
over the weekend. The yield was calculated by gravimetry and the molecular weight, PDI and the purity 
were determined by 1H NMR, MALDI-ToF MS and GPC analysis.  
 

3.1.2 Preparation of stock solutions  
Stock solutions were made for tHDI, mPEG, PEG2000 in case of the biomedical coatings and TMP-PCL-24 
in case of the marine coatings. A 50 wt% solution in dried cyclohexanone was made for tHDI, PEG2000 
and TMP-PCL-24. All flasks were flushed with argon to keep the solutions as free of water as possible. To 
dissolve PEG2000, the flask was heated to 40 C. Stock solutions for the mPEG dangling chains were 
made as 25 wt% solution in dried cyclohexanone. The mPEG chain lengths that were used in this project 
were: 550, 750 and 2000 g/mol. The mPEG2000 had to be heated to 40 C to be completely dissolved. 
All solutions were stirred at room temperature before preparing the coatings to obtain a good mixture. 
These stock solutions could be used for 2 weeks after they were made.  
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3.1.3 Preparation and application of coatings  
To make the solutions for the coating mixture, the weight percent of the stock solutions was calculated. 
The coating mixture was made by adding accurately defined amounts of the stock solutions in one vial. 
First the tHDI was added, then the mPEG and finally the PCL-24 (or PEG2000). The mixture was stirred at 
room temperature (or in the case of PEG2000 at 40 C to keep it in solution). See the tables in Appendix 
IV for more detailed information.  
 
As substrates for the coatings microscope slides and microscope cover slips were used. The microscope 
slides were obtained from Thermo Scientific and the cover slips from Menzel-Gläzer. The microscope 
slides and cover slips were cleaned with ethanol and acetone, after which they went into an oven at  
100 C overnight. Before coating application, to prevent de-wetting, the microscope slides and cover 
slips were functionalized with UV-Ozone (for 30 minutes).  
 
The application of the coatings was done by a doctor blade applicator (thin films, wet thickness 120 μm), 
free standing films were made by drop casting the mixture in an aluminum cup. After applying the 
coating solution, the samples were put in to a “nitrogen-box”, which was set at 60 C in advance and 
flushed with nitrogen. The coatings were cured at 125 C for 60 minutes under a nitrogen flow. After 
curing, the samples were dried in a vacuum oven at 40 C for at least 2 hours and then stored in a 
desiccator prior to characterization. Since multiple samples were made, an overview is given in Table 1 
which shows the different composition and their corresponding sample names.  
 

coatings) ha  
 
Table 1: Sample names and other sample information.  

Sample name mPEG NCO:OH Precursor:mPEG 
PCLmPEG0 - 1.1:1 - 
PCLmPEG550(9) 550 1.1:1 9:1 
PCLmPEG750(9) 750 1.1:1 9:1 
PCLmPEG750(12) 750 1.1:1 12:1 
PCLmPEG2000(9) 2000 1.1:1 9:1 
PCLmPEG2000(30) 2000 1.1:1 30:1 
PCLmPEG2000(33) 2000 1.1:1 33:1 
PEG2000Reference - 1.1:1 - 
PEG2000mPEG2000 2000 1.1:1 9:1 
 

3.2 Characterization of the precursor  
The precursor TMP-PCL was characterized by 1H NMR, GPC and MALDI-ToF MS.  
 

3.2.1 1H NMR 
The precursor was characterized by 1H NMR, GPC and MALDI-TOF. 1H NMR spectra were recorded on a 
Varian 400 spectrometer at room temperature. CDCl3 (with TMS as an internal standard) was used as 
the solvent.  
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Diki  et al. reported45 this characterization technique for this precursor before. The 1H NMR spectra that 
are expected from the synthesized precursor is shown in Figure 28. They have reported that the signals 
at 4.0-4.1 ppm (Hh and Hc, CH2 next to the ester bond) and at 2.3 ppm (Hd, CH2 next to the carbonyl 
group) can be assigned to the CL monomer unit.  
 

 
Figure 28: 1H NMR spectrum of TMP-PCL, adapted from Diki  et al.45 

 
Then the degree of polymerization per branch (dp) can be estimated by45:  
  ( ) ( )             Eq. 5 

 
And the number-average molecular weight of TMP-PCL is45: 
 = 3   +            Eq. 6 
 
 

3.2.2 MALDI-ToF MS 
Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) 
measurements were performed on a Voyager-DE Pro instrument (perspective Biosystems, Framignham, 
MA). Polymers were dissolved in THF and NaTFA or KTFA (sodium or potassium trifluoroacetate) was 
used as the ionizing agent45. 
 

3.2.3 GPC 
Gel permeation chromatography (GPC) was used to characterize the synthesized precursor. However, 
the molecular weight estimated from the GPC analysis differs significantly from the real molecular 
weights of the precursor that can be calculated from the 1H NMR or the MALDI-ToF MS measurements. 
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The reason for this is that for the calculation of the molecular weight in the GPC analysis technique a 
calibration was done with polystyrene standards. The polystyrene and the polycaprolactone precursor 
differ significantly in polarity and conformational characteristics and therefore GPC cannot be used for 
an accurate calculation of the molecular weight of the precursor. However, the polydispersity index 
(PDI) estimated from the GPC measurement can be used to give an indication of the polydispersity and 
the purity of the precursor.  
 
GPC measurements were performed on a Waters GPC equipped with Waters model 510 pump and a 
model 410 differential refractometer. A set of two mixed bed columns (Mixed-C, Polymer Laboratories, 
30 cm, 40 °C) was used and THF was selected as eluent, and a flow of 1 mL/min was used. The system 
was calibrated using narrow molecular weight polystyrene standards ranging from 600 to 7 × 106 
g/mol49. The sample was dissolved in THF (± 5 mg/mL).  
 

3.3 Characterization of the coatings  
Coatings were characterized by AFM, contact angle, water uptake measurements and extraction with 
water of which the extract was measured by 1H NMR. 
 

3.3.1 Water uptake measurements  
Water uptake measurements were performed on free standing films of the coatings (of an approximate 

. The free standing films were first dried overnight in a vacuum oven at . 
Then the film was cut into 3 to 5 pieces (minimum weight of 50 mg per piece to obtain an accurate 
measurement). These were measured in dry state (t = 0) and then put into demineralized water and 
measured in time. To measure the films from the liquid, the sample was taken out and carefully dried 
with Kimberly tissues to remove the unbound water. After weighing the film, it was put into the water 
again to be able to swell again. When all the measurements were done, the water was saved in a 
separate container to be able to measure the said extract of the coatings. After the water uptake 
measurements, Finally, the dry 
weight was weighted after the extraction, from which it is possible to see if there were unbound 
components in the coatings that migrated out of the coating into the water.  
 
The water uptake was calculated according the next equation:  
 Water uptake (%) =        1  100 %       Eq. 7 

 

3.3.1.1 1H NMR of extract  
To determine which molecules migrated out of the coatings an 1H NMR measurement was performed on 
the solid extract. To do this, the extract water was evaporated in the air and then the solid residue was 
dissolved in CDCl3 (with TMS as an internal standard). 
 

3.3.2 Atomic Force Microscopy  
AFM analysis was performed using a NT-MDT PX UltraController with Nova PX software. AFM analysis 
was conducted in two parts; the first part was method optimization for the specific coatings (Section 4.2 
and Appendix III) and second part were the measurements themselves in air and in liquid.  
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3.3.2.1 Method optimization  
For the AFM method optimization, different types of cantilevers were used to be able to compare the 
samples to each other, and also to find the most optimal one to use. All samples were scanned in 
contact mode and in semi-contact mode. Contact mode cantilevers were: CSG11/Au, CSG11 and CSG01 
(NT-MDT, Moscow), and CSG10 and CSC12/Cr-Au (MicroMash, Wetzlar). Semi-contact mode cantilevers 
that were used are: NSG01_DLC and NSG01 (NT-MDT, Moskow). Details are available in Appendix III.  
 

3.3.2.2 Measurements in air and liquid  
Measurements in air were conducted in lab environment humidity (RH from ~ 19 - 25%). Measurements 
in water were conducted in the liquid cell for the AFM. Before the measurement, the sample was 
immersed in demineralized water for at least 30 minutes and preferably one hour. Height images (and 
phase images when measuring in semi-contact mode) were taken at scan speeds of 0.2 – 1 Hz.  
 

3.3.2.3 Data processing of AFM images 
The roughness and surface area of the height images were measured after a first-order flattening of the 
images. The surface area data was extracted from each collected scan as was proposed by Murthy et al. 
23.  
 
RMS roughness calculation (by software)50: 
 RMS roughness =     Z        Eq. 8 

 
Average roughness calculation (by software)50: 
 average roughness =  Z        Eq. 9 

 
In which Z(xi,yj) is taken against the mean surface  
 
 
Surface area (by software)50, which is the total area of the sample surface corresponding to the sampling 
area in the xy plane:  
 S3A =  A          Eq. 10 
 
 
In which Akl is defined as:  
 A = y +  Z(  , ) Z , + y +  Z( , ) Z   ,   y +  Z , Z , + y +  Z( , ) Z   ,     Eq. 11  
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Projected sampling area (by software)50, which is the area of the evaluation region taken in the base XY 
plane  
 S2A =  (N 1) N 1 x y         Eq. 12 
 

3.3.3 Force spectroscopy  
Preliminary experiments of force spectroscopy were performed with the AFM. This analysis is more of a 
quick scan or method optimization than that it is a completed measurement. The goal of this 
measurement was to find the suitable method to do force spectroscopy on the coatings. Force curves 
were taken with CSG11 cantilever (NT-MDT, Moscow). The results of these preliminary experiments are 
not presented here as they were not fully optimized, that is, not reliable.  
 

3.3.4 Contact angle measurements 
static, contact angles of demineralized water droplets at the film-air interface were measured with 

a DataPhysics contact angle system (OCA30), equipped with an auto-dispenser, video camera, and drop-
shape analysis software. Before the contact angle measurements the samples were stored in a 

static contact angle experiments were performed, which will be described in 
the following paragraphs.  
 

3.3.4.1 Effect of dangling chain length on the contact angle  
In the first set of contact angle measurements, a sessile drop of demineralized water (4 μL) was 
measured almost static values are an average 
of two to six measurements (depending of the sample itself and the sample’s hydrophilicity) that were 
taken on different areas of the same sample. The error was calculated according to the standard 
deviation of the sample. With the results of these measurements it is possible to describe the effect of 
dangling chain length on the contact angle.  
 

3.3.4.2 Effect of pre-wetting on the contact angle  
Another set of contact angle measurements were performed according to Murthy et al.23 to compare 
pre-wetted coatings to the non-pre-wetted coatings. This was done by using two samples made with the 
same coating formulation batch. One of the two samples was exposed only to air prior to contact angle 
measurements; another sample was first equilibrated in demineralized water for 24 hours. After this 
period of time the surface water was removed by blowing nitrogen on the sample prior to the contact 
angle measurement.  
 

