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Abs. absolute DMAP 4-(dimethylaminopropyl) pyridine 

AcOH acetic acid DMF dimethylformamide 

AFM/SPM 
atomic force 
microscopy/scanning probe 
microscopy 

DMPP dimethylphenylphosphine 

AIBN azobisisobutyronitrile DOSY diffusion ordered NMR spectroscopy 

Ala alanine DOX doxorubicin 

Anh. anhydrous DPPA diphenylphosphoryl azide 

Atm. atmosphere EDCI 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide 

BBB blood-brain barrier EDX energy-dispersive x-ray spectroscopy 

BGNPs bioactive glass NPs e.g. exempli gratia (for example) 

BHT butylated hydroxytoluene EGTA ethylene glycol-bis(β-aminoethyl 
ether)-n,n,n′,n′-tetraacetic acid 

Bs broad signal Equiv. equivalent 

BSA bovine serum albumin et al. et alia (and others) 

CA contact angle EtOAc ethyl acetate 

ca. circa EtOH ethanol 

Cat catechol GPC gel permeation chromatography 

CCDP 2-chloro-3’,4’-
dihydroxyacetophenone 

h hour 

CHT chitosan HA hyaluronic acid 

CNT carbon nanotube HNT halloysite nanotube 

COS chitooligosaccharides HRMS high resolution mass spectroscopy 

Cys cysteine i.e. id est (that is) 

DA dopamine IONP iron oxide np 

DAPI 4′,6-diamidino-2-
phenylindole 

IR (ATR) infrared spectroscopy  in attenuated 
total reflection 

DBAD di-tert-butyl 
azodicarboxylate 

LBL layer-by-layer 

DBU 1,8-diazabicyclo 
[5.4.0]undec-7-ene 

L-DOPA 3,4-dihydroxyphenyl-l-alanine 

DIPEA N,N-diisopropylethylamine Me- methyl 

DLS dynamic light scattering mfps mussel foot proteins 

DMA dopamine methacrylamide Min minute 

https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy#:~:text=Energy-dispersive%20X-ray%20spectroscopy%20%28EDS%2C%20EDX%2C%20EDXS%20or%20XEDS%29%2C,elemental%20analysis%20or%20chemical%20characterization%20of%20a%20sample.
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ML multidentate ligand PPEGMA poly((polyethylene glycol) methyl 
ether methacrylate) 

MNP magnetite NP PTT photothermal therapy 

MRI magnetic ressonance 
imaging 

PU polyurethane 

MSNP mesoporous silica NP Py pyridine 

MW microwave QDs quantum dots 

Mw molecular weight Quant. quantitative 

MWCNTs multi-walled carbon 
nanotubes 

RAFT reversible  addition fragmentation 
chain-transfer 

NMR nuclear magnetic 
ressonance 

rt room temperature 

NP nanoparticle SAMs self-assembled monolayers 

OA oleic acid SDS dodecyl sulphate 

OCA oil contact angle SEM scanning electron microscopy 

-OMs mesylate SGNPs spiky gold NPs 

-OTs tosylate SN2 bimolecular nucleophilic substitution  

o/w oil in water SS stainless steel 

PA polyamine STEM scanning transmission electron 
microscopy 

PBS phosphate buffer saline t-BuO tert-butoxyde 

PCL poly(ε-caprolactone) TDC tetradecane 

PD Parkinson’s desease TEA triethylamine 

PDA polydopamine TEM transmission electron microscopy 

PDI polydispersity index Temp.  temperature 

PDMA poly(dimethylaminoethyl 
methacrylate) 

TFA trifluoroacetic acid 

PDMS poly(dimethylsiloxane) THF tetrahydrofuran 

PEG polyethylene glycol chain TLC thin layer chromatography 

PEO polyethylene oxide TRIS tris(hydroxymethyl)aminomethane 

PES polyethersulphone Tyr tyrosine 

PFA paraformaldehyde UV ultraviolet 

PI polyimide vs. versus 

PLGA poly(lactic-co-glycolic acid) WCA water contact angle 

PMMA poly(methyl methacrylate)   
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GENERAL INTRODUCTION 

 

“I think Nature’s imagination is so much greater than man’s, she’s never 

gonna let us relax!” – Richard Phillips Feynman 
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1.1. CATECHOLS IN NATURE1 

Catechols (cat) (o-dihydroxybenzene) are aromatic derivatives bearing two neighbouring 

(ortho-) hydroxyl groups that can be found in a wide variety of environments in nature because 

of their physicochemical versatility. Although the catechol is an apparently simple moiety, its 

chemistry is more complex and challenging than one could expect. The presence of two 

hydroxyl groups in adjacent positions makes this moiety ideal for bidentate coordination and 

hydrogen bonding either to metal ions, surfaces or other organic functional groups. In 

accordance with these range of functionalities, naturally occurring catechols perform a variety 

of functions and can exist either as simple molecular systems, forming part of supramolecular 

structures, coordinated to different metal ions, or, as macromolecules.2 For example, 

catecholamine neurotransmitters, such as dopamine (DA), noradrenaline and adrenaline, 

occupy key positions in the regulation of physiological processes and the development of 

neurological, cardiovascular, psychiatric and endocrine diseases (Figure 1.1a).3 The health 

benefits of dietary polyphenolics present in wines, chocolate, tea, fruits and vegetables are 

related to their antioxidant properties, which reduce the risk of degenerative and chronic 

diseases.4,5 Siderophores are ones of the strongest soluble Fe3+ binding agents known 

compounds secreted by microorganisms (Figure 1.1b).2 But among all of them, particularly 

relevant is the presence of the catecholic amino acid 3,4-dihydroxyphenyl-L-alanine (L-DOPA) 

in adhesive proteins of mussels (Figure 1.1c). 

The strong underwater adhesion shown by some catechol-containing natural materials has 

attracted increasing attention during the last years and has become a source of inspiration for 

novel synthetic materials. Several marine organismes like mussels and sandcastle worms6,7 

secrete proteinaceous substances that contain a high concentration of the catecholic amino 

acid L-DOPA, which has been directly associated to their strong adhesion to virtually any 

substrate.8,9 The role of the L-DOPA moiety in natural adhesives is two-fold: on one hand, it 

serves as anchor as it can adsorb onto surfaces by different mechanisms, such as metal 

bidentate coordination,10,11 π-π stacking, π-cation, or, electrostatic and hydrogen bonding.9,12 

Besides, the oxidised DOPA-quinone form is formed readily at pH   8.5 and enables chemical 

reaction with nucleophiles (e.g. thiols and amines). In addition, the presence of these multiple 

intermolecular interactions and the quinone can act as covalent cross-linkers providing 

cohesion to the adhesive.13,14,15 

 

https://en.wikipedia.org/wiki/Microorganism
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Figure 1.1. Chemical structures of a variety of natural catechol derivatives with different activities and 

functions. a) Catechol moiety, and DA and adrenaline neurotransmitters. b) Enterobactin, an Fe
3+

 

chelating agent siderophore. c) L-DOPA amino acid present in mussel foot proteins (top). The mussel 

byssus. The core of the adhesive plaque consists of a porous complex coacervate with mussel foot 

proteins (mfps) with low L-DOPA concentrations (mpf 2, 4). Mfps at the adhesive interface (mfp 3, 5, 6) 

have high L-DOPA content.
16

  

 

1.2. CHEMISTRY OF CATECHOLS 

Most of the amazing properties of catechols previously described are attributed to their rich 

chemistry. However, fully understanding of it is still the subject of active study. Catechol 

moieties might exist in three possible oxidation states: the fully reduced catechol form, the 

semi-oxidised free-radical state called semiquinone and the completely oxidised form quinone. 

In the presence of an oxidant, the oxidation of catechol can occur spontenously under mild 

basic conditions to give the corresponding semiquinone through a one-electron transfer and 

the quinone by a two electron process. Quinones are strong electrophiles and can react with 

nucleophilic moieties, such as amines, through Michael-type reactions or giving Schiff-base-

type adducts (Figure 1.2),17 resulting in adhesion to wet surfaces.  
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Figure 1.2. Redox activity and reactivity of the catechol group. 

Moreover, the catechol group can physically interact with various organic/inorganic materials 

through metal coordination, π–π stacking, cation-π interaction, and hydrogen bonding, all of 

which are responsible for the mussel adhesion (Figure 1.3).18  

π-π stacking

 
Figure 1.3. Typical interactions of catechols with different surfaces.

19
 

Interestingly, there are a lot of studies about the role of the catechol moiety in the absorption 

processes, but none of them related with the amino group in the case of catechol materials 

that contain amines in their structures (e.g. DA, or, L-DOPA). It is suggested that amines can 

interact via ionic interactions with negatively charged surfaces,20,21 and through Michael-type 
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addition and Schiff-base formation can intermolecular cross-link with o-quinones.22 Therefore, 

having both catechol moiety and amino group would create a synergistic effect to reproduce 

the mussel’s adhesive properties.23  

Nonetheless, the final adhesive properties of these materials also depend on whereas these 

catechol units are organised (i) as individual units, (ii) as self-assembled monolayers (SAMs), or 

(iii) as polymers. It is well known that catechol-based polymeric materials offer more 

robustness and effectiveness due to the synergic effect that exists between the catechol 

moieties. In fact, catechol-based polymers are the most extended studied and are explained 

below. 

 

1.3. POLYMERISATION OF CATECHOLS 

Synthetic catecholic polymers have been prepared through different routes and the three 

main approaches used are the following ones (Figure 1.4): 

- Approach I. Polymerisation through the catechol moiety. It consists in polymerising 

catechol-based molecules through the aromatic ring, taking advantage on its ability to 

be oxidised under mild basic conditions and consequently to be attacked by 

nucleophiles. To date, this approach is the most followed one and it includes 

polydopamine (PDA) which is the most used catechol-based coating by excellence. 

- Approach II. Catechols grafted to polymeric backbones. In this approach, catechol 

units are grafted into an already formed polymer, such it can be polysaccharides. 

Though less followed than the previous approach, several examples have been 

reported bringing novel features and a multidisciplinary character.  

- Approach III. Building blocks. The polymerisation takes place through a functionality 

presents on the catechol (e.g. acrylate group). Although it is not a very exploited 

approach, it offers multiple advantages, such as higher functionalisation degree and 

synthetic control on the final structure. 
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-                        

Figure 1.4. The three main approaches used to polymerise catechol-based molecules grouped in 

decreasing number of publications.  

 

1.3.1. APPROACH I. POLYMERISATION THROUGH THE CATECHOL MOIETY 

In this approach, the polymerisation of catechol-based compounds takes place through the 

aromatic ring of the catechol moiety. Among all the examples, the most prominent ones are (i) 

the self-polymerisation of DA24 and (ii) the polymerisation between catechols and amines.25  

I. The self-polymerisation of dopamine 

It always implies oxidation of the catechol moiety, and PDA is mainly obtained by 3 methods:  

- Electropolymerisation. 

- Enzymatic oxidation.  

- Auto-oxidation of DA by air in a basic aqueous buffer, which is the most widely used 

strategy due to its simplicity (one-pot preparation).26  

Finally, depending on the preparation mode and the post-functionalisation, a wide range of 

PDAs can be obtained with different compositions, chain lengths and connectivity and all this 

allows tailoring the properties of the resultant products.24  

With regard to the structure of PDA and although there is a controversial issue, tentatively it 

can be said that it is made of 5,6-dihydroxiindole oligomers (Figure 1.5).  

 

Figure 1.5. Chemical structure of DA, 5,6-dihydroxiindole and representative model for PDA structural 

components.
27
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Actually, PDA may also bear DA units and indole moieties covalently linked, wherein catechol 

moieties can exist in different oxidation states. In 2012 Hong et al. reported that covalent 

polymerisation and non-covalent self-assembly occur during PDA formation.28  

PDA possesses many properties such as good biocompatibility, strong and robust cohesion 

properties, simple preparation processes, and easy functionalisation due to the presence of 

many reactive groups that allows obtaining several multifunctional materials. In fact, it is the 

most widely reported catecholamine coating and came into the focus of organic chemistry and 

material science in 2007 when Lee et al. reported that under mildly alkaline conditions, 

aqueous dopamine was able to form polymeric coatings on virtually all tested substrates.24 Due 

to these interesting characteristics, the interest for PDA has significantly increased in recent 

years, mainly in biology, environmental (water purification, oil-water separation...), material 

science, surface engineering, catalysis (chemo- and photocatalysis), energy (batteries and 

supercapacitors),29 and biomedicine. Specially, relevant examples in biomedicine are 

biosensing, bioimaging,30 antibiosis, and cancer theranostics.31,32 For instance, Han et al. 

prepared a core-shell nanocomposite consisting of PDA nanoparticle (NP) cores and cancer-

specific photosensitisers (PS)-conjugated hyaluronan shells (PHPD-NPs) to overcome the low 

selectivity for tumour sites and undesirable photo-activation for photothermal therapy (PTT).33 

The tumour specificities of the PHPD-NPs were continuously monitored by in vivo image 

station. The fluorescence signals from the tumour site were steadily increased over time (till 5 

h post-injection), whereas in the normal tissue, a slight fluorescence signal increase was 

observed during the experimental period (Figure 1.6).  

 

Figure 1.6. Preparation process of photosensitiser-hyaluronic acid conjugates shielded PDA NPs (PHPD-

NPs) and their photo-activity on-off control and in vivo tumour target specificity studies (bottom) in 

tumour-bearing mice: (i) 10 min post-injection, (ii) 2 h post-injection, (iii) 5 h post-injection images.
33  
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Furthermore, Nam et al. demonstrated that PTT combined with chemotherapy can trigger 

potent anti-tumor immunity against disseminated tumors.34
 Specifically, they developed PDA-

coated spiky gold NPs (SGNPs) as a new photothermal agent with extensive photothermal 

stability and efficiency (Figure 1.7).  

 

Figure 1.7. Schematic illustration of the development of SGNPs coated with PDA as a new photothermal 

agent with extensive photothermal stability and efficiency (top). The combination chemo-photothermal 

therapy triggered potent anti-tumor immunity in vivo and exerted strong anti-tumor efficacy against 

local primary tumors.
34  

II. Polymerisation between catechols and amines 

Our research groups followed a new approach, mimicking PDA, based on the use of ammonia 

to act as a nucleophile on the reactive o-quinones thus formed under basic aqueous media 

(Figure 1.8a)25 in the presence of oxygen. In this way already functionalised monomers can be 

used to avoid the post-functionalisation (like happens with PDA). Nanomaterials for water 

treatment,35 or, coatings that confer oleo-/hydrophobic character25 and drug release 

alternatives36 have been obtained. More recently, it has also been demonstrated that bis-

amino groups would represent a milder alternative to ammonia (Figure 1.8b).37 This design 

ensured both a robust -i.e. non-hydrolysable- attachment of the functional moiety to the 

catechol ring, and an accurate control of the degree of functionalisation of the final material.  
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Figure 1.8. Polymerisation of catechol-based compounds with nitrogen-based molecules via Michael-

type reaction, or, Schiff-base formation. 

Nevertheless, despite the successful results reported, this approach exhibits some drawbacks. 

First, the dark-brown/black colour associated to PDA or its analogues is not suitable for certain 

applications.23 Second, the high waste of the precursor material when polymerisation takes 

place in solution, leading with poor practical applications.32 Third, the difficult control of post-

functionalisation, which relies on the existence of a sufficient amount of reactive groups in the 

primer coating that cannot be controlled, or, the long synthetic route to afford the respective 

catecholic derivatives, comprising protection/deprotection of the catechol ring. And finally, the 

impossibility to elucidate the final structure of PDA and its analogues because complicated 

redox reactions are involved and a series of intermediates are produced. All this has evoked 

the need to find other methodologies with better synthetic control. 

 

1.3.2. APPROACH II. CATECHOLS GRAFTED TO POLYMERIC BACKBONES 

This approach is very common to prepare adhesives and it consists in functionalising polymers, 

such as polysaccharides or peptides, with catechol units that bear reactive groups (Figure 

1.9).38,39 Thus, the catechol moiety does not undergo any structural change as experienced in 

PDA.  

    

Figure 1.9. Schematic illustration of a polymeric backbone functionalised with catechols (left) and real 

dopamine-hyaluronic acid (DA-HA) conjugate (right).
40
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This approach is of special relevance in medical science, since biomaterials need to present 

biocompatibility, stability, and non-toxicity.41,42,43,44 During the last years, a variety of mussel-

inspired polymer adhesives have drawn much attention because of their unique wet-resistant 

adhesion properties in addition to the biological requirements previously described.2,45,46 For 

instance, catechol-modified chitosans (CHTs) have been used to fabricate antifouling coatings 

with excellent biocompatibility onto polyethersulphone (PES) ultrafiltration membranes.47 

Furthermore, using layer-by-layer (LBL) technique a lot of freestanding multilayer films have 

been formed based on (i) CHT and DA-modified hyaluronic acid (HA), which present an 

enhanced cell adhesion, proliferation and viability,40 and (ii) CHT, DA-modified HA and 

bioactive glass nanoparticles (BGNPs) with high potential to be used in guided tissue 

regeneration applications, due to their bioactive behaviour necessary for the formation of new 

bone, enhanced adhesion and tuneable properties.48,49,50 Moreover, chitooligosaccharides 

(COS) based on catechol and PEG moieties were used as multidentate ligand (ML) for 

preparing robust biocompatible magnetic iron oxide nanoparticles (IONPs) useful for magnetic 

resonance imaging under physiological conditions (Figure 1.10a).51,52 Besides, taking advantage 

on the ability for self-organising complexes with HA and PDA, some protein drug carriers have 

been developed and investigated.53 Finally, beyond working with CHTs, dextrans have been 

also modified with catechols for antifouling surface coatings,54 and DA-HA conjugates have 

been used to coat commonly used implantable substrates making them resistant to both non-

specific protein adsorption and cell adhesion on the surfaces (Figure 1.10b).55 

Therefore, as already demonstrated, this approach turns out really successfully to obtain bio-

adhesives using different phenolic moieties into commercially available synthetic 

polymers.56,57,58,59 However, when specific functionalities need to be incorporated into the 

material, the catecholic polymers often have to be synthesised from simple building blocks.  
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Figure 1.10. a) Stabilisation and functionalisation of hydrophobic IONPs with a COS based ML.
51 

b) 

Schematic of DA-HA-coating for anti-biofouling. Commonly used biomaterials (polyimide (PI), Au, 

poly(methyl methacrylate) (PMMA), polytetrafluoroethylene (PTFE), and polyurethane (PU)) for 

implantation were tested for DA-HA coating and evaluation of the coating effects on biofouling-resistant 

properties.
55

 

 

1.3.3. APPROACH III. BUILDING BLOCKS  

This approach consists in polymerising catechol-based molecules through a reactive pendent 

group (e.g. styrenic, acrylate, N-carboxyanhydride...), thus the catechol ring does not suffer 

any kind of oxidation reaction and remains unaffected. Although significant research has 

focused on using natural building blocks to form functional materials (Figure 1.11),60,61,62,63 the 

synthesis of synthetic phenols allows for a limitless variety of possibilities. 

 

Figure 1.11. Examples of synthetic building blocks: polygallol and polycatechols. 

 

 

a) 

b) 



Chapter 1                                                                                                               General Introduction 

21 

A prototype example is dopamine methacrylamide (DMA) (Figure 1.12). DMA has been 

copolymerised with various co-monomers such as 2-methoxyethyl acrylate64 and aminoethyl 

methacrylamide65 to allow adhesion under wet conditions and for DNA immobilisation, 

respectively.  

 

Figure 1.12. Synthesis of antimicrobial random copolymers including catechol and ammonium units, 

obtained from polymerisation of acrylamide and acrylate derivatives.
66  

Other examples include grafted brushes for antifouling applications with fluorine-containing 

polymers, such as poly(2,2,3,3,3-pentafluoropropyl acrylate),67 and the incorporation of 

glycopolymer-based monomers to mimic the immunogenic properties of natural pathogens.68 

Moreover, host-guest chemistry can be incorporated into DMA systems with an adamantyl co-

monomer, thereby allowing for reversible adhesion.69 Beyond using methacrylamide groups, 

catechol-containing acrylamides have been copolymerised with fluoropolymers to create 

superamphiphobic fabrics and halloysite nanotubes (HNT),70,71 and with polyethylene glycol 

(PEG) derivatives to obtain antifouling coatings.72 Furthermore, catechol-based methacrylates 

have been used to generate micelles for drug delivery,73 and have been copolymerised with 

PEG-methacrylates affording favourable coatings on various surfaces with excellent antifouling 

behaviour.74 

Another well-studied monomer is the commercially available 3,4-dimethoxystyrene. The use of 

this monomer led to poly[(3,4-dihydroxystyrene)-co-styrene] being synthesised, and its 

adhesive properties have been studied under various conditions.75,76 A homopolymer of 3,4-

dimethoxystyrene77 was accessed through reversible addition fragmentation chain-transfer 

(RAFT) polymerisation, and upon demethylation, the free catechol moieties were investigated 

for their metal-binding capacity, which was independent of molecular weight. N-

carboxyanhydride ring opening polymerisation has been used to obtain ultra-low fouling 

mussel-inspired charged polypeptides78 with exceptional infection-resistant coating on medical 

catheters.79 In addition, through carbodiimide mediated polyesterification several hydrophobic 

polyester adhesives containing catechol moieties have been synthesised with excellent lap-

shear strength and resistance to water penetration,80 and via anionic ring opening 
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polymerisation using catechol-functionalised epoxides, PEG-based block copolyethers have 

been obtained with superior antifouling properties (Figure 1.13),81 and have been used to coat 

CdSe quantum dots (QDs) and TiO2 nanoparticles individually as well as both materials 

together in a complex hybrid structure.82  

 

Figure 1.13. Synthetic scheme of catechol-functionalised triblock copolymers.
81  

This approach has also been helpful to explore the structure-function relationships between 

the components of synthetic phenolic polymers. For example, a fundamental study on the 

polarity of the backbone has shown additional complexity in underwater adhesion.83 Other 

investigations into redox-active catechol-based polymers have shown performance effects for 

electrochemical energy storage.84 Furthermore, switching from catechol to gallol moieties 

changes the properties, for example, the underwater adhesion of a polymer can be increased 

seven-fold.85 

To conclude, this approach is very promising. It allows incorporating several functionalities into 

phenolic materials, and it is gained a higher control on the structure of the resulting polymers, 

but with few examples so far reported.  Therefore, the syntheses of novel approaches that 

fully exploit the advantages of this approach are strongly required.  

 

1.4. A NOVEL POLYMERISATION STRATEGY BASED ON SULPHUR 

CHEMISTRY 

In order to achieve that, in this Doctoral Thesis a new building block that includes (i) a catechol 

moiety (in green), (ii) a polymerisation unit based on pentaerythritol tetrakis(3-

mercaptopropionate) (in red), (iii) and a functional group with a property to be conferred (in 

blue) has been designed (Figure 1.14).  
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Figure 1.14. Schematic representation of the designed building block containing the catechol unit (in 

green), the polymerisation unit (in red) and the functional group (F) (in blue) used in this Thesis. 

The basic scaffold for the modular design of all monomers reported in this Thesis is 

pentaerythritol tetrakis(3-mercaptopropionate) 1, a cross-linking agent widely used in 

commercial coatings, adhesives, and sealants. The presence of four thiol end-groups in this 

compound allows for the simultaneous incorporation of a catechol ring and a functional group, 

and two free thiols remain for further polymerisation. The overall synthetic strategy would rely 

on the use of three different coupling reactions:  

1. Adsorption 

The nucleophilic addition of thiol groups to o-benzoquinone (as prepared in situ from cheap, 

commercial pyrocatechol) would be used to conjugate the catechol moiety to the thiol-

functionalised scaffold 1, following a reported procedure of our research group for the 

functionalisation of o-benzoquinone with functional mono-thiols, with slight modifications 

(Figure 1.15).86  

 

Figure 1.15. 1,6-conjugated addition of a thiol group to quinone. 

For this, inspiration was drawn from the alleged role of free thiol groups of cysteine (Cys) 

residues in mfps, which are thought to bind to o-quinone moieties arising from the 

spontaneous oxidation of catecholic moieties in tyrosine (Tyr) residues. This conjugation 

effectively cross-links the protein, while at the same time restore the catecholic/adhesive 

function.87 Although thiol-catechol conjugation had previously been used for synthetic 



Chapter 1                                                                                                               General Introduction 

24 

purposes to cross-link polymers,88 the formation of catechol-based polymers through the 

formation of -S-S- bonds is completely new. 

2. Functionality 

Thiol-ene reactions would be used to bind functional moieties bearing terminal vinyl groups. 

The number of functional groups that can be used here is countless, but for the present 

Doctoral Thesis it was decided to use, as a proof-of-concept, those shown in Figure 1.16. Three 

PEG chains to provide stability in aqueous environments, biocompatibility and targeting onto 

NPs for bioapplication purposes; long aliphatic and partially fluorinated chains to change the 

wettability of macroscopic surfaces; and a fluorescent tag to demonstrate the modular 

chemistry of the new strategy proposed. 

 

Figure 1.16. Molecular structures of the six functional groups (F) used in this toolkit. PEG chains and a 

fluorescein derivative would be used for some bioapplications in the nanomedicine field, whereas 

aliphatic and fluorinated chains would be used in materials field as oleo-/hydrophobic coatings. 

3. Polymerisation  

It is expected to be effected by coupling of the remaining, un-substituted thiol groups into 

disulphide bridges (Figure 1.17). Advantage is taken of the key fact that the oxidative coupling 

may be carried out in very mild and selective conditions -particularly, without need to protect 

the catechol moieties-, by using iodine.  

This polymerisation reaction will be always carried out with a 3-5% of a doping catechol-

functionalised tris-thiol molecule 4. These doping agents could trigger the reticulation of the 

resulting polymers making them insoluble in the reaction medium and facilitate their isolation. 
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Figure 1.17. Schematic representation of how the polymerisation could take place by forming disulphide 

bonds through the core of the building block (in red), maintaining the catechol unit unchanged. 

 
1.4.1. SYNTHETIC METHODOLOGIES  

Regarding the synthesis of the building blocks, specifically, two different strategies would be 

tested (Figure 1.18). In the first one (route A), the conjugate addition of the tetrakis-thiol 1 to 

freshly prepare o-benzoquinone 3 could afford the monosubstituted S-catechol tris-thiol 4, 

which after purification would react with a vinyl-terminated functional moiety via a radical-

catalysed thiol-ene reaction to yield the desired S-catechol-functionalised bis-thiol I. By 

following the second strategy (route B), the reversal of the two aforementioned synthetic 

steps would provide first a functionalised tris-thiol scaffold II, which would be subsequently 

conjugated to o-benzoquinone 3 to yield the corresponding functional catechol monomer I. 

Although both strategies offer the same optimal atom efficiency on paper, route A was initially 

preferred on a general basis because it requires the optimisation of a single conjugate 

addition, yielding a common catechol tris-thiol intermediate which may be then used a 

common gateway to any functional monomer. Route B, however, involves the optimisation of 

both synthetic steps for each functional derivative, so it would be only used for specific cases 

when it afforded a higher overall yield. 
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Figure 1.18.  Schematic synthetic routes A and B to obtain S-catechol functionalised bis-thiols I. 

 

1.4.2. SYNTHETIC ADVANTAGES  

The advantages provided by this synthetic strategy are potentially manifold:  

I. It provides a robust aryl-thioeter bond between the functional moiety and the catechol 

ring.  

II. The catechol moiety is spontaneously regenerated by tautomerism right after the 

thiol-quinone conjugation.  

III. This modular strategy could allow incorporating different functionalities depending on 

the final purpose using a unified methodology.  

IV. The synthesis is cost-efficient and its atom efficiency is optimal, thanks to the fact that 

there are no protection/deprotection steps, as well as to the use of readily available 

pyrocatechol as starting material.  

V. Because of the negligible mesomeric effect of the sulphur atom directly attached to 

the aromatic ring, the charge density on the ring of the catechol-thioether conjugate 

should be comparable to that of the parent pyrocatechol, making both roughly equally 

stable to oxidation.  

VI. The structure of the monomers, with both a catechol moiety and (at least) two thiol 

groups in their structure, opens up the possibility to effect polymerisation through a 

reversible mechanism by forming disulphide bonds. In particular, disulphide bridging 

of the main polymeric backbone should make such polymers biodegradable. 
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As far as the polymerisation strategy is concerned, it has been designed for: 

I. Obtaining non-coloured polymers with known linear structures. This polymerisation 

strategy was designed to get a better synthetic control on the structure of the 

resulting polymers, and to obtain them colourless, what would be a very important 

feature for some applications, mainly in materials’ field, since the coated surfaces 

would not change their appearance. 

II. Being versatile and chemically modular to get control of the functionality or a 

combination of them. 

III. Obtaining biocoatings thanks to the presence of PEG chains. 

To sum up, in this Doctoral Thesis a novel catechol-based toolkit is proposed for coating and 

changing the wettability of surfaces. 
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The main objective of this Doctoral Thesis is to validate the designed strategy for the modular 

fabrication of (multi)functional coatings based on catechol compounds. To achieve this 

ambitious objective, the following sub-objectives should be followed: 

OBJECTIVE I. Synthesis of the functionalised building blocks  

Synthesise six new prepolymeric functional catecholic building blocks (Figure 2.1). PEGylated 

and fluorescein-functionalised building blocks (5, 6, 7 and 8) would be used for biomedical 

applications (Objective II), whereas building blocks 9 and 10 would be used for controlling the 

wettability of flat surfaces (Objective III).   

 

Figure 2.1. On the top, the three main parts of the building block consisting in (i) a catechol moiety 

(green); (ii) the polymerisation unit (red); and (iii) the group with the property to be conferred (blue). 

Below, the main six building blocks synthesised in this Thesis: three PEG derivatives (5, 6 and 7), a 

fluorescein derivative 8, an aliphatic derivative 9, and a fluorinated derivative 10.  

 

OBJECTIVE II. Development of a novel polymerisation strategy 

Design a new controlled strategy to polymerise catechol derivatives following approach III 

based on the coupling of the remaining, un-substituted thiol groups of the building blocks into 

disulphide bridges (Figure 2.2).  
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Figure 2.2. Representation of the polymerisation reaction of these building blocks under mild oxidative 

conditions through the core of the molecule. 

 
OBJECTIVE III. The use of the catechol-based toolkit for nanoparticle coating 

Demonstrate the synthetic feasibility of the designed approach to obtain PEG-based coatings 

made of P5, P6, and P7 over different families of NPs (Figure 2.3). More in detail, it is wanted 

to achieve the next two goals:  

 As a proof-of-concept, coat MSNPs with mPEG-/fluorescein-functionalised materials 

P5, P6, and P8 to study their stability in aqueous media, cytotoxicity, and cell 

penetration ability.  

 Specifically, coat Fe3O4 NPs with the HOOC-terminated PEG derivative P7, and post-

functionalise them with a molecular fragment (e.g. sugar derivative) that would act as 

a targeting molecule.  

 

Figure 2.3. Scheme of the two steps to follow in order to reach the final aim. Firsly, the coatings made of 

the mPEG-functionalised materials P5 and P6 onto MSNPs to study their stability, toxicity, and cell 

penetration ability. Secondly, the functionalisation of the cat-PEG P7 coating onto MNPs with targeting 

molecules.  

 

 

 

 



Chapter 2                                                                                                                                      Objectives 

37 

OBJECTIVE IV. Obtaining of oleo-/hydrophobic and hydrophilic coatings 

Formation of functional coatings made from the functionalised products P6, P9, and P10 to 

control the wetabillity of different macrostructures, conferring them hydrophilicity, or, oleo-

/hydrophobicity (Figure 2.4).  

 

Figure 2.4. Schematic representation of a water droplet onto a substrate coated with a colourless 

functionalised catecholic polymeric material that change the wettability of the surface by increasing the 

water contact angle (WCA) for the hydrophobic surface and decreasing the WCA for the hydrophilic one. 

To go deeper into it, it is wanted to achieve the next three points: 

 As a proof-of-concept, coat glass and metals surfaces with products P6, P9 and P10 in 

order to modify their wettability making them hydrophilic, or, oleo-/hydrophobic.  

 For a real application, coat textile fibres with the product P9 obtained from the 

polymerisation reaction of the C18-functionalised building block in order to obtain 

hydrophobic textiles useful for water treatments.  

 
OBJECTIVE V. Demonstration of the flexibility and the modular chemistry of this approach 

Demonstrate the versatility of the designed approach by polymerising different building blocks 

to systematically fine-tune the wettability of surfaces at will over a broad range of water 

contact angle (WCA). For this, fluorescein-functionalised derivative 8 will be combined with a 

second building block, molecule 9. 

 



  



 
 

 

 

CHAPTER 3 

 

PEGYLATION AS A STRATEGY FOR 

IMPROVING NANOPARTICLE 

BIOCOMPATIBILITY 

 

This chapter includes the synthesis and polymerisation of several catecholic building 

blocks containing PEG chains. As a proof-of-concept, the corresponding products from 

the polymerisation reactions will be used as coatings onto MSNPs, and their stability, 

toxicity, and cell penetration ability of the resulting functional NPs will be tested.  For a 

real application, coatings onto MNPs will be performed with cat-PEG materials ending 

with carboxylic acid groups onto their surfaces to further couple a targeting molecule.  
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3.1. INTRODUCTION 

3.1.1. COATINGS BASED ON CAT-PEG DERIVATIVES 

Several examples can be found in which many different macroscopic substrates have been 

coated with cat-PEG-based polymers, showing hydrophilic surfaces, and antifouling and 

antimicrobial character.1,2 These coatings have been also used to stabilise and functionalise 

nanostructures, such as NPs, nanosheets, and carbon nanotubes (CNTs), making them 

biocompatible and biodegradable into physiological media; very suitable strategy in the 

biomedical field (e.g. diagnostic and therapy) (Figure 3.1a). And finally, another application 

would be the formation of tissue adhesives. 

Now, the main results so far described up to now for the synthesis of cat-PEG coatings towards 

biomedical applications will be summarised and grouped as described next (Figure 3.1b): 

 Approach I. Polymerisation through the catechol moiety 

- Polymerisation of cat-PEG-based molecules 

- Post-functionalisation of primer coatings 

 Approach II. Catechol grafted to polymeric backbones 

 No examples had been reported using this approach for the formation of 

cat-PEG-based coatings when this doctoral thesis was started in 2016.  

 Approach III. Building blocks 

- Copolymerisation 

    a)                                                  b) 

      

Figure 3.1. a) Schematic representation of a water droplet onto a cat-PEGylated macroscopic surface 

(top) and a nanostructure coated with a cat-PEGylated material (bottom). b) Scheme that shows the 

main general three strategies that can be followed to obtain cat-PEGylated coatings. 
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Regardless of which strategy is used, the majority of these coatings have been done with linear 

PEG chains, although some examples in which the coatings have been performed with 

branched PEGylated molecules can be found too.  

 

3.1.1.1. Polymerisation of cat-PEG based molecules 

The most frequently used strategy for coating substrates is the polymerisation of cat-PEG-

based molecules in which catechols and PEG chains are bound together through a covalent 

bond directly, or, with a short spacer in between. The polymerisation takes place under 

oxidative conditions in basic pH and the surfaces are coated via ex situ treatments (Figure 3.2). 

 

Figure 3.2. Schematic representation of ex situ coatings from cat-PEG-based polymers. 

