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Chapter 1 

 

Introduction 
 

 

Abstract  

In this chapter a literature overview on the mechanism by which alkyd paints 

dry is given and the definition of driers and their effect during the oxidative drying of 

alkyd coatings is discussed. The chapter also includes a general overview of the 

“biomimetic approach” used in this thesis and its general objectives and scope. 
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   A journey of a thousand miles must begin with a single step 

Lao-Tsu 

 

1.1 Introduction  

Coatings are omnipresent in our everyday life and their use is more common 

that one may imagine. Coatings are virtually everywhere as they are used for 

decoration, protection, and/or other special purposes. Examples of applications are 

countless; coatings on the outside of cars adding beauty meanwhile protection from 

rusting, coatings inside beverage cans are used to avoid beverage contamination (in 

fact sometimes some soft drinks are so acidic they can dissolve the metal of which the 

can is made); a coating film is even present on the cover of this thesis for decorative 

(shining effect) and protective purpose. 

 

1.2 Alkyd paints 

Although modern technologies like powder and UV curable coatings do not 

make use of solvents, the majority of coatings consist of a complex mixture of several 

chemical substances [1], which can be grouped in four main categories: 

 

 Binders 

 Volatile components 

 Pigments 

 Additives 

 

Binders: The general term binder is referred to materials responsible for the 

film formation giving to the paint film sufficient adhesion onto a “substrate”. The 

properties of these materials result from molecular crosslinking within binder 

molecules themselves and/or with other substances to form hard films upon standing 

over a surface. Depending on their chemical composition, binders can have a large 

variety of chemical and physical properties, which make binders highly adaptable for 

different applications and purposes.  

Alkyd resins are a special type of binders consisting of polymeric resins and 

they are one of the main ingredients of alkyd-based paints [1]. The term alkyd 

originates from the al of polyhydric alcohols and the cid (modified to kyd) in 
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polybasic acids. Today, the term alkyd commonly refers to polyesters modified with 

unsaturated oils or fatty acids.  

Alkyd resins are generally prepared by condensation polymerization of 

polyalcohols (e.g. glycerol), polybasic acids (e.g. phthalic anhydride and isophthalic 

acid) and fatty acids or triglyceride oils to obtain fatty-acid containing polyesters. A 

typical example of an alkyd resin is given in Figure 1.1. 

 

Figure 1.1. Example of an alkyd resin obtained from the reaction of phthalic acid anhydride, glycerol 

and linoleic acid.  
 

Alkyd resins are frequently classified according to the oil type and the oil 

length [2]. The oil length is defined as the weight percent of oil present in the resin. 

The properties of alkyd resins are often modified according to their use or application 

by for instance using different fatty acid chain lengths (influencing the polarity of the 

resin), addition of hydroxyl function in the resin (to improve the reaction with acid 

and epoxy groups of other resins), and the number of unsaturated double bonds in the 

fatty acid chain (to modify the drying rate).  

Volatile components: Due to their high viscosity, alkyd resins are handled in 

solution to aid application. Traditional solvents include white spirit (a mixture of 

saturated aliphatic and alicyclic C7-C12 hydrocarbons with a content of 15-20 wt % of 

aromatic C7-C12 hydrocarbons) or xylene; more recently there is an increase in using 

non-aromatic and non-organic solvents (e.g. water).  During the drying process of 

solvent-borne alkyd paints, virtually all these volatile organic components (VOC) 

dissipate to the air around the surface being coated, arising environmentally issues. To 

account for the polluting effect of VOC, according to data from the US National 

Emission Inventory, only in USA the total VOCs from all sources in 1999 was 18.15 

million tons [3], of which 2.14 million tons originated from coatings representing the 

O

O

O

O

OO

n
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largest stationary source category.  Coatings were second only to vehicles as the 

largest source of VOC emissions of all source categories in the inventory.  Surface 

coatings thus represent a significant contributor to the total release of VOCs to the 

atmosphere. In the reduction of the organic solvent emissions and in recognition of 

the harmful effects of organic solvents used in solvent-borne coatings on the 

environment and paint users, high solids and water-borne coatings are the most 

promising developments for decorative and protective applications [4].   However the 

era of solvent-borne alkyd paints has not finished yet and the complete transition to 

environmentally friendly solvent-less alkyd paints will not happen within a few years 

time [5]. This slow transition process is mainly due to the fact that the properties of 

solvent-borne alkyd paints are still superior to other alternatives so far developed. 