3.3.4.3 Hydrophilicity of the coatings in time  
To investigate whether the coating would become more hydrophilic in time when the coating is 
immersed in water, contact angle measurements were carried out as a function of time. To have a 
controlled environment a humidity chamber (DataPhysics HCG humidity generator) was used. The 
conditions in the chamber were a relative humidity 80
measurements as a function of the time.  
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4 Results and discussion  
In this chapter the results of the conducted experiments are presented and discussed. First the 
wettability behavior of the films and second, the AFM measurements, performed in different 
environments.  
 
To make the PCL-based coatings, first the precursor was synthesized and analyzed. From GPC it followed 
that the PDI was 1.2, which indicates a narrow distribution for a ring opening polymerization. The 
MALDI-ToF MS spectra were also obtained, in which there was no contamination of possible side 
products or other impurities. Also no secondary distribution was present, which agrees with the PDI that 
was obtained via GPC. The spectra also showed a molar mass of 2644 g/mol, this is a degree of 
polymerization of about 7.3, which is almost the degree of polymerization that was aimed for, namely 8. 
This result differs slightly from the 1H NMR measurement which showed that the molecular mass was 
2479 g/mol and a degree of polymerization of 6.9. More detailed information of the calculation and the 
1H NMR and MALDI-ToF MS spectra are presented in Appendix I.  
 
For the PEG-based coatings no synthesis was needed, the only preparation step that was performed, 

 
 
The samples that are presented and discussed were made according to the method that is described in 
Chapter 3. The sample labels are presented, with some other details, in Table 2. 
 
Table 2: Sample labels and other sample information. 

Sample name mPEG NCO:OH PCL:mPEG 
PCLReference - 1.1:1 - 
PCLmPEG550(9) 550 1.1:1 9:1 
PCLmPEG750(9) 750 1.1:1 9:1 
PCLmPEG750(12) 750 1.1:1 12:1 
PCLmPEG2000(9) 2000 1.1:1 9:1 
PCLmPEG2000(30) 2000 1.1:1 30:1 
PCLmPEG2000(33) 2000 1.1:1 33:1 
PEG2000Reference - 1.1:1 - 
PEG2000mPEG2000(9) 2000 1.1:1 9:1 
 
PCLReference is the PCL-based coating with only TMP-PCL-24 and tHDI, so there are no dangling chains 
inside of this type of coating. In sample PEG2000Reference there are also no dangling chains present, 
but here another precursor was used (the PEG2000 precursor). PCLmPEG550(9), PCLmPEG750(12), 
PCLmPEG2000(30) and PCLmPEG2000(33), have different dangling chain lengths in their system but the 
percentage of the dangling chains (in grams) is the same. For the samples PCLmPEG550(9), 
PCLmPEG750(9) and PCLmPEG2000(9) the dangling chains are varied in length again, but here the molar 
ratio of functional groups is kept the same.   
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4.1 Wettability behavior of the films  
In this section the wettability behavior of the films is described. First the water uptake of the films is 
presented, then the extraction of the films with demineralized water and finally the effect of the 
dangling chain length.  
 

4.1.1 Water uptake of the free standing films  
For all the measurements that are performed in this project it is important to know the water uptake of 
the films, for contact angle measurements but also for AFM measurements in liquid. The samples have 
to be in an equilibrium state when they are measured in water, otherwise the coating or film might 
change during the measurement. Free standing films were studied instead of thin films (coatings), since 
they are bigger in volume and mass. It is known that the behavior of free standing films may be different 
from thin films, since materials in bulk behave differently. However, for this experiment it is assumed 
that these behaviors will be the same.  
 
Water uptake measurements were performed by putting the free standing films in demineralized water, 
drying them carefully with Kimberly tissues and weighing them in time. The result of this measurement 
for the PCL-based films is presented in Figure 29 and in Table 3.  
 

 
Figure 29: Water uptake of PCL-based films. 

 
From the water uptake results of the PCL-based films it is visible that they do not take up a lot of water. 
The only film that shows a significantly increased water uptake, relatively to the other films, is PCL-
mPEG2000(9). This is expected since this is the film with the most mPEG in its system. 
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Table 3: Water uptake of PCL-based films, water uptake is calculated at the end of the measurement. 

PCL-based film mPEG type  Water uptake (%) 
Reference  - 0.60 ± 0.27 
mPEG550(9) 550 1.51 ± 0.55 
mPEG750(9) 750 2.27 ± 0.49 
mPEG750(12) 750 3.39 ± 1.00 
mPEG2000(9) 2000 15.82 ± 1.19 
mPEG2000(33) 2000 3.76 ± 0.31 
 
The films mPEG550(9), mPEG750(12) and mPEG2000(33) have the same amount of mPEG in their 
system (percentage in grams) so their water uptake should be similar. This is true for mPEG750(12) and 
mPEG2000(33), but mPEG550(9) differs. However, the types of mPEG that were used were different, 
that is: different chain lengths. Considering this, the small amount of water uptake and the deviation of 
the measurements, this is not such a big difference between these samples. 
 
The variation in water uptake from the PCLmPEG550(9), PCLmPEG750(9) and PCLmPEG2000(9) is as to 
be expected with PCLmPEG550(9) closest to the reference, since this film has the shortest chains. The 
Film PCLmPEG750(9) was in between the ones of PCLmPEG550(9) and PCLmPEG2000(9). And finally the 
PCLmPEG2000 with the longest and most dangling chains present which has the highest value of water 
uptake.  
 
The data of the water uptake is comparable to the data of Isabel Jimenez. This shows that the films can 
be made in a repeatable way. Since the films were made by different persons, the thicknesses are also 
different, so it can be said that the water uptake of the film is independent of the film thickness. The 
film thicknesses of the free standing films presented in Table 3 had a thickness of approximately 
and  
 
Figure 30 and Table 4 contain the results of the water uptake of the PEG2000-based films. For which the 
measurements were performed in a similar way as the PCL-based films. 
 
 
Table 4: Water uptake of PEG2000-based films. 

PEG-based film mPEG type  Water uptake (%) 
Reference  - 187.63 ± 6.81 
mPEG2000(9) 2000 209.47 ± 8.09 
 
Compared to the results of the PCL-based films, the swelling in the PEG2000-based films is extreme. It 
takes up about 200% of its own weight in water. This is according to expectation as there is not much 
PEG in the PCL-based coatings; there the only PEG in the system is what is added with dangling chains. 
The PEG2000-based films consist almost completely out of PEG, which is highly hydrophilic, and will take 
up a lot of water.  
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Figure 30: Water uptake of PEG2000-based films.  

 
When taking a closer look to Figure 30, it is visible that the reference (PEG2000Reference) has a lower 
water uptake than the film with dangling chains (PEG2000mPEG2000). This is according to expectation 
since in the film with the dangling chains there is more PEG incorporated in the system. These results 
are also comparable to previous results of Peter Albers, who carried out similar experiments with films 
that he made. For PEG2000Reference, he obtained a water uptake of 186%, and for PEG2000mPEG2000 
243%, slightly higher than obtained here. However the difference is still acceptable and the same trend 
is followed.  
 

4.1.2 Extraction  
When the water uptake measurements were done, the extraction water was preserved and the films 
were dried in a vacuum oven. Then the dried samples were weighted to determine the weight loss. For 
the PCL-based films this data is presented in Table 5. 
 
Table 5: Weight loss after extraction with water (24 hours) of PCL-based films. 

PCL-based film mPEG type  Weight loss (mg) Weight loss (%) 
Reference  - 0.20 ± 0.10 0.20 ± 0.17 
mPEG550(9) 550 1.10 ± 0.20 1.47 ± 0.24 
mPEG750(9) 750 0.94 ± 0.19 1.22 ± 0.35 
mPEG750(12) 750 2.33 ± 0.59 1.24 ± 0.22 
mPEG2000(9) 2000 2.37 ± 1.48 1.78 ± 1.07 
mPEG2000(33) 2000 2.29 ± 0.62 1.27 ± 0.11 
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From Table 5 it can be seen that the weight loss is a very small amount of the film. But, is this also true 
when the weight loss is only mPEG loss? To answer this question a calculation was done which 
considered all the weight loss in the film to be only mPEG loss, the result of this is shown in Table 6.  
 
Table 6: Weight loss (%) of PCL-based films, considering all the weight loss as mPEG loss.  

PCL-based film Weight loss mPEG (%) in film  
Reference  -   
mPEG550(9) 28.9 ± 4.6 
mPEG750(9) 27.0 ± 15.2 
mPEG750(12) 4.3 ± 0.6 
mPEG2000(9) 27.2 ± 15.9 
mPEG2000(33) 14.7 ± 2.7 
 
From this table it is visible that the weight loss is very different for each sample. The calculation of the 
amount of mPEG inside the cured film is based on the assumption that all the compounds added to the 
initial formulation are homogeneously mixed. It is of course possible that this is not the case. Another 
explanation could be that the weight loss is not only mPEG but also PCL and tHDI. To analyze this, 1H 
NMR measurements were performed on the extract water. 
 
First the extracts were dried and then dissolved in CDCl3 and analyzed by NMR. The NMR spectra were 
the individual compounds (TMP-PCL, tHDI and mPEG2000) were also made. Additional NMR spectra and 
chemical shift predictions are shown in Appendix II.  
 
Figure 31 shows the 1H NMR spectrum of the extract water of PCLmPEG2000(9). When this is compared 
with the spectrum of mPEG2000, it can be concluded that there is mainly mPEG in the extract, apart 
from solvent, grease and water. TMP-PCL seems to be absent in the extract (see Figure 32).  
 
When the estimation of the 1H NMR spectrum of tHDI and one mPEG chain is viewed (Figure 33) it 
seems that there are some changes in the spectrum compared to only mPEG (Figure 59 and Figure 62 in 
Appendix II) and tHDI (Figure 60 in Appendix II). These differences are visible in the 1H NMR spectrum at 
4.20 and 3.18 ppm, and are due to the bonding of the mPEG chain to the isocyanate. These hydrogen 
shifts are found in Figure 31 at 4.20 and at 3.15 ppm, which tells us that there is not only unreacted 
mPEG in the extract but also tHDI with one mPEG chain bonded to it. 
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Figure 31: 1H NMR spectrum of the extract of PCLmPEG2000(9) films. 

 
Figure 32: Comparative 1H NMR spectrum of TMP-PCL, mPEG2000 and extract of PCLmPEG2000(9) films.  
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Figure 33: Estimation of 1H NMR spectrum of tHDI bonded with one mPEG chain bonded.  

  



42 
 

The weight loss of the PEG2000-based films is presented in Table 7. For PEG2000Reference the weight 
loss is comparable to the weight loss of PCLReference. However, for the film with dangling chains 
(PEG2000mPEG2000(9)) the weight loss is much less than for the film PCLmPEG2000(9).  
 
Table 7: Weight loss after extraction with water for PEG2000-based films. 

PEG2000-based film mPEG type  Weight loss (mg) Weight loss (%) 
PEG2000Reference  - 0.10 ± 0.04 0.20 ± 0.12 
PEG2000mPEG2000(9) 2000 0.70 ± 0.16 0.66 ± 0.10 
 
It is not possible to draw conclusions from only the weight loss data, so again calculations were 
performed to see what the weight loss is, considering all the weight loss mPEG loss. This is presented in 
Table 8.  
 
