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General Introduction 

 

1 
General Introduction 
 

1.1 Historical Perspective 
 

The first sea crossings of mankind must have been very long ago. Crete and Cyprus were 

apparently already inhabited in the early Neolithic era and the first inhabitants of these islands 

could only have arrived by sea. This indicates that seafaring dates back roughly 10.000 years ago. 

From archaeological findings e.g. papyrus documents and frescos, we know that already 3000 

years ago there was extensive overseas trading between Crete and the Egypt of the pharaohs. 

Around 1000 BC the Phoenicians even sailed into the Atlantic Ocean as far as Britain (Scilly 

Islands) in search of tin (tin and copper make up the alloy bronze). And still today, on a much 

larger scale, vast amounts of trading goods and raw materials are transported by ships1. 

Besides bad weather conditions, a major problem encountered when sailing the oceans is the 

growth of marine organisms on the hull of these vessels (biofouling). The first ships were made of 

wood, and besides algae and mussels that slow down the speed due to frictional resistance, 

shipworms bore into unprotected wooden hulls that eventually collapsed. The ancient Phoenicians 

and Carthaginians probably used copper sheathings on their wooden ships and later on, around 400 

BC, they might have used arsenic and sulphur mixed with oil predominantly to kill shipworms2,3,4.  

The ancient Greeks also used tar and wax, as did the Romans. The Romans also used lead 

sheathings. Although this practically offered little protection against biofouling, it was widely used 

until the 1700s5. Wooden ship hulls were replaced by metal, and lead sheathings were soon 

abandoned due to galvanic corrosion. None of the above mentioned methods resulted in a good 

and reliable protection against marine biofouling. 

In 1625 William Beale was the first person that filed a patent dealing with an antifouling paint. 

Beale used a mixture of cement, a copper compound and powdered iron2. Up to 1865 more than 

300 of these so-called ‘patent paints’ were registered. Unfortunately, however, most of them were 
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ineffective. Also copper sheathings were again used particularly in the case of wooden ships. Later 

in the 19th century Sir Humphrey Davy, showed that it was the dissolution of copper-ions in 

seawater, which prevented biofouling2. In 1860, James McInness used copper sulphate as an anti-

foulant in a metallic soap composition. These paints were referred to as ‘hot plastic paints’, 

because they had to be applied at high temperatures. In the 19th century a variety of paints were 

developed. Copper, arsenic or mercury were used as the biocide in a binder that included 

turpentine oil, naphtha, shellac, tar and other kinds of resins. Rapid developments based on this 

concept eventually resulted in cuprous oxide (Cu2O) based antifouling paints that could be applied 

at low temperatures, so-called cold plastic paints2. These paints already effectively reduced fouling 

and the periods between dry-docking times were about 18 months. Copper was found to be quite 

universal as a biocide against fouling organisms. 

Then in 1954 a research team led by Prof. G. J. M. van der Kerk at Utrecht University 

discovered that certain trialkyl tin compounds reduced the growth of typical marine fouling 

species6. Field evaluations showed that these triorganotin-based materials were 10 to 20 times 

more effective then cuprous oxide (Cu2O)7. Application of what is nowadays referred to as a self-

polishing coating system containing organotin constituents (vide infra) on a steel ship’s hull gives 

protection against biofouling for up to 5 years. Hence, the biofouling problem so long encountered 

by mankind appeared to be resolved at last. 

 

1.2 Organotin Antifouling Paints 
 

When the most representative antifouling organotin compound i.e. tributyltinoxide (TBTO) is 

physically dispersed in an insoluble film forming binder, the resulting paint is called a free-

association paint. The first application of these free-association paints was as an antifouling paint8. 

When immersed in seawater the free-associated TBTO present near the surface of the paint 

diffuses easily into the marine environment (Figure 1). TBTO is miscible with paint solvents, is a 

colourless liquid and is used in many biocidal applications, e.g. as a wood preservative9. To be 

effective as an antifouling paint the release rate of the toxicant must be carefully controlled8. The 

critical leaching rate, e.g. the minimal rate required to prevent biofouling is ca. 1 µg cm-2 day-1 for 

organotin compounds10. Since TBTO has a relatively high solubility in water (8-10 ppm), when 

compared to, for example, triphenyl tin (TPT) fluoride (1 ppm), this results in a system with short-

term performances. However, for most ships that have to be dry-docked at intervals of 12-18 

months, these free-association paints are satisfactory11. 
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Biocide

Matrix  
 

Figure 1. Free Association paint system with TBTO dispersed in a solid matrix of polymer resin, followed 
by leaching in the aqueous environment. 
 

In the 1970s (meth)acrylic polymers bearing triorganotin moieties, bonded as ester moieties onto 

the polymethacrylate backbone, came in use as an alternative for free association paints7 (Figures 2 

and 3). The TBT containing polymer can be synthesised as depicted in Figure 2. In step 1 the 

(meth)acrylic acid is esterified with TBTO and subsequently the TBT (meth)acrylate monomer is 

polymerised in step 2, the most straightforward method would be by means of radical initiators 

like benzoylperoxide or AIBN12. The homopolymer is shown as an example, however copolymers 

of TBTMA/MMA reigned in practice because of their superior properties with respect to film-

formation and coating integrity. 

Note that upon exposure to the aqueous environment, the release of the covalently bonded TBT 

group at the polymer surface/water interface is possible due to slow hydrolysis in seawater (pH = 

8.2). As a consequence the polymer, now containing a carboxylate group, becomes water-soluble 

and easily erodes from the polymer surface, exposing a fresh TBT (meth)acrylate surface13, hence 

the name self-polishing paints. The self-polishing process is shown schematically in Figure 3. 

These self-polishing antifouling paints were hailed as the “wonder weapon” against biofouling. 

Once more, the biofouling-issue appeared to be resolved. 

 

R

OH
O

1 R

OSnBu3

O
2

R

OSnBu3

O n

R = H, Me

(Bu3Sn)2O

 
Figure 2. Synthesis of TBT (meth)acrylate, first functionalisation of methacrylic acid with TBTO (1), 
followed by polymerisation of the monomer (2). 
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The combination of unfunctionalised methacrylates with TBT methacrylates results in a self-

polishing system wherein the leaching rate can be tuned, which in turn provides a very effective 

antifouling coating14. The leaching rate of the polymer is slow and at a constant rate, but higher 

than the critical leaching rate. In comparison with the free-association paint the following 

advantages characterise self-polishing systems15: 

 

1. Controlled biocide release. 

2. Lifetime proportional to its thickness. 

3. Erosion results in a smooth ‘polished’ surface.  

4. Ship hulls can be repainted without need to remove old paint. 

 

H2O

pH ca. 8*

OSnBu3O

*

OSnBu3O

*

OSnBu3O

*

O-O

+ HOSnBu3

Copolymer resin

TBT (SnBu3)

 
 

Figure 3. Schematic representation of Self Polishing Copolymer System based on a TBT copolymer 
system; TBT is slowly hydrolysed and released into the seawater. 
 

To improve the antifouling properties of TBT (meth)acrylate coatings, sometimes either 

cuprous oxide (Cu2O), zinc oxide (ZnO) or tributyltin fluoride, were added to the paint16. Since 

their introduction in 1974 these self-polishing coatings have found widespread application on most 

sea-going vessels. Tests by the US Navy (1983) showed that these paints led to 100% fouling-free 

service for 48 months, leading to an estimated reduction of fuel costs of 10-15%15. 
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1.3 Toxicity of TBT Containing Paints 
 

The toxic and/or biocidal activity of organotin compounds depends strongly on their 

structure17. The type of substituent, chlorine in Table 1, does not have a significant effect on the 

toxicity of the compound. The alkyl-group, however, shows a pronounced effect on the biocidal 

properties. In general one can say, that with an increase in chain length the toxicity decreases18. 

Elemental and inorganic forms of tin are effectively non-toxic19. Triorganotin derivatives are in 

general active against most types of (marine) organisms, while for mammals the toxicity of these 

compounds is less prominent11. Although the precise biological mechanism of the triorganotin 

compounds is not yet known, it is suggested that they impair the process of oxidative 

phosphorylation in mitochondria. Consequently, these compounds affect the energy supply of the 

cell20. 

 

Table 1. LD50 value (mg kg-1, oral rat) of several organotins 
R Methyl Butyl Octyl 

R4Sn 195-331 >4000 50,000 

R3SnCl 13 60 - 

R2SnCl2 74 129 5500 

RSnCl3 1370 2140 2400-3800 

 

At first no environmental problems were expected when using TBT. It was reasoned that 

triorganotin compounds containing biocidal tin-carbon bonds undergo rapid degradation to less 

harmful di- (R2SnX2) and mono-organotin (RSnX3) derivatives and eventually form harmless 

inorganic tin residues. The cleavage of the tin-carbon bonds (ca. 272 kJ mol-1) may occur either 

photolytically (UV), chemically or by microorganisms. 

Because of the worldwide use of TBT containing self-polishing antifouling paints, concerns 

about the environmental effects of antifouling paints were raised when oysters and mussels are 

present in the marine environment. Unexpectedly, TBT was found to exert a toxic effect on these 

non-target organisms18. In 1992 a report was compiled by companies belonging to the European 

Chemical Industry Council (CEFIC)21, in which various high-performance antifouling paints were 

evaluated. It was claimed that, although organotin based antifouling paints may cause problems for 

certain shellfish species, the reduction in fuel consumption upon application of these paints is 

considerably more beneficial for the environment. Lower fuel consumption by the world’s 

shipping fleet will reduce the release of greenhouse gasses and emissions that are responsible for 
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acid rain. Later it was reckoned that due to the worldwide use of TBT, high concentrations of 

TBTO are present in different compartments of aquatic environments i.e. sea-water (10-6 to 10-3 

mg kg-1), sediments (10-3 to 101 mg kg-1) and mussels (10-1 to 102 mg kg-1).22 Clearly, the effects 

were more dramatic than was stated previously in the CEFIC report. Toxic effects on some non-

target species were demonstrated to occur at TBT concentrations of 0.01 µg l-1 in sea-water23. 

Initial effects upon non-target organisms were identified during the introduction of the Pacific 

oyster (Crassostrea gigas) to Arcachon Bay, France. An increase in organotin level was monitored 

in these oysters and shortly afterwards an increase in growth abnormalities was noted, which most 

likely is related to the presence of triorganotin derivatives24.  

Beside the acute toxic effects (vide supra), prolonged exposure to TBT can lead to imposex in 

sea snails (member of the gastropods)25. Imposex is defined as a superimposition of male 

characteristics in female gastropods. As a result species may become extinct due to reproductive 

failure. This chronic toxicity of organotin compounds arises from their propensity to act as 

endocrine disruptors. For detailed information regarding the (acute/chronic) toxicity of organotin 

compounds we refer to recent review articles26. 

It must be stipulated that the excessive use of TBT paints in combination with the fact that 

vessels containing these paints sailed the entire globe, has led to a worldwide ban on the 

application of TBT by the International Maritime Organization (IMO) since 1 January 2003 27.  

Hence, prevention of biofouling using environmentally benign materials has again become a 

timely and topical research issue. 

 

1.4 From Conditioning Film to Macrofouling 
 

Although many countries have accepted the worldwide ban on TBT containing antifouling 

paints, generally applicable environmentally benign antifouling paints are not yet ready available. 

Both in academia as well as in industry efforts are put forward in the design and evaluation of such 

novel antifouling paints28. Fundamental knowledge of biofilm formation and growth, the onset of 

the biofouling process, is of relevance for the design of new materials that can be used in paint 

formulations to avoid the unfavourable deposition of marine organisms. It is thus of utmost 

importance to have a detailed insight into the mechanism of marine biofouling, i.e. what happens 

when a clean surface, is immersed in seawater for prolonged times?  

The process of biofilm formation is frequently divided into three different stages (Figure 4); 

molecular fouling (1), microfouling (2) and macrofouling (3)28b. Note that the development of 

biofouling is a dynamic process. The exact timing and specific organism development is 
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dependant on variables such as temperature, geographical location, seasonal influences, pH, etc. In 

general, biofouling occurs more readily in warm, tropical waters (optimal conditions for breeding 

and growth of the marine organisms)29. 

1) Molecular fouling: Within minutes a film consisting of organic matter adsorbs on the 

submerged surface. The organic matter may consist of proteins, polysaccharides, inorganic 

compounds (silicates) etc.30. Physical forces such as Brownian motion, electrostatic interaction and 

van der Waals forces control the formation of this ‘conditioning film’31. 

 

 
 

Figure 4. Different stage in the marine biofouling process. 
 

2a and 2b) Microfouling: After the conditioning film is formed, bacteria and diatoms 

(unicellular algae) form a biofilm, sometimes referred to as slime32 or as: “…bacteria that attach to 

surfaces aggregated in a hydrated polymeric matrix of their own synthesis…”33. Microfouling 

represents a complicated process which is still not completely understood. Hence biofilm 

formation34, cell adhesion35 and related subjects, such as quorum sensing36 are studied extensively. 

Biofilm formation and growth can be roughly divided into two sub-phases. First reversible 

attachment of bacteria occurs. They either migrate or are transported to the surface by means of 

passive hydrophobic interactions or by active use of specific receptors and specialised organels34. 

At this stage the bacteria adhere weakly to the surface; they can still move along the surface and 

are sensitive to shear flow. Secondly irreversible attachment occurs. The bacteria are producing 

long amphiphilic, flexible exopolysaccharides (EPS)37 which function as ‘glue’ for their adhesion 

to a substrate surface. The bacteria are embedded in this polymeric matrix, and become fixed and 

cannot move across the surface34. Furthermore, the matrix enables them to trap nutrients and other 
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microorganisms38. As a consequence, the biofilm will steadily grow with time. Although the 

movement of various organisms now becomes restricted, the biofilms remain very dynamic 

systems that may continue to grow sometimes up till a thickness of 1 cm34.  

3) Macrofouling: When the biofilm matures, larger multicellular organisms and spores of 

larger invertebrates feed on this biofilm. This complex community is typical dominated by primary 

producers, grazers and decomposers26a,32. Eventually even larger organisms such as barnacles, 

mussels (hard fouling) and algae (soft fouling) start to grow upon the surface. Like bacteria and 

diatoms in the earlier stage secrete sticky matter, mussels also secrete material that will cement the 

mussel onto a specific surface39. 

Although at first sight biofilm formation may seem to be independent on the type of surface, 

the physical and chemical surface characteristics influence which organisms will be involved in 

the biofouling process and also affect their propensity to adhere to the surface28,31. With this in 

mind specific materials can be designed to tune the surface properties and avoid the undesirable 

growth of organisms on submerged surfaces. 

 

1.5 Poly/Oligo(Ethylene glycol)s as Antifoulants 
 

As mentioned, antifouling research has been and still is focussed on the design of new 

materials that either prevent or retard the unwanted biofouling. Some studies have focused on the 

tin-free self-polishing systems using copper related systems40. Others make use of either booster 

biocides or the more benign natural biocides26. But truly environmentally benign coatings would 

be without the use of biocides. Methods that do not make use of biocides are frequently referred to 

as non-stick fouling release systems e.g. fluorine containing or silicone based paints28b,41. The fluor 

containing polymers form non-porous, low surface-free energy and subsequently should show 

non-stick behaviour. The silicone-based coatings also have a low surface energy, a low micro 

surface roughness and a high elastic modulus42and are used as antifouling paints 

In the early 1980’s it was recognized that grafted poly(ethylene glycol)s (PEG) or PEG 

processed as a copolymer in polymeric materials affects the biocompatibility of the treated 

surfaces tremendously43; proteins and even cells do not adhere onto the surface. Poly- and/or 

oligo(ethylene glycol)s (PEG / OEG), also named poly- and /or oligo(ethylene oxides), are water-

soluble, non-toxic, hydrolytically stable and conformationally flexible molecules44 that have found 

widespread use in a variety of applied areas, e.g. for the preparation of crown ether type 

derivatives, non-ionic surfactants, ion-conducting materials, and as spacers for (bio)molecules44. 

PEG, -(CH2CH2O)n- with n > 100, can be readily obtained either by Lewis base or Lewis acid 
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initiated polymerisation of ethylene oxide45. This results in either low molecular weight (~ 10 ·103 

g ·mol-1) or high molecular weight (~ 10 ·104 g mol-1) materials. Monodisperse OEG, -

(CH2CH2O)n-, with 2 < n <15, can be obtained by chain elongation of mono- or bifunctional 

commercially available homologues via Williamson etherification46. 

The molecular basis of the bioresistivity imposed by the OEG/PEG polymeric materials is still 

not completely understood. One theory explains the bioresistivity, as suggested by the protein 

resistivity of PEG, by “steric repulsion”47. This is an entropic effect caused by the unfavourable 

change in free energy associated with the dehydration and confinement of the PEG chains. 

Although the exact mechanism is still under debate factors like chain length, chain conformation 

and charge neutrality are important and need to be considered48. 

 

RO- O
n RO

O-

n

R1O
OH

OR2
ActO

R1O
O

OR2

1

2  
 
Figure 5. General scheme for the synthesis of PEG (n > 1), 1 and OEG (2 < n < 15), 2. R1 and R2 represent 
two protective groups which can be removed selectively. Act is an activating group e.g. a tosylate or a 
mesylate. 
 

In comparison with the fluor polymers and silicone based polymers, the bioresistivity of OEGs 

is not only controlled by its surface energy but involves a more complex mechanism, which 

appears to rely on the organisation of the OEG chains in aqueous environments. When a surface is 

sufficiently covered with OEGs, proteins and various other biomolecules do not adhere to these 

functionalised surfaces. As described above in paragraph 1.4, the first step in marine biofouling is 

the formation of a conditioning film consisting of biomolecules. If this first step is hindered the 

deposition of microorganisms and the formation of the biofilm will be either impaired or even 

completely prevented. Hence the OEGs are very promising candidates to avoid biofouling. 

Two of the most common methods to obtain OEG functionalised surfaces will be discussed in 

the following. Firstly, a description of the use of (Self-Assembled) Monolayers as model 

bioresistant materials will be given. Secondly, the use of OEGs anchored on polymer systems, 

which can be applied on a variety of surfaces, will be discussed. These systems can eventually be 

used as new benign polymeric materials (binder) in antifouling paints. 
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1.6 (Self-Assembled) Monolayers as Model Systems 
 

A Self-Assembled Monolayer (SAM) is a mono-molecular thick layer, which is formed on a 

specific surface. Monolayers were already recognised quite early, and for instance a monolayer of 

amphiphillic molecules can be formed on the water-air surface (Langmuir films)49 or by covalent 

attachment of a molecule with a specific “headgroup” that adheres strongly to a solid surface50 

,e.g. glass, metals, etc. Especially the latter approach is of great scientific interest and for more 

detailed information concerning SAMs in general, reviews can be found in literature51. 

The relationship between the structure of an organic functionalised surface and its macroscopic 

physical and/or biological properties are only poorly understood. Well defined SAMs are used as 

model system to study a plethora of organic surface interface related phenomena (wettability, 

corrosion resistance, adhesive strength, bioresistivity, etc.)52. 

When SAMs containing oligo(ethylene glycol)s are prepared, a defined interface can be 

obtained, which can resist the adsorption of biological materials. By using these SAMs, it is 

possible to gain a deeper insight into the exact mechanism of bioresistance of oligo(ethylene 

glycol)s53. Notwithstanding the vast amount of literature concerning the protein-resisting 

properties of OEG SAMs, there is still controversy regarding the underlying mechanisms that 

determines the resistivity of these OEG SAMs. The protein resistance for PEG is reasonably 

explained by “steric repulsion” theory47 (section 1.5). However, short chain OEG SAMs lack this 

mobility and thus other mechanisms were suggested to clarify the protein resistance for short OEG 

chains in SAMs. 

 

= -(CH2)n-spacer
= Sulfur

= Ethylene Glycol -(CH2CH2O)n-
= Au Surface  

 

Figure 6. Schematic representation of spontaneous monolayer formation on gold. 
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Early studies have shown that the efficiency of the SAMs in resisting proteins increases with 

chain length of the OEGs53. Later, the chain conformation of OEG SAMs was proposed to 

contribute in determining whether a surface behaves as a protein repelling or a protein-adsorbing 

surface. All-trans conformations are protein adsorbing whereas amorphous and helical 

conformations (7/2 helix as for PEG54) were found to be protein resistant55,56. Other experimental 

and theoretical studies led to the hypothesis that the orientation of interfacial dipole moments, and 

the resulting structure of water at the interface, is important to obtain inert surfaces57. Directly 

linked to both chain conformation and water penetration is the packing density of the molecules on 

the surface58. Highly packed OEG SAMs, i.e. on Ag(111), contain OEG chains in an all-trans 

conformation where no water can penetrate; they were found to be not protein resistant57c. Monte 

Carlo simulations57c,59 and in-situ studies of the OEG SAMs in water with vibrational sum-

frequency generation60 have shown that the helical conformation transits into an amorphous state 

upon exposure to an aqueous environment. The hypothesis that surface wetability is the only factor 

that determines bioresistivity is thus ruled out61.  

Hitherto OEGs still seems the most promising candidate to access protein resistant surfaces. 

The combination of internal hydrophilicity, hydrophilicity of the terminus and lateral packing 

density give access to OEG SAMs with exceptional protein repelling properties62. It is obvious that 

making prediction with respect to protein resistant properties on the basis of molecular structure is 

far from trivial. So far there is no universal surface chemistry that renders a surface inert. 

Furthermore in most studies so-called single-protein adsorption studies are used to determine the 

bioresistant properties of surfaces. However more complex phenomena have to be taken into 

account, viz. physiological media and real marine environments, which contain a wide variety of 

(bio)molecules and species. 

Besides studies concerning the mechanism of protein resistivity of OEG SAMs, much research 

focuses on applications of OEG SAMs. An example is micro contact printing (µ-CP), which is 

used to make specific patterns on a surface63. Especially in (bio)medical oriented applications i.e. 

cellular biosensors64, high-throughput drug screening assays65 and tissue engineering66, frequent 

use of OEG SAMs in combination with µ-CP can be found. The µ-CP technique employs an 

elastomeric poly(dimethylsiloxane) (PDMS) stamp with micron-sized features on one side. The 

stamp is inked with an appropriate alkanethiol and placed onto the substrate surface. After 

removing the stamp the bare gold surface can subsequently be washed with another thiol, i.e. an 

OEG thiol, and a patterned surface is obtained. As illustrated in Figure 7, it is possible to adhere 

cell communities on the specific areas. 
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Figure 7. On the left side is shown schematically how the µ-CP technique patterns a surface. Cell growth 
only occurs on the alkanethiol functionalised areas. (Taken from ref. [63a]) The cells shown are human 
epidermal carcinoma cells, the extra-unpatterned cells are not attached to the surface, but are free-floating. 
 

In passing another type of monolayer system, the covalently attached monolayers (CAMs), are 

briefly discussed67. These monolayers, prepared from predominantly alkene end-functionalised 

molecules, react via a hydrosilylation reaction with either hydrogen-terminated Si(100) or Si(111) 

surfaces. In principle these covalently attached monolayers combine the excellent “model 

properties” of a monolayer and provide a surface with high robustness 68 due to covalent Si-C 

bond formation69. 

Etch
H H H H H H

SiO2

= -(CH2)n-spacer
= Double bond

= Ethylene Glycol -(CH2CH2O)n-
= Si Surface

Heat or light

 
 

Figure 8. Schematic representation of covalent attachment on hydrogen terminated Si. 
 

The monolayers are thus capable of surviving more extreme conditions e.g. boiling organic 

solvents or water, acidic or basic solutions in comparison with SAMs on Au. Hence, these layers 

are potentially applicable in real-time environments, like sea-water. Recently the method to obtain 
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covalently attached monolayers, has been further improved. The attachment can be achieved via a 

photochemical approach70, enabling surface attachment of thermally labile molecules71. Hitherto, 

not much research has been performed on these systems in combination with OEGs, although 

some results appear to be promising, reproducibility is still an issue72. It must however be noted 

that, with respect to protein resistivity these monolayers show quite different behaviour when 

compared with related SAMs on gold73 and might lead to erroneous and even conflicting results. 

 

1.7 Polymer Architectures Containing OEGs as New Antifouling Materials 

 

The bioresistivity of OEGs makes them attractive materials for evaluation as benign 

antifouling paints. Note that paint consists to a large extent of polymeric materials. One major 

problem, when applying OEGs is their water solubility. When using the model monolayers, their 

solubility is intrinsically circumvented by either a strong interaction between the gold surface and 

the sulphur in the case of the SAMs, while for the covalently attached monolayers the chains are 

truly bonded to the surface. In both cases the OEGs are anchored onto the surface. 

To be applicable as a proper paint (coating system) we envisaged a polymer system with a 

(meth)acrylate backbone with OEG side-chains. Whereas the OEG side chains need to be of 

sufficient length to induce bioresistivity, the OEG side chain length will also affect the water 

solubility of the polymer itself74. By using a hydrophobic comonomer it should be possible to tune 

its water-solubility. 

Two kinds of copolymer architectures were applied to obtain environmentally benign 

antifouling poly(meth)acrylates. In one approach random copolymers were prepared using a 

solution radical copolymerisation75. It was envisioned that the OEG chains in the copolymer are 

distributed randomly along the backbone and, consequently, after deposition onto an appropriate 

surface these chains will also be distributed randomly over the surface. In another approach a 

block copolymer was synthesised. A block copolymer can be envisioned as two homopolymers 

covalently connected to each other. After deposition of the block copolymer onto a surface the 

organisation of the OEG chains will be completely different compared to that of the random 

copolymer due to the intrinsic differences in architecture. Recently, a lot of effort has been 

directed towards block copolymers containing OEGMA groups. In some reports anionic 

polymerisation techniques were used74,76,77, but this is economically unfeasible especially for large 

scale preparations. More viable methods include group transfer polymerisation (GTP)78 and 

pseudo living free radical polymerisations, e.g. nitroxide-mediated radical polymerisation 
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(NMRP)79, atom transfer radical polymerisation (ATRP)80, and reversible addition-fragmentation 

chain transfer (RAFT)81. 

 

1.8 Pseudo Living Radical Polymerisations 

 

As mentioned, block copolymers can be synthesised via living anionic polymerisation. A 

living process implies, that all polymer chains start growing simultaneously, i.e. during chain 

growth neither termination nor chain transfer takes place82. Thus all chains grow for a similar 

period of time, and a narrow molecular weight distribution will be obtained. After consumption of 

the first monomer, no termination occurs and upon addition of a new monomer, polymerisation 

will continue and a block copolymer is formed82. 
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Figure 9. Proposed mechanism for the RAFT polymerisation. Initiation is achieved by using a common 
radical initiator I·. (M being the monomer and Pn· a propagating polymer chain) (a) Dithioester 1 reacts with 
initially formed radical and forms the dormant species 3 and radical A• via intermediate radical 2. (b) 
Radical A• can reinitiate and forms a propagating chain. (A• must be an excellent leaving group, which 
favours reinitiation over the back reaction with 3: ki[M][A•] >> k--β [3][A•]). (c) Equilibrium between active 
propagating chains and dormant chains 3 and 5 with a dithioester moiety. 
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Nowadays pseudo-living radical polymerisations, sometimes also referred to as either a 

‘living’ radical polymerisation or a controlled radical polymerisation83, attract attention. It 

combines the simplicity of a radical polymerisation with the control over molecular weight and 

architecture obtained by living anionic methods. Pseudo-living radical polymerisations are based 

on two principles: 1) reversible termination and 2) reversible transfer. Examples of reversible 

termination processes are NMRP and ATRP, while RAFT is an example of reversible transfer. In 

reversible termination, the polymer chain is end-capped with a moiety that can undergo reversible 

homolytic cleavage. In NMRP, this moiety is a nitroxide, while in ATRP, a halide is reversibly 

transferred to a transition-metal complex, frequently copper complexes (Cu+ vide supra80). 

With RAFT there is fast exchange of growing radicals via a transfer agent, commonly a 

dithioester, which proceeds via an intermediate radical. Of these three techniques of pseudo living 

radical polymerisation, the RAFT process is the most robust. It tolerates traces of impurities, and is 

compatible with the broadest range of monomers and reaction conditions84. Furthermore when 

using ATRP the polymers are prone to contain heavy metal contaminations. 

The commonly accepted mechanism of the RAFT process is depicted in Figure 9. A radical 

obtained from initiation can either add to the S=C moiety of RAFT agent 1, or first add to 

monomer to form a propagating radical, which can also add to 1. Intermediate radical 2 is formed, 

and can either fragment back towards the starting materials, or form a temporarily deactivated 

dormant polymer species 3 together with a radical A•. This radical should then add to monomer, 

thereby reinitiating the polymerisation process. Essential in the RAFT mechanism is the fact that 

the dithiocarboxylate moiety S=C(Z)S-, present in 1, is retained in the polymer chain 3, i.e. the 

dormant polymer chains can act as transfer agents themselves (Figure 9(c)). As in reaction (a), a 

propagating radical reacts with the polymeric RAFT agent 3. Through this reaction, the 

propagating radical is transformed into a dormant polymer, while the polymer chain from the 

polymeric RAFT agent is released as a radical capable of further growth. Similar to reaction (a), 

the dithiocarboxylate moiety is retained and again, the newly formed dormant species can be 

reactivated. 

For RAFT polymerisations to behave as ‘living’ polymerisations, several mechanistic aspects 

are of importance (Figure 9). Exchange reaction, step (c), should be fast when compared to the 

propagation step, e.g. reaction with monomer. As can be deduced from the symmetrical structure 

of the reactive intermediate 4, there is no preference for the direction of fragmentation, and the 

probability that either Pn• or Pm• will be released is equal. Assuming that transfer is fast compared 

to propagation, the radical is exchanged rapidly between the chains, and all chains have equal 

probability to add monomer and will thus grow at the same rate. 
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To obtain narrow polydispersities, all chains should start to grow at the same time, i.e. at the 

onset of the reaction. The initial transformation of RAFT agent 1 into dormant polymer species 3 

should be rapid (Figure 9(a)). In this reaction, the intermediate radical 2 is not symmetrical, and 

thus the A group needs to be chosen in such a way that it is a better leaving group than the 

(oligomeric) polymer chain85. Generally, higher alkyl substitution of the α-carbon of the A group 

increases the leaving-group character of this moiety, and thus tertiary alkyl leaving groups 

generally provide better control over molecular architecture than primary or secondary alkyl 

leaving groups85. Substitution with moieties that can stabilize the expelled radical through 

resonance increases the leaving-group character of the A group. Another important aspect 

concerning the A group is its ability to reinitiate polymerisation. If the expelled radical A• only 

slowly adds to monomer, then inhibition and retardation may occur, most notably during the early 

stages of the polymerisation. This results in a slow conversion of the transfer agent 3 and a 

broadened molecular weight distribution. Since the substituent Z also will affect the C=S bond 

towards radical addition, the Z moiety influences the chain transfer process (kβ versus k-β) and 

follows the trend Ph > SCH2Ph ~ SMe ~ Me ~ N-pyrrolo >> OC6F5
85. 

 

1.9 Studying the Fouling Process, CLSM as a Quantitative Tool 
 

As discussed previously (section 1.4), biofilm formation in a marine environment is a very 

complex process. To establish the efficacy of the EG polymer architectures, after deposition on 

suitable surfaces, a reliable method to characterise biofilm formation is of importance. Confocal 

laser scanning microscopy (CLSM) is an exceptional method for studying biofilm structures and 

the formation hereof in time. CLSM is a special case of fluorescence microscopy, were a laser is 

used as a light source instead of a diffuse light source. In this way the focal volume is well defined. 

Since its first application86 CLSM is frequently used to determine biofilm architecture87. The 

method is non-destructive and non-invasive and capable to provide time-resolved three-

dimensional images of specific components in biofilms. In addition, multiple fluorescent channels 

can be recorded simultaneously, which offers the possibility to observe the development of 

individual biofilm components88. Multi-channel observations of phototrophic biofilms make use of 

auto-fluorescence of the micro-algae (diatoms) and/or the fluorescence of biofilm components e.g. 

EPS, bacteria etc. after labelling with specific fluorescent markers. CLSM has shown that biofilm 

communities form highly structured microbial assemblies. The results confirm that the 

development depends on various factors including mass transport and the importance of metabolic 

interactions89. 
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In biofouling CLSM is predominantly used as a qualitative rather than quantitative tool, i.e. in 

most cases images are interpreted by visual inspection 90. However, this approach is subjective and 

cannot be applied to large data sets. Fortunately for quantitative analysis, computer software has 

now become available91. At first only for single-channel CLSM92, but later also for multi-channel 

CLSM data, the new image quantification package, PHLIP (Phobia Laser scanning microscopy 

Imaging Processor), was developed93. 

 

1.10 Aim and Survey of This Thesis 
 

Throughout this thesis it will become clear that bioresistivity and the specific molecular 

structure and conformations of oligo(ethylene glycol) functionalised materials go hand in hand. 

Hence, the first objective of this thesis is to gain understanding in the specific molecular properties 

of oligo(ethylene glycol) functionalised materials with respect to their physico-chemical properties 

in relation to bioresistivity. To this end (Self-Assembled) Monolayers and block copolymers 

containing monodisperse oligo(ethylene glycol) functionalities and hybrids containing 

oligo(propylene glycol)s were studied and characterised. 

 

O O
O O

O

n m

q  
Figure 10. Schematic structure of a random (-nmmnnmnm-) and a block (nnnnmmmm) copolymer of BMA 
and oligo[ethylene glycol] methacrylate. 
 

Besides the study of monolayers, the exploration of a novel and benign coating system 

(random and block copolymers) containing these oligo(ethylene glycol) chains as pendant side 

chains, was investigated. In Figure 10 the polymer system used for this purpose is shown. It 

contains a polymethacrylate backbone, with alternating oligo(ethylene glycol) side-chains and n-

butyl moieties. Eventually, these polymers may give access to new environmentally benign 

antifouling coating. In Chapter 2 the regio- and stereoselective synthesis of di-functionalised 

di(propylene glycol)s (PG), using SN2 type Williamson ether synthesis, is described. Two typical 

regio-isomers were obtained in good yields, e.g. head-to-tail and tail-to-tail. A more extended 

head-to-tail analogue (tetramer) was also synthesised to show the generality of our approach. 
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Besides these oligo(propylene glycol)s also oligo(ethylene glycol)/oligo(propylene glycol) 

(OEG)/OPG hybrids and oligo(propylene glycol)/oligo(ethylene glycol) hybrids were synthesised. 

These glycols can subsequently be used to study antifouling in monolayers or polymeric materials. 

In Chapter 3 covalently attached monolayers, prepared via light and heat initiated hydrosylilation 

on hydrogen terminated Si(100) were obtained for a wide variety of glycols. These monolayers 

were characterised with water contact angle measurements, infrared spectroscopy and 

ellipsometry. The biofouling properties were assessed with single protein experiments, using the 

widely used charged lysozyme and the blood plasma protein fibrinogen. Chapter 4 focuses on 

related SAMs on polycrystalline gold. The SAMs were characterised with water contact angle 

measurements, ellipsometry, infrared spectroscopy and the biofouling properties were assed by 

single protein experiments (lysozyme and fibrinogen). The second part of this thesis will deal with 

the synthesis and characterisation of random and block copolymethacrylate architectures and their 

propensity to exert antifouling behaviour after deposition on suitable substrate surfaces. Chapter 5 

describes the synthesis of random copolymers by conventional solution free radical 

polymerisations and block copolymer synthesis using the RAFT procedure. Finally the antifouling 

behaviour of the random and block copolymethacrylates will be studied in an experimental set-up 

in which the polymers after deposition on glass slides are exposed to a real marine environment 

(Oosterschelde Chapter 6). Some of the random and block copolymethacrylates (Chapter 5) were 

also deposited on steel substrates covered with a commercial basecoat primer that is used in the 

shipping industry (Chapter 7). The antifouling properties of the deposited copolymers were 

evaluated with confocal laser scanning microscopy (CLSM) and/or pulse-amplitude modulated 

(PAM) fluorescence. The final chapter provides an epilogue with respect to future research 

(Chapter 8). 
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Abstract 

 

Here we report the regio- and stereo-selective synthesis of oligo(propylene glycol)s (OPG)s 

with either tail-to-tail or head-to-tail ether linkages from enantiomerically pure ethyl S(-)-lactate 

using a Williamson etherification strategy. In addition, various chiral/racemic oligo(propylene 

glycol)/oligo(ethylene glycol) (OPG/OEG) hybrids were also prepared. The conformational 

properties of the propylene glycol unit in the case of (S)-2-(2-{2-[2-

methoxypropoxy]ethoxy}ethoxy)ethanol (26) and (S)-1-(2-{2-[2-methoxy-ethoxy]ethoxy}ethoxy)-

propan-2-ol (27), are assessed with 1H-NMR spectroscopy and ab initio calculations with/without 

inclusion of solvation. It is shown that the end-group of the PG unit markedly affects the number of 

conformers that contribute to the equilibrium mixture at 298 K. 
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2.1 Introduction 

 

Oligo- and poly(ethylene glycol) (OEG and PEG) are versatile compounds and exploited 

extensively in a variety of scientific area’s e.g. precursor for crown-ether derivatives1, surfactants2, 

ion-conducting materials3, and bioresistant materials4. The synthesis of monodisperse and 

functionalised OEGs, with chain-lengths n > 4, were already reported earlier by others and us5. 

The methods are based on Williamson ether synthesis. 

Another well-known polyether is poly(propylene glycol), PPG, and its lower molecular weight 

oligomers6. A frequently applied combination between PPG and PEG are called Pluronics7, which 

is a well known and an extensively studied block copolymer. 

PPG is synthesised either via base or acid catalysed ring opening polymerisation of the 

monomer propylene oxide. Especially, the acid-catalysed reaction yields highly regio-irregular 

polymers, oligomers and cyclic ethers8. The polymers contain many head-to-head, and tail-to-tail, 

junctions alongside the head-to-tail, junctions. In addition to acid or base catalysis PPG is also 

accessible using metalloporphyrin catalysts14b. 

 

O
O

O O
O

OO
O

O

Tail-to-Tail (1,1) Head-to-Tail (2,1) Head-to-Head (2,2)  
 

Figure 1. Different ether linkages between propylene glycols. 

 

Besides the synthesis of PPG itself the possibility to access structurally defined monodisperse 

oligo(propylene glycol)s (OPG) or oligo(propylene glycol)/oligo(ethylene glycol) (OPG/OEG) 

hybrids is of interest. However the synthesis of OPGs is hampered by the fact that one has to take 

into account both regio-selectivity (Figure 1) and stereo-selectivity. Note that the carbon atom 

containing the methyl-group is chiral.  

Base- or acid-catalysed polymerisation of propylene oxide is unsuitable for the preparation of 

regio- and stereo-selective monodisperse oligo(propylene glycol)s. A mixture of regio- and 

stereoisomers is obtained. Isolation and purification of individual isomers is therefore time 

consuming. Hitherto only a few publications address the synthesis of regio- and stereo-selective 

monodisperse oligo(propylene glycol)s9-11. In one of these studies10, two procedures were 

evaluated: (1) oligomerisation of propylene oxide, which results in a mixture of isomers that has to 

be separated, and (2) a stepwise reaction sequence using protective group chemistry. 
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Unfortunately, the reported regio- and stereo-specific di(propylene glycol)s possesses identical 

protective groups at their terminal positions. Clearly from a synthetic perspective that targets the 

preparation of more extended homologues (primers, trimers etc.) and OPG/OEG hybrids, the 

availability of di(propylene glycol) synthons containing different protective end groups is a 

prerequisite (see also 12).  

Here we report the facile synthesis of mono-functionalised stereo- and regio-selective 

di(propylene glycol)s, starting from enantiomerically pure ethyl S(-)-lactate. Our approach is based 

on a Williamson ether synthesis5. Note that the Williamson ether synthesis follows second-order 

substitution kinetics (SN2). Hence, only tail-to-tail and head-to-tail ether linkages are accessible. 

The generality of our approach is supported by the synthesis of, a fully head-to-tail tetra(propylene 

glycol) oligomer and various chiral/racemic oligo(propylene glycol)/oligo(ethylene glycol) 

(OPG/OEG) hybrids. 

 

2.2 Results and Discussion 

 
2.2.1 Synthesis of Chiral OPG Precursors 
 

For the synthesis of oligo(propylene glycol)s with both regio- and stereochemical control 

readily available ethyl S(-)-lactate (e.e. >97%) was chosen as starting material. In order to achieve 

the desired regiochemical control for the intended etherification reactions (intermolecular head-to-

tail or tail-to-tail), selective protection (and deprotection) of the primary and secondary hydroxyl 

moieties of 1,2-propanediol is a prerequisite. 

To evaluate the applicability of a benzylic protective group, route (a) was followed. Note that 

due to the treatment with NaH racemisation will occur. In step (ib) the hydroxyl group of ethyl   

S(-)-lactate is protected with ethyl vinyl ether in the presence of a catalytic amount of p-

toluenesulfonic acid. The acetal protecting group obtained by reaction with ethyl vinyl ether was 

preferred over 2,3-dihydropyran, e.g. higher yields and ease of purification13. Next, the ester 

functionality of compound 4 is reduced with LiAlH4 in dry THF at 0°C giving pure 5 after 

distillation (yield 80%, step (iib)). The primary hydroxyl moiety of compound 5 is protected as its 

benzyl ether 6 by reaction with benzylbromide in THF (yield 95% (step (iiib)). Compound 6 can 

now be used as a precursor for chain extension after selective de-protection of either its primary or 

secondary hydroxyl moiety.  
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Scheme 1. Synthesis scheme of precursors. Route a: (ia) NaH, BnBr, THF; (iia) LiAlH4, Et2O; (iiia) TsCl, 
KOH, Et2O; Route b: (ib) CH2=CHOC2H5, H+; (iib) LiAlH4, Et2O; (iiib) NaH, BnBr, THF; (ivb) TsCl, 
KOH, Et2O; (vb) HCl, THF/H2O; (ic) TsCl, Ag2O, KI, CH2Cl2. Bn = Benzyl, EE = 1-Ethoxyethoxy, Ts = 
Tosyl. 
 

In the case of routes (b) and (c) specific optical rotation measurements [α]D
20 have shown that 

all precursors retain their chirality (See Experimental Section) imposed by the use of 

enantiomerically pure ethyl S(-)-lactate as staring material. Whilst compounds 8 and 9 are 

enantiomerically pure, compounds 4, 5, 6 and 7 consist of two diastereoisomers, i.e. the 

ethoxyethyl protecting group (EE) contains a chiral centre too. After deprotection of the EE moiety 

enantiomerically pure derivatives are obtained. Hence, routes (ib) and (ic) are the methods of 

choice to access precursors for both regio- as well as stereo-specific etherification of propylene 

glycols. 

 

2.2.2 Williamson Etherification to Obtain OPGs 

 

In Table 1 various di(propylene glycol)s synthesised using a Williamson ether synthesis are 

shown. Head-to-tail di(propylene glycol) was obtained by coupling of 7 and 8 e.g. a primary 

tosylate with a secondary alkoxide. The tail-to-tail di(propylene glycol) was obtained both 

enantiomerically pure, by coupling of 5 and 7 as well as racemic by reaction of 2 and 3. Both 

stereo-specific head-to-tail and tail-to-tail di-propylene glycol were obtained in high yields (75%-

92%) (Table 1). Note that the head-to-tail regio-isomer represents a dimeric mimic for PPG, 

which contains predominantly head-to-tail linkages in its backbone8,14. Although the tail-to-tail 

di(propylene glycol) is readily accessible the presence of two terminal secondary alcohol groups 
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will hamper further tail-to-tail chain extension; only coupling with a primary tosylate is feasible. 

Note that under the applied etherification conditions head-to-head etherification cannot be 

achieved; only elimination products were obtained. 

 

Table 1. Etherifications to obtain di(propylene glycol)s. 
Alcohol Tosylate Compound 

number 

Product Yield (%) [α]D
20 (°) 

8 7 10 
O

OHBnO

 

92 28.4 

  11 
O

OBnO

 

82 21.0 

  12 
O

OHO

 

95 41.4 

5 7 13 O
OEEEEO

 
94 3.55 

  14 O
OHHO

 
92 45.3 

2 3 15 O
OBnBnO

 
75 0.1 

 

As a further proof of principal a chain extension reaction was performed between the chiral 

mono-protected head-to-tail di(propylene glycol) 10 and (S)(-)-2-((S)-2-methoxypropoxy)propyl 

tosylate (16) in order to obtain the head-to-tail tetra(propylene glycol) derivative 17, in which all 

chiral centres possess a S-configuration (Scheme 2). Compound 16 was obtained using the same 

procedure as for the other tosylates (see Experimental Section). The chain extension reaction, 

resulting in tetramer 17, proceeds cleanly (conversion 85%). After work-up the crude product 17 

was not further purified. 1H and 13C NMR spectroscopy showed that crude 17 contained a minute 

amount of 10 as an impurity. Tetramer 17, which is an isotactic model compound for 

poly(propylene glycol) (PPG), was used as a model system to gain more insight into the regio 

regularity of PPG at the tetrad (mmm, isotactic) level using 13C-NMR14. In line with the structure 

of 17 nine propylene glycol carbon resonances were found. Note that the benzyl protective group 

can easily be removed by catalytic hydrogenation. 
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Scheme 2. Synthesis of compound 17 from 10 and 16 (Compound 16 was obtained after tosylation of 3). 
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Figure 2. Partial 13C-NMR (75 MHz, CDCl3) from 76.5 to 72.0 ppm of 11 (top) and 17 (bottom). * 13C 
signals of 10. 
 

2.2.3 Synthesis of Enantiomerically Pure OEG/PG Hybrids 

 

The synthesis of monodisperse OEGs of varying chain-lengths has been published 

previously5d. In short, chain extension is achieved by Williamson etherification of commercially 

available OEG derivatives. A trityl mono-protected OEG is reacted with a di-functionalised 

tosylate OEG and gives the chain-extended di-protected OEG in near quantitative yield. Other 

research groups have also used similar procedures; monodisperse OEGs consisting of 24 monomer 

units have been prepared5a,b,c. By combining these strategies and by using the proper precursors 

compounds 26 and 27 were conveniently accessible without the use of elaborate purification 

methods (Scheme 3). 