Examples of superior properties are: easier application, wider application and drying 

tolerance under adverse conditions (e.g. low temperatures and high humidity), and 

higher level of performance on difficult substrates. 

Pigments: Pigments, both organic and inorganic, are substances responsible 

for the color of (alkyd) paints. Pigments are small solid particles dispersed in the paint 

formulation, which remain trapped in the polymer binder network after film 

formation. Some commonly used colored pigments are: copper phthalocyanine-based 

greens and blues, quinacridone red, iron oxide red, iron oxide yellow and titanium 

oxide white. In addition, the so-called “clear coatings” are also commercially 

available which contain little or no pigments. Typical examples are transparent 

varnishes. 

Additives: The last, but not necessarily the least important ingredient making 

up a paint formulation, consists of the additives [1]. Although used in small amounts, 

additives have specific functions and play a very important role in the final quality 

and properties of alkyd paints. Examples of common additives are: antiskinning 

agents (these are compounds that prevent the alkyd paint from drying or skin 

formation during storage), light-protection agents, emulsifiers (only in water-based 

paints), antifoaming agents and driers. 

For the purpose of this thesis, driers are of particular interest. Without the 

addition of driers the drying of alkyd paints would be too slow for most practical 

applications [1]. Typical driers for alkyd systems used in e.g. decorative paints are 

metal salts (soaps) of long chain fatty acids according to formula (Mn+)(X-)n, in which 

M is a metal ion (V, Mn, Fe, Co, Ce, and Pb) and X is a synthetic C6-C18 aliphatic 
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carboxylate. Typical carboxylates are monocarboxylic acids, such as 2-ethylhexanoic 

acid and neodecanoic acid (Figure 1.2). Metal salts of these carboxylates are often 

called “octoates”. The carboxylate counterions have only a minor influence on the 

performance of the metal as a drier, but they usually have a positive impact on the 

solubility and stability of it. 

C4H9 CH

C2H5

COOH

R1

C

R3

R2 COOH

(a) (b)  
Figure 1.2. (a) 2-ethylhexanoic acid, (b) neodecanoic acid (total number of carbons (R1+R2+R3) is 

equal to 8). 

 

Driers are often divided into two main categories: primary and secondary 

driers [1]. Secondary driers are divided into two sub-groups; through and auxiliary 

driers. Both do not normally perform any drying function by themselves, but do affect 

the drying rate by interacting with transition metal driers and reinforcing the three-

dimensional polymer network by interacting with hydroxyl and carbonyl groups of 

binders via formation of oxygen-metal-oxygen bridges [1]. Auxiliary driers are 

typically based on calcium, potassium, lithium, and zinc carboxylates, whilst lead, 

zirconium, aluminum, barium, bismuth, and strontium are a few examples of through 

driers. In commercially available drier systems for ambient cure of alkyd paints, 

primary driers are usually combined with secondary driers to obtain uniform film 

drying. The exact chemical properties and the role played by secondary driers in the 

oxidation reaction is poorly understood and no further reference will be made later in 

this thesis as it is not directly related to the scope of this work.     

Primary driers promote the rapid surface drying and generally have limited 

through drying properties. The choice of the metal ion to be used as primary drier 

depends upon several parameters such as activity at ambient temperatures, possible 

colouring effects, toxicity, stability in the coating product and price. It should be taken 

into account that the activity of the metal ions also varies with the kind of 

coordinating groups. In this regard, drier accelerators, such as 2,2´-bipyridine (bpy) 

and 1,10-phenantroline are extensively used [1]. Other chelating agents such as 2-

aminomethylpyridine (amp) and 2-hydroxymethylpyridine (hmp) were recently 

reported in combination with manganese-based catalysts [6]. In this thesis, 
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biomolecules such as vitamin C and other reducing agents are used to enhance the 

drying properties of iron-based driers [7].   