 

For example, pancreatic islets have been coated with 6-arm-PEG-based polymeric materials 

after transplantations to prevent the dissociation and reducing immune cell invasion.3,4,5 

Furthermore, these cat-PEG polymers have been also cross-linked to obtain adhesive tissues 

(Figure 3.3), that have been tested on porcine,6,7,8,9 bovine10 and mice11,12 skins, and on fetal 

membranes too.13 Besides, this kind of adhesives not only has been tested with animal’s 

tissues, but also onto substrates, such as glass14 or silicon.15  

 

Figure 3.3. a) Oxidative cross-linking of enzymatically degradable macromonomer formed by DOPA 

linked to the PEG backbone through an Ala-Ala dipeptide (cAAPEG) yields rapid and simultaneous 

gelation and tissue adhesion. In the presence of neutrophil elastase, the Ala-Ala dipeptide linker (blue) is 

cleaved to provide cell-mediated structural degradation. Black arrowheads indicate continuation of the 

cross-linked hydrogel matrix.
11 
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As far as coating onto nanostructures is concerned, Fe3O4, MnO and Au NPs have been 

dispersed in both aqueous and organic environments after being coated.16 Furthermore, 

coated metal NPs, such as Au and Ag, with plasmon resonance behaviour have been seen to be 

suitable for diagnostic and therapy,17 and reduced graphene oxide (rGO) coated with cat-PEG 

polymer (QC-PEG) with Pluronic and quantum dots have been used for drug release of 

Doxorubicin (DOX).18 Finally, poly(L-DOPA)-based self-assembly nanodrug have been used to 

improve treatment in Parkinson's disease (PD) model mice and suppress DA-induced 

dyskinesia.19   

Furthermore, following this polymerisation strategy polymers,20,21,22 metals (Figure 3.4),23,24,25 

metal oxides,1,26,27,28,29 and electrospun nanofibres meshes30 have been coated successfully 

with cat-PEG polymeric materials showing antifouling character. And to obtain antimicrobial 

surfaces, reduced graphene oxide,31 glass2 and polysteyrene beads32 have been coated.  

 

Figure 3.4. The schematic illustration of coating construction and fouling resistance of the PDA-

mediated phosphorylcholine and catechol end-capped 8-arm PEG coating.
25 

 

3.1.1.2. Post-functionalisation of primer coatings 

Another strategy is the post-functionalisation of primer coatings, and in these cases two 

strategies can be found: (i) a primer coating based on PEGylated materials is formed onto the 

surface and then the polymerisation of a catechol derivative takes place onto it (e.g. self-

polymerisation of DA) (Figure 3.5a), or, (ii) the surface is first coated with catechol-based 

polymers, commonly PDA, and then it is functionalised with PEG chain derivatives through 

covalent bonds (Figure 3.5b). 
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Figure 3.5. a) A substrate is coated with a catechol-based polymer, followed by the functionalisation 

with PEG chain derivatives. b) The catechol-based polymer is functionalised within a PEGylated surface. 

Cheng et al. post-functionalised poly(lactic-co-glycolic acid) (PLGA) fibrous scaffolds with 

various molecules (i.e. PEG polymer, arginylglycylaspartic acid (RGD) peptide and bFGF growth 

factor for cell repellent, adhesion and proliferation, respectively) via mussel-inspired PDA 

coating in aqueous solutions.33 This method for bio-modification provided a facile and effective 

strategy to combine drug and bio-function in one system, thus facilitating a synergistic effect 

of drug-therapy and bio-signal when such biomaterial was used for regenerative medicine. 

Furthermore, there are some studies on cell adhesion and migration onto substrates that have 

been previously PEGylated and post-functionalised with a catechol derivative, such as stainless 

steel surfaces34 and poly(ε-caprolactone) (PCL)-PEG micro-35/nanofibres.36  

With regard to nanostructures, MoS2 nanosheets have been used for drug delivery and 

photothermal cancer treatment (Figure 3.6),37 and PEGylated CNTs via a mussel-inspired 

chemistry have been evaluated for intracellular delivery of Doxorubicin.38 Finally, multi-walled 

carbon nanotubes (MWCNT),39 and Fe3O4 NPs40 have been coated with polymeric cat-PEG 

materials and stabilised in aqueous and organic media. 

 

Figure 3.6. Preparation of MoS2 nanosheets-based nanocomposites (MoS2-PDA-PPEGMA) through 

Michael addition reaction between amino-terminated PEG methyl ether methacrylate (PPEGMA) and 

MoS2-PDA.
37 

 

 

https://www-sciencedirect-com.are.uab.cat/topics/materials-science/peptide
https://www-sciencedirect-com.are.uab.cat/topics/engineering/synergistic-effect
https://www-sciencedirect-com.are.uab.cat/topics/engineering/biosignal
https://www-sciencedirect-com.are.uab.cat/topics/materials-science/biomaterials
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Finally, several surfaces have been coated with different cat-PEG-based polymers showing 

antimicrobial and antifouling properties. For example, in 2012 Xu et al. coated titanium 

surfaces with poly(dopamine acrylamide)-co-poly(propargyl acrylamide) copolymer and post-

functionalised them with PEG chains,41 and one year later they coated microfiltration 

membranes with poly(dopamine acrylamide)-grafted poly(vinylidene fluoride) which could be 

further functionalised via spontaneous reduction and chelating of Ag and Au NPs on the 

surface, and via grafting of thiol-terminated PEG (PEG-SH).42 Finally, Cheng et al. functionalised 

PES membranes coated with PDA with different PEG chains to control the water flux of those 

membranes.43  

3.1.1.3. Copolymerisation 

Using approach III, the copolymerisation through reactive pendant groups between molecules 

that contain catechol moieties and PEG chains is another alternative to form coatings based on 

cat-PEG derivatives (Figure 3.7). Sometimes, other molecules that bear other functionalities 

(fluorescent tags, cyclodextrins...) can also be copolymerised with these PEG- and catechol-

based molecules to introduce other features to the coating. Nowadays, there are not many 

examples following this strategy and they deserve to be studied further.  

 

Figure 3.7. Polymerisation of molecules containing catechol moieties and PEG chains through reactive 

pendant groups. Coatings via ex situ treatments. 

To start with, in 2015 Mattson et al. developed a facile synthetic strategy for the 

functionalisation of well-defined polyether copolymers with control over the number and 

location of catechol groups.44 That strategy could allow studying the effects of polymer 

architecture, molecular weight, and catechol incorporation in the adhesive properties of 

surface-anchored polyethylene oxide (PEO).  Besides, cat-PEGylated copolymers have also 

been used as hydrogel adhesives for bovine heart tissues.45 Furthermore, Yuan et al. showed 

that a supramolecular approach, combining both catechol-metal ion coordination and polymer 

self-assembly together, could organise polymers into hybrid nanoassemblies ranging from 

solid particles, homogeneous vesicles to Janus vesicles (Figure 3.8),46 which could totally 

disassemble in response to proteins. Moreover, this kind of copolymeric adhesives have been 

also tested on metals, such as aluminium.47,48  
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Figure 3.8. Schematic illustration of the formation of solid-like assemblies.
46 

To coat Fe3O4 NPs with a glycomonomer-based on cat-PEG derivate and rhodamine B has been 

useful for bioimaging.49 Moreover, this type of magnetic NPs has been coated with 

polysaccharides grafted with catechol moieties and PEG chains for gene therapy50 and as 

contrast agents.51 Coated SiO2 NPs has displayed high water dispersibility and has showed 

controlled release kinetics of cisplatin.52 And coated AuNPs with a copolymer containing β-

cyclodextrin has been designed as a smart carrier and traceable delivery probe of the 

chemotherapeutic Doxorubicin drug (Figure 3.9).53 On top of that, polymeric micelles54,55 and 

nanocarriers56 based on cat-PEG copolymers have been used as drug delivery systems. Besides, 

it has also published the self-assembly of amphiphilic block copolymers into spherical micelles, 

which displayed improved resistance against bovine serum albumin (BSA) adsorption, when 

compared to an unmodified surface.57  

     

Figure 3.9. Chemical structure of PEG-catechol-cyclodextrin copolymer and its schematic representation 

(left). Illustration of the influence of the temperature in both the Doxorubicin delivery and trigger ON of 

its fluorescence (right).
53  

Finally, multidentate cat-/PEG-derivatised oligomers have exhibited strong affinity to magnetic 

nanocrystals,58 or, NPs59 presenting long-term colloidal stability in aqueous media. And Wan et 

al. developed a surface modification of CNTs with a biocompatible polymer PEG via a mussel-

inspired strategy. The dispersibility as well as biocompatibility of these PEGylated CNTs has 

been subsequently investigated showing remarkable enhancement in both aqueous and 

organic solvents.60  

With regard to the fabrication of antifouling surfaces, metals,61,62,63,64 metal oxides,65 and mica 

surfaces66,67 have been coated with cat-PEG-based copolymers. Sometimes, to enhance the 

antifouling activity, fluorine brushes are incorporated within the copolymers. Furthermore, we 

can also obtain surfaces that combine both antimicrobial and antifouling properties. For 
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example, Cheng et al. immersed contact lenses into an aqueous solution of cat-PEG-

functionalised copolymers resulting in robust and stable coating on the lens surfaces, which 

survived the harsh condition of autoclaving and remained on the surface for a typical device 

application lifetime.68 

3.1.2. WORK PROGRAMME 

As already described in this introduction, there are several examples of cat-PEG systems 

already reported in the literature of application in biomedicine. Most of the examples were 

obtained following approach I, in less degree approach II, and only few examples were found 

following approach III, where coatings were mainly made of copolymers of PEG- and catechol-

based molecules. 

In this chapter, it is aimed to demonstrate the validity of our approach with PEGylated coatings 

of NPs. Due to their large surface area, when exposed in a physiology environment, NPs tend 

to interact with plasma proteins, causing size increase that often results in serious 

agglomeration. These particles are also considered as an intruder by the innate immunity 

system and can be readily recognised and engulfed by the macrophage cells. In both cases, the 

particles will be removed from the blood circulation system and lose their function quickly, 

leading to dramatic reduction in efficiency in NP-based diagnostics and therapeutics. In order 

to overcome such problems, these NPs are usually coated with a layer of hydrophilic and 

biocompatible polymer such as dextran,69 dendrimers,70 or, PEG chains.71 

Especially, the cat-PEG systems used here are the ones represented in the next Figure. 

 

Figure 3.10. Molecular structures of four target molecules functionalised with Me-terminated PEG 

chains (5 and 6), a HOOC-terminated PEG chain (7) and a fluorescein derivative (8).  

 



 Chapter 3                            PEGylation as a Strategy for Improving Nanoparticle Biocompatibility 

48 

The two Me-terminated PEG-functionalised building blocks 5 and 6 were synthesised following 

route A (see Chapter 1, Figure 1.18) from S-catechol tris-thiol 4. The unique difference 

between these two mPEGylated intermediates is the moiety allowing the linkage between the 

PEG chain and the rest of the compound (ester 5 vs. ether 6). For comparison purposes, 

compounds 7 and 8 were also obtained following route A. The PEGylated derivative 7 ending 

with a carboxylic acid group would be post-functionalised with a targeting molecule, whereas 

fluorescein derivative 8 would allow the identification of coatings in a straightforward way due 

to its fluorescent properties.  

Once these monomers have been obtained, the next step is the controlled polymerisation 

(Figure 3.11). 

 

Figure 3.11. Illustration of a linear polymer polymerised through disulphide bonds. 

Under mild oxidative conditions, it will be pretended to polymerise building blocks 5, 6, 7 and 8 

through the tetrakis moiety by forming disulphide bonds as represented in Figure 3.11. 

Furthermore, by combining mPEG- and fluorescein-functionalised building blocks 6 and 8 

would allow obtaining polymers, named C6-8, bearing properties with quite interest in the 

biomedical field. 

Afterwards, and once the polymers have been prepared, the next step is the coating of NPs. 

For this, two families have been selected. First one is that of mesoporous silica NPs (MSNPs) 

because of their stability and because it is known that catechol moieties can form hydrogen-

bonding, or even covalent bonds with hydroxyls groups exposed onto their surface. The 

second ones magnetite NPs (MNPs, Fe3O4 NPs) have been chosen due to their properties, small 

(< 10 nm) and magnetic, and because over the last years, MNPs have merged as promising 

candidates for biomedical imaging, as contrast agents for magnetic ressonance imaging 

(MRI),72 drug and gene delivery,73 magnetothermal therapy,74 biosensors and bioseparation75 

because of their high magnetic moment, low toxicity, low coercivity, ultra-fine sizes, 

biocompatibility and superparamagnetic properties.  
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The last synthetic step of the approach to demonstrate the success of the project is the 

functionalisation of the PEG layer made of derivative 7 with a glucopyranose derivative (Figure 

3.12). The reason for this is because this molecule has been used for targeting the blood-brain 

barrier (BBB) in humans due to the presence of glucose transporters on it. As far as MNPs 

targeting the brain is concerned,76,77 some examples can be found in the literature where 

functionalised MNPs have been used brain-targeted theranostics,78 as therapy delivery 

systems79,80 and as contrast agents to detect BBB damages.81  

 
Figure 3.12. First, building block 7 will be polymerised using our disulphide bond-based approach. 

Afterwards, model NPs, such as magnetite ones, are expected to be coated with this polymer. Finally, 

this coating would be functionalised with a BBB-shuttle through residual carboxylic acids exposed onto 

the surface.  

This strategy consists in (i) using building block 7 to obtain a polymeric cat-PEG material P7, (ii) 

using that P7 to coat MNPs, and (iii) post-functionalising that coating with the BBB-shuttle, 

which should facilitate the crossing across the BBB, through the residual carboxylic acids 

exposed onto the surface. 

Finally, once the viability of these polymers to coat NPs have been demonstrated, and as a 

proof-of-concept, the in vitro toxicity and cell internalisation of MSNPs as example coated with 

the copolymer bearing fluorescein moieties and PEG chains C6-8 will be studied.  

On top of that, and for comparison reasons, a fluorescein-functionalised building block 

containing a styrene moiety instead of a catechol one will be synthesised and tested as coating 

to demonstrate the role of catechol in the adhesion properties. This one was chosen as model 

blank molecule because of their fast and easy coating’s identification.  

 

3.2. SYNTHESIS OF THE BUILDING BLOCKS AND A TARGETING MOLECULE 

It must be remarked that long PEG functionalised derivatives cannot be purified by column 

chromatography through silica gel, since different PEG functionalised derivatives show very 

similar physicochemical properties. In the literature it is found that PEG molecules are usually 

isolated from reaction media by means of precipitation with Et2O.82 Therefore, all long 

PEGylated derivatives can precipitate under these conditions and, despite being impossible to 

separate mixtures of them, mainly pure derivatives can be obtained through several 

recrystallisations. Hence, the conversions of reactions involved were carefully optimised (> 
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95%) in order to avoid some purifying issues. All the final PEGs derivatives and the 

corresponding PEGylated intermediates were characterised by 1H- and 13C NMR.  

3.2.1. SYNTHESIS OF MONOSUBSTITUTED S-CATECHOL TRIS-THIOL INTERMEDIATE 4 

The synthesis of the different building blocks started with the formation of the 

monosubstituted S-catechol tris-thiol 4 by two tandem reactions, already studied in our 

research groups.83 The oxidation of the commercial pyrocatechol 2 to the o-quinone 3 (Scheme 

3.1a) was achieved in 10 min, through a two-electron transfer process, using an aqueous 

solution of (meta)sodiumperiodate at 0 °C. The quinone was extracted from the reaction 

mixture with CH2Cl2, and it was added into a freshly prepared solution of pentaerythritol 

tetrakis(3-mercaptopropionate) 1 under inert atmosphere. The reaction mixture was stirred 

for 8 h at rt in the dark (Scheme 3.1b). The crude was purified by a flash column 

chromatography performed using silica gel affording the intermediate 4 in 37% yield.  

 

Scheme 3.1. a) Oxidation of pyrocatechol to obtain quinone 3. b) Formation of intermediate 4 through a 

1,6-conjugated addition. 

As this reaction progressed, it was observed that the solution turned from dark red to pale 

yellow indicating that the amount of quinone 3 was diminishing due to its conjugation with the 

pentaerythritol tetrakis(3-mercaptopropionate) 1 and subsequent, recovering of the 

aromaticity. In this nucleophilic attack different by-products can be formed since quinone has 

several electrophilic positions. However, only the product resulting of the 1,6-conjugated 

addition was observed, in accordance with our previous work.83  
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3.2.2. SYNTHESIS OF mPEG-FUNCTIONALISED BUILDING BLOCK 5  

The S,S’-cat-mPEG bis-thiol 5 was obtained from the commercial PEG methyl ether acrylate 11, 

allowing its preparation through two synthetic strategies: (i) via a radical-catalysed thiol-ene 

reaction,84 and (ii) via a thia-Michael reaction.85  

I. Radical-catalysed thiol-ene reaction 

 

Scheme 3.2. Radical thiol-ene reaction to obtain mPEG 5. 

This reaction was carried out between intermediate 4 and the commercial PEG methyl ether 

acrylate 11 using AIBN as catalyst initiator (Scheme 3.2). It consists in the formation of sulphur-

carbon bond through a radical mechanism, in which a catalytic AIBN amount is activated on 

temperature higher than 70 °C, decomposing in nitrogen and radical species that eventually 

generate radicals onto sulphurs, which can react with olefins to form the final sulphur-carbon 

bonds through a catalytic cycle (Scheme 3.3).  

 
Scheme 3.3. Mechanism of a thiol-ene reaction using AIBN as radical initiator. 

As already mentioned previously, it was necessary to obtain good conversions to the desired 

product in order to avoid future purifying issues. Hence, different reaction conditions were 

tested to get values of conversion nearest to 100% (Table 3.1). 
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Table 3.1. Reaction conditions tested for obtaining mPEG derivative 5. 

Entry AIBN Intermediate 4 Time (Yield)/Conversion* 

1 0.2 equiv. 1.0 equiv. 6 h 33%* 

2 0.5 equiv. 1.7 equiv. overnight complex mixture 

3 0.2 equiv. 1.1 equiv. overnight 50%* 

4 0.2 equiv. 2.0 equiv. 24 h (67%) 
* Conversions were calculated by integrating the remaining protons of the double bond from the 

acrylate group in the 
1
H NMR spectra of the products.  

All the reactions were carried out at reflux temperature and both AIBN and intermediate 4 

were added in 3 portions. Using 0.2 equiv. of AIBN and 1 equiv. of catecholic molecule 4 (Table 

3.1, entry 1), it was achieved a conversion value of 33%. In order to improve this result, longer 

reaction times and more equivalents of both AIBN and intermediate 4 were used (entry 2). 

However, it was seen that those conditions disfavoured the reaction, yielding a complex 

mixture. Therefore, the catalytic amount of AIBN was reduced to 0.2 equiv. and it was worked 

with a few excess of 4 in order to favour the monosubstitution in front of possible multi-

additions of mPEG chains in the core (entry 3). Using those conditions, only a conversion of 

50% of the expected mPEG 5 was obtained. Finally, it was achieved almost a total conversion 

to the desired mPEG 5 (entry 4) working with 0.2 equiv. of AIBN, and 2 equiv. of catecholic 

molecule 4 for 1 day. This reaction was monitored by 1H NMR observing the total 

disappearance of protons coming from the acrylate group of 11 (Figure 3.13). The reaction was 

stopped after a total conversion to the desired product was observed, and the solid was 

purified by means of precipitation with CH2Cl2 and Et2O to afford the final mPEGylated 

compound 5 as a white solid in 67% yield.  
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Figure 3.13. Comparison of 
1
H NMR spectra (250 MHz, (CDCl3) between commercial PEG methyl ether 

acrylate 11 (top) and cat-mPEG derivative 5 (bottom). The total disappearance of acrylate proton signals 

(highlighted in green) from 5.8 to 6.5 ppm means the successful conjugation of the fluorescent tag to 

the intermediate 4. 

II. Thia-Michael reaction 

 

Scheme 3.4. Synthesis of mPEG 5 via thia-Michael reaction. 

 

To carry out this reaction, some catalysts are used to generate thiolates and make feasible the 

reaction as shown in the next Scheme, taking a phosphine as example.   

cat-mPEG derivative 5 

commercial PEG methyl ether acrylate 11 
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Scheme 3.5. Proposed anionic chain mechanism via nucleophilic initiation for the phosphine-mediated 

thia-Michael reaction with an acrylic substrate. 

Different reaction conditions were tested, including two kind of catalyst, an amine (1,8-

diazabicyclo [5.4.0]undec-7-ene, DBU) and a phosphine (dimethylphenylphosphine, DMPP) 

(Table 3.2). 

Table 3.2. Different trials for the preparation of molecule 5 via thia-Michael reaction. 

Entry Solvent Catalyst Temperature  
Intermediate 

4 
Time 

(yield)/ 
Conversion* 

1 THF 0.6 equiv. DBU rt 1.1 equiv. 3 h 65%* 

2 toluene 0.05 equiv. DMPP 30 °C 4.7 equiv. 4 h < 20%* 

3 toluene 0.1 equiv. DMPP 30 °C 1.1 equiv. 3 h 80%* 

4 toluene 0.1 equiv. DMPP 30 °C 2.3 equiv. 4 h (78%) 
* Conversions were calculated by integrating the remaining protons of the double bond from the 

acrylate group in the 
1
H NMR spectra of the products. 

All reactions were carried out under inert atmosphere with dry solvents. It was found that the 

best catalyst to use in that reaction was DMPP, since with a higher amount of DBU, worse 

conversion values were obtained (Table 3.2, entry 1 vs. entries 3 and 4). Working with DMPP, it 

was observed that at least 0.1 equiv. of the catalyst were needed (entries 3 and 4) to obtain 

moderate/high conversion values, since working with only 0.05 equiv. of this phosphine (entry 

2) a conversion lower than 20% was obtained. Finally, it was seen that 0.1 equiv. of DMPP and 

2.3 equiv. of intermediate 4 at 30 °C for 4 h (entry 4) were the best reaction conditions to 

obtain a good conversion to the desired product 5, which was isolated by means of 

precipitation with CH2Cl2 and Et2O as a white powder in 78% yield. 

Advantages of this second synthetic pathway via thia-Michael reaction vs. radical-catalysed 

thiol-ene reaction are that the reaction conditions used are milder, and lower temperatures 

and shorter reaction times are required. Furthermore, the purity of the final mPEG derivative 5 
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via thia-Michael reaction was higher than the one obtained via the radical reaction, in which 

more by-products were formed coming from the decomposition of AIBN.   

3.2.3. SYNTHESIS OF mPEG-FUNCTIONALISED BUILDING BLOCK 6 

Previous to obtain the second mPEG derivative 6, which would be linked to the rest of the 

compound (molecule 4) through an ether, the syntheses of other analogues compounds were 

attempted by following another synthetic pathway showed below. Firstly, it was tried to 

convert the hydroxyl of commercial mPEG 12 in two good leaving groups (e.g. tosylate (-OTs),86 

and mesylate (-OMs)87) (Scheme 3.6) in order to allow the reaction with the catecholic 

molecule 4 through a simple nucleophilic substitution reaction (SN2).  

 

Scheme 3.6. Synthesis of the two different mPEG derivatives 13 and 14 from commercial PEG 

monomethyl ether 12.  

With these two mPEG chains (13 and 14) in hands, the nucleophilic substitution reaction with 

intermediate 4 was attempted (Scheme 3.7).  

 

Scheme 3.7. SN2 reaction between catecholic intermediate 4 and mPEGylated derivatives in order to 

obtained S,S’-cat-PEG bis-thiol 15. 

 

Different reaction conditions (different solvents and bases) were used to try to obtain the S,S’-

cat-PEG bis-thiol 15 (Table 3.3). 
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Table 3.3. Unsuccessfully reaction conditions tested to obtain 15. 

Entry mPEG Base Solvent Yield 

1 -OTs, 13 1 equiv. potassium tert-butoxide THF - 

2 -OTs, 13 3 equiv. potassium tert-butoxide THF - 

3 -OTs, 13 3 equiv. potassium tert-butoxide THF + DMF - 

4 -OTs, 13 8 equiv. pyridine CH2Cl2 - 

5 -OTs, 13 3 equiv. butyl lithium THF - 

6 -OMs, 14 3 equiv. butyl lithium CH2Cl2 - 

In all cases, the reactions were carried out under anhydrous conditions and with 1 equiv. of the 

mPEGylated derivative. It was worked with the two leaving groups, using 3 different bases 

(potassium tert-butoxide, pyridine (py) and butyl lithium) in different quantities (ranging from 

3 to 8 equiv.), and with different solvents. Unexpectedly, none of the 8 reactions attempted 

furnished the mPEG 15. Both starting materials, mPEG derivatives and intermediate 4, were 

recovered; starting mPEGs precipitated into the Et2O media, whereas intermediate 4 was 

found in the soluble medium.  

Before discarding this synthetic approach, the order of the synthetic steps was changed, trying 

first the functionalisation with the mPEG-OTs chain 13 of the commercial starting material 

pentaerythritol tetrakis(3-mercaptopropionate) 1 and second the coupling of the catechol 

moiety (Scheme 3.8).  

 

Scheme 3.8. Attempt to functionalise molecule 1 with the mPEG-OTs chain 13 via SN2. 

In order to favour the functionalisation of 1 with one mPEG chain, an excess of this core was 

used. In this case, it was worked with the strongest base butyl lithium and different solvents 

(Table 3.4).  

Table 3.4. Four different reaction conditions tested for the preparation of mPEG derivative 16. 

Entry mPEG-OTs 13 Base Solvent Yield 

1 0.8 equiv. 1.3 equiv. butyl lithium THF - 

2 1.0 equiv. 1.3 equiv. butyl lithium THF - 

3 0.6 equiv. 1.2 equiv. butyl lithium CH2Cl2 - 

4 0.5 equiv. 1.1 equiv. butyl lithium DMF - 
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Unfortunately, the same unsuccessful results were obtained; both starting reagents 1 and 13 

were recovered separately. It was hypothesised that the sulphide was not nucleophilic enough 

to attack the electrophilic position of molecules 13 and 14.  

Consequently, it was decided to target compound 6 using the radical-catalysed thiol-ene 

reaction, as it worked for synthesising mPEG 5. Therefore, first the commercial mPEG 12 had 

to be derivatised to the corresponding allyl ether,88 followed by the radical reaction to obtain 6 

(Scheme 3.9). 

 

Scheme 3.9. Synthetic route for the preparation of mPEG 6. a) Functionalisation of commercial PEG 

methyl ether 12 with an allyl group. b) Radical-catalysed thiol-ene reaction between intermediates 4 and 

17 to afford S,S’-cat-PEG bis-thiol 6. 

The corresponding alkoxyde of 12 was formed using NaH as base to attack onto the allylic 

position of the allyl bromide (Scheme 3.9a).88 Thus, the allylic ether mPEG 17 was obtained as a 

white powder in a quantitative manner after being purified by precipitation with Et2O.  

Afterwards, once intermediate 17 was obtained, the radical-catalysed thiol-ene reaction 

(Scheme 3.9b) was carried out using the same reaction conditions already optimised for the 

synthesis of mPEG derivative 5 (0.2 equiv. of AIBN and 2 equiv. of intermediate 4) (Table 3.1, 

entry 4, see pag. 49) in dry toluene. The reaction was monitored by 1H NMR until the total 

disappearance of the protons coming from the allyl group of 17 occurred. The final 

mPEGylated compound 6 was obtained in 62% yield after precipitation with CH2Cl2 and Et2O.  

3.2.4. SYNTHESIS OF PEG-FUNCTIONALISED BUILDING BLOCK 7 

To obtain PEG-functionalised derivative 7, first the heterobifunctional PEG 26 having an 

acrylate and carboxylic acid groups in each ends had to be synthesised.  
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3.2.4.1. Synthesis of heterobifunctional PEG derivative 26  

Firstly and considering the bibliographic precedents, the following synthetic pathway was 

proposed to obtain a very similar analogue compound 23 (Scheme 3.10). The synthesis would 

start with the known monoderivatisation of one of the terminal alcohols in the corresponding 

tosylate group. Secondly, the addition of the remaining alcohol to the tert-butyl ester of acrylic 

acid through a 1,4-conjugated addition, followed by the hydrolysis of such ester would render 

the carboxylic acid-based molecule. Finally, the two last steps would consist in the 

transformation of the tosylate group in the corresponding acrylate.  

 

Scheme 3.10. Synthetic route to obtain heterobifunctional PEG 23 that includes a (i) monotosylation; (ii) 

a functionalisation with an acrylic ester followed by its (iii) acidic hydrolisis; (iv) the removal of tosylate 

group; (v) and the final functionalisation to the acrylate 23.  

Therefore, the synthesis started with the monotosylation of one of the ending alcohols as an 

unusual protective step (Scheme 3.11). That reaction was quite well studied and already 

reported in the literature.82,89 In this case, the yield obtained was very good (91%) and the 

purification of the monosubstituted product was quite straightforward.  

 

Scheme 3.11. Monotosylation of commercial diol PEG 18. 

The good yield of this reaction could be due to the coordination of the silver cation with the 

oxygen atoms in the PEG backbone (Figure 3.14).90 Hsu et al.91 as well as Mahou et al.82 

attributed the selectivity toward monofunctionalised PEG with intramolecular hydrogen 

bonding, which was favoured by the chelate formation. They proposed that intramolecular 

hydrogen bonding was responsible for deprotonation of one hydroxyl group by silver oxide, 

suggesting that the other hydroxyl group became less acidic. Furthermore, the role of KI was 

also investigated by Bouzide et al.92 reporting that KI enhance the tosylation reaction rates, as 

it converted the tosyl chloride to the much more reactive tosyl iodide in situ.  
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Figure 3.14. Surface controlled non-symmetric activation of PEG at the heterogeneous silver oxide 

catalyst particles.
90 

 

Afterwards, in order to obtain the carboxylic acid group on the other end, the first 

methodology tested was to functionalise intermediate 19 with the tert-butyl ester of acrylic 

acid through an oxa-Michael addition so as to obtain derivative 20 (Scheme 3.12), following 

similar conditions used in literature.93  

 

Scheme 3.12. The incorporation of and ester group via an oxa-Michael addition between the alcohol of 

19 and commercial tert-butyl acrylate resulted unsuccessfully. 

Unfortunately, this reaction did not take place, since starting PEG 19 was recovered totally 

(Table 3.5, entry 1). A possible explanation could be the low solubility of tosylate PEG 19 in 

toluene. Therefore, the stronger base NaH and dry THF were used to overcome solubility 

issues, and longer reaction times were attempted.  

Table 3.5. Reaction conditions used to obtain tert-butyl ester-based PEG 20 and their 

corresponding conversions. 

Entry Base Solvent Time Temperature 
tert-butyl 
acrylate 

Conversion 

1 0.2 equiv. KOH toluene 3.5 h 0 °C 1.7 equiv. 0% 

2 1.0 equiv. NaH THF overnight rt 1.4 equiv. 45% 

3 0.4 equiv. NaH THF overnight rt 3 equiv. 52% 

4 0.4 equiv. NaH THF 24 h 0 °C  rt 9 equiv.* 78% 

* Those 9 equiv. of tert-butyl acrylate were added in 3 portions. 

Eventually, working with 1 equiv. of NaH and an excess of tert-butyl acrylate (entry 2), we 

obtained a 45% conversion to the PEG derivative 20. Being not a good enough conversion, it 

was tested the use of a catalytic amount of NaH and more equivalents of tert-butyl acrylate (3 

and 9 equiv., entries 3 and 4). Finally, by adding 9 equiv. of the commercial ester in 3 portions 
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over 1 day, a conversion of 78% to the expected derivative 20 was obtained. Remarkably, the 

best results were obtained when the base was used under stoichiometric amounts (entries 3 

and 4). 94,95,96 Despite these improvements, compound 20 could not be isolated with a high 

purity degree. Before discarding this synthetic route, the order of the synthetic steps was 

changed, trying first the functionalisation with tert-butyl acrylate of the commercial starting 

material PEG 18 (Scheme 3.13) in similar reaction conditions than in the best previous case, 

using NaH or DBU as bases  under stoichiometric amounts (Table 3.6).85 Both reactions were 

carried out in dry THF. 

 

Scheme 3.13. Functionalisation of commercial PEG chain 18 with the tert-butyl acrylate. 

Table 3.6. Reaction conditions used to obtain PEG derivative 24 and their corresponding 

conversions. 

Entry Base Time Temperature tert-butyl acrylate Conversion 

1 0.5 equiv. NaH overnight 0 °C  rt 0.9 equiv. 50% 

2 0.01 equiv. DBU 4 h rt 0.9 equiv. 0% 

 
Unfortunately, working with the initial diol PEG 18 under these conditions did not allow 

obtaining ester 24 with good conversions values. On one hand, when NaH was used (Table 3.6, 

entry 1), it was concluded that only the 50% of commercial PEG diol 18 was converted to the 

ester-PEG 24 by integrating the protons signals of tert-butyl group and comparing them with 

the number of protons of the PEG chain in its 1H NMR spectrum. On the other hand, using DBU 

the initial commercial PEG 18 was obtained unaltered (entry 2).  

Hence, as this approach did not work, another one was attempted by trying to oxidise directly 

one of the two terminal alcohols of starting PEG diol 18 using a solution of KMnO4 and KOH in 

water (Scheme 3.14) following a described procedure.97,98  

 

Scheme 3.14. Oxidation of one alcohol of PEG 18 to carboxylic acid using KMnO4. 
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After several trials and working with different equivalents of KOH and KMnO4 (Table 3.7), it 

was found out that by using 15.8 equiv. of the base KOH and 1.9 equiv. of oxidant KMnO4 

(entry 3) the monooxidised product 25 was obtained in excellent yield (95%). By adding more 

equivalents of both KOH and KMnO4 reagents (entry 1), the dioxidised product was isolated. 

The 1H NMR spectrum of 25 showed a new singlet signal integrating 2 protons at 4.17 ppm, 

coming from the methylene group between the oxygen and the carboxylic moiety (-CH2COOH), 

thus confirming the oxidation of one alcohol. 

Table 3.7. Oxidative conditions to obtain one carboxylic acid-based PEG 25. 

Entry KOH KMnO4 -OH oxidation* Yield 

1 28 equiv. 2.5 equiv. 2 - 

2 9 equiv. 1 equiv. < 0.9 - 

3 15.8 equiv. 1.4 equiv. 1 95% 

* From 
1
H NMR spectra and integrating the singlet that appears at 4.17 ppm, which corresponds to the 

methylene next to the formed carboxylic acid, it can be determined the oxidation degree of the 

alcohols; 2 means that the two alcohols has been oxidised to carboxylic acid; < 0.9 means that less than 

one alcohol has been oxidised; and 1 means the mono-oxidation of the starting PEG 18. 

Afterwards, the second step was the functionalisation of the remaining alcohol as the 

corresponding acrylate derivative, necessary to bind the PEG chain to thiol-catechol unit 4 

through a thia-Michael reaction, as already explained in the introduction of this chapter. 

Therefore, PEG derivative 25 was functionalised with commercial acryloyl chloride (Scheme 

3.15). This reaction was attempted using, first, 1 equiv. of acryloyl chloride and 1.3 equiv. of 

triethylamine (TEA) as a base to neutralise the HCl formed in the reaction, in dry CH2Cl2, for 1 h 

at 0 °C and letting the reaction mixture stirring overnight at rt.99,100 

 

Scheme 3.15. Functionalisation of the second alcohol with an acrylate group to obtain the final 

heterobifunctional PEG 26. 