Tri(ethylene glycol) was mono-tritylated to give 18 using the glycol in excess 2b. Next the other 

primary hydroxyl moiety of 18 was protected with a benzyl group. The trityl protective group was 
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selectively removed by acid-catalysed methanolysis, and the free hydroxyl moiety was 

subsequently treated with p-toluenesulfonyl chloride affording tosylate 21 in 45% overall yield.  
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Scheme 3. Synthesis of chiral PG/OEG hybrids 26 and 27. (i) TrCl, Pyridine; (ii) NaH, BnBr, THF; (iii) 
HCl, MeOH; (iv) TsCl, KOH, Et2O; (v) 1. NaH, THF, 2. HCl, MeOH; (vi) NaH, CH3I, THF; (vii) H2, Pd/C, 
EtOH; (viii) CH2=CHOC2H5, H+; (ix) LiAlH4, Et2O; (x) TsCl, KOH, Et2O; (xi) 1. NaH, DMF, 2. HCl, 
MeOH; (xii) TsCl, KOH, Et2O. Bn = Benzyl, EE = 1-Ethoxyethoxy, Ts = Tosyl, Tr = Trityl. 
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Compound 22 was obtained from 18 as described for 21. Note that 21 and 22 possess an acid-

resistant protective group (Bn) or an acid-sensitive protective group (Tr). 

From commercially available ethyl S(-)-lactate chiral mono-protected 1,2 S-propanediol 5 was 

obtained in 79 % overall yield, as shown in Schemes 1 and 3, by first reacting ethyl S(-)-lactate via 

an acid catalysed reaction with ethyl vinyl ether, followed by reduction with LiAlH4. Etherification 

of either 21 or 23 (obtained from commercial tri(ethylene glycol) monomethyl ether in 92% yield) 

with 5 gave the mono-protected chiral oligo(ethylene glycol)/propylene glycol hybrids 24 (yield 

ca. 100 %) and 27 (yield 83%). Next compound 24 was converted in two steps in its mono-

protected analogue 26 (overall yield 65%) by methylation with iodomethane followed by removal 

of the benzyl protecting group. Thus, 26 contains a primary hydroxyl end group at the ethylene 

glycol terminus and 27 a secondary hydroxyl moiety in its propylene glycol unit. Both 26 and 27 

will be used, after further functionalisation, for the preparation of monolayers (Chapters 3 and 4). 

Besides the oligo(ethylene glycol)/propylene glycol hybrids 26 and 27 which contain one 

chiral centre (S configuration), a Williamson etherification reaction was done between the chiral 

mono-protected di(propylene glycol) 10 (Table 1) and 23 to obtain the oligo(ethylene 

glycol)/di(propylene glycol) hybrid 28, which after de-protection gave hybrid 29 (overall yield 

66%, Scheme 4).  
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Scheme 4. Synthesis of compound 29. (i) NaH, DMF; (ii) H2, Pd/C, EtOH. 
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2.2.4 Synthesis of Racemic OEG/PG Hybrids 

 

The synthesis of the racemic counterparts of chiral 26 and 27 (Scheme 3), e.g. 34 and 35, is 

shown in Scheme 5. Mono-tritylation of the primary hydroxyl group of racemic 1,2-propanediol 

was achieved using a literature procedure12b. The secondary hydroxyl group of mono-tritylated 30 

was benzylated via a Williamson ether synthesis using benzyl bromide and NaH in THF. Next the 

trityl-protective group was removed via an acid-catalysed methanolysis giving the benzyl mono-

protected 1,2 propanediol 32 (overall yield 42% yield).  

Racemic 34 was prepared in two steps. Etherification of a ten-fold excess of 1,2-propanediol 

with tosylate 22 gave compound 33, which was subsequently methylated with iodomethane in 

THF and KOH as base. Compound 34 was obtained after de-protection of the trityl-group (overall 

yield 49%). Racemic 35 was obtained by etherification of 23 and 32 followed by de-protection of 

the benzyl protective group using hydrogenolysis. 
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Scheme 5. Synthesis of racemic PG/OEG hybrids 34 and 35. (i) TrCl, Pyridine; (ii) NaH, BnBr, THF; (iii) 
HCl, MeOH; (iv) 1. NaH, THF, 2. H2, Pd/C, EtOH; (v) KOH, THF; (vi) 1. KOH, CH3I, THF, 2. HCl, 
MeOH.  
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2.2.5 Conformational Analysis of the PG Unit in 26 and 27: 1H-NMR and Ab Initio 

Calculations 

 

As shown by the 1H-NMR (CDCl3, 298 K) spectra of the PG/OEG hybrids (S)-2-(2-{2-[2-

methoxypropoxy]ethoxy{ethoxy)ethanol (26) and (S)-1-(2-{2-[2-methoxyethoxy]ethoxy{ethoxy)-

propan-2-ol (27) (Figure 3) the proton-proton coupling patterns of the PG unit, which contains 

either a methoxy (26) or hydroxyl (27) end-group, are markedly different (Figures 4A and 4B, 

spectrum 1). This prompted us to study the conformational properties of the terminal PG units in 

26 and 27 in more detail. To this end the 1H NMR coupling patterns of the three magnetically 

distinct PG protons HA (methine H), HB and HC (methylene Hs) of 26 and 27 (cf. Figure 3) were 

analysed. Firstly, the PG CH3 group (1H NMR (CDCl3, 298 K, not shown): 26 δ 1.14 ppm, 3JMeA = 

6.05 Hz and 27 δ 1.12 ppm, 3JMeA = 6.60 Hz) was selectively decoupled. The remaining CH3-

decoupled HA, HB and HC three-spin systems were simulated. 

 

R1
O

O
O

O
O

R2

CH3HA

HB HC

 
Figure 3. The three distinct PG protons HA, HB and HC in 26 (R1 = CH3 and R2 = H) and 27 (R1 = H and 
R2 = CH3 ). 
 

In the case of 26 overlapping proton-proton coupling patterns were found for the remaining 

vicinal protons HA, HB and HC (Figure 4A, spectrum 2). Their coupling patterns could be 

simulated using δ 3.53 ppm for HA, δ 3.49 ppm for HB/HC and δ 3.43 ppm for HC/HB and the 

vicinal and geminal proton-proton coupling constants 3JAB/AC = 5.20 Hz, 3JAC/AB = 4.90 Hz and 2JBC 

= 8.70 Hz. (Figure 4A, compare spectra 2 and 3). For 27, the CH3-decoupled coupling patterns for 

HA, HB and HC were all well-resolved and could be simulated using δ 3.97 ppm for HA, δ 3.49 

ppm for HB/HC and δ 3.28 ppm for HC/HB with the proton-proton coupling constants 3JAB/AC = 3.03 

Hz, 3JAC/AB = 8.25 Hz and 2JBC = 9.90 Hz. Note that in the case of 26 and 27 only δ HA can be 

unequivocally identified; the experimental assignments of the δ HB and δ HC is only tentative, 

since δ HB and δ HC might be mutually exchanged (vide infra).  

Since the magnitude of the vicinal proton-proton coupling constants (3JHH’) in ethane-like 

fragments, such as the R1-O-CHA(CH3)-CHBHC-O'- (PG) unit of 26 and 27, according to the 

(original) empirical Karplus equation (1):15  

 

34 



Novel Synthesis of Racemic and Chiral Glycol Derivatives 

( ) ( )2θcosCθcosBA JHH'
3 ++=      (1) 

 

with A = 4.2, B = -0.5 and C = 4.5, will depend on the dihedral angles (θH-H’) between vicinal 

protons. The 3JHH’ coupling constants provide a probe to assess whether only one conformer or an 

equilibrium mixture of different conformers will contribute. Since the original Karplus equation15 

tends to underestimate the magnitude of 3JHH’ values in α,ω end-functionalized ethane-like 

systems, a modified Karplus equation has been proposed with A = 7.0, B = -1.0 and C = 5.0. In the 

following analysis both empirical Karplus equations will be used16. 

A comparison of the experimental vicinal 3JHH coupling constants found by simulation 

between HA and HB/HC and HC/HB of the PG unit in 26 (3JAB/AC = 5.20 Hz, 3JAC/AB = 4.90 Hz) and 

27 (3JAB/AC = 3.03 Hz, 3JAC/AB = 8.25 Hz) shows that the presence of either a methoxy or hydroxyl 

PG end group markedly affects the conformational properties of the terminal PG moiety. In line 

with expectation15,16 the 3JHH coupling constants of 27 (3JAB/AC = 3.03 Hz, 3JAC/AB = 8.25 Hz) 

indicate the presence of a G+ (gauche) conformation for the PG unit (O-C-C-O' dihedral angle, θO-

O’ ca. 60o) in solution (CDCl3), viz. one large and one small 3JH-H' coupling constant is found. In 

contrast the magnitude and similarity of the 3JH-H coupling constants found for 26 (3JAB/AC = 5.20 

Hz, 3JAC/AB = 4.90 Hz) suggests that various conformers are accessible under similar conditions. 
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Figure 4. 1H-NMR spectra of compounds 26 (A) and 27 (B) with 1) experimental spectrum; 2) 
experimental spectrum after selective decoupling of the PG CH3 group (not shown); 3) simulated spectrum 
of the remaining three-spin system after selective decoupling of the PG CH3 group. 
 

35 



Chapter 2 

R1
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CH3HA
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Figure 5. Model compounds 26' (R1 = CH3) and 27' (R1 = OH). 

 

To gain more insight in the different conformational properties of the terminal PG unit in 26 

(with R1 = CH3) and 27 (with R1 = H) an ab initio computational study (GAMESS-UK17) was 

performed on the model compounds CH3O-CHA(CH3)-CHBHC-O'-CH3 (26') and HO-CHA(CH3)-

CHBHC- O'-CH3 (27') (Figure 5). For 26' and 27', a profile of the total energy (Etot) as a function 

of the O-C-C-O' dihedral angle (θO-O’ from 0o to 360o) was made at the ab initio RHF/6-311G** 

level of theory. However following the O-C-C-O' reaction coordinate for 26' and 27' the 

calculations showed that the O-C-C-O' dihedral angle is coupled to either the CH3-O-C-C (26') or 

the H-O-C-C (27') dihedral angle. Since a full survey of the potential energy surface taking into 

account the two interdependent dihedral angles in the case of 26' and 27' is computationally not 

viable, nine initial geometries for potential minima were guessed using all possible different 

staggered combinations of both the O-C-C-O'/CH3-O-C-C (26') and the O-C-C-O'/H-O-C-C (27') 

dihedral angles (θO-O’: 60o, 180o and 300o, and, θO-C: 60o, 180o and 300o). These guessed 

geometries were used as starting geometries for optimization at the ab initio MP2(full)/6-311G** 

level of theory to identify minima, viz. conformers that may contribute at 298 K according to the 

∆E = -RTlnK criterion. In addition, starting geometries for potential transition states (TS) with 

eclipsed dihedral angles (θO-O’:  0o, 120o and 240o, and, θO-C: 0o, 120o and 240o) were guessed and 

optimised at the same level of theory. In Tables 2 and 3 salient results of these calculations are 

reported; conformers that may contribute were selected using ∆E = -RTlnK with T = 298 K. 

The MP2(full)/6-311G** results indicates that in the gas phase for 26' eight conformers (26a'-

h') and for 27' only two conformers (27a'-b') will contribute. These conformers were all identified 

as proper (local) minima (Hessian calculations). Transition states (TS) connecting different 

conformers were also successfully identified and characterized (Tables 2 and 3). Since the 

assessment which conformer will contribute is sensitive to relative small changes in ∆E, we have 

re-calculated the MP2(full)/6-311G** ∆E values found for 26a'-h' and 27a'-b' taking into account 

MP2(full)/6-311G** zero-point vibrational energy (ZPVE) corrections. Inclusion of ZPVE 

correction showed that the ∆E values of 26a'-h' and 27a'-b' are not affected18. Higher order 

electron correlation effects are also negligible, as suggested by the ∆E values found by single-point 

MP4(frozen core)/6-311G** calculations on 26a'-h' and 27a'-b' at their MP2(full)/6-311G** 

optimized geometries (Gaussian 0318). 
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Table 2. Salient MP2(full)/6-311G** data for different conformers of 26' (26a'-h') and vicinal coupling 
constants (3JAB and 3JAC) calculated using the original15 and modified16 Karplus equation (1). 

26' ∆Ea 

[kcal/mol] 

µ 

[D] 

% O-C-C-O' 

[o] 

CH3-O-C-C 

[o] 
θ(HA-HB) 

[o] 

θ(HA-HC) 

[o] 

JAB 
b 

 [Hz] 

JAC b 

[Hz] 

a a 0.00 

(0.00) 

0.17 34 

(35) 

-175.77 167.88 61.88 179.96 1.48 

(3.75) 

9.22 

(13.00) 

b 0.16 

(0.11) 

1.59 26 

(29) 

-78.26 73.37 163.87 -78.04 8.51 

(12.19) 

0.00 

(2.22) 

c 0.24 

(0.31) 

1.50 23 

(21) 

-175.35 89.57 65.20 -176.55 1.09 

(3.34) 

9.19 

(12.96) 

d 0.95 

(1.13) 

2.36 7 

(5) 

56.57 56.51 -62.35 55.06 1.43 

(3.69) 

2.39 

(4.71) 

e 1.22 

(1.17) 

0.97 4 

(5) 

-73.49 146.61 164.61 -76.92 8.57 

(12.26) 

0.07 

(2.29) 

f 1.32 

(1.35) 

1.41 4 

(4) 

73.39 169.05 -49.34 68.80 3.22 

(5.59) 

0.72 

(2.95) 

g 1.56 

(1.77) 

1.84 2 

(2) 

82.13 -65.06 -45.25 72.47 3.83 

(6.25) 

0.39 

(2.61) 

h 2.53 

(2.78) 

1.79 0 

(0) 

-172.12 -77.00 60.98 179.88 1.60 

(3.87) 

9.22 

(13.00) 

TSac 

(78i) c

0.71   -178.95 118.56 60.81 178.57 -- -- 

TScd 

(131i) c

4.88   119.00 76.22 -0.39 117.67 -- -- 

TSbc 

(94i) c

2.72   -126.69 76.64 113.40 -128.41 -- -- 

TSef 

(160i) c

9.73   2.62 154.75 -118.14 -1.08 -- -- 

TSaf 

(126i) c

4.48   122.12 165.85 -0.34 117.13 -- -- 

TSae 

(101i) c

3.67   -117.15 163.64 119.57 -121.55 -- -- 

TSgh 

(122i) c

6.03   134.13 -75.57 7.62 124.49 -- -- 

TSdg 

(122i) c

4.82   73.30 -6.73 -49.41 67.53 -- -- 

a MP2(full)/6-311G** Etot(26a') -347.41470539 a.u. (between parenthesis ZPVE corrected MP2(full)/6-
311G** Etot(26a') -347.2425791 a.u.). b Original Karplus equation (1) with A = 4.2, B = -0.5 and C = 4.515; 
between parentheses modified16. Karplus equation with A = 7.0, B = -1.0 and C = 5.0. c Imaginary vibration.  
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Table 3. Salient MP2(full)/6-311G** data for different conformers of 27' (27a'-b') and vicinal coupling 
constants (3JAB and 3JAC) calculated using the original15 and modified16 Karplus equation (1). 

27' ∆Ea 

[kcal/mol] 

µ 

[D] 

% O-C-C-O' 

[o] 

H-O-C-C 

[o] 

d O…H 

[Å] 

O-H…O 

[o] 
θ(HA-HB) 

[o] 

θ(HA-HC) 

[o] 

JAB 
b 

[Hz] 

JAC b 

[Hz] 

aa 0.00 

(0.00) 

2.41 65 

(67) 

-57.50 45.51 2.187 113.94 -178.69 -58.49 9.22 

(12.99) 

1.92 

(4.21) 

b 0.37 

(0.43) 

2.40 35 

(33) 

60.86 -51.12 2.260 111.35 -63.45 56.88 1.29 

(3.55) 

2.13 

(4.44) 

TSab 

(166i)c

6.67   3.56 4.61 1.870 124.24 -117.16 2.26 -- -- 

a MP2(full)/6-311G** Etot(27a') -308.22078271 a.u. (between parenthesis ZPVE corrected MP2(full)/6-
311G** Etot(27a') -308.0765726 a.u.). b Original Karplus equation (1) with A = 4.2, B = -0.5 and C = 4.515; 
between parentheses modified16. Karplus equation with A = 7.0, B = -1.0 and C = 5.0. c Imaginary vibration.  
 

It is clear from the data in Tables 2 and 3 that in the gas phase at the MP2(full)/6-311G** level of 

theory both with and without ZPVE correction in the case of 26' four conformers (26a'-d') mainly 

contribute to the equilibrium mixture at 298 K. Note, however, that these four conformers (26a'-

d') possess different dipole moments (µ, Table 2). Hence, in solution the relative stabilities of 

26b'-d' may differ from those found in the gas phase. To verify whether solvation in CHCl3 (ε = 

4.9) will affect the ∆E values of 26a'-d', additional PCM/MP2/6-311G**//MP2(full)/6-311G** 

calculations were done (Gaussian 0318) in which solvation was taken into account using the 

Polarization Continuum Model (PCM)19 . The results show that inclusion of the solvent only 

moderately affects the relative stability (∆E values) of the contributing conformers (26a'-d': gas 

phase ∆E: 26a' 0.00 kcal/mol, 26b' 0.16 kcal/mol, 26c' 0.24 kcal/mol and 26d' 0.95 kcal/mol 

(Table 2) and CHCl3 ∆E: 26a' 0.00 kcal/mol, 26b' 0.24 kcal/mol, 26c' 0.33 kcal/mol and 26d' 

0.74 kcal/mol). For 27a'-b' no contribution of solvation is expected; both conformers possess a 

similar dipole moment (µ, Table 3). Hence, in the subsequent conformational analysis we have 

used the gas phase results of 26a'-h' and 27a'-b'. As an illustration the four most important 

conformers of 26' (26a'-d') and the two conformers of 27' (27a'-b') are shown in Figures 6 and 7. 

A comparison of the contributing conformers of 27' shows that both are in a G+ (gauche) 

conformation for the PG unit (O-C-C-O' dihedral angle, θO-O’ ca. 60o) and that a weak 

intramolecular hydrogen bond is present (Table 3). In contrast, the most stable conformer of 26' 

has a near anti-periplanar conformation for the PG unit (O-C-C-O' dihedral angle, θO-O’ ca. -180o).  
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Figure 6. Contributing conformers of the model compound 26' in the equilibrium mixture. 

 

 
Figure 7. Contributing conformers of the model compound 27' in the equilibrium mixture. 

 

Making use of the computed H-C-C-H dihedral angles, θ(HA-HB) and θ(HA-HC), of the 

contributing MP2(full)/6-311G** conformers in the case of 26' (26a'-h', Table 2) and 27' (27a'-b', 
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Table 3) and, the original Karplus equation (1)15 or its modified form16, gives the following 

weighed averaged 3JAB/3JAC values: 26' (26a'-h') 3JAB/3JAC 3.63/5.45 Hz (original) or 3JAB/3JAC 

6.33/8.56 (modified) (1H NMR simulation: 3JAC/AB/3JAB/AC 4.90/5.20, vide supra) and 27' (27a'-b') 
3JAB/3JAC 6.44/1.99 Hz (original) or 3JAB/3JAC 9.69/4.29 Hz (modified) (1H NMR simulation: 
3JAC/AB/3JAB/AC 8.25/3.03, vide supra). With inclusion of ZPVE correction the weighed averaged 
3JAB/3JAC values are: 26' (26a'-h') 3JAB/3JAC 3.89/5.28 Hz (original) or 3JAB/3JAC 6.64/8.37 

(modified) (1H NMR simulation: 3JAC/AB/3JAB/AC 4.90/5.20, vide supra) and 27' (27a'-b') 3JAB/3JAC 

6.60/1.99 Hz (original) or 3JAB/3JAC 9.87/4.29 Hz (modified) (1H NMR simulation: 3JAC/AB/3JAB/AC 

8.25/3.03, vide supra). Although the match between the weighed averaged calculated 3JAB/3JAC 

values and the experimental 3JAC/AB/3JAB/AC values derived from 1H NMR simulation experiments 

for 26' and 27' is not perfect, the experimental difference between 3JAC/AB and 3JAB/AC in the case of 

26 and 27 is satisfactorily reproduced using the calculated equilibrium mixtures of 26a'-h' and 

27a'-b' especially after inclusion of ZPVE correction. 

A remaining issue that has to be addressed is the chemical shift assignment of the PG protons 

HB and HC. Therefore, we have calculated at the IGLO/IGLO-III//MP2(full)/6-311G** the 1H 

NMR chemical shifts of the protons in the contributing conformers 26a'-h' and 27a'-b'. The results 

are presented in Tables 4 and 5. 

 

Table 4. IGLO/IGLO-III//MP2(full)/6-311G** proton chemical shifts for the conformers 26a'-h'. 

26' δ HA

[ppm]

δ HB

[ppm] 

δ HC

[ppm] 

a 3.03 3.18 2.72 

b 3.17 3.04 2.94 

c 2.90 3.28 2.60 

d 2.85 2.63 3.44 

e 2.95 2.82 2.81 

f 2.82 2.86 3.24 

g 3.33 2.97 3.41 

h 3.55 3.10 3.06 

Averagea 3.02 3.10 2.84 

Exp. 3.53 3.49/3.43 3.43/3.49 
a Based on the MP2(full)/6-311G** equilibrium mixture composition (see Table 2). 

 

For the conformers 26a'-h' no consistent order is found for the calculated 1H NMR chemical 

shifts of δ HA, δ HB and δ HC both in and between the distinct conformers as well as in the 
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computed equilibrium mixture at 298 K using MP2(full)/6-311G** ∆E values (Table 2). This is 

presumably a consequence of the small 1H NMR chemical shift differences between HA, HB and 

HC. Hence, in the case of 26' and thus for 26 itself we have to refrain from the assignment of the 

PG protons HB and HC. 

For 27a'-b' consistent results are calculated for the proton chemical shifts δ HA, δ HB and δ HC 

both for each distinct conformer as well as in the computed equilibrium mixture at 298 K; the 

average 1H NMR chemical shift order is δ HA > δ HC > δ HB. This leads to the following 

experimental assignment: δ HA 3.97 ppm, δ HC 3.49 ppm and δ HB 3.28 ppm.  

 

Table 5. IGLO/IGLO-III//MP2(full)/6-311G** proton chemical shifts for the conformers 27a'-b'. 

27' δ HA δ HB δ HC

a 3.42 2.72 3.02 

b 3.28 2.96 3.17 

Averagea 3.37 2.80 3.07 

Exp. 3.97 3.28 3.49 
a Based on the MP2(full)/6-311G** equilibrium mixture composition (see Table 3). 

 

2.3 Conclusions 

 

A versatile method to obtain both regio- and stereo-selective head-to-tail and tail-to-tail bi-

functional dipropylene glycols in good yields is described. These compounds can be used as 

building block in various applications. The generality of our approach is shown by the convenient 

synthesis of the head-to-tail di-functionalised tetra(propylene glycol) and various chiral/racemic 

oligo(propylene glycol)/oligo(ethylene glycol) (OPG/OEG) hybrids. 

By using 1H-NMR spectroscopy, in combination with selective decoupling and simulations 

experiments, it is shown that the end-group of the PG unit markedly affects the number of 

conformers accessible in solution. Ab initio calculations support these observations. 
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2.4 Experimental Section 
 

General. All reactions were carried out under a dry nitrogen atmosphere unless stated otherwise. 

Commercially available reagents were used without purification. Tetrahydrofuran (THF), diethyl ether and 

toluene were distilled from sodium-benzophenone prior to use. Dichloromethane was distilled from CaCl2. 

Pyridine was distilled over KOH and stored over 4 Å molecular sieves, dimethyl formamide (DMF) and 

ethanol (EtOH) were also dried on 4 Å molecular sieves. Methanol (MeOH) was stored over 3 Å molecular 

sieves. K2CO3 and MgSO4 were dried in an oven at 200°C. Column chromatography was performed using 

Acros silicagel 0.035-0.070 mm, pore diameter ca. 6 nm. Thin layer chromatography was performed on 

Merck silicagel 60 F254. Spots were detected by the use of iodine vapour and/or UV light. NMR spectra 

were recorded on a Bruker AC 300 spectrometer operating at 300.13 MHz for 1H-NMR and at 75.47 MHz 

for 13C-NMR. Samples were dissolved in CDCl3 unless stated otherwise. Chemical shifts (in ppm) are given 

relative to internal TMS (0 ppm) in the case of 1H-NMR and relative to CDCl3 (77.00) for 13C-NMR. 

Infrared spectra (neat samples) were recorded on a Perkin Elmer System 2000 equipped with an ATR set-

up. Optical rotations were recorded at room temperature with a Perkin Elmer 241 polarimeter. 

Ethyl 2-(benzyloxy)propanoate (1)20, 21. To a suspension of NaH (16.81 g, 40% mineral oil), washed 

with pentane (3 × 50 mL), in THF (100 mL) was added drop-wise ethyl S(-)-lactate (59.02 g, 0.50 mol) in 

THF (100 mL). After 24 hours the reaction mixture was cooled to 0°C and benzyl bromide (85.53 g, 0.50 

mol) in THF (100 mL) was added drop wise. The reaction mixture was stirred at room temperature and the 

conversion checked by drawing analytical samples from the solution (1H-NMR). Upon completion THF 

was carefully removed under reduced pressure. The residue was re-dissolved in diethyl ether (300 mL) and 

water (100 mL) was added. The organic phase was separated and the water layer extracted with diethyl 

ether (2 × 100 mL). The organic layers were combined and washed with water (100 mL). The obtained 

yellow oil (racemate, 99.22 g, 0.48 mol, 96%) was used without further purification: 1H-NMR δ 7.39-7.29 

(m, 5H), 4.69 (d, 1H, J = 11.83 Hz), 4.45 (d, 1H, J = 11.80 Hz), 4.21 (qd, 2H, J = 7.14 Hz, J’ = 1.35 Hz), 

4.04 (q, 1H, J = 6.87 Hz), 1.43 (d, 3H, J = 6.60 Hz), 1.29 (t, 3H, J = 7.15 Hz); 13C-NMR δ 173.22 (C=O), 

137.65 (Bn-C), 137.57 (Bn-C), 130.03 (Bn-C), 128.70 (Bn-C), 127.89 (Bn-C), 127.74 (Bn-C), 74.04 

(C(CH3)), 71.93 (Bn-CH2), 60.78 (OCH2), 18.56 (C(CH3)), 14.19 (OCH2CH3); IR ν 3033 (w), 2985 (m), 

2875 (m), 1726 (s), 1453 (m), 1270 (m), 1120 (s), 1111 (s), 1064 (m), 1024 (m), 738 (m), 714 (m), 698 (m). 

2-(Benzyloxy)propan-1-ol (2)21. Diethyl ether (500 mL) was cooled to –10°C (ice-bath with NaCl) and 

LiAlH4 (13.59 g, 0.35 mol) was added carefully. To this cooled suspension a solution of 1 (99.20 g, 0.48 

mol) in diethyl ether (100 mL) was added drop-wise. The mixture was stirred overnight and afterwards 

carefully hydrolysed with water. The solids were filtered off and washed thoroughly with diethyl ether. The 

combined organic layers were dried over MgSO4, solvent removed under reduced pressure and the residue 

distilled under reduced pressure (94°C, 1 mbar) resulting in a colourless oil (racemate, 62.19 g, 0.37 mol, 

77%): 1H-NMR δ 7.38-7.31 (m, 5H), 4.65 (d, 1H, J = 11.52 Hz), 4.46 (d, 1H, J = 11.56 Hz), 3.70-3.65 (m, 

1H), 3.62-3.58 (m, 1H), 3.54-3.49 (m, 1H), 2.44 (bs, 1H, OH), 1.19 (d, 3H, J = 6.06 Hz); 13C-NMR δ 
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138.44 (Bn-C), 128.32 (2 Bn-C), 127.59 (Bn-C), 127.55 (2 Bn-C), 75.51 (C(CH3)), 70.70 (Bn-CH2), 66.18 

(OCH2), 15.81 (C(CH3)); IR ν 3417 (m), 3031 (w), 2971 (m), 2929 (m), 2871 (m), 1453 (m), 1060 (m), 

1027 (m), 735 (m), 715 (w), 696 (m). 

2-(benzyloxy)propyl 4-methylbenzenesulfonate (3)21. A solution of p-toluenesulfonyl chloride (6.10 

g, 32.0 mmol) and 2 (5.31 g, 31.9 mmol) in diethyl ether (100 mL) was cooled to 0°C. Freshly powdered 

KOH (7.2 g, 129 mmol) was added in small amounts under vigorous stirring while maintaining the 

temperature below 5°C. The mixture was stirred for 3 hours at 0°C after which diethyl ether (100 mL) and 

ice-water (250 mL) were added. The organic phase was separated, and the aqueous phase was extracted 

with diethyl ether (2 × 100 mL). The combined organic layers were washed with water (200 mL), dried 

(MgSO4), and concentrated under reduced pressure. The clear colourless oil was used without further 

purification (3, 9.46 g, 29.6 mmol, 93%): 1H-NMR δ 7.67 (d, 2H, J = 8.52 Hz), 7.30-7.26 (m, 7H), 4.49 (d, 

2H, 4.85 Hz), 4.00-3.98 (m, 2H), 3.80-3.73 (m, 1H), 2.41 (s, 3H), 1.15 (d, 3H, J = 6.30 Hz); 13C-NMR δ 

144.84 (Ts-C-CH3), 138.06 (Bn-C), 132.86 (Ts-C), 129.85 (2 Ts-C), 128.37 (2 Ts-C), 127.94 (2 Bn-C), 

127.68 (Bn-C), 127.62 (2 Bn-C), 72.72 (C(CH3)), 72.34 (Bn-CH2), 71.28 (OCH2), 21.66 (Ts-CH3), 16.73 

(C(CH3)); IR ν 3065 (w), 3032 (w), 2981 (m), 2937 (w), 2875 (w), 1358 (m), 1174 (s), 965 (m), 738 (m), 

698 (m). 

(S)(-)-Ethyl 2-(1-ethoxyethoxy)propanoate (4)11. To an ice-cooled solution of a catalytic amount of p-

toluenesulfonic acid (210 mg, 1.1 mmol) in ethyl vinyl ether (288 mL, 3 mol) was added slowly S(-)-lactate 

(177.19 g, 1.50 mol). During addition the temperature was maintained between 0-5°C. After addition the 

reaction mixture was stirred for another 45 minutes at 10°C22. Afterwards the mixture was cooled to 5°C 

and an aqueous solution of saturated K2CO3 (5 mL) was added. After a few minutes sufficient powdered 

K2CO3 was added in order to remove the water, and the mixture was filtered and evaporated under reduced 

pressure. After evaporation a clear colourless oil was obtained; mixture of two diastereoisomers (4, 282.50 

g, 1.49 mol, 99%): [α]D
20 (–)71.9° (c = 1.813 g · 100 ml-1, CH2Cl2); 1H-NMR δ 4.78 (q, 1H, J =5.22 Hz), 

4.77 (q, 1H, J = 3.84 Hz), 4.33 (q, 1H, J = 6.90 Hz), 4.25-4.10 (m, 5H), 3.71-3.43 (m, 4H), 1.66-1.34 (m, 

9H), 1.32-1.21 (m, 9H), 1.18 (t, 3H, J = 4.40 Hz), 1.16 (t, 3H, J = 4.38 Hz); 13C-NMR δ 173.69 (C=O), 

173.43 (C=O), 99.30 (OC(H)O), 99.46 (OC(H)O), 69.97 (HCC=O), 69.72 (HCC=O), 61.16 (OCH2CH3), 

60.78 (2 OCH2CH3), 60.30 (OCH2CH3), 20.07 (OCH(CH3)O), 19.77 (OCH(CH3)O), 18.96 (2 

O=CC(CH3)O), 15.33 (OCH2CH3), 15.13 (OCH2CH3), 14.20 (2 OCH2CH3); IR ν 2982 (m), 2938 (m), 2902 

(m), 1749 (s), 1340 (w), 1079 (s), 1026 (m), 964 (m), 853 (w). 

(S)(+)-2-(1-Ethoxyethoxy)propan-1-ol (5)11. Diethyl ether (500 mL) was cooled to –10°C (ice-bath 

with NaCl) and LiAlH4 (72.11 g, 1.90 mol) was added carefully. To this cold suspension a solution of 4 

(249.70 g, 1.31 mol) in diethyl ether (100 mL) was added drop-wise (the dropping funnel was before use 

rinsed with gaseous ammonia to avoid de-protection of the ethylethoxy group). The mixture was stirred 

overnight and slowly hydrolysed with water. The solids were filtered off and washed with diethyl ether 

(4×50 mL). The combined organic layers were dried over K2CO3. Diethyl ether was removed under reduced 

pressure and the residue distilled under reduced pressure (1 mbar, 74°C) resulting in a colourless oil 
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consisting of a mixture of two diastereoisomers of 5 (155.69 g, 1.05 mol, 80%): [α]D
20 (+) 43.3° (c = 1.663 

g · 100 ml-1, CH2Cl2); 1H-NMR δ 4.80 (q, 1H, J = 5.22 Hz), 4.72 (q, 1H, J = 5.49 Hz), 3.90-3.75 (m, 2H), 

3.75-3.67 (m, 1H), 3.61-3.42 (m, 7H), 3.16 (bs, s, 1H), 2.56 (bs, s, 1H), 1.35 (d, 3H, J = 3.03 Hz), 1.33 (d, 

3H, J = 2.19 Hz), 1.21 (t, 6H, J = 1.65 Hz), 1.17 (d, 3H, J = 6.30 Hz), 1.13 (d, 3H, J = 6.33 Hz); 13C-NMR 

δ 99.63 (OC(H)O), 99.55 (OC(H)O), 75.66 (CH(CH3)CH2OH), 73.04 (CH(CH3)CH2OH), 67.09 (CH2OH), 

66.71 (CH2OH), 61.01 (OCH2CH3), 60.65 (OCH2CH3), 20.66 (OCH(CH3)O), 20.45 (OCH(CH3)O), 17.57 

(C(CH3)CH2OH), 17.22 (C(CH3)CH2OH), 15.26 (2 OCH2CH3); IR ν 3444 (m), 2976 (m), 2934 (m), 2878 

(m), 1446 (w), 1047 (s), 967 (m), 883 (w). 

1-({[(S)(-)-2-(1-Ethoxyethoxy)propoxy]methyl}benzene ) (6). To a suspension of NaH (16.83 g, 40% 

mineral oil), washed with pentane (3 × 50 mL), and re-dispersed in THF (100 mL) was added drop-wise a 

solution of 5 (59.19 g, 0.40 mol) in THF (100 mL). After 24 hours the reaction mixture was cooled to 0°C 

and benzyl bromide (68.41 g, 0.40 mol) in THF (100 mL) was added drop-wise. The reaction mixture was 

stirred at room temperature and the conversion of 5 was checked by drawing analytical samples (1H-NMR). 

Upon completion THF was carefully removed under reduced pressure. The residue was re-dissolved in 

diethyl ether (300 mL) and water (100 mL) was added. The organic phase was separated and the water layer 

extracted with diethyl ether (100 mL). The organic layers were combined and washed with water (100 mL). 

The obtained yellow oil was used without further purification (6 mixture of two diastereoisomers, 95.31 g, 

0.40 mol, 100%): [α]D
20 (-) 4.5° (c = 1.412 g · 100 ml-1, CH2Cl2); 1H-NMR δ 7.37-7.22 (m, 10H), 4.83 (q, 

1H, J = 5.22 Hz), 4.80 (q, 1H, J = 5.49 Hz), 4.55 (s, 2H), 4.53 (s, 2H), 3.98-3.86 (m, 2H), 3.70-3.58 (m, 

2H), 3.57-3.32 (m, 6H), 1.32-1.30 (dd, 6H, J = 3.84 Hz, J’ = 1.38 Hz), 1.21 (t, 6H, J = 10.72 Hz), 1.17 (d, 

3H, J = 8.25 Hz), 1.13 (d, 3H, J = 5.49 Hz); 13C-NMR δ 138.40 (Bn-C), 138.34 (Bn-C), 128.23 (2 Bn-CH), 

128.20 (2 Bn-CH), 127.46 (2 Bn-CH), 127.42 (4 Bn-CH), 99.81 (OC(H)O), 98.35 (OC(H)O), 74.69 

(CH(CH3)), 74.43 (CH(CH3)), 73.19 (2 Bn-CH2), 71.50 (OCH2), 70.39 (OCH2), 60.10 (OCH2CH3), 60.00 

(OCH2CH3), 20.67 (2 OCH(CH3)O), 18.39 (C(CH3)), 17.64 (C(CH3)) 15.21 (OCH2CH3), 15.16 

(OCH2CH3). 

(S)(-)-2-(1-Ethoxyethoxy)propyl 4-methylbenzenesulfonate (7)11. A solution of p-toluenesulfonyl 

chloride (76.32 g, 0.40 mol) and 5 (59.19 g, 0.40 mol) in diethyl ether (300 mL) was cooled to 0°C. Freshly 

powdered KOH (89.60 g, 1.60 mol) was added in small amounts under vigorous stirring while maintaining 

the temperature below 5°C. The mixture was stirred for 3 hours at 0°C after which diethyl ether (200 mL) 

and ice-water (250 mL) were added. The organic phase was separated, and the aqueous phase was extracted 

with diethyl ether (2 × 100 mL). The combined organic layer was washed with water (200 mL), dried 

(MgSO4), and concentrated under reduced pressure. The clear colourless oil was used without further 

purification (7, mixture of two diastereoisomers, 109.72 g, 0.36 mol, 90%): [α]D
20 (-) 9.7° (c = 2.151 g · 100 

ml-1, CH2Cl2); 1H-NMR δ 7.79 (d, 4H, J = 7.98 Hz), 7.34 (d, 4H, J = 7.14 Hz), 4.71 (q, 2H, J = 5.22 Hz), 

4.05-3.87 (m, 6H), 3.59-3.52 (m, 2H), 3.45-3.40 (m, 2H), 2.44 (s, 6H), 1.24 (d, 6H, J = 5.22 Hz), 1.23-1.11 

(m, 12H); 13C-NMR δ 144.88 (2 Ts-CCH3), 133.01 (2 Ts-CSO2), 129.91 (4 Ts-CH), 127.99 (4 Ts-CH), 

100.01 (OC(H)O), 98.61 (OC(H)O), 73.02 (2 OCH2), 69.66 (CH(CH3)), 68.74(CH(CH3)), 60.44 
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(OCH2CH3), 60.15 (OCH2CH3), 21.67 (Ts-CH3), 21.62 (Ts-CH3), 20.43 (2 OCH(CH3)O), 18.08 (C(CH3)), 

17.27 (C(CH3)), 15.29 (OCH2CH3), 15.23 (OCH2CH3); IR ν 2980 (m), 2935 (m), 2900 (m), 1360 (m), 1176 

(m), 957 (m), 813 (m), 665 (m). 

(S)(+)-1-(Benzyloxy)propan-2-ol (8)23. A solution of 6 (95.30 g, 0.40 mol) in THF (300 mL) and 2M 

HCl (200 mL) in water was stirred at room temperature overnight. Next the mixture was concentrated under 

reduced pressure to remove the THF and the resulting water layer was extracted with diethyl ether (2 × 100 

mL). The combined organic extracts were dried over MgSO4 and the solvent was evaporated. The resulting 

yellow oil was distilled under reduced pressure (95°C, 1 mbar) over CaCl2. Compound 8 was obtained as a 

colourless liquid (58.70 g, 0.36 mol, 90%): [α]D
20 (+) 15.4° (c = 1.165 g · 100 ml-1, CH2Cl2); 1H-NMR δ 

7.41-7.21 (m, 5H), 4.53 (s, 2H), 4.06-3.91 (dd, 1H, J = 6.33 Hz, J’ = 3.00 Hz), 3.47-3.40 (t, 1H, J = 8.25 

Hz), 3.32-3.25 (m, 1H), 2.63 (bs, 1H, OH), 1.13 (d, 3H, J = 6.30 Hz); 13C-NMR δ 137.95 (Bn-C), 128.35 (2 

Bn-C), 127.65 (3 Bn-C), 75.77 (CH(CH3)), 73.20 (Bn-CH2), 66.38 (OCH2), 18.62 (CH(CH3)); IR ν 3413 

(m), 3065 (w), 2972 (m), 2863 (m), 1453 (m), 1092 (s), 736 (m), 714 (w), 697 (m). 

(S)(-)-Ethyl 2-(tosyloxy)propanoate (9)24. To a stirred solution of ethyl S(-)-lactate (2.42 g, 20.0 

mmol) in dichloromethane (25 mL) was added to freshly prepared Ag2O25 (7.00 g, 30.0 mmol), p-toluene 

sulfonylchloride (3.81 g, 20 mmol) and a catalytic amount KI. The mixture was stirred at 40°C until 

complete consumption of ethyl S(-)-lactate. Afterwards the reaction mixture was filtered over Celite® and 

the residue was washed with dichloromethane (2 × 10 mL). The organic fraction was dried over MgSO4 and 

concentrated under reduced pressure resulting in a colourless oil, which was used without further 

purification (9, 3.03 g, 11.0 mmol, 55%):[α]D
20 (-) 42.7° (c = 1.76 g · 100 ml-1, CH2Cl2); 1H-NMR δ 7.82 (d, 

2H, J = 8.52 Hz), 7.34 (d, 2H, J = 7.98 Hz), 4.93 (q, 1H, J = 7.14 Hz), 4.12 (q 2H, J = 7.14 Hz), 2.44 (s, 

3H), 1.51 (d, 3H, J = 6.87 Hz), 1.21 (t, 3H, J = 7.14 Hz); 13C-NMR δ 168.94 (C=O), 144.95 (Ts-CCH3), 

133.42 (Ts-CSO2), 129.69 (2 Ts-CH), 127.91 (2 Ts-CH), 74.08 (C(CH3)), 61.68 (OCH2CH3), 21.51 (Ts-

CH3), 18.28 (C(CH3)), 13.83 (OCH2CH3); IR ν 3031 (w), 3417 (m), 2990 (m), 1736 (s), 1365 (m), 1190 

(m), 1175 (s), 936 (m), 813 (m), 784 (m), 663 (m). 

(S)-1-((S)-1-{Benzyloxy}propan-2-yloxy)propan-2-ol (10)10. To a suspension of NaH (17.3 g, 40% 

mineral oil), washed with pentane (3 × 75 mL), in re-dispersed DMF (100 mL) was added drop-wise a 

solution of 8 (43.22 g, 0.26 mol) in DMF (100 mL). After 24 hours the reaction mixture was cooled to 0°C 

and 7 (78.62 g, 0.26 mol) in DMF (100 mL) was added drop-wise. The reaction mixture was stirred at room 

temperature and the conversion checked by drawing analytical samples from the solution (1H-NMR). Upon 

completion DMF was carefully removed under reduced pressure. The residue was re-dissolved in diethyl 

ether (300 mL) and water (100 mL) was added. The organic phase was separated and the water layer 

extracted with diethyl ether (100 mL). The organic layers were combined and washed with water (100 mL). 

To remove the ethoxyethyl protecting group the combined organic layers were washed with aqueous 0.1 M 

HCl. After evaporation of the solvent under reduced pressure, pure 10 was obtained by distillation (120°C, 

0.1 mbar) as a colourless oil (53.83 g, 0.24 mol, 92%): [α]D
20 (+) 28.4° (c = 1.450, CH2Cl2); 1H-NMR δ 

7.34-7.32 (m, 5H), 4.60-4.50 (AB-system, 2H), 3.94-3.91 (m, 1H), 3.71-3.68 (m, 1H), 3.50-3.46 (m, 4H), 
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2.91 (bs, 1H, OH), 1.14 (d, 3H, J = 6.03 Hz), 1.12 (d, 3H, J = 5.76 Hz); 13C-NMR δ 138.02 (Bn-C), 128.35 

(2 Bn-C), 127.59 (3 Bn-C), 74.66 (OCH(CH3)), 74.50 (OCH(CH3)), 74.01 (Bn-CH2), 73.98 (OCH2), 65.92 

(OCH2), 18.41 (OCH(CH3)), 16.92 (OCH(CH3)); IR ν 3434 (m), 3031 (w), 2972 (m), 2867 (m), 1453 (m), 

1373 (m), 1091 (s), 737 (m), 714 (w), 697 (m). 

({(S)-2-[(S)-2-Methoxypropoxy]propoxy}methyl)benzene (11). Compound 10 (38.13 g, 0.17 mol) 

was treated with CH3I (49.68 g, 0.35 mol) in DMF with NaH (7.2 g, 40% mineral oil) as described for 1. 

(11, 33.37 g, 0.14 mol, 82%): [α]D
20 (+) 21.0° (c = 1.553 g · 100 ml-1, CH2Cl2); 1H-NMR δ 7.34-7.30 (m, 

5H), 4.55 (AB-system, 2H), 3.64-3.61 (m, 1H), 3.50-3.36 (m, 5H), 3.37 (s, 3H), 1.17 (d, 3H, J =6.30 Hz ), 

1.15 (d, 3H, J = 6.33 Hz); 13C-NMR δ 138.38 (Bn-C), 128.21 (2 Bn-C), 127.43 (3 Bn-C), 76.10 

(OCH(CH3)), 75.21 (OCH(CH3)), 74.08 (Bn-CH2), 73.19 (OCH2), 73.01 (OCH2), 56.62 (OCH3), 17.18 

(OCH(CH3)), 16.51 (OCH(CH3)); IR ν 3065 (w), 3031 (w), 2973 (m), 2865 (m), 2823 (m), 1497 (w), 1454 

(m), 1373 (m), 1096 (s), 914 (m), 735 (m), 697 (m). 

(S)-2-((S)-2-Methoxypropoxy)propan-1-ol (12). Compound 11 (23.69 g, 0.10 mol) was dissolved in 

EtOH (100 mL) and acidified with one drop concentrated hydrochloric acid. A catalytic amount of 10% 

palladium on carbon (1.5 g) was added to the solution, and hydrogenation was carried out at 50 psi H2 

pressure for 12 h. After filtration over Celite®, evaporation of solvents and distillation (85°C, 1 mbar) a 

colourless oil was obtained (12, 13.98 g, 0.095 mol, 95%): [α]D
20 (+) 41.4° (c = 1.451 g · 100 ml-1, CH2Cl2) 

1H-NMR δ 3.59-3.39 (m, 6H), 3.38 (s, 3H), 3.06 (bs, 1H, OH), 1.09 (d, 3H, J = 6.06 Hz ), 1.05 (d, 3H, J = 

6.03 Hz); 13C-NMR δ 76.51 (OCH(CH3)), 75.73 (OC(CH3)), 71.69 (OCH2), 65.79 (OCH2), 56.03 (OCH3), 

15.78 (OCH(CH3)), 15.71 (OCH(CH3)); IR ν 3434 (m), 2973 (m), 2932 (m), 2874 (m), 2827 (w), 1454 (m), 

1084 (s), 1054 (s), 913 (w). 