Table 8: Weight loss (%) of PEG2000-based films, considering all the weight loss as mPEG loss 

PEG2000-based film Weight loss mPEG (%) in film 
PEG2000Reference  -   
PEG2000mPEG2000(9) 2.84 ± 2.19 
 
From the results in Table 8 it can be concluded that within this loss, there is not a big amount of mPEG. 
 
Overseeing these results, it seems that mPEG is more efficiently incorporated in the PEG-based coatings 
than that it is in the PCL-based coatings.  
 

4.1.3 Contact angle analysis of the films  
Apart from the water uptake, the wetting behavior measured by contact angle is also an interesting way 
to analyse the interaction of the different films with water. In this section the contact angle analysis of 
the films will be presented and discussed.  
 

4.1.3.1 Effect of dangling chain length  
In this study the static contact angle was measured with a drop of demineralized water (4 μL), directly 
(in 5 seconds) after deposition on the film surface. Samples with different dangling chain lengths, and 
different ratios of dangling chains were measured in duplicate. The result of these measurements is 
presented in Figure 34. 
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Figure 34: Effect of the dangling chain length on the wettability.  

 
From Figure 34, a downward trend is visible which corresponds with the mPEG chain length. One can 
also see that there is a clear difference between the ratio PCL:mPEG of 9 and 30 for the mPEG2000 
dangling chains. It is interesting to see that the lower amount of dangling chains (a ratio PCL:mPEG of 
30) leads to a lower contact angle. For the different ratios of mPEG750 this drop in contact angle is not 
visible. This might be because the difference between the ratios is not big enough (from a PCL:mPEG 
ratio of 9 to 12 for PCLmPEG750 instead of a ratio of 9 to 30 for PCLmPEG2000).  
 
Figure 34 shows also a big difference between the mPEG chain length of 750 and 2000. This gap should 
be filled with another sample with a chain length of 1000 or 1500; however these molecular weights of 
mPEG are not for sale. This leaves only one option: to synthesize this particular chain length. However, 
to do this synthesis and in particular the purification, is not possible in the given time range of this 
project and will therefore not be carried out.  
 
Because of the big difference between the contact angle of the PCLmPEG750 and PCLmPEG2000 it is 
expected that there will be a big difference between these samples also in AFM, compared to the other 
films. It is also expected that there is not a very big difference between the films with PCLmPEG550 and 
PCLmPEG750 since they are very similar, not only in molecular weight, but also in contact angles and the 
water uptake.  
 

4.1.3.2 Effect of pre-wetting  
Figure 35 represents the measurements that were done to visualize the effect of pre-wetting on the 
contact angle. Only the samples with a PCL:mPEG ratio of 9 are shown. For this comparative 
measurement, two different kinds of samples were prepared: one equilibrated in air and one in water. 
The air equilibrated films siccator 
before the measurement. The water equilibrated films were immersed in demineralized water for 25 
hours and the unbound surface water was removed by a nitrogen flow just before the measurement.  
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Figure 35: Effect of pre-wetting on the wettability of PCL-based coatings. 

 
In Figure 35 two remarkable things are visible. One is that the air equilibrated film with PCLmPEG750 has 
almost the same contact angle as mPEG550, which was not really the case in the measurements in 
Figure 34. 
 
The other most remarkable thing is that the water equilibrated films with PCLmPEG2000 have a higher 
contact angle than the same air equilibrated samples. The reason for this is probably that water gets 
bound to the coating; it was not possible to blow this water away with a nitrogen gun. One hypothesis is 
that the dangling chains are pointed inward the coating bulk and the absorbed water with their 
hydrophilic groups, therefore the surface gets less hydrophilic. Another hypothesis is that for the 
PCLmPEG2000 there is crystallization on the surface when the film is air equilibrated, which makes the 
droplet spread. When the film is water equilibrated the crystallization has reoriented which makes the 
contact angle go up again. It can also be a combination of these two.  
 
All the samples that had mPEG dangling chains incorporated into the network were hazy; this is a sign of 
crystallization. Of all the different mPEG chain lengths, PCLmPEG2000(9) was most hazy and 
PCLmPEG2000(33) even had visible spherulites on its surface. An optical microscope image was taken of 
these spherulites (on film PCLmPEG2000(33)) and is presented in Figure 36.  
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Figure 36: Spherulites are visible on the PCLmPEG2000(33) samples (image taken with an optical microscope).  

 
Only the film PCLmPEG2000(33) shows these kind of sperulites, which may explain that for this type of 
film the contact angle is very low compared with the other film types and compared with the literature51 

often obtained by contact angle measurements.  
 

4.1.3.3 Hydrophilicity of the coatings in time  
Because of the hydrophilicity of the coatings, they take up water which is shown in Section 4.1.1. To 
investigate if this water uptake has an influence on the contact angle, contact angle measurements were 
used. For these measurements it was important to have a controlled humidity. At first, no humidity 
chamber was available; therefore a heating chamber with vials of water was used to create a “controlled 
humidity” environment. The chamber was equilibrated with the film inside for several hours before 
measuring the static contact angle. The results of the measurements are presented in Figure 37.  
 

 
Figure 37: Effect of evaporation on the contact angle measurement, PCLmPEG550(9) (left) and a glass slide (right). 

0

20

40

60

80

0 20 40 60

Co
nt

ac
t 

an
gl

e 
(d

eg
re

es
) 

Time (minutes) 

"Controlled humidity" 
PCLmPEG550(9) 

0

10

20

30

0 5 10 15 20

Co
nt

ac
t 

an
gl

e 
(d

eg
re

es
) 

Time (minutes) 

"Controlled humidity" 
glass slide 



46 
 

 
In Figure 37 “controlled humidity” PCLmPEG550(9) there is a downward trend visible in the contact 
angle. There is no plateau present which was expected after some time. This plateau would be the point 
where the film is in equilibrium with the humid air and the water droplet on top of the film. To be sure 
that this drop in contact angle is because of water uptake and not an effect of evaporation, a blanc 
measurement was performed with a clean glass slide which is also presented in Figure 37. Here it is 
visible that there is a drop in the contact angle as well. Therefore it is possible to say that the drop in 
contact angle is due to evaporation.  
 
To be able to find a plateau with the real contact angle a humidity chamber was ordered and used. The 
films were put before measurement into the chamber, with the correct settings to equilibrate. All films 

C at a relative humidity of 80% for one hour before measurement. Then the 
static contact angle was measured in time. The results of these measurements are presented in Figure 
38.  
 
Almost all films reach a plateau, with the exception of PCLmPEG2000(33) and PCLmPEG750(12). 
PCLmPEG2000(33) had sperulites visible on the surface before equilibration, after the equilibration time 
they were not visible anymore. However, they were probably still present in a way which made the 
droplet spread immediately (and therefore this film has a contact angle which is by approximation zero).  
PCLmPEG750(12) showed pinning, this was probably due to some contamination on the coating surface. 
  
In a humidity chamber the effects of evaporation are not completely excluded, they are only limited. 
Which means that there is a more controlled environment where evaporation can still happen. 
However, because of the controlled environment in the humidity chamber the droplet will keep a 
correct conformation and therefore its correct contact angle.  
 

 
Figure 38: Contact angle in time in the humidity chamber for the PCL-based films.  
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It is visible in Figure 38 that the other films tend to a plateau, although not a very straight, since the 
effect of evaporation is still present. Table 9 shows the start and end contact angles of the data 
presented in Figure 38
and the films that have mPEG incorporated in the system (apart from PCLmPEG750(12) and 
PCLmPEG2000(33)) have a contact angle of 40 to  which corresponds to values encountered in 
literature51.  
 
Table 9: Start and end contact angle of the films measured in time in the humidity chamber.  

Film  CAstart (degrees) CAend (degrees) 
PCLReference  79.7 61.3 
PCLmPEG550(9) 55.9 39.0 
PCLmPEG750(9) 55.0 37.5 
PCLmPEG750(12) 58.3 18.0 
PCLmPEG2000(9) 55.1 30.1 
PCLmPEG2000(33) 0 -  
 

4.2 AFM method optimization  
In this section the method optimizations for the AFM measurements of the PCL-based coatings; the PEG 
based coatings and the force spectroscopy study, is described.  
 

4.2.1 PCL-based coatings  
For the PCL-based coatings (as well as for other coatings and AFM techniques) the proper cantilever had 
to be selected to be able to obtain accurate and reliable images. To reach this goal, different cantilevers 
were used and different scanning methods were performed. A detailed search to find the proper 
cantilever is described in Appendix III. In this section the most important findings and problems 
encountered during the method optimization of the AFM measurements for the PCL-based coatings are 
mentioned.  
 
The reason for choosing contact mode for measuring in liquid was that it was not possible to land the 
cantilever properly in semi-contact mode. When landing the tip in semi-contact mode onto the sample 
suddenly de magnitude went up, way over the set-point. This was probably due to the softness of the 
sample; the cantilever doesn’t sense the sample until it is pressed into it. Although semi-contact mode is 
very suitable for soft samples52, it is not uncommon that these samples in liquid are measured in contact 
mode, while samples in air are measured typically in semi-contact mode23.  
 
The preference is that the samples are measured in the same mode in the different environments. Since 
contact mode was used for liquid AFM, it was also tested as a scanning mode for measurements in an air 
environment, so that comparison between the air and liquid AFM images is easier. Unfortunately, this 
did not lead to high quality images. The images that were measured in contact mode show dragging of 
the sample material over the sample surface by the cantilever tip. This can happen when an AFM 
measurement is conducted in contact mode, in which the tip touches the sample. Because of the 
softness of the material the tip sticks to it, as can be seen from the image in Figure 42a the scan 
direction is from left to right.  
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For AFM measurements in air, the NSG01 seems the most suitable cantilever to use. But since there is 
more interest to the behavior of the samples in water, contact mode was used for all the samples to be 
able to compare the samples in air and in liquid, and the cantilever CSG01 was used.  
 

4.2.1.1 Tip shape deconvolution  
In every AFM image not only the sample itself is represented but also the shape of the cantilever tip 
which was used to obtain that image53. To improve the AFM images tip shape deconvolution was 
applied to correct for the shape of the tip. To do this deconvolution, a test grating (TGT1, NT-MDT, 
Moscow) was measured with the same cantilever that was used for obtaining the images. The test 
grating is designed in such a way that the image of the scanning tip is a mirror transformation of its real 
shape. Figure 39 presents the AFM height image of one of the peaks in the test grating (a) and the tip 
profile (b).  
 

 
Figure 39: TGT1 test grating peak in the AFM height image (a) and the tip profile (b).  

 
With the information in the images in Figure 39, the Nova Px software can perform the deconvolution, 
of which the result is presented in Figure 40. Here it is visible that the image has improved, that is the 
shapes of the features are more visible. However, it doesn’t give a change in the roughness data as 
shown in Table 10. 
  

 
Figure 40: Result of deconvolution, AFM height image of mPEG2000(9) in water, before deconvolution (a) and after 
deconvolution (b).  
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In conclusion: the roughness data and the surface area do not change by the deconvolution. Also the 
scanning speed of the test grating had to be very slow (0.01998 Hz, which corresponds with 7.12 hours 
of scanning time). This means that the only improvement is the AFM height image itself, which is a 
relative small improvement for the time that it takes; therefore the deconvolution will not be done for 
each cantilever.  
 