In this first attempt, after purifying the resulting PEG by precipitation with Et2O, in the 1H NMR 

spectrum the signals of protons of the double bond from the acrylate group could be 

distinguished, and their integration allowed to determine that acrylate functionality was 

successfully introduced to the PEG chain 25 with an 80% of conversion (Table 3.8, entry 1). As 

in other cases, the conversion had to be improved to values nearest the 100%, so as to avoid 
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future purification issues. In consequence, other trials were attempted using more equivalents 

of acryloyl chloride and TEA (entries 2-4).  

Table 3.8. Reaction conditions tested to obtain the final heterobifunctional PEG 26. 

Entry Et3N Acryloyl chloride Molecular sieves (yield)/conversion* 

1 1.3 equiv.  1.0 equiv. No 80%* 

2 2.0 equiv. 2.7 equiv.  No (54%) 

3 1.9 equiv. 2.8 equiv.  Yes (58%) 

4 1.4 equiv. 2.0 equiv. Yes (67%) 

 
By increasing the equivalents of acryloyl chloride and TEA (entry 2) the heterobifunctional PEG 

26 was obtained with a conversion > 95% in 54% yield. On the attempt to optimise this 

reaction, molecular sieves were added in order to remove residual water that PEG could 

contain and avoid possible hydrolysis of the acryloyl chloride. Consequently, the yield 

increased a little bit up to 58% (entry 3). Finally, in order to avoid the formation of the acid 

anhydride, the equivalents of both acryloyl chloride and TEA were reduced to 2 and 1.4 equiv., 

respectively, and the conversion was enough improved (> 95%) to allow the isolation of pure 

26 in 67% yield (entry 4).  

To sum up, the heterobifunctional PEG 26 was obtained from a linear synthesis of 2 steps in 

64% overall yield (Scheme 3.16). This short synthesis comprised firstly the monooxidation of 

one of the terminal alcohols to carboxylic acid and secondly the addition of an acrylate group 

on the other end. 

 

Scheme 3.16. Synthetic route to afford the desired heterobifunctional PEG 26 in 64% overall yield. 

 

3.2.4.2. Synthesis of building block 7 

S-catechol tris-thiol 4 was conjugated with the heterobifunctional PEG 26 via the both thiol-

ene reactions previously studied, either through a radical or a thia-Michael mechanism. 
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I. Radical-catalysed thiol-ene reaction 

 

Scheme 3.17. Radical-catalysed thiol-ene reaction to bind together the catechol intermediate 4 with the 

heterobifunctional PEG 26. 

To carry out this reaction, 0.4 equiv. of AIBN and 4 equiv. of catecholic derivative 4 were used 

in reflux temperature of dry toluene, overnight. In this case, only 50% conversion of the 

desired product 7 was achieved. 

II. Thia-Michael reaction 

 
Scheme 3.18. Thia-Michael reaction between acrylate group from PEG 26 and one of the free thiols 

from catecholic intermediate 4. 

The first attempt took place for 4 h, under inert atmosphere, at 30 °C, with an excess of 

catechol derivative 4, so as to favour the monosubstitution, and using a catalytic DMPP 

amount (0.14 equiv.) (Scheme 3.18).  

By 1H NMR it was checked that under these conditions there was roughly a 50% of conversion 

to the desired product 7 (Table 3.9, entry 1). Thus, longer reaction times and more equivalents 

of DMPP were used to improve the conversion value (entries 2-4). 

Table 3.9. Reaction conditions tested to afford cat-PEG derivative 7. 

Entry Activator Catechol 4 Time (Yield)/conversion* 

1 0.14 equiv. DMPP 4.7 equiv. 4 h 50%* 

2 0.25 equiv. DMPP 6.9 equiv. 5.5 h (55%) 

3 0.40 equiv. DMPP 9.9 equiv. 5.5 h (63%) 

4 0.40 equiv. DMPP 5.7 equiv. 5 h (67%) 

 
By using longer reaction times and more equivalents of DMPP, but still being in a catalytic 

amount, the final product 7 was obtained with a conversion near to 100% in 55% yield after 
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being purified by precipitation with Et2O several times (entry 2). In order to improve the yield, 

more equivalents of DMPP and catechol derivative 4 were used, increasing the yield up to 63% 

(entry 3). However, using a large amount of catechol-based molecule 4 made difficult the 

purification of the resulting PEG 7, requiring many recristallisations with Et2O. Therefore, 

another attempt was performed using the same equivalents of DMPP, but decreasing the 

amount of catecholic derivative 4 to 5.7 equiv. (entry 4). Under those conditions, the cat-PEG 

molecule 7 was obtained in 67% yield. 

To conclude, thia-Michael reaction was a more suitable reaction for this kind of conjugation, 

since the expected product 7 could be obtained in almost a 100% of conversion with a 

moderate yield (67%), and the final purity was greater than the one obtained when the radical 

thiol-ene reaction was used, since less by-products were formed and all they were removed in 

the purification process. 

3.2.5. SYNTHESIS OF FLUORESCEIN-FUNCTIONALISED BUILDING BLOCK 8  

In order to obtain fluorescein derivative 8 from the monosubstituted S-catechol tris-thiol 4, 

firstly two approaches were attempted using different kind of commercial fluorescein 

derivatives to synthesise analogues compounds.  

First, the reaction was attempted with the isothionate derivative 27 in order to obtain the final 

thiourea 28 (Scheme 3.19).101   

 

Scheme 3.19. Unsuccesfully trial of obtaining derivative 28. 

Although different reaction conditions were used, in any case successful results were obtained 

(Table 3.10). 

Table 3.10. Two reaction conditions for the synthesis of molecule 28. 

Entry Base Solvent Time Temperature (°C) Yield 

1 - dry acetone 20 h reflux - 

2 3.4 equiv. NaH dry THF overnight reflux - 

Firstly, the reaction was attempted in dry acetone at reflux temperature (Table 3.10, entry 1) 

following an already described procedure for this kind of reaction.83 Nevertheless, this reaction 
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did not work, since both starting materials 4 and 27 were recovered. Therefore, the same 

reaction was attempted in dry THF and using NaH as a base to obtain the corresponding 

thiolate (entry 2). Unfortunately, a complex reaction mixture was obtained.  

Before discarding this synthetic approach, the order of the synthetic steps was changed, trying 

first the functionalisation with fluorescein derivative of the core 1 (Scheme 3.20) in order to 

ensure that the catechol moiety did not influence on the reaction (Route B, see Chapter 1, 

Figure 1.18). 

 

Scheme 3.20. Functionalisation of tetrakis-thiol 1 with the fluorescein derivative 27. 

Table 3.11. Several reaction conditions to obtain S-fluorescein-functionalised tris-thiol 29. 

Entry Base Solvent Time Temperature (°C) Yield 

1 1.4 equiv. Et3N dry THF 48 h rt - 

2 1.4 equiv. Et3N dry CH3CN 24 h 50 °C - 

3 1.5 equiv. Et3N dry DMF 24 h 140 °C - 

4 2.5 equiv. EGTA borate buffer pH 9.2 overnight rt - 

 
This reaction was attempted using TEA in three different dry solvents (THF, CH3CN and DMF), 

and at different temperatures (from rt to 140 °C) (Table 3.11, entries 1-3). In any cases the final 

product S-fluorescein tris-thiol 29 was identified. As last try, that reaction was carried out in a 

basic borate buffer using an excess of ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid (EGTA)102 (entry 4). However, the expected product was not obtained either.  

Since with molecule 1, without previous functionalisation, it was not able to obtain the 

intermediate 29, the reaction using as simple model thiol 3-propanthiol was tested (Scheme 

3.21). 

 

Scheme 3.21. Trial of constructing reaction with 3-propanthiol. 

The reaction was attempted twice, and conditions and results are summarised in the next 

Table. 
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Table 3.12. Reaction conditions used in order to form the thiourea moiety. 

Entry Base Molecule 27 Time Temperature (°C) Yield 

1 1.4 equiv. Et3N 1.5 equiv. 24 h 40 °C - 

2* 1.5 equiv. Et3N 0.7 equiv. 1 h 100 °C - 
* Entry 2 was carried out under microwave (MW) irradiation into a microwave reactor.  

Both reactions were carried out in dry DMF and  1.4 equiv. of TEA were used. It was worked 

with an excess (Table 3.12, entry 1) and under stoichiometric amount (entry 2) of fluorescein 

5(6)-isothiocyanate 27, and with different reaction times and temperatures. Even, the second 

reaction was carried out using a microwave reactor. Unfortunately, the thiourea intermediate 

30 was not obtained. It seemed that sulphur was not a good enough nucleophile to attack the 

isothiocyanate group in the chemical context of fluorescein structure. For this reason, another 

strategy was attempted to obtain the fluorescein-based derivative. 

This second synthetic strategy consisted in using 5-(iodoacetamido)fluorescein 31, an usual 

reactive in the biological field,103 but not in preparative organic synthesis. Nonetheless, it was 

tried to carry out the corresponding SN2 reaction (Scheme 3.22) between pentaerythritol 

tetrakis(3-mercaptopropionate) 1 and 5-(iodoacetamido)fluorescein 31 in two different media; 

the first one consisted of dry DMF using DIPEA as a base (Table 3.13, entry 1),104 and the 

second one of a phosphate buffer at pH 7.4 (entry 2).103  

 

Scheme 3.22.  Trial of synthesis of fluorescein-functionalised molecule 32 via SN2 reaction. 

Table 3.13. Reaction conditions into an organic (entry 1), and an aqueous (entry 2) media in 

order to obtain intermediate 32. 

Entry Base Solvent Time Temperature Yield 

1 1.1 equiv. DIPEA dry DMF overnight rt - 

2 - phosphate buffer pH 7.4 overnight rt - 

 
Unfortunately, none of these two reactions allowed isolating compound 32. In all cases, both 

starting materials 1 and 31 were recovered separately after being purified by flash column 

chromatography. 
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Finally, a third approach was attempted, using the commercial fluorescein O-acrylate 33 

(Scheme 3.23) and catecholic intermediate 4, based on the radical-catalysed thiol-ene 

reaction.84  

 

Scheme 3.23. Synthesis of fluorescent compound 8 through the radical thiol-ene reaction. 

In the next Table are summarised the two reactions conditions attempted and the results 

obtained. 

Table 3.14. The thiol-ene trials between tris-thiol 4 and fluorescein O-acrylate derivative 33. 

Entry AIBN Solvent Time Temperature (°C) Yield 

1 0.2 equiv. dry toluene overnight reflux - 

2 0.2 equiv. dry CH3CN overnight reflux 50% 

 
To carry out this radical reaction, a catalytic amount of AIBN (0.2 equiv.) was used. The first 

trial was in refluxing dry toluene (Table 3.14, entry 1). Nevertheless, since fluorescein 33 was 

not soluble in it, that reaction did not work. Therefore, the same reaction conditions were 

used in dry CH3CN (entry 2) to solve solubility issues. This reaction was monitored by 1H NMR 

observing the disappearance of olefinic protons of the acryloyl group of 33. The reaction was 

stopped after total conversion to the desired product and the crude was purified by a flash 

column chromatography to afford target compound 8 as an orange powder in 50% yield. 

3.2.6. SYNTHESIS OF FLUORESCEIN-FUNCTIONALISED STYRENIC DERIVATIVE 36 

As already mentioned in the introduction of this chapter, a fluorescein-functionalised building 

block containing a styrene moiety was synthesised to demonstrate the role of catechol in the 

adhesion properties. 

This styrenic derivative was synthesised by means of two consecutive radical-catalysed thiol-

ene reactions (Scheme 3.24) with the conditions already studied for the catecholic compound 

8. As in previous cases, the functionalisation of molecule 1 with styrene 34 to obtain 

intermediate 35 was followed by 1H NMR, observing the disappearance of protons’ signals 

from the double bond of styrene. In that case, no purification methods were required since oil 

35 was obtained quite pure in a quantitative manner. From this molecule, the target 

compound 36 was prepared in 39%, after purification by column chromatography.  
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Scheme 3.24. Synthesis of the fluorescein-functionalised styrenic derivative 36. 

 

3.2.7. SYNTHESIS OF AMINO-GLUCOFURANOSE DERIVATIVE 41 

To obtain this sugar derivative, the following synthetic route (Scheme 3.25) was proposed. The 

synthesis would start with the protection of the two vicinal alcohols of the commercial 1,2-O-

isopropylidene-α-D-glucofuranoside 37 by forming an hemiketal using benzaldehyde. Then, 

the remaining primary alcohol would be tosylated in order to allow the introduction of an 

azido group. Finally, a catalytic hydrogenation would deliver the amino-glucofuranose 

derivative 41. 

 

Scheme 3.25. Synthetic pathway to obtain amino-glucofuranose derivative 41 that includes (i) 

protection of the two vicinal alcohols forming an hemiketal using benzaldehyde; (ii) tosylation of the 

remaining primary alcohol; (iii) introduction of the azido; and followed by (iv) catalytic reduction of the 

azido to obtain a primary amine. 
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As already mentioned, the synthesis started from the commercial triol 37. In the first reaction, 

the two secondary vicinal alcohols were protected using benzaldehyde, which was distilled 

previously, in order to form the hemiketal 38 (Scheme 3.26). This reaction was carried out 

using zinc chloride as Lewis Acid.105  

 

Scheme 3.26. Protection of the two vicinal secondary alcohols through a hemiketal. 

The protected sugar 38 was purified by crystallisations with hexane and at the end it was 

obtained in 57% yield. 

Then, the remaining primary alcohol was tosylated following the same reaction conditions 

used to prepare PEGylated compound 19 (Scheme 3.27).82,89  

 

Scheme 3.27. Tosylation of the primary alcohol of sugar 38. 

Under those conditions, a conversion higher than 90% towards tosylated derivative 39 was 

achieved. Nonetheless, in order to achieve almost a 100% conversion this reaction was also 

attempted under usual basic conditions using anhydrous pyridine, 3 equiv. of p-

toluenesulfonyl chloride and dry CH2Cl2 (Scheme 3.28). Under those conditions a total 

conversion towards tosylate intermediate was almost achieved obtaining 39 in 57% yield after 

being recristallised with hexane several times. 

 

Scheme 3.28. Tosylation of the primary alcohol of sugar 38 using pyridine and p-toluenesulfonyl 

chloride. 
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The next step consisted in substituting the tosylate group by an azide. This reaction was 

carried out using 7 equiv. of NaN3, in dry DMF, at 90 °C, and was left to progress overnight 

(Scheme 3.29).82 The final azide intermediate 40 was obtained in 78% yield and was used in the 

next step without further purification.  

 

Scheme 3.29. Formation of the azido group 40 from tosylate 39. 

Furthermore, from protected glucofuranose derivative 38, the azide-based glucose 40 was 

obtained directly through a Mitsunobu reaction,106 avoiding the formation of tosylate 

intermediate 39 (Scheme 3.30). 

 

Scheme 3.30. Mitsunobu reaction to obtain azide 40 from alcohol 38. 

To obtain this derivative 40, first it was prepared a phosphonium salt with PPh3 and di-tert-

butyl azodicarboxylate (DBAD) at 0 °C. Afterwards, alcohol 38 and diphenylphosphoryl azide 

(DPPA) as the azide source were added and the reaction was left stirring for 1 day to reach rt. 

The crude was purified by a column chromatography to afford the product 40 as a white solid 

in 57% yield, thus improving the previous synthesis of this molecule 40 through tosylate 

intermediate 39 from common alcohol precursor (44% overall yield). 

Finally, in order to obtain the final amino-glucofuranose derivative 41, azide 40 was reduced 

under H2 atmosphere with 10% w/w of Pd on activated charcoal.96,107  

 

Scheme 3.31. Hydrogenation of the azide group to afford the amine 41. 
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Afterwards, the reaction mixture was filtered over Celite® in order to remove Pd and 

concentrated under vacuum, affording crude material 41, which was recrystallised with 

hexane, finally affording amino sugar 41 in 97% yield.  

In summary, the amino-glucofuranose derivative 41 could be obtained through a linear 

synthesis either (i) by forming a tosylate-glucofuranose derivative 38 in 4 steps in 25% overall 

yield (Scheme 3.32, red line), or, (ii) via three synthetic steps that included a Mitsunobu 

reaction in 32% overall yield (Scheme 3.32, blue line). 

 
Scheme 3.32. Two different ways to obtain the amino-glucofuranose derivative 41; via the formation of 

a tosylate intermediate (red line) and through a Mitsunobu reaction (blue line). 

 

3.3. SULPHUR-BASED POLYMERISATION REACTION 

3.3.1. CHARACTERISATION METHODOLOGIES 

The products obtained from polymerisation reactions were characterised by different 

techniques, such as 1H NMR, DOSY NMR experiments and gel permeation chromatography 

(GPC). 1H NMR and DOSY experiments were performed in THF-d8, whereas GPC analyses were 

performed in THF. A first rough value of the polymerisation degree in the material was 

determined by 1H NMR, calculating the ratio of thiol’s peak between the starting monomer 

and the resulting product from the polymerisation reaction. For some of the materials, their 

polymerisation degrees were also determined calculating the corresponding molecular weights 

by means of GPC and DOSY NMR techniques. To prepare GPC samples, the derivatives 

obtained after polymerisation were dissolved in THF (1 or 2 mg/mL) and filtered through 0.22 

µm nylon filters. To determine the polymerisation degree by DOSY NMR experiments, firstly a 

calibration curve was needed. Hence, four patterns with known molecular weights were used: 

1-decene, 1-octadecene, PEG methyl ether 2000 and PEG methyl ether 5000. Their diffusion 

coefficients were measured, and the diffusion coefficients of the products obtained from the 
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polymerisation reactions were interpolated into the calibrate curve to know approximate 

values of their molecular weights.  

3.3.2. POLYMERISATION REACTION 

Once the different building blocks (5, 6, 7, 8, and 36) were synthesised and characterised, they 

were polymerised using the strategy based on the formation of disulphide bonds under mild 

oxidative conditions using a solution of resublimed iodine in EtOH 96% (Figure 3.15).108 These 

mild conditions are compatible with the different functional fragments present in the building 

blocks.  

 

Figure 3.15. Mild oxidative polymerisation of synthesised building blocks using a solution of iodine in 

EtOH 96%. 

In the general procedure of this polymerisation strategy, the monomers were dissolved in 

EtOH 96% and a 35 mM solution of resublimed iodine (1 equiv.) in the same solvent was added 

dropwise. Whereas monomers were soluble in the media, the corresponding products 

resulting from the polymerisation reaction were not, being easy to isolate and washed them 

with fresh solvent (Table 3.15). It was observed that small percentages (3-5%) of the doping 

tris-thiol molecule 4 favoured the intermolecular S-S bond formation, thus the polymerisation. 

On the contrary, whether the polymerisation reaction was not doped by this tris-thiol, the 

resultant products did not precipitate in the media, being impossible to isolate them. (Note: 

From now on, P is referred to the product obtained from the polymerisation reaction). 
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Table 3.15. Yields of the polymerisation reactions based on the amount of the solid precipitate 

vs. the initial amount of each monomer 5, 6, 7, 8 and 36. 

Products from the polymerisation reaction Yield (%) 

P5 (mPEG-functionalised catecholic derivative, (-acryl)) 45% 

P6 (mPEG-functionalised catecholic derivative, (-allyl)) 28% 

P7 (HOOC-PEG-functionalised catecholic derivative, (-acryl)) 41% 

P8 (fluorescein-functionalised catecholic derivative) 34% 

P36 (fluorescein-functionalised styrenic derivative) 29% 

 
This step-growth type polymerisation was followed by 1H NMR and it was seen that catechol 

moiety did not suffer any kind of oxidation process. Furthermore, it was also observed that the 

intensity of thiol proton signal decreased, as expected if the polymerisation takes place 

through thiols by forming disulphide bonds and not through the catechol moiety (see Annex A2 

for GPC spectra).  

Product P7 was studied in detail as a standard to optimise the reaction conditions of this 

polymerisation strategy. Firstly, building block 7 was polymerised without using any kind of 

doping molecule. In this case, different solvents, concentrations, and order of addition were 

evaluated in order to optimise such reaction (Table 3.16). 

Table 3.16. Different polymerisation conditions tested to polymerise building block 7. 

Entry Solvent Concentration Equiv. I2 Time Order of addition* Yield 

1 THF 20 mg/mL 1.1 1 h Into PEG 52% 

2 CHCl3 18 mg/mL 1.3 1 h Into PEG 34% 

3 abs. EtOH 20 mg/mL 1.1 1 h Into PEG 70% 

4 EtOH 96% 20 mg/mL 1.1 1 h Into PEG 43% 

5 abs. EtOH 41 mg/mL 1.1 1 h Into PEG 69% 

6 EtOH 96% 42 mg/mL 1.2 2 h Into I2 54% 

7 EtOH 96% 54 mg/mL 1.1 1 h Into PEG 55% 
All the reactions were carried out at rt. The yields obtained were based on the final amount obtained 

after polymerisation vs. the initial amount used of starting monomer 7. Abs.: absolute. * Into PEG means 

that the solution of I2 is added dropwise into the monomer’s solution, and into I2 the opposite way. 

In all the cases it was used an excess of iodine in order to favour the formation of longer 

oligomers. However, in none of those cases precipitated materials were obtained. As a general 

procedure to treat those soluble samples, a saturated aqueous solution of Na2S2O3 was added 

into reaction mixtures to quench the excess of iodine. The soluble materials were extracted 

with CH2Cl2 and the combine organic extracts were dried with anhydrous Na2SO4, filtered and 

concentrated under vacuum. The residues were dissolved in the minimal volume of CH2Cl2 and 
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Et2O was added until cloudiness appeared. The mixtures were stored in the fridge overnight. 

Afterwards, the white precipitates were filtered, washed with fresh solvent and dried under 

vacuum. After doing this first screening, it was observed that after 1 h of reaction the 

polymerisation had finished, since no improvements were observed after 2 h (Table 3.16, entry 

6). The polymerisation reaction was carried out in THF and CHCl3 achieving yields of 52% and 

34%, respectively (entries 1 and 2), and when it was carried out with both absolute EtOH 

(entries 3 and 5) and EtOH 96% (entries 4, 6, 7), it was observed that with the first one the 

highest yield (70%) was obtained (entry 3). Furthermore, it was studied whether the order of 

addition could influence on the formation of the oligomers. Commonly, a solution of iodine 

was added dropwise into a solution of the cat-PEG derivative 7 while stirring, but the addition 

of a cat-PEG 7 solution into an iodine one was also attempted (entry 6). However, no 

significant differences were observed. 

Once the cat-PEG derivatives were isolated, they were analysed by GPC and 1H NMR 

techniques. GPC analyses revealed only one peak at around  2500-2800 in all the cases. That 

number corresponded to the molecular weight of the monomer 7 and no more peaks 

corresponding to oligo-/polymeric forms appeared. Nevertheless, by 1H NMR it was observed 

the disappearance of the thiol proton’s signal at 1.64 ppm, indicating that disulphide bonds 

had been formed (Figure 3.16).  

 
Figure 3.16. 

1
H NMR spectra of the starting monomer 7 (blue) and the product resultant from the 

polymerisation reaction P7 (red). It is observed the desappearance of the thiols’ proton signal at 1.64 

ppm in the 
1
H NMR spectrum of the P7. 

-SH 

Monomer 7 

P7 
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After these first results, it was concluded that monomer 7, working under those conditions, 

tended to cycle itself as shown in Figure 3.17. This cyclation is favoured sine the 

pentaerythritol tetrakis(3-mercaptopropionate) (in red) is a tetrahedron with four identical 

branches in 109° and contains a long PEG chain in a mushroom conformation surrounding it, 

which makes the polymerisation difficult.  

 

Figure 3.17. Possible cyclation of cat-PEG monomer 7 between the two free thiols. 

As already mentioned, in order to favour the formation of intermolecular S-S bond and to 

avoid the cyclation of the monomer 7, the polymerisation reaction was carried out by doping it 

with different amounts of S-catechol tris-thiol 4 as shown in Figure 3.18 and Table 3.17. 

 

Figure 3.18. Copolymerisation of cat-PEG 7 with intermediate 4. Since molecule 4 has three thiols, the 

product obtained could present a cross-linked structure. 
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Table 3.17. Different polymerisation conditions tested to copolymerise intermediate 7 with 

catecholic molecule 4. 

Entry Doping (4) Equiv. I2 Yield 

1 18% cat-(SH)3 1.1 54% 

2 6% cat-(SH)3 1.1 40% 

3 3% cat-(SH)3 1.1 16% 

4 3% cat-(SH)3 1.4 8%  
In all the cases the solution of I2 was added dropwise into the mixture of 4 and 7, and the reactions were 

carried out at rt. The yields obtained were based on the final amount obtained of PEGylated derivatives 

vs. the initial amount of starting monomer 7 used. 

By doping with derivative 4, a precipitate was formed, and then isolated, washed with fresh 

EtOH 96%, and dried under vacuum. By adding more cross-linker 4, a higher amount of 

precipitated material was obtained (Table 3.18, entry 1). However, the most doped ones 

(entries 1 and 2) were very sticky and less soluble in common organic solvents. Therefore, less 

amount of molecule 4 was used in order to trigger the polymerisation of cat-PEG 7, but 

without a lot of cross-linking (entries 3 and 4). Trying these conditions, it was observed that an 

increase of the equivalents of iodine disfavoured the formation of the precipitate (entry 4) 

getting lower yields, may be due to the acidic medium formed because of the presence of HI. 

None of the four doped cross-linked materials were soluble in THF, so GPC analyses could not 

be performed. Nonetheless, by 1H NMR it was observed the disappearance of thiols’ peak at 

1.64 ppm (Figure 3.19). 

 

Figure 3.19. 
1
H NMR spectra of the starting monomer 50 (blue) and the resulting cross-linked C4-7 (red). 

It is observed the desappearance of the thiols’ proton signal at 1.64 ppm in the 
1
H NMR spectrum of the 

derivatve C4-7. 

 

-SH 
Monomer 7 

C4-7 
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In summary, using compound 4 as doping agent, the resulting product of polymerisation was 

obtained in low yield (16%) as a sticky solid and insoluble in THF, probably because its possible 

cross-linked structure. Therefore, the polymerisation was also tried by doping it with a new 

molecule similar to 4, but with only two thiols. In that way, it was ensured that monomer 7 

was polymerised without cross-linking (Figure 3.20). 

 

Figure 3.20. Copolymerisation between cat-PEG 7 and S-catechol-bis-thiol 42. 

This polymerisation reaction was tested using different conditions summarised in the next 

Table.  

Table 3.18. Different polymerisation conditions tested to polymerise building block 7 with 

catecholic molecule 42. 

In all the cases the solution of iodine was added dropwise into the mixtures of 7 and 42. 

In all the cases a precipitate was obtained, and then isolated, washed with fresh absolute 

EtOH, and dried under vacuum. Preferably, the polymerisation reactions were carried out 

using under stoichiometric amounts of iodine in order to avoid the formation of long polymers, 

which would be less soluble in common organic solvents, and to prevent the formation of a 

very acidic medium. Doped cat-PEG 7 with bis-thiol 42 in a range of 0.5% to 10% provided 

yields between 30-40% (Table 3.18, entries 1-5), except when it was used an excess of iodine 

(entry 5), getting the highest yield (55%), and when the reaction was attempted in a mixture of 

absolute EtOH and DMF at 40 °C (entry 6), where the lowest yield (26%) was obtained. Apart 

from those two cases, it seemed that the amount of doping molecule 42 in that range did not 

Entry Solvent Doping (42) Temperature Equiv. I2 Time Yield 

1 abs. EtOH 10% cat-(SH)2 rt 0.74 1 h 39% 

2 abs. EtOH 3% cat-(SH)2 rt 0.75 1 h 34% 

3 abs. EtOH 2.2% cat-(SH)2 rt 0.79 1 h 41% 

4 abs. EtOH 0.5% cat-(SH)2 rt 0.71 1 h 36% 

5 abs. EtOH 3.5% cat-(SH)2 rt 1.1 2.5 h 55% 

6 abs. EtOH + DMF 2.4% cat-(SH)2 40 °C 0.74 1 h 26%  
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influence on the formation of the resulting product P7. Finally, GPC analyses of those 

precipitates were performed and it was found that no relevant peaks appeared in their 

spectra. Furthermore, in that case it was not possible to check the presence of some free thiol 

groups after polymerisation by 1H NMR due to the presence of a broad signal at 1.70 ppm in 

the spectra of the products obtained from the polymerisation reactions.  

In other experiments, when the cat-PEGylated starting monomer 7 was run in the GPC, a peak 

at Mn  2600 was identified. Therefore, if nothing was detected by GPC when those products 

obtained from the polymerisation reaction of 7 doped with 42 were ran, that meant that those 

samples were at least short oligomers which were not soluble in THF as already seen in the 

first experiments performed. Hence, in an indirect way, it could be assumed that by doping the 

cat-PEG derivative 7 with molecule 42 a mixture of oligomers can be obtained.  

Once it was studied in detail the polymerisation of PEGylated derivative 7 and observing the 

importance of having doping molecules to favour the polymerisation against the cyclation, the 

next derivatives 5, 6 and 8, were directly polymerised with the presence of the impurity 

dragged from their synthesis (intermediate 4). Due to solubility issues, only the PEGylated 

derivative P6 could be characterised by the three 1H NMR, DOSY experiments and GPC 

techniques since fluorescein-functionalised materials P8 and P36 were only soluble in acetone, 

and the mixtures of the other PEGylated derivative P5 resulting from the polymerisations were 

not soluble in THF. In the case of P6, it was observed that the three methods were comparable 

because the values obtained from all of them were in the same order of magnitude (Table 

3.19).  

Table 3.19. Polymerisation’s degree of cat-PEG-functionalised P6 determined by 1H NMR, 

DOSY experiments and GPC. 

Derivative 1H NMR  DOSY GPCa 

P6 dimer/trimer dimer 

IR UV 

Mn Mw Mn Mw 

5415 Da 
dimer 

7899 Da 
trimer 

7922 Da  
trimer 

12340 Da 
4/5 units 

 
All three techniques suggested that the mPEGylated building block 6 polymerised up to 2-5 

units (see Annex A2.1-2 for GPC spectra). The small degree of polymerisation could be 

attributed to the fact that the building block 6 had a long PEGylated chain that it would not be 

stretched, but in a mushroom conformation, providing high steric hindrance, thus preventing 

                                                           
a
 GPC analyses were performed in collaboration of Dr. Haritz Sardon from the Innovative Polymers 

Group leaded by Dr. David Mecerreyes at POLYMAT (Basque Center for Macromolecular Design and 
Engineering). 
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further polymerisation through the thiol groups. With regard to P5, it could be only 

characterised by 1H NMR in CDCl3 due to solubility issues in THF. By integrating the protons of 

–SH at 1.64 ppm, it was estimated that its degree of polymerisation was around 2/3 units. As 

far as fluorescent derivatives P8 and P36 were concerned, since their 1H NMR spectra recorded 

in (CD3)2CO were messy and only broad signal bands were observed, it was difficult to 

determine their degree of polymerisation (see Annex A1.2 for 1H NMR spectra).  

 

3.4. NANOPARTICLE COATINGS 

3.4.1. COATINGS ONTO MESOPOROUS SILICA NANOPARTICLES 

With mPEGylated derivatives 5, 6, P5 and P6, coatings onto mesoporous SiO2 NPs (MSNPs, Ø  

200 nm)b were performed. As a general procedure (Figure 3.21a), 10 mg of NPs were dispersed 

in 1 mL HPLC grade CH2Cl2 and a solution of  7 mM of the corresponding mPEGylated 

derivative was added into it, and the mixture was left to stir at 500 rpm overnight at rt. The 

final dispersion was centrifuged at 14000 rpm for 2 min and the resulting MSNPs were washed 

with fresh CH2Cl2 three times in order to remove the excess of mPEG derivatives. 

Those MSNPs were characterised by different techniques; scanning transmission electron 

microscopy (STEM), energy-dispersive X-ray spectroscopy (EDX), dynamic light scattering (DLS) 

and ζ-potential measurements.  

From STEM images (Figure 3.21b) PEGylated coatings onto the MSNPs were identified; they 

were observed as thin lighter layers (ca. 20 nm) surrounding the NPs, whereas the non-treated 

MSNPs did not show any organic shell surrounding them. In the case of MSNPs@P6, the 

coating was evinced in the EDX line scan (Figure 3.21c) by the presence of carbon (red line) 

across the whole diameter of coated particles, in contradistinction to the oxygen signal (blue 

line), which appeared circumscribed to their inner sections, i.e. to the mineral cores.  

                                                           
b
 These MSNPs were provided by Dr. Christian Bellacanzone from Nanostructured Fuctional Materials 

research group at Institut Català de Nanociència i Nanotecnologia (ICN2). 
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Figure 3.21. a) Schematic representation of the coating procedure onto MSNPs. b) STEM images of 
untreated MSNPs (1), P5-coated MSNPS (2) and P6-coated ones (3). c) EDX line scan profile along the line 
drawn across the diameter of P6-coated MSNPs.   

Beyond an electronic microscopy characterisation, coated MSNPs with 5 and P5 were also 

characterised by DLS and ζ-potential measurements in different pH. In order to carry out those 

experiments, untreated and treated MSNPs (0.5-1 mg) were dispersed in 1 mL of different 

aqueous solutions in a pH range from 2 to 12. DLS results (Figure 3.22) revealed that the 

treated and the untreated MNPs were stabilised between pH 4 and 12 with sizes around 200-

250 nm. At pH 2, aggregates were formed with sizes higher than 1 µm due to the worse 

electrostatic stabilisation and the progressive coating disaggregation from the NPs.  

 

Figure 3.22. a) DLS analyses of untreated (grey) and treated (blue and orange) MSNPs at different pH. 

DLS values are the average of three measurements.  
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Furthermore, changes on the ζ-potential values (Figure 3.23) of treated MSNPs vs. pristine 

ones revealed that the surface of these NPs had changed, thus they had been coated with both 

mPEGylated derivatives 5 and P5 (blue and orange, respectively). P5-coated MSNPs showed ζ-

potential values closer to 0 mV, meaning that more organic chains and less hydroxyls were 

exposed onto their surface, whereas 5-coated MSNPs presented ζ-potential values nearer to 

the pristine MSNPs ones, meaning that more hydroxyl groups and less methyl ones were 

exposed onto their surface. A possible explanation for those significant differences between 

MSNPs@5 and MSNPs@P5, mainly between pH 4 and 10, could be that with P5 a more 

efficient coating and more robust against washes was obtained vs. with derivative 5. 

 

Figure 3.23. ζ-potential values of untreated (grey) and treated (blue and orange) MSNPs at different pH. 

ζ-potential values are the average of three measurements.  

Further experiments to confirm that the coating described was coming from the catechol-

based polymers, the experiments were repeated now with 8 and P8 to confer fluorescence to 

MSNPs. Following the same general procedure described before (see Figure 3.21a) using HPLC 

grade acetone, MSNPs were coated with both fluorescent derivatives 8 and P8. It was 

observed that NPs treated with catecholic fluorescein-functionalised derivatives (8 and P8) 

were coated successfully, since they showed fluorescence under UV light (Figure 3.24a, left), 

and also when they were observed with an optical microscope in a fluorescence mode with an 

Alexa Fluor 488 filter. Furthermore, these catechol-based fluorescent coatings were also 

characterised by STEM. They were observed as thin lighter layers surrounding the NPs (Figure 

3.24b).  
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Figure 3.24. a) P8-coated MSNPs (left) and P36-coated MSNPs (right) under UV lamp at 254 nm. STEM 

image of b) MSNP@P8 and c) MSNP@P36. 