(6S,10S)-4,6,10,12-Tetramethyl-3,5,8,11,13-pentaoxapentadecane (13). A similar procedure as for 

10 was followed, 5 (14.82 g, 0.10 mol) and 7 (30.24 g, 0.10 mol) in DMF with NaH (4.1 g, 40% mineral 

oil) resulting in a clear colourless oil (13, 26.17 g, 0.094 mol, 94%): [α]D
20 (+) 3.55° (c = 3.090 g · 100 ml-1, 

CH2Cl2) 1H-NMR δ 4.85-4.75 (m, 2H), 3.93-3.82, (m, 2H), 3.64-3.61 (m, 2H), 3.50-3.36 (m, 6H), 1.30 (d, 

6H, J = 5.22 Hz), 1.22-1.13 (m, 12H); 13C-NMR δ 99.90 (OC(H)O), 99.85 (OC(H)O), 98.32 (OC(H)O), 

98.26 (OC(H)O), 75.95 (OCH2), 75.89 (OCH2), 75.64 (2 OCH(CH3)O), 71.69 (CH(CH3)), 71.62 

(CH(CH3)), 71.58 (CH(CH3)), 71.54 (CH(CH3)), 60.09 (OCH2), 60.06 (2 OCH2), 60.00 (OCH2), 20.66 (4 

OCH(CH3)O), 18.28 (2 C(CH3)), 17.61 (C(CH3)), 17.55 (C(CH3)), 15.21 (2 OCH2CH3), 15.18 (2 

OCH2CH3). 

(2S,2'S)-1,1'-Oxydipropan-2-ol (14)11. A solution of 13 (26.00 g, 93.40 mmol) in THF (50 mL) and 

2M HCl (25 mL) in water was stirred at room temperature overnight. Next the mixture was concentrated 

under reduced pressure to remove THF and water. Note that 14 is soluble in water. The residue, which 

consists of a mixture of crude product and water was intensively extracted with diethyl ether (2 × 100 mL). 

The combined diethyl ether fractions were dried over MgSO4 and concentrated. The resulting yellow oil 

was purified via Kugelrohr distillation (75°C, 0.01 mbar). Compound 14 was obtained as a colourless oil 

(11.53 g, 85.93 mmol, 92%): [α]D
20 (+) 45.3° (c = 1.370 g ·100 ml-1, CH2Cl2) 1H-NMR δ 4.00-3.96 (m, 2H), 
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3.54 (bs, 2H, OH), 3.46-3.34 (AB-system, 4H), 1.14 (d, 6H, J = 6.30 Hz); 13C-NMR δ 76.62 (2 C(CH3)), 

66.10 (2 OCH2), 18.62 (2 C(CH3)); IR ν 3359 (s), 3031 (w), 2971 (m), 2883 (m), 1454 (m), 1376 (m), 1096 

(s), 978 (m).  

(1,1'-Oxybis{propane-2,1-diyl}bis[oxy])bis(methylene)dibenzene (15). A similar procedure as for 10 

was followed, 2 (3.32 g, 0.02 mol) and 3 (6.41 g, 0.02 mol) resulting in a clear colourless oil (15, 4.72 g, 

0.015 mol, 75%): [α]D
20 (+) 0.10° (c = 2.100 g · 100 ml-1, CH2Cl2) 1H-NMR δ 7.36-7.26 (m, 10H), 4.61 (s, 

4H), 3.78-3.72 (m, 2H), 3.58-3.40 (AB-system, 4H), 1.21 (d, 6H, J = 7.41 Hz); 13C-NMR δ 139.29 (4 Bn-

C), 128.60 (4 Bn-C), 128.58 (4 Bn-C), 127.90 (4 Bn-C), 127.87 (4 Bn-C), 127.71 (2 vBn-C), 127.69 (2 Bn-

C), 75.97 (2 C(CH3)), 75.91 (2 C(CH3)), 74.28 (4 Bn-CH2), 71.44 (4 OCH2), 17.57 (4 C(CH3)); IR ν 3030 

(w), 2972 (m), 2931 (w), 2868 (m), 1453 (m), 1374 (m), 1108 (s), 1059 (s), 1028 (m), 733 (m), 696 (m). 

(S)(-)2-((S)-2-Methoxypropoxy)propyl 4-methylbenzenesulfonate (16). A solution of p-

toluenesulfonyl chloride (17.22 g, 90.2 mmol) and 12 (13.29 g, 89.7 mmol) in diethyl ether (150 mL) was 

cooled to 0°C. Freshly powdered KOH (20.20 g, 360 mmol) was added in small amounts under vigorous 

stirring while maintaining the temperature below 5°C. The mixture was subsequently stirred for 3 hours at 

0°C after which diethyl ether (50 mL) and ice-water (250 mL) were added. The organic phase was 

separated and the aqueous phase was extracted with diethyl ether (2 × 100 mL). The combined organic 

layers were washed with water (200 mL), dried over MgSO4, and concentrated under reduced pressure. The 

clear colourless oil was used without further purification (16, 17.23 g, 56.9 mmol, 63%): [α]D
20 (-) 10° (c = 

1.151 g · 100 ml-1, CH2Cl2); 1H-NMR δ 7.76 (d, 2H, J = 8.25 Hz), 7.31 (d, 2H, J = 7.98 Hz), 4.10-3.65 (m, 

2H), 3.66-3.61 (m, 1H), 3.43-3.30 (m, 3H), 3.31 (s, 3H), 2.42 (s, 3H), 2.21 (d, 3H, J = 6.60 Hz), 1.05 (d, 

3H, J = 6.06 Hz); 13C-NMR δ 144.56 (Ts-CCH3), 132.69 (Ts-CSO2), 129.57 (2 Ts-CH), 127.59 (2 Ts-CH), 

75.70 (OCH(CH3)), 73.33 (CH(CH3)), 72.87 (OCH2), 72.36 (OCH2), 56.33 (OCH3), 21.25 (Ts-CH3), 16.32 

(CH(CH3)), 16.04 (CH(CH3)); IR ν 2978 (m), 2934 (m), 2825 (m), 1599 (m), 1452 (m), 1358 (m), 1189 

(m), 1175 (s), 1096 (m), 965 (m), 920 (m), 813 (m), 666 (m). 

(4S,7S,10S,13S)-4,7,10,13-Tetramethyl-1-phenyl-2,5,8,11,14-pentaoxapentadecane (17). A similar 

procedure as for 1 was used; reaction of 10 (11.22 g, 0.05 mol) and 16 (15.12 g, 0.05 mol) resulted in a 

clear colourless oil (17, 14.18 g, 0.04 mol, 80%): 1H-NMR δ 7.40-7.18 (m, 5H), 4.54 (AB-system, 2H), 

3.81-3.35 (m, 12H), 3.36 (s, 3H), 1.14 (m, 12H); 13C-NMR δ 138.40 (Bn-C), 128.22 (2 Bn-C), 127.44 (2 

Bn-C), 127.39 (Bn-C), 76.10 (C(CH3)), 75.46 (C(CH3)), 75.40 (C(CH3)), 75.13 (C(CH3)), 74.05 (Bn-CH2), 

73.36 (OCH2), 73.26 (OCH2), 73.18 (OCH2), 73.03 (OCH2), 56.58 (OCH3), 17.26 (2 C(CH3)), 17.21 

(C(CH3)), 16.56 (C(CH3)); IR ν 3031 (w), 2931 (m), 2972 (m), 2870 (m), 1496 (w), 1453 (m), 1374 (m), 

1202 (w), 1092 (s), 1028 (m), 917 (m), 738 (m), 698 (m). 

2-(2-{2-[Trityloxy]ethoxy}ethoxy)ethanol (18)12b. To triethylene glycol (750 g, 5.0 mol) was added 

pyridine (59.33 g, 0.75 mol). The solution was heated to 45°C, and triphenylmethyl chloride (139.39 g, 0.50 

mol) was added under vigorous stirring. After additional stirring for 12 hours, the reaction mixture was 

poured in toluene (500 mL) and water (100 mL), the layers were separated and the water layer was 

extracted with toluene (2 × 200 mL). The combined organic layers were subsequently washed with water (2 
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× 100 mL). The organic layer was dried (MgSO4), concentrated under reduced pressure and afforded 18 as 

a yellow oil (162.90 g, 0.40 mol, 80%), which was used without further purification: 1H-NMR δ 7.46 (m, 

6H), 7.35-7.15 (m, 9H), 3.75-3.65 (m, 8H), 3.63 (m, 2H), 3.26 (t, 2H, J = 4.95 Hz), 2.32 (br, 1H, OH); 13C-

NMR δ 143.89 (3 Ar-C), 128.51 (6 Ar-CH), 127.58 (6 Ar-CH), 126.77 (3 Ar-CH), 86.42 (CH2OC(Ar)3), 

72.39 (CH2CH2OH), 70.60 (OCH2), 70.49 (OCH2), 70.28 (OCH2), 63.11 (CH2OC(Ar)3), 61.50 (CH2OH); 

IR ν 3445 (m), 3086 (w), 3058 (w), 3032 (w), 2918 (m), 2870 (m), 1490 (m), 1448 (m), 1219 (m), 1122 

(m), 1076 (s), 1027 (m), 762 (m), 746 (m), 705 (s), 696 (s). 

1,1,1,12-Tetraphenyl-2,5,8,11-tetraoxadodecane (19). To a suspension of NaH (1.44 g, 40% mineral 

oil), washed with pentane (3 × 10 mL), re-dispersed in THF (100 mL) was added drop-wise to a solution of 

18 (20.15 g, 0.051 mol) in THF (150 mL). After 24 hours the reaction mixture was cooled to 0°C and 

benzyl bromide (9.24 g, 0.054 mol) in THF (100 mL) was added drop wise. The course of the reaction was 

followed with 1H-NMR. After 90 hours the mixture was concentrated under reduced pressure and water 

(200 ml) and diethyl ether (200 ml) were added. The organic phase was separated and the aqueous phase 

was extracted with diethyl ether (2 × 100 mL). The combined organic layers were washed with water (100 

ml), dried with MgSO4, and concentrated under reduced pressure and 19 was obtained as a yellow liquid 

(24.35 g, 0.050 mol, 98%): 1H-NMR δ 7.47 (m, 6H), 7.40-7.15 (m, 14H), 4.57 (s, 2H), 3.80-3.65 (m, 8H), 

3.63 (m, 2H), 3.26 (t, 2H, J = 5.49 Hz); 13C-NMR δ 143.94 (3 sec Tr-C), 138.09 (Bn-C), 128.49 (6 Tr-CH), 

128.10 (2 Bn-CH), 127.54 (2 Bn-CH + 6 Tr-CH), 127.46 (Bn-CH), 126.68 (3 Tr-CH), 86.30 (tert Tr-C), 

72.97 (Bn-CH2), 70.60 (OCH2), 70.54 (OCH2), 70.52 (OCH2), 70.46 (OCH2), 69.29 (OCH2), 63.15 

(CH2OTr); IR ν 3086 (w), 3058 (w), 3031 (w), 2868 (m), 1490 (m), 1449 (m), 1218 (w), 1090 (s), 1031 

(w), 762 (m), 745 (m), 705 (s), 696 (s). 

2-(2-{2-[Benzyloxy]ethoxy}ethoxy)ethanol (20)24,5b. To a stirred solution of 19 (23.50 g, 0.049 mol) in 

MeOH (100 mL) was added a catalytic amount (drop) of acetyl chloride. After 12 hours stirring a white 

precipitate was formed. The reaction mixture was slowly cooled to –25°C and after 12 hours filtrated and 

the filtrate was concentrated under reduced pressure. The oily residue was stirred with dry n-hexane to 

remove last traces of methoxytriphenylmethane. This afforded 20 as a yellow oil, which was used without 

further purification (8.40 g, 0.035 mol, 71%): 1H-NMR δ 7.40-7.20 (m, 5H), 4.57 (s, 2H), 3.80-3.60 (m, 

12H), 2.21 (br, 1H, OH); 13C-NMR δ 137.91 (Bn-C), 128.13 (2 Bn-CH), 127.52 (2 Bn-CH), 127.39 (Bn-

CH), 72.98 (Bn-CH2), 72.32 (OCH2), 70.39 (OCH2), 70.31 (OCH2), 70.07 (OCH2), 69.13 (OCH2), 61.36 

(CH2OH); IR ν 3445 (m), 3031 (w), 3063 (w), 3031 (w), 2867 (m), 1496 (w), 1453 (m), 1350 (m), 1276 

(m), 1093 (s), 1070 (s), 1027 (m), 738 (m), 698 (m). 

2-(2-(2-(Benzyloxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (21) 24,5b. Compound 20 (8.30 g, 

0.035 mol) was dissolved in diethyl ether (100 mL) and cooled to 0°C. p-Toluene sulfonic acid (6.86 g, 

0.036 mol) was added and the mixture was stirred, resulting in a clear reaction mixture. Freshly powdered 

KOH (6.73 g, 0.12 mol) was added in portions under vigorous stirring while maintaining the reaction 

temperature between 0-5°C. After addition the reaction mixture was stirred for an additional 3 hours at 0°C 

after which diethyl ether (300 mL) and ice water (100 mL) are added. The aqueous phase is extracted with 
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diethyl ether (2 × 100 mL). The combined organic phases were washed with water (2 × 100 mL), dried over 

MgSO4 and concentrated under reduced pressure obtaining 21 as a clear faint yellow oil, which was used 

without further purification (11.2 g, 0.028 mol, 80%): 1H-NMR δ 7.80 (d, 2H, J = 8.25 Hz), 7.34 (m, 7H), 

4.55 (s, 2H), 4.15 (t, 2H, J = 4.65 Hz), 3.86 (m, 2H), 3.62 (m, 4H), 3.58 (m, 4H), 2.43 (s, 3H); 13C-NMR δ 

144.65 (Ts-CCH3), 138.09 (Bn-C), 132.81 (Ts-CSO2), 129.67 (2 Ts-CH), 128.22 (2 Bn-CH), 127.81 (2 Ts-

CH), 127.58 (2 Bn-CH), 127.45 (Bn-CH), 73.06 (Bn-CH2), 70.59 (OCH2), 70.50 (OCH2), 70.41 (OCH2), 

69.27 (OCH2), 69.13 (OCH2), 68.52 (OCH2), 21.45 (Ts-CH3); IR ν 3031 (w), 2868 (m), 1353 (m), 1189 

(m), 1175 (s), 1018 (m), 815 (m), 774 (m), 745 (m), 698 (m), 662 (m). 

2-(2-(2-(Trityloxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (22)27. Compound 18 (7.64 g, 

19.46 mmol) was dissolved in diethyl ether (75 mL) together with p-toluenesulfonyl chloride (3.72 g, 19.50 

mmol). The mixture was stirred until the solution was homogeneous and cooled with an ice-bath to 0°C. 

Under vigorous stirring freshly powdered KOH (4.37 g, 78 mmol) was added in small portions, maintaining 

the temperature below 5°C. The mixture was stirred for at least 3 hours at 4°C after which a mixture of 

diethyl ether (100 mL) and ice water (100 mL) was added. The organic phase was separated and the water 

layer was extracted with diethyl ether (2 × 75 mL). The combined organic phases were washed with water 

(25 mL), dried over MgSO4 and concentrated under reduced pressure resulting in a yellowish solid, which 

was used without further purification (22, 9.04 g, 16.54 mmol, 85%): 1H-NMR δ 7.77 (d, 2H, J = 8.25 Hz), 

7.45 (d, 6H, J = 6.87), 7.30-7.15 (m, 11H), 4.14 (t, 2H, J = 4.68 Hz), 3.75-3.50 (m, 8H), 3.24-3.20 (m, 2H), 

2.39 (s, 3H); 13C-NMR δ 144.68 (Ts-CCH3), 143.88 (3 sec Tr-C), 132.71 (Ts-CSO2), 129.62 (2 Ts-CH), 

128.49 (6 Tr-CH), 127.75 (2 Ts-CH), 127.64 (3 Tr-CH), 126.94 (3 Tr-CH), 126.74 (3 Tr-CH), 86.34 

(CH2OC(Tr)3), 72.19 (OCH2), 70.46 (OCH2), 69.94 (OCH2), 69.00 (OCH2), 69.13 (OCH2), 68.39 (OCH2), 

21.36 (Ts-CH3); IR ν 3056 (w), 3032 (w), 2928 (m) 2872 (m), 1490 (m), 1448 (m), 1375 (m), 1352 (m), 

1173 (s), 1073 (m), 920 (m), 900 (m), 776 (m), 765 (m), 744 (m), 708 (m), 695 (m), 659 (m). 

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (23)26. Tri(ethylene 

glycol)monomethyl ether (9.85 g, 0.06 mol) was dissolved in diethyl ether (60 mL) together with p-

toluenesulfonyl chloride (12.39 g, 0.065 mol). The mixture was stirred until the solution was homogeneous 

and cooled with an ice-bath to 0°C. Under vigorous stirring, freshly powdered KOH (13.47 g, 0.24 mol) 

was added in small amounts, maintaining the reaction temperature below 5°C. The mixture was stirred for 

at least 3 hours at 0°C after which diethyl ether (100 mL) and ice-water (100 mL) were added. The organic 

phase was separated from the water layer and the water layer was additionally extracted with diethyl ether 

(2 × 75 mL). The combined organic phase was washed with water (10 mL), dried (MgSO4) and 

concentrated under reduced pressure giving 23 as a colourless oil (17.51 g, 0.055 mol, 92%): 1H-NMR δ 

7.80 (d, 2H, J = 8.25 Hz), 7.34 (d, 2H, J = 7.98 Hz), 4.16 (t, 2H, J = 4.68 Hz), 3.69 (t, 2H, J = 4.95 Hz), 

3.65-3.55 (m, 6H), 3.55-3.45 (m, 2H), 3.37 (s, 3H), 2.44 (s, 3H); 13C-NMR δ 144.65 (C(CH)2CH3), 132.81 

(C(CH)2SO2), 129.64 (2 C(CH)2CH3), 127.74 (2 C(CH)2SO2), 71.66 (CH2OCH3), 70.49 (OCH2), 70.27 (2 

OCH2), 69.09 (OCH2), 68.42 (OCH2), 58.73 (OCH3), 21.38 (C(CH)2CH3); IR ν 2877 (m), 1353 (m), 1189 

(m), 1174 (s), 1096 (m), 917 (m), 816 (m), 774 (m), 698 (m), 662 (m). 
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(S)-1-(2-{2-[2-(Benzyloxy)ethoxy]ethoxy}ethoxy)propan-2-ol (24). To a suspension of NaH (0.96 g, 

40% mineral oil), washed with pentane (3 × 10 mL), re-dispersed in THF (50 mL) was added drop-wise a 

solution of 5 (3.90 g, 0.026 mol) in THF (150 mL). The reaction was stirred until hydrogen evolution 

ceased. Then the reaction mixture was cooled with an ice-bad and a solution of 21 (10.26 g, 0.026 mol) in 

THF (30 ml) was added slowly. The reaction was followed with 1H-NMR until complete consumption of 

21. The reaction mixture was quenched with water and a few drops of concentrated HCl were added until 

an acidic environment was obtained, in order to remove the ethoxyethyl protective group. After 2 hours of 

stirring the reaction mixture was concentrated under reduced pressure. Subsequently dichloromethane (50 

mL) and ice water (50 mL) were added, the organic phase was separated, and the aqueous phase was 

extracted with an additional amount of dichloromethane (50 mL). The combined organic layers were 

washed with water (20 mL), dried over MgSO4 and concentrated under reduced pressure affording 24 as a 

faint yellow oil (7.70 g, 0.026 mol, 100%): [α]D
20 (+)9.29° (c = 1.130 g · 100 ml-1, CH2Cl2); 1H-NMR δ 

7.40-7.20 (m, 5H), 4.57 (s, 2H), 3.99-3.94 (m, 1H), 3.70-3.60 (m, 12H), 3.48-3.22 (AB-system, 2H), 2.85 

(br, 1H, OH), 1.12 (d, 3H, J = 6.60 Hz); 13C-NMR δ 138.07 (Bn-C), 128.14 (2 Bn-CH), 127.54 (2 Bn-CH), 

127.38 (Bn-CH), 76.80 (OCH2CH), 73.00 (Bn-CH2), 72.32 (OCH2), 70.43 (2 OCH2), 70.39 (OCH2), 70.33 

(OCH2), 69.22 (OCH2), 66.01 (CHOH), 18.36 (CH(CH3)); IR ν 3416 (m), 3063 (w), 3031 (w), 2868 (m), 

1496 (w), 1453 (m), 1351 (m), 1092 (s), 1028 (m), 740 (m), 698 (m). 

(S)-1-({2-[2-(2-{2-Methoxypropoxy}ethoxy)ethoxy]ethoxy}methyl)benzene (25). The procedure was 

analogous to that for 19. NaH (0.96 g), 24 (7.70 g, 0.026 mol) and iodomethane (7.10 g, 0.05 mol) were 

used. After work-up 25 was obtained as a faint yellow oil (6.85 g, 0.022 mol, 85%): [α]D
20 (+)0.29° (c = 

1.021 g · 100 ml-1, CH2Cl2); 1H-NMR δ 7.40-7.20 (m, 5H), 4.57 (s, 2H), 3.70-3.60 (m, 12H), 3.60-3.40 (m, 

3H), 3.37 (s, 3H), 1.12 (d, 3H, J = 6.06 Hz); 13C-NMR δ 138.12 (Bn-C), 128.17 (2 Bn-CH), 127.56 (2 Bn-

CH), 127.39 (Bn-CH), 75.70 (OCH2CH), 74.85 (OCH2CH), 73.04 (Bn-CH2), 70.60 (OCH2), 70.49 (2 

OCH2), 70.43 (OCH2), 70.40 (OCH2), 69.29 (OCH2), 56.49 (OCH3), 16.24 (CH(CH3)); IR ν 3030 (w), 2865 

(m), 1496 (w), 1453 (m), 1351 (m), 1096 (s), 1028 (m), 737 (m), 698 (m). 

(S)-2-(2-{2-[2-Methoxypropoxy]ethoxy}ethoxy)ethanol (26). A high-pressure glass flask was 

charged with 25 (6.56 g, 0.021 mol), EtOH (250 mL), a few drops of concentrated hydrochloric acid, to 

obtain an acidic environment, and 10% palladium on carbon (1.5 g). Hydrogenolysis was carried out at 

room temperature under 4 atm. hydrogen pressure in a Parr apparatus for 4 days. Upon completion, the 

catalyst was filtered and washed with EtOH. The combined filtrate was concentrated under reduced 

pressure resulting in 26 as a faint yellow oil (3.52 g, 0.016 mol, 76%): [α]D
20 (+)1.26° (c = 1.034 g · 100 ml-

1, CH2Cl2); 1H-NMR δ 3.80-3.60 (m, 12H), 3.59-3.40 (m, 3H), 3.38 (s, 3H), 2.47 (br, 1H, OH), 1.14 (d, 3H, 

J = 6.03 Hz); 13C-NMR δ 75.61 (OCH2CH), 74.73 (OCH2CH), 72.32 (OCH2), 70.44 (OCH2), 70.37 

(OCH2), 70.28 (OCH2), 70.10 (OCH2), 61.36 (CH2OH), 56.36 (OCH3), 16.09 (CH(CH3)); IR ν 3444 (m), 

2870 (m), 1453 (m), 1375 (m), 1351 (m), 1097 (s), 920 (m), 886 (m), 730 (m). 

(S)-1-(2-{2-[2-Methoxyethoxy]ethoxy}ethoxy)propan-2-ol (27). A similar procedure as described for 

24 was followed, with the exception that DMF was used as a solvent and no hydrogen chloride was added 
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afterwards. NaH (2.16 g, in 25 mL DMF), 5 (8.07 g, 0.054 mol in 10 mL DMF) and 23 (17.34 g, 0.054 mol 

in 20 mL) were used. After work-up 27 was obtained as a faint yellow oil (9.95 g, 0.045 mol, 83%): [α]D
20 

(+)14.04° (c = 1.026 g · 100 ml-1, CH2Cl2); 1H-NMR δ 3.98-3.93 (m, 1H), 3.75-3.60 (m, 10H), 3.58-3.53 

(m, 2H), 3.49-3.26 (AB-system, 2H), 3.37 (s, 3H), 2.71 (br, 1H, OH), 1.11 (d, 3H, J = 6.33 Hz); 13C-NMR 

δ 76.67 (OCH2CH), 71.51 (CH2OCH3), 70.14 (3 or 2 OCH2), 70.08 (2 or 3 OCH2), 65.75 (CH(CH3)), 58.54 

(OCH3), 18.31 (CH(CH3)); IR ν 3453 (m), 2874 (m), 1454 (m), 1351 (m), 1096 (s), 936 (m), 850 (m). 

(4S,7S)-4,7-Dimethyl-1-phenyl-2,5,8,11,14,17-hexaoxaoctadecane (28). To a suspension of NaH (2.5 

g, 40% mineral oil), washed with pentane (3 × 10 mL), and re-dispersed in DMF (20 mL) was added drop-

wise a solution of 10 (12.61 g, 0.056 mol) in DMF (20 mL). The reaction was stirred until hydrogen 

evolution ceased. The reaction mixture was chilled with an ice-bad and slowly 23 (17.97 g, 0.056 mol) in 

DMF (25 mL) was added. The reaction was followed with 1H-NMR until complete consumption of 10. The 

reaction mixture was quenched with water and concentrated under reduced pressure. To the residue 

dichloromethane (50 mL) and ice-water (50 mL) were added, the organic phase was separated, and the 

aqueous phase was extracted with dichloromethane (2 × 25 mL). The combined organic layers were washed 

with water, dried over MgSO4 and concentrated under reduced pressure affording the benzyl-protected 

precursor as faint yellow oil (16.05 g, 0.043 mol, 77%): 1H-NMR δ 7.40-7.20 (m, 5H), 4.46 (s, 2H), 3.80-

3.60 (m, 12H), 3.50-3.36 (m, 6H), 3.37 (s, 3H), 1.07 (2 d, 6H, J = 6.33 Hz and J =6.06 Hz ); 13C-NMR δ 

138.74 (Bn-C), 128.60 (2 Bn-CH), 127.85 (2 Bn-CH), 127.79 (Bn-CH), 75.62 (OC(CH3)), 75.54 

(OC(CH3)), 74.40 (Bn-CH2), 73.62 (OCH2), 73.56 (OCH2), 72.23 (OCH2), 71.15 (OCH2), 70.90 (OCH2), 

70.88 (OCH2), 70.79 (OCH2), 68.90 (OCH2), 59.28 (OCH3), 17.60 (OC(CH3)), 17.26 (OC(CH3)); IR ν 3418 

(m), 3031 (w), 3063 (w), 3031 (w), 2884 (m), 1452 (m), 1377 (m), 1274 (m), 1176 (m), 1093 (s), 1098 (s), 

1071 (m), 1026 (w), 937 (m), 849 (w), 713 (s). 

(12S,15S)-12,15-Dimethyl-2,5,8,11,14-pentaoxahexadecan-16-ol (29). To 28 (16.03 g, 0.043 mol) 

was added EtOH (50 ml), 10% palladium on carbon (0.5 g), and a drop of concentrated HCl. This mixture 

was subjected to hydrogenolysis at 25°C (p H2  4 atm) in a Parr apparatus for 3 days. Upon completion, the 

catalyst was filtered off and washed with EtOH. The combined filtrate was concentrated under reduced 

pressure giving 29 as a faint colourless oil which was used without further purification (10.33 g, 0.037 mol, 

86%): 1H-NMR δ 3.72-3.60 (m, 12H), 3.60-3.50 (m, 4H), 3.44-3.41 (m, 2H), 3.38 (s, 3H), 3.09 (br, 1H, 

OH), 1.17 (d, 3H, J = 6.30 Hz), 1.11 (d, 3H, J = 6.03 Hz); 13C-NMR: δ 76.45 (OC(CH3)), 74.75 (OC(CH3)), 

71.87 (OCH2), 71.69 (OCH2), 70.56 (OCH2), 70.34 (2 OCH2), 70.23 (OCH2), 67.99 (OCH2), 65.91 (OCH2), 

58.73 (OCH2), 16.55 (OC(CH3)), 15.84 (OC(CH3)); IR ν 3446 (m), 2970 (w), 2871 (m), 1454 (m), 1373 

(m), 1351 (m), 1246 (m), 1091 (s), 1044 (m), 936 (m), 850 (m). 

1-(Trityloxy)propan-2-ol (30)12b. To racemic 1,2-propanediol (95.11 g, 1.25 mol) was added pyridine 

(14.87 g, 0.75 mol). The solution was heated to 45°C, and triphenylmethyl chloride (34.85 g, 0.125 mol) 

was added under vigorous stirring. After additional stirring for 12 hours, the reaction mixture was poured in 

a mixture of toluene (100 mL) and water (100 mL). The water layer was separated and extracted with 

toluene (2 × 50 mL). The combined organic layers were subsequently washed with water (2 × 50 mL). The 
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organic layer was dried (MgSO4), and concentrated under reduced pressure. The oily residue was dissolved 

in boiling dichloromethane (150 mL), and recrystallised slowly at –20°C. This resulted in white crystals 

(33.33 g, 0.105 mol, 84%): 1H-NMR δ 7.48-7.45 (m, 6H), 7.35-7.23 (m, 9H), 3.96 (m, 1H), 3.13 (dd, 1H, J 

= 5.79 Hz, J’ = 3.30 Hz), 3.00 (t, 1H, J = 7.68 Hz), 2.40 (d, 1H, OH, J = 3.03 Hz), 1.08 (d, 3H, J = 6.33 

Hz); 13C-NMR δ 143.87 (3 sec Tr-C), 128.64 (6 Tr-CH), 127.85 (6 Tr-CH), 127.09 (3 Tr-CH), 86.82 (tert 

Tr-C), 68.98 (OCH2), 67.06 (CHOH), 18.95 (CH(CH3)); IR ν 3324 (m), 3061 (w), 2976 (m), 2912 (m), 

1491 (m), 1447 (m), 1094 (m), 1077 (m), 1039 (m), 779 (w), 758 (m), 749 (m), 699 (s). 

(2-{Benzyloxy}propoxy)triphenylmethane (31)28. To a suspension of NaH (1.44 g, 40% mineral oil), 

washed with pentane (3 × 10 mL), and re-dispersed in THF (100 mL) was added drop-wise a solution of 30 

(15.92 g, 0.050 mol) in THF (100 mL). After addition, the solution was stirred until completion of 

hydrogen evolution. The solution was cooled to 0°C and benzyl bromide (8.72 g, 0.051 mol) in THF (30 

mL) was added via a dropping funnel. The course of the reaction was followed with 1H-NMR. After 

complete conversion the mixture was concentrated under reduced pressure and water (200 mL) and diethyl 

ether (200 mL) were added. The organic phase was separated and the aqueous phase was extracted with 

diethyl ether (100 ml). The combined organic layers were washed with water (100 mL), dried over MgSO4, 

and concentrated under reduced pressure, yielding 31 as a white solid (20.41 g, 0.050 mol, 100%), which 

was used without further purification: 1H-NMR δ 7.49-7.45 (m, 8H), 7.37-7.16 (m, 12H), 4.60 (s, 2H), 

3.73-3.68 (m, 1H), 3.25 (AB-system, 1H, J = 6.06 Hz, J’ = 3.57 Hz), 3.05 (AB-system, 1H, J = 4.68 Hz, J’ 

= 4.95 Hz), 1.18 (d, 2H, J = 6.33 Hz); 13C-NMR; δ 144.16 (3 sec Tr-C), 138.99 (sec. Bn-C), 128.73 (6 Tr-

CH), 128.26 (2 Bn-CH), 127.69 (6 Tr-CH), 127.55 (2 Bn-CH), 127.33 (Bn-CH), 126.86 (3 Tr-CH), 86.50 

(tert. Tr-C), 74.37 (CH(CH3)), 71.17 (OCH2), 67.57 (OCH2-Bn), 17.60 (CH(CH3)); IR ν 3058 (m), 3024 

(m), 2982 (m), 2930 (m), 2881 (m), 1490 (m), 1446 (m), 1026 (m), 766 (w), 756 (m), 734 (m), 698 (s). 

2-(Benzyloxy)propan-1-ol (32)28. A solution of 30 (20.43 g, 0.05 mol) in MeOH (100 ml) and a 

catalytic amount (drop) of acetyl chloride was stirred for 12 hours after which a white precipitate was 

formed. The reaction mixture was slowly cooled to –25°C. After 12 hours the mixture was filtrated and the 

filtrate was concentrated under reduced pressure. The oily residue was distilled (95°C, 1 mbar) resulting in 

32 as a colourless liquid (4.16g, 0.025 mol, 50%): 1H-NMR δ 7.33 (m 5H), 4.60-4.48 (AB system, 2H, J = 

26.46 Hz, J’ = 1.55 Hz), 3.51 (m, 3H), 2.27 (br, 1H, OH), 1.16 (d, 3H, J = 6.30 Hz); 13C-NMR δ 138.41 

(Bn-C), 129.60 (Bn-CH), 128.41 (2 Bn-CH), 127.69 (2 Bn-CH), 75.53 (CH(CH3)), 70.78 (OCH2-Bn), 66.28 

(CH2OH), 16.18 (CH(CH3)); IR ν 3406 (m), 3324 (m), 3065 (w), 3033 (w), 2976 (m), 2934 (m), 2879 (m), 

1702 (s), 1452 (m), 1272 (s), 1112 (m), 1046 (m), 1026 (m), 989 (m), 745 (m), 711 (m), 699 (m). 

1,1,1-Triphenyl-2,5,8,11-tetraoxatetradecan-13-ol (33). A solution of racemic 1,2-propanediol (16.00 

g, 210.0 mmol) and KOH (1.50 g, 26.79 mmol) in THF (50 mL) was heated at reflux temperature until all 

KOH was dissolved. To this mixture was added drop-wise a solution of 22 (9.03 g, 16.52 mmol). 

Subsequently the reaction mixture was heated at reflux temperature for 18 hours. After complete 

conversion, the mixture was concentrated under reduced pressure and water (200 mL) and diethyl ether 

(200 mL) were added. The organic phase was separated and the aqueous phase was extracted with diethyl 
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ether (100 mL). The combined organic layers were washed with water (2 × 100 mL), dried with MgSO4, 

and concentrated under reduced pressure and 33 was obtained as a yellow liquid, which was used without 

further purification (5.94 g, 13.20 mmol, 80%): 1H-NMR δ 7.48-7.45 (m, 6H), 7.35-7.23 (m, 9H), 3.96 (m, 

1H), 3.80-3.60 (m, 12H), 3.24 (m, 2H) 1.10 (d, 3H, J = 6.33 Hz). 

2-(2-{2-[2-Methoxypropoxy]ethoxy}ethoxy)ethanol (34). Compound 33 (5.94 g, 13.20 mmol) was 

dissolved in THF (25 mL) and KOH (2 g, 35.71 mmol) was added. After refluxing for 1 hours iodomethane 

(1 mL) was added and the mixture was stirred for an additional hour. The mixture was concentrated under 

reduced pressure and water (100 mL) and diethyl ether (100 mL) were added. The organic phase was 

separated and the aqueous phase was extracted with diethyl ether (100 mL). The combined organic layers 

were washed with water (100 mL), dried with MgSO4, and concentrated under reduced pressure. The 

methylated precursor was obtained as a yellow liquid which was used without further purification (5.21 g): 
1H-NMR δ = 7.48-7.45 (m, 6H), 7.35-7.23 (m, 9H), 3.70-3.60 (m, 12H), 3.60-3.40 (m, 3H), 3.36 (s, 3H), 

1.12 (d, 3H, J = 6.06 Hz). To a stirred solution of the methylated precursor in MeOH (25 ml) was added a 

catalytic amount (drop) of acetyl chloride. After 12 hours stirring a white precipitate was formed. The 

reaction mixture was slowly cooled to –25°C and after 12 hours filtrated and the filtrate concentrated under 

reduced pressure. The oily residue was stirred with dry n-hexane to remove last traces of 

methoxytriphenylmethane. This afforded 34 as a yellow oil, which was used without further purification 

(1.80 g, 8.08 mmol, 61%): 1H-NMR δ 3.80-3.60 (m, 12H), 3.59-3.40 (m, 3H), 3.38 (s, 3H), 2.47 (br, 1H, 

OH), 1.14 (d, 3H, J = 6.03 Hz); 13C-NMR δ 75.61 (OCH2CH), 74.73 (OCH2CH), 72.32 (OCH2), 70.44 

(OCH2), 70.37 (OCH2), 70.28 (OCH2), 70.10 (OCH2), 61.36 (CH2OH), 56.36 (OCH3), 16.09 (CH(CH3)); IR 

ν 3444 (m), 2870 (m), 1453 (m), 1375 (m), 1351 (m), 1097 (s), 920 (m), 886 (m), 730 (m). 

1-(2-{2-[2-Methoxyethoxy]ethoxy}ethoxy)propan-2-ol (35). To a suspension of NaH (0.50 g, 40% 

mineral oil), washed with pentane (3 × 5 mL), re-dispersed in THF (50 mL) was added drop-wise a solution 

of 32 (1.66 g, 0.01 mol) in THF (10 mL). The reaction was stirred until hydrogen evolution ceased. The 

reaction mixture was chilled with an ice-bad and slowly 23 (3.18g, 0.01 mol) in THF (10 mL) was added. 

The reaction was followed with 1H-NMR until complete consumption of 23. The reaction mixture was 

quenched with water and concentrated under reduced pressure. To the residue dichloromethane (50 mL) 

and ice-water (50 mL) were added. Subsequently the organic phase was separated and the aqueous phase 

was extracted with dichloromethane (2 × 25 mL). The combined organic layers were washed with water, 

dried (20 mL) over MgSO4 and concentrated under reduced pressure affording the benzyl-protected 

precursor as a slightly yellow oil. To the obtained oil was added EtOH (200 mL), 10% palladium on carbon 

(1.0 g) and a drop of concentrated HCl. This mixture was subjected to hydrogenolysis at 25°C under 4 atm 

hydrogen pressure in a Parr apparatus for 1 day. Upon completion, the catalyst was filtered off and washed 

with EtOH. The combined filtrate was concentrated under reduced pressure resulting 35 as a faint yellow 

oil (1.79 g, 0.0081 mol, 81%): 1H-NMR δ 3.98-3.93 (m, 1H), 3.75-3.60 (m, 10H), 3.58-3.53 (m, 2H), 3.49-

3.26 (AB-system, 2H), 3.37 (s, 3H), 2.71 (br, 1H, OH), 1.11 (d, 3H, J = 6.33 Hz); 13C-NMR; δ 76.67 
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(OCH2CH), 71.91 (CH2OCH3), 70.57 (3 or 2 OCH2), 70.54 (2 or 3 OCH2), 66.25 (CH(CH3)), 58.98 

(OCH3), 18.44 (CH(CH3)); IR ν 3453 (m), 2874 (m), 1454 (m), 1351 (m), 1096 (s), 936 (m), 850 (m). 
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3 
Protein Resistivity of Covalently Attached Monolayers Prepared from Hybrid 

Oligo(Ethylene Glycol)/(Propylene Glycol)s on Si (100) Surfaces. Thermal 

versus Photochemical Hydrosilylation 
 

Abstract 

 

Covalently attached monolayers (CAMs) of terminal alkenes end-capped with either 

oligo(ethylene glycol) or oligo(ethylene glycol)/(propylene glycol) hybrids on Si(100) surfaces 

were prepared via a hydrosilylation reaction initiated either by heat treatment or irradiation 

(visible light). The resulting CAMs were characterised using static contact angle measurements, 

ATR-IR spectroscopy, ellipsometry and protein adsorption experiments. As model proteins 

fibrinogen or lysozyme dissolved in a phosphate buffered saline (PBS) aqueous solution were 

used. The results show that CAMs do not show the same level of protein resistivity as related 

monolayers on Au (111) (Self-Assembled Monolayers, SAMs) prepared from the corresponding 

alkane thiols. The SAMs on Au (111) neither adsorb fibrinogen nor lysozyme. In the case of CAMs 

the relative amount of fibrinogen adsorption varied between 71-100% relative to a hydrophobic 

hexadecene CAM, whereas for lysozyme the adsorption varied between 39-91%. This is attributed 

to differences in packing density of the respective monolayers, which appears to be dependent on 

the preparation procedure. The packing density in the case of CAMs is decisively lower than that 

of the corresponding SAMs. 
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3.1 Introduction 

 

When surfaces are exposed to marine environments biomolecules i.e. proteins and 

polysaccharides etc., will immediately adsorb onto the surface1. (As in the case of artificial 

surfaces i.e. prostheses, which are in contact with blood2.) This process is regarded as the first 

stage of bio-fouling3, which is the undesirable growth of organisms on artificial surfaces immersed 

in sea-water. Fouling on a ships hull can lead to so much friction that about 40% more fuel is 

required to maintain optimum speed. This represents both an economical as well as an 

environmental issue. The formerly used tributyltin (TBT) containing paints are toxic and are 

banned in use on sea-vessels. Hence research is devoted in studying the fouling process and trying 

to design and optimise environmentally benign materials to protect artificial surfaces to be fouled4. 

To circumvent undesirable biofilm formation and growth, poly(ethylene glycol) (PEG) or 

oligo(ethylene glycol)s (OEG) grafted upon surfaces are known to prevent the adsorption of bio-

molecules5,6,7 and bacteria8,9. Much research focuses on the mechanisms behind the bio-resistivity 

of surface anchored OEG and PEG and the precise details are still unknown. Experimental and 

theoretical studies have led to the hypothesis that the orientation of interfacial dipole moments, and 

the resulting structure of water at the interface, is important to obtain inert surfaces10,11. 

Furthermore these findings indicate that a careful tuning of internal hydrophilicity, hydrophilicity 

of termination and lateral packing density allows oligo(ethylene glycol) functionalised self-

assembled monolayers (OEG SAMs) with protein repelling properties12. 

A frequently used approach to study the fundamental mechanism behind bio-resistivity is by 

using self-assembled monolayers (SAMs) of end-functionalised alkyl thiols on noble metals i.e. 

Au, Ag, Pd12,13. These well-defined organized monolayers represent valuable model systems for 

the study of events occurring at interfaces, such as non-specific protein adsorption at a substrate 

surface, bacteria and organisms in general. A major drawback of SAMs, however, is their 

propensity towards oxidation of the thiol moiety14. To study the biofouling process in a more 

hostile natural environment, more robust monolayers are mandatory; i.e. covalent attachment 

instead of physisorption. 

In recent years other approaches to obtain monolayers have been developed. For example by 

either using a heat treatment or UV/Vis irradiation, terminal alkenes can be covalently attached to 

hydrogen-terminated silicon (Si-H) surfaces15,16 (hydrosilylation reaction). To this end native 

oxide on silicon wafers is first etched with aqueous HF in order to obtain a hydrogen-terminated 

surface, which is subsequently hydrosilylated with an appropriate terminal alkene by the formation 

of a covalently attached monolayer (CAM, Scheme 1). The Si-C bonds of these CAMs impose 
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additional stability to the monolayer. Thus, CAMs will be chemically more robust then the 

corresponding SAMs. This holds a promise for the application of CAMs in marine environments, 

which is a prerequisite for a prolonged study of biofilm formation.  

 

Si
SiO2

Si
HF

H H H H H H

Si
Heat or Light (447 nm)

R

R R R R R R

 
 

Scheme 1. Schematic representation to obtain covalently attached monolayers (CAMs). 

 

In this chapter the synthesis of a set of terminal alkenes end-capped with oligo(ethylene 

glycol)s or oligo(ethylene glycol)/(propylene glycol) (OEG/PG) hybrids is described. The 

influence of introducing chirality into the OEG/PG hybrid chain was achieved by introduction of 

one enantiomerically pure propylene glycol unit either directly connected to the alkyl chain 

(interior) or near the surface (exterior). In addition the influence of different linkers, an ether 

versus an amide group, between the glycol and the alkene moieties was also studied. This may 

affect the surface packing density and consequently protein resistivity. For related SAMs it was 

shown that incorporation of an amide linker had a profound effect on the packing density of the 

alkyl spacer and subsequently on the conformation of the OEG moieties. This is due to the extra 

dipole interactions and the occurrence of interchain hydrogen-bond formation between amide 

groups, which finally also influences the protein resistivity of these SAM surfaces17,18.  

Although some studies have already considered the protein resistivity of OEG CAM systems, 

the available results are still under debate19, 20, 21, 22. Results were recently obtained by using neat 

OEG functionalised alkenes sandwiched between hydrophobic H-terminated Si(111) under high 

vacuum20. These OEG CAMs were found to give a reduced adsorption of fibrinogen with 30% up 

to 95%, and 98%, for increasing OEG chain lengths in the order 3, 6 and 9, respectively. However 

in another study it was found that similar OEG CAMs using the conventional thermal method 

lacked protein resistivity 21. 

In our study of CAMs, we used either thermal or photochemical solution methods for the 

preparation of CAMs using terminal alkenes on hydrogen-terminated Si(100) surfaces. The 

Si(100) surface was chosen in favour of the Si(111) surface, since Si(100) is more widely applied 

compared to Si(111) surfaces for micro fabrication. The different CAMs were characterised with 
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static water contact angle measurements, ellipsometry and ATR-IR. The protein resistivity was 

evaluated by subjecting the CAMs to buffered protein solutions of fibrinogen or lysozyme 

followed by measurement of their film thickness using ellipsometry. 

 

3.2 Results and Discussion 
 

3.2.1 Synthesis of End-Functionalised Alkenes 

 

To obtain CAMs a hydrosilylation reaction with the Si-H bonds on the Si(100) surface was 

conducted using ω-end-functionalised terminal alkenes. The various oligo(ethylene glycol)s and 

hybrids were connected to ω-bromo-terminal alkenes via an Williamson etherification reaction in 

39-63% yield (Scheme 2 and Table 1, see experimental section). Compound 1a was prepared by a 

coupling reaction of undecenoyl chloride and the presence of the proper tetra(ethylene glycol) 

amine derivative; after purification 1a was obtained in 46% yield (see experimental section). 
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Scheme 2. General synthesis of (i) ether linkage: NaH, DMF or THF and (ii) amide linkage: Et2O, KOH, 
oligo(ethylene glycol) alkenyls. 
 