Table 10: The difference in roughness and surface area before and after deconvolution.  

 Before deconvolution After deconvolution 
RMS roughness (nm) 6.590 6.590 
Average roughness (nm) 5.388 5.388 
Projected area (μm2) 100.000 100.000 
Surface area (μm3) 100.035 100.035 
 

4.2.1.2 Challenges of contact AFM in liquid  
A problem that occurred during the measurements is that suddenly the deflection signal went up and 
because of this nothing could be measured anymore. This problem is represented in Figure 41 which 
shows in (a) the height image and in (b) the cantilever deflection (DFL). The observation of this 
phenomenon is as follows: the deflection set-point was set at a certain value, however, during the 
measurement the set-point increased in time, which caused defects as shown in Figure 41.  
 

 
Figure 41: Defects during measurement in water (a) 3D height image; (b) 3D DFL image.  

 
An explanation for this phenomenon is the following. After calibration, the laser alignment and setup of 
the photodetector should not change. However, during experiments it is extremely difficult to keep this 
setup unchanged, because the thermal equilibrium between the cantilever and the liquid medium can 
be easily perturbed. This can be due to several reasons: contamination of the cantilever tip, solution 
evaporation and perfusion or room-temperature fluctuation37. In this case it is probably due to room-
temperature fluctuations. It is possible to overcome this problem by using a protection cover for the 
measuring chamber of the AFM. Such a protection cover was not available at the time, but it is ordered 
and will be used in the future.  

Another challenge that has to be overcome occurs in contact mode AFM in liquid and air measurements. 
Due to the soft nature of the sample, the tip may drag pieces of material over the surface. This is 
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especially visible when the sample is scanned in different scanning directions; an example of a test with 
different scanning directions is represented in Figure 42. 
 
The big features are still present in all the images, although they are slightly shifted which might be 
caused by the scanning direction of the tip. Since this is the almost inevitable effect of scanning a soft 
sample in contact mode, again semi-contact mode was tested on the samples this, however, lead to bad 
images. 
 

 
Figure 42: Effect of different scanning directions on PCLmPEG2000(30) in liquid; (a) left to right; (b) right to left; (c) top to 
bottom; and (d) bottom to top.  

 

4.2.2 PEG-based coatings  
For the PEG-based coatings the knowledge on the PCL-based coatings was used. Therefore the 
measurements of the PEG-based coatings were performed in contact mode with the CSG01 cantilever. A 
problem that had to be solved for the PEG-based coatings is that these coatings swell about 200% in 
water (see Section 4.1.1) and because of this, they detach from the glass substrate. This means that it is 
no problem to measure these coatings in air, but it is not possible to measure these coatings in water, 
since the thin coating (50 μm) also wrinkles when it swells in the water.  
This was solved by using a free standing film, made in a similar way as the films that were used for the 
water uptake measurements. When using a free standing film, it did not wrinkle and could be measured 
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by AFM. The free standing film was, when measured in air, glued to a substrate with Scotch tape. When 
measuring in water gluing was not an option, therefore the film was first equilibrated in water overnight 
and then attached with the metal clams in the liquid cell.  
 
It was also discovered that a slow scanning speed gave a better result for the AFM images; however the 
problems described in Section 4.1.1.1 are still present, since the cap for the AFM still hadn’t arrived. So a 
long measurement was not possible without the deflection going up.  
 

4.2.3 Force spectroscopy  
To investigate the difference in adhesion for the different films, force spectroscopy could be an 
interesting technique. As described in Section 1.1.5 the adhesion between the sample and the cantilever 
tip can be estimated with this technique.  
 
In force spectroscopy, first the spring constant of the cantilever had to be determined. This was done by 
determining the thermal stiffness by the Nova Px software. It has to be noted that for determining the 
thermal stiffness the indicated resonant frequency needs to be used, and not one of the overtones, 
which causes strange differences in the results of the force distance curves.  
 
To calculate the tip-sample force, Hooke’s law (Equation 1) is used and the signal in the software needs 
to be set on DFL, to determine x in Hooke’s law. The adhesion force was determined by the Nova Px 
software, when using the proper signals in the software (DFLnForce instead of DFL) to do the 
measurement, the adhesion force will then be given in nN.  
 
When performing force spectroscopy the cantilever that was used was the CSG01, this is the same one 
that was used for scanning. The graph of a correct measurement has the shape of Figure 43a. In this 
case the cantilever that is used, the CSG01, is a very soft cantilever and this can be a problem for force 
distance curves. When a too soft cantilever is used the result of the force spectroscopy will look like 
Figure 43b.  
 

 
Figure 43: Force spectroscopy with CSG01 cantilever, the expected measurement (a), and indication that the cantilever is too 
soft (b)  

 
A recommendation is that a harder cantilever should be used and maybe even a colloidal probe 
cantilever (for example CPC_SiO2-A/Au, with a colloidal sphere of 5-9 μm instead of a tip) to have a 
bigger contact area to get a better value for the adhesion.  
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4.3 Influence of the dangling chain length studied by AFM  
In this section the films that were measured in air are compared to those that were measured in water. 
First the reference film is discussed, then the different lengths of dangling chains in air and finally the 
different lengths of dangling chains in water environment. To make a comparison the root mean square 
(RMS) roughness and the surface area of each sample were determined.  

4.3.1 Reference in air and liquid environments  
The reference film named PCLReference, is the PCL-based film without dangling chains incorporated in 
it. This film was measured in different scanning areas (1x1, 2x2 and 10x10 μm2). In air the sample was 
measured in semi-contact and contact mode and in liquid only in contact mode. The results are 
presented in Table 11. In this table the RMS roughness and the surface area for measured area 1x1, 2x2 
and 10x10 μm are presented.  
 
Table 11: Roughness values and surface areas from AFM measurements on PCLReference. 

Sample 
area  

Environ-
ment 

Mode  RMS roughness 
(nm) 

Average 
roughness (nm) 

Surface 
area (μm2)  

Projected 
area (μm2) 

10x10 Air  Semi-contact 0.468 0.270 100.005 100.000 
10x10 Air  Contact  0.603 0.478 94.139 94.151 
10x10 Water  Contact  0.468 0.369 100.017 100.000 
2x2 Air  Semi-contact 0.242 0.192 4.001 4.000 
2x2 Air  Contact  0.510 0.399 3.727 3.718 
2x2 Water  Contact  0.336 0.264 4.002 4.000 
1x1 Air  Semi-contact 0.254 0.178 1.001 1.000 
1x1 Air  Contact  0.540 0.419 0.897 0.890 
1x1 Water  Contact  0.245 0.193 1.001 1.000 
 
From Table 11 it is visible that the roughness values of the different scanning areas in air are similar to 
each other, also the surface areas are very small. When the sample was measured in water the 
roughness values and the surface areas increased, however this increase is not spectacular and might 
even be due to the different scanning mode. This small increase is also reflected in the water uptake 
measurements of this film that is presented in Section 4.1.1. To be able to compare the AFM images, it is 
important to use the same scanning mode in air and in water.  
 
Further then the roughness values; it is also interesting to look at the images themselves. Apart from the 
height image Figure 44a and the height line (Figure 44c), in semi-contact mode the phase image can be 
used to investigate the surface of the coatings, Figure 44 2 height image 
on which no features are visible, (b) shows the complementary phase image on which also no features 
are visible and (c) shows a height line which is taken from the height image (a vertical line positioned at 

-axis). This height line gives a low height range (2 nm) which corresponds to a flat image. 
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Figure 44: AFM measurements in air, measured in semi-contact mode with the NSG01 cantilever. From left to right: 2D 
height image, phase image and vertical line through the height image. Film PCLReference in a scan size of 10x10 m2. 

 
In contact mode in air (Figure 45a), the roughness values are higher than in semi-contact mode, this is 
possibly because of the contact mode in which the tip touches the sample. This is also visible in the 
image in Figure 45a; on the right a measuring defect is visible, which is not included in the measurement 
for the roughness, but it indicated that the sample is soft. In contact mode in water (Figure 45b) the 
roughness values are lower (Table 11) and are more comparable to the semi-contact mode in air. The 
lower roughness in water compared to the same imaging mode in air, is due to the capillary forces that 
are present in air, but not in water. In air there is a layer of water molecules adsorbed on the sample 
which form a neck between the sample and the cantilever. The water wets the cantilever surface, since 
the water-cantilever contact is energetically advantageous compared to the water-air contact. The 
curved surface of the neck will tend to flatten which is done by pulling the cantilever down to the 
sample. This means that the tip is attracted to the sample54. So there is more adhesion between the tip 
and the sample material in air and contact mode, than in air and semi-contact mode, or in water and 
contact mode. 
 

 
Figure 45: AFM measurements of PCLReference measured in contact mode with CSG01 cantilever, images are taken in scan 
sizes of 2x2 m2, in air (a) and in water (b).  

 
All films with dangling chains incorporated in the network will be compared in the following sections to 
the values of this reference film.  
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4.3.2 Films containing dangling chains in air environment  
In this section the results of the AFM measurements on the films that contain different lengths of 
dangling chains which were measured in an air environment, are presented and discussed.  
 
As described in Section 4.2.1, contact mode was used in air. First the films, with a PCL:mPEG ratio of 9, 
are discussed. In these films the molar ratio of functional groups is kept the same. Figure 46 shows the 
2D height image, 3D height image and height line of the films.  

 
Figure 46: AFM height images in 2 and 3D and vertical height lines (on 5 m) of the films PCLmPEG550(9), PCLmPEG750(9) 
and PCLmPEG2000(9) in contact mode in air (CSG01 cantilever), in scan sizes of 10x10 m2. 

Interesting in these images is that the PCLmPEG550(9) and the PCLmPEG750(9) films are mostly flat. The 
height line (a vertical line over the whole sample at 5 m) for PCLmPEG550 (Figure 46c) has ‘noise’ 
which is ± 5 nm and the height line of PCLmPEG750(9) (Figure 46f) has ‘noise’ which is ± 7 nm. But the 
PCLmPEG2000(9) has a rough structure which is, according to the height line in Figure 46i, 500 nm (for 
the highest feature in the height image).  
 
Table 12 contains the corresponding roughness values for these films. Here it is visible that indeed 
PCLmPEG550(9) and PCLmPEG750(9) have very low roughness values. It can be noticed that film 
PCLmPEG750(9) has a lower roughness than film PCLmPEG550(9). This might be due to dragging of 
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pieces of the sample material by the tip over the sample surface. In this case this phenomenon was 
worse in the PCLmPEG550(9) film which then yields a higher roughness.  
 
When the values of these films are compared to the reference film (Table 11), it is visible that the 
roughness values of the PCLmPEG550 and PCLmPEG750(9) are higher than those of PCLReference. This 
is according to expectation and it agrees with the earlier results in water uptake measurements and 
contact angle.  
 
One thing that really stands out is the film PCLmPEG2000(9), of which the roughness values are 
completely different compared to the other two dangling chains. This is in line with the earlier 
measurements, where the film showed also a complete different behavior in water uptake and contact 
angle values.  
 
Table 12: Roughness values and surface areas from AFM measurements in air in contact mode (CSG01 cantilever) on 
PCLmPEG550(9), PCLmPEG750(9) and PCLmPEG2000(9). 