As already explained at the beginning of this chapter, for comparison reasons, the fluorescein-

functionalised derivatives containing styrene moieties 36 and P36 were also used to attempt 

to coat MSNPs to check the role of catechol in the adhesion properties. It was observed that 

the NPs treated with these derivatives did not show any fluorescence by any tested method 

(Figure 3.24a, right) and from STEM images it was seen that MSNPs@P36 looked like pristine 

MSNPs, without non-organic material surrounding them (Figure 3.24c). Thus, this simple 

example showed the important role of the catechol moiety as an anchor in this kind of 

absorption processes; in this case mainly forming hydrogen bonding with hydroxyl groups 

exposed onto the surface of MSNPs.  

 

3.4.2. COATINGS ONTO MAGNETITE NANOPARTICLES 

As already explained at the beginning of this chapter, PEGylated derivative P7 was directed to 

coat MNPs. 

3.4.2.1. Preparation of MNPs 

MNPs stabilised with oleic acid (Fe3O4@OA NPs) were synthesised by thermal decomposition 

of Fe(acac)3 in a mixture of organic solvents following a similar approach to the one developed 

by Muro-Cruces et al.109 Thus, Fe(acac)3, sodium oleate, and oleic acid in a mixture of solvents 

were heated up to 110 °C and kept at this temperature during 1.5 h under vacuum. During this 

time, reactive intermediates were formed. The reaction mixture was then heated up to 290 °C, 

kept at this temperature during 1 h under argon flow. In this step, the nucleation and the 

subsequent growing of the NPs took place. Finally, the reaction mixture was cooled down to 50 

°C (Figure 3.25). The resulting MNPs were purified by washing with isopropanol and acetone. 

Finally, the MNPs were redispersed in CHCl3 ( 6.5 mg/mL).  



 Chapter 3                            PEGylation as a Strategy for Improving Nanoparticle Biocompatibility 

83 

 
Figure 3.25. Steps for the synthesis of Fe3O4@OA NPs. With a heating rate of 10 °C/min, the reaction 

mixture was heated to 110 °C for 1.5 h in order to start forming coordination bonds between Fe(III) and 

carboxylate groups from oleic acid. Afterwards, the temperature was heated up to 290 °C with a heating 

rate of 3 °C/min and let for 1 h in order to generate Fe3O4@OA NPs. 

The resulting NPs were characterised by transmission electron microscopy (TEM) (Figure 3.26). 

They had hexagonal morphology with a diameter of 8 nm, and they were well dispersed. 

   

Figure 3.26. TEM images of Fe3O4@OA NPs with hexagonal morphology and good monodispersion that 
favour an excellent packing of the NPs. 

 
3.4.2.2. Coating of MNPs with P7 

Once the MNPs were stabilised with oleic acid (MNP@OA) and suspended in CHCl3, they were 

coated with the cat-PEG derivative P7 by a ligand exchange procedure.72 Firstly, precipitate P7 

was solubilised in CHCl3, and the non-soluble fraction was filtered off. Secondly, the soluble P7 

fraction ( 8 mg/mL) was added dropwise into a suspension of MNP@OA. The mixture was left 

stirring at rt for 24 h (Figure 3.27a). After this time, it was tried to isolate the treated MNPs by 

centrifuging at 13300 rpm for 15 min at 4 °C, however they did not precipitate. Therefore, the 

same volume of water was added into the suspension of MNPs in CHCl3 and by hand-shaking 

the MNPs were transferred into the aqueous phase (Figure 3.27b), and washed with CHCl3 
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once to eliminate the residual non-attached P7 derivative. Following the same experimental 

procedure with uncoated MNPs, they remained in the organic phase. 

a) 

 
b) 

 

 
 

 
 

 

Figure 3.27. a) Schematic representation of coating of Fe3O4 NPs with cat-PEG copolymer P7 via ligand 

exchange methodology. b) Illustration of phase transfer procedure (left), and Fe3O4 NPs making good 

colloidal suspension in CHCl3 when they are stabilised by OA (right, top), and Fe3O4 NPs suspended in 

water when they are stabilised by cat-PEG P7 (right, bottom). 

To conclude, it was observed that those PEGylated coated NPs formed a good colloidal 

suspension in the aqueous phase. Thus, it was proved that synthesised cat-PEG P7 derivative 

could be used to coat these kind of small NPs and make them stable in an aqueous 

environment due to the hydrophilicity of PEG chains. 
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3.4.2.3. Functionalisation of coated MNPs 

Once P7-coated MNPs were obtained, they were functionalised with a targeting molecule. In 

this case, it was chosen an amino-glucose derivative which could act as a BBB-shuttle, for 

instance. But before functionalising them with the synthesised amino-glucofuranose derivative 

41, some trials with a simple model amine, such as the commercial allylamine, were performed 

in order to simplify the first studies, since this amine presents characteristic allylic protons easy 

to identify by 1H NMR. 

I. Functionalisation of coated MNPs with a model amine 

Using the coupling agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and 4-

(dimethylaminopropyl)pyridine (DMAP),110 the amide bond between allylamine and the 

residual carboxylic acid groups exposed onto the surface of the coated NPs would be formed 

(Figure 3.28).  

 

Figure 3.28. Schematic representation of the functionalisation of MNPs’ coating with allylamine via 

amide bond construction. 

In order to simplify the experimental procedure and to obtain higher overall yield at the end, 

once the MNPs were coated with P7, they were not transferred into an aqueous phase, but in 

the same reaction mixture, within a nitrogen atmosphere, it was added an excess of allylamine 

and DMAP at 0 °C. After 10 min, EDCI was added, and the resulting reaction mixture was left 

stirring for 24 h at rt. Afterwards, the MNPs@cat-PEG-allylamine were transferred into an 

aqueous phase, washed with CHCl3 to remove the excess of reagents, and isolated in 56% 

yield.  

To study the chemical composition of the resulting coating, the MNPs were degraded in an 

acidic medium and analysed by 1H NMR. Hence, once the NPs had been transferred into the 

aqueous phase, the water was removed under vacuum and the MNPs were redispersed in 
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deuterium methanol (CD3OD). Five drops of DCl (35% wt in D2O) were added and the NPs were 

let into that acidic medium overnight before recording a 1H NMR (Figure 3.29).  

 

Figure 3.29. 
1
H NMR spectra from the commercial allylamine (in blue), the residue obtained in the CHCl3 

phase once the MNPs have been transferred in the aqueous one (in green), and the MNPs@cat-PEG-

allylamine transferred into the aqueous phase (in red). All the 
1
H NMRs were performed in CD3OD and 

all the samples were treated with 5 drops of DCl and let overnight.  

In the 1H NMR spectrum it was observed that MNPs were coated successfully with the cat-PEG 

derivative P7 and transferred into the aqueous phase in 56% yield, since in the resting CHCl3 

phase (1H NMR spectrum in green) it was not observed the presence of the organic 

compounds constituents of the coating, only the presence of DMAP. Furthermore, in the 1H 

NMR spectrum from the aqueous phase (in red), it could be distinguished the characteristic 

protons from the allyl group of the allylamine, probe that the functionalisation took place 

successfully, and those protons were a little bit shifted to lower fields, suggesting the 

formation of the amide bond (H-1, 3.58 ppm for allylamine vs. 4.36 ppm for the amide bond).  

II. Functionalisation of coated MNPs with the amino-glucofuranose derivative 41 

Once it was proved that this strategy worked to functionalise those MNPs with the model 

allylamine, the same coupling with the synthesised amino-glucofuranose derivative 41 was 

also attempted (Figure 3.30). After the coupling, the MNPs@cat-PEG-sugar were transferred 

into the aqueous phase, washed with CHCl3, and isolated in 72% yield.  
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Figure 3.30. Schematic representation of the functionalisation of MNPs’ coating with amino-

glucofuranose derivative 41 via amide bond construction. 

To characterise those coated NPs the same procedure was followed; they were degraded in an 

acidic medium and analysed by 1H NMR as already described before. From the 1H NMR 

spectra, it was concluded that the initial MNPs had been coated with the copolymer P7, and 

the amino-glucofuranose derivative 41 was successfully incorporated onto the coating, since in 

the 1H NMR spectrum from the degraded NPs, the proton’s signals coming from the sugar 

derivative 41 in the regions between 1.0-1.5 ppm; 3.0-5.5 ppm; and 7.2-8.0 ppm, and the peak 

corresponding to the PEG chain at 2.9 ppm were identified (Figure 3.31).  
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Figure 3.31. 
1
H NMR spectra from the MNPs@cat-PEG-sugar transferred into the aqueous phase (in 

blue), and the starting amino-glucofuranose derivative 41 (in red). Both 
1
H NMRs were performed in 

CD3OD and the two samples were previously treated with 5 drops of DCl overweekend. Peaks 

corresponding to the amino sugar are dashed framed in red, and the peak at 2.92 ppm in the above 

spectrum corresponds to the PEG chain. 

The next step was the deprotection and the formation of the 6-membered ring of amino-

glucofuranose derivatives exposed onto the surface of the MNPs. Usually, ketal protecting 

groups are cleavage under acidic conditions, commonly using trifluoroacetic acid (TFA), or, 

HCl.105,111,112 Firstly, an strong acidic mixture of TFA/H2O 1:2 was used on the attempt to 

achieve the total deprotection of 41 (Table 3.20, entry 1).105 Even though both protecting 

groups, benzaldehyde and acetone, were removed, under those deprotection conditions the 

NPs were degraded. This fact was confirmed by NMR because the good resolution of the 

spectrum. Indeed, with the NPs the spectrum is not well resolved and only very broad peaks 

are seen due to (i) the lack of mobility of the ligands in solution, as they are immobilised onto 

the surface of the NPs, and because (ii) of having a superparamagnetic material, it creates field 

interferences. In our case, and as expected, it was obtained a 1H NMR spectrum with good 

resolution. Hence, these harsh conditions were not seemed to be suitable for our systems 

because, first, the strong acidic medium disintegrated the MNPs, and second, as the pH 

decreases, the coordination bonds between Fe(III) and catechol units were lost (Figure 

3.32),113,114 consequently removing the PEGylated coating. 

-(CH2CH2O)n- 
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Figure 3.32. Schematic representation of catechol-Fe
3+

 ion complexes at different pH levels.
113

  

Therefore, in order to deprotect the amino-glucofuranose derivatives and keep the NPs 

unchanged, an equilibrium between catechol-Fe3+ coordination and ketal’s deprotection must 

be found. First, mild acidic conditions using a mixture of acetic acid/water 3:1 for 15.5 h115 

(entry 2) were used. Under these conditions the benzaldehyde was deprotected in 11%. 

Therefore, stronger acidic conditions were used (entry 3); AcOH/H2O 5:1 for 24 h.116 In this 

case, a 25% of the benzaldehyde was deprotected. Finally, the temperature was increased up 

to 50 °C achieving a removal of 54% of the benzaldehyde protecting group (entry 4).115,117  

Table 3.20. Results obtained from deprotection conditions used. 

Entry Solvents ratio 
Concentration 

(mg/mL) 
Time Temperature 

Benzaldehyde 
deprotection (%) 

1 TFA:H2O 1:2 1.6 mg/mL 1.5 h rt 100% 

2 AcOH:H2O 3:1 1.6 mg/mL 15.5 h rt 11%  

3 AcOH:H2O 5:1 1.35 mg/mL 24 h rt 25%  

4 AcOH:H2O 3:1 1.5 mg/mL overnight 50 °C 54% 

 
These results were determined from 1H NMR, integrating the protons coming from the sugar 

and the aromatic ring. In all the cases, the acetone group was totally removed. Furthermore, it 

was checked that working under those mild acidic conditions the coating was kept onto the 

surface of the NPs, since after degrading them with DCl and recording 1H NMR spectra, the 

peak coming from the PEG chain at 2.9 ppm was still being observed (Figure 3.33).  
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Figure 3.33. 
1
H NMR spectra recorded in CD3OD with five drops of DCl, except for the fifth spectrum 

(garnet) where DCL was not added. On the top, 
1
H NMR spectrum of the MNPs@cat-PEG-sugar as 

reference, previously to the deprotection. Bellow, 
1
H NMR spectra of the final MNPs@cat-PEG-sugar 

using different deprotection conditions. 

Since this strategy did not work as desired, the deprotection of the amino-glucofuranose 41 

was attempted before the coupling reaction with the PEG chain using strong acidic conditions 

with TFA (Scheme 3.33).105  

 

Scheme 3.33. Deprotection of both ketal groups, and 6-membered ring formation. 

Once the amino-glucopyranose derivative 43 totally deprotected was obtained, the coupling 

reaction with carboxylic acids exposed onto the surface of Fe3O4@P7 was carried out (Figure 

3.34). It was hypothesised that since the primary amine is a stronger nucleophile vs. secondary 

alcohols, the amide bond formation would prevail over the ester bond formation. In that case, 

the same previous coupling reaction conditions (EDCI and DMAP) were used, adding an organic 

base, such as N,N’-Diisopropylethylamine (DIPEA), in order to deprotonate the amine of 

derivative 43.  
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Figure 3.34. Schematic representation of the functionalisation of MNPs’ coating with amino-

glucopyranose derivative 43 via amide bond construction. 

To determine if the coupling reaction had occurred, the degraded MNPs@cat-PEG-sugar by 

adding DCl were analysed by 1H- and 13C NMR experiments (Figure 3.35). In the 13C NMR 

spectrum, the signals corresponding to the sugar (between 100 - 120 ppm, and at 40 ppm), to 

the pentaerythritol tetrakis(3-mercaptopropionate) (between 15 - 56 ppm, and at 159 ppm (C-

3)), to the catechol moiety (between 140-130 ppm), and to the PEG chain (at 39, 44 and 71 

ppm), were identified. Moreover, a new peak at 160 ppm was observed which could match 

with the new amide bond formed (C-14).  
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Figure 3.35. 
13

C NMR spectrum in CD3OD of MNP@cat-PEG-amino-glucopyranose treated with 5 drops 

of DCl (35% wt in D2O). In green signals corresponding to the catechol moiety; in red signals 

corresponding to the pentaerythritol tetrakis(3-mercaptopropionate); in blue signals corresponding to 

the PEG chain; and in orange signals corresponding to the amino-glucopyranose derivative. 

As a complementary technique, DLS was used in order to corroborate the functionalisation 

with amino-glucopyranose derivative 43. Hence, some DLS and ζ-potential measurements 

were performed at different pH (acidic, neutral and basic) with NPs only coated with the cat-

PEG P7, and with NPs functionalised with the amino-glucpyranose derivative MNPs@cat-PEG-

sugar (Table 3.21).  

Table 3.21. ζ-potential and size values of P7-coated MNPs and already functionalised MNPs 

with amino-glucopyranose derivative 43 at different pH; acidic, neutral and basic. 

pH 4.93 7.00 11.16 PBS + 10% BSA 

ζ-potential (mV) 

MNP@cat-PEG-COOH -14.7 ± 0.208 -13.9 ± 0.85 -38.8 ± 3.45 0.563 ± 0.0312 

MNP@cat-PEG-sugar 6.95 ± 0.258 3.27 ± 1.25 9.51 ± 0.85 -0.468 ± 0.0348 

Size (nm) 

MNP@cat-PEG-COOH 238.0 ± 8.96 358.8 ± 36.92 340.1 ± 22.74 271.5 ± 39.97 

MNP@cat-PEG-sugar 597.1 ± 55.49 932.0 ± 194.6 565.5 ± 69.84 105.8 ± 2.051 
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It was observed significant changes on the surface charge when the oligomeric coating had 

been functionalised with amino-glucopyranose derivative 43. For MNP@cat-PEG-COOH the ζ-

potential values were negative, whereas once they were functionalised, the ζ-potentials 

became positive and closer to 0 mV. That made sense, since there were not functional groups 

susceptible to gain or lose protons easily contrary to remaining carboxylic acids groups 

exposed onto the surface. These significant changes on the ζ-potential values might be further 

evidence that the coating had been functionalised properly with the sugar derivative. 

Moreover, when the sizes were measured, bigger aggregates for MNP@cat-PEG-sugar were 

observed than MNP@cat-PEG-COOH. Since these last ones had more negatively surface 

charge, the electrostatic stabilisation was higher, the stabilisation better, and the size of the 

NPs smaller. On the contrary, when carboxylic acid groups were reacted with amino groups of 

glucopyranose derivatives to form amide bonds, these charges were lost (ζ-potential values 

closer to 0 mV), and in consequence, the electrostatic stabilisation was worse and MNP@cat-

PEG-sugar tended to collapse and form aggregates with bigger sizes. The stability of these 

MNPs was further studied in phosphate buffer saline (PBS) (pH 7.4) with 10% bovine serum 

albumin (BSA) in order to simulate physiological environments, since they are the most similar 

conditions that will be used for carrying out in vitro and in vivo experiments. It was observed 

that MNPs@cat-PEG-sugar formed aggregates of ca. 100 nm with ζ-potential values slightly 

negatives closer to 0 mV. 

The objectives set at the beginning of this chapter have been successfully achieved and now 

these MNPs@cat-PEG-sugar are being used by Dr. Julia Lorenzo and Paula Alfonso in some in 

vitro and in vivo experiments. However, due to the current pandemic situation, the 

experiments have been delayed and preliminary results are not obtained yet.  

 

3.4.3. MULTIFUNCTIONAL COATINGS 

So far, it has been demonstrated the synthetic feasibility of our approach to obtain PEG-based 

coatings over different families of NPs. But as already mentioned, one of the main advantages 

is the flexible and modular chemistry of this approach. To go deeper into it, in the last section 

of this chapter it is aimed to demonstrate that multifunctional coating can be also obtained in 

a controlled manner. First, the copolymerisation between cat-mPEG building block 6 with 

fluorescein-functionalised building block 8 was tested. The resulting product, named 

copolymer C6-8, was obtained by mixing 80% of derivative 6 and 20% of derivative 8 in 48% 

yield using the same experimental procedure for the polymerisation reaction; dissolving both 

monomers in EtOH 96% and adding dropwise a 35 mM solution of iodine (1 equiv.) in EtOH 
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96%. After 1 h of stirring at rt, the precipitated derivatives were isolated, washed several times 

with fresh EtOH 96% and dried with a gentle flux of nitrogen (Figure 3.36).  

 

Figure 3.36. Copolymerisation of synthesised building blocks 6 and 8 to obtain a copolymer C6-8 being 

biocompatible, hydrophilic and fluorescent, suitable for biomedical applications. 

By 1H NMR it was checked the presence of both functionalities in the resulting product C6-8 

obtained from this copolymerisation reaction: aromatic signals of fluorescein moiety between 

8 ppm and 6.5 ppm, and the characteristic signal at  3.6 ppm of the PEGylated chain (see 

Annex A1.3 for 1H NMR spectrum). 

With this fluorescein-PEG-functionalised copolymer C6-8, MSNPs were coated following the 

same methodology already described, and characterised by STEM, optical microscopy and DLS. 

By STEM, it was observed that C6-8-treated MSNPs showed a thin lighter layer around their 

surfaces (Figure 3.37a), meaning that they had been coated with a robust coating made with 

copolymer C6-8. By optical microscopy in fluorescence mode with an Alexa Fluor 488 filter, the 

fluorescence of these C6-8-coated MSNPs was checked (Figure 3.37b).  

  

Figure 3.37. a) STEM image of coated MSNPs@C6-8 showing a lighter outer layer. b) Image taken from 

inverted optical/fluorescence microscope in fluorescence mode with an Alexa Fluor 488 filter of 

MSNPs@C6-8 showing fluorescence. 

Finally, with DLS measurements at different pH, it was observed that, as expected, the higher 

the pH, the more colloidally stable the MSNPs are, with smaller sizes due to the better 

electrostatic stabilisation (Figure 3.38). Under acidic conditions, they tended to collapse and 

form aggregates with sizes around 1 µm. In this case, it was also observed that MSNP@C6-8 

a) b) 
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formed bigger aggregates than non-treated MSNPs between pH 4 and 10. Furthermore, 

changes on the ζ-potential values of the treated MSNPs vs. the pristine ones at different pH, 

revealed that MSNPs had been coated with copolymer C6-8.  

 

Figure 3.38. Representation of NPs’ sizes at different pH taken from DLS analyses. DLS values are the 

average of three measurements.  

From these results, it was concluded that MSNPs could be coated with copolymer C6-8. 

Moreover, since this copolymeric coating would provide biocompatibility and fluorescence to 

MSNPs, they could have high interest in the biomedical field, such as in bioimaging. Therefore, 

the cytotoxic effect of the MSNPs@C6-8 against SH-SY5Y cells was examined.c These cells were 

treated for 24 h with MSNPs@C6-8 at different concentrations, and these coated NPs did not 

appear to be cytotoxic with respect to control at any concentration used (Figure 3.39a). Hence, 

an internalisation assay on SH-SY5Y cells was performed too. MSNPs@C6-8 (200 µg/ml) were 

added to 6-well plates (105 cells per well). At different times (1, 3, 6, 24 h) cells were fixed and 

stained (Figure 3.39b-f). At 1 h, MSNPs@C6-8 seemed to be located in cells; at 3 h, located and 

organised in cells; at 6 h located in the nucleus of the cells; and at 24 h, located and organised 

in cells. When cells were not treated with the coated MNPs, they did not show any 

fluorescence. 

                                                           
c
 Cytotoxocity analyses were performed in collaboration of Dr. Julia Lorenzo and Paula Alfonso from the 

Enginyeria de Proteïnes i Proteòmica reasearch group at Institut de Biotecnologia i Biomedicina (IBB). 
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Figure 3.39. a) Effect of MSNPs@C6-8 on the cell viability of SH-SY5Y cells (3000 cells per well). These 

cells were incubated for 24 h in the presence of indicated concentrations of MSNPs@C6-8. Cell viability 

is expressed as percentage compared to an untreated control. Values are presented as mean ± standard 

error of the mean (n = 3). Internalisation assay on SH-SY5Y cells at b) 1 h, c) 3 h, d) 6 h, e) 24 h, and f) 24 

h without MSNPs@C6-8. Blue colour shows 4′,6-diamidino-2-phenylindole (DAPI) staining of cell nuclei. 

Green colour shows fluorescein staining of MSNPs@C6-8.  

 

3.5. SUMMARY  

Below, the most relevant results are exposed.  

All four main building blocks 5, 6, 7 and 8 were synthesised following route A from the same S-

catechol tris-thiol intermediate 4 in 29%, 23%, 25%, and 19% overall yield, respectively, via 

thia-Michael reactions or radical-catalysed thiol-ene reactions. With regard to the fluorescent 

styrene-based building block 36, it was obtained from S-styrene tris-thiol intermediate 35 in 

39% overall yield. 
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Scheme 3.34. All synthetic pathways followed to obtain target building blocks 5, 6, 7, 8 and 36 from the 

same 4-branched symmetrical molecule 1 framed in red. 

Afterwards, 5, 6, 7, 8 and 36 building blocks were polymerised under mild oxidative conditions 

with the designed strategy affording precipitates in 45%, 28%, 41%, 34%, and 29%, 

respectively. From 1H NMR, DOSY NMR experiments and GPC analyses it was checked that 

product P6 corresponded to mixtures of short oligomers between 2-5 units. Due to solubility 

issues, P5 only could be analysed by 1H NMR using CDCl3 and it mainly corresponded to 

mixtures of dimers and trimers. After a thorough study on the polymerisation of PEGylated 

building block 7, it was hypothesised that mixtures of short oligomers, as seen for P5 and P6, 

were obtained, though P7 could not be totally chemically characterised using the three 

aforementioned techniques. Finally, since fluorescein-functionalised products P8 and P36 were 

not soluble in THF, and because their 1H NMR spectra in (CD3)2CO were difficult to be analysed, 

their polymerisation degrees could not be determined. 
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Table 3.22. Summary table with yields of polymerisation reaction and polymerisation degrees values of 

P5, P6, P7, P8 and P36. 

 35 mM solution of iodine in EtOH 

Product from the 
polymerisation reaction 

P5 P6 P7 P8 P36 

Yield (%) 45% 28% 41% 34% 29% 

Characterisation 
technique 

1H NMR 
1H NMR, GPC & 

DOSY experiments 
Solubility issues 

Polymerisation degree 2-3 units 2-5 units - - - 

With both mPEG-funcionalised products P5 and P6, coatings onto MSNPs were performed 

stabilising them in aqueous environments. These coatings were characterised by STEM and it 

was observed the presence of a thin lighter layer surrounding the NPs. Moreover, an EDX line 

scan profile performed on P6-coated MSNPs showed the presence of carbon across the whole 

diameter of coated particles, in contradistinction to the oxygen signal, which appeared 

circumscribed to their inner sections, i.e. to the mineral cores. Finally, P6-coated MSNPs were 

studied at different pH; by DLS it was observed that they were stable between pH 4 and 12 (Ø 

 240 nm), and ζ-potentials revealed the presence of a coatings since they values were less 

negative than the pristine ones (Figure 3.40).  

As far as P7 is concerned, it was used to stabilised MNPs (Ø  8 nm), previously synthesised in 

the lab, in aqueous environments. Then, these coated NPs were functionalised with the amino-

glucopyranose derivative 43, as a model targeting molecule, obtained from the commercial 

1,2-O-isopropylidene-α-D-glucofuranoside 37 in a linear synthesis of 4 steps in 31% overall 

yield. By 1H- and 13C NMR experiments, it was confirmed the functionalisation of the sugar 

derivative in the surface of the coating through an amide bond construction. Finally, by DLS it 

was studied the stability of the MNPs@cat-PEG-sugar in PBS with 10% BSA, and it was 

observed that they formed aggregates of ca. 100 nm, and their ζ-potential values were slightly 

negative closer to 0 mV (Figure 3.40). Nowadays, in vitro and in vivo studies with these 

samples are running by Dr. Julia Lorenzo and Paula Alfonso from IBB. 

Finally, taking advantage of the versatility of the designed approach, it was demonstrated that 

multifunctional coating can be also obtained in a controlled manner. By combining both mPEG- 

and fluorescein-functionalised building blocks 6 and 8 in a ratio of 4:1, respectively, the 

copolymer C6-8, obtained in 48% yield, was used to coat MSNPs, which were characterised by 

STEM, optical microscopy, DLS and ζ-potential measurements. Finally, their cytotoxic effects 

against SH-SY5Y cells were examined and it was found that these coated NPs did not appear to 

be cytotoxic with respect to control at any concentration used. Furthermore, after an 
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internalisation assay on SH-SY5Y cells, it was observed that these C6-8-coated MSNPs were 

located at the nucleus of cells after 6 h (Figure 3.40). 

 

Figure 3.40. Summarised illustration of all the coatings performed and their corresponding 

characterisations onto MSNPs (left) and MNPs (right). 
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CHAPTER 4 

 

HYDROPHOBIC AND HYDROPHILIC 

COATINGS  

 

 

This chapter includes the synthesis and polymerisation of two building blocks 

functionalised with long aliphatic and partially fluorinated chains. As a proof-of-concept, 

the corresponding products from the polymerisation reactions will be used as coatings 

onto several macroscopic surfaces, and their wettability will be studied. Finally, the 

versatility of the designed polymerisation approach to systematically fine-tune the 

wettability of surfaces will be demonstrated. 
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4.1. INTRODUCTION 

Controlling the surface properties of materials is one of the greatest challenges that have been 

a focus of extensive research throughout history. The biggest challenge is to find solutions to 

problems such as wettability or corrosion, but also to confer novel properties not seen until 

now. As a result, platforms can be obtained that effectively exhibit multiple varieties of 

practical functionalities.1  

A widely pursued example is the formation of hydrophobic coatings which have full application 

at the industrial level. Nevertheless, its final properties cannot only be achieved through 

approaches such as the reduction of surface energy, but in most cases, it requires an exquisite 

design and control of the composition and chemical structure of the coatings.2 Application of 

coatings with aliphatic-/fluorine-based or silicone-based materials such as silanes, wax and 

polymers is a common and successful strategy for lowering the surface energy of a solid. 

Macroscopic wettability on a smooth solid surface is commonly evaluated by the WCA (Figure 

4.1a). 

In the last decade, mussel-inspired surface chemistry, in which catechol derivatives play an 

important role, has garnered extensive research interest owing to material-independent 

surface coating capability and easy implementation to a wide range of applications. So, the 

number of those examples targeted to systematically control and modify the wettability are 

numbered and summarised next. For this, the classification of the different reports has been 

done following the three different approaches already presented in previous chapters and 

represented in Figure 4.1b. First, examples for hydrophobic surfaces will be revised and 

afterwards hydrophilic. 

 Approach I. Polymerisation through catechol moiety 

- Post-functionalisation of catechol-based primer coating 

- Polymerisation of functionalised catechol-based molecules 

 Approach II. Catechol grafted to polymeric backbones 

- Polysaccharide-based coatings 

 Approach III. Building blocks 

- Copolymerisation 
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a)                                                            b) 

          

Figure 4.1. a) Schematic representation of a water droplet onto a hydrophobic surface (top) and a 

hydrophilic one (bottom). b) Scheme that shows the main general three strategies that can be followed 

to obtain catechol-based coatings.  

 

4.1.1. OLEO-/HYDROPHOBIC COATINGS 

4.1.1.1. Post-functionalisation of catechol-based primer coatings  

 

Figure 4.2. Illustration of the functionalisation of a primer catechol-based polymeric coating with an 

hydrophobe. 

In 2014 Ma et al. designed a versatile and straightforward strategy to obtain substrate-

independent underwater superoleophobic surfaces (OCA up to 163°) through combining the 

versatile anchoring ability of mussel adhesive proteins and the remarkable oil-repellent ability 

of fish-skin.3 Catechol-bearing copolymer was synthesised using N-(3,4-Dihydroxyphenethyl) 

methacrylamide and methyl methacrylate and coated to glass, silicon, and aluminium, among 

others. Subsequently, by layer-by-layer (LBL) a fish-skin inspired top layer was assembled on it. 

The same year Wei et al. developed a rapid and universal approach for multifunctional 

material coatings based on a mussel-inspired dendritic polyglycerol (MI-dPG).4 Due to the high 

presence of catechol and amine groups, the system was able to establish a heteromultivalent 

anchoring and cross-linking mechanisms for the formation of functional material. Worth to 
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mention that after perfluoroalkyl functionalisation, the surface morphology was not changed. 

However, the WCA increased to about 166.5° (Figure 4.3).  

 

Figure 4.3. Scheme of the MI-dPG constructed superhydrophilic or perfluoroalkyl-functionalised 

superhydrophobic coatings (top). Left to right, the related static WCA of the bare glass, MI-dPG 

superhydrophilic coating and perfluorinated superhydrophobic coating, respectively (bottom).
4 

Then, one year later Wang et al. prepared for the first time a superhydrophobic fabric by an 

original and straightforward mussel-inspired strategy with a much lower concentration of 

dopamine without the use of additional NPs. The approach consisted in a first step where the 

application of folic acid to the surface induced the formation of rough PDA coatings with 

hierarchical structures.5 Then, after a chemical manipulation with octadecylamine, the 

resulting fabric exhibited WCA and rolling off angles around 162° and 7°, respectively. In order 

to show a real application of this coating, the superhydrophobic fabric was used to fabricate a 

small efficient boat for cleaning up oil spills. Besides, Yu et al. also reported the formation of 

mussel-inspired superhydrophobic surfaces with tuneable water adhesion. In this case, the 

authors used highly ordered honeycomb porous films which were prepared from a diblock 

copolymer polystyrene-block-poly(N,N-dimethylaminoethyl methacrylate) by the breath figure 

method.6 After the removal of the top surface layer of the honeycomb films, they were coated 

with PDA followed by the reaction with 1H, 1H, 2H, 2H-perfluorodecanethiol for fluorination. 

As a result of the surface modification, both the honeycomb and the pincushion-like surfaces 

were superhydrophobic with a WCA > 150° (Figure 4.4).  
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Figure 4.4. Scanning electron microscopy images (SEM) images of honeycomb films with DA deposition 

time of (1) 0, (2) 6, (3) 18, and (4) 24 h, followed by a 24 h reaction with fluorinated thiol. Pincushion-like 

surfaces without modification (5) and modified by 24 h DA deposition and 24 h reaction of fluorinated 

thiol (6). Insets show WCA and the photos. Scale bar: 10 μm.
6
 

Furthermore, coatings made by PDA-metal complexes have been also reported. In 2016 Feng 

et al. reported the reaction of DA in the presence of water-swellable HNT.7 Interestingly, the 

authors observed that the interaction between DA and HNT strongly influenced the surface 

functionality of coated PDA. Additionally, the pH triggered the exposed surface functional 

groups, resulting in a reduction of the number of secondary/aromatic amine in PDA formed 

under weakly acidic conditions. Finally, WCA was measured showing variable values depending 

on the thickness (WCA ∼ 40°) but always higher when compared with pristine HNT (WCA ∼ 

15°).  

Combination of additional applications 

With regard to coatings that present antimicrobial activity, Kim et al. prepared new platforms 

that exhibited water-resistant behaviour and long-term antimicrobial activity. On one hand, 

they conjugated 2-chloro-3’,4’-dihydroxyacetophenone (CCDP) to poly(dimethylaminoethyl 

methacrylate) (PDMA) quaternising the amino groups of this polymer. In order to confer the 

antimicrobial properties, the polymer CCDP-q-PDMA was further quaternised with 1-

bromododecane [CCDP/C12-q-PDMA) taking advantage of known antimicrobial activity of 

quaternary ammonium compound having long alkyl chains. The coated substrates, such as 

polyvinyl chloride, polyethylene terephthalate or quartz, were analysed by WCA which ranged 

from 60° to 80°.8 On the other hand, they coated several substrates (noble metals, oxides and 
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synthetic polymers) with poly(propylene oxide)-g-poly(dimethylaminoethyl methacrylate) 

conjugated with the catechol CCDP. Then, silver NPs (AgNPs) were immobilised to those 

coated substrates via the catechol groups exposed onto the surface, increasing the 

hydrophobic behaviour (Figure 4.5a).9 

Regarding the use of hydrophobic coatings for water treatment, in 2013 Cao et al. developed 

an oil/water separation stainless steel mesh with high separation efficiency and intrusion 

pressure of water.10 The mesh was immersed afterward in an aqueous basic solution 

containing DA, forming the PDA coating. Then, through a Michael addition reaction in a second 

step, the substrate was functionalised with n-dodecyl mercaptan. The resulting mesh showed a 

high degree of hydrophobicity and superoleophilicity with values of WCA = 144° and OCA = 0°, 

respectively. Other important water treatments are the processes for the removal of 

pollutants present in water. In this sense, in 2014 Li et al. reported the fabrication of durable 

superhydrophobic and superoleophilic PU sponges capable of capture some organic pollutants 

present in the water in a selectively way (Figure 4.5b).11 The developed systems were inspired 

in both mussel chemistry and lotus leaf. They were prepared by the coating of PU sponges with 

PDA, along with further functionalisation with dodecyl mercaptan and the immobilisation of 

AgNPs. The resulting PU sponges showed significant superhydrophobic/superoleophilic 

properties with WCA of about 155°, and OCA around 0°, respectively. One year later, Wang et 

al. immobilised silica NPs on the cotton surface to form superhydrophobic (WCA = 153°) and 

superoleophilic coating.12 The coated fabric was highly efficient for separating mixtures of 

different organic solvents. And in 2016, Shang et al. developed a bioinspired general way to 

confer superhydrophobicity and modify the wettability of several commercial materials.13 The 

main objective was to provide the materials with the capacity to efficiently remove oils and 

organic solvents from water using a combination of both bioinspired mussel adhesion 

properties (PDA) and the well-known superhydrophobicity of lotus leaf resulting in the 

formation of a hierarchical structure. The procedure consisted in the formation of a thin layer 

of PDA on the commercial materials (e.g. nylon, cotton, melamine sponge and stainless steel 

mesh).Then, the coated materials were functionalised by anchoring 1H, 1H, 2H, 2H-

perfluorodecanethiol (PFDT) moieties conferring the final superhydrophobic (WCA = 154°) and 

superoleophilic properties.  