The functionalised terminal alkenes were subsequently used for the preparation of covalently 

attached monolayers (CAMs) on hydrogen-terminated silicon surfaces. The terminal alkenes are 

reacted with hydrogen-terminated Si(100) surfaces by two methods: 1) is the so-called thermal 

method by heating the alkene and the silicon wafer in mesitylene at reflux temperature15 and 2) the 

photochemical method were under the influence of visible light (447 nm) covalently attached 

monolayers are formed16 (See Experimental Section). 
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Table 1. Various compounds synthesised and used to obtain covalently attached monolayers. 
R = functional group Ether Amide 
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             a Chiral PG unit: S-configuration, b PG unit: racemate 

 

3.2.2 CAMs: Static Contact Angles, Ellipsometry and ATR-IR 

 
The static water contact angles for the different CAMs are presented in Table 2. A 

hydrophobic hexadecane (C16) modified Si(100) substrate was used as a reference. A comparison 

of the static water contact angles found for CAMs prepared according to the thermal or 

photochemical method shows that the respective monolayers apparently must possess different 

structures. Whereas for the thermally prepared CAMs the static water contact angles fall in the 

range 68-78o, those found for the photochemically prepared CAMs fall in the range 62-74o23. 

 

Table 2. Static water contact angle (thermal and photochemical, error ± 1°) 
Monolayer Thermal 

    θ(°)                     θ(°)a

Photochemical 

             θ(°)                           θ(°)a

1-Hexadecene  109 103 110 108 

EG4-CH3 (Amide) (1a) 67 66 - - 

EG4-CH3 (1) 68 68 63 58 

Chiral PG-EG3-CH3 (2) 78 79 69 62 

Chiral EG3-PG-CH3 (3) 76 75 62 52 

Rac. PG-EG3-CH3 (4) 74 76 74 68 

Rac. EG3-PG-CH3 (5) 78 79 68 61 

EG6-CH3 (6) - - 73 64 

a) After exposure of the CAMs to PBS solutions. 
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A comparison of the static water contact angles of the pristine CAMs with those obtained after 

exposure of the CAMs to phosphate buffered saline (PBS) solution, showed that the 

photochemically prepared CAMs possess consistently smaller contact angles. Furthermore, it was 

noted that during the contact angle measurement, the water drop slowly collapsed into the CAM 

surface. This indicates the presence of disordered OEG structure. Since it is to be expected that the 

packing density on a Si(100) surface will be less than that on a Au(111) surface24, these results 

suggest that both the thermally and photochemically prepared CAMs possess less well packed 

monolayers. Notwithstanding, the static water contact angle values imply that the thermally 

prepared CAMs are slightly better packed than those prepared using the photochemical method16a.  

CAM thickness measurements were obtained by applying ellipsometry25. Besides the thickness 

(dA) also the refractive index (nA) was simultaneously measured, in order to obtain information on 

the amount of material absorbed (vide infra). In Table 3 the results for the ellipsometric thickness 

after monolayer preparation and after exposure of these monolayers to PBS solutions are 

presented. For all CAMs the measured thickness does not correspond to the length of the 

molecules in an all-trans conformation e.g. ~ 27 Å for the tetra(ethylene glycol) derivatives 1-5 

and ~ 38 Å for the hexa(ethylene glycol) (6)26. This implies that the covalently attached molecules 

are tilted ((α) 39°-63°) with respect to the surface normal leading to a reduced packing density. 

Since the measured thickness of the thermally and photochemically prepared CAMs does not 

change, when subjected to a PBS solution, all monolayers appear to remain intact after exposure.  

 

Table 3. Ellipsometric thickness (thermal and photochemical) 
Monolayer Thermal 

    dA(Å)                     dA(Å)a

Photochemical 

            dA(Å)                         dA(Å)a

1-Hexadecene  22± 0 24± 1 21± 0 22± 1 

EG4-CH3 (Amide) (1a) 17± 1 17± 1 - - 

EG4-CH3 (1) 21± 1 22± 2 18± 0 17± 1 

Chiral PG-EG3-CH3 (2) 20± 1 20± 1 20± 1 20± 1 

Chiral EG3-PG-CH3 (3) 19± 1 18± 2 18± 1 17± 1 

Rac. PG-EG3-CH3 (4) 27± 1 29± 2 21± 1 23± 1 

Rac. EG3-PG-CH3 (5) 24± 1 24± 1 21± 1 23± 2 

EG6-CH3 (6) - - 22± 1 19± 1 

a) After subjecting the CAMs to PBS buffer solutions. 

 

Since nA and dA have been measured simultaneously for each CAM in our ellipsometric 

experiments, it is possible to give an estimate of the amount of material adsorbed per unit area (Γ). 
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Equation 1 gives the relation between the refractive index of the monolayer nA and that of 

solvent/air ns via the adsorbed amount Γ, which is the adsorbed mass of material per unit area, the 

thickness of the monolayer dA, and dn/dc the refractive index increment27.  

 

Equation 1 can be rewritten to 
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and if ns = 1, e.g. the refractive index of air, and dn/dc is constant, equation 2 can be rewritten to 

equation 3 in which Γ scales with (nA-1)dA:  

 

    AA dn )1(~ −Γ       (3) 

 

Besides the amount of material absorbed (Γ), a parameter of interest is the lateral packing density 

(σ), which can be calculated using equation 4. 
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In equation 4 dA is the measured monolayer thickness and l0 is the molecular length of an all-trans 

OEG derivative, ~ 27Å for tetra(ethylene glycol and ~ 38Å for hexa(ethylene glycol)) derivatives 

(calculated), 0.198 nm2 is the molecular cross-section (A) in the case of all-trans configurations of 

an alkyl tail in nm2 8. Calculated values of (nA-1)dA and σ are presented in Table 4. 

For the photochemical method the (nA-1)dA values are in the same range. This implies that the 

total mass of the monolayers is similar. However due to the differences in molecular weight; ~ 360 

g mol-1 for tetra(ethylene glycol), ~ 374 g mol-1 for the OEG/PG hybrids, ~ 448 g mol-1 for 

hexa(ethylene glycol) and ~ 224 g mol-1 for hexadecane, the same values in mass do not 

correspond to the same amount of molecules per surface area. For the photochemically prepared 

monolayers this means that the hexa(ethylene glycol) contains 50% less molecules per surface area 

and for the OEG/PG hybrids 40% less molecules. 
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Table 4. Thickness, refractive index, amount of material, packing density of thermally prepared monolayers 
(left part) and photochemically (447 nm) prepared monolayers (right part). 

 

Compound da na (na-1)da σ da na (na-1)da σ 

1-Hexadecene 22 1.4421 9.81 4.15 20 1.4505 9.4 3.91 

EG4-CH3 (Amide) (1a) 17 1.4140 7.2 3.24 - - - - 

EG4-CH3 (1) 21 1.4603 9.7 3.94 17 1.4859 8.5 3.27 

Chiral PG-EG3-CH3 (2) 19 1.4539 9.0 3.70 19 1.4461 8.8 3.69 

Chiral EG3-PG-CH3 (3) 18 1.4819 9.1 3.52 17 1.4650 8.2 3.31 

Rac. PG-EG3-CH3 (4) 27 1.4694 12.7 5.07 21 1.4643 9.9 4.00 

Rac. EG3-PG-CH3 (5) 23 1.4869 11.5 4.40 21 1.4658 9.8 3.94 

EG6-CH3 (6) - - - - 22 1.4182 9.2 2.93 

The data in Table 4 show that hexadecene and the racemic tetra(ethylene glycol)s hybrids 

show high packing densities (σ) and high surface coverage’s (na-1)da compared with the other 

CAMs for both the thermally prepared as well as the photochemically prepared CAMs. 

Furthermore, the overall values for the packing density are higher for the thermally prepared 

monolayers.  

Since the lateral packing density and the chain conformation of the OEG moieties are of 

relevance for a monolayer surface to become protein resistant, FT-IR is a viable tool to investigate 

these parameters. From the IR vibrations one can obtain insight in the specific chain conformations 

of the molecules in the monolayer and thus obtain an estimate of their packing density. Here we 

used ATR infrared spectroscopy to obtain IR spectra of the CAMs28. The Si(100) ATR crystal was 

cleaned (piranha solution) and etched (aqueous HF) and a background IR spectrum was measured 

for this pristine ATR crystal. Subsequently, the ATR crystal was reacted with the appropriate end-

functionalised terminal alkene on both sides via the photochemical method (vide supra). One 

drawback of CAMs on silicon however, is the high background absorption of the Si-sample in the 

fingerprint region. This hinders the conformational analysis of the OEG chain domains. 

Notwithstanding, ATR shows that the symmetric and asymmetric CH2-stretch vibrations of the 

alkyl chains for all CAMs (Table 5) are liquid-like (2925 cm-1/2857 cm-1). This supports that all 

photochemically prepared CAMs (and presumable also the thermally prepared CAMs) possess less 

well-ordered and less dense monolayers18,29. 
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Table 5. Symmetric (νs) and asymmetric (νa) CH stretch vibrations of OEG functionalised monolayers (447 
nm). 

Monolayer νa (cm-1) νs (cm-1) 

EG4-CH3 (Amide) (1a) - - 

EG4-CH3 (1) 2928 2857 

Chiral PG-EG3-CH3 (2) 2928 2857 

Chiral EG3-PG-CH3 (3) 2926 2859 

Rac. PG-EG3-CH3 (4) 2927 2856 

Rac. EG3-PG-CH3 (5) 2928 2858 

EG6-CH3 (6) 2927 2858 

 
3.2.3 CAMs: Protein Adsorption on OEG CAMs 

 

The bioresistivity of the CAMs was evaluated by subjecting the monolayers to aqueous PBS 

(phosphate buffered saline) protein solutions. The proteins used are fibrinogen and lysozyme. 

Fibrinogen is a large blood plasma protein (340 kD, 450 × 90 ×90 Å3), which is negatively 

charged (pI = 5.5) at pH = 7.4 and used as a model “sticky” protein. Lysozyme is a smaller protein 

(14 kD, 46 × 30 ×30 Å3), which is positively charged (pI = 11.4), and often used in model studies 

of electrostatic adsorption of proteins to surfaces30. After subjecting the CAMs to these protein 

solutions for one hour the layers were rinsed and dried under a stream of nitrogen. Subsequently 

their static water contact angle was measured and their thickness was measured with ellipsometry 

(see experimental section). As a reference, a CAM prepared using 1-hexadecene was used (protein 

adsorption of this CAM was set to 100% for both proteins). 

After exposure to protein solutions, i.e. containing either fibrinogen or lysozyme, the static 

water contact angles change only moderately (compare Tables 2 and 6). 

 

Table 6. Static water contact angle after fibrinogen and lysozyme adsorption 
Monolayer Thermal θ(°) 

fibrinogen          lysozyme 

Photochemical θ(°) 

fibrinogen              lysozyme 

1-Hexadecene  68 65 75 66 

EG4-CH3 (Amide) (1a) 78 68 - - 

EG4-CH3 (1) 71 67 69 67 

Chiral PG-EG3-CH3 (2) 74 72 69 73 

Chiral EG3-PG-CH3 (3) 77 72 68 65 

Rac. PG-EG3-CH3 (4) 76 72 74 72 

Rac EG3-PG-CH3 (5) 76 73 68 68 

EG6-CH3 (6) - - 69 - 
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Note that the most salient changes are found for the photochemically prepared CAMs. 

Although this may be interpreted as evidence for the lack of protein adsorption, our experiments 

have shown that all CAMs adsorb both proteins (vide infra). 

When considering fibrinogen adsorption no distinct differences are found between the thermal 

and the photochemical method. Both methods, within experimental error, produce monolayers, 

which adsorbs fibrinogen for at least 71% (CAM 1). Surprisingly this monolayer does not contain 

the longest chain, i.e. EG4 instead of EG6. The amide linked EG4 adsorbs fibrinogen for 93% and it 

can be concluded that the amide functionality does not improve monolayer quality, i.e. its 

intermolecular packing density (cf. also Table 4, σ values). These results are in contradiction with 

those recently reported by Cai et al.20. However, it should be noted that Cai et al. used a different 

CAM preparation procedure, e.g. instead of alkene solutions they used neat alkenes. 

 

Table 7. Ellipsometric thickness of the monolayer before and after fibrinogen (negatively charged) 
exposure (thermal and photochemical). The 1-hexadecene monolayer is set to 100% absorption.  

Thickness before 

fibrinogen 

(Å) 

Thickness after 

fibrinogen 

(Å) 

Fibrinogen absorption 

(%) 

Monolayer 

 

Thermal 447 Thermal 447 Thermal 447 

1-Hexadecene 22± 0 21± 0 63± 3 66± 2 100 100 

EG4-CH3 (Amide) (1a) 17± 1 - 55± 3 - 93 - 

EG4-CH3 (1) 21± 1 18± 0 50± 1 58± 4 71 89 

Chiral PG-EG3-CH3 (2) 20± 1 20± 1 59± 1 61± 1 95 91 

Chiral EG3-PG-CH3 (3) 19± 1 18± 1 56± 1 53± 1 90 78 

Rac. PG-EG3-CH3 (4) 27± 1 21± 1 66± 1 64± 2 95 96 

Rac EG3-PG-CH3 (5) 24± 1 21± 1 66± 1 57± 1 102 80 

EG6-CH3 (6) - 22± 1 - 57± 1 - 78 

 

In the set-up of Cai et al. the neat alkene is sandwiched as a thin layer between the glass and a 

hydrogen-terminated Si(111) surface. In this way the end-functionalised alkenes are presumably 

pre-oriented towards the Si(111) surface after which hydrosilylation occurs via UV irradiation. In 

contrast in our set-up a mesitylene solution of the terminal alkenes is used for both the thermal and 

the photochemical approach. Hence, pre-orientation of the terminal alkene moieties towards the 

Si(100) substrate is not expected to occur. This may explain the lower surface coverage found by 

us. Additional support for our interpretation was recently reported by others21. Note, however, that 

the CAM obtained from 1 with the solution method, shows a comparable fibrinogen adsorption 

(71%, Table 7) as compared with the method of Cai et al. for the EG3
20. The introduction of the 
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extra methyl moiety (PG unit) onto the OEG (inner/outer position) shows also no significant effect 

with respect to protein resistivity both for the racemic as well as the enantiomerically pure 

OEG/PG derivatives. 

 

Table 8. Ellipsometric thickness of monolayer before and after lysozyme (positively charged) exposure 
(thermal and photochemical). The 1-hexadecene monolayer is set to 100% adsorption.  

Thickness before 

lysozyme 

(Å) 

Thickness after 

lysozyme 

(Å) 

Lysozyme absorption 

(%) 

Monolayer 

 

Thermal 447 Thermal 447 Thermal 447 

1-Hexadecene 22± 0 21± 0 45± 1 43± 1 100 100 

EG4-CH3 (Amide) (1a) 17± 1 - 31± 2 - 61 - 

EG4-CH3 (1) 21± 1 18± 0 30± 1 34± 1 39 73 

Chiral PG-EG3-CH3 (2) 20± 1 20± 1 35± 1 35± 1 65 68 

Chiral EG3-PG-CH3 (3) 19± 1 18± 1 33± 2 36± 1 61 82 

Rac. PG-EG3-CH3 (4) 27± 1 21± 1 44± 2 40± 2 74 86 

Rac EG3-PG-CH3 (5) 24± 1 21± 1 39± 1 41± 2 65 91 

 

In contrast to the fibrinogen adsorption studies, lysozyme adsorption is considerably lower for all 

thermally prepared CAMs. Again the EG4 containing monolayer, CAM 1 is best performing, as 

was also the case for the fibrinogen experiment. Though the relative differences are large, due to 

the differences in proteins used, the trend is the same. This could mean that when using the method 

developed by Cai et al. might result in protein resistant monolayers without the use of longer OEG 

chains20. Again the introduction of the extra methyl moiety (PG unit) onto the OEG (inner/outer 

position) has no significant effect upon protein resistivity. 

 

3.3 Conclusions 

 

A series of OEG and OEG/PG hybrid functionalised CAMs were prepared by using two 

different methods (thermal or photochemical). Both methods result in CAMs that were 

characterised by means of water contact angle measurements, infrared analysis and ellipsometry. 

To study protein resistivity of the CAMs two proteins, fibrinogen and lysozyme were used. It was 

found that none of the prepared CAMs were completely protein resistant21. The monolayers did 

not show the same protein resistivity as comparable monolayers on gold (SAMs). For fibrinogen 

the relative amount of adsorption varied between 71-100% relative to hydrophobic hexadecene 

layers, whereas for lysozyme the adsorption varied between 39-91%. It is stipulated that in 
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contrast to other findings20, the best protein resistant monolayer, was not the CAM containing the 

longest OEG chain. Also the incorporation of an amide linker did not improve protein resistivity. 

Hence, our results indicate that in comparison with related SAMs (Au(111)) the reduced packing 

density of CAMs inadvertently influences protein resistivity. Clearly further research is required 

(cf. Chapter 4). 

 

3.4 Experimental Section 

 

General. All reactions were carried out under a dry nitrogen atmosphere unless stated otherwise. 

Commercially available reagents were used without purification. Tetrahydrofuran (THF) and diethyl ether 

were distilled from sodium-benzophenone prior to use. 1-Hexadecene was distilled twice under reduced 

pressure. Pyridine was distilled over KOH and stored over 4 Å molecular sieves, dimethyl formamide 

(DMF) was also dried on 4 Å molecular sieves. Fibrinogen (Fraction I, type I-S: from bovine plasma) and 

lysozyme were both obtained from Sigma. Single-polished n-Si(100) [thickness 500-550 µm, resistivity 

1.0-2.0 Ωcm, Seltec Silicon, Mitsubishi Silicon America] was used for surface modifications. Column 

chromatography was performed using Acros silicagel 0.035-0.070 mm, pore diameter ca. 6 nm. Thin layer 

chromatography was performed on Merck silicagel 60 F254. Spots were detected by the use of iodine vapour 

and/or UV light. NMR spectra were recorded on a Bruker AC 300 spectrometer operating at 300.13 MHz 

for 1H-NMR and at 75.47 MHz for 13C-NMR. Samples were dissolved in CDCl3 unless stated otherwise. 

Chemical shifts (in ppm) are given relative to internal TMS (0 ppm) in the case of 1H-NMR and relative to 

CDCl3 (77.00) for 13C-NMR. FT-IR (neat samples) were recorded on a Perkin Elmer System 2000 equipped 

with an ATR set-up. Optical rotations were recorded at room temperature with a Perkin Elmer 241 

polarimeter. 

General Procedure for the Preparation of End-functionalised Alkenes. To a stirred suspension of 

1.5 equivalents of NaH, 40% mineral oil, (washed with pentane (3 × 10 mL)) in DMF (50 mL) was added 

drop-wise 1 equivalent of the appropriate glycol followed by drop-wise addition of 1.2 equivalents of 11-

bromoundecene. Conversion was followed by 1H-NMR. After complete conversion of the glycol, the 

excess NaH was hydrolysed by careful addition of water and the reaction mixture was extracted with n-

hexane (6 × 10 mL). The combined n-hexane extracts were washed with water (10 mL), dried (MgSO4), 

and concentrated under reduced pressure. The crude product was purified by column chromatography 

(silica : eluens CHCl3). 

11-(2-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)ethoxy)undec-1-ene (1)31. The general procedure was 

followed with the exception that THF was used as solvent and that n-hexane extraction was conducted after 

evaporation of THF. Pure NaH (0.72 g, 30 mmol), 11-bromo-undecene (5.0 g, 24.00 mmol) and 2,5,8,11-

tetraoxatridecan-13-ol (5.1 g, 22.00 mmol). Compound 1 was obtained as a colourless oil (3.90 g, 10.82 

mmol, 49%): 1H-NMR δ = 5.90-5.70 (m, 1H), 5.05-4.90 (m, 2H), 3.80-3.60 (m, 12,H)-3.59-3-50 (m, 4H), 
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3.43 (t, 2H, J = 6.87 Hz), 3.38 (s, 3H), 2.03 (q, 2H, J = 7.41 Hz) 1.56-1.54 (m, 2H) 1.28 (br, m, 12H); 13C-

NMR δ = 139.15 (CH=CH2), 114.02 (CH=CH2), 71.77 (OCH2), 71.35 (OCH2), 70.45 (5 OCH2), 70.32 

(OCH2), 69.90 (OCH2), 58.83 (OCH3), 33.74 (CH2CH=CH2), 29.50 (CH2), 29.46 (CH2), 29.44 (2 CH2), 

29.07 (CH2), 28.90 (CH2), 26.15 (CH2); IR ν 3076 (w), 2925 (s), 2855 (s), 1457 (m), 1351 (w), 1199 (w), 

1107 (s), 993 (m), 909 (m). 

(S)-11-(1-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)propan-2-yloxy)undec-1-ene (2). Pure NaH (1.56 

g, 65 mmol), (S)-1-(2-{2-[2-methoxyethoxy]ethoxy}ethoxy)propan-2-ol (9.48 g, 42.00 mmol) and 11-

bromoundecene (9.33 g, 40 mmol). Colourless oil (5.82 g, 15.54 mmol, 39%): [α]D
20 (+)3.54° (c = 1.813 g · 

100 ml-1, CH2Cl2); 1H-NMR δ = 5.90-5.70 (m, 1H), 5.05-4.90 (m, 2H), 3.70-3.40 (m, 16H), 3.38 (m, 4H), 

2.03 (q, 2H, J = 7.44 Hz), 1.55 (m, 2H), 1.28 (br, m, 12H), 1.13 (d, 3H, J = 6.06 Hz); 13C-NMR δ = 139.21 

(CH=CH2), 114.06 (CH=CH2), 75.21 (HC(CH3)CH2), 74.34 (HC(CH3)CH2), 71.93 (CH2OCH3), 70.75 

(OCH2), 70.62 (OCH2), 70.59 (2 OCH2), 70.51 (OCH2), 69.30 (OCH2), 59.00 (OCH3), 33.77 

(CH2CH=CH2), 29.51 (CH2), 29.45 (CH2), 29.41 (2 CH2), 29.09 (CH2), 28.91 (CH2), 26.12 (CH2), 17.25 

(HC(CH3)CH2); IR ν 3077 (w), 2925 (s), 2855 (s), 1456 (m), 1372 (w), 1350 (w), 1199 (w), 1107 (s), 994 

(m), 909 (m). 

(S)-11-(2-(2-(2-(2-Methoxypropoxy)ethoxy)ethoxy)ethoxy)undec-1-ene (3). Pure NaH (0.48 g, 20 

mmol), (S)-2-(2-{2-[2-methoxypropoxy]ethoxy}ethoxy)ethanol (3.24 g, 15 mmol) and 11-bromoundecene 

(3.40 g, 14 mmol) were used. Colourless oil (2.30 g, 6.14 mmol, 44%): [α]D
20 0° (c = 1.056 g · 100 ml-1, 

CH2Cl2) 1H-NMR δ 5.90-5.70 (m, 1H), 5.05-4.90 (m, 2H), 3.70-3.60 (m, 10H), 3.59-3.40 (m, 7H), 3.38 (s, 

3H), 2.03 (q, 2H, J = 7.44 Hz), 1.56 (m, 2H), 1.28 (br, m, 12H), 1.13 (d, 3H, J = 6.06 Hz); 13C-NMR δ 

139.06 (CH=CH2), 113.99 (CH=CH2), 75.77 (OCH2CH), 74.91 (OCH2CH), 71.40 (OCH2), 70.65 (OCH2), 

70.52 (3 OCH2), 70.47 (OCH2), 69.95 (OCH2), 56.55 (OCH3), 33.67 (CH2CH=CH2), 29.51 (CH2), 29.40 

(CH2), 29.34 (CH2), 29.30 (CH2), 28.99 (CH2), 28.79 (CH2), 25.96 (CH2), 16.28 (CHCH3); IR ν 3077 (w), 

2926 (s), 2856 (s), 1456 (m), 1374 (w), 1351 (w), 1201 (w), 1107 (s), 994 (m), 909 (m). 

11-(1-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)propan-2-yloxy)undec-1-ene (4). Pure NaH (0.29 g, 

12 mmol), 1-(2-{2-[2-methoxyethoxy]ethoxy}ethoxy)propan-2-ol (1.79 g, 8.05 mmol) and 11-

bromoundecene (1.98 g, 8.50 mmol). Colourless oil (1.33 g, 5.07 mmol, 63%): 1H-NMR δ 5.90-5.70 (m, 

1H), 5.05-4.90 (m, 2H), 3.76-3.69 (m, 10H), 3.68-3.40 (m, 6H), 3.39-3.37 (m, 1H), 3.38 (s, 3H), 2.03 (q, 

2H, J = 7.41 Hz), 1.54 (m, 2H), 1.28 (br, m, 12H), 1.13 (d, 3H, J = 6.03 Hz) 13C-NMR δ 139.20 (CH=CH2), 

114.06 (CH=CH2), 75.21 (HC(CH3)CH2), 74.34 (HC(CH3)CH2), 71.93 (CH2OCH3), 70.75 (OCH2), 70.62 

(OCH2), 70.59 (2 OCH2), 70.51 (OCH2), 69.30 (OCH2), 59.00 (OCH3), 33.77 (CH2CH=CH2), 29.51 (CH2), 

29.45 (CH2), 29.41 (2 CH2), 29.09 (CH2), 28.91 (CH2), 26.12 (CH2), 17.25 (HC(CH3)CH2); IR ν 3077 (w), 

2925 (s), 2855 (s), 1456 (m), 1372 (w), 1350 (w), 1200 (w), 1107 (s), 994 (m), 909 (m). 

11-(2-(2-(2-(2-Methoxypropoxy)ethoxy)ethoxy)ethoxy)undec-1-ene (5). Pure NaH (0.29 g, 12 

mmol), 2-(2-{2-[2-methoxypropoxy]ethoxy}ethoxy)ethanol (1.7 g, 7.66 mmol) and 11-bromoundecene 

(1.87 g, 8.03 mmol). Colourless oil (1.25 g, 4.75 mmol, 62%): 1H-NMR δ 5.90-5.70 (m, 1H), 5.05-4.90 (m, 

2H), 3.70-3.40 (m, 17H), 3.38 (s, 3H), 2.03 (q, 2H, J = 7.41 Hz), 1.56 (m, 2H), 1.28 (br, m, 12H), 1.13 (d, 
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3H, J = 6.06 Hz); 13C-NMR δ 139.06 (CH=CH2), 113.99 (CH=CH2), 75.77 (OCH2CH), 74.91 (OCH2CH), 

71.40 (OCH2), 70.65 (OCH2), 70.52 (3 OCH2), 70.47 (OCH2), 69.95 (OCH2), 56.55 (OCH3), 33.67 

(CH2CH=CH2), 29.51 (CH2), 29.40 (CH2), 29.34 (CH2), 29.30 (CH2), 28.99 (CH2), 28.79 (CH2), 25.96 

(CH2), 16.28 (CHCH3); IR ν 3076 (w), 2925 (s), 2855 (s), 1450 (m), 1373 (w), 1351 (w), 1202 (w), 1107 

(s), 994 (m), 909 (m). 

11-(2-{2-[2-(2-{2-[2-Methoxyethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)undec-1-ene (6)20. 

Compound 6 was prepared using a different procedure. A mixture of 2,5,8,11,14,17-hexaoxanonadecan-19-

ol (hexa(ethylene glycol) monomethyl ether) (20.00 g, 67.50 mmol) in an aqueous solution of 50% KOH (5 

mL) was heated to 100°C. Next 11-bromoundecene (7.00 g, 30.00 mmol) was added drop-wise and the 

reaction mixture was stirred for another 24 hours at 100°C. Afterwards the reaction mixture was cooled to 

room temperature, diluted with water (10 mL) and extracted with n-hexane (6 × 20 mL). The combined 

organic layers were washed with water (25 mL), dried over MgSO4 and concentrated under reduced 

pressure yielding 25 g of a yellow oil. Part of the crude product (13.5 g) was purified by column 

chromatography (silica: eluens CHCl3) yielding compound 6 as a colourless oil (9.87 g, 22.0 mmol, 73%): 
1H-NMR δ 5.87-5.74 (m, 1H), 5.01-4.91 (m, 2H), 3.67-3.65 (m, 20H), 3.56 (m, 4H), 3.44 (t, 2H, J = 5.22 

Hz), 3.38 (s, 3H), 2.04 (q, 2H, J = 6.60 Hz), 1.57 (m, 2H), 1.28 (br, m, 12H); 13C-NMR δ 139.15 

(CH=CH2), 114.05 (CH=CH2), 71.82 (OCH2), 71.38 (OCH2), 70.46 (10 OCH2), 69.92 (OCH2), 58.87 

(OCH3), 33.66(CH2CH=CH2), 29.50 (CH2), 29.38 (CH2), 29.30 (2 CH2), 28.96 (CH2), 28.78 (CH2), 25.93 

(CH2); IR ν 3073 (w), 2924 (s), 2856 (s), 1457 (m), 1350 (m), 1298 (m), 1249 (m), 1104 (s), 853 (m). 

2-(2-{2-[2-Methoxyethoxy]ethoxy}ethoxy)ethyl undec-10-enamide (amide coupling) (1a). 

Powdered KOH (1.12 g, 0.02 mol) was suspended in diethyl ether (50 mL) and 2,5,8,11-tetraoxatridecan-

13-amine (3.94g, 0.019 mol) was added. At room temperature subsequently undecenoyl chloride (4.05 g, 

0.02 mol) was slowly added to the suspension and the reaction mixture was stirred for an additional 18 

hours. Afterwards the reaction mixture was concentrated under reduced pressure and poured in a mixture of 

ice-water (50 mL) and dichloromethane (25 mL). After separation of the aqueous and organic layer, the 

aqueous layer was further extracted with dichloromethane (2 × 50 mL). The combined organic layers were 

washed with water (25 mL), dried over MgSO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography first with ethyl acetate and subsequently with a mixture of ethyl 

acetate : MeOH (1:1). This yielded 1a as a yellow oil (3.27 g, 8.75 mmol, 46%): 1H-NMR δ 6.16 (s, 1H), 

5.80 (m, 1H), 5.01-4.91 (m, 2H), 3.7-3.6 (m, 10H), 3.56 (m, 4H), 3.45 (m, 2H), 3.38 (s, 3H), 2.18 (t, 2H, J 

= 7.41 Hz), 2.03 (q, 2H, J = 7.14 Hz), 1.62 (m, 2H), 1.29 (br, m, 10H), IR ν 3323 (m), 3076 (w), 2925 (s), 

2854 (s), 1737 (s), 1604 (s), 1456 (m), 1349 (m), 1248 (m), 1077 (s), 945 (m), 835 (m). 

Preparation and Handling of Silicon Substrates. Silicon (Si(100)) substrates were rinsed with 

acetone and sonificated for ca. 10 minutes in acetone followed by cleaning with an oxygen plasma (Harrick 

PDC-32G) for ca. 10 minutes. Subsequently, the Si(100) samples were etched in 2.5% aqueous HF for 2 

minutes. For IR studies silicon attenuated total reflection (ATR) crystals were used, which were cleaned 

using a “piranha” solution at 85°C for 1 hour followed by etching with 2.5% aqueous HF for 2 minutes. 
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CAM Preparation. (a) Photochemical Method. A solution (1.5-3 mL, 0.1-0.5 M) of a terminal alkene 

in mesitylene was flushed with argon for at least 30 minutes before the freshly etched hydrogen-terminated 

Si(100) sample was inserted into the solution. After that, the solution was flushed for another 30 minutes 

with argon. Next a Jelight Co. Inc. (Irvine, CA): 84-247-2 double-bore lamp (447 nm) was placed 0.5 cm in 

front of the reaction vessel. For the modification of the ATR crystals two lamps were used. After 

illumination for 16 hours, the substrate was removed from the solution, and its surface rinsed with PE 

40/60, absolute ethanol and dichloromethane. Finally the sample was dried using nitrogen gas. The dried 

substrates were immediately used for further analysis and protein adsorption studies. 

CAM Preparation. (b) Thermal Method. A solution (8.5 ml, 0.2 M) of the terminal alkene in 

mesitylene was placed in a small three-necked flask fitted with a N2 inlet, a reflux condenser with a CaCl2 

tube, and a stopper. The solution was heated at reflux temperature for 45 minutes under a nitrogen flow. 

The freshly etched Si(100) sample was then placed in the flask and heating at reflux temperature was 

continued for at least 2 hours. Afterwards the sample was handled as described above (see CAM 

preparation. (a) Photochemical Method). 

Protein Adsorption Experiments. For the protein adsorption measurements the following two proteins 

were used: 1) fibrinogen, a large blood plasma protein (340 kD, 450 × 90 ×90 Å3), which is slightly 

negatively charged (pI = 5.5) at pH = 7.4 and used as a model “sticky” protein; and 2) lysozyme, a small 

protein (14 kD, 46 × 30 ×30 Å3), which is positively charged (pI = 11.4), and often used in model studies of 

electrostatic adsorption of proteins to surfaces29. Both proteins are dissolved in 0.01 M PBS buffer solution 

(pH = 7.4) with a final protein concentration of 1 mg · mL-1. To study protein adsorption freshly prepared 

CAMs were placed at the bottom of a 50 mL beaker and covered with 5 mL Milipore water. Next, 10 mL of 

protein solution was added to the beaker. After immersion for 1 hour, the beaker was flushed five times 

with 30 mL Milipore water to dilute the solution and to avoid Langmuir-Blodgett like protein transfer at the 

water-air interface upon removal of the sample. The samples were rinsed with water and dried under a 

stream of nitrogen gas. 

CAM Characterisation. (a) Static Water Contact Angles. Static water contact angles were 

determined using an Erma G-1 contact angle meter (volume of the drop of ultrapure water, 3.5 µL). Contact 

angles of at least three drops were measured (error ±1o). 

(b) ATR IR Spectroscopy of the Monolayers. Fourier-Transform infrared spectra were recorded on a 

Bruker Tensor 27 instrument, equipped with a fixed angle multiple reflection attachment (Harrick 

Scientific). The infrared light was incident on one of the 45o bevels of the ATR crystal; 512 scans were 

collected at a resolution of 2 cm-1 and a clean ATR crystal was used as a background. 

(c) Ellipsometry. Ellipsometric measurements were performed with a Sentech Instruments (SE-400) 

null ellipsometer, operating at 632.8 nm (He-Ne-laser) and an 70° angle of incidence. The thickness of the 

monolayers was determined using a planar three-layer (ambient, monolayer, substrate) isotropic model. 

Samples were washed and dried before their optical constants were measured. Readings were taken both 

after CAM monolayer formation and subsequent protein adsorption; a clean untreated surface was used as a 
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reference. The data for the thermally prepared CAMs are average values of two independently prepared 

monolayers; on each CAM five measurements were performed. For the photochemically prepared CAMs 

three independently prepared monolayers were averaged; on an each CAM five measurements were done. 
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4 
Protein Resistant Self-Assembled Monolayers of Chiral Hybrid Oligo(Ethylene 

Glycol)/(Propylene Glycol) Derivatives on Gold 
 

Abstract 

 

The synthesis of alkanethiol oligo(ethylene glycol)s and hybrid oligo(ethylene)/oligo(propylene 

glycol)s containing either chiral (S configuration) or racemic propylene glycol moieties is 

reported. Self-Assembled Monolayers of these alkanethiol oligo(ethylene glycol)s and 

oligo(ethylene)/oligo(propylene glycol)s on Au (111) were prepared and characterised with static 

contact angle measurements, ellipsometry, IRRAS and protein adsorption experiments. 

Ellipsometric measurements revealed a thickness of the SAMs which corresponds well with the 

calculated length of the molecules. SAMs 2, 3 and 4 (containing an internal chiral PG unit) were 

found to be protein resistant, while SAM 5 (containing an external chiral PG unit) and SAM 6 

(containing an internal racemic PG unit) adsorbed fibrinogen (34-48%) and lysozyme (30-34%). 

Whereas SAM 4 is merely protein resistant (8% and 5%) for fibrinogen and lysozyme its racemic 

analogue SAM 6 is substantially less protein resistant (51% and 45%). This indicates a clear effect 

of the presence of chirality on the packing density of the monolayers. This is supported by IRRAS 

measurements which shows less packing of the alkyl parts (2927 cm-1 / 2856 cm-1) and disordered 

OEG regions for racemic SAM 6. 
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4.1 Introduction 
 

Self-assembled monolayers (SAMs) represent a simple and practical route for the construction 

of model systems that are easy to design and have broad potential applications1. Their inherent 

flexibility allows surfaces to be modified in a controllable manner with specific and tailored 

chemical functionalities2.  

SAMs of oligo(ethylene glycol) (OEG) end-functionalised alkanethiols, hereafter OEG SAMs, 

are extensively studied as model systems in connection to biofouling phenomena3. These SAMs 

mimic surfaces covered with poly(ethylene glycol) (PEG), a documented protein- and cell-inert 

polymeric material4. Clearly, the prevention/suppression of biofouling on surfaces is of enormous 

economic importance for medical, biotechnological, maritime and energy applications5.  

Despite the availability of a vast amount of literature concerning the bioresisting properties of 

OEG SAMs, there is still controversy regarding the underlying mechanisms. In the case of PEG, 

the occurrence of protein resistance is explained by the - steric repulsion - theory6, e.g. an 

unfavourable change in the free energy caused by dehydration and confinement of highly mobile 

polymer chains. However, OEG SAMs lack this chain mobility and, therefore, other mechanisms 

have been suggested to clarify their protein resistance. 

 

Au(111)  
 

Figure 1. Schematic representation of a helical (left) and an all-trans (right) conformation of OEG SAM on 
Au(111). 
 

Early studies have shown that the efficacy of OEG SAMs on Au(111) to impose protein 

resistivity depends on the OEG chain length7. Later besides OEG chain length also the OEG chain 

conformation in OEG SAMs was put forward as another crucial factor that influences whether the 
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SAM surface will become protein repellant or will remain protein-adsorbing. For example, all-

trans OEG chain conformations, which are formed on Ag(111) surfaces using oligo(ethylene 

glycol) (OEG) functionalised alkanethiols, give OEG SAM surfaces that are protein adsorbing9. In 

contrast using similar oligo(ethylene glycol) (OEG) functionalised alkanethiols, but Au(111) 

instead of Ag(111) as the substrate surface, gave OEG SAMs with both amorphous and helical 

(7/2 helix as for PEG8) OEG chain conformations; these OEG SAMs were found to be protein 

resistant9. In another study, however, in which OEG end-functionalised thiols that lack the alkyl-

spacer moiety10 were used, the OEG chain conformations in the SAM were found to be 

predominantly helical leading to a decrease in protein resistivity of the SAM surface. Apparently, 

some disorder, viz. amorphous character in the exposed OEG chains, is necessary for OEG SAMs 

surfaces to become inert to protein adsorption10. Other experimental and theoretical studies have 

suggested that also the orientation of interfacial dipole moments and the resulting structure of 

water at the interface (penetration) are important to obtain efficient bio-inert surfaces11. Directly 

related to the OEG chain conformation and the structure of the interfacial water-layer is the 

packing density of the OEG functionalised alkanethiols on the substrate surface12. As discussed 

above, closely packed OEG SAMs on Ag(111) possess all-trans OEG chain conformations9 that 

cannot be penetrated by water11c. A similar behaviour was found for SAMs on Au(111) prepared 

from OEG end-functionalised thiols that lack the alkyl-spacer moiety and were found to possess 

predominantly helical OEG chain conformations10. Monte Carlo simulations11c,13 and in-situ 

studies with vibrational sum-frequency generation14 of OEG SAMs exposed to an aqueous 

environment have shown that the initially helical OEG chain conformation transits into an 

amorphous phase upon exposure to water. 

Other end groups that resist non-specific protein adsorption upon exposure of the SAM to an 

aqueous environment are also known, e.g. the carbohydrates mannitol15 and galactose16, 

tripropylenesulfoxide17 and zwitter-ionic species18. In a study of 60 different SAMs, four features 

were identified to be of interest to impose protein resistivity: (i) hydrophilicity, (ii) the presence of 

hydrogen bond acceptors, (iii) the absence of hydrogen bond donors, and, (iv) overall charge 

neutrality19. Note, however, that SAMs containing carbohydrates or their reduced derivatives15,16 

as end groups represent an exception. The earlier hypothesis that surface wettability is the prime 

criterion that determines protein resistivity can therefore be ruled out20. Hitherto, OEGs of proper 

chain length still appear to be the most promising candidates to access protein resistant surfaces21. 

Here we wish to report another approach to affect OEG chain conformations and concomitant 

intermolecular chain packing in OEG SAMs. By applying either oligo(ethylene glycol)/propylene 

glycol (OEG/PG) or propylene glycol/oligo(ethylene glycol) (PG/OEG) end functionalised alkane 
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thiols in which the propylene glycol (PG) unit is either enantiomerically pure (PG) or racemic 

(PG) for the preparation of SAMs on Au(111), hereafter OEG/PG SAMs (Table 1), the effect of 

chirality in the PG unit and its position (interior vs. exterior) on the chain conformation of the 

OEG/PG hybrids and concomitantly the intermolecular packing density of the chains after SAM 

formation can be addressed. 

To our knowledge there are no studies concerning the effect of chirality on protein adsorption 

behaviour. As a reference compound, a thiol end-capped with an enantiomerically pure 2-

methoxypropoxy moiety (PG) is used to establish that a PG group by itself is not protein resistant. 

With the compounds shown in Table 1 (vide infra) SAMs were obtained on Au(111) surfaces and 

their wettability, monolayer thickness and the specific chain conformations of the OEG and 

OEG/PG end groups were studied with respectively water contact angle measurements 

(goniometry), ellipsometry and infrared-reflection spectroscopy (IRRAS). Protein adsorption 

measurements were performed using buffered aqueous solutions of fibrinogen and lysozyme. 

 

4.2 Results and Discussion 
 

4.2.1 Synthesis of OEG and OEG/PG End-Functionalised Alkanethiols 

 

The terminal alkene precursors required for the preparation of the OEG- or OEG/PG end-

functionalised alkanethiols were prepared via a SN2 Williamson etherification reaction in DMF 

using an appropriate alcohol derivative, NaH as base, and 11-bromoundecene (C11, for details, see 

Chapter 3). For the synthesis of the alkenes 7 and 8 we refer to the Experimental Section.  

The OEG and OEG/PG end-functionalised terminal alkenes were converted into the 

corresponding thiols in two steps (Scheme 1, i and ii). Firstly, the terminal alkenes were irradiated 

(UV) in the presence of thiol acetic acid and AIBN22,23 giving the corresponding thioacetates.  

 

OR
9

OR
9

S

O

OR
9

HSii

65%

i

75%
1-61Ac-6AcTerminal

Alkenes  
 

Scheme 1. General synthesis of thiol derivatives. i) CH3COSH, AIBN, MeOH, hυ; ii) 0.1 M HCl in MeOH. 
 

In a second step the thioacetates were converted into the desired thiols by methanolysis, e.g. by 

stirring at room temperature for 4 days followed by a heat treatment at reflux temperature (4 
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hours). The pure thiol derivatives were isolated in 65% yield. To avoid disulfide formation acid-

catalysed de-protection of the thioacetate was preferred over base-catalysed de-protection22. 

The thiols containing different OEG, PG, or OEG/PG end-groups are presented in Table 1. For 

SAM preparation, an ethanol solution of 1mM of thiol was applied. Glass slides covered with a ca. 

200 nm thick polycrystalline Au layer, predominantly Au(111), on top of a chromium adhesion 

layer, were immersed in the solution for 24 hours1. Afterwards the slides were thoroughly rinsed 

with ethanol and dried with a stream of nitrogen. 

 

Table 1. Mercapto compounds synthesised to obtain Self-Assembled Monolayers. 
OR
9

HS

 
R = functional endgroup 

Compound 

number 

Compound  

code 

O

 
1 HS-C11-PG*-CH3

a

O
O

O
OH  

2 HS-C11-EG4-H 

O
O

O
O  

3 HS-C11-EG4-CH3

O
O

O
O

 
4 HS-C11-PG*-EG3-CH3

a

O
O

O
O

 
5 HS-C11-EG3-PG*-CH3

a

O
O

O
O

 
6 HS-C11-PG-EG3-CH3

b

 aChiral PG unit: S-configuration, bRacemate 

 

4.2.2 SAMs: Static Water Contact Angles 

 

In Table 2 the static water contact angles (θ) of the SAMs are presented before and after 

protein adsorption. In the following, first the static water contact angles of the pristine SAMs will 

be discussed. The hydrophobic dodecanethiol, which lacks the hydrophilic EG4, PG-EG3, EG3-PG 

or hydrophobic PG end groups, is used as a reference both for the static water contact angle 

measurements and protein adsorption experiments. For a perfectly dense crystalline dodecanethiol 

SAM on Au(111) the static water contact angle is expected to be ca. 110° 22. Upon exposure of the 

dodecanethiol SAM to the protein solution the static water contact angle changes from 107° to 79° 

in the case of fibrinogen and from 107° to 94° for lysozyme. As will be shown below, this is in 

line with the occurrence of protein adsorption. In comparison with the hydrophobic dodecanethiol 
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SAM the tetra(ethylene glycol) functionalised SAMs derived from 2 (SAM 2) and 3 (SAM 3) 

possess static water contact angles that are decisively lower, viz. 36° and 64°, respectively. These 

values are in line with available literature data and show that the substrate surfaces indeed become 

hydrophilic21,22. Interestingly, replacement of one EG unit by a chiral PG unit (cf. the SAMs 4 and 

6, and SAM 5) reveals that the position of the PG unit affects their static water contact angle 

(SAM 4 55° and SAM 6 54° (interior PG unit) and SAM 5 67° (exterior PG unit). 

Thus it seems that SAMs 4 and 6 are more hydrophilic than SAM 5. This can be rationalized 

by invoking that in the case of SAM 4 (chiral PG unit) and SAM 6 (racemic PG unit) the inner PG 

unit distorts the lateral packing density rendering the modified substrate surface more accessible to 

water (vide infra). For SAM 5, which contains a chiral PG unit at an outer position, its static water 

contact angle (67°) is comparable to that of SAM 3 (64°), despite the presence of an additional 

methyl group near the surface. Note that SAM 1 possesses a contact angle of 72°, which is 

comparable to that found for SAMs of alkanethiols end-capped with a single OCH3 group (68°)24. 

The additional methyl group on the outer surface of the SAM, renders the SAM surface slightly 

more hydrophobic (cf. SAM 5, 67° and SAM 3, 64°).  