Sample  Sample 
area 

RMS roughness  
(nm) 

Average 
roughness (nm) 

Surface area  
(μm2) 

Projected area  
(μm2) 

PCLmPEG550(9) 10x10 1.789 1.380 100.126 100.000 
 2x2 1.032 0.702 4.055 4.000 
 1x1 0.986 0.689 0.946 0.906 
PCLmPEG750(9) 10x10 1.452 1.003 100.083 100.000 
 2x2 0.852 0.672 3.727 3.703 
 1x1 0.910 0.683 0.822 0.792 
PCLmPEG2000(9) 10x10 86.734 65.457 103.829 100.000 
 2x2 10.041 7.832 4.177 4.000 
 1x1  6.517 4.764 1.030 1.000 
 
The films PCLmPEG750(12) and PCLmPEG2000(33) have the same percentage of dangling chains (in 
grams) as PCLmPEG550(9) incorporated in the film, but they differ in molar ratio of functional groups. 
These two films were also measured by AFM in contact mode and in air, of which the roughness values 
and surface areas are presented in Table 13 and the representative images (in 10x10 μm2) in Figure 47.  
 
Table 13: Roughness values and surface areas from AFM measurements in air in contact mode (CSG01 cantilever) on 
PCLmPEG750(12) and PCLmPEG2000(33). 

Sample  Sample 
area 

RMS roughness  
(nm) 

Average 
roughness (nm) 

Surface area  
(μm2) 

Projected area  
(μm2) 

PCLmPEG750(12) 10x10 1.183 0.895 100.061 100.000 
 2x2 1.348 1.059 3.179 3.143 
 1x1 1.632 1.307 0.620 0.591 
PCLmPEG2000(33) 10x10 21.753 17.735 100.224 100.000 
 2x2 11.708 9.490 4.178 3.595 
 1x1 8.333 6.533 0.959 0.774 
 
When the roughness values are compared to those in Table 12, it is visible that PCLmPEG750(12) has 
lower roughness values than PCLmPEG750(9) and PCLmPEG2000(33) has lower roughness values than 
PCLmPEG2000(9). This is for both according to expectation, since PCLmPEG750(12) and 
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PCLmPEG2000(33) have a lower amount of dangling chains incorporated in the film. This is also reflected 
in the surface areas of these films. When these roughness values and surface areas are compared to the 
PCLReference (Table 11), it is visible that the values of the samples that contain dangling chains are 
higher, which is also according to expectation.  
 
When viewing Figure 47, it seems that the film PCLmPEG750(12) (a, b and c) is flat with some external 
vibration of the environment over the sample surface. It is also visible that the cantilever tip drags some 
particles of the sample over the sample surface. When looking at the height line, it seems that there is 
only ‘noise’ (no structures) between 3 to 6 nm, which corresponds to a flat image.  
 

 
Figure 47: AFM height images in 2 and 3D and vertical height lines (on 5 m) of the films PCLmPEG750(12) and 
PCLmPEG2000(33) in contact mode (CSG01 cantilever) in air, scan sizes of 10x10 m2. 

Film PCLmPEG2000(33), as shown in Figure 47d, e and f, has a more rough surface structure which are 
similar to the images that were obtained for PCLmPEG2000(9). It can be said that the dangling chains are 
of influence on the surface roughness and the longer the dangling chains, the rougher the surface, 
however, this effect is somewhat independent on the amount of dangling chains that are inside of the 
network.  
 

4.3.2.1 Observation of crystallization in semi-contact mode  
When semi-contact mode in air was performed on the films an interesting observation was done: for 
some samples, defined structures were visible on the surface, as shown in Figure 48 for PCLmPEG550(9). 
These features are not only visible in the height images (a and d), but also in the phase images (b and e), 
the height of the structure shown in d, e and f is 4.5 nm. The structure might be highly defined because 
of crystallization; this is probably crystallization of the mPEG chains with the PCL precursor55 since the 
features are not present on the samples of PCLReference films.  
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Figure 48: AFM height images in 2D, phase images in 2D and corresponding height lines (vertical over the feature) measured 
in semi- 2 in air. 

The areas that did not have these structures on them were flat (see Figure 48g, h and i), also the phase 
image didn’t show structures. The roughness values of this flat area are comparable to PCLReference, 
see Table 11 and Table 14. The roughness values of the images with the defined structures are higher. 
The fact that these features are visible in the phase images, suggests that the physical and chemical 
properties of these features are different from the properties of the bulk.  
 
Table 14: Roughness values and surface areas of AFM measurements in semi-contact mode (NSG01 cantilever) in air on 
sample PCLmPEG550(9).

Sample 
area  

Environ-
ment

Mode  RMS roughness 
(nm)

Average 
roughness (nm) 

Surface 
area ( m2)  

Projected 
area ( m2) 

10x10 Air Semi-contact 0.561 0.320 100.004 100.000
2x2* Air  Semi-contact  0.956 0.709 4.002 4.000 
2x2 Air  Semi-contact 0.249 0.119 4.001 4.000 
* On feature 

These kind of defined structures were also seen in other films with different dangling chain length. This 
is shown in Figure 49a, b and c for PCLmPEG2000(9) and in Figure 49d, e and f for PCLmPEG2000(30) in 
which the scan size is 1x1 m2 also measured in semi-contact mode in air. 
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Figure 49: AFM height images in 2D, phase images in 2D and corresponding height lines (image c vertical height line at 0.5 m 
and image f horizontal over the feature), measured in semi-contact mode with NSG01_DLC cantilever, images are taken in 

2 in air.

Very defined structures are visible in PCLmPEG2000(9) and PCLmPEG2000(30), and both have a high 
roughness (as visible in Table 15). It seems that when longer dangling chains are incorporated in the 
network, the roughness values are higher, and the features have a more detailed structure and are 
bigger (for PCLmPEG2000(30) the structure height is 40 nm). This suggests that there is more 
crystallization present in the films in which longer dangling chains are incorporated in the network.
 
Table 15: Roughness values and surface areas of AFM measurements in semi-contact mode (NSG01_DLC) in air on 
PCLmPEG2000(9) and PCLmPEG2000(30). 

Sample 
area  

Sample  RMS roughness 
(nm) 

Average 
roughness (nm)

Surface area 
( m2)  

Projected 
area ( m2) 

1x1 PCLmPEG2000(9) 7.107 5.454 1.015 1.000
1x1 PCLmPEG2000(30) 11.568 9.138 1.016 1.000

It has been discovered that the length of the dangling chains is not the only factor that influences the 
crystallization. This is shown in Figure 50 and Table 16, in which PCLmPEG750(12) is shown. This sample 
is handled different from the rest, since it has been in water and dried in the air before measurement. 
When viewing the 10x10 m2 images in Figure 50a, b and c, it seems that there are no real structures 
visible, only some small peaks with a height of 2 to 12 nm. But when looking at a smaller scale, for 
example the 2x2 m2 images in Figure 50d, e and f, it looks like the defined structures that were seen 
before in the other samples, only smaller in width but comparable in height 2 to 3 nm. This is confirmed 
when looking at an even smaller scale (0.5x0.5 m2 images in Figure 50g, h and i). As in the defined 
structures that were found in the other films with dangling chains incorporated, the defined structures 
are also seen in the phase image (h). The straight edges of one of the features in g, also point strongly in 
the direction of crystallization.  
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Figure 50: AFM height images in 2D, phase images in 2D and vertical height lines (c at 5 , f at 1.0 m and i over the feature), 
measured in semi- 2 in air.  

Although the defined features on the surface of the PCLmPEG750(12) film are much smaller in size than 
the defined features in PCLmPEG2000 films and the mPEG550(9) films, the roughness values of the 
PCLmPEG750(12) are in between the other two dangling chain length films (Table 16). This is according 
to expectation since longer dangling chains incorporated in the coating would yield higher surface 
roughness values, because of the coiling up of the chains on the surface in air.  
  
Table 16: Roughness values and surface areas of AFM measurements in semi-contact mode (NSG01 cantilever) in air on 
sample PCLmPEG750(12). 

Sample 
area  

Environ-
ment

Mode  RMS roughness 
(nm)

Average 
roughness (nm) 

Surface 
area ( m2)  

Projected 
area ( m2) 

10x10 Air  Semi-contact  1.287 0.640 100.058 100.000
2x2 Air  Semi-contact  0.658 0.438 4.007 4.000 
0.5x0.5 Air Semi-contact 0.581 0.405 0.254 0.250

The size and height of the defined structures is probably dependent on time and way of storing the 
samples. Since the crystallization was only seen in air and not in water, and the main area of interest 
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was in the behavior of the coatings in water compared to air, this crystallization effect has not been 
studied further.  
 

4.3.3 Films containing dangling chains in liquid environment  
In this section the results of the AFM measurements on the films that contain different lengths of 
dangling chains measured in a liquid environment, are presented and discussed. First the films, with a 
PCL:mPEG ratio of 9:1, are discussed, in these films the molar ratio of functional groups is kept the 
same. Next, the films with other PCL:mPEG ratios are discussed, in which the percentage of dangling 
chains (in grams) was kept the same.  
 
Figure 51 represents the images in 2D, 3D and the height line of the films of a PCL:mPEG ratio of 9:1. In 
Figure 51a, b and c there is some vibration visible which is from the measurement itself, this has a 
vibration with an amplitude of 2.5nm which is still very low. When looking at the roughness data in 
Table 17 it is visible that for this film (PCLmPEG550(9)) the roughness values are comparable to 
PCLReference (Table 11), which is as expected. When comparing the other dangling chain lengths to this 
one, there is an increase in the roughness values with the increase of the dangling chain length.  
 
Table 17: Roughness values and surface areas from AFM measurements in contact mode (CSG01 cantilever) in air on 
PCLmPEG550(9), PCLmPEG750(9) and PCLmPEG2000(9). 

Sample  Sample 
area 

RMS roughness  
(nm) 

Average 
roughness (nm) 

Surface area  
(μm2) 

Projected area  
(μm2) 

PCLmPEG550(9) 10x10 0.493 0.391 100.006 100.000 
 2x2 0.409 0.312 4.003 4.000 
 1x1 0.348 0.272 0.914 0.910 
PCLmPEG750(9) 10x10 0.528 0.395 100.006 100.000 
 2x2 0.283 0.224 4.001 4.000 
 1x1 0.278 0.220 1.000 1.000 
PCLmPEG2000(9) 10x10  12.883 9.983 100.098 100.000 
 2x2  2.257 1.836 4.003 4.000 
 1x1  0.650 0.509 1.001 1.000 
 
Figure 51d, e and f represents the images of PCLmPEG750(9). This film seems to be flat as well, although 
the roughness values that are represented in Table 17 show a slight increase in the roughness of this 
film for the 10x10 scanning size only. This corresponds to the earlier obtained data in contact angle and 
water uptake, which shows that the films with dangling chains of mPEG550 give a similar result as 
dangling chains of mPEG750.  
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Figure 51: AFM height images in 2 and 3D and vertical height lines (on 5 m) of the films PCLmPEG550(9), PCLmPEG750(9) and 
PCLmPEG2000(9) in contact mode (CSG01 cantilever) in water, scan sizes of 10x10 m2. 