Because of their good performance at ambient temperature, cobalt-based driers 

are the most widely used; typical examples are cobalt carboxylates (e.g. Co-2-

ethylhexanoate) [1]. However, a disadvantage of cobalt-based driers is that their 

catalytic activity in air-drying coatings and paint compositions diminishes upon 

standing (in the paint can). The decrease of activity is even worse in waterborne 

systems (i.e. alkyd emulsions) [8]. In this respect, the loss of drying capacity was 

ascribed to hydrolysis of the metal carboxylate and/or adsorption of the drier on the 

surface of the pigments. Proper ligands may be used to pre-complex the driers in 

order to minimize hydrolysis.  Another possible disadvantage of cobalt-based salts is 

their suspect toxicity (carcinogenicity) to tissues and lungs [9-11]. As a consequence, 

in the near future probably more stringent environmental legislations will force the 

paint industry to replace Co-based driers with environmentally friendly alternatives. 

For instance, coatings containing cobalt catalysts are no longer accepted to hold the 

blue angel label in Germany. Hence, there is an increasing demand in the paint and 

coating industry for new alternative driers for both solvent- and water-borne systems. 

 

1.3 The drying of alkyd coatings 

1.3.1 Autoxidation: a general introduction 

Autoxidation is a general term that describes the direct addition of 

atmospheric oxygen to unsaturated organic compounds [12] and it has been the 

subject of numerous studies due to its involvement and importance in biology [13, 

14], food science [15], cosmetics [16], pharmaceutics [17] and coatings [18]. A 

common misconception of the term autoxidation is that biomolecules (e.g. lipid, 

proteins, and DNA) autoxidize. Even though the direct addition of molecular oxygen 

to biomolecules is thermodynamically favorable, it does not occur at an appreciable 

rate due to the kinetic spin restriction of the oxygen [19]. Oxygen is a paramagnetic 

biradical in the triplet state with two electrons separated in parallel antibonding 

orbitals. Valence bond theory depicts oxygen as a double bonded species (O=O), but 

molecular orbital theory predicts dioxygen as a diradical (•O≡O•), a structure which 

better accounts for the reactivity of dioxygen with radical molecules, and metal ions 

to form oxides. In contrast to the triplet ground state of dioxygen, the majority of 
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organic biomolecules (e.g. unsaturated lipids) are in a singlet ground state. Quantum-

mechanic rules impose that the reaction of triplet molecules with singlet molecules is 

spin forbidden. Therefore the difference in ground spin state imposes a kinetic barrier, 

which prevents appreciable direct oxygen addition or better-said autoxidation of 

biomolecules (reactions rates < 10-5M-1s-1) [19]. Thus for molecular dioxygen to react 

with biomolecules, prior activation is required. Typical examples of activation 

reactions are: conversion to its singlet state (e.g. by radiation, heat, ultraviolet light) or 

complexation with transition metal ions. Upon activation active peroxide radicals are 

produced that trigger autoxidation of unsaturated organic molecules [20]. Biological 

oxidations are due almost exclusively to metal ion-promoted reactions and iron is the 

most common catalyst [21, 22]. 

It has been demonstrated that iron(II) salts in aqueous solutions produce superoxide 

anion, hydrogen peroxide, and hydroxyl radicals by the so-called Haber-Weiss 

reaction [23, 24] (Scheme 1.1). The powerful oxidizing capability and extreme kinetic 

reactivity of the hydroxyl radicals towards unsaturated lipids and other organic 

molecules of biological relevance such as proteins and DNA is well documented [25, 

26]. The decomposition of hydrogen peroxide by metal ions is more commonly 

referred to as Fenton reaction, and reactions in Scheme 1.1 may be more correctly 

addressed as “superoxide-driven Fenton’s reactions”.  

 

 
Scheme 1.1. Proposed mechanism for the Haber-Weiss reaction [17]. 
 

1.3.2 Model compounds for alkyd coatings 

The drying of alkyd coatings is the result of the slow evaporation of the 

volatile organic components (physical drying) followed by oxidative chemical 

reactions (chemical drying). The chemical drying comprises oxidative cross-linking 

and polymerization of binders leading to film formation.  The mechanism by which 

alkyd paints are oxidized (preceding the hardening of alkyd resins) has many 

+  Mn+ O2   +  M(n-1)+
O2

O2 +   2 H+ H2O2  +  O2 2

M(n-1)+  +  H2O2                    Mn+  +  OH -  +   OH (hydroxyl radical)
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similarities with the way lipids are oxidized in biological systems. In contrast to the 

undesirable effects resulting from the oxidation of lipids in biological systems [27, 50, 

75, 76] and/or food formulations [28], the oxidation of the fatty acid chains of alkyd 

binder molecules is of advantage for air-drying of alkyd coatings.  