 

Table 2. Static water contact angle before and after protein adsorption. 
SAM θ (°) θ (°) 

(After Fibrinogen) 

θ (°) 

(After Lysozyme ) 

     HS-C11-CH3 107± 1 79± 3 94± 3 

(1) HS-C11-PG*-CH3 72± 1 62± 4 59± 4 

(2) HS-C11-EG4-H 36± 1 35± 1 33± 1 

(3) HS-C11-EG4-CH3 64± 2 65± 1 63± 2 

(4) HS-C11-PG*-EG3-CH3 55± 1 55± 2 48± 3 

(5) HS-C11-EG3-PG*-CH3 67± 1 66± 1 66± 1 

(6) HS-C11-PG-EG3-CH3 54± 1 55± 1 56± 1 

 

Even more striking is the observation that exposure of the six oligo(ethylene glycol) and 

oligo(ethylene glycol)/(propylene glycol) hybrid functionalised SAMs (Table 1) to solutions of the 

proteins fibrinogen or lysozyme, their static water contact angle, with the exception of that for 

SAM 4, remain nearly identical. In the case of SAM 4 a change in the static water contact angle 

from 55o to 48o is found after lysozyme treatment, this is most likely due to water molecules being 

bound in the interior of the SAM. This does not occur in the case of SAM 6 containing the same, 

but now racemic, end-groups. 
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4.2.3 SAMs: Infrared Reflection-Absorption Spectroscopy (IRRAS) 

 

To gain more insight in the intermolecular packing and packing density of the SAMs Infrared 

Reflection-Absorption Spectroscopy (IRRAS) was used. For the assignment of chain 

conformations vibrational band assignments of un-functionalised alkane thiols and crystalline 

(helical) and amorphous poly(ethylene glycol) (PEG) were used following Grunze and 

Liedberg9a,25. Note that their assignments have been validated by ab initio calculations26. 

In liquid alkane thiols the symmetric (νs) and asymmetric (νa) CH2-stretch vibrations absorb at 

2857 cm-1 and 2925 cm-1 and correspond to gauche (G) and trans (T) conformations. Crystalline 

alkanes with an all-trans chain conformation, as well as highly ordered alkane thiolate films, 

possess CH2-stretch vibrations positioned at 2851 cm-1 and 2918 cm-1 9a,25. In contrast, the CH2-

stretch vibration of amorphous PEG is found at 2865 cm-1 and generally possesses a shoulder at 

2930 cm-1. In OEG end functionalised alkane thiolate films the amorphous CH2-stretch vibration 

of the OEG units bands is masked by the sharper alkane CH2-stretch absorption bands, also a 

possible contribution of a crystalline OEG CH2 absorption band may contribute at 2893 cm-1  

Distinct differences between amorphous and helical crystalline OEG absorptions can be found 

in the fingerprint region of the IR spectrum. For crystalline (helical) OEG characteristic bands are 

found at 965 cm-1 (CH2 rocking mode and νa C-O-C), 1117 cm-1 (νa C-O-C), 1243 cm-1 (CH2 

twisting mode), 1348 cm-1 (CH2 wagging mode) and 1463 cm-1 (CH2 scissoring mode). 
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Figure 2. IRRAS: CH-stretch region (3100-2700 cm-1) of SAMs 1-6 on Au(111). 
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For an amorphous OEG phase (TGT, TGG and GGT chain conformations) the C-O-C stretch 

vibrations positioned at 1126 cm-1 and 1145 cm-1 (shoulder) as well as the bands at 948 cm-1, 1250 

cm-1 and 1296 cm-1 are diagnostic. The CH2-stretch vibrations of SAM 2 (2919 cm-1/2853 cm-1) 

and SAM 3 (2920 cm-1/2854 cm-1) indicate that their alkyl chains are predominantly in the all-

trans conformation (solid alkanes 2917 cm-1/2850 cm-1). In marked contrast SAM 4 (2925 cm-

1/2858 cm-1) and SAM 5 (2922 cm-1/2854 cm-1) have CH2-stretch absorption bands that suggest 

the presence of numerous gauche conformations in the alkyl spacer similar for those found in 

liquid alkanes (2925 cm-1/2856 cm-1, Figure 2). As a consequence, these SAMs will be more 

disordered, e.g. less densely packed. 

These results demonstrate that a minor structural modification (replacement of one EG unit by 

a PG unit) has a marked effect on the extent of intermolecular packing of the molecules after 

assembly on the substrate surface. The effect appears to be most significant when the PG sub-unit 

is located at an interior position. In addition most striking is the observation that for racemic SAM 

6 the bands are shifted to even more liquid-like alkane values, 2927 cm-1/2856 cm-1. Apparently 

the self-assembly process of racemic SAM 6 results in a more disordered monolayer when 

compared to SAM 4 prepared with the enantiomerically pure OEG/PG end-functionalised 

alkanethiol. As will be shown below, this has a marked effect on the protein resistivity of these 

SAMs. 

A survey of the diagnostic vibrational absorption bands of the OEG units (CH2-stretch and 

fingerprint region) in the case of SAMs 2, 3, 4 and 5 gives the following results. For SAMs 2 and 3 

the asymmetric CH2-stretch vibration at 2893 cm-1 (shoulder) is in line with the presence of 

crystalline (predominantly helical) OEG domains, besides amorphous OEG domains (2934 cm-1 

and 2870 cm-1). The presence of crystalline OEG domains is further substantiated by the 

characteristic vibrations positioned at 1350 cm-1 (weak band, not shown), 1115 cm-1 (νa C-O-C) 

and 961 cm-1 (CH2 rocking and νa C-O-C) in the fingerprint region (Figure 3). Thus, IRRAS 

shows that SAMs 2, 3, 4 and 5 contain both crystalline (helical) and amorphous OEG domains 

(fingerprint region 1247 cm-1 (CH2 twist) and 1134 cm-1 (νa C-O-C bands). SAM 2 has a clear 

shoulder at 1115 cm-1 and at 961 cm-1 (helical) besides the 1134 cm-1 band, which indicates 

amorphous chain conformations. In the IRRAS spectrum of SAM 3 the specific helical bands are 

absent; its OEG3 part is predominantly amorphous. For SAMs 4 and 5 the IR results show 

predominantly amorphous PG-EG3 and EG3-PG domains, which are present as a broad band at 

1247 cm-1 and 1134 cm-1 for SAM 4, while for SAM 5 only the 1134 cm-1 band is visible. Note, 

however, that in the spectrum of SAM 4 a band is located at 1115 cm-1, which indicates the 
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presence of helical conformations in the PG-EG3 part, despite the observation that the alkyl chain 

of SAM 4 is less closely packed than that of SAMs 2 and 3 (vide supra). 
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Figure 3. IRRAS: Fingerprint region (1400-900 cm-1) of SAMs 1-6 on Au. 
 

Thus, the methyl group of the inner PG sub-unit in SAM 4 drastically affects the packing 

properties of this SAM. 

Ellipsometry shows that the thickness of SAM 4 (17Å) deviates from that found for SAMs 2, 

3, 5 (thickness ca. 27 Å, see below). Notwithstanding, SAM 4 still shows considerable protein 

repellent behaviour in contrast to its counterpart SAM 5. Considering racemic SAM 6 the broad 

band located around 1247 cm-1 indicates amorphous OEG chain conformations in the SAM. On 

the basis of the intensity ratio at 1247 cm-1 and 1134 cm-1it can be concluded that for the racemic 

(SAM 6) and its related enantiomerically pure OEG/PG SAM (SAM 4) the chains in the former 

are even more disordered. 

 

4.2.4 SAMs: Protein Adsorption Experiments and Ellipsometry 

 

Ellipsometric thickness measurements (Tables 3 and 4) were performed on three independently 

prepared SAMs; five spots were measured on each sample. With the exception of SAMs 4 and 6 

for which significantly lower thickness values were found (17 Å), the thickness values are 

comparable with the molecular length assuming an all-trans chain conformation (ca. 27 Å). For 
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SAMs 4 and 6 significantly lower values for their thickness. This must be attributed to the 

presence of an additional methyl group at the inner position of the SAM, which will decrease the 

packing density. This is in line with the IRRAS results (cf. section 4.2.3). 

 

Table 3. Thickness of SAMs before and after fibrinogen exposure and fibrinogen adsorption normalized to 
the amount of fibrinogen on SAM of HS-C11-CH3 (=100%)  

SAM 

 

Thickness before 

fibrinogen exposure (Å) 

Thickness after fibrinogen 

exposure (Å) 

Fibrinogen adsorption 

(%) 

     HS-C11-CH3 17 ± 1 54 ± 2 100 

(1) HS-C11-PG*-CH3 15 ± 1 56 ± 1 93 

(2) HS-C11-EG4-H 28 ± 1 30 ± 1 0 

(3) HS-C11-EG4-CH3 30 ± 1 32 ± 3 0 

(4) HS-C11-PG*-EG3-CH3 17 ± 1 20 ± 1 8 

(5) HS-C11-EG3-PG*-CH3 27 ± 1 40 ± 1 34 

(6) HS-C11-PG-EG3-CH3 17 ± 2 36 ± 1 51 

 

Adsorption of either fibrinogen or lysozyme on the different tetra(ethylene glycol) and 

oligo(ethylene glycol)/propylene glycol hybrid terminated SAMs was quantified relative to protein 

adsorption on the hydrophobic dodecanethiol SAM reference by measuring the increase in 

thickness as determined by ex-situ ellipsometry22,27. Note that SAM 1, derived from a chiral PG 

end-functionalised dodecanethiol, adsorbs both fibrinogen (93%) and lysozyme (72%), i.e. the 

terminal PG-unit as such does not impose protein resistivity. 

 

Table 4. Thickness of SAMs before and after lysozyme exposure and lysozyme adsorption normalized to 
the amount of lysozyme on SAM of HS-C11-CH3 (=100%)  

SAM 

 

Thickness before lysozyme 

exposure (Å) 

Thickness after lysozyme 

exposure (Å) 

Lysozyme adsorption 

(%) 

   HS-C11-CH3 15 ± 1 35 ± 3 100 

(1) HS-C11-PG*-CH3 18 ± 1 31 ± 1 72 

(2) HS-C11-EG4-H 28 ± 2 28 ± 1 0 

(3) HS-C11-EG4-CH3 28 ± 1 29 ± 1 0 

(4) HS-C11-PG*-EG3-CH3 17 ± 1 18 ± 1 5 

(5) HS-C11-EG3-PG*-CH3 25 ± 1 31 ± 4 30 

(6) HS-C11-PG-EG3-CH3 17 ± 1 26 ± 2 45 

 
As expected7,21, SAMs 2 and 3 are protein resistant. Interestingly, SAM 4 prepared using 

enantiomerically pure 4 (internal chiral PG unit) shows very low protein absorption both for 

fibrinogen (8%, Table 3) and lysozyme (5%, Table 4). This does not apply to its counterpart SAM 
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5 (external chiral PG unit) to which a considerable amount of protein adsorbs (fibrinogen 34% and 

lysozyme 30%). Most striking is the observation that the SAM containing racemic 6 adsorbs 

protein (fibrinogen 51% and lysozyme 45%), while the SAM obtained from enantiomerically pure 

4 is significantly more protein resistant. 

These results demonstrate that static water contact angles determined before and after protein 

adsorption, despite their reproducibility, do not represent a reliable guideline to establish whether a 

surface will become protein repellent. Clearly, other factors, such as those put forward by 

Whitesides et al. and others19,21, contribute too. Our findings are an extra argument that the protein 

resistivity of OEG SAMs stems from the interfacial water layer. Water molecules are blocked from 

entering by the extra methyl moiety at the surface. A possible explanation could be as follows. The 

packing of the enantiomerically pure OEGs results in more closely packed monolayers compared 

with the racemic counterparts. The difference, obviously, is caused by chirality, which most likely 

affects the packing (density) of the corresponding SAM, which results in an OEG SAM with 

decreased protein resistance, which was confirmed with IRRAS. 

 

4.3 Conclusions 

 

We have reported on the self-assembly of OEG derivatives and there protein resistant 

behaviour after assembly on polycrystalline Au(111). The static water contact angles were used to 

evaluate the surface hydrophobicity and hydrophilicity before and after protein adsorption. The 

contact angles of 2 and 3 were comparable with literature data. Furthermore we observed a slight 

increase in hydrophobicity for SAMs 1 and 5 that containing an extra methyl on the exterior. 

SAMs of 4 and 6 were more hydrophilic due to hindrance of the methyl on the inside of the SAM. 

Except for SAMs 4 and 6, ellipsometric thickness measurements of the assembled molecules 

correspond well with the calculated length of the molecules. Together with the contact angle 

results we conclude that SAMs 4 and 6 are less well packed then the other SAMs. This is 

supported by IRRAS measurements, which show less packing of the alkyl parts 2927 cm-1/2856 

cm-1 and disordered EG conformations. Only SAM 2 made of HS-EG4-H showed helical EG 

conformations, especially visible from the band at 1348 cm-1. With respect to protein absorption 

SAMs 2, 3 and 4 were either completely or almost protein resistant, while SAMs 5 and 6 still 

adsorb significant amounts of fibrinogen (34-48%) and lysozyme (30-34%). In the case of 5 this is 

attributed to the effect of the extra methyl moiety on the exterior of the SAM. For 6 this is 

attributed to a disorder effect by using a racemic mixture. When using enantiomerically pure 
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compounds this affects the protein resistivity. Thus, chain conformational defects and packing 

density are indeed of importance for the occurrence of protein resistivity9,21. 

 

4.4 Experimental Section 
 

Synthesis. All reactions were carried out under a dry nitrogen atmosphere unless stated otherwise. 

Commercially available reagents were used without purification. Dimethyl formamide (DMF) was stored 

over 4 Å molecular sieves. Methanol (MeOH) was stored over 3 Å molecular sieves. Azobisisobutyronitrile 

(AIBN) was re-crystallised from methanol and stored at 2°C prior to use. MgSO4 was dried in an oven at 

200°C. Column chromatography was performed using Acros silicagel 0.035-0.070 mm, pore diameter ca. 6 

nm. Thin layer chromatography was performed on Merck silicagel 60 F254. Spots were detected by the use 

of iodine vapour and/or UV light. NMR spectra were recorded on a Bruker AC 300 spectrometer operating 

at 300.13 MHz for 1H-NMR and at 75.47 MHz for 13C-NMR. Samples were dissolved in CDCl3 unless 

stated otherwise. Chemical shifts (in ppm) are given relative to internal TMS (1H 0 ppm) in the case of 1H-

NMR and relative to CDCl3 (13C 77.00 ppm) for 13C-NMR. Infrared spectra (neat samples) were recorded 

on a Perkin Elmer System 2000 equipped with an ATR set-up. Optical rotations were recorded at room 

temperature with a Perkin Elmer 241 polarimeter. 

(S)-11-(2-Methoxypropoxy)undec-1-ene (7). To a suspension of NaH (0.90 g, 40% mineral oil), 

washed with pentane (3 × 10 mL), re-dispersed in DMF (20 mL) was added drop-wise a solution of (S)-(+)-

2-(1-ethoxyethoxy)propan-1-ol (3.78 g, 0.03 mol) in DMF (10 mL). The reaction was stirred until hydrogen 

evolution ceased, subsequently 11-bromoundecene (7.03 g, 0.03 mol) in DMF (15 mL) was added. The 

reaction was followed with 1H-NMR until complete consumption of 11-bromoundecene. The reaction 

mixture was quenched with water. A few drops of concentrated HCl were added until an acidic 

environment was obtained, in order to remove the ethylethoxy protective group. After 2 hours of stirring the 

mixture was extracted with n-hexane (4 × 20 mL). The combined organic layers were washed with water 

(20 ml), dried over MgSO4, and concentrated under reduced pressure affording the alcohol precursor of 7 as 

a colourless oil (5.02 g, 0.022 mol, 73%): 1H-NMR δ 5.90-5.70 (m, 1H), 5.05-4.90 (m, 2H), 3.95 (m, 1H), 

3.55-3.35 (m, 3H), 3.20 (q, 1H, J = 8.25 Hz), 2.42 (br, 1H, OH), 2.04 (q, 2H, J = 6.87 Hz), 1.58 (m, 2H), 

1.3 (br, m, 12H), 1.14 (d, 3H, J = 6.06 Hz); 13C-NMR δ 139.21 (CH=CH2), 114.08 (CH=CH2), 76.05 

(OCH2CH), 71.47 (OCH2), 66.41 (OCH2CH), 33.79 (CH2), 29.63 (CH2), 29.43 (CH2), 29.09 (CH2), 28.90 

(CH2), 26.09 (CH2), 18.55 (CH(CH3)). Methylation was performed by dissolving the crude product (1.41 g, 

6.17 mmol) in THF (10 mL) containing NaH (0.46 g, 40% mineral oil), washed with pentane (3 × 5 mL), 

after which an excess iodomethane (2 mL) was added. After stirring for 24 hours the reaction mixture was 

extracted with n-hexane (3 × 10 mL). The combined organic layers were washed with water (10 mL), dried 

over MgSO4, and concentrated under reduced pressure. Compound 7 was obtained as a colourless oil and 

was used without further purification (1.16 g, 4.79 mmol, 78%): 1H-NMR δ 5.90-5.70 (m, 1H), 5.05-4.90 
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(m, 2H), 3.55-3.30 (m, 8H), 2.03 (q, 2H, J = 7.44 Hz), 1.58 (m, 2H), 1.3 (br, m, 12H), 1.14 (d, 3H, J = 6.33 

Hz); 13C-NMR δ 139.22 (CH=CH2), 114.07 (CH=CH2), 75.92 (CH2CH), 74.53 (OCH2CH2), 71.64 

(OCH2CH), 56.69 (OCH3), 33.79 (CHCH2), 29.60 (CH2), 29.51 (CH2), 29.43 (2 CH2), 29.11 (CH2), 28.92 

(CH2), 26.07 (CH2CH2O), 16.51 (CHCH3); IR ν 3077 (w), 2925 (s), 2855 (s), 1463 (m), 1377 (w), 1201 

(w), 1117 (s), 993 (m), 908 (m). 

11-(2-{2-[2-(2-Hydroxylethoxy)ethoxy]ethoxy}ethoxy)undec-1-ene (8) 22. A mixture of 50% aqueous 

KOH (2 mL) and 2,5,8,11-tetraoxatridecan-13-ol (tetra(ethylene glycol)) (33 g, 0.17 mol) was stirred at 

100°C for 30 minutes followed by the addition of 11-bromoundecene (3.96 g, 0.017 mol). The reaction 

mixture was stirred for an additional 48 hours at 100°C and afterwards cooled to room temperature. The 

reaction mixture was extracted with n-hexane (6 × 10 mL). The combined n-hexane fractions were washed 

with water (10 mL), dried over MgSO4, and concentrated under reduced pressure. The crude product was 

purified via column chromatography (silica: eluens CHCl3) and afforded a colourless oil (8, 4.24 g, 0.012 

mol, 71%): 1H-NMR δ 5.90-5.70 (m, 1H), 5.05-4.90 (m, 2H), 3.75-3.50 (m, 16H), 3.45 (t, 2H, J = 6.87 Hz), 

2.74 (br, t 1H, OH), 2.03 (q, 2H, J = 7.14 Hz), 1.57 (m, 2H), 1.3 (br, m, 12H); 13C-NMR δ 138.93 

(CH=CH2), 113.90 (CH=CH2), 72.49 (CH2CH2OH), 71.31 (OCH2), 70.50 (OCH2), 70.34 (OCH2), 70.31 

(OCH2), 70.28 (OCH2), 70.02 (OCH2), 69.81 (OCH2), 61.39 (CH2OH), 33.57 (CH2CH=CH2), 29.32 (CH2), 

29.30 (CH2), 29.19 (2 CH2), 28.88 (CH2), 28.69 (CH2), 25.83 (CH2); IR ν 3463 (m), 3077 (w), 2924 (s), 

2855 (s), 1456 (m), 1350 (w), 1296 (w), 1249 (w), 1103 (s), 994 (w), 909 (m). 

General Procedure for the Preparation of Thioesters. The reactor, equipped with a Pyrex glass 

filter, was charged with 1 equivalent of the alkene, 4 equivalents of thiolacetic acid, 100 mg AIBN and 500 

mL MeOH. The mixture was irradiated for 2.5 hours with a 125 W medium-pressure mercury vapour lamp 

(To avoid loss of light the reactor was completely covered with aluminium foil). Afterwards the reaction 

mixture was concentrated under reduced pressure and the crude product was purified by column 

chromatography (silica: eluens CHCl3). This gave the pure thioacetates as faint yellow to colourless oils. 

(S)-11-(2-Methoxypropoxy)undecyl ethanethioate (1Ac). The general procedure was followed: 

thiolacetic acid: (1.35 g, 0.018 mol), (S)-11-(2-methoxypropoxy)undec-1-ene (1.16 g, 4.79 mmol). After 

work-up 1Ac was obtained as a yellow oil (0.48 g, 1.51 mmol, 32%): 1H-NMR δ 3.55-3.30 (m, 8H), 2.86 (t, 

2H, J = 7.14 Hz), 2.32 (s, 3H), 1.55 (m, 4H), 1.26 (br, m, 14H), 1.14 (d, 3H, J = 6.33 Hz); 13C-NMR δ 

196.01 (C(=O)), 75.92 (CHCH2), 74.53 (CHCH2), 71.64 (OCH2), 56.69 (OCH3), 30.61 (C(=O)CH3), 29.60 

(CH2), 29.47 (2 CH2), 29.42 (2 CH2), 29.14 (2 CH2), 29.08 (CH2), 28.79 (CH2), 26.07 (CH2CH2O), 16.51 

(CH(CH3)); IR ν 2925 (s), 2854 (s), 1693 (s), 1462 (m), 1375 (m), 1354 (m), 1201 (w), 1106 (s), 952 (m). 

11-(2-{2-[2-(2-Hydroxylethoxy)ethoxy]ethoxy}ethoxy)undecyl ethanethioate (2Ac)22. The general 

procedure was followed: thiolacetic acid (1.25 g, 16.4 mmol), 11-(2-{2-[2-(2-

hydroxylethoxy)ethoxy]ethoxy}ethoxy)undec-1-ene (1.50 g, 4.33 mmol). Compound 2Ac was isolated as a 

faint yellow oil (1.34 g, 3.17 mmol, 73%): 1H-NMR δ 3.8-3.5 (m, 16H), 3.43 (t, 2H, J = 6.60 Hz), 2.86 (t, 

2H, J = 7.14 Hz), 2.61 (br, 1H, OH), 2.32 (s, 3H), 1.56 (m, 4H), 1.27 (br, m, 14H); 13C-NMR δ 195.68 

(SC(=O)CH3), 72.44 (CH2CH2OH), 71.25 (OCH2), 70.33 (OCH2), 70.30 (OCH2), 70.27 (OCH2), 70.24 
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(OCH2), 70.00 (OCH2), 69.77 (OCH2), 61.33 (CH2OH), 30.34 (SC(=O)CH3), 29.27 (2 CH2), 29.22 (2 CH2), 

29.17 (2 CH2), 28.85 (CH2), 28.82 (CH2), 28.52 (CH2), 25.79 (CH2); IR ν 3462 (m), 2925 (s), 2855 (s), 

1691 (s), 1457 (m), 1375 (m), 1353 (m), 1298 (w), 1248 (w), 1104 (s), 952 (m), 911 (m), 728 (s). 

11-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)undecyl ethanethioate (3Ac)28. The general 

procedure was followed: thiolacetic acid (1.22 g, 16.1 mmol), 11-(2-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)ethoxy)undec-1-ene (1.50 g, 4.16 mmol). Compound 3Ac was isolated as a 

faint yellow oil (1.32 g, 3.02 mmol, 73%): 1H-NMR δ 3.8-3.5 (m, 16H), 3.44 (t, 2H, J = 6.87 Hz), 3.38 (s, 

3H), 2.86 (t, 2H, J = 7.14 Hz), 2.32 (s, 3H), 1.56 (m, 4H), 1.27 (br, m, 14H); 13C-NMR δ 195.78 

(SC(=O)CH3), 71.74 (OCH2), 71.31 (OCH2), 70.40 (5 OCH2), 70.31 (OCH2), 69.87 (OCH2), 58.80 (OCH3), 

30.34 (SC(=O)CH3), 29.44 (CH2), 29.34 (CH2), 29.30 (2 CH2), 29.24 (2 CH2), 28.93 (CH2), 28.89 (CH2), 

28.60 (CH2), 25.89 (CH2); IR ν 2925 (s), 2855 (s), 1691 (s), 1457 (m), 1351 (w), 1199 (w), 1107 (s), 952 

(m). 

(S)-11-(1-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)undecyl ethanethioate (4Ac). 

The general procedure was followed, thiolacetic acid (1.16 g, 15.2 mmol), (S)-11-(1-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)propan-2-yloxy)undec-1-ene (1.50 g, 4.01 mmol). Compound 4Ac was 

isolated as a faint yellow oil (1.35 g, 3.00 mmol, 75%): [α]D
20 1.38° (c = 0.939 g · 100 ml-1, CH2Cl2); 1H-

NMR δ 3.70-3.40 (m, 16 H), 3.38 (m, 4H), 2.86 (t, 2H, J = 7.41 Hz), 2.32 (s, 3H), 1.56 (m, 4H), 1.27 (br, 

m, 14H), 1.13 (d, 3H, J = 6.06 Hz); 13C-NMR δ 195.78 (SC(=O)CH3), 75.08 (OCH2CH), 74.21 (OCH2CH), 

71.80 (OCH2), 70.62 (OCH2), 70.49 (OCH2), 70.46 (2 OCH2), 70.37 (OCH2), 69.16 (OCH2), 58.86 (OCH3), 

30.45 (SC(=O)CH3), 29.99 (CH2), 29.40 (CH2), 29.34 (2 CH2), 29.31 (CH2), 29.28 (CH2), 28.98 (CH2), 

28.93 (CH2), 28.64 (CH2), 25.99 (CH2), 17.12 (CHCH3); IR ν 2925 (s), 2855 (s), 1693 (s), 1456 (m), 1371 

(w), 1353 (w), 1199 (w), 1105 (s), 953 (m). 

(S)-11-(2-{2-[2-(2-Methoxypropoxy)ethoxy]ethoxy}ethoxy)undecyl ethanethioate (5Ac). The 

general procedure was followed: thiolacetic acid (1.16 g, 15.2 mmol), (S)-11-(2-(2-(2-(2-

methoxypropoxy)ethoxy)ethoxy)ethoxy)undec-1-ene (1.50 g, 4.01 mmol). Compound 5Ac was isolated as 

a faint yellow oil (1.32 g, 2.93 mmol, 73%): [α]D
20 0° (c = 1.132 g · 100 ml-1, CH2Cl2); 1H-NMR δ 3.70-

3.40 (m, 17 H), 3.38 (s, 3H), 2.86 (t, 2H, J = 7.41 Hz), 2.32 (s, 3H), 1.54 (m, 4H), 1.27 (br, m, 14H), 1.13 

(d, 3H, J = 6.06 Hz); 13C-NMR δ 195.77 (SC(=O)CH3), 75.73 (OCH2CH), 74.86 (OCH2CH), 71.35 

(OCH2), 70.60 (OCH2), 70.47 (3 OCH2), 70.43 (OCH2), 69.91 (OCH2), 56.51 (OCH3), 30.45 (SC(=O)CH3), 

29.47 (CH2), 29.37 (CH2), 29.32 (2 CH2), 29.30 (CH2), 29.27 (CH2), 28.96 (CH2), 28.92 (CH2), 28.63 

(CH2), 25.92 (CH2), 16.25 (CHCH3); IR ν 2925 (s), 2855 (s), 1693 (s), 1456 (m), 1374 (w), 1351 (w), 1201 

(w), 1107 (s), 953 (m). 

11-(1-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)undecyl ethanethioate (6Ac). The 

general procedure was followed: thiolacetic acid (0.80 g, 10.5 mmol), 11-(1-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)propan-2-yloxy)undec-1-ene (0.91 g, 2.43 mmol). Compound 6Ac was 

isolated as a faint yellow oil (0.42 g, 0.93 mmol, 38%): 1H-NMR δ 3.70-3.45 (m, 16 H), 3.37 (m, 4H), 2.85 

(t, 2H, J = 7.14 Hz), 2.32 (s, 3H), 1.54 (m, 4H), 1.26 (br, m, 14H), 1.13 (d, 3H, J = 6.33 Hz); 13C-NMR δ 
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195.78 (SC(=O)CH3), 77.25 (OCH2CH), 75.24 (OCH2CH), 71.80 (OCH2), 70.62 (OCH2), 70.49 (OCH2), 

70.46 (2 OCH2), 70.37 (OCH2), 69.16 (OCH2), 58.90 (OCH3), 30.45 (SC(=O)CH3), 29.99 (CH2), 29.40 

(CH2), 29.34 (2 CH2), 29.31 (CH2), 29.28 (CH2), 28.98 (CH2), 28.93 (CH2), 28.64 (CH2), 25.99 (CH2), 

17.20 (CHCH3); IR ν 2925 (s), 2855 (s), 1693 (s), 1456 (m), 1372 (w), 1350 (w), 1200 (w), 1107 (s), 953 

(m). 

General Procedure for the Preparations of the Thiols. The thioacetate was dissolved in 50-100 mL 

of 0.1 M HCl in MeOH. The solution was stirred for 4 days and subsequently refluxed for 4 hours to 

accomplish complete conversion. Then the mixture was concentrated under reduced pressure and extracted 

with n-hexane (5 × 10 mL). The combined organic layers were dried over MgSO4 and after filtration and 

evaporation crude thiols were obtained. The crude thiols were purified via column chromatography (silica: 

eluens ethyl acetate)29. 

(S)-11-(2-Methoxypropoxy)undecane-1-thiol (1). Thioacetate (1Ac, 0.48 g, 1.50 mmol) was reacted 

following the general procedure and gave compound 1 as a faint yellow oil (0.20 g, 0.72 mmol, 48%): 

[α]D
20 (–)23.0° (c = 0.990 g · 100 ml-1, CH2Cl2); 1H-NMR δ 3.55-3.30 (m, 8H) 2.52 (q, 2H, J = 7.14 Hz), 

1.55 (m, 4H), 1.27 (br, m, 15H), 1.14 (d, 3H, J = 6.33 Hz); 13C-NMR δ 75.93 (CHCH2), 74.53 (CHCH2), 

71.64 (OCH2), 56.69 (OCH3), 34.01 (CH2), 29.61 (CH2), 29.53 (2 CH2), 29.46 (2 CH2), 29.04 (CH2), 28.36 

(CH2), 26.07 (CH2CH2O), 24.63 (CH2SH), 16.51 (CH(CH3)); IR ν 2925 (s), 2854 (s), 1463 (m), 1375 (m), 

1201 (w), 1116 (s). 

11-(2-{2-[2-(2-Hydroxylethoxy)ethoxy]ethoxy}ethoxy)undecane-1-thiol (2)22. Thioacetate (2Ac, 

1.10 g, 2.60 mmol) was reacted following the general procedure and gave compound 2 as a colourless oil 

(0.62 g, 1.63 mmol, 63%): 1H-NMR δ 3.8-3.6 (m, 16H), 3.45 (t, 2H, J = 6.87 Hz), 2.65 (br, 1H, OH), 2.52 

(q, 2H, J = 7.14 Hz), 1.58 (m, 4H), 1.27 (br, m, 15H); 13C-NMR δ 72.49 (CH2CH2OH), 70.50 (OCH2), 

70.58 (2 OCH2), 70.54 (OCH2), 70.51 (OCH2), 70.30 (OCH2), 70.00 (OCH2), 61.71 (CH2OH), 33.99 

(CH2CH3SH), 29.56 (CH2), 29.50 (CH2), 29.45 (2 CH2), 29.41 (CH2), 29.01 (CH2), 28.31 (CH2), 26.02 

(CH2), 24.60 (CH2SH); IR ν 3457 (m), 2924 (s), 2854 (s), 1458 (m), 1350 (m), 1294 (m), 1101 (s), 942 (m), 

884 (m), 722 (m). 

11-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)undecane-1-thiol (3)28. Thioacetate (3Ac, 1.06 

g, 2.43 mmol) was reacted following the general procedure and gave compound 3 as a colourless oil (0.61 

g, 1.55 mmol, 64%): 1H-NMR δ 3.7-3.5 (m, 16H), 3.44 (t, 2H, J = 6.06 Hz), 3.38 (s, 3H), 2.51 (q, 2H, J = 

7.44 Hz), 1.60 (m, 4H), 1.27 (br, m, 15H); 13C-NMR δ 71.79 (OCH2), 71.37 (OCH2), 70.44 (5 OCH2), 

70.36 (OCH2), 69.91 (OCH2), 58.86 (OCH3), 33.89 (CH2CH3SH), 29.48 (CH2), 29.40 (CH2), 29.35 (CH2), 

29.31 (2 CH2), 28.91 (CH2), 28.21 (CH2), 25.93 (CH2), 24.47 (CH2SH); IR ν 2924 (s), 2854 (s), 1457 (m), 

1350 (m), 1298 (m), 1200 (m), 1104 (s), 945 (m), 852 (m), 722 (m). 

(S)-11-(1-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)undecane-1-thiol (4). Thioacetate 

(4Ac, 0.97 g, 2.15 mmol) was reacted following the general procedure and gave compound 4 as a colourless 

oil (0.55 g, 1.35 mmol, 63%): [α]D
20 (+)2.01° (c = 1.097 g · 100 ml-1, CH2Cl2); 1H-NMR δ 3.70-3.40 (m, 16 

H), 3.38 (m, 4H), 2.51 (q, 2H, J = 7.44 Hz), 1.60 (m, 4H), 1.27 (br, m, 15H), 1.13 (d, 3H, J = 6.06 Hz); 13C-
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NMR δ 75.08 (OCH2CH), 74.23 (OCH2CH), 71.80 (OCH2), 70.62 (OCH2), 70.49 (OCH2), 70.46 (2 OCH2), 

70.37 (OCH2), 69.16 (OCH2), 58.85 (OCH3), 33.88 (CH2CH3SH), 29.97 (CH2), 29.41 (CH2), 29.35 (2 CH2), 

29.32 (CH2), 28.90 (CH2), 28.21 (CH2), 25.99 (CH2), 24.46 (CH2SH), 17.09 (CH(CH3)); IR ν 2924 (s), 

2854 (s), 1456 (m), 1372 (m), 1350 (m), 1298 (m), 1200 (m), 1106 (s), 928 (m), 851 (m), 725 (m). 

(S)-11-(2-{2-[2-(2-Methoxypropoxy)ethoxy]ethoxy}ethoxy)undecane-1-thiol (5). Thioacetate (5Ac, 

1.07 g, 2.37 mmol) was reacted following the general procedure and gave compound 5 as a colourless oil 

(0.62 g, 1.52 mmol, 64%): [α]D
20 0° (c = 1.132 g · 100 ml-1, CH2Cl2); 1H-NMR δ 3.70-3.40 (m, 17 H), 3.38 

(s, 3H), 2.52 (q, 2H, J = 7.44 Hz), 1.58 (m, 4H), 1.27 (br, m, 15H), 1.13 (d, 3H, J = 6.03 Hz); 13C-NMR δ 

75.73 (OCH2CH), 74.89 (OCH2CH), 71.35 (OCH2), 70.63 (OCH2), 70.49 (3 OCH2), 70.44 (OCH2), 69.92 

(OCH2), 56.52 (OCH3), 33.88 (CH2CH3SH), 29.97 (CH2), 29.41 (CH2), 29.35 (2 CH2), 29.32 (CH2), 28.90 

(CH2), 28.21 (CH2), 25.99 (CH2), 24.46 (CH2SH), 17.09 (CH(CH3)); IR ν 2924 (s), 2854 (s), 1460 (m), 

1373 (m), 1350 (m), 1298 (m), 1201 (m), 1104 (s), 879 (m), 722 (m). 

11-(1-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}propan-2-yloxy)undecane-1-thiol (6). Thioacetate 

(6Ac, 0.42 g, 0.97 mmol) was reacted following the general procedure. Compound 6 was obtained as a 

slightly yellow oil (0.28 g, 0.72 mmol, 74%): 1H-NMR δ 3.70-3.40 (m, 16 H), 3.37 (m, 4H), 2.51 (q, 2H, J 

= 7.41 Hz), 1.54 (m, 4H), 1.32 (br, m, 15H), 1.14 (d, 3H, J = 6.06 Hz); 13C-NMR δ 77.20 (OCH2CH), 75.25 

(OCH2CH), 74.39 (OCH2), 71.96 (OCH2), 70.79 (OCH2), 70.63 (OCH2), 70.54 (2 OCH2), 69.33 (OCH2), 

59.03 (OCH3), 34.05 (CH2CH2SH), 30.15 (CH2), 29.41 (CH2), 29.35 (2 CH2), 29.32 (CH2), 28.90 (CH2), 

28.37 (CH2), 26.16 (CH2), 24.41 (CH2SH), 17.29 (CH(CH3)); IR ν 2924 (s), 2854 (s), 1456 (m), 1372 (m), 

1350 (m), 1298 (m), 1201 (m), 1106 (s), 928 (m), 851 (m), 725 (m). 
Preparation and Handling of Gold Substrates. The gold substrates were prepared by evaporation of 

~ 250 nm of high-purity gold (99.999%) onto glass surfaces that had been pre-coated with chromium (~ 3 

nm) to improve adhesion. Evaporation was performed at 5×10-7 Torr at a growth rate of 0.25 nm s-1 for both 

metals. Following this procedure glass slides covered with a ca. 200 nm polycrystalline Au layer, 

predominantly Au(111) was obtained. Prior to SAM preparation the gold substrates were dipped in freshly 

prepared “piranha” solution (30% H2O2:H2SO4 = 1:2 (v/v)) (Caution: “piranha” solution reacts violently 

with many organic materials and should be handled with extreme care.) for 5 minutes, followed by 

exhaustive rinsing with distilled water and subsequently absolute EtOH. Finally the substrates were blown 

dry with a stream of nitrogen gas. 

SAM Preparation. Glassware was thoroughly cleaned, rinsed with water, soaked in “piranha” solution 

for 10 minutes followed by rinsing with distilled water and absolute EtOH, and finally dried in an oven at 

120°C. The vials (20 mL) were filled with freshly prepared thiol solution (1mM in EtOH) and a gold 

substrate was immersed in this solution. Solutions containing the gold substrate were stored for at least 24 

hours in the dark at ambient conditions. Afterwards the slides were rinsed with ethanol and finally blown 

dry in nitrogen gas, and immediately analysed. 

Protein Adsorption Experiments. For the protein adsorption measurements two model proteins were 

used; fibrinogen, a large (340 kD, 450 × 90 ×90 Å) blood plasma protein, slightly negatively charged (pI = 
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5.5) at pH = 7.4, is used as a model “sticky” protein, and lysozyme (14 kD, 46 × 30 ×30 Å) a small protein 

which is positively charged (pI = 11.4), and often used in model studies of electrostatic adsorption of 

proteins to surfaces19. Both proteins are dissolved in 0.01 M PBS buffer solution (pH = 7.4) with a final 

protein concentration of 1 mg · mL-1. Freshly prepared SAMs were placed at the bottom of a 50 mL beaker 

and covered with 5 mL Milipore water. Next, 10 mL of protein solution were added to the beaker. After 1 

hour immersion time, the beaker was flushed five times with 30 mL ultrapure water to dilute the solution 

and to avoid Langmuir-Blodgett like protein transfer at the water-air interface upon removal of the sample. 

The samples, three for each SAM, were rinsed with water and dried under a stream of nitrogen gas. 

Monolayer Characterisation. 

(a) Contact Angle Measurements. Static water contact angles were obtained using an Erma G-1 

contact angle meter (volume of the drop of ultrapure water, 3.5 µL). Contact angles of at least three drops 

were measured (error ±1o). 

(b) Infrared Reflection-Absorption Spectroscopy. FT infrared reflection-absorption spectra were 

recorded on a Bruker Tensor 27 instrument equipped with a variable-angle reflection Auto Seagull 

accessory. A Harrick grid polarizer was installed in front of the detector for measuring spectra with p-

polarized radiation with respect to the plane of incidence at the sample surface. For all samples 2048 scans 

at a resolution of 2 cm-1 were recorded and referenced against a clean gold surface. 

(c) Ellipsometry. Ellipsometric measurements were performed with a Sentech Instruments (SE-400) 

ellipsometer, operating at 632.8 nm (He-Ne-laser) and an angle of incidence of 70°. The thicknesses of the 

monolayers were determined with a planar three-layer (ambient, monolayer, substrate) isotropic model. 

Samples were washed and dried before optical constants were measured. Readings were taken on clean 

untreated surfaces to establish the bare substrate optical constants, after monolayer formation and protein 

adsorption. Five separate thickness values were measured on each sample; the results were averaged.  
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5 
Preparation and Properties of Oligo(Ethylene Glycol)/n-Butyl Methacrylate 

Random and Block Copolymers 
 

Abstract 

 

The synthesis of oligo(ethylene glycol) functionalised copolymethacrylates is presented. Both 

random and block copolymers were synthesised by using free radical copolymerisation methods. 

The block copolymers were prepared by making use of the reversible addition-fragmentation 

transfer (RAFT) polymerisation method with cumyl dithiobenzoate as the RAFT agent. The 

random and block copolymers were characterised by 1H- and 13C-NMR spectroscopy, IR 

spectroscopy, size-exclusion chromatography (SEC) and Differential Scanning Calorimetry 

(DSC). The assembly behaviour of the block copolymer P[EG3MA-block-BMA](55) 6 in aqueous 

solution was further investigated by using a fluorescence probe (pyrene) technique, light 

scattering and cryo-TEM experiments. After deposition of the random and block copolymers by 

drop-casting on either hydrophilic or hydrophobic Si (100) surfaces, the surface 

topology/morphology of the deposited films was studied using tapping-mode AFM. Since the 

random and block copolymers may find application as novel and benign antifouling polymers, the 

adhesive properties of deposited polymer films on either hydrophilic or hydrophobic glass slides 

was evaluated during (prolonged) exposure to an aqueous environment. 
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5.1 Introduction 

 

In order to render surfaces bio-resistant surface coverage with non-toxic oligo(ethylene 

glycol)s (OEGs) is frequently applied1,2. Since OEGs are water soluble, proper end-

functionalisation is a prerequisite. Examples are: siloxane functionalisation for attachment to glass 

surfaces3, thiol functionalisation for self-assembly on metal surfaces4 and terminal alkene / alkyne 

functionalisation for covalent attachment on hydrogen-terminated silicon (Si(111) and Si(100)) 

surfaces by hydrosilylation5. These systems have been used in studies related to both 

biocompatibility and bioresistivity6. However, these approaches cannot be applied to large surface 

areas of practical interest, such as the steel-hull of sea-going vessels. Note that the hull of sea-

going vessels is invariably susceptible to bio-adhesion processes, i.e. biofouling. Biofilm 

formation and growth, which also ultimately involves the deposition of larger organisms (algae, 

mussels, etc.) will increase the ship’s resistance and concomitantly will increase fuel 

consumption7. To prevent biofilm formation and growth especially antifouling coatings containing 

toxic biocides (tributyltin compounds) have found widespread application. However, these tributyl 

tin containing coating systems have now been banned.  

Here we wish to report the synthesis of a series of polymethacrylate-based random and block 

copolymers containing OEG side-chains for potential application as novel binder materials in 

coating systems. Note that due to its excellent water solubility a polymethacrylate homopolymer 

containing only OEG side-chains (P[EG3MA](100) (1, Table 1)) cannot be used8. Therefore, 

random or block copolymers have to be applied in which water-solubility is suppressed9 by 

compositional control, e.g. incorporation of hydrophobic monomers, such as n-butyl methacrylate 

(BMA) or methyl methacrylate MMA). 

Another factor of interest for application of OEG functionalised materials in antifouling is the 

type of functional group at the terminus of the pending OEG side-chains, since it will ultimately be 

exposed to the aqueous phase. Note that methoxy end-groups in contrast to hydroxyl end-groups 

are thermo-sensitive8,10; the effect being more pronounced with decreasing length of the OEG side 

chain. In addition, hydroxyl end-groups are susceptible to auto-oxidation in the presence of oxygen 

and suitable transition metal ions11. More interestingly, with methoxy end-groups the OEG side-

chains with methoxy end-groups will orient to the outer surface both in an aqueous environment, 

air and in vacuum. In contrast hydroxyl-terminated OEG side chains will become embedded into 

the polymer matrix when exposed to either air or vacuum12. As a consequence for many 

applications hydroxyl-terminated systems have to be pre-wetted before use in order to ensure that 

the hydroxyl-terminated OEG side chains become exposed to the aqueous environment. Clearly, 
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longer alkoxy end groups, instead of methoxy end-groups, will shield the hydrophilic OEG units, 

which leads to a reduction or even complete loss of its bioresistivity12.  

To access polymethacrylate random copolymers solution radical polymerisation of a mixture 

of a hydrophilic methacrylate monomer containing an OEG side-chain (EGnMA, n=3,4) and a 

hydrophobic methacrylate monomer containing either a n-butyl (BMA) or methyl (MMA) side 

group was applied9. It is expected that in the copolymer both monomers will be randomly 

distributed along the backbone (vide infra). Consequently after deposition of the copolymer onto 

an appropriate substrate surface the OEG side-chains will also be distributed randomly over the 

surface.  

In a second approach polymethacrylate block copolymers were synthesised using the above 

mentioned hydrophilic and hydrophobic monomers. Note that block copolymers have the ability to 

self-assemble into a variety of morphologies such as micelles, vesicles and aggregates, just like 

small molecular surfactants13 in, for example, aqueous solution and after deposition on a substrate 

surface. Until recently block copolymers were most frequently obtained using anionic 

polymerisation techniques8,10,12. However, drawbacks of anionic polymerisations are the laborious 

experimental conditions and techniques. Nowadays also other polymerisation procedures have 

become available for block copolymer synthesis. For instance, group transfer polymerisation 

(GTP)14, nitroxide-mediated radical polymerisation (NMRP)15, atom transfer radical 

polymerisation (ATRP)16, and reversible addition-fragmentation chain transfer (RAFT)17. Since 

NMRP cannot be used for the preparation of polymethacrylates15 and block copolymers obtained 

by ATRP always contain heavy metal ions (Cu+) that have to be removed, the RAFT procedure 

was chosen for preparation of polymethacrylate block copolymers (see also Chapter 1). 

In this chapter a set of random copolymethacrylates containing short pendant OEGs (tri- and 

tetra(ethylene glycol)s) and n-butyl side-chains are prepared using two methods: 1) batch-like 

solution radical polymerisation and 2) solution radical polymerisation under ‘starved conditions’ 

suitable for scaling-up. Furthermore, by adding a RAFT agent the block copolymers were prepared 

using both method 1 and 2. After work-up all random and block copolymers were characterised 

with 1H- and 13C-NMR spectroscopy, IR spectroscopy, size exclusion chromatography (SEC) and 

differential scanning calorimetry (DSC).  