As was shown before in air (in Table 12 and in Figure 46) film PCLmPEG2000(9) has a much rougher 
structure than films with other dangling chain lengths. This is also the case when this film is in water, 
Figure 51g, h and i and Table 17. The structure that the images show are very defined as well, these type 
of images are obtained in all spots of the film. According to the height line the structures are of a height 
of 45 nm, which is much higher than for the films with other dangling chain lengths. This is also reflected 
in the roughness values and the surface area of this film.  
 
When these results are compared to the films with a lower amount of dangling chains incorporated in 
the film it is visible that the PCLmPEG750(9) is similar to PCLmPEG750(12), this is presented in Figure 
52a, b and c. The height line (c) gives a similar amplitude in the ‘noise’ which is 2.5 nm. However, there 
seems to be a slight increase in roughness values in Table 18, where the roughness values and surface 
areas are presented. This increase in roughness is very small, which means that these two films are 
similar. This similarity is also found in contact angle and water uptake measurements, the slight increase 
in roughness values was also present in AFM air measurements, which is described in Section 4.3.3.  
 
Film PCLmPEG2000(33), which is presented in Figure 52d, e and f, shows a less defined structure than 
film PCLmPEG2000(9). This is according to expectation since there are less dangling chains incorporated 
in the film. However, the dangling chains of this length seem to have an impact on the roughness since 
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there is more structure visible in the images, Figure 51g, h and i. The height line shows also structures of 
6 nm, which is more than for the dangling chain lengths of 550 and 750. Something that may be 
interesting is that the small structures that are visible in the 2D and 3D images of this film. However, it 
was not possible to take a close up of these structures, since they appeared to move in the water (this 
was not the case for the structures for PCLmPEG2000(9) in water).  
 

Figure 52: AFM height images in 2 and 3D and vertical height lines (on 5 m) of the films PCLmPEG750(12) and 
PCLmPEG2000(12) in contact mode (CSG01 cantilever) in water, scan sizes of 10x10 m2. 

In Table 18 the roughness values and the surface areas of this film is presented, when looking at the 
RMS roughness it is visible that the roughness of this film is much lower than that of PCLmPEG2000(9). 
However, it is higher than for the other dangling chain lengths, which is in line with the water uptake 
data that is obtained. It can be concluded that less dangling chains incorporated in the film leads to less 
roughness and longer dangling chains incorporated the film leads to higher roughness values and a 
bigger surface area.  
 
Table 18: Roughness values and surface areas from AFM measurements in contact mode (CSG01 cantilever) in air on 
PCLmPEG750(12) and PCLmPEG2000(33).

Sample Sample 
area

RMS roughness  
(nm)

Average 
roughness (nm)

Surface area  
( m2)

Projected area  
( m2)

PCLmPEG750(12) 10x10 0.765 0.490 100.018 100.000
2x2 0.417 0.329 4.003 4.000 
1x1 0.280 0.221 1.001 1.000 

PCLmPEG2000(33) 10x10 2.003 1.434 100.046 100.000
2x2 0.788 0.572 4.002 4.000
1x1 0.784 0.596 1.001 1.000
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4.3.4 Comparison of films with dangling chains in air and liquid environment  
Both films PCLmPEG2000(9) and PCLmPEG2000(33) seem to have more structure and roughness in AFM 
measurements; this is also reflected in the contact angle and water uptake data. In all these measuring 
techniques the samples with mPEG2000 dangling chains give a completely different behavior compared 
to the other dangling chain lengths. This is because of the higher dangling chain length; which will 
probably make the coating more hydrophilic, take up more water, swell and probably take an energetic 
ideal conformation, which is reflected in AFM.  

Murthy et al.23 reported much greater differences in surface roughness between air and liquid 
environments AFMfor their systems, than that are reported here. Their RMS roughness is much bigger
(they report values in air 50 to 100 nm and in water 100 to 500 nm). This might be due to the nature of 
the films that were used in this project, the PCL-based coatings do not swell that much; the PCL-based 
films have a maximal water uptake of 15% compared to a maximal water uptake of 200% for PEG-based 
films. The PEG-based films are expected to have higher roughness values in air and in water, which will 
be discussed in Section 4.3.6.  
 
Also measuring in liquid environments might be more difficult than initially thought of for this type of 
films. One challenge is the soft nature of the films. Another challenge might also be the following 
phenomenon: when tip of the cantilever touches an mPEG chain, which is stretched out from the 
surface into the liquid, the chain might move along with the movement of the tip, which will give a 
distorted image. A schematic representation of this phenomenon is given in Figure 53. In which (a) 
represents the tip landed on the sample surface and (b) the tip that moves the dangling chain during the 
movement of the tip that scans the surface.  
 

 
Figure 53: Schematic representation of measurement of dangling chains in liquid.  

This means that what is seen in the images in water might be a distorted image. However, when 
comparing the images in water and in air, it seems that there are more distorted images in air. 
Moreover, the roughness of the films measured in air is in many cases higher than the roughness of the 
same films in water. This is contrary to our expectations, since it is expected that there is more 
roughness in water because of swelling of the film. This phenomenon might be due to the softness of 
the sample in combination with contact mode AFM. As described in Section 1.2.4 in contact mode in air, 
there may be capillary forces, due to a thin water layer over the sample surface, making the tip move 
closer to the sample, which does not happen in water since these capillary forces are not present. This 
may explain why there are always lines visible in the air images in the scanning direction and that the 
roughness values in air are higher than in water.  
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4.3.5 Cyclic measurement of PCLmPEG2000(9) in air and water (3 cycles)  
In this section the result of the cyclic AFM measurements on PCLmPEG2000(9) in air and water is 
presented and discussed. Figure 54a and b were discussed earlier, however, it is interesting to see 
whether the topography changes after being in water and dried again. Particularly because the extracts 
that were measured by 1H NMR after water uptake measurements, showed some unreacted 
components, see Section 4.1.2.  

 
Figure 54: AFM height images in 2D in air and in water of film PCLmPEG2000(9) in contact mode (CSG01 cantilever), scan 
sizes of 10x10 m2. 

After the first cycle the film was dried in a vacuum oven overnight at 40 asured by AFM 
in air and water. Before measuring in water an equilibration time of one hour was taken into account.
Cycle two is presented in Figure 54c and d. In the height image it is already clear that the roughness is 
much smaller, and also the strongly defined structures that were obtained in cycle one in water are not 
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present that clearly. When looking at the roughness data and surface areas of cycle 1 (air 1 and water 1) 
and cycle 2 (air 2 and water 2) in Table 19, a drop in RMS roughness, average roughness and surface 
area is visible. This might be due to the unbound components which are not present anymore (or less 
present) in the second cycle.  
 
In the first cycle the RMS roughness values are higher in air than in water. This is found in all films that 
were measured in air and in water in the previous sections and counter intuitive, this aspect is discussed 
in Section 4.3.4. However, in the second cycle it is visible that the RMS roughness is higher in water than 
in air. The reason for this change is probably that the unbound components are not present in the film 
and therefore give less dragging of sample material over the sample surface.  
 
Table 19: Roughness values and surface areas from cyclic AFM measurements in contact mode (CSG01 cantilever) in air and 
water on PCLmPEG2000(9). 

Sample  
mPEG2000(9) 

Sample 
area 

RMS roughness  
(nm) 

Average 
roughness (nm) 

Surface area  
(μm2) 

Projected area  
(μm2) 

Air 1 10x10 86.734 65.457 103.829 100.000 
 2x2 10.041 7.832 4.177 4.000 
 1x1  6.517 4.764 1.030 1.000 
Water 1 10x10  12.883 9.983 100.098 100.000 
 2x2  2.257 1.836 4.003 4.000 
 1x1  0.650 0.509 1.001 1.000 
Air 2  10x10  3.669 2.805 100.030 100.000 
 2x2  3.300 2.594 3.081 2.765 
 1x1  3.752 2.970 1.061 0.724 
Water 2 10x10  4.521 3.490 100.027 100.000 
 2x2  0.904 0.656 4.002 4.000 
 1x1  0.820 0.625 1.001 1.000 
Air 3 10x10  4.816 3.767 100.072 100.000 
 2x2  4.301 3.003 3.964 3.750 
 1x1  2.856 2.001 0.904 0.840 
Water 3 10x10  5.774 4.361 100.033 100.000 
 2x2  1.614 1.176 4.004 4.000 
 1x1  1.143 0.914 1.004 1.000 
 
In the third cycle the roughness values in air are also lower than those in water. When viewing Figure 
54e and f, it is visible that there appear to be some lines over the sample surface. These might be 
fractures from drying; they are also visible in the second cycle images but less distinct.  
 

4.3.6 PEG-based films  
In this section the PEG-based films are presented and discussed. The reference film is named 
PEG2000Reference. This film was measured in different scanning areas (1x1, 2x2 and 10x10 μm2) and 
only in air not in water. The other PEG-based film that was measured and will be discussed here is 
PEG2000mPEG2000(9), this has mPEG2000 dangling chains incorporated in it in a ratio PEG:mPEG of 9, 
and was measured in air and water.  
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The results of the AFM measurements of the PEG-based films in air and in liquid environments are 
presented in Figure 55, in scan sizes of 10x10 m and in Table 20. In this table the RMS roughness and 
the surface area for measured area 1x1, 2x2 and 10x10 m are presented.  
 

 
Figure 55: AFM height images in 2 and 3D and vertical height lines (on 5 m) of the films PEG2000Reference (in air) and 
PEG2000mPEG2000(9) (in air and in water) in contact mode (CSG01 cantilever), scan sizes of 10x10 m2. 

As expected the PEG2000Reference is more flat than film PEG2000mPEG2000(9) in air. And the 
roughness values of PEG2000Reference are higher than for PCLReference. Here the film network is more 
comparable to the films that were made by Murthy et al.23 and so are the roughness values that are 
obtained in air.  
 
In water the film PEG2000mPEG2000(9) has a less rough structure than in air, this is visible when 
comparing Figure 55d, e and f to Figure 55g, h and i, and also by comparing the roughness values of this 
film in both environments (which are presented in Table 20). This was also seen for the PCL based 
systems; however, further research is necessary to make a statement about the cause of this 
phenomenon. It might be possible that also in this film some unbound components are present which 
migrate out when they are put into water and then dried again.  
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Table 20: Roughness values and surface areas from AFM measurements in contact mode (CSG01 cantilever) in air and water 
on PEG2000Reference (in air) and PEG2000mPEG2000(9) (in air and in water). 

Sample  Sample 
area 

RMS 
roughness  
(nm) 

Average 
roughness 
(nm) 

Surface area  
(μm2) 

Projected area  
(μm2) 

PEG2000Reference 10x10 8.492 3.931 102.116 100.026 
 2x2 2.439 1.611 4.170 4.005 
 1x1 1.400 0.973 1.060 1.002 
PEG2000mPEG2000(9) 10x10 65.993 50.550 101.972 100.026 
 2x2 12.107 9.584 4.210 4.005 
 1x1 8.318 7.148 1.065 1.002 
PEG2000mPEG2000(9) 10x10 7.828 5.103 102.125 100.002 
 2x2 4.043 2.096 4.048 4.000 
 1x1 1.066 0.764 1.022 1.000 
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5 Conclusions  
The aim of this project was to incorporate mPEG dangling chains into polycaprolactone and 
poly(ethylene glycol) cross-linked coatings and to measure their behavior in liquid and air environments 
by AFM and contact angle measurements. It was expected that when immersed in water, the films 
would take up water and swell. This might lead to changes in topography and eventually in surface 
chemical composition, which could be observed with the chosen analysis techniques.  
 