The oxidative mechanism of alkyd resins has been the subject of several 

studies [29-32], also within the framework of this thesis [33, 34]. Chemical changes 

occurring during the oxidation of alkyd resins were followed by analytical techniques 

such as FTIR [32, 35-37], Raman spectroscopy [38-40] and NMR [41, 42].   

Studying the oxidation reactions taking place during the drying of alkyd resins 

is a difficult task due to, for instance, the low solubility of oxidized alkyd resins in 

common organic solvents as a result of the complex crosslink network formed via 

binder crosslinking reactions. These oxidation reactions are better studied by using 

model compounds, which contain the same unsaturated active site present in alkyd 

resins. Advantages in terms of solubility, mechanism investigations and sample 

handling are obtained using model compounds. Common model compounds for alkyd 

resins are esters of oleic, (conjugated) linoleic and linolenic acids (Figure 1.3).  

 

(I)

(II)

(III)

(IV)

17O

RO

8 11 14

8 11O

RO

8 11 14O

RO

8 11O

RO  
 
 
Figure 1.3. Chemical structures of esters of oleate (I), linoleate (II), linolenate (III), and conjugated 

linoleate (IV) as model compounds for alkyd resins; R is either –CH3 or –C2H5. 

 
Symmetrical and even simpler model compounds than (ester) fatty acids have 

been used to identify primary and secondary products resulting from the oxidation 

reactions; examples are as 6,9-pentadecadiene [43], 3,6-nonadiene [44], 4,7-
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undecadiene [45], and 2,5-heptadiene [46]. Figure 1.4 illustrates the chemical 

structures of some model compounds. 

(V)

(VI)

(VII)  
 

Figure 1.4. Chemical structures of symmetrical model compounds: Z,Z-2,5-heptadiene (V), Z,Z-3,6-

nonadiene (VI), Z,Z-4,7-undecadiene (VII). 

 

1.3.3 The oxidation mechanism of alkyd resins 

In the past decade, Muizebelt and colleagues have made important advances in 

revealing the oxidation and crosslinking mechanism of alkyd resins under the effect of 

cobalt salts in combination with auxiliary driers, such as calcium and zirconium [29-

32, 35]. Esters of fatty acids (Figure 1.3) were used as model compounds to study the 

oxidation and crosslinking reactions under similar reaction conditions as present 

during the drying alkyd paints.  

The chemical drying of alkyd resins is generally assumed to proceed via a free 

radical reaction process, which can be described by six main steps [1]:  

 
 Induction period 

 Initiation  

 Hydroperoxide formation 

 Hydroperoxide decomposition  

 Oligomerization and crosslinking reactions 

 Side reactions (e.g. oxidation reactions not leading to cross-links) 

 

Induction period: The induction period can be defined as the time between 

the application of the paint to a surface and the start of oxygen absorption by the paint 

film. The induction period occurs because most of the drying oils used to make alkyd 

resins contain natural antioxidants such as α- and β-tocopherols, which can inhibit the 

oxidation reactions in the early stages of the drying process. The effect of antioxidants 

as retardants of the lipid oxidation process has been known for decades [47].  
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The functions of antioxidants depend on the chemical properties of the 

antioxidant itself and are related to the effect they have on active oxygen species. In 

general, antioxidants can suppress the lipid oxidation process via radical scavenging 

reactions, peroxide decomposition, singlet oxygen (1O2) quenching, enzyme inhibition 

or metal chelating effects [20]. As an example, β-carotene (also known as “pro-

vitamin A”) and tocopherol are known to inhibit oxidation reactions via quenching of 

singlet dioxygen according to eq. 1.1 [48-50]. 