To gain insight into the aggregation behaviour of the block copolymers fluorescence probe 

experiments, static as well as dynamic light scattering (SLS and DLS) experiments and cryo-

transmission electron microscopy (cryo-TEM) measurements were performed on dilute aqueous 

solutions. Furthermore the assembly behaviour of a thin layer of both a representative random 

copolymer and block copolymer after deposition on either a hydrophilic or hydrophobic silicon 
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surface was studied with atomic force microscopy (AFM). Finally to gain insight into the film 

properties, i.e. adhesion of the polymer onto the substrate surface, solubility and FT-IR 

experiments were performed. Random and block copolymers were drop-casted on both 

hydrophilic and hydrophobic glass slides to study their film formation and the effect of water on 

the film structure. 

 

5.2 Results and Discussion 

 

5.2.1 Synthesis of OEG Functionalised Methacrylates 

 

The hydrophilic monomers EG3MA and EG4MA were prepared using methacryloyl chloride 

and the proper alcohol (Scheme 1). In this chapter EG3MA is the most frequently used hydrophilic 

monomer. 
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Scheme 1. Esterification of oligo(ethylene glycol) monomethyl ether and methacryloyl chloride. (i) NEt3, 
Et2O. 
 

5.2.2 Polymer Synthesis 

 

Two procedures (method 1 and method 2, see experimental Section) were used for the 

preparation of random copolymers. First, batch-like solution radical polymerisations were done 

using a Schlenk-vessel containing a degassed (three consecutive freeze-pump-thaw cycles) n-butyl 

acetate solution of the methacrylate monomers and initiator (AIBN) (method 1). Although for 

laboratory scale preparations this procedure is adequate, large-scale syntheses will be hampered 

due to the required freeze-pump-thaw cycles. To avoid freeze-pump-thaw cycles method 2 was 

applied, in which a N2(g) purged n-butyl acetate solution of the monomers (n-butyl 

methacrylate/methyl methacrylate and triethylene glycol methacrylate) and initiator (AIBN) was 

added drop-wise to pre-heated and N2(g) purged n-butyl acetate. This procedure suppresses 

“composition drift” during random copolymer syntheses. An additional advantage of method 2 is 

that it readily can be scaled-up using a continuously stirred tank reactor. After the desired 

monomer conversion is achieved (ca. 80% for both methods 1 and 2, as determined with SEC) the 
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crude random copolymers were isolated from the reaction mixture by precipitation in n-hexane. 

All copolymers deposited as opaque sticky, viscous materials. After decanting the solution, the 

crude copolymers were re-dissolved in an aliquot of n-butyl acetate and re-precipitated in n-

hexane. This procedure was repeated twice. After isolation of the opaque sticky, viscous 

copolymers remaining traces of n-butyl acetate and n-hexane were removed under a N2 flow. The 

random copolymers were obtained in ca. 68% yield and were characterised using NMR (1H and 
13C) and IR spectroscopy, size exclusion chromatography (SEC) and differential scanning 

calorimetry (DSC, Table 1). A comparison of the properties of the random copolymers P[EG3MA-

co-BMA](43) (3) and P[EG3MA-co-BMA](50) (7), which were synthesised using either method 1 

or 2 (both 1:1 monomer feed) shows that both procedures gave copolymers with a comparable 

average composition (P[EG3MA-co-BMA](43) (3) and P[EG3MA-co-BMA](50) (7) contain 43% 

and 50% incorporated EG3MA (1H NMR))  

 

Table 1. Synthesized methacrylate co-, block-, and homopolymers and their SEC and DSC data. 
Polymer Monomer 

Feed 

(EGn:BMA) 

EGn 

(%) 

MW·103

(g mol-1) 

Mn·103

(g mol-1) 

MW/Mn Tg 

(°C) 

 1 P[EG3MA]1 1 : 0 100 35 17 2.1 -66 

 2 P[EG3MA-co-BMA]1 3 : 1 67 56 33 1.7 -58 

 3 P[EG3MA-co-BMA]1 1 : 1 43 60 31 1.9 -48 

 4 P[EG3MA-co-BMA]1 1 : 3 24 32 20 1.6 -40 

 5 P[BMA]1 0 : 1 0 39 29 1.3  26 

 6 P[EG3MA-block-BMA]2 1 : 1 55 45 23 2.0 -54│30 

 7 P[EG3MA-co-BMA]2 1 : 1 50 40 22 1.8 -50 

 8 P[EG3MA-co-MMA]2 1 : 1 50 22 11 2.1 -15 

 9 P[EG4MA-co-BMA]2 1 : 1 51 26 8.8 3.0 -52 

10 P[EG4MA-block-BMA]1 1 : 1 61 8.4 5.3 1.6 -65│30 

The superscripts 1, 2 correspond to the application of method 1 or method 2. The P[BMA] glass transition temperature 

is ca. 30°C21 

 
5.2.3 Block Copolymer Synthesis via RAFT 

 
An advantage of the RAFT ‘pseudo-living’ solution radical polymerisation procedure17 is that 

it allows for the synthesis of block copolymers without the stringent and laborious prerequisites 

(purity of monomers and reagents) and techniques (inert atmosphere, exclusion of moisture) 
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required for other anionic living polymerisations. The RAFT approach can be applied using both 

methods 1 and 2 with the exception that a RAFT agent has to be added in addition to an initiator. 

Although various RAFT agents can be applied, we have used the common RAFT agent, i.e. cumyl 

dithiobenzoate (12)19. Compound 12 was synthesized in two-steps following a literature procedure 

(Scheme 2)19. The Grignard reagent of bromobenzene is reacted with carbon disulfide to afford 

compound 11, which is converted into 12 via a radical addition of 11 to α-methylstyrene. 

 

SSSHS
Br

ii

60%

i

43%

11 12  
 

Scheme 2. Two-step synthesis of cumyl dithiobenzoate. (i) Mg(s), CS2, Et2O; (ii) Ph-C(CH3)=CH2, TsOH, 
CCl4. 
 

In Scheme 3 the stepwise RAFT pseudo-living polymerisation of a P[EG3MA-block-BMA] 

block copolymer is schematically represented. Since in a RAFT polymerisation homopolymer 

lacking RAFT agent end-capping may be formed as minor side-product, it was decided to first 

synthesize the hydrophilic part of the block copolymer. It was rationalised that after attachment of 

the second, hydrophobic block during (re)-precipitation of the block copolymer in a n-

hexane/dichloromethane (20:1 v/v) mixture these minor contaminations remain dissolved in 

solution. This was indeed found. 
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Scheme 3. Schematic stepwise ‘pseudo-living’ block copolymerisation with the RAFT procedure giving a 
block-polymer P[EG3MA-block-BMA]. (i) n-BuOAc, RAFT, 80°C; (ii) n-BuOAc, PolyRAFT, 80°C. 
 

In Figure 1, size exclusion chromatography (SEC) traces as a function of polymerisation time 

during the two-step synthesis of block copolymer P[EG3MA-block-BMA](55) (6) are shown (see 

also Table 1). During the polymerisation of the hydrophilic monomer the peak at high molecular 

100 



Preparation and Properties of OEG/n-butyl Methacrylate Random and Block Copolymers 

weight shifts further to higher molecular weights. The polymerisation reaction was stopped after 

80% monomer conversion followed by worked-up of the end-capped homopolymer by 

precipitating the reaction mixture into n-hexane. The poly[EG3MA](100) can now be used as a 

new macromolecular RAFT (polyRAFT) agent. By dissolving the isolated macromolecular RAFT 

agent in the presence of another monomer under suitable conditions the growth of a new block is 

initiated20. From the SEC curves (Figure1) it can be deduced that the polymer chain keeps growing 

after the work-up and that a proper block copolymer is formed.  

 

 
Figure 1. RAFT block copolymerisation of P[EG3MA-block-BMA](55) (6). Increase of molecular weight 

in time. 

 

5.2.4 Thermal Properties of the Random Copolymers and Block Copolymers 

 

Glass transition temperatures (Tg) of the random and block copolymers were determined by 

differential scanning calorimetry (DSC). According to literature the glass transition temperatures 

of the homopolymers are 30°C21 P[BMA] (5) and –47°C P[EG3MA](100) (1) (anionic 

polymerisation)8a. When comparing these glass transition temperatures with those reported in 

Table 1 a deviation is apparent for P[EG3MA](100) (1), e.g. –66° versus –47°C8a. This is attributed 

to the applied polymerisation conditions, i.e. radical polymerisation versus anionic polymerisation. 

Note that under anionic polymerisation conditions generally highly syndiotactic polymers are 

obtained. This effect on tacticity will influence the glass transition temperature22; higher 

stereoregularity results in higher glass transition temperatures. The glass transition temperature of 

P[BMA] (5) is in good agreement with literature data21. 
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Figure 2. Thermogram of the block copolymers P[EG3MA-block-BMA] (6) and P[EG4MA-block-BMA] 
(10) 
 

From the data in Table 1 it is clear that the glass transition temperature of the set of random 

EG3MA/BMA copolymers increases with decreasing EG3MA content. The glass transition 

temperature shifts from –66, -58, -48 to –40°C for 100% (1) (homopolymer), 67% (2), 43% (3) 

and 24% (4), respectively (Table 1). In addition, the glass transition region tends to broaden with 

increasing EG3MA content, which is attributed to a plasticiser effect exerted by the oligo(ethylene 

glycol) side chains. This implies that the glass transition temperature is mainly determined by the 

more flexible OEG side chains. This is substantiated by the glass transition temperature of another 

random copolymer P[EG3MA-co-MMA](50) (8) that contains 50 % (n/n) MMA instead of BMA. 

Its glass transition temperature (–15°C, Table 1) is very low when compared to the glass transition 

temperature of the homopolymer P[MMA] (115°C23a). 

In the DSC curves of the homo- and random copolymers only one glass transition temperature 

is found. Thus, despite the large differences in the hydrophilic and hydrophobic character of the 

monomers, the two monomers are randomly distributed along the backbone (see also section 

5.2.5). The block copolymers, in contrast (Figure 2), display two distinct glass transition 

temperatures at –54°C and 30°C for P[EG3MA-block-BMA](55) (6) and at –65°C (6) and 30°C 

for P[EG4MA-block-BMA](61) (10). The two glass transition temperatures are in good agreement 

with those found for the homopolymers (Table 1) and support the presence of two distinct blocks. 

Moreover, it suggests the occurrence of microphase separation17d, which is a characteristic of 

block copolymers. 
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5.2.5 Determination of Backbone Tacticity with 13C-NMR 

 

Knowledge of the copolymer backbone microstructure is important because it gives further 

insight in the relationship between the polymerisation mechanism, the structure of the polymer 

backbone, and ultimately polymer properties24. Information about the stereoregularity of the 

polymer backbone can be derived from the 13C-NMR spectra of the random and block copolymers, 

i.e. the specific splitting patterns of the α-methyl and the carbonyl moieties in the case of a 

polymethacrylate25. These patterns can be analysed by considering different stereochemical 

sequences, e.g. diads, triads, tetrads, etc.. (Figure 3) When viewing the central carbon atom (↑), the 

α-methyl group on the next asymmetric carbon-atom (left hand side) is oriented to the opposite 

side (threo). These two asymmetric carbon atoms, are called racemic (r). On the right hand side of 

the central carbon atom (↑) the first methyl group is positioned at the same side (erythro); this pair 

of asymmetric carbon atoms is called meso (m). 

 
H3C R R RH3C R R CH3 CH3 CH3

Pentad:

Triad:

m r m m

r m  
 

Figure 3. A pentad and a triad structure for a polymethacrylate backbone, R = C=O(O-X). 

 

Taking into consideration three adjacent asymmetric carbons, i.e. triads, the relative configurations 

can be mm, mr (= rm) and rr. In Figure 3 the rm triad is shown. Thus, hypothetically the signal 

arising from the α-methyl of a polymethacrylate in a 13C-NMR may split into three distinct signals. 

A signal is visible at ~20.0 ppm for the mm (isotactic), at ~18.0 ppm for (mr+rm) (heterotactic) 

and at 16.5 ppm for rr (syndiotactic)25.  

Examination of the α-methyl region in a series of P[OEGnMA-co-BMA] random copolymers, 

show that two peaks are visible (Figure 4 A). One is positioned at 18.5 ppm (rm+mr) and another 

at 16.5 ppm (rr). To determine the relative tacticity in their polymer backbone the integrated values 

of these peaks have to be compared. The ratio mm:(rm+mr):rr is 0:40:60, which indicates 

syndiotacticity for 60%. This is expected for polymethacrylates prepared by solution radical 

polymerisation18. The absence of the mm signal (ca. 3%18) is attributed to be a consequence of 

limited resolution. For block copolymer P[EG3MA-block-BMA](55) 6 a further peak splitting is 

observed in the region ~18.5 ppm. These two peaks are located at the positions of the 
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homopolymers, i.e. one at 18.4 ppm for P[BMA] (5) and one at 18.6 ppm for P[EG3MA] (1). This 

further supports that 6 represents a proper block copolymer. The presence of two distinct peaks at 

18.4 ppm and 18.6 ppm is not observed for the random copolymers, only one heterotactic signal is 

found at 18.5 ppm (Figure 4 A). 

22 21 20 19 18 17 16 15 14

mm mr+rm rr

6

5
4

3

2

1
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PPM
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VIVIII'
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II
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III

III

IV'
III'

I'
II'

6

5

4

3

2

1

B

PPM

Figure 4. 13C-NMR (CDCl3) of (A) the α-CH3 at ca. 18 ppm and of (B) the C=O resonances at ca. 180 ppm 
random and block copolymers 1- 6 (Table 1). 
 

Next to the α-methyl signal also the carbonyl (C=O) resonance, which shows an even more 

complex response to tacticity in both the random and block copolymers, could also be used to 

obtain microstructural information on the polymer backbone, albeit that due to the complex 

relaxation behaviour of the different C=O moieties a quantitative comparison of intensities is less 

straightforward. 

Analysis of the C=O region shows the presence of at least four distinct signals for 

homopolymer 1 and the random copolymers 2-4. In the case of P[BMA] (5) and block copolymer 

6 five and six distinct signals are discernable (Figure 4 B). For homopolymer P[EG3MA] (1) the 4 

signals were analysed on the pentad level. Peak I’ (177.9 ppm) is from the mrrm sequence, peak 

II’ (177.5 ppm) mrrr, peak III’ (177.2 ppm) arises from the rrrr (syndiotactic) sequence and peak 

IV’ (176.5 ppm) is from the rrmr+mmrr sequence (heterotactic)18. The results found for the 

poly[BMA] (5) are comparable with available literature data; I (178.1 mrrm), II (177.8 mrrr), III 

(177.5 rrrr), IV (177.0 rmrm+mrmm) and V (176.8 rrmr+mmrr)26. Clear differences in the 

chemical shifts of the carbonyl resonances are found between the homopolymers P[EG3MA] (1) 

and P[BMA] (5). Furthermore in 1 the heterotactic signal at 176.5 (IV’) is less well resolved than 

that (V) of 5.  

Interestingly, the C=O region of the random copolymers 2-4 resembles that of the 

homopolymer P[EG3MA] (1). Incorporation of only a small amount of EG3MA monomer (cf. 
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Table 1: 2 67%, 3 43% and 4 24%) already affects the polymer backbone microstructure and 

consequently the relaxation behaviour of the distinct C=O moieties. Note that in the case of the 

random copolymers 2 and 3 the C=O signals also considerably broaden (Figure 4 B). A change in 

microstructure is also in line with the DSC results (Table 1). The glass transition temperature of 

the random copolymers 2-4 is indeed primarily determined by the EG monomer content. 

The marked effect of microstructure in the C=O region is further corroborated by the results 

obtained for block copolymer P[EG3MA-block-BMA](55) (6). The C=O resonances for 6 

primarily resemble those found for homopolymer P[BMA] (5). Besides the signals I-V of 5, only 

the P[EG3MA] (1) C=O signal appearing at ca. 177.2 ppm (III’) is discernable (Figure 4 B). The 

other P[EG3MA] (1) signals (I’, II’ and IV’) are not resolved in block copolymer 6 despite the fact 

that P[EG3MA] (1), P[BMA] (5) and P[EG3MA-block-BMA](55) (6) were studied under similar 

experimental conditions.  

 

5.2.6 Aggregation Behaviour of the Block Copolymer P[EG3MA-block-BMA](55) in Solution 

 
In Figure 5, a picture of three sample containers containing n-hexane and water (v/v 1:1) in 

which related block copolymers, random copolymers, and the homopolymers, respectively are 

either dispersed or dissolved. 

 

 
 

Figure 5. Photograph of P[EG3MA-block-BMA](55) (6) (B), P[EG3MA-co-BMA](50) (7) (R) and the 
homopolymers P[BMA](5), P[EG3MA](100) (1) (H) in n-hexane/water (v/v 1:1). 
 

Sample container B contains block copolymer P[EG3MA-block-BMA](55) (6) which behaves 

as an excellent emulsifier. In contrast, sample container R with the random copolymer P[EG3MA-

co-BMA](50) (7) does not dissolve in either the n-hexane or the water layer. For comparison, 

sample container H, which contains the two homopolymers P[BMA] (5, dissolved in n-hexane) 

105 



Chapter 5 

and P[EG3MA](100) (1, dissolved in water), is shown. The study of the aggregation behaviour in 

aqueous environment will be addressed in more detail below. 

 

Fluorescence Probe 

 

An important characteristic for amphiphilic block copolymers that can form aggregates (i.e. 

micelles) in, for example, an aqueous environment, is their critical micelle concentration (CMC). 

In general CMC values of block copolymers are lower than those found for corresponding low 

molecular weight amphiphiles and therefore more difficult to determine27. Fortunately with the aid 

of fluorescence probe techniques, CMC values of amphiphilic block copolymers can be 

determined. In addition, insight can be obtained in the aggregation number, internal polarity and 

dynamics of association28. 

For the determination of CMC values of amphiphilic block copolymers in an aqueous 

environment the fluorescent probe pyrene (water solubility ca. 3 × 10-7 M) is frequently used. 

When solid pyrene is added to an aqueous solution containing the block copolymer, pyrene 

molecules will partition between the aqueous phase (polar) and the apolar interior of the 

aggregates if present29. After reaching the partition equilibrium the excess pyrene is removed by 

centrifugation and the aqueous phase containing the dispersed aggregates is subjected to emission 

and excitation spectroscopy (see Experimental Section). 
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Figure 6. Emission (A) and excitation (B) spectra of pyrene in water / block copolymer systems. From top 
to bottom the concentrations are 322.0, 161.0, 80.5, 16.1 mg · L-1. 
 

In Figure 6A emission spectra (excitation at λexc. 337 nm as determined from UV/Vis spectra) 

are shown of aqueous dispersions of block copolymer P[EG3MA-block-BMA](55) (6) with 
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increasing block copolymer concentration (bottom to top); 16.1, 80.5, 161.0, 322.0 mg L-1. Besides 

pyrene emission also pyrene excimer emission (broad band, λem 475 nm) is clearly observed at 

higher block copolymer concentration (≥ 161.0 mg L-1). Since in a saturated aqueous solution of 

pyrene (ca. 3 × 10-7 M) excimer emission does not occur, this indicates that aggregates of 6 are 

present at concentrations ≥ 161.0 mg L-1 and that pyrene excimer emission occurs from the interior 

of the aggregates. This is corroborated by the concomitant changes in the excitation spectra of the 

samples (Figure 6B). Whereas the S2 ← S0 transition in the excitation spectrum of pyrene in water 

is positioned at λ 337 nm, it shifts to λ 334 nm upon transfer of the pyrene probe molecules to a 

more apolar environment, e.g. the apolar interior of the block copolymer aggregates30. When 

plotting the wavelength shift (λ 337 nm → λ 334 nm) or the related ratio I337/I334 (Figure 7) versus 

the block copolymer concentration inflection points are found which provide an estimate of the 

CMC. For aqueous solutions of P[EG3MA-block-BMA](55) (6) the CMC value is in the range of 

ca. 80 mg L-1. 
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Figure 7. Shift in wavelength of the S2 ← S0 transition of pyrene (■) and the intensity ratio I337/I334 (○) 
versus P[EG3MA-block-BMA](55) (6) concentration.  
 

Static and Dynamic Light Scattering of Block Copolymer in Water 

 

Further insight in the size and shape of the aggregates can be obtained by light scattering23. 

The scattering experiments were performed on the sample P[EG3MA-block-BMA](55) 

(concentration 161.0 mg L-1) that contains micelles according to the fluorescence probe results. 

With static light scattering (SLS), the time-average scattering intensity of light was measured at 

different angles. The scattering intensity depends on angle, wavelength, shape and optical 
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properties of the particles or aggregates. Hence with static light scattering the average diameter of 

particles (aggregates) can be estimated. 
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In equation (2) I0 is the intensity of the incident beam, r is the distance of the scatterer to the 

detector, κ is the polarization factor, K is the wave factor, P(K) is the intraparticle scattering factor 

and S(K) the structural factor. The average particle diameter can be deduced from the Guinier plot. 
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Figure 8. Intensity versus wave vector (A) and square wave vector versus natural logarithm of the 
wavevector (B, “Guinier plot”) of an aqueous solution of P[EG3MA-block-BMA](55) (6). 
 

In an idealized case, e.g. spherical particles without any interaction, a linear relationship is 

obtained with a slope that corresponds to the average particle diameter, Rg. The curve in Figure 8 

unequivocally shows that no linear relationship is found. This indicates a non-ideal case and, thus, 

to either the occurrence of high concentrations, polydispersity or strong interactions between the 

particles. The average diameters of the aggregates, determined from the Guinier plot at different 
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points, range from 50 nm and 200 nm. Dynamic light scattering (DLS) experiments support these 

results; diameters in the range of 100 nm and 255 nm were found. 

 

Cryo-Transmission Electron Microscopy 

 

With cryo-transmission electron microscopy (cryo-TEM) samples are quickly frozen with 

liquid ethane. In aqueous environments the water vitrifies and shows aggregates in this frozen 

state. These vitrified samples can be examined immediately and the actual morphology of the 

aggregates can be visualised31. The TEM images were obtained from the vitrified sample used in 

the SLS experiments described in the previous section (P[EG3MA-block-BMA](55), concentration 

161.0 mg L-1). 

With SLS and DLS it was shown that the aggregates should have a high polydispersity and/or 

strong attractive forces between the aggregates. This is visible from the cryo-TEM pictures, where 

the same sample was used. Different sized aggregates, e.g. circular micelles (left picture) and tube-

like structures (right picture), are visible. Note that micelles can arrange themselves in large 

tubular shapes32. These tubular shapes are also referred to as wormlike micelles, i.e. extended 

tubes formed by aggregation of the primary micelles. 

 

Figure 10. Cryo-TEM images of the block copolymer P[EG3MA-block-BMA](55) (6). In the left image 
circular structures are visible. In the right image higher order aggregates (tubes) are visible. 
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5.2.7 Aggregation Behaviour of Thin Polymer Films Deposited on Silicon Surfaces 

 

Block copolymers were recently shown to assemble on surfaces and interfaces in distinct 

morphological patterns. As with assembly in solution many parameters influence the morphology, 

e.g molecular weight, volume fraction of separate blocks, interactions between the blocks after 

deposition on a solid surface33. 

To study the topographic properties of polymer films deposited on a solid surface atomic force 

microscopy (AFM), with its nanometer spatial resolution and ability to distinguish different 

materials (hydrophilic / hydrophobic), represents an attractive method for the investigation self-

assembled block copolymer structures 17e,34. After drop-casting P[EG3MA-co-BMA](50) (7) on 

hydrophilic Si(100) and the block copolymer P[EG3MA-block-BMA](55) (6) on either hydrophilic 

Si(100) or hydrophobic Si(100) (see experimental section), the morphology of the deposited films 

was studied using tapping mode AFM (TM-AFM). The measurements revealed smooth surfaces, 

σrms ~ 0.31 and 0.44 (scan area 1 × 1 µm2 ) for P[EG3MA-co-BMA](50) (7) on hydrophilic Si(100) 

and P[EG3MA-block-BMA](55) (6) on hydrophilic Si(100). In contrast for P[EG3MA-block-

BMA](55) (6) on hydrophobic Si(100) a considerably less smooth surface is found (σrms ~ 0.96 

(scan area 1 × 1 µm2 )). The block copolymer shows distinct features that indicate microphase 

separation both on hydrophilic as well as on hydrophobic Si(100). Especially on the hydrophobic 

surface this is nicely demonstrated; aggregates with vertical height differences of ca. 3-4 nm are 

observed. 

In the next section we will show that the block copolymer P[EG3MA-block-BMA](55) (6) 

deposited on hydrophilic glass surfaces detaches when subjected to aqueous environment whereas 

on hydrophobic glass surfaces it sticks to the surface. Therefore block copolymer P[EG3MA-

block-BMA](55) (6) was not deposited on hydrophilic Si(100). Others have noticed this behaviour 

before with related block copolymers containing OEGMA35. It is thus obvious to conclude that the 

microphase separation is quite different on hydrophobic and hydrophilic substrates, this can also 

be seen in the AFM height images. On the hydrophilic surface the deposited block copolymer must 

be organised in such a way that the hydrophilic chains are attached (in close contact) to the 

surface, with the hydrophobic segments away from the hydrophilic surface. Upon exposure to 

water, water molecules will penetrate the interfacial region between the substrate surface and the 

polymer film as a consequence the polymer film will detach. In the case were the surface is 

hydrophobic this is not possible, e.g. the hydrophobic segments are now orientated to the surface 

and the block copolymer does not detach. 
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Figure 11. Topographic TM-AFM images of the random and block copolymers on hydrophilic and 
hydrophobic silicon (100) surfaces. P[EG3MA-co-BMA](50) (7) on hydrophilic Si(100) (A). P[EG3MA-
block-BMA](55) (6) on hydrophilic Si(100) (B) and P[EG3MA-block-BMA](55) (6) on hydrophobic 
Si(100) (C). 
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5.2.8 Drop-Casted Polymer Films on Glass Slides 

 

Since glass substrates are frequently used in model biofouling studies the adhesion of 

deposited thin films of both the random and block copolymers to either a hydrophilic or 

hydrophobic glass surface during exposure to an aqueous environment was assessed. After drop-

casting of the copolymers on glass slides and evaporation of the solvent, the deposited films were 

annealed in an oven at 120 °C. Subsequently, the substrates were immersed in demineralised water 

to establish their water-solubility and adhesion towards the hydrophilic glass surface. Similar 

coated glass substrates were also immersed in saline water (30 g NaCl / L; pH = 8) as a mimic for 

sea-water. The results in Table 2 indicate that polymers P[EG3MA-co-BMA](24) (4) and 

P[EG3MA-co-BMA](43) (3) are promising candidates for antifouling studies. Whereas P[EG3MA-

co-BMA](67) (2) and P[EG3MA-co-BMA](100) (1) ultimately gave free-floating polymer films 

upon prolonged immersion in demineralised water, both P[EG3MA-co-BMA](24) (4) and 

P[EG3MA-co-BMA](43) (3) remain adhered to the glass substrate surface after immersion in 

demineralised water or (artificial) sea- water up to 5 months. 

 

Table 2: Film properties in water of the copolymers. A=Adhered to the surface, F=free standing film, 
S=dissolved, B=blistered.  

Hydrophilic Glass Hydrophobic Glass  

Polymer Saline Demi Saline Demi 

1 P[EG3MA](100) S S S S 

2 P[EG3MA-co-BMA](67) S S S S 

3 P[EG3MA-co-BMA](43) A A A A 

4 P[EG3MA-co-BMA](24) A A A A 

5 P[BMA](0) A A A A 

6 P[EG3MA-block-BMA](55) F F A A 

7 P[EG3MA-co-BMA](50) A A A A 

8 P[EG3MA-co-MMA](50) A A A A 

9 P[EG4MA-co-BMA](51) A A A A 

10 P[EG4MA-block-BMA](61) B B B B 

 

It is noteworthy that during prolonged immersion in demineralised water the deposited 

copolymer film of P[EG3MA-co-BMA](24) (4) clearly undergoes macroscopic changes, i.e. the 

formation of opaque white spots embedded in a transparent background. In contrast, the copolymer 
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film of P[EG3MA-co-BMA](67) (2) gave a transparent film with opaque edges under similar 

conditions. The drop-casted copolymer film of P[EG3MA-co-BMA](43) (3) did not show any of 

these distinct features during prolonged immersion. In contrast when P[EG3MA-co-BMA](43) (3) 

is deposited on a hydrophobic glass surface followed by immersion in demineralised water it did! 

Consecutive drying and wetting cycles reveal that all these macroscopic changes are reversible. In 

addition the rate in which these changes occur also depend on the ionic strength of the medium, 

e.g. upon immersion in saline water (artificial sea-water) instead of demineralised water the 

formation of the distinct morphological features occurs faster. 

This “segregation” behaviour is tentatively explained in terms of the hydrophilic character of 

the triethylene glycol side-chains. When the substrate is hydrophilic, the triethylene glycol side-

chains will be directed towards the glass substrate after drop-casting of the polymer. However 

upon exposure of the film to water, the triethylene glycol side chains apparently re-organize and 

are exposed to the aqueous phase via favourable intermolecular hydrogen bond formation. 

One technique applicable for the assessment of hydrogen bond formation, i.e. in our case 

between water and the OEG side-chains, is infrared spectroscopy (IR). In addition, the IR 

fingerprint region is also specifically prone to reflect conformational changes36. Figure 12 shows 

this region for the random P[EG3MA-co-BMA](50) (7) and the block copolymer P[EG3MA-block-

BMA](55) (6), deposited on a ZnSe ATR crystal. The band visible at 1723 cm-1 is the νs C=O 

vibration. The νa C-C-O is visible as a doublet with a band at 1270 cm-1 and 1242 cm-1, this is a 

consequence of two rotational-isomeric states of the ester group, where the C=O and Cα-CH3 

bonds are in mutual trans or cis, respectively, orientation arising from the internal rotation about 

the Cα-CO band36. The C-O-C is also clearly visible at 1108 cm-1 37. The C-O-C stretching region 

shows overlapping bands due to the different C-O-C environments present, which hinders their 

unequivocal assignment38. One distinct difference is that when the deposited random copolymer 

P[EG3MA-co-BMA](50) is exposed to water two characteristic vibrational bands of liquid water 

become visible (Figure 12A and C, spectra 2), e.g. liquid water reaches the ZnSe surface. The 

deposited block copolymer P[EG3MA-block-BMA](55), however, shows a quite different 

behaviour upon exposure to water. The characteristic vibrational bands of liquid water are not 

discernable (Figure 12B and D, spectra 2). Although the changes in the ATR IR spectra are only 

moderate, the presence of a distinct water bending vibration suggests that water more readily 

penetrates the random copolymer film (cf. reference 39). Apparently, water penetration is hindered 

in the case of the block copolymer due to the self-organisation process after deposition on the 

hydrophilic substrate surface. 
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Figure 12. Infrared spectra for random P[EG3MA-co-BMA](50) (7, A and C) and block P[EG3MA-block-
BMA](55) (6, B and D) copolymer films on ZnSe ATR crystal. The spectra are numbered 1-3, with 1) dry 
polymer film, 2) drop of water added to the deposited film, 3) re-dried polymer film. 
 

5.3 Conclusions 

 

By using conventional free radical polymerisation techniques it is possible to obtain a variety 

of polymer architectures with monomers based on oligo(ethylene glycol) methacrylates. With the 

aid of a RAFT agent it was possible to obtain block copolymers, with quite different properties 

compared to the random copolymers. The procedure can be performed on large scale via a 

Continuous Stirred Tank Reactor (CSTR) set-up on a large scale. The tacticity of the polymers was 

determined with 13C-NMR spectroscopy and was confirmed with IR. All polymers were found to 

possess syndiotactic backbones as expected for polymethacrylates prepared via free-radical 

polymerisation. After drop-casting of the polymers onto appropriate substrates, e.g. 

hydrophilic/hydrophobic glass slides, their water-solubility and adhesive properties towards 
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substrates was tested. The random and block copolymers that adhered to these surfaces will be 

subjected to tests to obtain their antifouling characteristics. 

 

5.4 Experimental Section 
 

General. All reactions were carried out under a dry nitrogen atmosphere unless stated otherwise. 

Commercially available reagents were used without purification. Diethyl ether was distilled from sodium-

benzophenone prior to use. Triethylamine was distilled over KOH. Azobisisobutyronitrile (AIBN) was 

recrystallised from methanol and stored at 2°C prior to use. Column chromatography was performed using 

Acros silicagel 0.035-0.070 mm, pore diameter ca. 6 nm. Thin layer chromatography was performed on 

Merck silicagel 60 F254. Spots were detected by the use of iodine vapour and/or UV light. NMR spectra 

were recorded on a Bruker AC 300 spectrometer operating at 300.13 MHz for 1H-NMR and at 75.47 MHz 

for 13C-NMR. Samples were dissolved in CDCl3 unless stated otherwise. Chemical shifts (in ppm) are given 

relative to internal TMS (0 ppm) in the case of 1H-NMR and relative to CDCl3 (77.00) for 13C-NMR. 

Infrared spectra (neat samples) were recorded on a Perkin Elmer System 2000 equipped with an ATR set-

up. Molecular weights were determined relative to polystyrene standards by means of size exclusion 

chromatography (SEC) with THF as eluent and performed using a Thermoseparation Products 

SpectraSeries P200 pump, a Shodex RI-71 Refraction Index Detector, and an Alltech Jordi-Gel DVB 

Mixed Bed column (length 300 mm; I. D. 7.8 mm). The SEC chromatograms were analysed with Spectrap-

Physics GPC/PC v1.00 software.  

Monomer synthesis: general procedure. A mixture of triethylene glycol (16.42 g, 0.10 mol) and 

triethylamine (12.14 g, 0.12 mol) in diethyl ether (100 mL) was cooled to 0°C. To this chilled mixture was 

added drop-wise methacryloyl chloride (10.05 g, 0.10 mol) in diethyl ether (50 mL). During addition the 

temperature was maintained between 0-5°C. After addition the mixture was allowed to reach room 

temperature and subsequently stirred for 12 hours. When the reaction had finished the mixture was filtered, 

to remove the triethylamine hydrochloride, and the filtrate was concentrated under reduced pressure. The 

oily residue was purified via flash-chromatography (silica: eluens ethyl acetate) and distilled under vacuum 

in the presence of a trace amount of hydroquinone. This resulted in a colourless oily liquid, which was 

stored under nitrogen in a sealed Schlenk vessel at –20°C. Yield (14.12 g, 0.06 mol, 60%): 1H-NMR δ 6.13 

(s, 1H), 5.57 (s, 1H), 4.30 (t, 2H, J = 3.84 Hz), 3.75 (t, 2H, J = 4.95 Hz), 3.67 (m, 6H), 3.55 (t, 2H, J = 5.22 

Hz), 3.38 (s, 3H), 1.95 (s, 3H); 13C-NMR δ 167.23 (C=O), 136.09 (CH=CH2), 125.54 (CH=CH2), 71.84 

(OCH2), 70.47 (3 OCH2), 69.04 (OCH2), 63.77 (COOCH2), 58.89 (OCH3), 18.16 (α-CH3); IR ν 2876 (s), 

1717 (s), 1637 (m), 1454 (m), 1296 (s), 1105 (s), 1041 (m), 940 (m), 852 (m). 

Polymer synthesis (method 1). P[EG3MA-co-BMA](43). A Schlenk tube was charged with EG3MA 

(2.36 g, 10.1 mmol) and butyl methacrylate (1.44 g, 10.1 mmol), dissolved in n-butyl acetate (35 mL). To 

this solution was added AIBN (0.07 g, 2 mol % / monomer). The mixture was subjected to three freeze-

115 



Chapter 5 

pump-thaw cycles and subsequently polymerised for 12 hours at 75°C. Afterwards the polymer was 

precipitated three times in a n-hexane:dichloromethane solution (20:1). This resulted in a colourless solid, 

yield 2.56 g (68%): 1H-NMR δ 4.10 (bs, 2H), 3.94 (bs, 2H), 3.65 (m, 8H), 3.56 (bs, 2H), 3.39 (s, 3H), 2.2-

1.7 (m, 4H), 1.61 (bs, 2H), 1.40 (bs, 2H) 1.2-0.8 (m, 9H); 13C-NMR δ 177 (2 C=O), 71.89 (OCH2), 70.54 (3 

OCH2), 68.51 (OCH2), 64.64 (COOCH2), 63.63 (COOCH2), 58.93 (OCH3), 55-51 (2 CH2, main chain), 46-

44 (2 quarternary, main chain), 30.13 (CH2), 19.24 (CH2), 19-15 (2 α-CH3), 13.65 (CH3); IR ν 3529 (w), 

2875 (m), 1724 (s), 1451 (m), 1243 (m), 1108 (s), 1030 (m), 945 (m), 852 (m); Mn = 3.1 · 104 g · mol-1, 

Mw/Mn = 1.9. 

Polymer synthesis (method 2). A three-necked round bottom flask was charged with n-butyl acetate 

(30 mL) and degassed for at least 30 minutes with nitrogen. The solvent was heated to 80°C, and a mixture 

containing the monomers, AIBN (2 mol % with respect to monomer feed), and a small amount of n-butyl 

acetate was added slowly. After complete addition, the mixture was reacted until all monomers were 

consumed. Afterwards the polymer was precipitated three times in a n-hexane:dichloromethane solution 

(20:1). This resulted in a colourless solid, yield 2.56 g (68%): 1H-NMR δ 4.10 (bs, 2H), 3.94 (bs, 2H), 3.65 

(m, 8H), 3.56 (bs, 2H), 3.39 (s, 3H), 2.2-1.7 (m, 4H), 1.61 (bs, 2H), 1.40 (bs, 2H) 1.2-0.8 (m, 9H); 13C-

NMR δ 177 (2 C=O), 71.89 (OCH2), 70.54 (3 OCH2), 68.51 (OCH2), 64.64 (COOCH2), 63.63 (COOCH2), 

58.93 (OCH3), 55-51 (2 CH2, main chain), 46-44 (2 quarternary, main chain), 30.13 (CH2), 19.24 (CH2), 

19-15 (2 α-CH3), 13.65 (CH3); IR ν 3529 (w), 2875 (m), 1724 (s), 1451 (m), 1243 (m), 1108 (s), 1030 (m), 

945 (m), 852 (m); Mn = 2.2 · 104 g · mol-1, Mw/Mn = 1.8. 

Synthesis of the RAFT-agent cumyl dithiobenzoate (12)19. 

Dithiobenzoic acid (11). The Grignard reagent, phenylmagnesium bromide, was synthesised from 

bromobenzene (8.43 g, 50 mmol) and magnesium turnings (1.26 g, 52 mmol) in diethyl ether (30 mL). 

After formation of the phenylmagnesium bromide the reaction mixture was cooled to 0°C and carbon 

disulfide (4.18 g, 55 mmol) was added drop-wise. The reaction mixture was stirred overnight. Afterwards 

the reaction mixture was poured into ice-water (200 mL) and diethyl ether (100 mL). After phase separation 

the diethyl ether layer was removed and the water layer was acidified with concentrated HCl, and fresh 

diethyl ether (100 mL) was added. The acidic water layer was extracted with diethyl ether (100 mL) and the 

combined organic layers were dried over MgSO4. The diethyl ether was removed under reduced pressure 

while maintaining the temperature at 0°C. The purple oil obtained was used without further purification 

(3.33 g, 21.6 mmol, 43%): 1H-NMR δ 7.45 (m, 1H), 7.34 (m, 4H), 6.35 (br, 1H, SH). Note that 

dithiobenzoic acid (11) is unstable and should be used immediately or stored at low temperature. 

Cumyl dithiobenzoate (12). Dithiobenzoic acid (11, 3.33 g, 21.6 mmol) was dissolved in 

carbontetrachloride (30 mL), together with α-methyl styrene (4.20 g, 35.5 mmol) and a catalytic amount of 

p-toluene sulfonic acid (10 mg). The mixture was heated at 70°C for 4 hours. The solvent and excess 

reagent were removed in vacuo and the residue was purified via column chromatography (silica: eluens 

diethyl ether:n-hexane (1:9)), resulting in a purple oil (3.54 g, 13.0 mmol, 60%): 1H-NMR δ 7.86 (m, 2H), 

7.60-7.20 (m, 8H), 2.00 (s, 6H). 
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Polymer synthesis (RAFT). For block copolymer synthesis both method 1 and 2 were used. Next to 

the initiator a twofold excess of RAFT was added with respect to the initiatior. 

Polymer film preparation on glass slides. The glass slides were cleaned in an ethanolic potassium 

hydroxide solution overnight. Next, the slides were thoroughly rinsed with demineralised water, ethanol, 

and dried under a N2 flow. This procedure resulted in hydrophilic glass slides. To obtain hydrophobic glass 

slides, the glass slides were treated as described above followed by full immersion in a 150 ml toluene 

solution containing 5% chlorotrimethylsilane and a catalytic amount of concentrated HCl. Solutions of the 

polymers in ethyl acetate (ca. 0.15 g L-1) were drop-casted on glass slides and dried in a fume cupboard. 

When the solvent was evaporated the films, were annealed in an oven for 1 hour at 120oC. 

Silicon samples (Si(100)). Hydrophilic silicon substrates were prepared by immersion for 20 minutes 

in a boiling mixture of hydrogenperoxide (25%) and ammonia (30%) (1:1 v/v) followed by extensive 

rinsing with water. Hydrophobic silicon was prepared by heating the wafer in a mixture of 1,1,1,3,3,3-

hexamethyldisilazane and chloroform (1:3 v/v) at 50°C for 30 minutes and followed by extensive washing 

with chloroform40. 

Tapping Mode Atomic Force Microscopy (TMAFM). AFM was performed using a Nanoscope III 

(Digital Instruments) in tapping mode with an oxide-sharpened silicon nitride tip (k = 0.12 N/m) at ambient 

temperature. The AFM was equipped with an E scanner. The maximum area that can be observed is 12 × 

12 µm2. The Z limit is 3.542 µm. The samples for AFM imaging were prepared by placing 4 drops of a 1.5 

mg L-1 copolymer solution in ethyl acetate onto the Si(100) substrate (vide supra). The droplets were dried 

freely in air for at least 18 hours. The area of each scan was 120 nm2. The sections scanned were chosen at 

positions in the centre of the Si(100) sample, as far as possible from the edges, to minimize the effect of 

irregularities of the underlying surface. 

Aggregate Size by Light Scattering. Static light scattering (SLS) measurements were done on dilute 

dust-free solutions, using a high pressure mercury arc lamp (oriel 66003) at a wavelength λ0 = 546 nm and a 

temperature of 25.0 °C. The diameter of the aggregates were determined via a Guinier plot (eq 5). Dynamic 

light scattering (DLS) was used to obtain the hydrodynamic radius, by measuring the Stokes-Einstein 

diffusion coefficients on dilute solutions at 25.0 °C. The sample was irradiated with an Argon laser at a 

wavelength of 514.5 nm. DLS intensity autocorrelation functions were fitted to the second-order cumulant 

expression ln gI(K,t) = β1 + β2t + β3t2 with fitting parameters β1, β2 and β3.  

Cryo-Transmission electron microscopy. An aliquot of 3 µl sample solution is pipetted onto a bare 

600 mesh hexagonal copper grid in the environmental chamber of a Vitrobot with a RH of 100%. The 

sample is blotted once during 0.5 s and rapidly plunged into liquid ethane. The grid is transferred to a Gatan 

cryoholder Model 626. The transmission electron microscope used is a Philips Tecnai12 equipped with a 

Biotwin-lens and a LaB6 filament. Images are captured with a SIS Megaview II CCD-camera and processed 

with AnalySIS software. 

Steady-State Fluorescence Spectroscopy. Pyrene was used as a fluorescent probe in all experiments. 

Pyrene was recrystallised from ethanol twice and once sublimed under vacuum. The block copolymer was 
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dissolved in double distilled water by vigorous stirring for 2 days. From this stock solution were made 

solutions ranging from 0.008 to 0.8 g /L. The probe was introduced by depositing an excess amount of 

probe (pyrene, 0.25 mL, 5mM in acetone) in a vial. The acetone was removed by a stream of nitrogen. Then 

3 mL of a block copolymer solution was added and stirred for 4 days. Afterwards the excess probe was 

removed by centrifugation, 40 minutes at 15000 rpm. Measurements were carried out on a Spex Fluorolog-

2 spectrofluorometer consisting of a 150 W high-pressure ozone-generating Xe arc lamp excitation source, 

a Spex 1680 0.22m double spectrometer as the excitation monochromator, a Spex  1681 0.22m 

spectrometer as the emission monochromator and a Hamamatsu R928 photomultiplier tube as detection 

system. 

DSC thermograms. Glass transition temperatures were measured with a Mettler-Toledo DSC-821e 

using a scan rate of 10°C min-1 with sample masses of 5-10 mg. The sample was cooled (10°C · min-1) to –

125°C, maintained at this temperature for 5 minutes and heated to 60 or 100°C at 10°C · min-1, the second 

heating run was used for determining the glass transition temperatures. 

ATR Infrared Spectroscopy. IR measurements were carried out at room temperature on a Perkin-

Elmer 2000 Fourier transform spectrometer equipped with a DTGS detector. The sample compartment was 

flushed with dry air to reduce interference of H2O and CO2. Spectra were recorded with a horizontal ATR 

accessory (Spectra-Tech ) equipped with a ZnSe crystal as the reflecting element. Data point resolution of 

the spectra was 4 cm-1 and 25 scans were accumulated for one spectrum. 

 

5.5 References and Notes 
 

[1] Ratner B.D.; Hoffman A.S.; Schoen F.J.; Lemons J.E. (eds) Biomaterials Science: An Introduction 

to Materials in Medicine, Elsevier Academic Press, New York, 2004. 

[2] Harris, J. M. Poly(Ethylene Glycol) Chemistry: Biotechnical and Biomedical Applications,  Plenum 

Press, New York, 1992. 

[3] (a) Lee, S.-W.; Laibinis, P. E. Biomaterials 1998, 19, 1669-1675; (b) Yang, Z.; Galloway, J. A.; 

Yu, H. Langmuir 1999, 15, 8405-8411; (c) Meagher, R. J.; Seong, J.; Laibinis, P. E.; Barron, A. E. 

Electrophoresis 2004, 25, 405-414. 

[4] (a) Pale-Grosdemange, C.; Simon, E. S.; Prime, K. L.; Whitesides, G. M. J. Am. Chem. 1991, 113, 

12-20; (b) Herrwerth, S.; Eck, W.; Reinhardt, S.; Grunze, M. J. Am. Chem. Soc., 2003, 125, 9359-

9366; (c) Riepl, M.; Östblom, M.; Lundström, I.; Svensson, S. C. T.; Denier, A. W.; Gon van der, 

D.; Schäferling, M.; Liedberg, B. Langmuir 2005, 21, 1042-1050. 