In this research different coatings were made, PCL- and PEG-based. Dangling chains of mPEG550, 
mPEG750 and mPEG2000 were incorporated in the coatings in different ratios. For water uptake and 
some AFM measurements free standing films were made, for the other AFM and contact angle 
measurements thinner coatings were created and measured. The results of these measurements are 
presented and discussed in Chapter 4 of this thesis. 
 
The PCL-based films do not take up a lot of water (maximal water uptake was ~ 15%); which is also 
reflected in the small changes in topography observed in AFM. The roughness values of the films only 
change for the dangling chains of mPEG2000, of which the films had a higher water uptake than the rest 
of the dangling chains. The films with mPEG2000 incorporated in the network have also a lower contact 
angle than the rest of the films. Those have about the same contact angles, as well as a similar water 
uptake and roughness values in AFM. When a higher amount of dangling chains are added the 
roughness values in AFM increases, as well as, the water uptake which is probably due to the 
hydrophilicity of the mPEG.  
 
Not many changes were observed in topography by AFM for the PCL-based films, for the ones with 
dangling chains in their network, crystallization was observed in air but not in water. The roughness of 
the films in water was, for all coatings, lower than in air which is not according to expectation. This 
might be due to unreacted components in the coating that migrate out of the network in the water. In 
1H NMR measurements it was confirmed that unbound components are present in the extract water. In 
the cyclic AFM measurements it was found that after the coating has been into water and then dried 
again, the roughness values in water are higher than in air.  
 
The PEG-based films do take up a lot of water (maximal water uptake of 209%). In AFM it was found that 
the reference of this network type has a higher roughness than the reference of the PCL-based 
networks. This is in line with the findings in the PCL-based systems that more mPEG leads to more water 
uptake and higher roughness values in AFM.  
 
It can be said that adding longer dangling chains into the network, gives a higher roughness in AFM for 
the coatings and films studied. Of all the different dangling chains used, mPEG2000 leads to the highest 
roughness values. Also the more mPEG incorporated in the network, the more the films are able to take 
up water. When the network consists out of only PEG and mPEG the film takes up the most water.  
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6 Recommendations  
Future work on this topic will be optimizing the curing conditions of the PCL-based coatings. In this 
research it became clear that some components are migrating out of the films which cause changes in 
behavior. This phenomenon might become less relevant when the research moves from the PCL-based 
model systems to polycarbonate systems, since these problems did not occur in the PEG-based systems.  
 
Hence, a recommendation is to study more PEG-based coatings by AFM. Different PEG lengths can be 
investigated as well as different mPEG lengths. The adhesion effects can be studied by force 
spectroscopy. Although some first trials were carried out, time-limitations did not allow obtaining usable 
results. Force spectroscopy is interesting for PEG-based coatings since lubricity is an important factor, 
but it is also interesting for the PCL-based coatings. Force spectroscopy can be performed with a normal 
cantilever tip (but note that this needs to be a short cantilever). It might be better when a colloidal 
probe cantilever can be used (for example CPC_SiO2-A/Au), since the contact area with a colloidal probe 
on the sample will be bigger than for a sharp tip.  
 
Something that might also be interesting to look more into is the crystallization on the coatings in air. 
This can be seen by AFM in semi-contact mode, in optical microscopy and even by eye, since the films in 
which crystallization is present, are a little bit hazy and not transparent, as the reference films are. This 
crystallization might affect the strength of the coating in air, and this will be a problem in the future 
applications. However, at this moment it is too early to do research in this phenomenon since it is not 
yet known whether or not this crystallization will also be present in the future systems to be used, for 
instance for marine applications, such as polycarbonate-based systems.  
 
Another thing that has to be studied is the protein adhesion. This is important to prove whether or not 
the proposed mechanism for the anti-fouling properties truly works. The protein adhesion can be 
studied by fluorescence microscopy when labeled proteins are applied to the coatings. An easier way 
might be with a quartz crystal microbalance (QCM), then the proteins do not have to be fluorescence 
labeled and this will be a more accurate measurement. Before this can be measured, some optimization 
has to be done to obtain a thin coating layer on the glass substrate.  
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Appendix I Analysis of the polycaprolactone precursor  
 

1H NMR spectrum  
 

 
Figure 56: 1H NMR spectrum of TMP-PCL.  

 
Degree of polymerization (calculated according to equation 5):  
   = ( )( ) =  ..  = 6.85 

 
Then the Mn of the precursor is (calculated according to equation 6): 
 = 3  + = 3 6.85 114.14 + 134.14 = 2479.72  
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MALDI-ToF MS  

 
Figure 57: Maldi-ToF measurement of TMP-PCL. 

 

 
Figure 58: Zoomed-in measurement of TMP-PCL. 
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Appendix II Estimation of Extract products  
 

 

Figure 59: Estimation of 1H NMR of mPEG384. 
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Figure 60: Estimation of 1H NMR of tHDI. 
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Figure 61: Estimation of 1H NMR of tHDI with one mPEG chain bonded.  
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Figure 62: 1H NMR spectrum of mPEG2000.  

 

 

Figure 63: 1H NMR of the extract of PCLmPEG750(9). 
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Figure 64: 1H NMR of the extract of PCLmPEG750(12). 

 

 

Figure 65: 1H NMR of the extract of PCLmPEG2000(33). 
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Appendix III AFM method optimization  
First, the right cantilever had to be selected to be able to obtain accurate and reliable images. To reach 
this goal, different cantilevers were used and different scanning modes were performed, which are 
summed up in Chapter 3. Since the method had to be optimized, and the nature and behavior of these 
particular samples in AFM was unknown, the first samples that were measured gave low quality images 
from which not much can be concluded (only that, for those particular cases, the wrong cantilever 
and/or settings were used). Some images of the first measurements of sample PCLReference and 
PCLmPEG550(9) are given in Figure 66. Since the feature size was unknown, scanning areas of 10x10 μm 
and 30x30 μm were used.  
 
In Figure 66a the height image of PCLReference in air is presented. To obtain this image the sample was 
measured in semi-contact mode. The image seems to be completely flat, as is to be expected since there 
are no dangling chains in this coating. Figure 66b represents the same sample (PCLReference), only here 
the measurement was conducted in water and the scanning mode was contact.  
 
The reason for choosing contact mode was that it was not possible to land the tip properly in semi-
contact mode. When landing the tip in semi-contact mode onto the sample suddenly de magnitude 
went up, way over the set-point. This was probably due to the softness of the sample, then the 
cantilever does not sense the sample until it is pressed into it. Although semi-contact mode is very 
suitable for soft samples52, it is not uncommon that these samples in liquid are measured in contact 
mode, while samples in air are measured in semi-contact mode23. In Figure 66b large features are 
visible, these are probably too large to be a sample feature, and hence it is probably dirt or some 
contamination from the liquid medium.  
 

 
Figure 66: Some of the first images that were made by AFM; (a) PCLReference, air, semi-contact mode; (b) PCLReference, 
liquid, contact mode, (c) PCLmPEG550(9), air, semi-contact mode; (d) PCLmPEG550(9), liquid, contact mode.  
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In Figure 66c the image obtained for the coating with mPEG550(9) dangling chains is shown. Just as for 
PCLReference, the image looks completely flat (the highest peak has a height of 5 nm). Since dangling 
chains are included in this film, some topography was expected. Figure 66d is the same film immersed in 
water. What is visible from this image is that clearly the wrong settings were used or the wrong 
cantilever, since the image looks distorted (it seems that the lines were not fitted, although a line fitting 
was carried out). 
 
Since contact mode was used for liquid AFM, it was also tested as a scanning mode for measurements in 
an air environment, so that comparison between the air and liquid AFM images is easier. Unfortunately, 
this did not lead to high quality images, as shown Figure 67a, representing PCLReference, measured in 
contact mode in air. The figure shows dragging of the sample material by the cantilever tip. This can 
happen when an AFM measurement is conducted in contact mode, in which the tip touches the sample. 
Because of the softness of the material the tip sticks to it. As can be seen from the image the scan 
direction is from left to right.  
 

 
Figure 67: 2D height images of PCLmPEG550(9); (A) contact mode; (B) semi-contact mode.  

Figure 67b shows an image of the same sample that was conducted in semi-contact mode, it is also clear 
from this image that nothing more can be concluded from this then that the settings and cantilever 
were poorly chosen, especially since this sample already had a line correction and a surface subtraction. 
 

Approximation of the feature size in AFM 
In order to estimate the feature size to be studied by AFM, an estimation was made to determine the 
suitable scanning area for these samples.  
 
Within this project dangling chains of mPEG550, mPEG750 and mPEG2000 were used. These ones were 
expected to form the features that may be visible with AFM. An estimation for the lengths of these 
chains is represented in Table 21. 
 
Table 21: Maximal feature size of the dangling chains.  

Type of dangling chain  Approximate maximal feature height (nm) 
mPEG500 9  
mPEG750 12  
mPEG2000 32  
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An example of the calculation method is given here for the maximal feature size of the dangling chains 
that consist out of mPEG2000. The repeating unit of mPEG is about 44 g/mol, the carbon-carbon bond 
length is ~ 0.15 nm and the size of one atom is ~ 0.1 nm, so the length of the repeating unit is ~ 0.75 nm. 
For further calculations the length of the repeating unit will be taken as 0.7 nm to take the bond angles 
into account (carbon-

ling chain is 0.7 x 45 = 
32 nm. This is the maximal height of the features that might be seen in liquid AFM when the chains are 
in an extended condition. The size of these features will in practice be smaller because they won’t be 
stretched completely, they might take a helical configuration. In air the features will probably be even 
smaller, because they will not obtain a completely stretched state, since there is no (not enough) water 
at the surface to be stretched in.  
 

Optimization of the AFM measurements in air  
From the feature size estimation it became clear that smaller scanning areas were necessary to be able 
to see some features in AFM. In this section the results of the method optimization of AFM 
measurements in air are presented. Samples with the higher dangling chain length were analyzed first to 
be able to find the best cantilever, of which the result is represented in Figure 68:a and c are measured 
with the CSG11/Au cantilever and b and c were measured with the NSG01_DLC cantilever. The first are 
made with a contact and the others with a semi-contact cantilever.  
 

 
Figure 68: Height images, in air environment, which illustrates the difference between cantilevers. PCLmPEG2000(9) 
measured with (a) CSG11/Au (contact) and (b) measured with NSG01_DLC (semi-contact); PCLmPEG2000(30) measured with 
(c) CSG11/Au (contact); and with (d) NSG01_DLC (semi-contact). 
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As can be seen, there is a big difference between these two images. This is due to the technical 
specifications, which is represented in Table 22, combined with the nature of the sample.  
 
Table 22: Cantilever specifics of CSG11/Au and NSG01_DLC obtained from NT-MDT. 