 

               (1.1)                         

 

Initiation: The initiation of the lipid oxidation process can occur via different 

pathways, either metal-mediated or not. The non-metal mediated initiation can be 

ascribed either to some arbitrary radical initiating species or thermal homolytic 

decomposition of preformed hydroperoxides in the system from which initiating 

radicals can be formed. In both cases, taking linoleic acid (LA) as model compound, 

the initiator abstracts one bis-allylic hydrogen atom (11-C-H position), which has a 

relatively low C-H bond dissociation energy (75 kcal/mol [51]), leading to the 

formation of a radical species (R•) (Scheme 1.2). This radical (R•) is stabilized by 

delocalization over a pentadienyl structure. 

 

Propagation

R   +  O2                 ROO                                                    2              
ROO   +  RH                ROOH  +  R                                  3              
ROOH  +  Mn+              RO    +  -OH  +  M(n+1)+               4a            
M(n+1)+  +  ROOH                ROO   +  Mn+ + H+              4b             

Initiation

RH  +  initiator                   R                                             1 

2 RO ROOR                                                      9
2 ROO ROOR + O2                                                 10

 RO   +  RH                 ROH  + R                                        5

Termination

2 R                  R-R (C-C crosslink)                                     6              
R    +  ROO                  ROOR (peroxy crosslink)              7
R   +  RO                   ROR (alkoxy crosslink)                    8    

 
Scheme 1.2. General radical chain reactions occurring during the oxidation of alkyd resins. 

antioxidant  +  1O2                  3antioxidant  +  3O2 
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The metal-mediated initiation of the lipid oxidation process generally occurs 

through decomposition of hydroperoxides by Fenton-like reactions (eq. 4a and 4b, 

Scheme 1.2). However, alternative pathways have been also described (Scheme 1.3).    

 

M(n+1)+ + RH R   +  H+  +  Mn+                                  12

Mnn+ + O2 [M(n+1)+(O2)-]n+                                 11a

[M(n+1)(OOH)-]n+[M(n+1)+(O2)-]n++ RH + R        11b

 
Scheme 1.3. Metal mediated initiation of the lipid oxidation [52-55]. 
 

Reactions 11a and 11b describe the formation of a complex between a metal ion in the 

lower oxidation state and molecular oxygen, leading to the generation of a metal-

superoxide complex [52]. This complex can abstract hydrogen from the substrate to 

form a hydroperoxide complex and a carbon radical. Reaction 12 of Scheme 1.3 

instead describes the formation of a carbon radical by direct abstraction of a hydrogen 

atom (e.g. 11-C-H of linoleic acid (ester)) by high-valent metal ions [53-55].  

Hydroperoxide formation: The generation of the pentadienyl radical (R•) by 

any of the initiation pathways earlier described is followed by the quick addition of 

dioxygen to the species R• leading to peroxy radicals (ROO•), which has 

predominantly conjugated double bonds since it is the most stable structure [12]. 

Among the numerous reactions in which the peroxy radical can participate, the 

abstraction of bis-allylic hydrogens from other LA molecules leads to the formation of 

lipid hydroperoxides (ROOH) and propagation of the radical process (Scheme 1.2) 

simultaneously with the formation of conjugated double bonds. The delocalization of 

the spare electron over the pentadienyl radical may lead to the formation of four major 

hydroperoxide isomers; two with cis,trans and the other two with trans,trans 

configuration of conjugated double bonds [56]. Porter et al. [56] have shown that the 

product distribution of these four different isomers depends on the conditions at which 

the oxidation is carried out as the formation of cis,trans-conjugated dienes is 

kinetically controlled, whilst that of trans,trans-conjugated dienes is 

thermodynamically controlled. In other words, at high temperature, more trans,trans-

conjugated dienes are formed and the increase in the amount of H-donor species 

(substrate concentration) favors the formation of cis,trans products.  
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Hydroperoxide decomposition: The evolution of hydroperoxides during the 

oxidative drying of alkyd resins (or model compounds) is strongly dependent on the 

conditions at which the oxidation reaction is carried out (e.g. temperature) and on the 

catalysts used [57]. With the proceeding of the oxidation reaction, the concentration 

of non-oxidized fatty acid will decrease and so will the rate of hydroperoxide 

formation. After a predominant formation of hydroperoxides in early stages of the 

oxidation reaction, the rate at which hydroperoxides are decomposed will eventually 

level up with their formation rate leading to a steady state of hydroperoxide 

concentration in the medium. This steady state or maximum in hydroperoxide 

concentration, however, does not normally last long (depending on the drying 

conditions and catalysts) and the hydroperoxide decomposition rate eventually will 

overtake. The decomposition of hydroperoxides leads to the formation of free radicals 

(Scheme 1.2), which may either propagate the lipid oxidation reaction leading to 

cross-link reactions or to the formation of secondary oxidation by-products.  