Finally, in 2016 Wu et al. developed a bioinspired mussel approach to produce coatings against 

corrosion on copper substrates effectively.14 The low-cost methodology was based on the 

spontaneous polymerisation between pyrocatechol and a polyamine (PA) resulting in an 

adhesive anti-corrosion coating of P(cat/PA) and then grafted by 1-dodecanethiol (DCT) 

showing final WCA of  125° (Figure 4.5c).  
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Figure 4.5. a) Illustration of preparation of surface-coated substrates with C-PgP/AgNP.
9
 b) Optical 

images for the removal of (1) oil on the surface of water and (2) chloroform under water by the 

PU@PDA@Ag@dodecyl mercaptan sponges.
11

 c) Illustration of mussel-inspired anti-corrosion coating 

onto copper slides.
14

  

 

4.1.1.2. Polymerisation of functionalised catechol-based molecules 

One alternative to overcome limitations of the post-functionalisation is the polymerisation of 

catechol-based molecules that are previously functionalised with long aliphatic or fluorinated 

chains. The polymerisation takes place under alkaline media and finally is used to coat 

macroscopic surfaces via ex situ treatments by dipping the substrate into a solution containing 

the polymer.  

 

Figure 4.6. Illustration of the polymerisation of functionalised catechols. 

Our research group was pioneer using this approach back in 2013,15 in the development of a 

new simple strategy to polymerise previously-substituted catechol moieties with appropriate 

functional chains (alkyl chain and fluorinated chain). The polymerisation process was carried 

out with ammonia, which was supposed to act as a nucleophile on the reactive o-quinones 

thus formed under basic aqueous media. This novel strategy opened the door to the possibility 
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of polymer deposition through ex situ treatments. Following this simple strategy, both 

polyester fibres and glass slides were successfully coated with aliphatic- and partially 

fluorinated-based polymers by immersing the substrates into a solution containing the 

polymer in non-polar organic solvent without additional washing. After measuring the WCA 

and the oil contact angle (OCA), results showed that the coated substrates were hydrophobic 

and oleophobic, with CA of 115°-150° and 150°, respectively (Figure 4.7a). In subsequent work, 

the ability of these coating for the efficient removal of oil from oil/water mixtures was 

tested.16 These novel coatings were highly hydrophobic with the capability to provide enough 

robust and efficient water repellency on weaved textiles useful for water treatment purposes. 

This approach demonstrated a new facile strategy to obtain catechol-based polymers already 

functionalised, unlike PDA. In order to explore the versatility of this methodology, few 

catechol-based molecules bearing different number and lengths of linear alkyl chain 

substituents were synthesised and polymerised by using ammonia in the presence of air.15 The 

resulting polymers were soluble in a few common organic solvents, thus allowing for the 

formation of the coatings by ex situ treatments. Working in this way, it is possible to fine-tune 

and optimise the conditions, providing better control and ultrathin coatings onto polyester, 

cotton weaves and filter paper (Figure 4.7b).  

Finally, in 2016 Watanabe et al. studied the mechanical robustness of coated thin films made 

of urushiol and hydrogenated urushiol (h-urushiol) with Fe2+ onto glass, silicon and gold 

substrates.17 The WCA measurements showed that the values progressively increased with the 

amount of h-urushiol (the highest value was 90°).  
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Figure 4.7. a) Molecular structure of a catechol molecule bearing a partially fluorinated alkyl chain (top). 

CAs obtained with different liquid on different substrates coated with the polymerisation product of 

partially-based fluorinated catecholic compound (bottom).
15

 b) Molecular structure of different 

aliphatic-functionalised catechol molecules. Effect of the solution concentration used for dip-coating on 

the efficacy of coating materials M2−M1 on polyester (1) and cotton (3). Zero values for the CA indicate 

fast collapse (< 10 s) of the water droplet due to absorption in the textile. Robustness of M1 coatings on 

polyester (2) and cotton (4) prepared from 1% w/v chloroform solutions: evolution of the water droplets 

after 1, 5, and 10 min (left to right).
16 

 

 

4.1.1.3. Polysaccharide-based coatings and copolymerisation 

As already explained in the General Introduction of Chapter 1, approach II based on catechols 

grafted to polymeric backbones is extensively used to obtain bio-inspired adhesive, but not for 

coatings. However, it can be found an example where polysaccharide materials in combination 

with catechol derivatives are used for the formation of functional films and membranes. In 

2014 Neto et al. described the preparation of thin and surface-adherent films and dopamine-

a) 

b) 

Polyester Cotton 
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modified HA (HA-DA).18 The use of layer-by-layer methodology allowed for the formation of 

multilayer films based on CHT and HA-DA to form polymeric coatings onto glass substrates 

exhibiting WCA  77°. In vitro tests showed a remarkable cell adhesion and viability for the 

corresponding films. Authors claimed that these films could present potential applications as 

adhesive coatings for biomedical implants. 

Finally, approach III is quite a new strategy and only few examples can be found in the 

literature where building blocks are used to prepare copolymers as hydrophobic coatings. For 

instance, in 2011 Han et al. designed a novel approach for the preparation of antimicrobial 

glass surfaces by a single dip-coating procedure.19 The strategy consisted in the free-radical 

polymerisation synthesis of amphiphilic polycations including different ratios of monomers 

containing dodecyl quaternary ammonium side chains, methoxyethyl side chains and catechol 

groups. Interestingly, all the polymeric coatings showed WCA values of two-fold more than 

pristine glass (WCA > 80°). And in 2015 Payra et al. prepared several catechol-containing 

poly(alkyl methacrylates)s by free-radical polymerisation for anticorrosion purposes.20 The 

synthesised copolymers were deposited by spin-coating into several easily corrosive metal-

alloy materials containing Mg, Al, Cu and Fe (Figure 4.8). Interestingly, the WCA measurements 

highlighted the drastic increase of hydrophobic features by tuning the length of the alkyl 

chains, achieving WCA values ranging from 70° to 110°.  

 

Figure 4.8. On top, chemical structure of poly(dopamine methacrylamide-co-alkyl methacrylate), 

poly(DOMA-co-AMA). On bottom, schematic illustration of preparing ultrathin polymer coating and 

possible pathway of forming stable protecting layer on metal/alloy substrates.
20 
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4.1.2. HYDROPHILIC COATINGS 

Until now, mainly catechol-based polymers that provided hydrophobicity have been presented 

and discussed. However, not only is hydrophobicity of functional interest, but its opposite 

hydrophilicity may be of great importance at the industrial or biological level. This can be 

achieved by introducing molecules that contribute to the hydrophilicity, mainly with moieties 

that are charged (carboxylates or quaternary amines), amines or hydroxyl groups. Less 

examples have been reported for obtaining hydrophilic coatings than hydrophobic ones, and in 

this section, a selection of relevant examples reported on the use of hydrophilic coatings will 

be discussed following approach I based on the polymerisation through the catechol moiety. 

Until 2016 there were hardly any example reported on the use of catechol grafted to 

polymeric backbones or building blocks, approach II and III respectively, for obtaining 

hydrophilic coatings. Only one example with regard to catechol-based polysaccharides were 

reported in 2016, where Rodrigues et al. produced nacre-like layered free-standing 

membranes using LBL deposition methodology combining CHT, HA, previously modified with 

catechol groups, and bioactive glass NPs for guided tissue regeneration.21  

Following approach I, the self-polymerisation of DA or norepinephrine (NE) under alkaline 

conditions without further functionalisation is widely used (Figure 4.9).  

 

Figure 4.9. Illustration of the self-polymerisation of DA, and the coating of a substrate via ex situ 

treatments. 

For example, in 2014 Tsai et al. described a procedure based on the deposition of PDA onto 

biodegradable polymer films such as polycaprolactone, poly(L-lactide) and poly(lactic-co-

glycolic acid) for promoting cell adhesion with huge interest for its application in bone tissue 

regeneration.22 The same year Park et al. reported a methodology to obtain bioinspired 

functional interfaces with improved adherence of human neural cell (hNSC).23 This novel 

biointerface was synthesised through the oxidative polymerisation of NE forming a polymeric 

nanofunctional hNSC-biocompatible thin layer (PNE). Interestingly, independently of the 

substrate employed, the biocompatible PNE coating drastically reduced the WCA, showing 

values ranging from 22.76° to 39.86° (Figure 4.10).  
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Figure 4.10. Schematic illustration of the PNE-coated biointerfaces onto which hNSCs are adhered (top). 

WCA values and images onto different substrates (bottom).
23 

 

Furthermore, the use of the self-polymerisation of NE under alkaline conditions and its 

tendency to form biofilm was used in 2016 by Chen et al. for fabricating a facile and eco-

friendly strategy to modify a poly(dimethylsiloxane) (PDMS) channel capable of selective 

enantioseparation of chiral molecules (e.g. amino acid enantiomers, drug enantiomers and 

peptide enantiomers).24 Thanks to abundant catechol and amine functional groups present in 

the PNE biofilm, the PNE-coated PDMS microchip showed enhanced wettability and lower 

non-specific adsorption. The WCA of the pristine PDMS was 108°, consistent with its inherent 

hydrophobicity. After coating the PDMS by the in situ self-polymerisation strategy, the WCA of 

PNE-PDMS abruptly decreased to 13° due to the plentiful active hydroxyl groups in PNE, which 

was consistent with the results reported previously.23  

Finally, one can also find few reported examples based on the post-functionalisation of 

catechol-based primer coatings to obtain hydrophilic coatings with antimicrobial activity. In 

2014 Liu et al. reported a strategy for the formation of versatile self-cross-linked polymer 

nanolayers for their use in biointerfaces.25 This strategy allowed constructing self-cross-linked 

nanolayers on PES substrates via the pH-induced catechol cross-linking and further 

immobilisation on the substrate. The resulting coated-PES showed increased roughness and 

enhanced hydrophilicity ranging from 60° to 50° (WCA of pristine PES was 75°). Two years 

later, in 2016 Wang et al. described a new route to obtain highly stable and durable anti-
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adhesion surfaces by combining the outstanding anti-adhesion performance of zwitterionic 

betaine macromolecules, which have strong hydration capacity, and the robust adhesion of DA 

and its derivatives, such as dopamine methacrylamide (DMA).26 First of all, some substrates 

were coated with DMA copolymers and further functionalised with betaine macromolecules. 

After the modification of the substrates, the hydrophilicity was enhanced, showing WCA values 

ranging from 10° to 12° and higher superoleophobic character (OCA: 150° - 160°) compared 

with pristine surfaces (Figure 4.11).  

 

Figure 4.11. Schematic representation for construction process of anti-adhesion surfaces (top). Images 

of water droplets on the modified surfaces and the corresponding unmodified substrate surfaces 

(bottom).
26  

 

4.1.3. WORK PROGRAMME 

Until now, it has been seen that there are many examples reported in the literature based on 

catechol coatings to change the wettability of the treated surfaces. However, there are no 

examples where the wettability of these surfaces can be systematically fine-tuned at will over 

a broad range of WCA. Another important fact to mention is that most of the examples so far 

reported in the literature involve in more or less degree the coloration of the substrate, which 

is not desired in most of the cases. So the development of novel approaches, like is our case, 

which do not involve such coloration are strongly required.     

According with the previous considerations, especially, the catecholic systems used here are 

the ones represented in the next Figure. 
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Figure 4.12. Molecular structures of the two target molecules functionalised with a C18 aliphatic chain 

(9) (left) and a partially fluorinated chain (10) (right).  

The length of the chains was selected based on previous results of our group with related 

hydrophobic catechol-based coatings obtained following approach I.15,16 

Once these monomers have been obtained, the next step will be to control their 

polymerisation under mild oxidative conditions as already seen in the previous Chapter 3.   

Afterwards, the last step will be the coating of macroscopic surfaces. As a proof-of-concept, 

different substrates would be coated with the materials obtained from the polymerisation 

reactions. In particularly, glass, aluminium, copper and stainless steel slides will be coated via 

ex situ treatments. Afterwards, following the same methodology, textile waves will be coated 

with C18-functionalised P9 material in order to fabricate hydrophobic textiles capable to absorb 

oils, such as commercial olive oil or tetradecane (TDC). 

Finally, in order to demonstrate that this new designed polymerisation strategy is quite 

versatile controlling the wettability of the surface, aliphatic- and fluorescein-functionalised 

building blocks will be combined together with controlled ratios, and the resulting polymers 

used to coat glass slides and cotton fibres. In this case, fluorescein-functionalised building 

block 8, already described in Chapter 3, was chosen because it would provide fluorescence and 

it is much less hydrophobic than C18 aliphatic chain, so it would provide some hydrophilicity to 

the treated surface.  

On top of that, and for comparison reasons, a C18-functionalised building block containing a 

styrene moiety would be also synthesised and tested as coating to demonstrate the role of 

catechol in the adhesion properties.  

4.2. SYNTHESIS OF THE BUILDING BLOCKS 

The different target molecules were charcaterised by 1H-/13C NMR experiments and IR.  
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4.2.1. SYNTHESIS OF C18-FUNCTIONALISED BUILDING BLOCK 9  

As already seen for the preparation of PEGylated and fluorescent building blocks (see Chapter 

3, section 3.2. Synthesis of the building blocks and a targeting molecule), the synthesis of 

aliphatic derivative 9 was first attempted via the functionalisation of monosubstituted S-

catechol tris-thiol 4 with commercial 1-octadecene 44, since the synthesis of the intermediate 

4 was already optimised (Scheme 4.1).  

 

Scheme 4.1. Synthesis of aliphatic building block 9 from catechol intermediate 4 via the radical-

catalysed thiol-ene reaction. 

This reaction was attempted several times working with 0.2 equiv. of AIBN, different solvents, 

different equivalents of 1-octadecene and different reaction times. All the results obtained are 

summarised in the next Table. 

Table 4.1. Reaction conditions used to afford the final aliphatic derivative 9. 

Entry 1-octadecene 44 Solvent Time Temperature (°C) Yield 

1 1.5 equiv. dry CH3CN 24 h reflux - 

2 1 equiv. dry toluene 6 h 80 °C - 

3 1 equiv. dry toluene 24 h reflux 8% 

4 0.9 equiv. dry toluene 24 h reflux 11% 

This reaction was monitored by 1H NMR observing the disappearance of protons coming from 

the double bond of 44. The reaction was stopped after a total conversion to the desired 

product. When the reaction was carried out in dry CH3CN and with 1.5 equiv. of 1-octadecene 

44 (Table 4.1, entry 1), multi-addition of the aliphatic chain was obtained. Hence, it was 

worked with less than 1 equiv. of molecule 44 in order to avoid the addition of more than one 

aliphatic chain in the catechol-based molecule 4, and dry toluene was used to work with higher 

temperatures (entries 2-4). Finally, working with 0.9 equiv. of 44 for 24 h afforded the highest 

yield (11%) of compound 9 as a colourless oil (entry 4). The low yield of this reaction was due 

to the formation of complex reaction mixtures, in which several by-products were formed 

from multiple-addition and /or coupling reactions between aliphatic chains.  
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Since following route A only 4% overall yield of compound 9 was obtained, this molecules was 

attempted to be obtained following route B (see Chapter 1, Figure 1.18) in order to improve 

the yield. Therefore, the starting material 1 was first functionalised with the commercial 1-

octadecene 44 via the radical-catalysed thiol-ene reaction (Scheme 4.2) in the same reaction 

conditions already used to obtain previous building blocks (see Chapter 3). 

 

Scheme 4.2. Functionalisation of pentaerythritol tetrakis(3-mercaptopropionate) 1 with the long C18 

chain 44 via the radical thiol-ene reaction. 

As usual, this thiol-ene reaction was followed by 1H NMR. After the total disappearance of 

olefin’s protons the reaction was stopped and the crude reaction was purified by a flash 

column chromatography to afford 45 in 41% yield as a colourless oil. Afterwards, the 

introduction of the catechol fragment was achieved through the 1,6-conjugated addition 

between intermediate 45 and o-quinone 3 following the same procedure already described. 

The final aliphatic compound 9 was achieved in 35% yield (Scheme 4.3).   

 

Scheme 4.3. Conjugated addition of molecule 45  to o-benzoquinone to afford the building block 9. 

Following route B, the overall yield for this C18-functionalised building block 9 was 14%, 

whereas following route A, the overall yield of building block 9 was only the 4%. As already 

mentioned, the low yields could be attributed to the formation of complex reaction mixtures, 

and solubility and manipulation issues. 
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4.2.2. SYNTHESIS OF C18-FUNCTIONALISED STYRENIC DERIVATIVE 46  

As already seen for the fluorescein-functionalised building block 8, it was also synthesised an 

C18-functionalised styrenic one. The target compound 46 was prepared from intermediate 35 

(see Chapter 3, section 3.2.6. Synthesis of fluorescein-functionalised styrenic derivative 36) in 

75% yield after purification by column chromatography.  

 

Scheme 4.4. Synthesis of styrenic derivative containing a long aliphatic chain C18 46. 

 

4.2.3. SYNTHESIS OF FLUORINE-FUNCTIONALISED BUILDING BLOCK 10  

As in the case of aliphatic derivative 9, firstly it was attempted the synthesis of the fluorinated 

monomer 10 via route A, involving the functionalisation of S-catechol tris-thiol 4 with the 

commercial fluorinated 1H, 1H, 2H-perfluoro-1-decene chain 47 through the radical-catalysed 

thiol-ene reaction (Scheme 4.5).  

 

Scheme 4.5. Synthesis of fluorine-functionalised molecule 10 from catecholic intermediate 4 via the 

radical thiol-ene reaction. 

This reaction was attempted several times working with 0.2 equiv. of AIBN in dry toluene and 

with different equivalents of the fluorinated chain 47 and temperatures (Table 4.2). 

Table 4.2. Reaction conditions to afford molecule 10 from S-catechol tris-thiol 4. 

Entry Fluorinated chain 47 Time Temperature (°C) Yield 

1 1 equiv. 24 h reflux - 

2 1.4 equiv. 10 h 80 °C 2% 

3 1.4 equiv. 20 h 75 °C 4% 
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It was observed that more than 1 equiv. of the commercial fluorinated chain 47 (Table 4.2, 

entries 2 and 3) were needed to obtain the desired product 10. With less equivalents of 47, the 

expected product was not formed, since intermediate 4 was mainly obtained (entry 1). 

Nonetheless, adding more equivalents leaded to the addition of more than one chain, resulting 

in more by-products and in consequence in a difficult purification of compound 10 through 

several flash column chromatographies. 

Therefore, in order to synthesise the fluorinated compound 10, it was followed route B. The 

conjugation of the 1H, 1H, 2H-perfluoro-1-decene 47 to the core 1 (Scheme 4.6) was carried 

out through a radical-catalysed thiol-ene reaction using the same reaction conditions used for 

the synthesis of intermediate 48. 

 
Scheme 4.6. Functionalisation of pentaerythritol tetrakis(3-mercaptopropionate) 1 with 1H, 1H, 2H-

perfluoro-1-decene chain 47 via the radical thiol-ene reaction. 

Intermediate 48 was obtained in 15% yield, and this low yield could be attributed to the 

formation of complex reaction mixtures and solubility issues. Then, compound 48 was 

submitted to a conjugated addition with o-quinone 3 to deliver product 10 in 51% yield 

(Scheme 4.7).  

 

Scheme 4.7. 1,6-Conjugated addition of intermediate 48 to o-benzoquinone 3 to afford the building 

block 10. 
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4.3. SULPHUR-BASED POLYMERISATION REACTION 

Once the three building blocks 9, 10 and 46 were synthesised and characterised, they were 

polymerised following the same strategy based on the formation of disulphide bonds already 

explained in the previous chapter (Figure 4.13).  

 

Figure 4.13. Mild oxidative polymerisation of synthesised building blocks using a solution of iodine in 

EtOH 96%. 

Following the same general procedure, 35 mM solution of resublimed iodine (1 equiv.) was 

added dropwise into a solution containing the corresponding monomer in EtOH 96%, except 

for the fluorinated derivative 10 in which the polymerisation was performed in CH2Cl2. After 1 

h, the precipitates formed were isolated and washed with fresh solvent (Table 4.3). (Note: 

these polymerisations were carried out with the presence of 3-5% of tris-thiol 4). 

Table 4.3. Yields of polymerisation reactions based on the amount of the solid precipitate for 

each monomer 9, 10 and 46. 

Product from the polymerisation reaction Yield (%) 

P9 (C18-functionalised catecholic derivative) 39% 

P10 (fluorine-functionalised catecholic derivative) 48% 

P46 (C18-functionalised styrenic derivative) 60% 

These polymers were characterised by 1H NMR, DOSY NMR experiments and GPC (see Annex 

A2.3-6 for GPC spectra).a Due to solubility issues, only the C18-functionalised derivatives P9 and 

P46 could be characterised by these three techniques since fluorinated derivatives were not 

soluble in THF. After their characterisation, it was concluded that using those oxidative 

                                                           
a
 GPC analyses were performed in collaboration of Dr. Haritz Sardon from the Innovative Polymers 

Group leaded by Dr. David Mecerreyes at POLYMAT (Basque Center for Macromolecular Design and 
Engineering). 
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conditions, mixtures of short oligomers between 2 and 10 units were obtained for both P9 and 

P46 (Table 4.4).   

Table 4.4. Polymerisation’s degree results of P9 and P46 obtained by 1H NMR, DOSY NMR 

experiments and GPC. 

Derivative 1H NMR  DOSY GPC  

P9 2-4 units 6/7 units 

IR UV 

Mn Mw Mn Mw 

4017 Da 
4/5 units 

6013 Da 
7 units 

- - 

P46 dimer-trimer < 10 units 

IR UV 

Mn Mw Mn Mw 

3167 Da 
tetramer 

3651 Da 
tetramer 

3637 Da 
tetramer 

4144 
5 units 

 
On the attempt to improve these polymerisation degree values for the polymerisation of 

catechol-based building block 9, NaHCO3 was used in order to neutralise the formation of HI 

during the polymerisation process. However, the same degree of polymerisation values were 

obtained by GPC, thus not further studies were performed. 

 

4.4. MACROSCOPIC SUBSTRATE COATINGS  

4.4.1. COATINGS WITH C18-FUNCTIONALISED BUILDING BLOCKS 9 AND 46, AND THEIR 

CORRESPONDING PRODUCTS P9 AND P46 FROM THE POLYMERISATION 

4.4.1.1. Hydrophobic surfaces 

I. From ex situ polymerised material 

First experiments with C18-functionalised derivative P9 were directed to confer hydrophobicity 

to glass slides. As a general procedure, 1.5 x 1.5 cm2 slides of this material were cleaned by 

using a plasma cleaner machine (400 W, 5 min), and they were submerged into a  7 mM HPLC 

grade CH2Cl2 solution of P9 overnight, without stirring (Figure 4.14).  
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Figure 4.14. Schematic representation of coating procedure. The glass slide is submerged into the 

solution for at least 4 h, washed and dried before measuring WCAs. 

After the coating treatment, surfaces were washed with fresh CH2Cl2 three times (even in the 

presence of ultrasounds) and dried in a gentle flux of argon. This treatment, which ensures a 

proper cleaning of the substrate, is not commonly used as it represents a real challenge test 

for the robustness of the coating as the coated substrate is washed three times not with 

water, but with the solvent were the coating is soluble. Finally, WCA of Milli-Q water droplets 

(ca. 5 µL) on coated substrates were used to evaluate the hydrophobicity and wettability of 

the coated samples at rt by means of the sessile-drop technique. Reported values arise from 

averaging CA measurements on three different spots of each sample.  

When surfaces were not washed after being coated, they showed a WCA of 95° (5° for the 

pristine glass). After the cleaning process such value decreased down to 77° (Figure 4.17, vide 

infra pag. 127), showing the influence of this parameter. So the robustness of our approach 

can clearly be demonstrated as the substrate still retains, though in less degree, the 

hydrophobic character. For comparison purposes, it was also studied the coating of a glass 

slide with the corresponding monomer 9 following the same procedure. Initially, the WCA 

value found was 84° though it experimented a substantial decrease after the whole washing 

process down to 55°. To conclude, coatings made with monomer were less robust than the 

ones made with the oligomers, thus the water droplet onto the treated surface was spread out 

faster (Figure 4.15). 
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Figure 4.15. WCA values vs. time of 9-coated glass slide (light blue) and P9-coated glass slide (dark blue). 

From the Figure above, it was observed that the slope of glass@9 was more negative than the 

one from glass@P9, meaning that the water droplet was introduced more easily into the 

coating. As expected, the product from the polymerisation reaction had a larger tendency to 

attach to surfaces than the monomer thanks to the synergism of the different catechol units, 

reason why the last one was excluded for further studies.  

Moreover, some studies on the influence of the time of the absorption process were also 

performed. Four cleaned glass slides were submerged into a HPLC grade CH2Cl2 solution of P9 

for 1, 4, 8 h and overnight, respectively. Afterwards, they were washed three times with fresh 

CH2Cl2 and dried in a gentle flux of argon. Then WCA measurements were performed on each 

surface. It was seen that after 4 h, the final coating obtained was comparable with the one 

obtained after 8 h, or, overnight (WCA values raised between 71° and 76°), indicating the 

success of the coating after a few hours.   

In addition, it was also checked whether the position of the substrate into the solution of P9 

(horizontal vs. vertical) had an important role on the final deposited coating and thus to the 

hydrophobicity of the resultant surface. Hence, two clean glass slides were submerged into a a 

 7 mM solution of P9 in HPLC grade CH2Cl2; one lying down onto the bottom of the vial and 

the second one resting onto the wall, overnight. Afterwards, they were washed with fresh 

CH2Cl2, dried with a flux of argon, and WCA values were measured. Both coated surfaces 

presented comparable hydrophobic values (73° vs. 76°, respectively), so it was concluded that 

the position of the substrate into the P9 solution did not influence on the resulting coating.  

Beyond glass, three additional surfaces, aluminium, copper and stainless steel with different 

initial hydrophobic charcter, were also studied for comparison purposes. As a general 

procedure, 1.5 x 1.5 cm2 slides of such materials were cleaned by sonicating in acetone, EtOH 

y = -2.0497x + 50.953 

y = -0.5426x + 75.85 

0,0 

10,0 

20,0 

30,0 

40,0 

50,0 

60,0 

70,0 

80,0 

0 5 10 15 20 

W
C

A
 (

°)
 

Time (min) 

glass@9 glass@P9 



Chapter 4                                                                                    Hydrophobic and Hydrophilic Coatings 

130 

96% and Milli-Q water for 10 min each and dried in a gentle flux of argon. The coating 

procedure with P9 was performed in the same way as explained for glass surfaces and WCAs 

were measured before and after washing the treated surfaces. Previous to wash, the WCA 

values were a little bit higher than the ones measured after rinsing the surfaces, but the 

differences between them were not significant (Figure 4.17, vide infra pag. 127). In this case, it 

was demonstrated the robustness of these coatings against washes.  

Images from water droplets onto these treated surfaces were taken, observing how their 

hydrophobicity increased despite washes when they were coated with catecholic derivative P9 

(Figure 4.16). 

Figure 4.16. Images from water droplets onto pristine surfaces (top) and surface@P9 after being rinsed 

(bottom). 

Additionally, the four substrates (glass, aluminium, copper and stainless steel) were also 

coated with styrenic derivative P46 to study the role of the catechol moiety. Particularly, in the 

cases of glass, aluminium and stainless steel, the same trend regarding the hydrophobic 

behaviour of the resulting surfaces was noted. It was observed that when the substrates were 

treated with product P46 (Figure 4.17), less hydrophobic surfaces, with WCA values around 55° 

or bellow, were obtained than when they were treated with catechol-based derivative P9. 

These results demonstrate that the robustness of the coating in front of the different washes is 

less for the styrene-based ones, as expected as the role of the catechol moiety is lost. 

However, the presence still of non-specific interactions allows for some adhesion. In catechol 

moiety, the presence of the two vicinal alcohols allows forming several kinds of interactions; 
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hydrogen-bonding with hydroxyl groups exposed onto the glass surface, or, coordination 

bonds with metals, such as aluminium and iron (stainless steel), among others.  In contrast, in 

the example with copper it was observed that the difference of the WCA between working 

with P9 or P46 was much smaller, only 7° (Figure 4.17). The most plausible explanation would 

be that sulphur has a high affinity towards copper,27,28  this being the interaction that prevails 

over the interactions that can occur with aromatic rings, and in less degree with the other 

metallic surfaces. In fact, with glass, as there is no such interaction, the WCA is less. After 

performing all these experiments, regardless of the surface or the efficiency of the coating, no 

surface treated with these materials changed its colour, or, appearance. 

Figure 4.17. WCA values onto four different substrates (glass, aluminium, copper and stainless steel) 

coated with C18-functionalised derivatives P9 (blue) and P46 (orange) after being rinsed, and previously 

to the washes (red).  

Furthermore, surface topography imaging of P9 coating onto glass was carried out in ambient 

air in tapping mode using beam shaped silicon cantilevers AFM/SPM microscope. The 

measurements revealed an average thickness of 1.5 µm (Figure 4.18) and a roughness of 435 ± 

32 nm.  

4.6 

37.5 

64.2 

43.6 

95.2 

79.1 
84.5 

89.0 

77.2 
71.4 

81.3 
87.7 

33.5 

53.4 

74.3 

55.6 

0 

20 

40 

60 

80 

100 

120 

glass aluminium copper stainless steel 

W
C

A
 (

°)
 

uncoated, pristine surface@P9 without washes surface@P9 surface@P46 



Chapter 4                                                                                    Hydrophobic and Hydrophilic Coatings 

132 

 

Figure 4.18. AFM image of topography along with the profile graphics and 3D representation. 

Finally, P9-coated stainless steel, copper and aluminium were also characterised by EDX in 

order to study the composition of their surfaces (glass ones were not able to be characterised 

by this technique because it is a non-conductive material and should be previously metallised, 

altering the future results). The objective was to observe the presence of sulphur atoms, since 

it was the unique element that could come from our material. In all the cases, it was checked 

the presence of it at 2.3 KeV29 when the surfaces had been treated. Furthermore, carbon and 

oxygen were also identified, and the measured percentages of them were around the 

expected ones (± 10%) for the resulting coating (see Annex A3.1 for EDX spectra).  

II. From in situ polymerisation 

The concept was, firstly to repeat the coating of substrates with the aliphatic monomer 9 and 

then placed them onto vials that contained inside sublimated iodine; the hypothesis was that 

iodine would sublime and polymerise the monomers onto the surfaces in situ without solvent 

as represented in the Figure 4.19a. Hence, four different surfaces (glass, aluminium, copper 

and stainless steel), previously cleaned with their corresponding method (plasma cleaning for 

glass and solvent washes for metals), were coated with aliphatic monomer 9 by submerging 

them into a  7 mM solution of 9 in HPLC grade CH2Cl2. Afterwards, without washing and only 

dried in a gentle flux of argon, these four surfaces were placed onto vials containing 

sublimated iodine, overnight. After that time, surfaces were washed three times with fresh 

EtOH 96% to remove the excess of iodine and dried in a gentle flux of argon. At first sight, it 

was seen that the area which had been in contact with iodine turned lighter, pointing out to 

the bases of a polymer reaction.  
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To evaluate the hydrophobicity of the resulting surfaces, the corresponding WCA were 

measured (Figure 4.19b). Blanks were the surfaces that had not been coated with monomer 9, 

but they had been subjected to the same action of iodine as the treated ones. Comparing the 

results obtained from both polymerisation approaches (ex situ polymerisation in solution and 

in situ one), it was observed that in the cases of glass and copper surfaces, the WCAs achieved 

from in situ polymerisation were comparable, even higher, that the ones obtained when the 

coatings were performed in solution, 84° vs. 77°, and 89° vs. 81°, respectively (Figure 4.19b). 

However, with regard to aluminium and stainless steel surfaces, although there was a 

considerable increasing of WCA values of treated substrates compared to the corresponding 

blanks, the values obtained were lower than the ones obtained via the polymerisation in 

solution, particularly in the case of stainless steel. It is worthy to mention that when a pristine 

stainless steel slide was put in contact with iodine the surface became more hydrophilic than 

the initial one (12° vs. 44°). That could explain the difference in the coating hydrophobicity 

when polymerisation took place in solution (WCA  88°) or through the iodine sublimation 

procedure (WCA  44°). 

Moreover, EDX analyses were also performed onto the metallic substrates coated with P9 via 

this methodology before measuring WCAs (see Annex A3.2 for EDX spectra). In the three cases, 

it was checked the presence of sulphur at 2.3 KeV, carbon at 0.27 KeV, and oxygen at 0.52 

KeV.29 With this technique it was seen that coatings formed were not homogenous; although 

carbon and oxygen were always detected, in some analysed parts of the surfaces the minor 

element sulphur was not present. It was also seen remaining iodine in some regions, coming 

from the polymerisation process and a possible reason why the WCA values onto aluminium 

and stainless steel surfaces were lower than the ones obtained from the ex situ polymerisation 

in solution.  
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Figure 4.19. a) Representation of the in situ polymerisation. (i) Firstly, surfaces were coated with 

monomer 9, and (ii) then placed overnight onto vials containing iodine sublimated. Afterwards, (iii) 

substrates were washed with fresh EtOH 96% and dried. b) Reported values arise from averaging WCA 

measurements on three different spots of each sample. Blanks (pale pink) correspond to non-treated 

surfaces subjected to the same action of iodine as the treated ones (dark blue). The WCA values of 

surfaces@P9 via ex situ polymerisation in solution are represented in light blue. 

 

4.4.1.2. Hydrophobic textiles 

I. Coating and WCA 

The next objective was to test the application of this methodology to coat pieces of textiles 

and conferring them hydrophobic features. As a general procedure, pieces of ca. 1.5 x 1.5 cm2 

of cotton, or, polyester cloths (σ = 25 mg/cm2), without previous treatment, were submerged 

into a  7 mM solution of the corresponding C18-functionalised material in HPLC grade CH2Cl2 

and left overnight without stirring. Coated textiles were then washed with 3 x 2 mL of fresh 

CH2Cl2 and dried in a gentle flux of argon. The resulting coated textile pieces had the same 
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colour and appearance than the pristine ones, concluding that the coatings did not colour the 

fibres. They were characterised by SEM, and like hydrophobic flat surfaces, the hydrophobicity 

and wettability of the coated textiles were evaluated by measuring WCA of Milli-Q water 

droplets at rt by means of the sessile-drop technique.  

Previous to measure WCAs, SEM images were taken from P9-coated fibres. In Figure 4.20a, it 

can be appreciated that the fibres of the material are mainly individually coated, along with 

occasional polymeric material within them. This aspect is relevant to ensure that the flexibility 

and breathability of the textiles are preserved upon deposition of the coating. 

 

Figure 4.20. a) SEM images of pristine fibres (1 and 3), and P9-coated textiles (2 and 4). b) Images from 

water droplets onto pristine fibres (1 and 3) and P9-coated textiles (2 and 4).  