Probe 
series  

Cantilever 
length  
(± 5 μm) 

Cantilever 
width  
(± 5 μm) 

Cantilever 
thickness 
(μm) 

Resonant 
frequency 
(kHz) 

Force 
constant  
(Nm-1) 

Tip 
curvature 
radius (nm)  

CSG11/Au 350 35 0.7-1.3 14-28 0.03-0.2 35 
NSG01_DLC 130 35 1.7-2.3 115-190 2.5-10 1-3 
 
CSG11/Au was chosen for its cantilever length, since a long cantilever will exert less force on the sample 
which is convenient since the samples are soft themselves. However, this one is actually conductive. This 
means that there is a conductive coating applied on it, that makes the cantilever more stiff. Because of 
this conductive coating and extra stiffness the cantilever probably sticks to the surface and therefore 
doesn’t give an optimal result.  

NSG01_DLC is for semi-contact measurements and has diamond-like whiskers grown on the tip (see 
Figure 69). Because of these whiskers the tip curvature radius is very small, according to the information 
provided on the website of the company NT-MDT the tip curvature radius can be 1 nm. Hence, the 
resolution of the images obtained through AFM can be improved considerably.  
 

 
Figure 69: NSG01_DLC cantilever.  

A disadvantage of using this type of cantilever is that the tip is very fragile, due to the diamond-like 
whiskers. It might be better to choose a cantilever that is less sensitive to tip breakage and still has a 
good resolution. Good alternatives are the CSG01 or the NSG01; both have a typical tip curvature radius 
of 6 nm (the company guarantees 10 nm). The technical specifications of these cantilever types are 
represented in Table 23.  
 
Table 23: Cantilever specifics of CSG01 and NSG01 obtained from NT-MDT. 

Probe 
series  

Cantilever 
length  
(± 5 μm) 

Cantilever 
width  
(± 5 μm) 

Cantilever 
thickness  
(± 5 μm) 

Resonant 
frequency 
(kHz) 

Force 
constant  
(Nm-1) 

Tip 
curvature 
radius (nm)  

CSG01 350 30 1 4-17 0.003-0.13 6-10 
NSG01 125 30 2 87-230 1.45-15.1 6-10 
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Both the CSG01 and NSG01 cantilevers were tested, of which the results are represented in Figure 70. 
 

 
Figure 70: Effect on height images of different type of cantilevers: (A) CSG01 (contact) and (B) NSG01 (semi-contact) on 
PCLmPEG550(9). 

Figure 70a presents the measurement with CSG01, which was used for contact mode measurements. In 
this image it is visible that the tip got stuck to the sample surface, probably due to its softness, which 
caused the tip to drag material over the surface. This did not occur in semi-contact mode, because here 
the contact time of the tip with the sample is much shorter than in contact mode, in which the tip is in 
contact with the sample during the whole measurement.  
 
Since semi-contact is preferable over contact mode while working with soft samples, the NSG01 
cantilever is chosen for measuring in air. Some higher quality images were obtained from measurements 
with this type of cantilever; these are shown in Figure 71.  
 

 
Figure 71: AFM height images obtained with NSG01 cantilever (A) PCLReference, completely flat; and (B) PCLmPEG550(9).  

From these images it is visible that this cantilever works very well for these samples. Figure 71a 
represents sample PCLReference which is indeed flat, no features are visible on the surface, Figure 71b 
represents sample PCLmPEG550(9) on which a feature is clearly visible, the image is comparable to the 
image that was taken with the NSG01_DLC cantilever (Figure 68b and d).  
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More cantilevers were tested such as the CSG12/Cr-Au, CSG10, and the cartridge. However, the use of 
any of these did not lead to useful images.  
 
In summary, for AFM measurements in air, the NSG01_DLC and the NSG01 cantilever gave the best 
quality images. From the results, described in this section, the NSG01 seems the most suitable cantilever 
to use for these types of measurements.  
 

Optimization of the AFM measurements in liquid 
The decision of which cantilever to use was quicker done for measurements in liquid than in air, since 
different cantilever types were already tested in air. Therefore, the first measurements in liquid were 
done with the CSG11/Au cantilever, since this is the one that was also used in air. However, this is a 
conducting cantilever and better results would be obtained with CSG01, which has a smaller tip 
curvature radius and is more flexible than the CSG11/Au. This is advantageous for the soft samples that 
are used in this project.  
 
As described earlier, the reason to choose contact mode for the measurements in liquid is due to not 
being able to land the tip on the sample in semi-contact mode. It was possible to obtain images with 
features in films in liquid while using contact mode. In Figure 72, examples of these are given for 
PCLmPEG2000(9).  
 

 
Figure 72: Height images of PCLmPEG2000(9) in liquid; (A) 2D and (B) 3D images.  

 
However, there were some problems; one of these is represented in Figure 73 which shows in (a) the 
height image and in (b) the cantilever deflection (DFL). The observation of this phenomenon is as 
follows: the deflection set-point was set at a certain value, however, during the measurement the set-
point increased in time, which caused defects as shown in Figure 73.  
 
An explanation for this phenomenon might be the following. After calibration, the laser alignment and 
setup of the photodetector should not be changed. However, during experiments it is extremely difficult 
to keep this setup unchanged because the thermal equilibrium between the cantilever and the liquid 
medium can be easily perturbed due to several reasons: contamination of the cantilever tip, solution 
evaporation and perfusion or room-temperature fluctuation37. 
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Figure 73: Defects during measurement in liquid (A) height image; (B) DFL image.  

Another challenge that had to be overcome occurs in liquid AFM when contact mode is used. Due to the 
softness of the sample, the tip drags pieces of the sample material over the surface. This is especially 
visible when the sample is scanned in different directions; an example of such a test with different 
scanning directions is represented in Figure 74. 
 

 
Figure 74: Effect of different scanning directions on PCLmPEG2000(30) in liquid; (A) left to right; (B) right to left; (C) top to 
bottom; and (D) bottom to top.  
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The big features are still present in all the images, although they are slightly shifted which might be 
caused by the scanning direction of the tip. Since this is the almost inevitable effect of scanning a soft 
sample in contact mode, again semi-contact mode is tested on the samples. Images of these semi-
contact mode experiments are represented in Figure 75.  
 

 
Figure 75: Semi-contact mode in liquid (A) and (B) represent PCLReference and (C) and (D) PCLmPEG550(9). 

 
What is visible in this figure is that there are diagonal lines in the sample which appear enlarged when a 
smaller scanning area is used. The sample that should be flat is now “wavy” and the sample that had 
features on it is also “wavy” and the small features that were visible in for example Figure 75b are not 
visible.  
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Appendix IV Formulation tables  
 
Date: 10-9-14 
 Mol (g/mol) Mol functional groups (g/mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000734 0.002171 1.093 -  Test1 
PEG2000 0.000993 0.001987    
 
Date: 12-9-14 
 Mol (g/mol) Mol functional groups (g/mol) NCO:OH PCL:mPEG Sample name 
tHDI 0.000105 0.000293 1.097 - 7, 8, 1, 2 
PCL-24 8.9·10-5 0.000267    
 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000116 0.000326 1.115 9.133 4, 5, 9, 10 
PCL-24 8.79·10-5 0.000264    
mPEG550 2.89·10-5 2.89·10-5    
 
Date: 23-9-14 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000119 0.000334 1.159 12.618 18, 11, 12, 13 
PCL-24 8.89·10-5 0.000267    
mPEG750 2.11·10-5 2.11·10-5    
 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000112 0.000313 1.140 30.799 26, 22, 29 
PCL-24 8.86·10-5 0.000266    
mPEG2000 8.63·10-5 8.63·10-6    
 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000121 0.000338 1.006 8.755 34, 30, 31 
PCL-24 9.18·10-5 0.000275    
mPEG750 3.15·10-5 3.15·10-5    
 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000106 0.000298 1.040 9.274 45, 40, 41 
PCL-24 8.62·10-5 0.000259    
mPEG2000 2.79·10-5 2.79·10-5    
 
Date 27-10-14 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000128 0.000359 1.403 - 78, 70, 71 
PCL-24 8.53·10-5 0.000256    
 
 Mol (g/mol) Mol functional groups (mol) NCO:OH PCL:mPEG Sample name  
tHDI 0.000129 0.000360 1.256 8.552 84, 80, 81 
PCL-24 8.56·10-5 0.000257    
mPEG2000 3.00·10-5 3.00·10-5    
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Date: 13-1-15  
mol mol functional groups NCO:OH PCL:mPEG Sample name  

tHDI 0,00034 0,000952904 1,1089 9,104659 PCLmPEG2000(9) 
PCL 24 0,000258 0,000774279    
mPEG2000 8,5E-05 8,50421E-05    
 
Date: 28-1-15 

mol mol functional groups NCO:OH PCL:mPEG Sample name  
tHDI 0,00035 0,000980168 1,14533 9,660679 PCLmPEG750(9) 
PCL 24 0,000259 0,000775517    
mPEG750 8,03E-05 8,02756E-05    
 
Date: 11-2-15  

mol mol functional groups NCO:OH PCL:mPEG Sample name  
tHDI 0,000142 0,000398438 1,17027 11,89453 PCLmPEG750(12) 
PCL 24 0,000105 0,000314064    
mPEG750 2,64E-05 2,64041E-05    
 

mol mol functional groups NCO:OH PCL:mPEG Sample name  

tHDI 0,000127 0,000356327 1,09557 33,75202 
PCLmPEG2000(33
) 

PCL 24 0,000105 0,000315885    
mPEG2000 9,36E-06 0,000009359    
 
Date: 26-2-15  

mol mol functional groups NCO:OH PCL:mPEG Sample name  
tHDI 0,000141 0,000394738 1,10807 8,5954 PCLmPEG550(9) 
PCL 24 0,000106 0,000319112    
mPEG550 3,71E-05 3,71259E-05    
 

mol mol functional groups NCO:OH PCL:mPEG Sample name  
tHDI 0,000132 0,000369253 1,16972 - PCLReference 
PCL 24 0,000105 0,000315677   
 
Date: 9-3-15 

mol mol functional groups NCO:OH PCL:mPEG Sample name  
tHDI 0,00034 0,000952988 1,09415 12,22224 PCLmPEG750(12) 
PCL 24 0,000268 0,000805111    
mPEG750 6,59E-05 6,58726E-05    
 
  



91 
 

 
mol mol functional groups NCO:OH PCL:mPEG Sample name  

tHDI 0,000335 0,00093878 1,14594 32,48316 PCLmPEG2000(33) 
PCL 24 0,000265 0,000794757    
mPEG2000 2,45E-05 2,44668E-05    
 
Date: 17-3-15 

mol mol functional groups NCO:OH  PCL:mPEG Sample name  
tHDI 0,001471 0,004119674 1,81645   PEG2000Reference 
PEG2000 0,001134 0,002267982    
 

mol mol functional groups NCO:OH PEG:mPEG Sample name  
tHDI 0,001137 0,003184381 1,28331 8,900234 PEG2000mPEG2000 
PEG2000 0,001115 0,002230748    
mPEG2000 0,000251 0,000250639    
 
Date: 17-3-15 

mol mol functional groups NCO:OH  PEG:mPEG Sample name  
tHDI 0,000525 0,001470779 1,16861  - PEG2000Reference 
PEG2000 0,000629 0,001258572    
 