Oligomerization and crosslinking reactions: Radicals created according to 

Schemes 1.2 and 1.3 may recombine to form cross-links (reactions 6-9, Scheme 1.2): 

ether (C-O-C), carbon-carbon (C-C) and peroxy (C-O-O-C) bonds. Cross-linking 

reactions are responsible for the increase in viscosity of alkyd systems during drying 

and lead to the formation of a three-dimensional polymer network, which ultimately 

leads to the hardening of alkyd coatings. However, radical recombination reactions 

are not the only reactions responsible for the formation of cross-links as the direct 

addition of radicals (R•, RO•, ROO•) to double bonds has been also described [29, 35] 

(Scheme 1.4). 

 

R   +  C C                  RC-C

RO   +  C C                RO-C-C
ROO   +  C C                RO-O-C-C  

 
Scheme 1.4. Formation of cross-links by addition of radicals to carbon-carbon double bonds. 
 

Oxidation reactions not leading to cross-links: In addition to the formation 

of cross-links, radicals may lead to a variety of C=O and –OH containing species.  

Alcohols may be formed from the reaction between alkoxy radicals (RO•) and 

fatty acids molecules (eqn. 5, Scheme 1.2).  
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The formation of carbonyl containing species is mostly due to β-scission 

reactions. Studies on the reaction products of β-scission of unsaturated fatty acids 

showed that besides the formation of aldehydes and acids, carbon dioxide [58] and 

alkanes [44, 59] can be formed. Most of the aldehydes produced via β-scission, such 

as hexanal, pentanal and propanal, are volatile and responsible for the characteristic 

sharp smell diffusing out of paint films during drying. According to Muizebelt et al. 

[29], during the cobalt-catalyzed oxidation  of ethyl linoleate (EL), ca. 20 % of the EL 

chains are cleaved by β-scission leading to degradation material at ambient 

temperature. A proposed mechanism of the β-scission reaction is showed in Figure 

1.5.  

O

RO
O

β-scission

O

RO
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O

H

ox. RH

O

RO OOH

ox.
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HO

 
 
Figure 1.5. β-scission reactions during the oxidation of linoleate ester.  
 

Another common reaction pathway leading to secondary oxidation by-

products from peroxy radicals (ROO•) is the Russell termination mechanism from 

which ketones and alcohols are mainly formed [60, 61]. Similarly to β-scission, 

Russell termination reactions compete with the formation of ROOH (eqn. 3, Scheme 

1.2) and cross-linking reactions. It has been proposed that alcohols produced from 

these reactions may play an important role in the through drying of alkyd paints as 

they can coordinate secondary driers to form additional cross-links in the network 

system. 
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Figure 1.6. Russell termination mechanism during the oxidation of an unsaturated fatty acid [60, 61]. 
 
 

1.4 The effect of metal-based catalysts on the oxidation reaction 

In absence of metal catalysts, the oxidation of unsaturated fatty acids is itself a 

slow process especially at room temperature. For instance, it was reported that a thin 

film of a linseed oil hardens in about 120 h while under the same experimental 

conditions and in the presence of cobalt carboxylates a similar film was obtained after 

only about 2.25 h [62].  

As mentioned previously in this chapter, driers can be divided into two main 

groups: primary and secondary driers according to the role played in the drying of 

alkyd paints. In recent years [29-35], effort has been made to understand the 

chemistry and structure of primary cobalt-based driers in the drying of alkyd resins as 

currently they are the most widely primary driers used in a broad range of alkyd-based 

coatings [1]. The exact structure of the cobalt species involved during the drying of 

alkyd paints is, however, still not precisely known. On the contrary, most studies have 

focused more on the effect of these catalysts rather than on the exact role and 

structure of cobalt-based driers. Nevertheless, based on general literature on the 

oxidation of organic molecules and decomposition of simple peroxides by cobalt salts 

[7], some structures can be proposed. Co(III) with carboxylate ligands tend to form 

polynuclear complexes [63, 64] and Lombard et al. have proposed a dinuclear 

cobalt(III) species to take part in the catalytic oxidation of α-pinene [65]. The 
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formation of peroxides and hydroperoxide complexes has been also proposed, 

especially in low polarity medium [66].   