[5] (a) Yam, C. M.; Lopez-Romero, J. M.; Gu, J.; Cai, C. Chem. Comm. 2004, 21, 2510-2511; (b) 

Yam, C.-M.; Gu, J.; Li, S.; Cai, C. J. Colloid Interface Sci. 2005, 285, 711-718; (c) Clare, T. L.; 

Clare, B. H.; Nichols, B. M.; Abbot, N. L.; Hamers, R. J. Langmuir 2005, 21, 6344-6355. 

[6] Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M.; Chem. Rev. 2005, 105, 

1103-1170. 

118 



Preparation and Properties of OEG/n-butyl Methacrylate Random and Block Copolymers 

[7] (a) Omae, I., Appl. Organometal. Chem. 2003, 17, 81-105; Yebra, D. M.; Kiil, S.; Dam-Johansen, 

K. Prog. Org. Coat, 2004, 50, 75-104. 

[8] (a) Han, S.; Hagiwara, M.; Ishizone, T. Macromolecules 2003, 36, 8312-8319; (b) Ishizone, T.; 

Han, S.; Okuyama, S.; Nakahama, S. Macromolecules 2003, 36, 42-49. 

[9] Bo, G.; Wesslén, B.; Bodil Wesslén, K. J. Polym. Sci., Part A: Polym. Chem. 1992, 30, 1799-1808. 

[10] Oyane, A.; Ishizone, T.; Uchida, M.; Furukawa, K.; Ushida, T.; Yokoyama, H. Adv. Mater. 2005, 

17, 2329-2332. 

[11] Ostuni, E.; Chapman, R. G.; Liang, M. N.; Meluleni, G.; Pier, G.; Ingber, D. E.; Whitesides, G. M. 

Langmuir 2001, 17, 6336-6343 and refs cited herein. 

[12] Ishizone, T.; Han, S.; Hagiwara, M.; Yokoyama, H. Macromolecules 2006, 39, 962-970. 

[13] (a) Du, J.; Armes, S. P. J. Am. Chem. Soc. 2005, 127, 12800-12801; (b) Pochan, D. J.; Chen, Z.; 

Cui, H.; Hales, K.; Qi, K.; Wooley, K. L. Science 2004, 306, 94-97; (c) Krausch, G.; Magerle, R. 

Adv. Mater. 2002, 14, 1579-1583; (d) Bates, F. S.; Fredrickson, G. H. Physics Today 1999, 52, 32-

38; (e) Yu, K.; Eisenberg, A. Macromolecules 1996, 29, 6359-6361. 

[14] (a) Triftaridou, A. I.; Vamvakaki, M.; Patrickios, C. S. Polymer 2002, 43, 2921-2926; (b) 

Georgiades, S. N.; Vamvakaki, M.; Patrickios, C. S. Macromolecules 2002, 35, 4903-4911; (c) 

Buetuen, V.; Bannister, I.; Billingham, N. C.; Sherrington, D. C.; Armes, S. P. Macromolecules 

2005, 38, 4977-4982; (d) Bütün, V.; Vamvakaki, M.; Billingham, N. C.; Armes, S. P. Polymer 

2000, 41, 3173-3182. 

[15] (a) Wang, Y.; Huang, J. Macromolecules 1998, 31, 4057-4060; (b) Zhao, B.; Li, D.; Hua, F.; 

Green, D. R. Macromolecules 2005, 38, 9509-9517. 

[16] (a) Lutz, J.-F.; Hoth, A. Macromolecules 2005, 39, 893-896; (b) Robinson, K. L.; de Paz-Báñez, M. 

V.; Wang, X.-S.; Armes, S. P. Macromolecules 2001, 34, 5799-5805; (c) Wang, X.-S. and Armes, 

S. P. Macromolecules 2000, 33, 6640-6647; (d) Haddleton, D. M.; Perrier, S.; Bon, S. A. F. 

Macromolecules 2000, 33, 8246-8251. 

[17] Cheng, Z.; Zhu, X.; Kang, E. T.; Neoh, K. G. Langmuir 2005, 21, 7180-7185. 

[18] (a) Stevens, M. P. Polymer Chemistry, An Introduction, 2nd ed., Oxford University Press, New 

York, 1990; (b) Schilling, F. C.; Bovey, F. A.; Bruch, M. D.; Kozlowski, S. A. Macromolecules 

1985, 18, 1418-1422. 

[19] Moad, G.; Chiefari, J.; Chong, Y. K.; Krstina, J.; Mayadunne, R. T. A.; Postma, A.; Rizzardo, E.; 

Thang, S. H. Polym. Int. 2000, 49, 993-1001. 

[20] (a) Tang, C.; Kowalewski, T.; Matyjaszewski, K. Macromolecules 2003, 36 ,8587-8589; (b) 

Chong, Y. K.; Tam, P. T. Le, Moad, G.; Rizzardo, E.; Thang, S. H. Macromolecules 1999, 32, 

2071-2074. 

[21] Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed., Wiley, New York, 1989. 

[22] Tretinnikov, O. N.; Ohta, K. Macromolecules 2002 35, 7343-7353. 

119 



Chapter 5 

[23] (a) Fried, J. R. Polymer Science and Technology, Prentice Hall PTR, New Jersey, 1995; (b) Huglin, 

M. B. Light Scattering from Polymer Solutions, Academic Press, London, 1972. 

[24] Koenig, J. L. Chemical Microstructure of Polymer Chains, 1st ed., Wiley, New York, 1980. 

[25] Bovey, F. A. High Resolution NMR of Macromolecules, 1st ed., Academic Press, New York, 1972. 

[26] (a) Quinting, G. R.; Cai, R. Macromolecuels 1994, 27, 6301-6306; (b) Goñi, I.; Gurruchaga, M.; 

Valero, M.; Guzmán, G. M. Polymer 1992, 33, 3089-3094. 

[27] Nakamura, K.; Endo, R.; Takeda, M. J. Polym. Sci., Polym. Phys. Ed. 1976, 14, 135-142. 

[28] (a) Turro, N. J.; Grätzel, M.; Braun, A. M. Angew. Chem. 1980, 92, 712-734; (b) Schore, N. E.; 

Turro, N. J. J. Am. Chem. Soc. 1975, 97, 2488-2496. 

[29] Vorobyova, O.; Lau, W.; Winnik, M. A. Langmuir 2001, 17, 1357-1366. 

[30] Wilhelm, M.; Zhao, C.-L.; Wang, Y.; Xu, R.; Winnik, M. A.; Mura, J.-L.; Riess, G.; Croucher, M. 

D. Macromolecules 1991, 24, 1033-1040. 

[31] (a) Guenoun, P.; Davis, H. T.; Doumaux, A.; Maldonado, A.; Mays, J. W.; Talmon, Y.; Taulien, 

N.; Tirrell, M.; Urbach, W.; Zheng, Y. Langmuir 2000, 16, 4436-4440; (b) Mortensen, K.; Talmon, 

Y.; Gao, B.; Kops, J. Macromolecules 1997, 30, 6764-6770. 

[32] Sommerdijk, N. A. J. M.; Holder, S. J.; Hiorns, R. C.; Jones, R. G.; Nolte, R. J. M. Macromolecules 

2000, 33, 8289-8294. 

[33] Bates, F. S.; Frederickson, G. H. Annu. Rev. Phys. Chem. 1990, 41, 525-557. 

[34] (a) Kim, Y.; Pyun, J. Fréchet, J. M. J.; Hawker, C. J.; Frank, C. W. Langmuir 2005, 21, 10444-

10458; (b) Cox, J. K.; Yu, K.; Eisenberg, A.; Lennox, R. B. Langmuir 1999, 15, 7714-7718; (c) Yu, 

K.; Eisenberg, A. Macromolecules 1996, 29, 6359-6361. 

[35] Popescu, D. C.; Rossi, N. A. A.; Yeoh, C.-T.; Durand, G. G.; Wouters, D.; Leclère, P. E. L. G.; 

Thüne, P. C.; Holder, S. J.; Sommerdijk, N. A. J. M. Macromolecules, 2004, 37, 3431-3437. 

[36] Tretinnikov, O. N.; Ohta, K. Macromolecules 2002, 35, 7343-7353. 

[37] Havriliak, S.; Roman, N. Polymer 1966, 7, 387-400. (Syndiotacticity is visible from the band at 

1029 cm-1) 

[38] Pereira, R. P.; Rocco, A. M.; Bielschowsky, C. E. J. Phys. Chem. B 2004, 108, 12677-12684. 

[39] Gemmei-Ide, M.; Motonaga, T.; Kitano, H. Langmuir 2006, 22, 2422-2425. 

[40] Hoogesteger, F. J., Oligo(cyclohexylidenes), Development of Novel Functional and Organized 

Materials, Ph. D. Thesis, Utrecht University, Utrecht, The Netherlands, 1996. 

120 



Biofilm Formation and Growth in Natural Sea-Water on Deposited OEG PMA Copolymers 

 

6 
Biofilm Formation and Growth in Natural Sea-Water on Deposited 

Oligo(Ethylene Glycol)/n-Butyl Functionalised Polymethacrylate Random and 

Block Copolymers 
 

Abstract 

 

The random and block copolymer P[EG3-co-BMA](43) and P[EG3MA-block-BMA](55) were 

deposited on hydrophobic glass slides by drop-casting and the morphologies of the deposited films 

were studied using atomic force microscopy (AFM). Biofilm formation and growth on deposited 

films of the random copolymers P[EG3MA-co-BMA](24), P[EG3-co-BMA](43) and P[EG4MA-co-

BMA](61) and the block copolymer P[EG3MA-block-BMA](55) was studied as a function of time 

in an experimental fouling set-up with natural sea-water by following the growth of bacteria and 

diatoms and the deposition of extracellular polymeric substances (EPS) using confocal laser 

scanning microscopy (CLSM). The results of monitoring the growth of diatoms and the production 

of EPS demonstrated that the coatings decrease initial biofilm formation by ca. 60%, i.e. the 

absolute amount of deposited biological material decreases markedly. For the random copolymers 

this was further confirmed by pulse-amplitude modulated (PAM) fluorescence. Especially the 

block copolymer P[EG3MA-block-BMA](55) was found to possess the best antifouling properties; 

this appears to be a consequence of its assembly behaviour (self-organisation) on the glass 

substrate surface. It is concluded that these random and block copolymers represent viable model 

binder materials for novel environmentally benign antifouling coating systems.  
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6.1 Introduction 

 

Surfaces modified with tethered non-ionic, partial water-soluble polymeric materials can create 

bio-inert interphases. Hence, it should be possible to use these materials as an alternative for the 

well-known, but toxic, tin-based antifouling coating systems1 for application in aqueous (marine) 

ecosystems. Especially poly- and oligo(ethylene glycol)s, viz. PEGs and OEGs, are currently 

evaluated in combination with other polymers2,5, in monolayers3 and in biomimetics4. 

The mechanisms behind the bioresistivity of these PEG and OEG containing polymer materials 

are still under debate, but factors such as molecular weight6, interfacial chain density7 and the 

mode of surface attachment all appear to be of relevance. Most studies related to antifouling use 

labour intensive synthetic methods to access antifouling surfaces and frequently the assessment of 

their potential antifouling behaviour is based on single-protein and/or single-cell studies instead of 

real-time studies of biofilm formation and growth during prolonged exposure of the surface 

tethered materials to a proper marine environment. Clearly, the plethora of possible fouling 

organisms and the varying conditions worldwide in marine ecosystems renders the development of 

environmentally benign coating systems that prevent or, at least, impede biofouling very 

challenging.  

In this chapter the antifouling properties of deposited films of polymethacrylate based random 

and block copolymers synthesized using a hydrophilic methacrylate monomer containing an OEGn 

side-chain and a hydrophobic methacrylate monomer containing a n-butyl side-chain (see Chapter 

5) on glass substrates are evaluated. It is established to what extent the deposited films of these 

random and block copolymers will prevent or retard initial biofilm formation and growth8. 

Biofilm formation is considered as one of the first steps in biofouling 9. Hence, detailed 

knowledge of the various stages of biofilm formation, i.e. attachment and detachment of the micro-

organisms, and subsequently biofilm growth is required in order to develop non-fouling surfaces10. 

Biofilms present in aquatic ecosystems are often exposed to sunlight as opposed to biofilms 

formed in either medical implantates or in other non-illuminated settings. In aquatic environments 

phototrophic biofilms will therefore develop, which are formed by diverse microbial communities 

typically dominated by micro-algal consortia11. 

Confocal laser scanning microscopy (CLSM) is an outstanding method for the study of biofilm 

formation and morphology as a function of time. CLSM, a special case of fluorescence 

microscopy, uses a laser as light source that can be focussed in a confocal plane of the biofilm. 

Hence, the focal volume is well defined. Since its first application12 CLSM has been frequently 

used for the determination of biofilm architecture14. The method can be non-destructive and non-
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invasive, and is capable to provide time resolved three-dimensional images of specific components 

in biofilms. Notwithstanding, specific fluorescent stains are required. For the detection of bacteria 

SYTO 64 was used as a nucleic acid stain and for EPS the lectin concanavaline A was used. Since 

with CLSM multiple fluorescent channels can be recorded simultaneously, it offers the possibility 

to observe the development of individual biofilm components15. Multi-channel observations of 

phototrophic biofilms take advantage of auto-fluorescence of micro-algae (diatoms) and 

additionally record the fluorescence signal of other biofilm components such as EPS and bacteria 

when labelled with specific markers.  

CLSM experiments have shown that a biofilm community forms a highly structured microbial 

assembly. The results confirmed that its development depends on various factors including mass 

transport and the importance of metabolic interactions15. 
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Figure 1. Fluorescence image of the specific components of a phototrophic biofilm. 

 

Hitherto, CLSM was predominantly used as a qualitative rather than a quantitative tool, i.e. 

fluorescence images were mostly interpreted by visual inspection16. This approach is highly 

subjective and not feasible for the analysis for large amounts of fluorescent data. Although for 

quantitative analysis computer software is available17, the image analysis software could only 

handle single-channel CLSM results18. Recently a new image quantification package, PHLIP 

(PHobia Laser scanning microscopy Imaging Processor) has become available that enables the 

analysis of multi-channel CLSM data19. 
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In addition to CLSM, Pulse Amplitude Modulated (PAM) fluorescence measurements can also 

be used to study the development and especially the behaviour of phototrophic biofilms. PAM 

fluorescence measures the efficiency of photochemical processes and gives an estimate of the 

photosynthetic yield. The technique is non-destructive, rapid and adaptable to a wide range of 

photosynthetic organisms (micro-algae, sea grasses, macro-algae, etc.). The principal behind PAM 

fluorescence is that while the majority of light captured by chlorophyll a is used for 

photochemistry, a small proportion is lost as fluorescence and heat. The amount of fluorescence 

therefore depends on the health of the organisms, viz. the amount of chlorophyll a present. A direct 

relationship between the efficiency of photochemistry and fluorescence is obtained during a 

saturating pulse of light20. 

This chapter describes the study of biofilm development (formation and growth) on films of 

the OEGn functionalised methacrylate random and block copolymers, P[EG3MA-co-BMA](43), 

P[EG3MA-co-BMA](24), P[EG4MA-co-BMA](61) and P[EG3MA-block-BMA](55) (see Chapter 

5), hereafter referred to as coatings, after deposition by drop-casting on either hydrophilic (random 

cpolymers) or hydrophobic (block copolymers) glass slides. Biofilm formation on these coating 

films was studied by submerging the coated glass slides in running unfiltered sea-water 

(Oosterschelde, the Netherlands) at a constant flow-rate in a special experimental set-up under 

carefully controlled conditions. The development of the biofilm as function of time was followed 

by CLSM and PAM fluorescence measurements. Prior to the study of biofilm formation and 

growth the morphology of a representative random copolymer (P[EG3MA-co-BMA](50)) and the 

block copolymer (P[EG3MA-block-BMA](55)) after deposition on either hydrophilic or 

hydrophobic glass slides was investigated using atomic force microscopy (AFM).  

 

6.2 Results and Discussion 

 

6.2.1 AFM Measurements on Polymer Films on Glass Substrates 

 

For the imaging of the deposited polymer films on glass substrates tapping mode AFM is an 

attractive method21. The AFM topographic images (Figure 2) unambiguously reveal morphological 

differences between the films of a representative random copolymer P[EG3MA-co-BMA](50) and 

the block copolymer P[EG3MA-block-BMA](45) after deposition on both hydrophilic or 

hydrophobic glass surfaces (drop-casting solution ca. 0.15 g L-1). Whereas the random copolymer 

gives a moderately textured surface on a hydrophilic glass surface (A), a smooth surface is found 

on hydrophobic glass slides (B). In contrast the AFM images clearly show a markedly different 
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topology for the block copolymer (C and D). Both on hydrophilic as well as on hydrophobic glass 

surface the block copolymer appeared as a “hairy” surface with small spikes (see also Chapter 5). 

It should be noted that the deposited polymer films were relatively thick (ca. 100 µm) when 

compared to the polymer films deposited on silicon Si(100) (see Chapter 5). The differences in 

surface morphology between the deposited random and block copolymer might have pronounced 

effects on the antifouling behaviour. 

 

 
Figure 2. Tapping Mode AFM images of random and block copolymers on either hydrophilic or 
hydrophobic glass surfaces. Scan area 1 × 1 µm2, height differences ca. 5 nm. P[EG3MA-co-BMA](50) on 
hydrophilic glass (A) and P[EG3MA-co-BMA](50) on hydrophobic glass (B). P[EG3MA-block-BMA](45) 
on hydrophilic glass (C) and P[EG3MA-block-BMA](45) on hydrophobic glass (D). 
 

6.2.2 Antifouling Properties of Deposited Polymers 

 

The use of CLSM in combination with multi-channel image analysis19, proved to be a useful 

tool for identifying the characteristics of biofouling on different substrates13. In order to follow 

biofilm formation and growth versus time, a specially designed experimental set-up was used. The 

substrates were placed vertically in containers that were supplied with a continuous and constant 

flow of fresh unfiltered sea-water (Oosterschelde, the Netherlands). The containers were exposed 

to a light : dark regime of 14 : 10 hours, mimicking a day : night sequence. At regular time 

intervals 2 random samples were taken and analysed with CLSM and PAM fluorescence. 
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Measurements were performed on the same slide, which was possible because the PAM-

fluorescence measurement is non-destructive. For each slide 7 randomly positioned replicate 

image stacks were collected using CLSM images and analysed using the PHLIP software19. Hence, 

for each sample 14 replicate measurements were performed representing a total biofilm area of ca. 

0.875 mm2. 

Phototrophic biofilms grown in Oosterschelde water were generally highly porous. Therefore, 

it was possible to measure vertical profiles to a depth of a few 100 µm. Because of the limited 

penetration depth of CLSM, the glass surface could not be detected at a depth of approximately 

400 µm. Notwithstanding, PAM fluorescence allowed the measurement of the biomass and 

photosynthetic properties of the biofilms at a later stage of its development. Most commonly used 

parameters are F0 (minimum fluorescence after dark adaptation), which is a measure of relative 

biomass, and Fm (maximum fluorescence), which is the increase in fluorescence after a saturating 

light pulse and Fv/Fm (optimum quantum yield), e.g. the proportion of the maximum possible 

fluorescence used for photosynthesis. Any loss of this ratio relates to a so-called stress response 

and is taken as a measure of the health of the phototrophic community. Fv is defined as the 

difference between the maximum and minimum fluorescence and, hence, the yield can be 

measured as (Fm – F0)/Fm.  

By combining the CLSM and PAM results it was possible to monitor microbial biofilm growth 

during extended periods of time, which is of relevance for the envisaged application of antifouling 

coatings on, for example, ship hulls. 

 

Table 1. Polymers used for fouling tests. (Experiment 1= P[EG3MA-co-BMA](24) and P[EG3MA-co-
BMA](43); Experiment 2 = P[EG3MA-block-BMA](55) and P[EG4MA-co-BMA](61). 
Polymer 

 

P[code](percentage EGn) 

Monomer Feed 

(EGn : BMA) 

Experimental period Duration 

experiment 

P[EG3MA-co-BMA](24) 1 : 3 March –April 2004 49 days 

P[EG3MA-co-BMA](43) 1 : 1 March –April 2004 49 days 

 

P[EG4MA-co-BMA](61) 1 : 1 September 2004 28 days 

P[EG3MA-block-BMA](55) 1 : 1 September 2004 28 days 

 

Two experiments were conducted to test biofilm development on the different experimental 

antifouling coatings. An overview of the coatings used and the time frame of the experiments are 
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shown in Table 1. Experiment 1 followed biofilm development at coating P[EG3MA-co-

BMA](43) and P[EG3MA-co-BMA](24) in the period March-April 2004 while experiment 2 was 

performed with coatings P[EG3MA-block-BMA](55) and P[EG4MA-co-BMA] (61) in the period 

September 2004. In both experiments, measurements of biofilm development at an untreated glass 

surfaces were included as a blank. It should be noted that P[EG3MA-block-BMA](55) has to be 

deposited on hydrophobic glass slides in order to assure adhesion to the substrate. A free-standing 

film is formed when the block copolymer is applied on hydrophilic glass slides and exposed to an 

aqueous environment (see also Chapters 5 and 7). 

 

6.2.3 CLSM Analysis 

 

Prior to CLSM analysis the samples were stained with appropriate fluorescent labels following 

the procedure described in the Experimental Section. Unfortunately, due to the staining of the 

deposited OEGn functionalised random and block copolymers by SYTO 64 it was not possible to 

selectively detect bacteria. SYTO 64 stained the coating resulting in a high background signal 

(Figure 3A, B), but this did not occur with uncoated (blank) glass slides (Figure 3C). Furthermore, 

observations of unstained coatings confirmed that the fluorescence was not the result of auto-

fluorescence of the coatings but of SYTO 64 that bound to the coating surfaces. 

Figure 4 shows the results for biovolume measurements of chlorophyll a for the random 

copolymers P[EG3MA-co-BMA](24), P[EG3MA-co-BMA](43) (Figure 4A) and P[EG4MA-co-

BMA](61) (Figure 4B) as well as the block copolymer P[EG3MA-block-BMA](55). In both 

experiments measurements on blank glass slides were included as a reference.  

Chlorophyll a biovolume on glass increased rapidly until day 18 after which it remained 

constant at a value of ca. 105 µm3. P[EG3MA-co-BMA](43) showed a similar temporal 

development but biovolume remained significantly lower compared to glass throughout the 

experiment. This resulted in a decrease in the biovolume of chlorophyll a of 35 – 60 % compared 

to glass (Figure 4C). Biovolume of chlorophyll a at P[EG3MA-co-BMA](24) initially increased 

and levelled off at a volume of 8.5 × 104 µm3. This was followed by a decrease to 3.5 × 104 µm3 at 

day 49. Glass-normalized chlorophyll a biovolumes at coating P[EG3MA-co-BMA](24) were 

more variable compared to those found for coating P[EG3MA-co-BMA](43) and V/Vglass varied 

between 0.30-1.05. In experiment 2, the biofilm development on P[EG3MA-block-BMA](55) and 

P[EG4MA-co-BMA](61) and glass were examined. On glass slides, the biovolume of chlorophyll 

a gradually increased to a maximum value of 5.0 × 103 µm3 at day 28 (Figure 4B). For these 

polymers, glass-normalized biovolumes showed a similar behaviour starting with values of 0.02 
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(■) and 0.46 (○), and then increased to level-off in time to values of 0.37 (■) and 0.44 (○) at day 

28 (Figure 4D). 

 
A 

 
B 

 
C 

Figure 3. Maximum projection CLSM images of coating P[EG3MA-co-BMA](43) (A); coating P[EG3MA-
co-BMA](24) (B) and a blank glass slide (C) at day 4. Red: SYTO 64; green: concanavaline A; blue: 
chlorophyll a. For the remaining samples, the staining with SYTO 64 was left out and only the 
concanavaline A staining was performed. 
 

The V/Vglass measured at day 7 were substantially higher, which was likely a result of the 

particularly low biovolume measured on the glass slides. Furthermore, it should be noted that the 
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P[EG4MA-co-BMA](61) showed similar antifouling properties as P[EG3MA-block-BMA](55) 

after 28 days. 
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Figure 4. Chlorophyll a biovolume (µm3) of natural biofilms on P[EG3MA-co-BMA](24) and P[EG3MA-
co-BMA](43) coatings and blank glass measured in March-April 2004 (A) and P[EG3MA-block-BMA](55) 
and P[EG4MA-co-BMA](61) coatings and blank glass measured in September 2004 (B) as well as glass 
normalized biovolumes of chlorophyll a for P[EG3MA-co-BMA](24) and P[EG3MA-co-BMA](43) 
coatings (C), and, P[EG3MA-block-BMA](55) and P[EG4MA-co-BMA](61) coatings (D). 
 

Biovolume estimates for extracellular matrix (EPS) components were measured by 

concanavaline A labelling and the results are presented in Figure 5. Biovolume of concanavaline A 

in experiment 1 showed a different temporal development compared to chlorophyll a. Maximum 

biovolume was observed at day 10 and 18 for all substrata (Figure 4A). Thereafter biovolume 

decreased to values close to ca. 103 µm3. When the biovolume of concanavaline A-labelled 

material at the start of the experiment was compared to that of blank glass slides, V/Vglass values of 

0.055 (○) and 0.077 (■) were observed for coating P[EG3MA-co-BMA](24) and P[EG3MA-co-

BMA](43), respectively (Figure 5C). This equals a decrease in concanavaline A biovolume of 92 
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and 95 % for coating P[EG3MA-co-BMA](43) and P[EG3MA-co-BMA](24), respectively. Glass-

normalized biovolumes gradually increased for both coatings up to day 26 after which V/Vglass 

approached 1 and remained constant. 

Biovolumes of concanavaline A in experiment 2 (Figure 5B), were comparable to those 

observed in experiment 1. At day 7, the biovolume of concanavaline A was lowest for glass and 

V/Vglass varied between 0.25 and 0.90 for the different polymers with one overshoot at day 21 for 

P[EG4MA-co-BMA](61). 
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Figure 5. Concanavaline A biovolume (µm3) of natural biofilms on P[EG3MA-co-BMA](24) and 
P[EG3MA-co-BMA](43) coatings and blank glass measured in March-April 2004 (A) and P[EG3MA-
block-BMA](55) and P[EG4MA-co-BMA](61) coatings and blank glass measured in September 2004 (B) 
as well as glass normalized biovolumes of chlorophyll a for P[EG3MA-co-BMA](24) and P[EG3MA-co-
BMA](43) coatings (C), and, P[EG3MA-block-BMA](55) and P[EG4MA-co-BMA](61) coatings (D). 
 

It is of interest to note is that in an initial study, period December 2003-January 2004, the 

proprietary antifouling topcoat SigmaGlide® after drop-casting on glass slides was subjected to 

the same experimental set-up as described above. The SigmaGlide® topcoat is an environmentally 

benign commercial non-stick antifouling coating22. In Figure 6 the results obtained for our OEG 

based random and block copolymers are plotted together with those found for the SigmaGlide® 
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topcoat. It is shown that, at least, in our experimental set-up the OEG-polymers were performing 

either as well (P[EG3MA-co-BMA](43) coating) or even better (P[EG3MA-block-BMA](55) 

coating) compared with the commercially available SigmaGlide® coating. 
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Figure 6. Comparison of the random copolymer (P[EG3MA-co-BMA](43))(○) and the block copolymer 
(P[EG3MA-block-BMA](55)) (■) coatings with the commercially available non-stick topcoat 
SigmaGlide® (*) In A is shown the chlorophyll a and in B concanavaline A normalized biovolumes. 

 

The antifouling properties of SigmaGlide® are primarily based on minimization of the surface 

energy and the smoothness and non-sticky behaviour of the coating. However OEG functionalised 

methacrylates with their specific properties (hydrophilic character, propensity towards hydrogen 

bonding with water molecules, etc. cf. Chapters 1-4) appear to act as a superior coating as 

compared to SigmaGlide®, at least after deposition on glass surfaces.  

 

6.2.4 PAM Fluorescence 

 

The decrease in biovolume for coating P[EG3MA-co-BMA](43) was confirmed by PAM 

fluorescence measurements of F0 (Figure 7). Glass-normalized minimal fluorescence showed a 

similar pattern compared to CLSM-analysis of chlorophyll a. The decrease in chlorophyll a was on 

average 50 %, which was slightly higher than compared to the decrease derived from the CLSM-

analyses (35 – 60%, vide infra). Similarly, measurements of F0/F0, glass for coating P[EG3MA-co-

BMA](24) gave comparable results to biovolume estimates in terms of the temporal dynamics. 

However, the F0/F0,glass-values were consistently overestimated compared to the CSLM-analysis 

(Figure 7). 

Optimum quantum yield values (Fv/Fm) were calculated for both experiments. These varied 

between 0.6 and 0.7, throughout the two experiments. This range of values is indicative for a 

healthy phototropic community present on the various substrata that were examined. When 
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performing the experiments with a self-polishing tributyltin (TBT) coating the yields were 

significantly lower and show the high toxicity of TBT in comparison with the benign 

characteristics of the OEG functionalised polymers. 
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Figure 7. Minimal fluorescence (A) and glass normalised minimal fluorescence (B) for coatings 
P[EG3MA-co-BMA](43) and P[EG3MA-co-BMA](24). 
 

6.3 Conclusions 
 

Patterns in biofilm development and the effectiveness of investigated substrata to decrease 

fouling were dependent on the component (bacteria, EPS etc.) of the biofilm under investigation. 

Initial development of a biofilm is generally characterized by the adhesion of bacteria that are 

partly embedded in an organic matrix. 

Examination of the EPS matrix after concanavaline A labelling showed that initial adhesion of 

organic matter on coatings P[EG3MA-co-BMA](43) and P[EG3MA-co-BMA](24) was decreased 

and gradually increased in time. The antifouling effect of the OEG polymers in experiment 1 and 2 

is based on active repulsion of biological material due to changes in chemical conformation of the 

functional OEG-groups when biomolecules approach the coating surface. The decrease in 

concanavaline A labelled material of > 90% at the experimental coating and its subsequent slow 

increase in V/Vglass indicates that OEG-groups are effective in preventing adhesion in the initial 

stages of biofilm development. The subsequent increase in V/Vglass was probably the result of slow 

accumulation of material on the coating surface, which shielded increasing parts of the coating 

surface, resulting in decreased antifouling efficiency, suppression of later stages of biofilm growth 

is important in order to be effective as antifouling paint. 

Typically, biofilms subjected to light are dominated by phototropic assemblages after a period 

of days to weeks. OEG polymers affected fouling of the phototropic community and the decrease 

in chlorophyll a biovolume was constant over the course of the experiment. Taking into account 
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the variation on the biovolume measurements, P[EG3MA-coBMA](43) and P[EG3MA-

blockBMA](55) appeared to have significantly lower biofouling of chlorophyll a when compared 

to the bare glass reference. Hence, the use of this experimental substrate and further development 

of coatings based on functional OEG-side-chains seems to be promising and warrant further 

investigations.  

The antifouling behaviour of coating P[EG3MA-coBMA](43) was confirmed by PAM-

fluorescence which measured a clear decrease in chlorophyll a compared to glass. Interestingly, 

any toxic effect exerted by the coatings is unlikely. PAM fluorescence has shown that the 

phototropic community remains healthy (optimum quantum yields (Fv/Fm) 0.6-0.7). 

 

6.4 Experimental Section 
 

Glass Slides. Hydrophilic glass slides (76 to 26 mm) were cleaned in a solution of KOH in 

water/ethanol for 12 hours and afterwards rinsed with acetone, demi-water and ethanol followed by drying 

under a nitrogen flow. In order to make glass slides hydrophobic the cleaned hydrophilic glass slides were 

dried at 120oC for 15 min and treated for 4 hours in a 5% solution of trimethylchlorosilane in toluene 

containing a catalytic amount of concentrated hydrochloric acid. Before deposition of the polymers the 

slides were again cleaned with 70% ethanol. 

Tapping Mode Atomic Force Microscopy (TM-AFM). AFM was done with a Nanoscope III (Digital 

Instruments) in tapping mode with an oxide-sharpened silicon nitride tip (k = 0.12 N/m) at ambient 

temperature. The AFM was equipped with an E scanner. The maximum area that can be observed is 12 × 

12 µm2. The Z limit is 3.542 µm. The samples for AFM imaging were prepared by drop-casting of a 0.15 g 

L-1 random or block copolymer solution in ethyl acetate onto a cleaned glass slide (vide supra). The 

deposited solution was dried freely in air for at least 18 hours. The area of each scan was 120 nm2. The 

sections scanned were chosen at positions in the center of the glass slide, as far as possible from the edges, 

to minimize the effect of irregularities of the underlying surface. 

Experimental Set-Up for the Growth of Phototropic Biofilms. The experimental coatings were 

applied on the glass slides (drop-casting solution ca. 0.15 g L-1) and after drying, subsequently, placed in a 

vertical position in 70 L containers. Natural phototrophic biofilms were grown in the 70 L containers that 

were fed by a flow of fresh unfiltered natural seawater (Oosterschelde, The Netherlands) at a dilution rate 

of 0.43 h-1. The system was exposed to a 14:10 h light:dark regime at an incident photon irradiance of 40 

µmol·m-2·s-1. Pumps circulating water at a rate of 300 L·h-1 ensured continuous turbulent mixing. The 

experimental coatings were sampled by removal of 2 randomly chosen glass slides for each coating, based 

on a pre-defined fixed random design. Prior to analysis, slides were kept in Petri dishes filled with 

Oosterschelde water. Samples were analysed by confocal laser scanning microscopy (CLSM) and PAM-
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fluorescence. Both measurements were performed on the same slide, which is possible because PAM-

fluorescence measurements represent a non-destructive technique. 

Confocal Laser Scanning Microscopy Measurements. For confocal laser scanning microscopy 

(CLSM), the samples were rinsed twice with 1 mL of PBS (phosphate buffered saline: 0.4 g·L-1 KCl, 12.6 

g·L-1 NaCl, 1.6 g·L-1 Na2HPO4 · 2H2O, 0.25 g·L-1 KH2PO4, pH=8). Excess fluid was removed by using 

Whatman GF/B filter paper (Maidstone, UK). Subsequently, the slides were incubated in the dark for 20 

min using 200 µL of the lectin concanavaline A (conA, Molecular Probes, Eugene, Oregon, USA) at a 

concentration of 100 µg·mL-1 (in PBS). Excess conA was removed by two rinses of 1 mL PBS and one 

rinse with 1 mL TRITC (18.6 g·L-1 EDTA, 0.158 g·L-1 TRIS, 20 g·L-1 NaCl, 0.4 g·L-1 KCl). For confocal 

laser scanning microscopy a Leica TSC-NT confocal microscope (Heidelberg, Germany) was used in the 

three-channel mode to enable the analysis of concanavaline A and SYTO 64 fluorescence and chlorophyll a 

auto-fluorescence. An Argon/Krypton laser was used to supply excitation light. Wavelengths used to detect 

the fluorescent signals in the different channels were; concanavaline A: λexc.: 488 nm, λem: 520 nm, SYTO 

64: λexc.: 568 nm, λem: 600 nm, and, chlorophyll a: λexc.: 647 nm, λem: 665 nm. Biofilms were analysed under 

fully hydrated conditions by using a 40× water immersible lens (Leica, Heidelberg, Germany). For each 

slide 7 randomly positioned replicate image stacks were collected. Hence, for each coating 14 replicate 

measurements were done representing a total biofilm area of 0.875 mm2. 

Pulse Amplitude Modulation Fluorescence Measurements. Pulse Amplitude Modulation (PAM) 

fluorescence measurements were performed using a mini-PAM fluorimeter (Waltz, Effeltrich, Germany) 

applied under ambient light conditions. Parameters measured included F0 (minimal fluorescence), Fm 

(maximal fluorescence) and Fv/Fm (yield). F0 represents a relative measure of the phototropic biomass. Fm is 

the maximum fluorescence emitted from the photosystem after a short saturating light pulse. The yield 

(measured as (Fm-F0)/Fm) is a measure of the efficiency of the photochemistry and can be regarded as a 

proxy of the fitness of the phototrophic assemblage under investigation. Fv is defined as the difference 

between the maximum and minimum fluorescence. PAM fluorescence measurements were performed over 

the whole slide area submerged in water with a spatial resolution of 5 mm. 

PHILP Analysis. The image stacks obtained by CLSM were analysed using PHLIP19, which is a 

freeware package that is on-line available23. This software routine runs as a script under Mathlab and is 

designed specifically for the analysis of 3-dimensional data stacks as collected by the CLSM. The routine 

includes automatic insertion of image stacks separated into 3 channels into the Mathlab environment, a 

graphical user interface to allow thresholding of the images from greyscale to binary data and subsequent 

analysis. Image analysis parameters include several one channel operations including biovolume, average 

thickness measurements and several spreading functions. Two channel functions are included to analyse co-

localization of fluorescent signal between the channels. All channel operations give an estimate of the 

whole biofilm by summing the signal of the three separate channels after correction for co-localization. 

Biovolume estimates were used to quantify the biofilms present at the different substrata over the course of 

the experiments. 
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Towards Technological Applications: Oligo(Ethylene Glycol) Functionalised 

Polymethacrylate Random and Block Copolymers on SigmaPrime® Basecoat 
 

Abstract 

 

The adhesive behaviour of some typical oligo(ethylene glycol) containing 

polymethacrylates on a commercial primer (basecoat: SigmaPrime®) deposited on a steel 

substrate were evaluated for their potential use in long-term antifouling study in a proper marine 

environment. It was found that the random copolymers P[EG3MA-co-BMA](50) and P[EG3MA-

co-GMA](90) adhered well to SigmaPrime® basecoat covered steel substrates. The block 

copolymer P[EG3MA-block-BMA](55), which strongly adhered to hydrophobic glass slides, gave 

after deposition on the SigmaPrime® basecoat covered steel substrates a free-standing film upon 

exposure to water. Infrared analysis of deposited P[EG3MA-co-BMA](50) on either hydrophilic 

glass slides or SigmaPrime® coated steel substrates shows differences in the fingerprint region, 

indicative for the occurrence of substrate dependant interactions that affect the structure of the 

deposited film. Preliminary antifouling studies showed that the copolymers perform less well then 

after deposition on glass slides (cf. Chapter 6). Further compatibility studies are required to 

improve adhesion to SigmaPrime® basecoat covered steel substrates before proper long-term 

antifouling experiments can be pursued. 
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7.1 Introduction 

 
The growth of marine organisms e.g. algae, barnacles etc. on the hull of sea-going vessels 

(biofouling) represents a significant problem. Deposition and growth of marine organisms on the 

hull negatively influences the streamline of the vessel and as a consequence more fuel is required. 

In addition, the occurrence of biofouling requires both the regular maintenance of a ship’s hull, i.e. 

cleaning, paint removal and repainting. This leads to higher costs and undesired associated 

environmental impacts1.  

When a clean surface is immersed in seawater within minutes a ‘conditioning’ film consisting 

of dissolved organic matter adsorbs on the surface and within hours early colonizers like bacteria 

and diatoms (unicellular algae), form a biofilm. This biofilm is sometimes referred to as 

‘microfouling’ in contrast to the settlement of larger marine organisms (macrofouling), that 

develops within weeks. Note that biofouling represents a complex and dynamic process that is 

strongly dependant on variables such as, geographical location, temperature, light exposure, 

seasonal effects, presence of specific marine organisms (bacteria, diatoms, algae, barnacles, 

muscles), etc2. 

In Chapter 6 we have shown that polymethacrylate random and block copolymers containing 

hydrophilic OEG side-chains and hydrophobic n-butyl side-chains possess antifouling properties 

after drop-casting of polymer films on glass slides. It was shown that the initial stages of biofilm 

formation and growth were substantially impaired (ca. 60%). Hence, it is worthwhile to establish 

whether the developed polymethacrylate random and block copolymers are also compatible with 

the commercial basecoat SigmaPrime® (propriety composition: SigmaKalon, Amsterdam, The 

Netherlands) which is used on steel substrates (ship hulls). When our polymers show 

compatibility, they can be applied as a binder in a proper coating formulation. This will allow long 

term biofouling experiments on proper steel substrates. 

It should be stipulated that before long-term antifouling experiments can be initiated, various 

practical and technological problems have to be taken into consideration. An important aspect 

whether the currently available OEG functionalised methacrylate polymers, viz. homopolymers, 

random and block copolymers, will adhere to a proper industrial primer coating (the so called 

basecoat) after deposition on a steel substrate especially during exposure to (artificial) seawater. 

To gain insight in the adherence of our random and block copolymers onto a SigmaPrime® 

basecoat, different application methods and curing procedures were evaluated. Since on the 

SigmaPrime® covered steel substrates CSLM and PAM measurements were thwarted. This is due 

to the occurrence of unwanted auto-fluorescence of chemical constituents of the SigmaPrime® 
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basecoat. Therefore at this stage biofilm formation and growth could only be assessed by visual 

inspection. 

 

7.2 Results and Discussion 

 

For detailed descriptions of monomer, homopolymer, random copolymer and block copolymer 

syntheses we refer to Chapter 5. Briefly, homo- and random copolymers were prepared via 

solution radical copolymerisation (solvent: n-butyl acetate and initiator: AIBN) of oligo(ethylene 

glycol) methacrylate (OEGMA) with either n-butyl- (BMA), methyl- (MMA) or glycidyl 

methacrylate (GMA) as comonomers at different monomer feedstock ratios (Scheme 1). The block 

copolymer was prepared using the Reversible Addition-Fragmentation Transfer (RAFT) radical 

polymerisation procedure.  
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Scheme 1. Monomers used. 

 

As expected, application of the P[EG3MA](100) homopolymer as such is not feasible due to its 

water solubility. To circumvent this problem, two approaches were followed: 

1) Incorporation of a hydrophobic comonomer, such as BMA or MMA (Scheme 1). Following this 

approach random copolymers were prepared (cf. Chapter 5). Application of MMA instead of BMA 

as hydrophobic comonomer was tested with the objective to increase the glass transition 

temperature (Tg), which is –50°C for the BMA containing copolymer (P[EG3MA-co-BMA](50)), 

whereas for the MMA containing copolymer (P[EG3MA-co-MMA](50)) the glass transition 

occurs at –15°C. This is of interest for the formation of less-sticky and tougher coating films after 

deposition on a surface. 
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2) Incorporation of GMA as an extra adhesive comonomer (Scheme 1). GMA contains an 

epoxide moiety in its side-chain that is capable to react with the amine-curing agent of the 

SigmaPrime® basecoat that is used to cover the steel substrate. Note that the random copolymer 

(P[EG3MA-co-GMA](90)) only contains 10% (n/n) of the epoxy and 90% EG3MA. It was 

envisaged that by incorporation of ca. 10% (n/n) GMA within the EG3MA polymer, the polymer 

should be able to chemically adhere (by covalent chemical bonding) to the SigmaPrime® 

substrate. In addition, it is anticipated that the high EG3MA content (90%) should enhance 

antifouling properties3 (cf. Chapter 6). 

 

Table 1. Random and block copolymers tested for use as antifouling paint (see also Chapter 5). 

Polymer Mn·103 (g mol-1) Tg (°C) 

P[EG3MA](100) 17 -66 

P[EG3MA-co-MMA](50) 11 -15 

P[EG4MA-co-BMA](51) 8.8 -52 

P[EG3MA-block-BMA](55) 23 -54│30 

P[EG3MA-co-BMA](50) 22 -50 

P[EG3MA-co-GMA](90) 17.8 n.d. 

 

7.2.1 Film Formation and Properties on SigmaPrime® Basecoat Covered Steel Substrates 

 

Business card-sized steel panels (SigmaKalon) coated with the anti-corrosive SigmaPrime® 

basecoat were used as substrates for the deposition of the OEG containing homopolymers, random 

and block copolymers (Table 1). Three different re-coating conditions for the SigmaPrime® 

basecoat covered substrates were tested before deposition of the polymers: 

1) Prior to deposition of the copolymers the SigmaPrime® basecoat was fully cured for 48 hours 

at room temperature followed by a sandpaper treatment of the cured SigmaPrime® layer 

(surface roughening). 

2) The copolymers were deposited 2 hours after application of the SigmaPrime® basecoat, which 

is then only partially cured, followed by additional curing for 48 hours at room temperature. 

3) The copolymers were deposited 4 hours after the application of the still partially cured 

SigmaPrime® basecoat, followed by additional curing for 48 hours at room temperature. 

 

All copolymers were drop-casted from ethyl acetate solutions (ca. 0.15 g L-1). In Table 2 

salient properties of the deposited copolymers are reported. The P[EG3MA](100) homopolymer 
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gave a good film after application, but as expected completely dissolved within hours when 

exposed to artificial seawater (demiwater containing 35 g · L-1 sea salt). After application of 

P[EG3MA-co-MMA](50) on a sandpapered SigmaPrime® basecoat covered steel substrate, the 

initially formed polymer film tend to fail (partial detachment from the substrate) during a 48 hours 

immersion test in artificial seawater. Upon removal of the sample from the aqueous solution 

followed by drying under ambient conditions the film did not restore to its pristine state. In 

contrast, a P[EG3MA-co-MMA](50) film, deposited on a freshly prepared SigmaPrime® basecoat 

covered substrate (partially cured for either 2 hours or 4 hours), did restore upon drying after 

immersion for at least 48 hours in artificial seawater. Interestingly, deposition of P[EG3MA-co-

BMA](50) on the three different SigmaPrime® basecoat pre-treated substrates (see below) gave 

polymer films that did not show any marked defects by visual inspection (only small “holes” 

(diameter less than 1 mm) were discernible) during the 48 hours immersion test in artificial 

seawater. Nevertheless, during the immersion tests these films swelled. The P[EG3MA-co-

BMA](50) films were less water-sensitive than the related P[EG3MA-co-MMA](50) films. This 

can be attributed to the enhanced hydrophobic character of P[EG3MA-co-BMA](50). This is 

confirmed by the results obtained for P[EG4MA-co-BMA](51), which instead of an EG3 side-chain 

contains the longer EG4 side-chain. Extension of the hydrophilic OEG side-chain enhances 

swelling of the deposited film during immersion in artificial seawater; it rendered sticky films. 

This indicates that a careful balance between hydrophilic and hydrophobic properties is important 

for the final film-forming properties on top of the SigmaPrime® basecoat. 

Although especially block copolymer (P[EG3MA-block-BMA](55))) showed good film-

forming properties (cf. Chapters 5 and 6), the deposited block copolymer film on the different 

SigmaPrime® basecoat covered substrates fully detached as a free-standing film after initial 

swelling during immersion in artificial seawater. Hence, the block copolymer lacks adhesion to the 

SigmaPrime® basecoat. This resembles its behaviour after deposition on hydrophilic glass slides 

(cf. Chapter 5). 