For comparison reasons, cotton weaves were coated with both catecholic materials 9 and P9 

and the styrenic ones 46 and P46, whereas polyester fibres were only coated with 9 and P9 

(Table 4.5). Initially, both cotton and polyester, without any pre-treatment, showed 

hydrophilic surfaces (WCA of 0°) and after being submerged into all C18-derivatives solutions 

they presented high hydrophobic surfaces (WCA > 130°). However, after being rinsed, only 

textile fibres that had been coated with catechol-based oligomers P9 still showed hydrophobic 

WCA values; 120° for cotton@P9 and 127° for polyester@P9. In Figure 4.20b, visually it can be 

seen how the hydrophobicity of those coated textiles was kept after rinsing the substrates 

once they had been coated with P9, since water droplets stand onto the surfaces for a long 

period of time (< 10 min) with high WCA values. With regard coatings with monomer 9 and 

styrene derivatives 46 and P46 onto cotton fibres, they were completely rid off with washes, 

showing final WCAs of 0°. Remarkably, onto polyester fibres, catechol-based monomer 9 was 
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able to produce a quite robust coating after washings, showing a significative value of WCA of 

111°. 

Table 4.5. WCA values onto pristine textiles, and coated fibres with both catecholic and 

styrenic derivatves, and both monomers and oligomers.  

 

 WCA (°) 

  oligomers monomers 

Substrate pristine no washes P9 P46 9 46 

Cotton 0° 136.7 ± 0.3° 119.8 ± 2.8° 0° 0° 0° 

Polyester 0° 162.9 ± 1.0° 126.8 ± 0.3° - 111.2 ± 0.3° - 

If not indicated, the WCA are measured after the rinse.  
 

II. Oil absorption and phase separation tests 

Because of its remarkable water-repellency performance, P9 was used as the coating material 

for the assessment of oil-absorbance tests, as well as a simple oil/ water separation 

experiment simulating the removal of oily pollutants from aqueous phases. 

Two oily phases, TDC and olive oil, were used as non-volatile model pollutants.  They were 

coloured with Disperse red 13 and added into 15 mL of distilled water as shown in the Figure 

4.21a-1. Afterwards, P9-coated cotton fibres of known dry weight were soaked in the oil phase 

for 15 seconds, taken out, allowed to drain for 3 h, and reweighted (Figure 4.21a-2-5). The 

same experiment was carried out with uncoated pieces of cotton as blanks. Some SEM images 

of cotton fibres were taken before and after absorbing the model pollutants (Figure 4.21b). It 

was seen that the fibres were individually coated with polymer P9 (Figure 4.21b-2), and after 

absorbing TDC and olive oil they turned out more smeared.  
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Figure 4.21. a) Selective oil removal: (1) olive oil/water separately phases; (2−5) soaking of a P9-coated 

cotton sample. b) From left to right, SEM images of pristine cotton weaves (1), cotton@P9 (2), and after 

absorption of TDC (3) and olive oil (4).  

Coated fibres were able to absorb TDC around 127% of its initial weight, whereas uncoated 

cotton only 25%. When the test was performed within olive oil, treated samples absorbed 

around 172%, whereas blanks 94% (Table 4.6).  

Table 4.6. Percentual weight absorption capacities (%) of cotton@P9, and uncoated cotton for 

liquid tests.  

 Oil phase 

 TDC Olive oil 

 Coated  Uncoated  Coated  Uncoated  

Initial weight 21.6 mg 17.3 mg 16.4 mg 14.7 mg 

Final weight 49.0 mg 21.6 mg 44.6 mg 28.6 mg 

Absorption capacity* 127% 25% 172% 94% 

* It is calculated in percentage (%) and it is the weight gain after absorption (final weight) vs. the initial 

one (before absorption).  

It is well known that absorption capacities rely on porosity, surface area, and regularity of the 

microstructures of the absorbents,30 as well as the viscosity/smearing ability of the oil test 

liquids. Cotton@P9 showed more affinity towards olive oil (172%) than TDC (127%). 

Interestingly, untreated cotton showed a superior olive oil absorbent capacity than the TDC 

one (94% vs. 25%). This was quite remarkable because TDC had a low viscosity (2-3 cP), 

comparable to that of water (1 cP), and did not appreciably smear treated substrates, in 

contrast to olive oil (viscosity ca. 80 cP). 

Then, P9-coated cotton weaves were used for phase separation by filtration of a water/oil 

mixture as a water repellent system. A mixture of distilled water and coloured Miglyol® 840 
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with red Disperse 13 (1:1) was prepared by manual agitation and sonicating. A piece of treated 

cotton 1 x 2 cm2 was placed on top of a 20 mL vial, and with a syringe, the mixture of water 

and coloured oil was dropped onto the treated surface (Figure 4.22a). Because of the lipophilic 

and absorbent nature of treated surfaces, oil quickly soaked them and, after oil saturation, 

permeated though, while water was retained on the top (Figure 4.22b).  

 

Figure 4.22. a) Sequence of an oil/water phase separation by filtration over a hydrophobic P9-coated 

piece of cotton. It is observed that water phase is retained on the top, whereas oil phase (in red) passes 

through our household filter into the vial. b) Oil phase saturation onto coated cotton weaves (left), and 

water repellence character (right).  

Thanks to the success of previous experiments, it was decided to go a step further trying to 

break emulsions with P9-coated cotton weaves. Therefore, an emulsion with micro-size 

around 20 µm was prepared by mixing dodecyl sulphate (SDS) dissolved in distilled water with 

Miglyol® 840 coloured with Disperse red 13. Afterwards, a piece of 1 x 1 cm2 of cotton cloth (σ 

= 25 mg/cm2, either pristine or coated with aliphatic polymer P9) was submerged in a 10 x 

diluted aliquot of the stock emulsion and gently stirred by hand for 5 min, and subsequently 

taken out of the treated emulsion and left to dry in air (Figure 4.23, left). By this procedure, it 

was seen that coated cotton was able to absorb 97% of its own weight, whereas uncoated 

cotton only 8%. Visually, it was observed that the piece of cotton after being coated with P9 

was still white. However, after the absorption experiments, only P9-coated cotton turned red, 

meaning that it had absorbed the coloured oil. The untreated cotton did not absorb oil as it 

was seen in both its final weight (almost the same as the initial one) and its appearance (it 

remains almost white) (Figure 4.23, right). 
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Figure 4.23. Sequence of the emulsion breaking test (left). Pieces of cotton at different points of the 

experiment (right). 

To sum up, these coatings showed effectiveness in the transformation of water-absorbent 

polyester and cotton weaves, into water-repellent and oil-absorbent substrates capable of 

retaining roughly twice their weight of model hydrophobic compounds (TDC and olive oil), as 

well as of separating water/ oil mixtures from an emulsion, or, by simple filtration.  

4.4.2. COATINGS WITH FLUORINE-FUNCTIONALISED BUILDING BLOCK 10 AND ITS 

CORRESPONDING PRODUCT P10 FROM THE POLYMERISATION 

4.4.2.1. Oleo-/hydrophobic surfaces 

Following the same coating methodology for aliphatic derivatives 9 and P9, glass slides were 

coated with 10 and P10. The hydrophobicity and oleophobicity of coated surfaces were 

evaluated by measuring WCA of Milli-Q water droplets and OCA of olive oil droplets, 

respectively, by means of the sessile-drop technique.  

First results revealed that there were not significant differences between coat the surfaces 

with monomer 10 towards with oligomers P10 since the WCA values obtained were very 

similar (74° for 5 vs. 70° for 10). Even though the hydrophobicity of glass surfaces increased 

when they were coated with fluorine-functionalised materials, the WCAs obtained were far 

away from those expected,16 since having fluorinated chains, one would expect to have 

superhydrophobic surfaces (θ < 150°). As conclusion, working with these conditions, 

superhydrophobic coatings were not obtained, probably due to the low solubility of 10 and 

P10 in CH2Cl2; 0.8 - 0.9 mg/mL for 10 and 0.6 - 0.7 mg/mL for P10. As already discussed in the 

synthesis of these fluorinated derivatives, the same solubility issues were present during the 

performance of the coatings. In order to solve this main challenge, the coatings were 

attempted in four more different HPLC grade solvents; DMF, THF, toluene and 

decafluoropentane (Figure 4.24). It was observed that coatings with P10 performed with DMF, 
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THF and decafluoropentane were unsuccessful due to solubility issues, since WCAs only 

increased to 21.3°, 30.9° and 36.3°, respectively. Afterwards, using toluene the WCA obtained 

was more or less the same than using CH2Cl2 (WCA  73°). Nevertheless, after rinsing a pristine 

glass slide with the solvent toluene, almost the same contact angle (WCA  70°) was obtained. 

Therefore, it could not be ensured wheter this 73° WCA value was due to the presence of a 

fluorinated coating, or, because the solvent used for this coating. It is worthy to mention that 

toluene has some stabilisers with organic nature, such as butylated hydroxytoluene (BHT), thus 

a surface treated with it could also show high values of WCA.  

 

Figure 4.24. WCA values of coated surfaces with fluorine-functionalised oligomers P10 carried out in five 

different solvents (CH2Cl2, DMF, THF, declafluoropentane and toluene). 

As from these WCA values it could not be ensured that glass slides were coated successfully by 

the fluorinated derivatives, we also studied the morphology of such surfaces were also studied 

by SEM. It was observed that monomer 10 tended to form non-structured aggregates as seen 

in Figure 4.25a, whereas P10 material was rearranged forming a kind of amorphous NPs (Ø  

10 nm) onto the glass surface (Figure 4.25b). Those irregularities and aggregates onto surfaces 

might be a cause of the no achievement of superhydrophobic WCA values. Hence, in order to 

avoid solubility issues and being aware of the existence of those aggregates onto the surfaces, 

both monomer 10 and its derivative P10 in CH2Cl2 were sonicated for 10 min, centrifuged, 

filtered and the coatings with the soluble fractions were repeated. SEM images revealed that 

the glass surface P10-treated with the filtered solution presented much less aggregates (Figure 

4.25c) than the one treated with the initial non-filtered solution (Figure 4.25d). However, no 

improvements were seen about the hydrophobicity since the WCAs obtained remained more 

are less the same after removing the insoluble part (WCA  70°). 
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Figure 4.25. SEM images of a) glass@10, b) glass@P10, and c) P10-coated glass treated with the filtered 

solution and d) with the non-filtered one.   

 
4.4.2.2. Oleo-/hydrophobic textiles 

Following the same procedure, pieces of ca. 1.5 x 1.5 cm2 of cotton and polyester cloths (σ = 

25 mg/cm2) were coated with both fluorine-functionalised derivatives 10 and P10. The 

hydrophobicity and oleophobicity of coated textiles were evaluated by measuring WCA of 

Milli-Q water droplets and OCA of olive oil droplets, respectively, by means of the sessile-drop 

technique.  

In the case of cotton, the same results for 9-coated cotton were obtained. It was started from 

a hydrophilic surface, and when it was treated with a solution of fluorinated monomer 10 it 

was ended up with a hydrophobic surface that presented a WCA value of ca. 115°. However, 

unlike the C18-functionalised derivative P9, working with the fluorinated P10 one a 

hydrophobic surface was not obtained (WCA tended to 0°) (Figure 4.26). One possible cause 

could be the low solubility of this polymer in CH2Cl2 and consequently the lack of coating. 

Regarding coatings onto polyester fibres, it was seen that working with monomer 10 it was 

obtained a superhydrophobic surface, since the WCA value recorded was higher than 150°, 

whereas the corresponding derivative P10 only provided a high hydrophobic surface (WCA  

137°) (Figure 4.26).  
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Figure 4.26. WCA of treated fibres with fluorine-based materials. 

Moreover, some SEM images of cotton and polyester fibres were taken and it was observed 

that some material remained onto fibres after being treated with fluorinated derivatives 

(Figure 4.27). Nonetheless, there were not homogenous coatings.  

 

Figure 4.27. SEM images of cotton (top) and polyester (bottom) weaves coated with fluorine-based 

monomer 10 and its corresponding polymer P10.   

Finally, beyond studying the hydrophobicity of the fluorinated coated surfaces, their 

oleophobicity was also evaluated. It was observed that glass surfaces coated with monomer 10 

and its derivative P10 did not present high oleophobicities; their OCA values (Figure 4.28) were 

lower than their WCA ones in most of the cases. It was also observed that there were not 
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significant differences with regard to oleophobicity between coatings made by monomer 10 

and its derivative P10. Regarding the oleophobicity of cotton and polyester treated weaves, 

surprisingly it was seen that none of these treated surfaces were oleophobic at all, neither 

with monomer 10, nor with the oligomers P10, although some of them were hydrophobic 

(Figure 4.28). What happened was that olive oil droplets spread out faster than water droplets.  

 

Figure 4.28. WCAs (in blue) and OCAs (in yellow) of coated glass surfaces, and cotton and polyester fibres 

with fluorinated materials 10 and P10.    

 

4.4.3. COATINGS WITH mPEG-FUNCTIONALISED BUILDING BLOCK 6 AND ITS 

CORRESPONDING PRODUCT P6 FROM THE POLYMERISATION 

With the mPEG-functionalised derivatives 6 and P6 described in Chapter 3, beyond NPs, 

macroscopic surfaces (glass and metals) were also coated following both the ex situ 

polymerisation in solution and the in situ one strategies, as already seen for coatings with 

aliphatic derivatives 9 and P9. 

I. From ex situ polymerised material 

After coating glass, aluminium, copper and stainless steel surfaces with 6 and P6 , the WCA 

values obtained (Figure 4.29) were comparable to the ones already reported in the literature 

(from 40° to 64°).31,32 In general, in the four cases, 6-coated surfaces showed lower WCAs than 

the ones obtained from P6-coated ones. Except for the copper example, the values obtained 

for 6-coated surfaces were near to the pristine ones, pointing out that the coatings with 

monomer 6 were not as robust as with oligomers P6 against washes. Furthermore, in the cases 

of glass, aluminium and stainless steel, the hydrophobicity character of the surface increased 
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when the substrates were coated with P6 as the pristine ones could be considered more 

hydrophilic. In contrast, since copper was the most hydrophobic pristine surface, in this 

example it was clearly seen that its hydrophilic character was increased by coating it with 

mPEGylated derivatives.  

 

Figure 4.29. b) WCA values of mPEGylated coated surfaces after being rinsed. 

 

II. From in situ polymerisation 

From the WCAs (Figure 4.30), it was seen that in all four substrates there was an increasing of 

the hydrophobicity when they were treated with mPEGylated derivative 6 (Figure 4.30, dark 

blue) due to the high hydrophilic character of these pristine surfaces after being subjected to 

the same action of iodine. Comparing the results obtained from both coating strategies (ex situ 

polymerisation in solution (Figure 4.29) and the in situ one), it was observed that surfaces 

coated with derivative P6 via in situ polymerisation presented lower WCA (between 10° and 

20° below) than the ones obtained via ex situ polymerisation in solution (Figure 4.30, orange), 

except for copper one which presented an opposite trend. As already discussed, this decrease 

on WCAs could be attributed to the presence of embedded iodine crystals on the coating, 

making the final surfaces more hydrophilic.  
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Figure 4.30. Reported values arise from averaging WCA measurements on three different spots of each 

sample. Blanks (pale pink) correspond to non-treated surfaces subjected to the same action of iodine as 

the treated ones (dark blue). The WCA values of surfaces@P6 via ex situ polymerisation in solution are 

represented in light blue. 

Furthermore, EDX analyses were also performed onto the metal substrates coated with P6 via 

both ex situ polymerisation in solution and in situ methodology (see Annexes A3.3 and A3.4 for 

EDX spectra). In all the cases, the presence of sulphur, carbon and oxygen was checked, and in 

the case of coating via in situ methodology, some remaining iodine was also seen. 

 

4.4.4. MULTIFUNCTIONAL COATINGS 

So far, it has been demonstrated that this strategy turns out very efficient to coat different 

types of substrates, from glass to metals or textiles, while conferring hydrophobicity. It has 

also been confirmed another of the expected advantages such is the colour inertness of our 

coatings, i.e. do not modify the initial colour of the pristine substrate. Finally, herein it is aimed 

to demonstrate that on top of all the previous advantages, and thanks to the modular 

chemistry of our approach, it can systematically be modified the wettability of a given surface 

by simple reacting different ratios of 8 and 9. So the first step will be to test the coating 

capabilities of P8 (synthesised as described in Chapter 3) with macroscopic substrates, 

hopefully yielding WCA much lower than those found with P9 thanks to its higher hydrophobic 

character. Afterwards, several different polymers with different 8/9 ratios will be synthesised 

to finally use them to coat glass slides and cotton fibres. This will allow fine-tuning the WCA. 

As just already explained, glass slides were coated with fluorescein derivatives 8, P8, 36 and 

P36 following the same experimental procedure described for coating glass slides. (Note: in 

this case the solvent used was acetone instead of CH2Cl2). Using an inverted 

optical/fluorescence microscope in fluorescence mode with an Alexa Fluor 488 filter, it was 
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observed that after rinsing the treated slides, only the P8-coated glass showed continuous 

intense fluorescence in the whole surface (Figure 4.31a). The 8-coated glass slide showed low 

fluorescent intensity concentrated in some aggregates (Figure 4.31b), and when styrenic 

derivatives were used, the coatings were completely rid off with acetone washes, since the 

final treated surfaces did not show fluorescence (Figure 4.31c).  

 

Figure 4.31. Image taken from optical/fluorescence microscope in fluorescence mode of glass slides 

coated with a) catecholic derivative P8, b) catecholic monomer 8, and c) styrenic derivative P36. 

As already demonstrated, catechol moieties are very important to make efficient and robust 

coatings, and the product P8 from the polymerisation reaction had a larger tendency to attach 

to surfaces than the monomer 8 thanks to the synergism of the different catechol units. 

Once it was checked that fluorescein derivatives could coat glass slides, it was proceeded to 

fabricate different polymers with different 8/9 ratios (Table 4.7).  

Table 4.7. Different copolymers made of fluorescent and hydrophobic building blocks 8 and 9, 

respectively.  

Copolymer Aliphatic monomer, X% Fluorescein monomer, Y% Yield (%) 

C8-9a 80% 20% 64% 

C8-9b 60% 40% 64% 

C8-9c 40% 60% 64% 

C8-9d 30% 70% 65% 
Yields were calculated based on the final amount obtained of the resulting copolymer vs. the initial ones 

used from both starting monomers. 

Both monomers were dissolved in EtOH 96%, and a 35 mM solution of iodine (1 equiv.) in EtOH 

96% was added dropwise. After 1 h of stirring at rt, the precipitated derivatives were isolated, 

washed several times with fresh EtOH 96% and dried with a gentle flux of nitrogen (Figure 

4.32).  
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Figure 4.32. Polymerisation with the synthesised monomers 8 and 9 to obtain final copolymers C8-9 

having two main properties; fluorescence and hydrophobicity. 

From the 1H NMR spectra of these polymers it was checked the presence of both 

functionalities: between 8 ppm and 6.5 ppm the aromatic peaks of the fluorescein moiety, and 

at  1.3 ppm and  0.9 ppm the characteristic signals of the C18 chain. 

Figure 4.33. 
1
H NMR spectra of copolymers C8-9a-d where aromatic peaks of fluorescein (framed in 

orange) and characteristic peaks of C18 chain in the aliphatic region (framed in blue) are seen. 

Afterwards, it was proceed to perform coatings onto glass slides and cotton fibres with these 

products C8-9 following the same described procedures to coat both surfaces. In this case, 

both substrates were submerged into  7 mM solutions of different copolymers C8-9 in HPLC 

grade CH2Cl2 for 4 h. Finally, they were washed three times with fresh CH2Cl2 and dried in a 

gentle flux of argon.  
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The wettability of such surfaces were evaluated from measurements of WCA of Milli-Q water 

droplets (ca. 5 µL) by means of the sessile-drop technique, and fluorescence was checked in an 

optical/fluorescence microscope. 

First results revealed that by changing the initial amount of both starting building blocks 8 and 

9, the final properties present in the resulting copolymers C8-9 could be tuned, thus the 

coatings performed with them could modulate the wettability of the treated surfaces, making 

them more hydrophobic and less fluorescent or vice versa (Figure 4.34). As expected, by 

increasing the amount of aliphatic derivative 9, the hydrophobicity of both coated glass slides 

and cotton weaves increased, whereas by increasing the amount of fluorescent monomer 8, 

such hydrophobicity proportionally decreased (Figure 4.34a and c). With regard to the 

fluorescence, it was seen that substrates coated with copolymers with higher amount of 

fluorescent monomer 8, or, directly coated with 100% fluorescent P8 showed high fluorescent 

intensities (Figure 4.34b and d, right), whereas those coated with C8-9 with low ratios of 

monomers 8:9 showed little or none fluorescence (Figure 4.34b and d, left).   

 

Figure 4.34. In red, coatings onto glass slides. In blue, coatings onto cotton fibres. a) WCA values onto 

treated glass surfaces with several copolymers C8-9. b) Images from an optical/fluorescence microscope 

of glass slide coated with copolymer 80:20 (monomer 9: monomer 8) (left), and homopolymer P8 (right). 

c) WCA values onto coated cotton weaves with some copolymers C8-9. d) Images from an 

optical/fluorescence microscope of cotton fibres coated with copolymer 80:20 (monomer 9: monomer 8) 

(left), and homopolymer P8 (right). 

Therefore, herein it has been shown that this designed strategy allows combining building 

blocks with different functionalities in order to obtain new derivatives bearing at least two 

properties. In this case, fluorescent and hydrophobic copolymers C8-9 have been used to coat 

macroscopic surfaces and it has been proven that these coatings can control the wettability of 
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the treated surfaces, thus modulating their hydrophobicity and fluorescence by tuning the 

initial proportions of both fluorescent and aliphatic molecules 8 and 9, respectively. 

 

4.5. SUMMARY  

Below, the most relevant results are exposed.  

All three building blocks 9, 10 and 46 were synthesised in 14%, 8%, and 75% overall yields, 

respectively, through linear syntheses of two steps that included a radical-catalysed thiol-ene 

reaction and a 1,6-conjugated Michael reaction for molecules 9 and 10, and two tandem 

radical-catalysed thiol-ene reactions for molecule 46 (Scheme 4.8). The low yields for both 

aliphatic-/fluorinated-functionalised building blocks 9 and 10 could be attributed to the 

difficulty of its manipulation, the formation of several by-products when the functionalities 

were introduced to the core 1 and, particularly, in the case of the fluorinated compound due 

to its low solubility in common organic solvents.  

 

Scheme 4.8. All synthetic pathways followed to obtain target building blocks 9, 10 and 46 from the same 

4-branched symmetrical molecule 1 framed in red. 

C18-functionalised building blocks 9 and 46 were polymerised using a solution of iodine in EtOH 

in 39% and 60% yield, respectively, and fluorinated compound 10 was polymerised using 

CH2Cl2 as solvent in 48% yield. From 1H NMR, DOSY NMR experiments and GPC analyses it was 

checked that products P9 and P46 corresponded to mixtures of short oligomers between 2-7 
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units, and 2-10 units, respectively. As far as product P10 is concerned, since it was even more 

insoluble than the starting monomer 10 in common organic solvents, such as THF or CHCl3, it 

was impossible to characterise it by GPC or other techniques. 

Table 4.8. Summary table with yields of polymerisation reaction and polymerisation degrees 

values of P9, P10 and P46. 

 35 mM solution of iodine 

Solvent’s reaction EtOH CH2Cl2 

Product from the polymerisation reaction P9 P46 P10 

Yield (%) 39% 60% 48% 

Polymerisation degree 2-7 units 2-10 units - 

 
With C18-functionalised materials, coatings onto glass, aluminium, copper, and stainless steel 

surfaces were performed via (i) ex situ polymerisation in solution and (ii) in situ 

polymerisation. All these coatings made the treated surfaces hydrophobic, observing a notable 

increasing of their WCAs (WCA > 70° in all the cases). Furthermore, this kind of materials was 

also used to coat textiles, such as cotton and polyester, turned them very hydrophobic 

surfaces with WCA of 119.8° and 126.8°, respectively. In particular, P9-coated cotton weaves, 

with absorption capacities of 127% for TDC and 172% for olive oil, were used as a household 

filter for separating water/oil mixtures. 

Regarding the coatings performed with the fluorinated materials P10, the same solubility 

issues were suffered as in their syntheses, thus their coatings were not reproducible; by SEM it 

was observed that the fluorinate derivatives tended to form a kind of non-structured 

aggregates, or, NPs onto glass surfaces. Although these treated surfaces showed WCA > 70°, 

those values were far away from the superhydrophobic ones expected. Nonetheless, textiles 

treated with compound 10 showed WCA values of 114.7° and 164.7° for 10-coated cotton and 

polyester, respectively. Finally, it was observed that none of treated substrates showed an 

oleophobic character (OCAs were between 0° and 40°).  

In addition, coatings onto glass, aluminium, copper, and stainless steel surfaces were also 

performed with mPEG-functionalised P6, in that case to provide hydrophilia. In all the cases, 

the treated surfaces showed WCAs in a range of 40-65°, which matched with already reported 

data.31,32  
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Figure 4.35. Representation of coating a pristine surface with colourless materials that provide 
hydrophilicity (mPEG-P6) and hydrophobicity (C18-P9 and fluorinated-P10). Oleophobic surfaces could 
not be obtained from P10 materials. 

To finish with, highlight that with the designed polymerisation strategy, the wettability of glass 

slides and cotton fibres could systematically be modified in over a wide range of WCA by 

simple reacting different ratios of 8 and 9 in a controlled way (Figure 4.36). 

 

Figure 4.36. Representation of controlling the wettability of treated surface. 
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After all this work done, it has been validate with a remarkable degree of satisfaction the 

designed strategy for polymerising catechol derivatives based on approach III through building 

blocks. Below, a summary of the main results and conclusions are exposed. 

I. Synthesis of the functionalised building blocks 

The synthesis of eight different building blocks from the same core pentaerythritol tetrakis(3-

mercaptopropionate) 1 have been achieved (Figure 5.1) from two-steps syntheses that 

included two main thiol-ene reactions: (i) a radical one and (ii) a thia-Michael reaction. Hence, 

a new family of catechol-based molecules diversely functionalised has been obtained through 

a straightforward unified cheap methodology. 

 

Figure 5.1. The final eight molecules (bottom) synthesised from the corresponding intermediates (top) 

through thia-Michael reactions and radical thiol-ene reactions following routes A or B. 

 

II. Polymerisation of the building blocks 

Their polymerisations have been carried out under mild oxidative conditions using a solution of 

iodine in EtOH in most of the cases. These reactions take place through the two remaining 

thiols of the polymerisation unit keeping the catechol moiety unaltered and without the need 

to be protected. The characterisation of the resultant colourless products (from P5 to P10 

including styrenic derivatives P36 and P46) has not been easy due to their poor solubility in 
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THF in most of the cases. Nonetheless, it can be concluded that by using this new strategy, 

mixtures of short oligomers between 2 and 10 units can be obtained, and these results have 

been corroborated by three different techniques: 1H NMR, DOSY NMR experiments and GPC 

analyses. The small degree of polymerisation, specifically in the case of PEGylated derivatives, 

could be due to the presence of large functionalities that wrap the polymerisation unit and 

because of high steric hindrances the linear polymerisation does not seem to prevail. 

Furthermore, it has also been determined that the presence of a small percentage (3-5%) of a 

S-catechol derivative favours the formation of polymers and avoids the intramolecular S-S 

bond formation, fact observed and studied in PEGylated derivative P7.  

 
Table 5.1. Summary table with polymerisation conditions for the different building blocks with 

the corresponding yields and polymerisation degrees. 

35 mM solution of iodine EtOH CH2Cl2 

Product from the 
polymerisation reaction 

P5 P6 P7 P8 P36 P9 P46 P10 

Yield (%) 45% 28% 41% 34% 29% 39% 60% 48% 

Polymerisation degree 
(units) 

2-3 2-5 - - - 2-7 2-10 - 

The polymerisation degree of P7, P8, P36 and P10, could not be determined by none of the three 

techniques aforementioned. 

III. Coatings 

With all these oligomeric materials several (multi)functional coatings have been performed 

onto different substrates ranging from nanostructures (Chapter 3), such as MSNPs or MNPs, to 

macroscopic surfaces (Chapter 4), such as glass, metals and fabrics. The resulting treated 

surfaces have been characterised by different techniques depending on the properties shown. 

DLS and electron microscopy has been used to characterise the coatings performed onto NPs 

with PEGylated and fluorescein-functionalised derivatives (P5, P6, P7 and P8) (Figure 5.2a). 

Optical microscopy has been used to check the fluorescence of substrate treated with 

fluorescein-functionalised derivatives P8 (Figure 5.2b), and WCA measurements have been 

suitable to determine the wettability of surface treated with aliphatic P9, fluorinated P10 and 

PEGylated P6 derivatives onto flat substrates (Figure 5.2c).  
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a) 

 
MSNPs@P5 

b) 

 
glass@P8  

c) 

 
polyester@P9 

Figure 5.2. Different coatings made by different derivatives. a) STEM image of MSNPs@P5 in which it is 

identified the coating surrounding the surface of the NPs. b) Glass slide coated with fluorescein-

functionalised product P8 observed within an optical microscope. c) Image of a water droplet onto P9-

coated polyester fibres with WCA > 125°. 

After performing many coatings onto different substrates with different derivatives the most 

common outstanding conclusions that have been drawn are:  

 All the coatings performed were colourless, thus the appearance of the treated 

substrates were unaltered.  

 In general, the mixtures of oligomers provide more efficient and more robust coatings 

against washing than the corresponding monomers. That is due to the synergism of 

the catechol units when the material is polymerised.  

 Catechol moieties are essential to perform good coatings, since they are the anchors 

that favour the absorption onto the surfaces by forming different kind of interactions 

(e.g. hydrogen-bonding, coordination and covalent bonds, among others). When 

coatings were performed with some styrenic analogues, they were rid off easily with 

washes. 

 All the coatings performed with the different derivatives showed the desired 

properties; stability in aqueous media when NPs were coated with PEGylated 

derivatives (P5, P6 and P7), fluorescence for substrates treated with fluorescein 

derivative P8, and hydrophobicity for materials coated with C18-functionalised 

derivatives P9. However, coatings made with fluorinated derivatives P10 were not 

reproducible due to the lack of solubility of the products in most of the solvents, so 

neither superhydrophobic, nor oleophobic surfaces were able to be obtained, except 

for 10-/P10-coated polyester weaves, which did show very high WCA values (> 110°). 

 

40 µm 200 nm 
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More in detail, regarding the use of the catechol-based toolkit for NP coating, the most 

highlighted results are exposed below: 

1. The synthetic feasibility of our approach has allowed obtaining PEG-based coatings 

over different families of NPs, i.e. MSNPs and MNPs. 

2. These PEG-based coatings have shown to be effective to stabilise in aqueous 

environments both types of NPs making them biocompatible. 

3. Particularly, MNPs have been successfully coated with the cat-PEG derivative P7 

and post-functionalised with the amino-glucopyranose derivative 43 as a model 

targeting molecule (Figure 5.3). It has been checked that these NPs in a simulated 

physiological medium (PBS + 10% BSA) form aggregates of ca. 100 nm. 

 

Figure 5.3. Sequence of the construction of a model nanocarrier. Firstly, the polymerisation of building 

block 7 takes place using the designed disulphide bond formation-based strategy. Afterwards, model 

MNPs are coated with the resulting P7 by a ligand exchange procedure. Finally, this coating is 

functionalised with a targeting molecule through residual carboxylic acids exposed onto the surface via 

amide bond construction.  

 
As far as hydrophobic and hydrophilic coatings onto macroscopic surfaces are concerned, the 

three great achievements have been the following ones: 

1. The validation that our versatile designed strategy allows obtaining functional 

materials capable to coat different kind of substrates (glass, metals, or, fabrics). 

2. The effective transformation of water-absorbent cotton weaves into water-

repellent and oil-absorbent substrates by coating them with C18-functionalised 

derivative P9. These coatings have been able to absorb oil from o/w emulsion up 

to 97% in efficiency, and to separate oil from water from an o/w emulsion by 

filtration. 

3. The development of a new in situ polymerisation methodology. By following this 

one, the resulting C18-/PEG-coated surfaces have shown similar wettabilities than 

the ones obtained from the ex situ polymerisation in solution. However, due to the 

remaining iodine crystals onto the surfaces, the WCA values obtained have been 

lower in all the cases, thus pointing out  a less wide range of application than the 
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ex situ methodology. Nonetheless, this strategy could be even more studied and 

exploited, since it opens a novel way to polymerise catecholic derivatives. 

IV. Multifunctional coatings 

So far, it has been demonstrated the flexibility and the modular chemistry of our approach by 

polymerising different building blocks to systematically fine-tune the properties of the treated 

surfaces. 

1. Firstly, fluorescent PEGylated MSNPs@C6-8 have shown to be stable in a range of 

pH between 4 and 12, non-cytotoxic against SH-SY5Y cells at any concentrations 

tested (0-200 µg/mL), and capable to internalise within this type of cells.  

2. Secondly, by polymerising building blocks 8 and 9, it has been able to 

systematically fine-tune the wettability of glass slides and cotton fibres at will over 

a broad range of WCA (Figure 5.4).  

 

 

Figure 5.4. WCA values onto treated glass surfaces with different fluorescein-/C18-functionalised 

copolymers C8-9. 

 
To sum up, the main five objectives set at the beginning of this Doctoral Thesis has been 

achieved: 

1. The synthesis of a new family of catechol-based compounds through a straightforward 

unified cheap methodology. 

2. The development of a new polymerisation strategy based on the formation of 

disulphide bonds with the following characteristics: 

 Mild oxidative conditions that allow keeping the catechol moieties unchanged.  
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 High degree of functionalisation and high synthetic control on the final 

structure of oligomers. 

 Colourless oligomers, thus colourless coatings. 

 The resulting oligomers should be biodegradable due to the presence of 

disulphide bonds. That should be further studied. 

 Modular strategy that allows controlling the functionality of treated surfaces 

in an easy way.  

3. The successful preparation of a new catechol-based toolkit for NP coating.  

4. Robust and effective hydrophobic/hydrophilic coatings onto flat surfaces. 

5. The demonstration that our proposed strategy is versatile, flexible and chemically 

modular, and allows fine-tuning the properties of the coatings. 
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6.1. GENERAL PROCEDURES 

6.1.1. SPECTROSCOPY  

Nuclear magnetic resonance spectra (NMR) were registered at the Servei de Ressonància 

Magnètica Nuclear of the Universitat Autònoma de Barcelona. 1H NMR, 13C NMR and 19F NMR 

spectra were recorded at 250, 360, 400, or, 500 MHz, 90.5, 100.6, or, 125.8 MHz, and 235 

MHz, respectively. Proton chemical shifts are reported in ppm (δ) (CDCl3, 7.26 ppm; CD3OD, 

3.31 ppm; and acetone-d6, 2.06 ppm). Carbon chemical shifts are reported in ppm (CDCl3, 77.2 

ppm; CD3OD, 49.0 ppm; and acetone-d6, 206.7 ppm and 29.9 ppm). All spectra were measured 

at 298 K. The abbreviations used to describe signal multiplicities are: s (singlet), bs (broad 

signal), d (doublet), t (triplet), dd (double doublet), dt (double triplet), td (triple doublet), m 

(multiplet) and J (coupling constant).  

Infrared spectra (IR) were recorded on a Bruker Tensor 27 Spectrophotometer equipped with 

a Golden Gate Single Refraction Diamond ATR (Attenuated Total Reflectance) accessory at 

Servei d’Anàlisi Química of the Universitat Autònoma de Barcelona. Peaks are reported in cm-1.  

Electronic absorption spectra (UV-vis) were recorded on a HP 8453 Spectrophotometer. HPLC 

or spectroscopy quality solvents were used.  

Energy dispersive X-ray (EDX) line-scan profiles were obtained at rt and 200 kV on a FEI Tecnai 

G2 F20 coupled to an EDAX detector. 