Despite the lack of knowledge on the structure of these driers, more 

understanding has been gained with regard to the drying mechanism of alkyd resins 

induced by driers. However, a complete and clear picture of the reactions involved 

has not been yet obtained, probably also due to the lack of information available on 

the actual species involved in the oxidation reactions. In the past years, a few authors 

have proposed reaction schemes attempting to explain the mechanism by which 

cobalt-driers catalyze the drying of alkyd-based paints [1] (Figure 1.7). However, 

many of these proposed mechanisms remain questionable.  

 

Co2+ + O2 [Co3+OO]2+

[Co3+OO]2+  +  RH [Co3+OOH]2+  +  R   (R = fatty acid ester)

Oxygen absorption

Hydrogen abstraction

Co3+  +  RH Co2+ +  R   + H+

Direct activation of double bonds

R CH CH R  +  Co3+ R CH CH+ R  +  Co2+

Decomposition of hydroperoxides

ROOH  +  Co2+ RO    +  Co3+  +  OH-

ROOH  +  Co3+ ROO    +  Co2+  +  H+
 

 
Figure 1.7. Proposed reactions involved in the cobalt-catalyzed oxidation of alkyd-based paints. 
 
 

1.5 Promising alternatives for Co-based driers  

Due to the suspect carcinogenicity of cobalt salts earlier discussed in this 

chapter, environmentally friendly alternatives are being developed [67] for both 

solvent- and water-borne alkyd paints. Although effort has been made to develop 

alternatives based on manganese [1, 67] or vanadium [68], so far iron has not been 

considered suitable for two generally assumed reasons: (1) iron is not effective in the 

oxidative drying of alkyd coatings at room temperature, and (2) the dark color of paint 
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films due to the presence of iron salts inhibits the application of iron-based driers in 

(white) paints. Contrary to this general idea, a very effective new drier system based 

on the combination of Fe-2-ethylhexanoate (Fe-eh)/reducing agents has been 

developed recently and will be described in this thesis [7].  

 

In all things of nature there is something of the marvelous 

       Aristotle 

 

1.6 Biomimicry: taking inspirations from Nature  

The approach used in this thesis is one of an increasing genre. Biomimicry 

(from bios, meaning 'life,' and mimesis, meaning ‘to imitate’) is a design principle 

that seeks sustainable solutions to human problems by consulting and emulating 

nature’s time-tested strategies. The basic idea is that nature, imaginative by necessity, 

has already solved many of the problems we are struggling with.  

With scientific progress growing at the blink of an eye, technology to mimic 

Nature has reached levels like never before in history. This new methodology offers 

science, industry, and even individuals, a new way of accessing nature’s intelligence 

and principles of design. Currently, many research institutes and universities have 

employed this new approach to solve and develop new materials and strategies. 

University courses on biomimetic methodologies are already part of many universities 

programs worldwide [69]. Some examples of practical application of this new 

methodology are reported as follows: 

Self-cleaning surfaces: While there is a growing trend to search for benign 

detergents to reduce environmental impacts, there is a deeper biomimetic question to 

ask: "How do nature clean surfaces?" It is apparent that nature do not use detergents at 

all. Nature, instead, has a way of structuring surfaces with self-cleaning properties. 

The most relevant example of self-cleaning surfaces in nature is observed in the Lotus 

leaf, which is revered as a symbol of purity in Asian religions. Even emerging from 

muddy waters it unfolds its leaves untouched by pollution and dirt. This phenomenon 

of self-cleaning or Lotus-effect® [70] has been comprehensively researched and gives 

fascinating hints of what nature can do to protect itself from omnipresent dirt and 

pathogenic organisms. 