Incorporation of 10 % GMA as co-monomer in the case of the P[EG3MA](100) homopolymer 

resulted in a random copolymer P[EG3MA-co-GMA](90), which after drop-casting on the three 

different SigmaPrime® basecoat covered substrates, did not dissolve into artificial seawater and 

adhered well on sandpapered SigmaPrime® basecoat. Upon immersion in (artificial) seawater the 

P[EG3MA-co-GMA](90) film turned soft; a smooth, but slimy film was obtained. This coating 

slowly dissolves (or disperses) in artificial seawater upon finger-tip rubbing. 
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Table 2: Various random and block copolymers drop-casted from ethyl acetate onto SigmaPrime®. 
Poly 

methacrylate 

Treatment Adhesion 

Strength 

48 hrs in Seawater 

P[EG3MA] 

(100) 

Sandpaper 

Fresh SigmaPrime® (2h) 

Dissolves 

Dissolves 

Dissolved 

Partly dissolved 

 Fresh SigmaPrime (4h) Dissolves Dissolved 

    

P[EG3MA-

co-

MMA](50) 

Sandpaper 

Fresh SigmaPrime® (2h) 

Fresh SigmaPrime® (4h) 

Moderate 

Moderate 

Moderate 

Partly detached; whitea & blisters 

Partly detached; whitea & blisters 

Partly detached; whitea & blisters 

    

P[EG4MA-

co-

BMA](51) 

Sandpaper 

Fresh SigmaPrime® (2h) 

Fresh SigmaPrime® (4h) 

Moderate 

Moderate 

Moderate 

Swollen, sticky 

Swollen, sticky 

Swollen, sticky 

 

P[EG3MA-

block-

BMA](55) 

 

 

Sandpaper 

Fresh SigmaPrime® (2h) 

Fresh SigmaPrime® (4h) 

 

Detached 

Detached 

Detached 

 

Detached as free whitea film 

Detached as free whitea film 

Detached as free whitea film 

P[EG3MA-

co-

BMA](50) 

Sandpaper 

 

Fresh SigmaPrime® (2h) 

 

Fresh SigmaPrime® (4h) 

Sufficient 

 

Sufficient 

 

Sufficient 

 

Swollen 

 

Swollen 

 

Swollen 

 

P[EG3MA-

co-

GMA](90) 

 

Sandpaper 

 

Good 

 

 

Good adhesion, clear slimy layer 

 Fresh SigmaPrime® (2h) 

 

Fresh SigmaPrime® (4h) 

Low 

 

Low 

 

Partly dissolved, thin slimy layer 

stayed behind 

Thick, slimy, swollen, white at 

edges 
a The film turns opaque. 
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Taking into account the excellent water-solubility of the homopolymer P[EG3MA](100), it is clear 

that proper curing of deposited P[EG3MA-co-GMA](90) is a prerequisite for its adhesion (by 

covalent chemical bonding) to SigmaPrime® basecoat. This aspect requires further experiments. 

Based on the results compiled in Table 2, it was concluded that at this stage the random 

copolymers P[EG3MA-co-GMA](90) and P[EG3MA-co-BMA](50) are the best candidates for 

evaluation as an antifouling coating (binder material) after deposition on SigmaPrime® basecoat 

covered steel substrates. Eight business card-sized SigmaPrime® panels with the P[EG3MA-co-

GMA](90) and sixteen similar panels with the P[EG3MA-co-BMA](50) copolymer were prepared 

following method 1 and their anti-fouling behaviour was evaluated in the NIOO set-up (cf. Chapter 

6). 

 

7.2.2 Infrared Analysis of Deposited Random Copolymer P[EG3MA-co-BMA](50) 

 

To establish whether the underlying substrate surface affects the chain conformations of the 

OEG side-chains in deposited P[EG3MA-co-BMA](50) films infrared analysis was performed. 

Deposited P[EG3MA-co-BMA](50) on either a hydrophilic glass substrate or a SigmaPrime® 

basecoat covered steel substrate after annealing and/or curing were brought in close contact with a 

ZnSe ATR crystal. Note that due to the film thickness (ca. 200 µm) with ATR IR spectroscopy 

only the deposited copolymer film will be sampled. A comparison of the IR spectra (Figure 1A) of 

dried (24 hours) deposited films of P[EG3MA-co-BMA](50) shows differences in the 1600-800 

cm-1 region in line with differences in chain conformations and chemical environments, hence the 

underlying substrate surface appears to affect the deposited film structure. The spectra show some 

small differences, particularly in the fingerprint region. The bands at 1450 cm-1, 1242 cm-1 and 

1107 cm-1 on glass are shifted bathochromically for 74 cm-1, 25 cm-1 and 50 cm-1 respectively. 

Interestingly, exposure of the deposited P[EG3MA-co-BMA](50) on the SigmaPrime® 

basecoat steel covered substrate to artificial sea-water for 48 hours followed by drying under 

ambient conditions (24 hours) gives an ATR IR spectrum that strongly resembles that of dried 

deposited P[EG3MA-co-BMA](50) on a hydrophilic glass substrate (Figure 1B). These results 

demonstrate that the structure of the deposited films is indeed influenced by exposure to artificial 

seawater followed by drying (cf. also reference 4). 
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Figure 1. Infrared spectra of P[EG3MA-co-BMA](50). (A) P[EG3MA-co-BMA](50) polymer films 
deposited on a glass slide (top spectrum) and on SigmaPrime® (bottom spectrum). Both films were dried at 
room temperature for at least 24 hours. (B) Dried P[EG3MA-co-BMA](50) polymer films on 
SigmaPrime®; top spectrum, prior to drying the polymer film has been exposed to seawater for 48 hours. 
Bottom spectrum: polymer film has not been in contact with seawater. (Note that in Figure 1B both spectra 
are normalized on the carbonyl stretch vibration at 1725 cm-1). 
 

7.2.3 Biofilm Formation on EG-coated SigmaPrime® 

 

Since CLSM could not be applied to study the initial formation and morphology of biofilm 

growth due to the occurrence of auto-fluorescence of chemical constituents of the underlying 

SigmaPrime® basecoat, biofilm formation had to be assessed at this stage by visual inspection. 

For similar reasons biofilm formation followed using PAM fluorescent measurements5 did not 

obtain reproducible data most likely due to auto-fluorescence contributions and the fact that the 

backside of the panel was used as a reference. Moreover the most promising anti-fouling polymer 

(cf. Chapter 6), e.g. the block copolymer P[EG3MA-block-BMA](55), could not be used, since this 

copolymer was incompatible with the SigmaPrime® basecoat. After deposition on the Sigma 

Prime® basecoat covered substrate it gave upon immersion into an aqueous solution immediately a 

free standing film. 

Two photo-images of SigmaPrime® basecoat covered panels coated with either P[EG3MA-co-

GMA](90) (Panels 36 and 31) or with P[EG3MA-co-BMA](50) (Panels 23 and 26) after 

immersion in our special experimental set-up are shown in Figure 2. Taking into account that the 

panels were taken from different containers of our experimental set-up, the results show that 

panels 23 and 26 coated with P[EG3MA-co-BMA](50) are more resistant to biofouling. This is in 

line with our model experiments (cf. Chapter 6). Although panel 23 shows some minor black 

spots, biofouling is considerable less than that discernible on panels 36 and 31 coated with 

P[EG3MA-co-GMA](90). Apparently, the surface coverage of the P[EG3MA-co-GMA](90) 
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random copolymer is sub-optimal. Note that P[EG3MA-co-GMA](90) containing 90% monomers 

with EG3 side-chains should be able to fully cover the surface with protruding EG3 moieties 

rendering the substrate surface bioresistant4. It remains to be established whether 1) all P[EG3MA-

co-GMA](90) is covalently attached to the surface during curing of the SigmaPrime® basecoat, 

and to what extent 2) P[EG3MA-co-GMA](90) does detach from the surface upon exposure to an 

aqueous environment.  

 

  
Figure 2. Photographs of panels treated with the random copolymers P[EG3MA-co-GMA](90) (36 and 31) 
and P[EG3MA-co-BMA](50) (23 and 26). The panels 23 and 36 and the panels 31 and 26 were incubated in 
different containers for three weeks. 
 

7.3 Corollary 

 

Although at this stage the results are not as clear-cut as those obtained after deposition on glass 

substrates (cf. Chapter 6), the use of tri(ethylene glycol)s as side-chains to decrease biofouling is 

definitely worthwhile to be investigated in more detail. We like to stipulate that in the 

experimental set-up, the untreated backsides of the panels were used as reference. However, this is 

not a proper reference, because the backside of the panel was obviously not exposed to exactly the 

same fouling conditions. Hence, the current results must be treated with caution. Considering the 

random and block copolymer architectures there are still options to obtain a more robust binder 

material with tailored adhesive properties for the SigmaPrime® basecoat while maintaining 

superior antifouling properties (cf. Chapter 6).  
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7.4 Experimental Section 
 

General. Reactions were carried out under a dry nitrogen atmosphere unless stated otherwise. 

Commercially available reagents were used without purification. Azobisisobutyronitrile (AIBN) was 

recrystallised from methanol and stored at 2°C prior to use. NMR spectra were recorded on a Bruker AC 

300 spectrometer operating at 300.13 MHz for 1H-NMR and at 75.47 MHz for 13C-NMR. Samples were 

dissolved in CDCl3 unless stated otherwise. Chemical shifts (in ppm) are given relative to internal TMS (0 

ppm) in the case of 1H-NMR and relative to CDCl3 (77.00 ppm) for 13C-NMR. Infrared spectra (neat 

samples) were recorded on a Perkin Elmer System 2000 equipped with an ATR set-up, using a ZnSe 

crystal. Size Exclusion Chromatography (SEC) was performed with an Alltech Jordi-Gel DVB Mixed Bed 

column (length 300 mm; I. D. 7.8 mm) equipped with a Thermoseparation Products SpectraSeries P200 

pump, a Shodex RI-71 Refraction Index Detector using THF as the solvent at a flow rate of 1 ml min-1. 

Molecular weight distributions were determined relative to polystyrene standards. The elution curves were 

analysed with Spectra-Physics GPC/PC v1.00 software. 

Poly[methoxy (triethylene glycol)methacrylate–co-glycidylmethacrylate]. P[EG3MA-co-GMA](90) 

A Schlenk tube was charged with EG3MA (9.23 g, 39.7 mmol) and GMA (0.62 g, 4.40 mmol) dissolved in 

n-butyl acetate (35 mL). To this solution was added AIBN (0.11 g, 2 mol % / monomer). The mixture was 

subjected to three freeze-pump-thaw cycles and subsequently polymerised for 90 minutes at 75°C (the 

polymer solution became very viscous, even at elevated temperatures). Afterwards the polymer was re-

precipitated three times in a n-hexane:dichloromethane solution (20:1 v/v). This resulted in a colourless 

sticky solid. Yield 9.23 g (94%): 1H-NMR δ 4.29 (bs, 2H), 4.09 (bs, 2H), 3.65 (m, 8H), 3.56 (bs, 2H), 3.39 

(s, 3H), 3.20 (bs, 1H), 2.84 (bs, 1H), 2.63 (bs, 1H), 2.2-1.7 (m, 4H), 1.2-0.8 (m, 6H); 13C-NMR δ 177 (2 

C=O), 71.93 (OCH2), 70.54 (3 OCH2), 68.53 (OCH2), 65.76 (COOCH2), 63.86 (COOCH2), 58.98 (OCH3), 

55-51 (2 CH2, main chain), 48.84 (OCH), 46-44 (2 quarternary, main chain and OCH2), 30.13 (CH2), 19.24 

(CH2), 19-15 (2 α-CH3); IR ν 3591(w), 2876 (m), 1725 (s), 1451 (m), 1246 (m), 1100 (s), 1029 (m), 947 

(m), 852 (m); Mn = 1.78 · 104 g mol-1, Mw/Mn = 9.96 (Note: the molecular weight distribution was 

multimodal). 

DSC Thermograms. Glass transition temperatures were measured with a Mettler-Toledo DSC-821e 

using a scanrate of 10°C min-1 with sample masses of 5-10 mg. The sample was cooled (10°C · min-1) to –

125°C, maintained at this temperature for 5 minutes and heated to 60 or 100°C at 10°C · min-1, the second 

heating run was used for determining the glass transition temperatures. 
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Preparation of SigmaPrime® Basecoat Covered Steel Substrates and Re-coating with 

Copolymers. Grit blasted panels (100x50x3 mm, coded 1-14; 26 panels 100 x 65 x 3.5 mm, coded with 15-

40) were coated with SigmaPrime® grey (air spray; 5% thinner 91-92; Batch no base 2511329409, 

Hardener 2517345317). The SigmaPrime® basecoat was subsequently re-coated with the ethylene glycol 

functionalised methacrylates via drop-casting from ca. 0.15 g L-1 ethyl acetate solutions. 

Experimental Set-up for the Growth of Phototropic Biofilms. Natural phototrophic biofilms were 

grown in 70 L containers that were fed by a flow of fresh unfiltered natural seawater (Oosterschelde, the 

Netherlands) at a dilution rate of 0.43 h-1. The substrates were placed vertically in the container and were 

exposed to a 14:10 h light:dark regime at an incident photon irradiance of 40 µmol·m-2·s-1. Pumps 

circulating water at a rate of 300 L·h-1 ensured continuous turbulent mixing (cf. Chapter 6). 

 

7.5 References and Notes 

 

[1] Yebra, D. M., Kiil, S., Dam-Johansen, K., Prog. Org. Coat., 2004, 50, 75-104. 

[2] Youngblood, J. P.; Andruzzi, L.; Ober, C. K.; Hexemer, A.; Kramer, E. J.; Callow, J. A.; Finlay J. 

A.; Callow, M. E. Biofouling 2003, 19, 91-98. 

[3] The monomer composition ratio (EG3MA:GMA) was determined with 1H-NMR. 
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[5] For details concerning CLSM and PAM fluorescence see Chapter 6. 
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8 
Epilogue 

 

8.1 General Considerations 

 

In this thesis we have provided compelling evidence that both oligo(ethylene glycol)s (OEG) 

and hybrid oligo(ethylene glycol)/(propylene glycol) (OEG/PG)s end-functionalised alkyl 

monolayers may exert protein resistivity. It is shown that the level of protein resistivity strongly 

depends on chain conformation and intermolecular packing density in the monolayer. Besides 

these model systems, random and block copolymethacrylates containing OEG moieties as pendant 

side-chains were evaluated as novel materials for benign antifouling coatings. Upon deposition of 

the random and block copolymers (by drop-casting) and followed by exposure to a marine 

environment under strictly controlled conditions it is shown that the deposited films indeed 

impaired (initial) biofilm formation and growth even in the absence of a biocide.  

Evidence is presented that the especially assembly behaviour and hydrophilic character of the 

OEG and OEG/PG hybrids are controlling factors to antifouling properties in this intriguing field 

of research where materials science, physics, biology and chemistry meet.  

 

8.2 Block Copolymers 

 

One of the fascinating properties of block copolymers is their ability to self-assemble into 

micelles, aggregates, and vesicles of different morphologies in response to proper external stimuli. 

Recent studies have demonstrated that self-assembly not only occurs in solution but also at 

solvent/solvent interfaces and surfaces (solid/air and solid solvent)1. Application of a block 

copolymer as an antifouling model coating was found to be superior in comparison with that of a 

related random copolymer (cf. Chapter 6). The specific differences in biofilm formation and 

growth are attributed to microphase separation in the case of the deposited block copolymer that 

occur on specific substrates (Chapter 5). Besides self-organisation of block copolymers on 
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surfaces, which is still a relatively new area of research, the occurrence of self-organisation of 

block copolymers in solution remains of interest. This subject is briefly addressed in Chapter 5. 

Further exploration of block copolymer self-assembly versus biocompatibility definitely is 

worthwhile. In addition, block copolymers are an interesting class of materials for other 

(nanotechnological) applications. Deposited films may exhibit highly ordered domains with sizes 

in the range of 10-100 nm. These ordered structures may find application as patterning templates 

for microelectronic devices, site-selective deposition of biomaterials, etc.2. 

 
Figure 1. a, b) Tapping mode Scanning Force Microscopy phase image of thin Styrene Butadiene Styrene 
films on silicon substrates after annealing in chloroform vapour (cf. reference 3). The surface is covered 
with a homogeneous ~10 nm thick polybutadiene (PB) layer. Dark areas correspond to PB microdomains 
and bright areas to polystyrene (PS) below this top PB layer. Contour lines calculated from the 
corresponding height images are superimposed. c) Schematic height profile of the phase images shown in 
(a, b). d) Simulation of an A3B12A3 block copolymer film in one large simulation box with film thickness 
increasing from left to right. The isodensity surface ρ = 0.5 is shown3. 
 

8.3 Biofilm Formation 

 

As discussed in Chapter 1, insight in biofouling processes is a prerequisite for the development 

of benign antifouling coatings. The experimental set-up used to study biofilm formation and 

growth (cf. Chapter 6) in combination with the use of confocal laser scanning microscopy (CLSM) 

and appropriate staining procedure proved to be a powerful tool to obtain detailed information 

about the initial stages of the fouling proces4. We have shown that the oligo(ethylene glycol) 

methacrylate random and block  copolymers reduced fouling in this experimental set-up with 60%. 

This is a promising result if one considers the fact that this was accomplished in the absence of 

biocides! The study of phototrophic biofilms, especially in-situ, as done, for example at the 

Netherlands Institute of Ecology (NIOO-KNAW, Yerseke, the Netherlands) is, however, still in its 
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infancy. The precise variables concerning biofilm evolution and its dependence on external 

chemical, biological and physical stimuli are still not fully resolved. In addition during the last 

decades biological signalling, also termed quorum sensing, has generated much excitement. Its 

relationship to biofilm formation (or prevention) also requires further research5. 

 

8.4 Future Prospects of Antifouling Coatings 

 

The ultimate test for an environmentally benign antifouling coating, i.e. application on a ship’s 

hull, is still a future prospect. Before our random and block copolymers can be applied as binder 

material in a proper coating formulation additional research has to be conducted. Polymer 

properties have to be modified in such a way that the polymer materials are compatible with: 1) 

other components of the coating formulation (for example, basecoat), 2) the specific underlying 

substrate (adhesive properties), and 3) long term exposure to dynamic environments, e.g. different 

salt concentrations, changing temperature, light (UV/Vis) intensity, turbulent water flows and 

varying biological populations etc.. It could be that the specific mechanisms behind the anti-

fouling behaviour of oligo(ethylene glycol)s vanishes when the coating is cross-linked to the 

surface or interacts/reacts with another binder in the coating formulation.  

Since in the nearby future numerous biocides that are still in use in antifouling coatings will be 

prohibited world-wide, the search for possible broad spectrum natural biocides will also require 

further attention. Thus, the development of antifouling coatings remains an ongoing issue for 

interdisciplinary research. 
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Poly- and oligo(ethylene glycol)s are known for their ability to suppress the adsorption of 

biomolecules and cells on surfaces. The undesired growth of biomolecules, cells and organisms on 

surfaces is generally referred to as (bio)fouling (cf. Chapter 1). In this thesis is shown that when 

using these ethylene glycol chains in either monolayers or polymeric architectures the fouling 

could be significantly reduced. 

In Chapter 2 the regio- and stereo-selective synthesis of oligo(propylene glycol)s (OPG) with 

tail-to-tail and head-to-tail ether linkages from enantiomerically pure ethyl S(-)-lactate is reported. 

Furthermore chiral and racemic hybrids of oligo(ethylene glycol)s and oligo(propylene glycol)s 

were prepared (Williamson etherification). The conformational properties of (S)-2-(2-{2-[2-

methoxy-propoxy]ethoxy}ethoxy)ethanol (26) and (S)-1-(2-{2-[2-methoxyethoxy]ethoxy}ethoxy)-

propan-2-ol (27) two (chiral) OEG/PG hybrids are assessed with 1H-NMR spectroscopy, Spectral 

simulations and ab initio calculations. It is shown that the end-group of the PG unit markedly 

affects the number of conformers that contribute to the equilibrium mixture in solution at 298 K. 

In Chapter 3 covalently attached monolayers (CAMs) of terminal alkenyl substituted 

oligo(ethylene glycol)/oligo(propylene glycol) hybrids on Si(100) surfaces were prepared by 

hydrosilylation initiated either by heat treatment or irradiation using visible light. The resulting 

monolayers were characterised using static contact angle measurements, ATR-IR spectroscopy, 

ellipsometry (thickness measurements) and protein adsorption experiments. As model proteins 

fibrinogen and lysozyme in PBS buffer were used. The CAMs did not show the same level of 

protein resistivity as comparable monolayers on Au (111) (Self- Assembled monolayers SAMs). 

The SAMs on Au (111) neither adsorb fibrinogen or lysozyme (cf. Chapter 4). For related CAMs, 

however, the relative amount of fibrinogen adsorption varied between 71-100% relative to 

hydrophobic hexadecene layers, whereas for lysozyme the adsorption varied between 39-91%. 

This is tentatively attributed to differences in intermolecular packing density of the respective 

monolayers, which for the CAMs is dependant on the applied preparation procedure. The packing 

density in the case of CAMs is decisively lower than that of the corresponding SAMs. 

The synthesis of alkanelthiols end-functionalised with hybrid oligo(ethylene)/oligo(propylene 

glycol)s containing either chiral (S-configuration) or racemic propylene glycol moieties is reported 

in Chapter 4. Self-Assembled Monolayers (SAMs) of alkanelthiol oligo(ethylene 

glycol)/(propylene glycol)s on Au (111) were obtained and characterised with static contact angle 

and ellipsometry measurements, IRRAS and protein adsorption experiments (fibrinogen and 

lysozyme). Ellipsometric measurements revealed a thickness of the SAMs that corresponds well 
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with the calculated length of the molecules. SAMs 2, 3 and 4 were found to be effectively protein 

resistant, while SAM 5 and SAM 6 adsorbed fibrinogen (34-48%) and lysozyme (30-34%). 

Whereas SAM 4 (containing the chiral PG unit) is merely complete protein resistant (8% and 5%) 

for fibrinogen and lysozyme, its racemic analogue SAM 6 is considerably less protein resistant 

(51% and 45%), clearly an effect of chirality as well. In the case of 5 the adsorption is attributed to 

the effect of the extra methyl moiety on the exterior of the SAM. This is supported with IRRAS 

measurements that shows less packing of the alkyl parts 2927 cm-1 2856 cm-1 and disordered EG 

regions for the racemic SAM. 

The synthesis of typical oligo(ethylene glycol) functionalised copolymethacrylates is presented 

in Chapter 5. Both random and block copolymers were synthesised. For the random copolymers 

conventional free radical copolymerisation methods were used. The block copolymers were 

obtained by making use of the reversible addition-fragmentation transfer (RAFT) polymerisation 

method using cumyl dithiobenzoate as the RAFT agent. The random and block copolymers were 

characterised using of 1H- and 13C-NMR spectroscopy, size-exclusion chromatography (SEC), 

Differential Scanning Calorimetry (DSC) and IR spectroscopy. The assembly behaviour of the 

block copolymer P[EG3MA-block-BMA](55) 6 in aqueous solution was investigated using a 

fluorescence probe technique, light scattering and cryo-TEM experiments. After deposition of the 

random and block copolymers on either hydrophilic or hydrophobic Si (100) surfaces, their surface 

topology and morphology was studied using tapping-mode AFM. Since the random and block 

copolymers may find application as novel and benign antifouling polymers, subsequently their 

adhesion behaviour upon prolonged immersion in aqueous environment after deposition on either 

hydrophilic or hydrophobic glass slides was evaluated. 

In Chapter 6 the random and block copolymer P[EG3-co-BMA](43) and P[EG3MA-block-

BMA](55) were deposited on glass slides via drop-casting and the morphology of the deposited 

thin films was assessed with atomic force microscopy (AFM). Biofilm formation on the random 

copolymers P[EG3MA-co-BMA](24), P[EG3-co-BMA](43) and P[EG4MA-co-BMA](61) and the 

block copolymer P[EG3MA-block-BMA](55) was studied in time by following the growth of 

bacteria and diatoms and the production of extracellular polymeric substances (EPS) by using 

confocal laser scanning microscopy (CLSM) in a carefully controlled experimental fouling set-up 

(NIOO-KNAW) with natural sea-water (Ossterschelde, Yerseke, the Netherlands). The results of 

the monitoring of the growth of diatoms and the production of EPS demonstrated that the coatings 

suppress deposition of the amount of biological material by almost 60%. This was substantiated by 

pulse-amplitude modulated (PAM) fluorescence experiments. Especially the block copolymer 

P[EG3MA-block-BMA](55) was found to possess the best antifouling properties; this is a 
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consequence of its assembly behaviour. It is concluded that the random and block copolymers of 

proper composition represent viable binder materials for the preparation of new benign anti-

fouling coating systems. 

The adhesive properties of some typical oligo(ethylene glycol) containing 

polymethacrylates on a commercial primer (basecoat: SigmaPrime®) deposited on a steel substrate 

were evaluated, Chapter 7, for their potential use in long-term antifouling study in a proper 

marine environment. It was found that the random copolymers P[EG3MA-co-BMA](50) and 

P[EG3MA-co-GMA](90) adhered well to the steel substrates covered with SigmaPrime® basecoat. 

The block copolymer P[EG3MA-block-BMA](55), which strongly adhered to hydrophobic glass 

slides, gave after deposition on top of the SigmaPrime® basecoat covered steel substrates a free-

standing film during exposure to water. Infrared analysis of the polymer P[EG3MA-co-BMA](50) 

after deposition on either hydrophilic glass slides or SigmaPrime® coated steel substrates showed 

moderate differences in the fingerprint region, indicative for the occurrence of substrate dependant 

interactions. Preliminary antifouling studies showed that the copolymers perform less well then 

after deposition on glass slides (cf. Chapter 6). More extended compatibility studies are required to 

improve adhesion before proper long-term antifouling experiments can be pursued. 

Future prospects of antifouling coatings, the ultimate test, application of our polymer 

materials on a ship’s hull, is still a future prospect, but the concept proved to be valuable as an 

alternative for the banned tributyl tin containing coating. The random and block copolymer 

properties have to be adjusted in such way that they can be used as a robust coating that withstands 

long term subjection to different hazardous environments, e.g. high salt concentration, light (UV) 

intensity and turbulent water flows. Besides this research opens up a lot of opportunities in using 

these ethylene glycol functionalised polymethacrylates to be used in a variety of disciplines were 

reduction of fouling is desirable. One could envisage that these polymer materials may also be 

used to cover artificial organs, contact lenses, etc.. Very practically, these polymer materials could 

be applied in bathrooms to avoid growth of fungi. 
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Poly- en oligo(ethyleen glycolen) staan bekend om hun eigenschap om de adsorptie van 

biomoleculen en cellen op oppervlakten tegen te gaan. De aangroei van biomoleculen, cellen en 

organismen op oppervlakten waar dit niet gewenst wordt (bio)fouling genoemd. In dit proefschrift 

is aangetoond dat het gebruik van deze ethyleen glycol ketens, zowel in monolagen als in 

polymeren architecturen, biofouling significant kan reduceren. 

In Hoofdstuk 2 wordt de stereo- and regio-selectieve synthese van oligo(propyleen glycolen) 

(OPG), met staart-staart en kop-staart ether bindingen, vanuit enantiomeer zuiver ethyl (S)(-)-

lactaat beschreven. Daarnaast werden ook hybriden van oligo(ethyleen glycolen) en 

oligo(propyleen glycolen) gemaakt (Williamson verethering). De conformationele eigenschappen 

van de OPG eenheid van (S)-2-(2-{2-[2-methoxypropoxy]ethoxy}ethoxy)ethanol (26) and (S)-1-

(2-{2-[2-methoxy-ethoxy]ethoxy}ethoxy)-propan-2-ol (27), twee chirale OEG/OPG hybriden, zijn 

nader onderzocht met 1H-NMR spectroscopie (ontkoppeld), simulatie experimenten en ab initio 

berekeningen. Aangetoond is dat de eindgroep van de OPG eenheid een groot effect heeft op het 

aantal conformeren die een bijdrage leveren aan het evenwichtsmengsel bij 298 K. 

In Hoofdstuk 3 zijn covalent gebonden monolagen (CAMs) van alkenen met oligo(ethyleen 

glycol) en hybride oligo(ethyleen glycol/propyleen glycol) eindgroepen op Si(100) oppervlakten 

gemaakt, zowel door hydrosilylering met warmte of door bestraling (zichtbaar licht). De 

monolagen werden gekarakteriseerd met statische contacthoek metingen, ATR-IR spectroscopie, 

ellipsometrie (laagdikte metingen) en eiwit adsorptie experimenten. Als modeleiwitten werden 

fibrinogeen en lysozym in PBS buffer gebruikt. De CAMs vertoonden niet dezelfde 

eiwitresistentie als vergelijkbare monolagen op Au(111) (zelf-geassembleerde monolagen 

‘SAMs’). Deze ‘SAMs’ adsorberen geen fibrinogeen en geen lysozym. In het geval van de CAMs 

varieerde de fibrinogeen adsorptie tussen de 71-100% ten opzichte van een hydrofobe hexadeceen 

laag, terwijl voor lysozym de adsorptie varieert tussen de 39-91%. Dit wordt waarschijnlijk 

veroorzaakt door verschillen in intermoleculaire pakking in de respectievelijke monolagen. De 

pakking in het geval van de CAMs is slechter (lagere intermoleculaire pakkingsdichtheid) dan die 

van de gerelateerde SAMs. 

De synthese van alkaanlthiolen met hybride oligo(ethyleen glycol)/(propyleen glycol) 

eindgroepen waarbij de propyleen glycol eenheid dan wel chiraal (S-configuratie) dan wel 

racemisch is, wordt beschreven in Hoofdstuk 4. Zelf-geassembleerde monolagen (‘SAMs’) van 

deze alkaanlthiol derivaten op Au(111) werden verkregen en gekarakteriseerd met statische 

contacthoek metingen, ellipsometrie, IRRAS en eiwitadsorptie experimenten. Met ellipsometrie 
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metingen werd aangetoond dat de dikte van de ‘SAMs’ goed overeenkomt met de berekende 

lengten van de moleculen. SAMs 2, 3 en 4 lieten hoge eiwitresistentie (fibrinogeen en lysozyme) 

zien, terwijl SAM 5 en SAM 6 wel de eiwitten fibrinogeen (34-48%) en lysozym (30-34%) 

adsorberen. Terwijl SAM 4 haast resistent is (8% en 5%) voor fibrinogeen en lysozym, is zijn 

racemische analoog SAM 6 veel minder eiwitresistent (51% en 45%). Deze resultaten laten zien 

dat de aanwezigheid van chiraliteit de uiteindelijke eiwitresistentie beïnvloeden. In het geval van 

SAM 5 moet de adsorptie toegekend worden aan de extra methyl groep aan de buitenzijde (meer 

hydrofoob oppervlak). IRRAS metingen ondersteunen deze analyse en laat minder dichte pakking 

van de alkyl groepen zien 2927 cm-1 2856 cm-1, in het EG gebied is meer wanorde zichtbaar voor 

SAM 6 (racemische PG-enheid). 

De synthese van typische oligo(ethyleen glycol) gefunctionaliseerde copolymethacrylaten 

wordt gepresenteerd in Hoofdstuk 5. Zowel random als blok copolymeren werden gesynthetiseerd 

door gebruik te maken van vrije radicaal polymerisatie methoden. De blok copolymeren werden 

verkregen met behulp van de reversibele additie-fragmentatie transfer (RAFT) polymerisatie 

methode, waarbij cumyl dithiobenzoaat als RAFT agens wordt gebruikt. De random en blok 

copolymeren werden gekarakteriseerd met 1H- en 13C-NMR spectroscopie, size-exclusion 

chromatografie (SEC), differential scanning calorimetrie (DSC) en IR spectroscopie. Het 

assemblage gedrag van het blok copolymeer, P[EG3MA-blok-BMA](55) 6 in waterig milieu werd 

bestudeerd met behulp van fluorescente probe (pyreen) technieken, lichtverstrooiing en cryo-TEM 

experimenten. Na depositie van de random en blok copolymeren op hydrofiele dan wel hydrofobe 

Si(100) oppervlakten, werd de oppervlakte topologie/morfologie bestudeerd met tapping-mode 

AFM. Aangezien de random en blok copolymeren toegepast zouden kunnen worden als nieuwe en 

milieuvriendelijke antifouling polymeren, is inzicht in hun adhesiegedrag aan relevante substraten 

van belang. De adhesie, onder lange onderdompeling in waterig milieu, werd geëvalueerd na 

depositie van  P[EG3MA-co-BMA](43) en P[EG3MA-blok-BMA](55) op zowel hydrofiele als 

hydrofobe glas platen. 

In hoofdstuk 6 werden de random en blok copolymeren P[EG3MA-co-BMA](43) en 

P[EG3MA-blok-BMA](55) gedeponeerd op glas platen en de morfologie werd bepaald met 

atomaire kracht microscopie (AFM). Biofilmvorming op de random copolymeren, P[EG3MA-co-

BMA](24), P[EG3MA-co-BMA](43) en P[EG4MA-co-BMA](61) en het blok copolymeer 

P[EG3MA-blok-BMA](55), werd bestudeerd met confocale laser scanning microscopie (CLSM), 

door de groei van bacteriën en diatomeeën en extracellulair polymeer materiaal (EPS) in de tijd te 

volgen in een experimentele fouling set-up in natuurlijk zeewater. De resultaten van de groei van 

diatomeeën en de productie van EPS laten een afname zien van biologisch materiaal van bijna 

158 



Samenvatting 

60%. Deze resultaten worden ondersteund door pulse-amplitude gemoduleerde (PAM) 

fluorescentie experimenten. Het blok copolymeer vertoonde de beste antifouling eigenschappen, 

het assemblage gedrag speelt klaarblijkelijk een belangrijke rol. Geconcludeerd kan worden dat 

deze random en blok copolymeren, met de juiste compositie, als binder materialen voor nieuwe 

milieuvriendelijke antifouling coatings gebruikt moeten kunnen worden. 

De adhesie eigenschappen van een aantal typische oligo(ethyleen glycol) bevattende 

copolymethacrylaten op een commerciële grondverf (SigmaPrime® basecoat) aangebracht op staal 

substraten, werd geëvalueerd voor potentieel gebruik in een lange termijn antifouling studie in een 

juiste zeeomgeving. Voor de random copolymeren P[EG3MA-co-BMA](45) en P[EG3MA-co-

GMA](90) werd gevonden dat deze goed aan het met SigmaPrime® bedekte staalsubstraat bleven 

hechten. Het blok copolymeer P[EG3MA-blok-BMA](55), die sterk aan hydrofoob glas hecht, 

geeft na depositie op een met SigmaPrime® bedekt staal substraat een vrij-staande film bij 

blootstelling aan water Infrarood analyse van het copolymeer P[EG3MA-co-BMA](45) na 

depositie op SigmaPrime® bedekte staal substraten laat kleine verschillen zien in het fingerprint 

gebied. Dit is indicatief voor substraat afhankelijke interacties. Initiële antifouling studies laten 

zien dat de polymeren minder goed werken dan na depositie op glas platen (zie hoofdstuk 6). 

Verdere compatibiliteit studies zijn nodig om de hechting te verbeteren, voordat nette lange 

termijn antifouling experimenten voortgezet kunnen worden. 

Vooruitzichten, de ultieme test, applicatie op een scheepswand van een schip, is nog ver weg, 

maar het concept heeft zich bewezen als een waardeval alternatief voor de verbannen tributyl tin 

bevattende coatings. De eigenschappen van het polymeer moeten zo aangepast worden dat het 

gebruikt kan worden als een robuuste coating tegen langdurige onderwerping aan extreme milieus, 

zoals hoge zout concentraties, licht (UV) intensiteit en turbulente waterstromingen. Daarnaast 

levert dit onderzoek een opening naar een flink aantal mogelijkheden voor het gebruik van deze 

oligo(ethyleen glycol) gefunctionaliseerde polymethacrylaten in tal van verschillende disciplines 

waar de reductie van fouling gewenst is. Stel systemen voor die gebruikt kunnen worden in 

kunstmatige organen, contact lenzen, etc.. Daarnaast kunnen de polymere architecturen gebruikt 

worden in badkamers om schimmelgroei tegen te gaan. 
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Het fouling probleem. 
 
In dit deel van het proefschrift zal ik proberen een samenvatting te geven voor 

mensen met een minder ontwikkelde kennis van de chemie. 

Al vanaf het moment dat de mensheid gebruik maakt van het vervoer over het 

water, zitten we met het probleem van de aangroei van biologisch materiaal, 

zoals algen en mosselen, aan de buitenkant van een scheepsromp. Dit noemen 

we fouling. Door deze aangroei zal het schip zijn stroomlijn verliezen en 

vervolgens moeilijker door het water kunnen glijden. Een gevolg is dat er 

meer brandstof verstookt moet worden om dezelfde snelheid te houden. Deze 

extra hoeveelheid brandstof kan oplopen tot 40%! Een enorme kostenpost en 

fossiele brandstoffen zijn schaars. Het belangrijkste gedeelte van het 

promotieonderzoek is besteed om speciale moleculen te maken die de 

aangroei van biologisch materiaal tegengaan of vertragen, zonder gebruik te 

maken van het tot nu toe veel gebruikte giftige tributyl tin (TBT). Uiteindelijk 

zullen deze moleculen gebruikt gaan worden in een nieuwe antifouling verf. 

 

Een oplossing. 

 

De speciale moleculen die ik gemaakt heb worden oligo(ethyleen glycolen) 

genoemd, vaak afgekort als OEG. Deze moleculen staan in de 

wetenschappelijke wereld sinds lange tijd bekend om hun vermogen om 

kleine biomoleculen te kunnen afstoten. Helaas is er een probleem. De 

genoemde OEGs zijn waterminnend; ze zijn namelijk volledig oplosbaar in 

water. Voordat deze moleculen gebruikt kunnen worden als een antifouling 

verf, moeten ze worden aangepast. Hoe dit nu aan te pakken? Er zijn 

verschillende mogelijkheden om dit probleem te ondervangen en een aantal 

daarvan worden beschreven. Eén oplossing die ik gebruikt heb is, een niet-

wateroplosbaar (hydrofoob) stuk aan het molecuul te koppelen door gebruik 

te maken van de organisch chemische synthese. 

 

 161



Samenvatting voor leken 

Vraagstelling. 

 

Nu we weten dat we het praktische probleem van de wateroplosbaarheid met 

behulp van de chemie (synthese) kunnen oplossen, kunnen we de antifouling 

eigenschappen van deze moleculen bestuderen. Alleen maar weten dat iets 

werkt is niet voldoende, we willen ook weten hoe dit werkt.  

 

1) Oligo(ethyleen glycolen) kunnen biomoleculen afstoten, maar 

waarom kunnen ze dat en hoe gaat dat precies in zijn werk? 

2) Hoe zit het nu met dat fouling proces, hoe begint het en wat voor 

soort organismen zijn er bij betrokken? Wat is de invloed van 

temperatuur, licht (dag/nacht), jaargetijde, etc. 

 

Antwoorden op dit soort vragen zijn van belang voor de wetenschap en 

significant voor de ontwikkeling van milieuvriendelijke antifouling verven. 

 

Spiegelbeeldmoleculen. 

 

Voordat ik specifieker op de vragen 1) en 2) in zal gaan, moet eerst een 

belangrijk concept uit de chemie uitgelegd worden. Het gaat om het concept 

dat we chiraliteit of spiegelbeeldisomerie noemen. Ter verduidelijking zal ik 

een tweetal voorbeelden geven. Je linker- en rechterhand zijn spiegelbeelden 

van elkaar en zij zijn dus ook chiraal. (Door één hand voor de spiegel te 

houden zie je dat het spiegelbeeld met de andere hand overeenkomt) Als 

tweede voorbeeld van chiraliteit is er nog de schroef, zoals in het plaatje 

hieronder, waar de rechtsdraaiende variant te zien is. Deze schroef, ook wel 

een helix genoemd, is een speciale structuur (conformatie) waarin het 

oligo(ethyleen glycol) molecuul kan voorkomen. Van deze structuur wordt 

gedacht dat het een belangrijke randvoorwaarde is voor bio-resistent gedrag. 

In Figuur 1 is een OEG, omringd door watermoleculen, te zien. In stap A 

nadert er een biomolecuul, “de springveer” wordt ingedrukt en de 

watermoleculen ertussenuit geperst. Dit is geen energetisch gunstige situatie, 

want de OEG  
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wil watermoleculen om zich heen hebben en net als een gewone veer niet 

onder druk staan. In stap B kan je zien dat het biomolecuul wordt afgestoten 

en “de springveer” weer in zijn energetisch gunstige rusttoestand terechtkomt. 

Bedenk bij onderstaand Figuur dat niet 1 molecuul aanwezig is, maar dat 

meerdere veren aanwezig zijn. 

 

A B

 
Figuur 1. Werkingsprincipe van de moleculaire OEG veer. 

 

Moleculen bouwen. 

 

De oligo(ethyleen glycolen) en aanverwante niet wateroplosbare moleculen 

moeten eerst gemaakt worden. Hoofdstuk 2 geeft een beschrijving van de 

synthese van oligo(ethyleen glycolen) en derivaten. Deze moleculen, waarvan 

sommige chiraal zijn, worden in de daarop volgende hoofdstukken steeds 

gebruikt om een antwoord te verkrijgen op vraagstelling 1. Een gedetailleerde 

beschrijving van de synthese van de moleculen is hier bewust achterwege 

gelaten. Ik zal nu uitleggen wat wij met die gesynthetiseerde moleculen 

gedaan hebben. 

 

Modelsystemen. 

 

Monolagen zijn zoals de naam aangeeft, lagen met een dikte van één (= 

mono) molecuul. Deze monolagen zijn uitermate geschikt om eigenschappen 

van moleculen te bestuderen en kunnen een antwoord 
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geven op vraagstelling 1. In hoofdstuk 3 zijn van een aantal verschillende 

OEGs monolagen gemaakt die vastgemaakt zijn aan een silicium oppervlak. 

Deze reactie kan zowel onder invloed van warmte of van licht verlopen. De 

monolaag die hierdoor ontstaat, noemen we een covalent gebonden 

monolaag. In hoofdstuk 4 is een ander soort monolagen bestudeerd, te weten 

zelf geassembleerde monolagen. Dit betekent dat de monolaag vanzelf 

ontstaat als je een oppervlak, in ons geval goud, in een oplossing dompelt 

waarin de OEG moleculen zich bevinden. De moleculen in de monolagen 

zitten goed verankerd op het oppervlak. Dit is ook een manier om de 

wateroplosbaarheid van de moleculen tegen te gaan. Nadat de monolagen 

gemaakt (covalent) of uit zichzelf gevormd (assemblage) zijn, werden de 

lagen bestudeerd met een heel scala aan apparatuur. Verder werd er gekeken 

of de monolagen, bepaalde biomoleculen konden afstoten. Wat ik ontdekt heb 

is, dat wanneer een monolaag is opgebouwd uit één soort spiegelbeeld 

moleculen ze eiwitten konden afstoten. Terwijl als een één op één mengsel 

wordt gebruikt van de twee spiegelbeeld moleculen ze niet eiwit afstotend 

zijn. Verder is duidelijk geworden dat de monolagen op silicium het niet zo 

goed doen als de monolagen op goud. Dit kan verklaard worden door het feit 

dat op goud meer veren op het oppervlak naast elkaar kunnen voorkomen dan 

op silicium (pakkingsdichtheid). 

 

In de praktijk. 

 

De monolagen zijn bij uitstek geschikt als modelsystemen, maar het gebruik 

van met goud beslagen schepen zal een kostbare aangelegenheid worden. We 

moeten iets hebben dat op een eenvoudige wijze aangebracht kan worden. 

Polymeren, zijn een speciaal soort organische moleculen, bestaande uit zeer 

lange steeds repeterende eenheden (monomeren). Ter vergelijking; stel u een 

menselijke haar voor met de lengte van één meter, dit is het polymeer, terwijl 

een klein molecuul misschien maar een millimeter lang is. Doordat deze 

moleculen zo lang zijn, hebben zij de eigenschappen die specifiek zijn voor 

het polymeer. Het hoofdbestanddeel van verven zijn meestal polymeren. Dit 

is ook het geval is voor antifouling verfsystemen. De hoofdstukken  
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5, 6 en 7 beschrijven achtereenvolgens de synthese en karakterisering van een 

aantal polymeren en hun antifouling eigenschappen. Al deze polymeren 

hebben de bekende OEG moleculen in zich. Aangezien de polymeren in een 

aantal opzichten zich na depositie op oppervlakken anders gedragen dan de 

monolaag modelsystemen, is met o.a. microscopische technieken naar het 

gedrag van deze lange moleculen na depositie op oppervlakten of in water. 

Het testen van de polymeren in een proefopstelling die de condities nabootst 

zoals aan het oppervlak van de romp van een schip, wordt beschreven in 

hoofdstukken 6 en 7. Met behulp van een geavanceerde microscoop 

Confocale Laser Scanning Microscopie (CLSM) hebben zeebiologen, waar 

we mee hebben samengewerkt, in Yerseke (NIOO-KNAW#) de groei van 

organismen op deze polymeer oppervlakken bestudeerd. Er wordt een 

reductie van biofilmvorming en groei van circa 60% gevonden. Verder is het 

duidelijk geworden dat er een bepaalde volgorde is waarin verschillende 

soorten organismen zich nestelen op een oppervlak. 

 

Tot slot. 

 

Afsluitend kan er geconcludeerd worden dat nieuwe polymeren gemaakt zijn 

die gebruikt kunnen worden als bestandsdeel van een antifouling verf. Verder 

is het de oplettende lezer natuurlijk niet ontgaan dat  meer inzicht is verkregen 

in de wetenschappelijke vraagstelingen (1) en (2) die eerder zijn voorgelegd. 

 

1) Door gebruik te maken van chirale OEG derivaten hebben we 

aangetoond dat de specifieke schroef conformatie van belang is bij het 

afstoten van biomoleculen. 

2) Er is door dit project een beter beeld ontstaan van het fouling proces. 

 

Als laatste wil ik nog aangeven dat lang niet alle vragen zijn beantwoord. 

Sterker nog, er zijn ook weer nieuwe vragen ontstaan gedurende dit project. 

Dit is natuurlijk een interessante ontwikkeling aangezien er nu weer een 

nieuw project gestart kan worden om deze vragen te beantwoorden en 

natuurlijk om die laatste 40% aangroei tegen te gaan. 
                                                 
# Nederlands Instituut voor Ecologie 
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