Size distribution and surface charge of nanoparticles were measured by dynamic light 

scattering (DLS) using a ZetasizerNano 3600 instrument (Malvern Instruments, UK), the size 

range limit of which is 0.6 nm to 6 mm. Note: the diameter measured by DLS is the 

hydrodynamic diameter. The samples are comprised of aqueous dispersions of the 

nanoparticles in distilled water, or, in buffer. All samples are diluted to obtain an adequate 

nanoparticle concentration (0.5 – 1 mg/mL). 

 

6.1.2. MASS SPECTROMETRY  

High resolution mass spectra (HRMS) were recorded at the Centro de I+D+I of the Parque 

Científico Teconológico of the Burgos University in an Argilent 6454 Q-TP spectrometer with an 

Argilent Jetstream Technology (AJT) source.  
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6.1.3. CHROMATOGRAPHY  

All reactions were monitored by analytical thin-layer chromatography (TLC) using silica gel 60 

F254 pre-coated aluminium plates (0.25 mm thickness). Development was made using an UV 

lamp at 254 nm and/or using a KMnO4/KOH aqueous solution. Flash column chromatography 

was performed using silica gel (230-400 mesh). 

The molecular weight distribution of all polymers was determined by gel permeation 

chromatography (GPC) using an Agilent Technologies 1260 Infinity chromatograph and THF as 

a solvent. The instrument is equipped with three gel columns: PLgel 5 μm Guard/50 × 7.5 mm2, 

PLgel 5 μm 10000 Å MW 4 K−400 K, and PL Mixed gel C 5 μm MW 200−3M. Calibration was 

made by using polystyrene standards. In each experiment, the freshly prepared polymer 

sample of interest was dissolved in THF (1-2 mg/mL), and immediately analysed by GPC (1 

mL/min flow; 30 °C column temperature). The values obtained for Mn are an approximation. 

 

6.1.4. MICROSCOPY 

Optical and fluorescence images were recorded on a Zeiss Axio Observer Z-1 inverted 

optical/fluorescence microscope, equipped with five different magnification lenses (5×, 10×, 

20×, 50× and 100×), a motorised XY stage, Hg-lamp excitation source (HBO 103/2, 100 W), 

AxioCam HRc digital camera, and standard filters and in fluorescence mode with an Alexa Fluor 

488 filter. 

Scanning electron microscopy (SEM) measurements were carried out on a Quanta FEI 200 

FEG-ESEM microscope operating at 20 kV. All samples were fixed on SEM holders. Prior to 

observation with SEM, all samples were metalised with a thin 15 nm layer of platinum by 

sputter coater (Leica).  

Transmission electron microscopy (TEM) analyses were performed at the Servei de 

Microscòpia of the Universitat Autònoma de Barcelona, with a JEOL JEM-1400 transmission 

microscope operating at 120 kV. TEM samples were prepared by dipping a carbon copper grid 

into a dilute suspension of the particles in hexane freshly sonicated. The average particle size 

and its standard deviation were estimated by measuring the edge length of at least 200 

particles using the software ImageJ (Fiji). Data were fitted to a log-normal function and the 

polydispersity index (PDI) was calculated. 
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Scanning transmission electron microscopy (STEM) images were acquired on a FEI Magellan 

400L in extreme resolution mode (XHR) at 20 kV, using a carbon coated copper grid as support. 

Surface topography imaging of the different samples was carried out in ambient air in tapping 

mode using beam shaped silicon cantilevers (Nanosensors, nominal force constant: 5 N·m-1, tip 

radius:  7 nm) on an Agilent 5500 AFM/SPM microscope (Keysight Technologies, Santa Clara, 

CA, USA) combined with PicoScan5 version 1.20 (Keysight Technologies) software. An external 

X-Y positioning system (closed loop, NPXY100E from nPoint, USA) was used. Image processing 

was done using open source software: WSxM version 3.1 (Nanotec Electronica, Madrid, Spain) 

and Gwyddion version 2.46 (CMI, Brno, Czech Republic). 

 

6.1.5. OTHER TECHNIQUES 

The contact angle of Milli-Q water droplets (ca. 5 μL) on coated substrates was used to 

evaluate the hydrophobicity of coated samples at rt by the sessile-drop technique. An Easy 

Drop Standard analyser and the Drop Shape Analysis DSA 10 software (K  SS GmbH, 

Hamburg, Germany) were used throughout. The reported values arise from averaging CA 

measurements on three different spots of each sample.  

 

6.2. EXPERIMENTAL DESCRIPTION 

All commercially available reagents were used as received. Synthesis-grade solvents were 

purchased from Scharlab, S. L. and used without further purification. Solvents were dried by 

distillation over the appropriate drying agents: CH2Cl2 (CaH2), CH3CN (CaH2), and THF (Na0). 

When needed, reactions were performed avoiding moisture by standard procedures and under 

N2 or Ar atmosphere. Furthermore, molecular sieves of 4 Å (beads, 8-12 mesh) were used to 

remove moisture from PEG derivatives when the reactions required.  
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6.2.1. SYNTHESIS OF FUNCTIONAL BUILDING BLOCKS 

Synthesis of S-catechol tris-thiol 41 

 

A solution of pyrocatecol 2 (571 mg, 5.2 mmol) in the minimum volume of Et2O was added into 

a solution of NaIO4 (1.393 g, 6.5 mmol) in H2O (170 mL) cooled down to 0 °C. The final mixture 

was stirred for 10 min. The resulting quinone 3 was extracted with CH2Cl2 (3 x 170 mL) in a 

quantitive manner. The organic extracts were dried with Na2SO4 anhydrous and filtered.  In the 

meantime, a solution of pentaerythritol tetrakis(3-mercaptopropionate) 1 (2.715 g, 5.6 mmol) 

in CH2Cl2 (8 mL) with TFA (1 mL, 13.3 mmol) was prepared under an inert atmosphere. Finally, 

the solution containing quinone was added into the solution containing pentaerythritol 

tetrakis(3-mercaptopropionate). The resulting mixture was stirred at rt under argon 

atmosphere for 8 h in the dark. After this time, the solvent and TFA were removed under 

vacuum. The resulting oil was purified by column chromatography using hexane:EtOAc 7:3 

affording S-catechol tris-thiol 4 (1.148 g, 1.9 mmol, 37% yield). 

1H NMR (400 MHz, CDCl3) δ 6.92 (dd, J = 7.7, 1.6 Hz, 1H, H-15), 6.87 (dd, J = 7.7, 1.6 Hz, 1H, H-

13), 6.73 (t, J = 7.7 Hz, 1H, H-14), 4.16 (s, 8H, H-2), 2.93 (t, J = 7.1 Hz, 2H, H-5’), 2.72 (m, 6H, H-

5), 2.64 (m, 6H, H-4), 2.51 (t, J = 7.1 Hz, 2H, H-4’), 1.60 (t, J = 8.2 Hz, 3H, -SH). 

13C NMR (100.6 MHz, CDCl3) δ 171.6 (C-3), 171.5 (C-3), 171.2 (2 C-3), 144.7 (C-11), 144.2 (C-12), 

126.4 (C-14), 120.8 (C-15), 117.7 (C-10), 116.8 (C-13), 62.0 (C-2), 41.9 (C-1), 38.1 (C-4), 33.6 (C-

4’), 30.8 (C-5’), 19.5 (C-5).  

HRMS (HR-EI) calcd. for [C23H32O10S4Na]+: 619.0777; found: 619.0776. 
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Synthesis of mPEG-functionalised building block 5 

I. Radical-catalysed thiol-ene reaction2 

 

To a solution of MeOPEG2k acrylate 11 (80 mg, 0.04 mmol) in dry toluene (0.5 mL), AIBN (1.3 

mg, 0.008 mmol) was added under nitrogen atmosphere. The mixture was heated, and a 

solution of S-catechol tris-thiol 4 (48 mg, 0.08 mmol) in dry toluene (0.6 mL) was added drop-

wise. The reaction mixture was heated at reflux temperature for 24 h. The cooled reaction was 

concentrated under reduced pressure to afford an oil. It was dissolved in the minimum volume 

of CH2Cl2, and Et2O was added until cloudiness appeared. The solution was stored in the fridge 

overnight and the resulting precipitate filtered, washed five times with cold Et2O and dried at 

high vacuum to furnish the final mPEG derivative 5 (69 mg, 0.027 mmol, 67% yield). 

 
II. Thia-Michael reaction3 

 

To a solution of catechol-thiol derivative 4 (73 mg, 0.12 mmol) in dry toluene (1 mL) and under 

inert atmosphere, a solution of dimethylphenylphosphine (DMPP) in toluene (11 µL, 0.007 

mmol) was added. To this solution, the commercial MeOPEG2k acrylate 11 (102 mg, 0.051 

mmol) was added and the mixture quickly agitated at 30 °C for 4 h. The solvent was removed 

under vacuum. The oil obtained was dissolved in the minimum volume of CH2Cl2, and Et2O was 

added until cloudiness appeared. The suspension was stored in the fridge overnight and the 

resulting precipitate filtered, washed five times with cold Et2O and dried at high vacuum to 

furnish the final PEG derivative 5 (103 mg, 0.040 mmol, 78% yield). 

1H NMR (500 MHz, CDCl3) δ 6.92 (d, J = 7.7 Hz, 1H, H-10), 6.90 (d, J = 7.7 Hz, 1H, H-8), 6.75 (t, J 

= 7.8 Hz, 1H, H-9), 4.18 (s, 10H, H-2), 3.79-3.55 (bs, 180H, -(CH2CH2O)n-), 3.37 (s, 3H, H-13), 

2.97-2.54 (m, 20H, H-4, H-5), 1.66 (t, J = 8.2 Hz, 2H, -SH).  
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13C NMR (125.8 MHz, CDCl3) δ 171.8 (C-3), 171.5 (C-3), 171.4 (C-3), 171.3 (C-3), 171.1 (C-3), 

145.1 (C-12), 144.7 (C-11), 125.8 (C-9), 120.7 (C-8), 118.3 (C-7), 116.7 (C-10), 70.6 (-(CH2CH2O)n-

), 62.2 (C-2), 59.0 (C-13), 41.7 (C-1), 38.2 (C-4’), 34.6 (C-4), 26.9 (C-5), 19.6 (C-5’). 

Synthesis of mPEG-functionalised building block 6 

Synthesis of allyl-functionalised mPEG derivative 174
 

 

To a suspension of NaH (16 mg, 0.4 mmol) in dry THF (1 mL) cooled into an ice bath, a solution 

of commercial MeOPEG2kOH 12 (500 mg, 0.25 mmol) in anhydrous DMF (10 mL)was added 

drop-wise. The reaction mixture was stirred for 3 h at 0 °C. Afterwards, a solution of allyl 

bromide (100 µL, 0.5 mmol) in dry THF (1.25 mL) was added drop-wise. The mixture was 

allowed to react overnight at rt to complete the reaction and then filtered to remove 

unreacted NaH. The solvent was removed under vacuum. The crude was dissolved in the 

minimum volume of CH2Cl2, and Et2O was added until cloudiness appeared. The solution was 

stored in the fridge overnight and the resulting precipitate filtered, washed five times with cold 

Et2O and dried at high vacuum to furnish the final allyl-functionalised mPEG derivative 17 (503 

mg, 0.25 mmol, quant.). 

1H NMR (360 MHz, CDCl3) δ 5.98 (q, J = 9.6 Hz, 1H, H-2), 5.85 (d, J = 16.6 Hz, 1H, H-1 trans), 

5.76 (d, J = 9.6 Hz, 1H, H-1 cis), 4.34 (d, J = 6.8 Hz, 2H, H-3), 4.00-3.39 (bs, 180H,  -(CH2CH2O)n-), 

3.31 (s, 3H, H-4).  

13C NMR (90.5 MHz, CDCl3) δ 130.4 (C-2), 124.2 (C-1), 72.0 (C-3), 70.4 (-(CH2CH2O)n-), 59.1 (C-4).  

HRMS (HR-EI) calcd [C94H189O46]3+; 2000; found: 1881.3335. 

Synthesis of mPEG-functionalised building block 62 
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Into a solution of allyl-functionalised mPEG 17 (102 mg, 0.13 mmol) in dry toluene (6 mL), AIBN 

(8 mg, 0.05 mmol) was added under nitrogen atmosphere. The mixture was heated at reflux 

temperature and a solution of S-catechol tris-thiol 4 (96 mg, 0.16 mmol) in dry toluene (9 mL) 

was added drop-wise. The reaction mixture was heated at reflux temperature for 24 h. The 

cooled reaction was concentrated under reduced pressure to afford an oil. It was dissolved in 

the minimum quantity of CH2Cl2, and Et2O was added until cloudiness appeared. The solution 

was stored in the fridge overnight and the resulting precipitate filtered, washed five times with 

cold Et2O and dried at high vacuum to give a white powder as a product 6 (209 mg, 0.080 

mmol, 62% yield).  

1H NMR (360 MHz, CDCl3) δ 7.13-6.68 (m, 3H, H-8, H-9, H-10), 4.17 (s, 8H, H-2), 3.70-3.52 (bs, 

200H, -(CH2CH2O)n-), 3.37 (s, 3H, H-13), 3.11-2.50 (m, 18H, H-4, H-5, H-4’, H-5’), 1.61 (t, J = 8.2 

Hz, 2H, -SH), 1.31 (q, J = 7.2 Hz, 2H, H-6).  

13C NMR (125.8 MHz, CDCl3) δ 171.1 (C-3), 162.5 (C-11), 144.6 (C-12), 122.3 (C9), 119.7 (C-8), 

114.1 (C-7), 109.2 (C-10), 70.4 (-(CH2CH2O)n-), 61.6 (C-2), 59.1 (C-13), 41.8 (C-1), 38.3 (C-4’), 

36.5 (C-4), 31.5 (C-5), 27.9 (C-6), 19.6 (C-5’). 

Trial to synthesise mPEG-functionalised building block 6 

Synthesis of mPEG-OTs 135 

 

Into a solution of p-toluenesulfonyl chloride (297 mg, 1.6 mmol) in anhydrous pyridine (1 mL) 

and dry CH2Cl2 (2.5 mL), a solution of commercial mPEG 12 (1.053 g, 0.52 mmol) in dry CH2Cl2 

(2 mL) was added. The final mixture was let stir overnight at rt under argon atmosphere. The 

reaction was followed by TLC (hexanes:EtOAC 2:1). When reaction finished, distilled water (10 

mL) were added and the mixture was stirred 4 h more. After that time, the product was 

extracted in CH2Cl2 (3 x 10 mL). The organic extracts were dried with anhydrous Na2SO4, 

filtered, and concentrated under vacuum. Afterwards, the oil obtained was dissolved in the 

minimum volume of CH2Cl2, and Et2O was added until cloudiness appears. The final suspension 

was stored in the freeze overnight. The white precipitate was filtered and washed several 

times with cold Et2O to furnish mPEG-OTs 13 (724 mg, 0.34 mmol, 65% yield). 
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Synthesis of mPEG-OMs 146 

 

In a Schlenk equipped with a magnetic stirring bar and nitrogen atmosphere, mPEG 12 (1.011 

g, 0.5 mmol) was dissolved in dry CH2Cl2 (2.5 mL). After cooling to 0 °C in an ice bath, 

anhydrous Et3N (105 µL, 0.75 mmol) was added, followed by methanesulfonyl chloride (50 µL, 

0.65 mmol). The mixture was stirred for 30 min at 0 °C, and then at rt for 2 h. Afterwards, the 

reaction mixture was diluted with CH2Cl2 (2.5 mL) and NaHCO3 aqueous saturated solution (4 

mL). The aqueous phase was extracted with CH2Cl2 (3 x 4 mL), and the combined organic 

extracts were dried over anhydrous Na2SO4, filtered and concentrated under vacuum. The 

crude was dissolved in the minimum volume of CH2Cl2, and Et2O was added until the solution 

became turbid. The final suspension was stored in the fridge overnight. The precipitate was 

filtered, washed several times with cold Et2O and dried under vacuum to furnish a white solid 

(988 mg, 0.47 mmol, 94% yield). 

Synthesis of mPEG 15 

 

From mPEG-OTs 13. 1-3 equiv. of a base were added into a 0.04 M solution of S-catechol tris-

thiol 4 in a dry solvent (THF, CH2Cl2, or, DMF) cooled down into an ice bath. In less than 10 min, 

a 0.02 M solution of mPEG-OTs 13 (1 equiv.) was added to the solution containing the 

catecholic derivative. The final mixture was allowed to proceed overnight at rt under argon 

atmosphere. Afterwards, water was added to the mixture for quenching, and it was let stir 30 

min. The resulting aqueous layer was extracted three times with EtOAc. The organic extracts 

were dried with anhydrous Na2SO4, filtered and the solvent evaporated under vacuum. Then, 

the oil obtained was dissolved in the minimum volume of CH2Cl2, and Et2O was added until 

cloudiness appeared. The final suspension was stored in the freeze overnight. The white 

precipitate was filtered and washed several times with cold Et2O. 
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From mPEG-OMs 14. A solution of BuLi in hexane (2.5 M, 134 µL, 0.33 mmol) was added into a 

solution of S-catechol tris-thiol 4 (67 mg, 0.11 mmol) in dry CH2Cl2 (4 mL) cooled down into an 

ice bath. In less than 10 min, a solution of PEG-OMs 14 (239 mg, 0.11 mmol) in dry CH2Cl2 (6 

mL) was added to the solution containing the catechol derivative. Then, the final mixture was 

allowed to proceed overnight at rt under argon atmosphere. The reaction mixture was 

quenched by adding CH2Cl2 (10 mL) and NaHCO3 saturated solution (15 mL). The product was 

extracted with CH2Cl2 (3 x 15 mL) and the organic phase was dried over anhydrous Na2SO4, 

filtered and concentrated under vacuum. The resulting oil was dissolved in the minimum 

volume of CH2Cl2, and Et2O was added until the solution became turbid. The solution was 

stored in the fridge overnight. The white solid precipitate was filtered and washed several 

times with cold Et2O. 

Synthesis of mPEG 16 

 

1.1-1.3 equiv. of BuLi 2.5 M in hexane were added into a 0.04 M solution of starting molecule 1 

in a dry solvent (THF, CH2Cl2, or, DMF) cooled down into an ice bath. In less than 10 min, a 0.02 

M solution of mPEG-OTs 13 (0.5-1 equiv.) was added into the solution containing core 1. Then, 

the final mixture was allowed to proceed overnight at rt under argon atmosphere. Afterwards, 

water was added to the mixture for quenching and it was let stir 30 min. The resulting aqueous 

layer was extracted three times with EtOAc. The organic extracts were dried with anhydrous 

Na2SO4, filtered and the solvent evaporated under vacuum. The oil obtained was dissolved in 

the minimum volume of CH2Cl2, and Et2O was added until cloudiness appeared. The final 

suspension was stored in the freeze overnight. The white solid precipitate was filtered and 

washed several times with cold Et2O. 
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Synthesis of PEG-functionalised building block 7 

Synthesis of HOOC-PEG-OH 257,8 

 

Commercial PEG-2000 18 (4.099 g, 2 mmol) and KOH (2.088 g, 31.6 mmol) were dissolved in 

water (60 mL). KMnO4 (625 mg, 3.84 mmol) was added and the reaction mixture was stirred 

overnight at rt. The resulting brown suspension (MnO2) was filtered over Celite® and 

concentrated HCl 37% was added to the filtrate until acidic pH. The product was extracted into 

CH2Cl2 followed by drying with anhydrous Na2SO4. After reducing the volume by evaporation, 

Et2O was added until the solution became turbid. The solution was stored in the freezer 

overnight and the white precipitate was filtered, washed with cold Et2O and dried under high 

vacuum to furnish the desired PEG derivative 25 (3.913 g, 1.9 mmol, 95% yield).  

1H NMR (400 MHz, CDCl3) δ 4.17 (s, 2H, H-2), 3.82-3.56 (bs, 180H, -(CH2CH2O)n-, H-3, H-4). 

13C NMR (100.6 MHz, CDCl3) δ 171.9 (C-1), 72.7 (C-3), 70.7 (-(CH2CH2O)n-), 69.3 (C-2), 61.8 (C-4). 

Synthesis of heterobifunctional PEG 269,10  

 

HOOC-PEG-OH 25 (2.002 g, 1 mmol) and anhydrous Et3N (188 µL, 1.369 mmol) were dissolved 

in dry CH2Cl2 (21 mL) at 0 °C with molecular sieves (3.2 g). Then, acryloyl chloride (239 µL, 2.876 

mmol) in dry CH2Cl2 (13 mL) was added drop-wise. The reaction was stirred at 0 °C for 1 h, 

allowed to reach rt and stirred overnight. Molecular sieves were removed and the reaction 

mixture was washed six times with a saturated solution of NaHCO3 (6 x 30 mL). The organic 

phases were dried with anhydrous Na2SO4, filtered and the solvent was removed under 

vacuum. The crude was re-dissolved in the minimum volume of CH2Cl2 and Et2O was added 

until the solution became turbid. The solution was stored in the freezer overweekend and the 

white precipitate was filtered, washed with cold Et2O and dried under high vacuum to afford 

the final PEG-acrylate derivative 26 (1.377 g, 0.67 mmol, 67% yield).  
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1H NMR (400 MHz, CDCl3) δ 6.44 (d, J = 17.1 Hz, 1H, H-1), 6.17 (dd, J = 17.1, 10.8 Hz, 1H, H-2), 

5.85 (d, J = 10.8, 1H, H-1’), 4.30 (t, J = 4.7Hz, 2H, H-4), 4.12 (s, 2H, H-5), 3.71-3.51 (bs, 180H, -

(CH2CH2O)n-). 

13C NMR (100.6 MHz, CDCl3) δ 172.3 (C-6), 166.5 (C-3), 131.3 (C-1), 128.6 (C-2), 70.8 (-

(CH2CH2O)n-), 69.4 (C-5), 63.9 (C-4). 

Trial to synthesise heterobifunctional PEG 26  

Synthesis of HO-PEG-OTs 1911 

 

Commercial PEG-2000 18 (2.056 g, 1 mmol) in dry toluene (18 mL) with the addition of 

molecular sieves (3.7 g) was stirred for 4 h at 30 °C to remove residual water. Then, Ag2O (343 

mg, 1.48 mmol) and KI (82 mg, 0.49 mmol) were added. Following, to this rapidly stirred 

solution TsCl (203 mg, 1.06 mmol) was added in one portion. The reaction mixture was left at 

30 °C with constant stirring overnight before filtration over Celite® and solvent removal by 

rotary evaporation. The crude was dissolved in the minimum volume of CH2Cl2 and Et2O was 

added until cloudiness appeared. The cloudy solution was stored into the freezer overnight. 

The resulting white precipitate was filtered and dried under high vacuum to furnish the desired 

product 19 (1.961 g, 0.91 mmol, 91% yield).  

1H NMR (400 MHz, CD3OD) δ 7.80 (d, J = 8.01 Hz, 2H, H-4), 7.35 (d, J = 8.01, 2H, H-3), 4.16 (s, 

2H, H-6), 3.79-3.55 (bs, 180H, -(CH2CH2O)n-, H-7, H-8), 2.46 (s, 3H, H-1). 

13C NMR (100.6 MHz, CDCl3) δ 144.7 (C-5), 132.9 (C-2), 129.8 (C-4), 128.0 (C-3), 72.6 (C-7), 70.4 

(-CH2CH2-), 68.5 (C-6), 61.7 (C-8), 21.8 (C-1). 

Synthesis of tert-BuO-PEG-OTs 2012 

 

HO-PEG-OTs 19 (254 mg, 0.125 mmol) in dry THF (3.6 mL) with the addition of molecular sieves 

(0.3 g) was stirred for 2 h at rt to remove residual water. Afterwards, the solution was cooled 
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down to 0 °C into an ice bath, NaH (2 mg, 0.05 mmol) was added, and the mixture was left for 

2 h at 0 °C to rt. This was followed by the addition of tert-butyl acrylate (171 µL, 1.11 mmol) in 

three portions over 20 h. The resulting solution was diluted with cold water (5 mL), extracted 

with CH2Cl2 (3 x 5 mL) and the organic layers combined. The resulting organic phase was 

washed with brine (3 x 20 mL), dried over anhydrous Na2SO4, filtered and concentrated under 

vacuum. The resulting crude was dissolved in the minimum volume of CH2Cl2 and Et2O was 

added drop-wise until a white precipitate was observed. The white suspension was storage 

into the freezer overnight. The resulting precipitate was filtered, washed with cold Et2O and 

dried under high vacuum to furnish the desired product in 78% of conversion.  

Synthesis of tert-BuO-PEG-OH 243 

 

Commercial PEG-2000 18 (102 mg, 0.05 mmol) in dry THF (1.4 mL) with the addition of 

molecular sieves (0.1 g) was stirred for 3 h at rt to remove residual water. Afterwards, the 

solution was cooled down to 0 °C into an ice bath, NaH (1mg, 0.025 mmol) was added, and the 

mixture was left for 2 h at 0 °C to rt. This was followed by the addition of tert-butyl acrylate 

(7.6 µL, 0.04 mmol) and the reaction mixture was stirred at rt overnight. Afterwards, the 

resulting solution was diluted with cold water (2 mL), extracted with CH2Cl2 (3 x 2 mL), and the 

organic layers combined. The resulting organic phase was washed with brine (3 X 3 mL), dried 

over anhydrous Na2SO4, filtered and concentrated under vacuum. The resulting crude was 

dissolved in the minimum volume of CH2Cl2 and Et2O was added drop-wise until a white 

precipitate was observed.  The white suspension was storage into the freezer overnight.  The 

resulting white precipitate was filtered and dried under high vacuum to furnish the final 

product 24 in 50% of conversion.  

Synthesis of PEG-functionalised building block 7  

I. Radical-catalysed thiol-ene reaction2 
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To a solution of PEG derivative 26 (25 mg, 0.01 mmol) in dry toluene (1.5 mL), AIBN (4 mg, 0.02 

mmol) was added under nitrogen atmosphere. The mixture was heated bellow reflux 

temperature and a solution of the S-catechol tris-thiol 4 (32 mg, 0.05 mmol) in dry toluene (2.5 

mL) was added drop-wise. The reaction mixture was heated at reflux temperature overnight. 

The cooled reaction was concentrated under reduced pressure to afford an oil. It was dissolved 

in the minimum volume of CH2Cl2, and Et2O was added until a cloudiness appeared. The 

solution was stored in the fridge overnight and the resulting precipitate filtered and dried at 

high vacuum to furnish the desired catechol-PEG derivative 7 in 50% of conversion. 

II. Thia-Michael reaction3 

 

To a solution of the S-catechol tris-thiol 4 (343 mg, 0.57 mmol) in dry toluene (14 mL) with 

DMPP (61 µL, 0.04 mmol), heterobifunctional PEG derivative 26 (204 mg, 0.1 mmol) was 

added, and the mixture quickly agitated at 30 °C for 5 h. The solvent was removed under 

vacuum, the crude re-dissolved in the minimum volume of CH2Cl2, and Et2O was added until 

the solution became turbid. The solution was stored in the freezer overnight and the white 

precipitate was filtered, washed with cold Et2O and dried under high vacuum to furnish the 

final catechol-PEG derivative 7 (176 mg, 0.067 mmol, 67% yield). 

1H NMR (360 MHz, CDCl3) δ 6.97-6.88 (m, 2H, H-7, H-9), 6.75 (t, J = 7.9 Hz, 1H, H-8), 4.19 (m, 

10H, H-2, H-2’), 4.09 (s, 2H, H-12), 3.74-3.50 (bs, 180H, -(CH2CH2O)n-), 3.08-2.51 (m, 20H, H-4, 

H-5, H-4’, H-5’), 1.63 (t, J = 8.3 Hz, 2H, -SH). 

13C NMR (90.5 MHz, CDCl3) δ 171.2 (C-3, C-13), 151.9 (C-10), 139.5 (C-11), 130.3 (C-7), 126.0 (C-

6), 120.8 (C-8), 117.0 (C-9), 70.8 (-(CH2CH2O)n-), 62.1 (C-2), 38.2 (C-1), 31.0 (C-4, C-4’), 19.6 (C-

5, C-5’).  

Synthesis of fluorescein-functionalised building block 82 
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Into a solution of fluorescein O-acrylate 33 (150 mg, 0.39 mmol) in dry CH3CN (12 mL), AIBN 

(36 mg, 0.22 mmol) was added under nitrogen atmosphere. The mixture was heated at reflux 

temperature and a solution of S-catechol-based tris-thiol 4 (450 mg, 0.75 mmol) dry CH3CN (5 

mL) was added drop-wise for 1 h. The reaction mixture was heated at reflux temperature 

overnight. The cooled reaction was concentrated under reduced pressure to afford an oil. This 

oil was purified by column chromatography through silica gel using a gradient of 

hexane:EtOAc. The fraction of interest was crystallised with Et2O to afford the final pure 

compound as an orange powder (192 mg, 0.19 mmol, 50% yield). 

1H NMR (400 MHz, (CD3)2CO) δ 8.01 (m, 1H, H-12), 7.79 (m, 1H, H-12), 7.72 (m, 1H, H-12), 7.32-

7.17 (bs, 3H, H-7, H-8, H-9), 6.95-6.87 (bs, 3H, H-12), 6.79 (bs, 1H, H-12), 6.74 (s, 1H, H-12), 

6.66 (s, 1H, H-12), 6.63 (bs, 1H, H-12), 4.26 (s, 8H, H-2), 3.17-2.61 (bs, 20 H, H-4, H-5, H-4’, H-

5’), 1.61 (t, J = 8.0 Hz, 2H, SH). 

13C NMR (100.6 MHz, (CD3)2CO) δ 170.8 (C-3), 171.5 (C-3), 171.3 (C-3), 171.1 (C-3), 170.8 (C-3), 

168.8 (C-12), 159.9 (C-12), 159.5 (C-12), 153.1 (C-12), 152.9 (C-12), 152.4 (C-12), 152.3 (C-12), 

152.1 (C-12), 151.7 (C-11), 135.4 (C-10), 135.1 (C-12), 130.1 (C-12), 129.2 (C-12), 129.1 (C-12), 

126.6 (C-8), 124.7 (C-6), 124.4 (C-12), 124.1 (C-7), 117.8 (C-9), 112.8 (C-12), 112.3 (C-12), 110.7 

(C-12), 110.3 (C-12), 102.5 (C-12), 69.1 (C-13), 62.3 (C-2), 43.4 (C-1), 33.7 (C-4’), 27.6 (C-4), 25.7 

(C-5’), 14.7 (C-5). 

HRMS (HR-EI) calcd. for [C46H47O16S4]
+: 983.1742; found: 983.1747. 

Trial to synthesise fluorescein-functionalised building block 8 

I. Thiourea construction reaction, from fluorescein 5(6)-isothiocyanate 2713 

 

A solution of S-catechol-tris-thiol 4 (30 mg, 0.05 mmol) in dry THF (2 mL) was added drop-wise 

into a suspension of NaH (6.9 mg, 0.17 mmol) in dry THF (1 mL) cooled down to 0 °C. After 20 

min, a solution of fluorescein 5-(6)-isothiocyanate 27 (20.9 mg, 0.05 mmol) in dry THF (1.5 mL) 

was added into the previous solution. The reaction mixture was refluxed for 20 h. After this 
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time, the reaction was quenched by ice water (6 mL) and extracted with EtOAc. The organic 

phases were combined, dried with anhydrous Na2SO4, filtered and reduced in the rotavapour. 

II. SN2, from 5-(iodoacetamido)fluorescein 3114 

 

Into a solution of 5-(iodoacetamido)fluorescein 31 (8 mg, 0.019 mmol) in anhydrous DMF (0.2 

mL) and DIPEA (7 µL, 0.040 mmol), a solution of pentaerythritol tetrakis(3-

mercaptopropionate) 1 (16 mg, 0.032 mmol) in anhydrous DMF (0.6 mL) was added under 

inert atmosphere. The mixture was stirred overnight at rt. The solvent was removed under 

vacuum and the crude was purified by column chromatography.  

Synthesis of fluorescein-functionalised styrenic building block 36 

Synthesis of S-styrene tris-thiol 352 

 

A solution of pentaerythritol tetrakis(3-mercaptopropionate) 1 (436 mg, 0.89 mmol) in dry 

toluene (5 mL) was added into a Schlenk containing AIBN (31 mg, 0.19 mmol). Afterwards, 

styrene 34 (100 µL, 0.87 mmol) was added into the reaction mixture. The mixture was heated 

at reflux temperature under argon atmosphere. After 6 h, the cooled reaction was 

concentrated under reduced pressure to afford a colourless oil (513 mg, 0.87 mmol, quant.).  

1H NMR (360 MHz, CD2Cl2) δ 7.30-7.16 (m, 5H, H-9, H-10, H-11), 4.16 (s, 8H, H-2), 2.86 (t, J = 

7.2 Hz, 6H, H-5’, H-6, H-7), 2.74 (m, 6H, H-5), 2.64 (m, 8H, H-4, H-4’), 1.66 (t, J = 8.2 Hz, 3H, -

SH). 
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13C NMR (90.5 MHz, CD2Cl2) δ 171.8 (C-3), 171.5 (C-3), 171.3 (2 C-3), 171.0 (C-3), 140.8 (C-8), 

128.5 (C-10), 128.4 (C-9), 126.3 (C-11), 62.6 (C-2), 41.9 (C-1), 38.3 (C-4), 36.0 (C-4’), 34.8 (C-6), 

33.6 (C-7), 26.9 (C-5’), 19.6 (C-5). 

HRMS (HR-EI) calcd. [C25H38O9S4]
+: 610.1335; found: 610.1399. 

Synthesis of fluorescein-functionalised styrenic building block 362 

 

A solution of S-styrene tris-thiol 35 (152 mg, 0.26 mmol) in dry CH3CN (1 mL) was added into a 

Schlenk containing AIBN (10 mg, 0.06 mmol), followed by the addition of a solution of 

fluorescein O-acrylate (100 mg, 0.26 mmol) 33 in dry CH3CN (2 mL). The mixture was heated at 

reflux temperature under argon atmosphere overnight. The cooled reaction was concentrated 

under reduced pressure to afford a yellow oil which was purified by column chromatography 

performed using silica gel with a gradient of hexane:EtOAc (99 mg, 0.101 mmol, 39% yield).  

1H NMR (360 MHz, (CD3)2CO) δ 8.01 (m, 2H, H-12), 7.86-7.67 (bs, 3H, H-12), 7.38-7.12 (bs, 5H, 

H-9, H-10, H-11), 6.96-6.82 (bs, 2H, H-12), 6.80 (s, 1H, H-12), 6.74-6.62 (bs, 2H, H-12), 4.25 (s, 

8H, H-2), 3.17-2.65 (bs, 24H, H-4, H-5, H-4’, H-5’, H-6, H-7), 1.67 (t, J = 8.0 Hz, 2H, -SH). 

13C NMR (90.5 MHz, (CD3)2CO) δ 172.0 (C-3), 171.5 (C-3), 171.3 (C-3), 171.1 (C-3), 170.8 (C-3), 

168.8 (C-12), 159.6 (C-12), 153.1 (C-12), 152.9 (C-12), 152.5 (C-12), 152.3 (C-12), 152.2 (C-12), 

141.4 (C-8), 135.2 (C-10), 130.7 (C-12), 130.1 (C-12), 129.8 (C-9), 129.3 (C-12), 129.1 (C-12), 

128.8 (C-11), 124.7 (C-12), 112.8 (C-12), 112.4 (C-12), 110.8 (C-12), 110.3 (C-12), 102.5 (C-12), 

102.4 (C-12), 82.4 (C-13), 62.9 (C-2), 42.6 (C-1), 38.5 (C-4’), 36.5 (C-4), 33.9 (C-6), 33.6 (C-7), 

24.8 (C-5), 19.7 (C-5’). 

HRMS (HR-EI) calcd[C48H51O14S4]
+: 979.2141; found: 979.2161. 
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Synthesis of C18-functionalised building block 9 

I. Route A2 

 

AIBN (31 mg, 0.2 mmol) and S-catechol tris-thiol 4 (535 mg, 0.9 mmol) were dissolved in dry 

toluene (10 mL), and 1-octadecene 44 (291 µL, 0.8 mmol) were added. The mixture was 

heated at reflux temperature under argon atmosphere for 24 h. The cooled reaction was 

concentrated under reduced pressure to afford a yellow oil which was purified by column 

chromatography performed using silica gel using a gradient of hexane:EtOAc. The final 

compound was obtained as a colourless oil (75 mg, 0.088 mmol, 11% yield). 

II. Route B 

Synthesis of S-C18-functionalised tris-thiol 452 

 

AIBN (180 mg, 1.1 mmol) was dissolved in the minimum volume of dry toluene. Pentaerythritol 

tetrakis(3-mercaptopropionate) 1 (2.541 g, 5.2 mmol) was dissolved in dry toluene (30 mL). 

AIBN solution and 1-octadecene 44 (1.8 mL, 5.0 mmol) were added into the pentaerythritol 

tetrakis(3-mercaptopropionate) solution. The mixture was heated at 80 °C under argon 

atmosphere for 8 h. The cooled reaction was concentrated under reduced pressure to afford a 

yellow oil. The mixture was purified by column chromatography through silica gel using a 

gradient of hexane:EtOAc as eluent to obtain title compound 45 as a colourless oil (1.519 g, 2.0 

mmol, 41% yield). 
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1H NMR (400 MHz, CDCl3) δ 4.16 (s, 8H, H-2), 2.73 (m, 6H, H-5), 2.64 (m, 8H, H-4), 2.48 (t, J = 

7.1 Hz, 4H, H-5’), 1.60 (t, J = 7.8 Hz, 3H, -SH), 1.53 (q, J = 7.2 Hz, 2H, H-6), 1.42-1.08 (bs, 30H, H-

7, H-8), 0.84 (t, J = 7.1 Hz, 3H, H-9).  

13C NMR (100.6 MHz, CDCl3) δ 171.9 (C-3), 171.5 (C-3), 171.4 (C-3), 171.0 (C-3), 62.1 (C-2), 38.3 

(C-4), 34.6 (C-1), 31.9 (C-4’), 29.7 (C-6, C-7), 26.9 (C-5’), 22.7 (C-8), 19.7 (C-5), 14.1 (C-9).  

HRMS (HR-EI) calcd. [C35H64O8S4Na]+: 763.3379; found: 763.3382. 

Synthesis of C18-functionalised building block 91 

 

A solution of pyrocatecol 2 (110 mg, 1 mmol) in the minimum valuem of Et2O was added into a 

solution of NaIO4 (265 mg, 2.9 mmol) in H2O (34 mL) cooled down to 0 °C. The final mixture 

was stirred for 10 min. The resulting quinone 3 was extracted with dry CH2Cl2 (3 x 34 mL) in a 

quantitive manner. The organic extracts were dried with Na2SO4 anhydrous and filtered.  In the 

meantime, a solution of aliphatic chain precursor S-C18-functionalised tris-thiol 45 (693 mg, 0.9 

mmol) in dry CH2Cl2 (2.5 mL) with TFA (0.22 mL, 2.9 mmol) was prepared under an inert 

atmosphere. Then, the solution containing the quinone was added into the solution containing 

S-C18-functionalised tris-thiol 45. The resulting mixture was stirred at rt under inert 

atmosphere for 8 h in the dark. After this time, the solvent and TFA were removed under 

vacuum. The resulting oil was purified by column chromatography through silica gel using a 

gradient of hexane:EtOAc affording S,S’-catechol-C18-bis-thiol 9 (268 mg, 0.323 mmol, 35% 

yied). 

1H NMR (400 MHz, CDCl3) δ 7.00 (dd, J = 8.0, 1.6 Hz, 1H, H-15), 6.95 (dd, J = 8.0, 1.6 Hz, 1H, H-

13), 6.81 (td, J = 8.0, 2.5 Hz, 1H, H-14), 4.20 (s, 8H, H-2), 3.03 (t, J = 7.1 Hz, 2H, H-5’), 2.73 (m, 

6H, H-5), 2.64 (m, 6H, H-4), 2.56 (t, J = 7.1 Hz, 4H, H-4’, H-5’’), 1.66 (t, J = 8.3 Hz, 2H, -SH), 1.60 

(q, J = 7.2 Hz, 2H, H-6), 1.43-1.18 (bs, 30H, H-7, H-8), 0.90 (t, J = 7.2 Hz, 3H, H-9). 
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13C NMR (100.6 MHz, CDCl3) δ 172.0 (C-3), 171.6 (C-3), 171.1 (C-3), 170.8 (C-3), 145.1 (C-11), 

144.2 (C-12), 127.0 (C-14), 126.0 (C-10), 121.2 (C-15), 117.2 (C-13), 62.6 (C-2), 42.5 (C-1), 38.5 

(C-4’), 31.9 (C-4), 29.7 (C-6, C-7), 26.9 (C-5’, C-5’’), 22.7 (C-5), 19.6 (C-8), 14.1 (C-9). 

HRMS (HR-EI) calcd. [C41H68O10S4Na]+: 872.3604; found: 872.3593. 

Synthesis of C18-functionalised styrenic building block 462 

 

A solution of AIBN (48 mg, 0.29 mmol) in dry toluene (8 mL), and 1-octadecene 44 (0.4 mL, 1.1 

mmol) were added into a solution of S-styrene tris-thiol 35 (740 mg, 1.2 mmol) in dry toluene 

(5 mL). The reaction mixture was heated at 80 °C under argon atmosphere for 8 h. The cooled 

reaction was concentrated by reduced pressure to afford a yellowish oil which was purified by 

column chromatography performed using silica gel with a gradient of hexane:EtOAc (696 mg, 

0.823 mmol, 75% yield).  

1H NMR (400 MHz, CD2Cl2) δ 7.31-7.16 (m, 5H, H-9, H-10, H-11), 4.15 (s, 8H, H-2), 2.87 (t, J = 

7.2 Hz, 6H, H-5’, H-6, H-7), 2.75 (m, 8H, H-5, H-12), 2.62 (m, 6H, H-4), 2.50 (t, J = 7.2 Hz, 2H, H-

4’), 1.65 (t, J = 8.3 Hz, 2H, -SH), 1.56 (q, J = 7.0 Hz, 2H, H-13), 1.30-1.17 (bs, 30H, H-14, H-15), 

0.87 (t, J = 7.0 Hz, 3H, H-16). 

13C NMR (100.6 MHz, CDCl3) δ 171.9 (C-3), 171.4 (C-3), 171.3 (2 C-3), 171.1 (C-3), 140.4 (C-8), 

128.6 (C-10), 128.4 (C-9), 126.6 (C-11), 62.6 (C-2), 42.0 (C-1), 38.5 (C-4’), 36.5 (C-4), 33.9 (C-6), 

33.1 (C-7), 32.0 (C-12), 29.9 (C-13, C-14), 27.0 (C-5’), 22.9 (C-5), 20.0 (C-15), 14.5 (C-16). 

HRMS (HR-EI) calcd [C43H72O8S4]
+; 844.2897; found: 844.4110. 
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Synthesis of fluorine-functionalised building block 10 

I. Route A2 

 

A solution of 1H, 1H, 2H-perfluoro-1-decene 47 (183 µL, 0.36 mmol) in dry toluene (6 mL) was 

added into a Schlenk containing AIBN (22 mg, 0.13 mmol) and S-catechol tris-thiol 4 (307 mg, 

0.5 mmol). The mixture was heated at 75 °C for 20 h. under argon atmosphere. The cooled 

reaction was concentrated under reduced pressure to afford a yellowish oil which was purified 

by column chromatography performed using silica gel using a gradient of hexane:EtOAc. The 

final compound was obtained as a colourless oil (15 mg, 0.014 mmol, 4% yield). 

II. Route B  

Synthesis of S-fluorine-functionalised tris-thiol 482 

 

AIBN (120 mg, 0.73 mmol) solution in dry toluene (4 mL), and 1H ,1H ,2H-perfluoro-1-decene 

47 (0.7 mL, 2.6 mmol) were added into a solution of pentaerythritol tetrakis(3-

mercaptopropionate) 1 (2.083 g, 4.3 mmol) in dry toluene (20 mL). The mixture was heated at 

80 °C under argon atmosphere and 3 h later 1H, 1H,2H-perfluoro-1-decene 47 (0.3 mL, 1.1 

mmol) were added, and the reaction mixture was left at 80 °C 5 h more. The cooled reaction 

was concentrated under reduced pressure to afford a yellow oil. The mixture was purified by 

column chromatography through silica gel using a gradient of hexane:EtOAc as eluent to 

obtain title compound 48 as a non-coloured oil (511 g, 0.547 mmol, 15% yield). 

1H NMR (360 MHz, CDCl3) δ 4.18 (s, 8H, H-2), 2.91 (t, J = 6.31 Hz, 4H, H-5’, H-6), 2.83-2.73 (m, 

8H, H-4, H-4’), 2.72-2.64 (m, 6H, H-5), 1.64 (t, J = 7.8 Hz, 3H, -SH), 1.29 (m, 2H, H-7). 
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19F NMR (235 MHz, CDCl3) δ -114.64 (F-10), -122.30 (F-8), -123.07 (F-8), -123.72 (F-8), -126.50 

(F-9). 

13C NMR (90.5 MHz, CDCl3) δ 171.7 (C-3), 171.2 (C-3), 62.5 (C-2), 42.2 (C-1), 38.4 (C-4), 33.9 (C-

4’), 32.9 (C-5’), 31.1 (C-7), 29.9 (C-6), 19.7 (C-5). 

Synthesis of fluorine-functionalised building block 101 

 

A solution of pyrocatecol 2 (85 mg, 0.77 mmol) in the minimum volume of Et2O was added into 

a solution of NaIO4 (186 mg, 0.87 mmol) in H2O (30 mL) cooled down to 0 °C. The final mixture 

was stirred for 10 min. The resulting quinone 3 was extracted with dry CH2Cl2 (3 x 30 mL) in a 

quantitive manner. The organic extracts were dried with Na2SO4 anhydrous and filtered.  In the 

meantime, a solution of fluorinated intermediate 48 (511 mg, 0.55 mmol) in dry CH2Cl2 (12 mL) 

with TFA (142 µL, 1.71 mmol) was prepared under an inert atmosphere. Then, the solution 

containing quinone was added into the solution containing S-fluorine-functionalised tris-thiol 

48. The resulting mixture was stirred at rt under inert atmosphere for 8 h in the dark. After this 

time, the solvent and TFA were removed under vacuum. The resulting oil was purified by 

column chromatography performed using silica gel with a gradient of hexane:EtOAc affording 

S,S’-catechol-fluorinated chain bis-thiol 10 (294 mg, 0.28 mmol 51% yield). 

1H NMR (360 MHz, CDCl3) δ 7.02-6.88 (m, 2H, H-13, H-15), 6.79 (m, 1H, H-14), 4.19 (s, 8H, H-2), 

3.22-2.40 (m, 16H, H-4, H-4’,H-5, H-5’), 1.77 - 1.55 (m, 6H, -SH, H-6, H-7). 

19F NMR (235 MHz, CDCl3) δ -114.74 (F-10), -122.14 (F-8), -123.21 (F-8), -123.79 (F-8), -126.56 

(F-9). 

13C NMR (90.5 MHz, CDCl3) δ 173.6 (C-3), 171.3 (C-3), 145.2 (C-12), 135.3 (C-11), 127.0 (C-14), 

125.1 (C-10), 121.2 (C-15), 117.2 (C-13), 66.9 (C-2), 42.2 (C-1), 38.1 (C-4), 34.1 (C-7), 32.1 (C-

4’’), 29.8 (C-5’’), 27.2 (C-4’), 24.6 (C-5’), 22.8 (C-6), 19.8 (C-5).  
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6.2.2. SYNTHESIS OF GLUCOSE DERIVATIVES 

Synthesis of protected glucofuranose derivative 3815 

 

1,2-O-isopropylidene-α-D-glucofuranoside 37 (1.012 g, 4.6 mmol) and ZnCl2 (1.325 g, 9.4 

mmol) were mixed in benzaldehyde (4.5 mL, 44 mmol) at rt. The mixture was stirred for 5.5 h 

under argon atmosphere, and then diluted with EtOAc (7 mL). The resulting solution was 

washed with brine (4 x 10 mL), dried over anhydrous Na2SO4, filtered, evaporated at 35 °C, and 

finally recrystallised from hexane at 4 °C to afford the final protected glucofuronase derivative 

38 (808 mg, 2.6 mmol, 57% yield). 

1H NMR (360 MHz, CD3OD) δ 7.49-7.41 (m, 2H, H-8), 7.40-7.29 (m, 3H, H-9, H-10), 5.99 (d, J = 

3.72 Hz, 1H, H-1), 5.93 (s, 1H, H-11), 4.64 (d, J = 3.72 Hz, 1H, H-2), 4.54 (d, J = 2.24 Hz, 1H, H-4), 

4.18 (m, 2H, H-3, H-12), 3.98 (m, 2H, H-13), 1.48 (s, 3H, H-6), 1.33 (s, 3H, H-6’). 

13C NMR (90.5 MHz, CD3OD) δ 139.8 (C-7), 130.0 (C-10), 129.2 (C-9), 127.6 (C-8), 113.2 (C-5), 

106.5 (C-1), 95.8 (C-11), 85.4 (C-3), 79.2 (C-2), 75.2 (C-4), 74.5 (C-12), 62.8 (C-13), 27.0 (C-6), 

26.3 (C-6’).  

HRMS (HR-EI) calcd. for [C16H20O6Na]+: 331.1151; found: 331.1158. 

Synthesis of tosyl-functionalised glucofuranose derivative 3911 

 

To a stirred solution of p-toluenesulfonyl chloride (0.8996 g, 4.7 mmol) in dry CH2Cl2 (7 mL) and 

anhydrous pyridine (2 mL, 24.7 mmol), a solution of protected glucofuranose derivative 38 

(0.4832 g, 1.6 mmol) in dry CH2Cl2 (6 mL) was added at rt. The reaction mixture was stirred 

overnight under inert atmosphere.  When the reaction was finished, distilled water (25 mL) 
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was added and the mixture was stirred for 4 h more. After that time, the organic phase was 

washed with brine (4 x 15 mL), dried with anhydrous Na2SO4, filtered, and concentrated under 

vacuum. The final product was recrystalised with hexane to afford a white powder, 

corresponding to the tosyl-functionalised glucofuranose derivative 39 (414 mg, 0.89 mmol, 

57% yield).  

1H NMR (360 MHz, CD3OD) δ 7.83 (d, J = 8.17 Hz, 2H, H-15), 7.40 (d, J = 8.17 Hz, 2H, H-16),  

7.33 (bs, 5H, H-8, H-9, H-10), 5.94 (d, J = 3.70 Hz, 1H, H-1), 5.67 (s, 1H, H-11), 4.65 – 4.50 (m, 

2H, H-2,  H-13), 4.48 – 4.27 (m, 3H, H-3, H-4, H-12), 3.99 (m, 1H, H-13’), 2.42 (s, 3H, H-18), 1.45 

(s, 3H, H-6), 1.31 (s, 3H, H-6’). 

13C NMR (90.5 MHz, CD3OD) δ 139.2 (C-17), 134.1 (C-14), 131.3 (C-7), 130.0 (C-10), 129.1 (C-15, 

C-16), 129.0 (C-9), 127.3 (C-8), 113.2 (C-5), 106.4 (C-1), 95.5 (C-11), 85.4 (C-2, C-3), 79.1 (C-4), 

73.0 (C-12), 70.2 (C-13), 27.0 (C-6), 26.4 (C-6’), 21.7 (C-18). 

HRMS (HR-EI) calcd. for [C23H26O8SNa]+: 485.1236; found: 485.1246. 

Synthesis of azide-functionalised glucofuranose derivative 40 

I. From tosyl-functionalised glucofuranose derivative 3911 

 

To a solution of tosyl-functionalised glucofuranose derivative 39 (297 mg, 0.64 mmol) in 

anhydrous DMF (18 mL), sodium azide (0.316 mg, 4.805 mmol) was added, and the mixture 

was stirred overnight at 90 °C under argon atmosphere. After cooling down to rt and filtration, 

DMF was removed under vacuum. The crude product was dissolved in CH2Cl2 (20 mL) and 

washed with brine (4 x 20 mL). The organic layer was dried over anhydrous Na2SO4, filtered 

and the solvent removed under vacuum. The final product was purified by column 

chromatography performed using silica gel with a mixture of hexane:EtOAc (20:1) to afford the 

product as a yellow oil (167 mg, 0.5 mmol, 78% yield). 
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II. Mitsunobu reaction16 

 

DBAD (559 mg, 2.4 mmol) was added in one portion into a solution of PPh3 (301 mg, 2.29 

mmol) in dry toluene (20 mL) at 0 °C. The mixture was stirred at this temperature for 1 h. 

Afterwards, DPPA (407 µL, 1.6 mmol) and a solution of the protected glucofuranose derivative 

38 (521 mg, 1.7 mmol) in dry toluene (17 mL) were added, and the reaction mixture was left 

stirring at rt for 24 h. The crude was filtered over Celite® and the solvent removed under 

vacuum. The final product was purified by column chromatography performed using silica gel 

with a mixture of hexane:EtOAc (20:1) to afford the final product 40 as a yellow oil (304 mg, 

0.92 mmol, 57% yield). 

1H NMR (360 MHz, CD3OD) δ 7.48-7.43 (m, 2H, H-8), 7.36-7.32 (m, 3H, H-9, H-10), 5.98 (d, J = 

3.70 Hz, 1H, H-1), 5.87 (s, 1H, H-11), 4.65 (d, J = 3.70 Hz, 1H, H-2), 4.53 (d, J = 1.73 Hz, 1H, H-4), 

4.34 (dd, J = 9.06, 4.95 Hz, 1H, H-12), 4.02 (d, J = 9.50, 1H, H-3), 3.99 (d, J = 10.48 Hz, 1H, H-13), 

3.50 (dd, J = 13.29, 5.04 Hz, 1H, H-13’), 1.49 (s, 3H, H-6), 1.33 (s, 3H, H-6’). 

13C NMR (90.5 MHz, CD3OD) δ 139.2 (C-7), 130.0 (C-10), 129.1 (C-9), 127.4 (C-8), 113.2 (C-5), 

106.5 (C-1), 94.7 (C-11), 85.2 (C-2, C-3), 78.7 (C-4), 74.6 (C-12), 50.9 (C-13), 27.0 (C-6), 26.4 (C-

6’).  

HRMS (HR-EI) calcd. for [C16H19N3O5Na]+: 356.1217; found: 356.1222. 

Synthesis of amino-glucofuranose derivative 4117 

 

Azide-functionalised glucofuranose 40 (297 mg, 0.89 mmol) was dissolved in CH3OH (59 mL), 

and 10% in weight of palladium on activated charcoal (30 mg) was added. The reaction mixture 

was stirred under hydrogen atmosphere at rt overweekend. Afterwards, the solution was 
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filtered over Celite® and the solvent removed under vacuum to furnish the desired amino-

glucofuranose derivative 41 (266 mg, 0.87 mmol, 97% yield).  

1H NMR (400 MHz, CD3OD) δ 7.48-7.43 (m, 2H, H-8), 7.35-7.30 (m, 3H, H-9, H-10), 5.97 (d, J = 

3.75 Hz, 1H, H-1), 5.74 (s, 1H, H-11), 4.61 (d, J = 3.75 Hz, 1H, H-2), 4.47 (d, J = 1.91 Hz, 1H, H-4), 

4.17 (dd, J = 9.81, 5.11 Hz, 1H, H-12), 4.0 (d, J = 1.36, 1H, H-3), 3.24 (d, J = 3.66 Hz, 1H, H-13), 

2.86 (dd, J = 13.61, 5.38 Hz, 1H, H-13’), 1.47 (s, 3H, H-6), 1.30 (s, 3H, H-6’). 

13C NMR (100.6 MHz, CD3OD) δ 139.6 (C-7), 130.0 (C-10), 129.2 (C-9), 127.6 (C-8), 113.2 (C-5), 

106.5 (C-1), 94.1 (C-11), 85.2 (C-3), 78.4 (C-2), 76.5 (C-4), 74.7 (C-12), 41.1 (C-13), 27.1 (C-6), 

26.5 (C-6’).  

HRMS (HR-EI) calcd. for [C16H22NO5]
+: 308.1496; found: 308.1496. 

Synthesis of amino-glucopyranose derivative 4315 

 

To a stirred solution of protected amino-glucofuranose derivative 41 (28.3 mg, 0.092 mmol) in 

MilliQ H2O (6 mL), TFA (3 mL, 39.2 mmol) was added. The mixture was stirred at rt for 1.5 h. 

The reaction mixture was washed with CH2Cl2 (3 x 10 mL) and concentrated under vacuum. 

The deprotected amino-glucopyranose derivative 43 was obtained as an orange oil (27.1 mg, 

0.092 mmol, 96% yield). 

1H NMR (360 MHz, CD3OD) δ 5.11 (d, J = 3.64 Hz, 1H, H-1), 4.48 (d, J = 7.83 Hz, 1H, H-5), 3.93 

(td, J = 9.16, 3.19 Hz, 1H, H-2), 3.63 (t, J = 9.21 Hz, 1H, H-6), 3.45 (td, J = 9.22, 3.08 Hz, 1H, H-3), 

3.36 (d, J = 3.78 Hz, 1H, H-6’), 3.33 (m, 1H, H-4), 3.14 (m, 3H, H-8, H-9, H-10), 2.96 (m, 1H, H-7). 

13C NMR (90.5 MHz, CD3OD) δ 98.4 (C-1), 77.6 (C-3), 76.0 (C-2), 74.4 (C-5), 73.5 (C-4), 42.2 (C-

6). 

HRMS (HR-EI) calcd. for [C6H14NO5]
+: 180.0872; found: 180.0869. 
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6.3. METHODOLOGIES 

Oxidative polymerisation of functional bis-thiol building blocks with iodine 

 

I. Ex situ polymerisation in solution18  

As a general procedure, 1.1 equiv. of a solution of 35 mM of resublimed iodine in EtOH 96% 

was added drop-wise into a  7 mM solution of functional bis-thiol building blocks (5, 6, 7, 8, 9, 

10, 36 and 46) in EtOH 96%. The reaction mixture was stirred for 1 h at rt, after which a 

yellowish solid precipitated. The supernatant was decanted, and the solid washed with fresh 

EtOH 96% three times, and dried under vacuum. 

(Note: starting building blocks (5, 6, 7, 8, 9, 10, 36 and 46) contained roughly 3-5% of a doping 

catechol-functionalised sulphur-based molecule to favour the formation of polymers and avoid 

the intramolecular S-S bond formation). 

 
Table 6.1. Polymerisation reactions’ yields of building blocks 5, 6, 7, 8, 9, 10, 36 and 46, and 

copolymers C6-8 and C8-9 based on the amount of the solid precipitated.  

Product from the polymerisation reaction Yield (%) 

P5 (mPEG-functionalised catecholic derivative, (-acryl)) 45% 

P6 (mPEG-functionalised catecholic derivative, (-allyl)) 28% 

P7 (HOOC-PEG-functionalised catecholic derivative, (-acryl)) 41% 

P8 (fluorescein-functionalised catecholic derivative) 34% 

P9 (C18-functionalised catecholic derivative) 39% 

P10 (fluorine-functionalised catecholic derivative) 48% 

P36 (fluorescein-functionalised catecholic derivative) 29% 

P46 (C18-functionalised styrenic derivative) 60% 
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Copolymers Yield (%) 

C6-8  48% 

C8-9a 64% 

C8-9b 64% 

C8-9c 64% 

C8-9d 65% 

 

II. In situ polymerisation 

50 mg of resublimed iodine were placed at the bottom of a 20 mL vial. Test slides coated with 

the mPEGylated monomer 6, or, C18-functionalised monomer 9 were placed face-down on top 

of vials and left standing overnight. Then, slides were washed three times of EtOH 96% (3 x 3 

mL) to remove the excess of adsorbed iodine, and dried in a gentle flux of argon. 

Static water contact angle measurements  

Static contact angle measurements on coated substrates (metals, glass, cotton and polyester) 

were carried at rt out with Milli-Q water droplets (ca. 5 µL) by means of the sessile-drop 

technique. Reported values arise from averaging CA measurements on three different spots of 

each sample. 

Coating of solid macroscopic substrates  

All substrates were cut into 1.5 x 1.5 cm2 square slides. Aluminium, copper and stainless steel 

slides were cleaned by sonicating successively in HPLC-grade acetone, EtOH 96% and Milli-Q 

water (10 min each), and dried in a gentle flux of argon. Glass slides were cleaned with a 

plasma cleaner machine (400 W, 5 min). Clean slides were submerged into a  7 mM solution 

of the corresponding derivatives in HPLC-grade CH2Cl2 (for P6, P9, P10 and P46), or, HPLC-

grade acetone (4 mL) (for P8 and P36), and left overnight without stirring. Finally, slides were 

washed three times with fresh HPLC-grade solvent (CH2Cl2 or acetone), and dried in a gentle 

flux of argon. 

Coating of MSNPs 

Into a suspension of MSNPs (10 mg) in HPLC-grade CH2Cl2, or, acetone (1 mL) was added a 

solution of the corresponding derivative (0.007 mmol) in HPLC-grade CH2Cl2 (for P5 and P6), or, 

HPLC-grade acetone (for P8 and P36) (1 mL). The mixture was left stirring at 300 rpm at rt 
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overnight. After this time, the final dispersion was centrifuged at 14000 rpm for 2 min, and the 

coated NPs washed with fresh HPLC-grade solvent (3 x 2 mL). 

Coating of cotton and polyester cloths  

A piece of ca. 1.5 x 1.5 cm2 of cotton and polyester cloths (σ = 25 mg/cm2) were submerged 

into a  7 mM solution of the corresponding derivative in HPLC-grade acetone (for P8), or, 

HPLC-grade CH2Cl2 (P9, P10 and P46) (4 mL) and left overnight without stirring. The coated 

textiles were then washed with fresh HPLC solvent (CH2Cl2 or acetone) (3 x 2 mL), and dried in 

a gentle flux of argon. 

Oil absorption in a o/w mixtures  

TDC, or, olive oil (4 g) coloured with Disperse Red 13 (200 ppm) were mixed with distilled 

water (15 mL). A piece of 1.5 x 1.5 cm2 of cotton cloth (σ = 25 mg/cm2, either pristine or coated 

with C18-functionalised derivative P9) put submerged in the o/w mixture for 15 sec, taken out 

and left hanging until the excess of liquid drained completely. 

Filtration of a o/w mixture  

A round piece (Ø  2 cm) of cotton cloth (σ = 25 mg/cm2), either pristine or coated with C18-

functionalised derivative P9, was carefully placed on the mouth of a glass vial and slightly 

folded inwards. A 1:1 (v/v) hand-shaken mixture of distilled water and a solution of Disperse 

red 13 in Miglyol® 840 was carefully added drop-wise on the textile until liquid started to filter 

through it. 

Preparation of MNPs 

Fe(acac)3 (0.441 g, 1.24 mmol), sodium oleate (0.2133 g, 0.68 mmol), and oleic acid (1.485 g, 

5.26 mmol) in a mixture of solvents composed by dibenzyl ether (10 mL), 1-octadecene (10 

mL), and 1-tetradecene (3 mL) were heated up to 110 °C and kept at this temperature during 

1.5 h under vacuum. During this time, reactive intermediates were formed. The reaction 

mixture was then heated up to 290 °C with a heating rate of 3 °C/min, kept at this temperature 

during 1 h under argon flow. In this step, the nucleation and the subsequent growing of the 

NPs took place. Finally, the reaction mixture was cooled down to 50 °C. To purify the MNPs, 

isopropanol (40 mL) and acetone (40 mL) were added to the reaction mixture, which was 

centrifuged (10000 rpm, 12 min) to separate the MNPs from the supernatant. The MNPs were 

resuspended in a mixture of CHCl3 (10 mL), acetone (40 mL), and isopropanol (40 mL), and the 
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same centrifugation conditions were applied. Finally, the MNPs were redispersed in CHCl3 ( 

6.5 mg/mL).  

Coating of MNPs 

Into a suspension of MNPs (6.5 mg/mL, 2.6 mL, 17 mg), a solution of the corresponding cat-

PEG derivative P7 (10 mg, 0.0038 mmol) in HPLC-grade CHCl3 (1.1 mL) was added. The reaction 

mixture was left stirring at rt for 3-4 days. The final MNPs were transferred to the aqueous 

phase, washed with CHCl3 once, and the solvent removed under vacuum. 

Coupling reaction in a heterogeneous phase  

As a general procedure, into a suspension of MNPs@P7 (12 mg, 0.0046 mmol) cooled down to 

0 °C, amino-glucofuranose derivative 41 (15.4 mg, 0.05 mmol) and DMAP (3.4 mg, 0.028 mmol) 

were added. After 10 min stirring at 0 °C, EDCI (20.8 µL, 0.115 mmol) was added and the 

reaction mixture was stirred at rt for 3-4 days under argon atmosphere. The final MNPs were 

transferred to the aqueous phase, washed with CHCl3 once, and the solvent removed under 

vacuum. The resulting nanoparticles were treated with DCl 35% w/w in H2O to be analysed by 

1H NMR technique. 

In the case of working with deprotected amino-glucopyranose derivative 43, the procedure 

followed was the same, but sugar derivative 43 was first dissolved in the minimum volume of 

CH3OH with 18 equiv. of DIPEA, and then added into MNPs@P7 suspension. 

Deprotection reaction in a heterogeneous phase  

As a general procedure, to a  1.5 mg/mL suspension of MNP@cat-PEG-glucofuranose a 

mixture of AcOH/H2O with the corresponding ratio was added, and the reaction mixture 

stirred. Afterwards, the aqueous phase was washed with CHCl3 (x 3) to remove non-polar 

impurities and evaporated under vacuum. The resulting NPs were treated with DCl 35% w/w in 

H2O to be analysed by 1H NMR technique. 

Cytotoxicity assay of C6-8-coated MSNPs  

Human SH-SY5Y cells were cultured in DMEM/F-12 culture medium supplemented with 10% 

FBS and 1% antibiotic-antimycotic solution (Gibco-BRL), and incubated at 37 ◦C in a humidified 

atmosphere with 5% CO2. Cells were seeded into a 96-well plate at a cell density of 3.0 × 103 

cells per well and then incubated for 24 h. C6-8-coated MSNPs were resuspended in the 
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medium discussed above to achieve the different concentrations used in this assay: 0, 1, 5, 10, 

25, 50, 100 and 200 µg/mL. Then, the cells were incubated at 37 ◦C, in a humidified 

atmosphere with 5% CO2 and 98% humidity for 24 h. The cytotoxicity effect was measured 

after 24 h treatment employing the PrestoBlue cell viability reagent (ThermoFisher). 

PrestoBlue (10 μL; resazurin-based solution) was added to each well. After a two-hour 

incubation period (37 ◦C, 5% CO2, 98% humidity), the fluorescence was quantified using a 

fluorescent multilabel plate reader (Victor3, PerkinElmer) with excitation at λ = 531 nm and 

recorded at λ = 572 nm. Cell cytotoxicity was evaluated in terms of cell viability and expressed 

as a percentage of the control conditions. Each experiment was repeated at least three times 

and each concentration was tested in at least three replicates. 

Internalisation assay of C6-8-coated MSNPs  

Human SH-SY5Y cells were cultured in DMEM/F-12 culture medium supplemented with 10% 

FBS and 1% antibiotic-antimycotic solution (Gibco-BRL), and incubated at 37 ◦C in a humidified 

atmosphere with 5% CO2. Cells were seeded into a 6-well plate with coverslips at a cell density 

of 1.0 × 104 cells per well and then incubated (37 ◦C, 5% CO2, 98% humidity) for 24 h. C6-8-

coated MSNPs (200 µg/mL) was then added to 4 of the 6 wells (the other two were used as a 

negative control). One of the wells with C6-8-coated MSNPs was washed with 1% PBS and its 

cells were fixed with 4% paraformaldehyde (PFA) for 15 min at rt. The PFA was then removed 

and PBS 1% was added to the well. This procedure was repeated at 3, 6 and 24 h with one of 

the wells with C6-8-coated MSNPs. At 6 and 24 h, it was also done with one of the wells 

without C6-8-coated MSNPs. Afterwards, the samples were blocked by adding a blocking 

buffer (5% Bovine serum albumin solution in PBS buffer supplemented with 0.1% Triton X-100) 

(1 mL) and incubating for 1 h at rt. The blocking buffer was then removed and the samples 

were washed with PBS for 5 min in agitation. Then, the samples were incubated with 4′,6-

diamidino-2-phenylindole (DAPI; 1/500) for 10 min at rt. After removing DAPI and washing the 

samples in PBS for 5 min in darkness, the samples were mounted on a drop of ProLong Gold 

mounting medium (Life Technologies). Finally, immunofluorescence images were collected on 

an inverted confocal microscope (LEICA SP5). Images were analysed using LAF AS Lite 1.8.1 

(Leica) and composed in illustrator 15.0.2.  
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A1. NMR AND IR SPECTRA 
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1H NMR (360 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100.6 MHz, CDCl3) 

 

 

 

 

 

IR (ATR) 

C-5 

C-3 C-4 

C-1 
C-2 

C-8 C-6 

-(CH2CH2O)n- 

C-7 



Annex                                                                                               Spectra of Selected Compounds 

211 

 

1H NMR (400 MHz, (CD3)2CO) 
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A1.2. Products from polymerisation reactions 
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A2. GPC SPECTRA 

A2.1. GPC spectra with both IR (top) and UV (bottom) detectors of building block 6 

 

 
 

A2.2. GPC spectra with both IR (top) and UV (bottom) detectors of P6 

 

 
 

A2.3. GPC spectra with both IR (top) and UV (bottom) detectors of building block 9 
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A2.4. GPC spectrum with IR detector of P9 

 

 

A2.5. GPC spectra with both IR (top) and UV (bottom) detectors of building block 46 
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A2.6. GPC spectra with both IR (top) and UV (bottom) detectors of P46 

 

  

A3. EDX SPECTRA  

A3.1. Images from EDX experiments of pristine and coated surfaces with P9 via ex 

situ polymerisation in solution 
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Figure A3.1. EDX experiments onto a) pristine stainless steel (SS), b) SS@P9, c) pristine aluminium, d) 

Al@P9, e) pristine copper and f) Cu@P9. 
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A3.2. Images from EDX experiments of coated surfaces with P9 via in situ 

polymerisation  

 

 

 

Figure A3.2. EDX experiments onto a) SS@P9, b) Al@P9 and c) Cu@P9. 
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A3.3. Images from EDX experiments of coated surfaces with P6 via ex situ 

polymerisation in solution 

 

 

 

Figure A3.3. EDX experiments onto a) SS@P6, b) Al@P6 and c) Cu@P6. 
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A3.4. Images from EDX experiments of coated surfaces with P6 via in situ 

polymerisation  

 

 

 

Figure A3.4. EDX experiments onto a) SS@P6, b) Al@P6 and c) Cu@P6. 
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