Blue mussel adhesive (underwater adhesive): Unlike conventional glues, it 

sets underwater and does not need a primer, an initiator, or a catalyst to work. It could 
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revolutionize paints and coatings, and for instance enable surgeons to operate without 

sutures. 

Orb-weaver spider silk (new fiber manufacturing technique): Spiders’ ability 

to produce fibers at body temperature may offer a way to manufacture fibers without 

using high heat, high pressure, or toxic chemicals. The spider silk is a fiber 5 times 

stronger than steal and more flexible than anything so far known. Spider-like fibers 

could be used in parachute wires, suspension bridge cables, sutures, protective 

clothing, and much more. 

Abalone mussel nacre (mother of pearl coating): For windshields and bodies 

of solar cars, airplanes, anything that needs to be lightweight but fracture-resistant. A 

crystalline coating self-assembles in perfect precision atop protein templates. In the 

abalone, it is a 3-D masterpiece, tougher than anything nowadays that can be 

manufactured. 

Chlorophyll and enzymes: Chlorophyll-like molecules that act like lightning 

rods for sunlight, channeling light energy and then absorbing it. Photozymes are also 

like enzymes and they trap molecules in a "sweet spot", using the absorbed sun energy 

to do chemistry. Example: when scattered in sunny water, photozymes can break 

down pollutants such as polychlorinated biphenyls (PCB) into harmless compounds. 

The "photosynthetic reaction centers" in green plants (Tiny solar cell): 

“Pentads” are solar batteries that mimic the leaf's reaction center. They could one day 

be used to split water into clean-burning hydrogen gas and oxygen. Or, they could be 

used as computer switching devices that shuttle light instead of electrons. 

Furthermore, they could be the light-activated "power packs" that help catalysts 

assemble and dissemble chemical compounds. This is like to imagine doing chemistry 

in pure water, using sunlight and no toxins. More examples can be found in literature 

[71].  

 

1.7 Bioinorganic chemistry and the development of iron-based driers 

Bioinorganic chemistry is a specialized field that covers the chemistry of 

metal-containing molecules. This field is important in realizing the control and use of 

metal ions and metal folding of biomolecules. As a mix of biochemistry and inorganic 

chemistry, bioinorganic chemistry is important in understanding the implications of 

electron-transfer proteins, substrate bindings and activation, atom and group transfer 

chemistry as well as metal ion properties in biological chemistry. The remarkable 
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advances in the elucidation of structure and function of numerous metal-biomolecules 

systems and biological processes arise from the application of various methodologies 

such as spectroscopy and theoretical calculations, but a significant additional factor 

has been biomimetic inorganic chemistry [72].   

In line with these ideas, in this thesis a promising environmentally friendly 

iron-based system has been developed [7] inspired by a natural-occurring process. In 

cells, the oxidation of unsaturated lipids can occur via enzymatic and non-enzymatic 

catalysis. Lipoxygenases are non-heme, non-sulfur iron (or manganese) dioxygenases 

that act on lipid substrates containing (Z,Z)-1,4-pentadiene moieties [73]. Common 

polyunsaturated fatty acids (PUFA), such as linoleic, linolenic and arachidonic acids 

are the natural substrates for these enzymes, which are widely distributed among 

plants and animals. Although these enzymes may appear to be good candidates as 

replacement for Co-based driers, enzymes themselves will probably not be good as 

paint driers. Despite the fact that for enzymes to work efficiently specific conditions 

are required (e.g. temperature, pH), the main function of lipoxygenases is to create, 

but not decomposing, hydroperoxides, which would be unfavorable to achieve good 

drying of alkyd resins. Additionally, the current high cost of these enzymes, compared 

to Co-2-ethylhexanoate or other metal carboxylates, would discourage the paint 

manufactures to use these enzymes in coating formulations as they would result in a 

dramatic price increase of conventional end-user paint formulations.  

The most representative non-enzymatic catalysts for the oxidation of PUFA in 

biological systems are metal ions, especially in combination with reducing agents 

(e.g. vitamin C) [50, 74, 75]. This fact has been the promoter of numerous 

investigations in many different research areas, such as medicine, biology, chemistry, 

due to the involvement of the lipid oxidation process from food deterioration to 

pathological events. In this thesis, the iron-based catalyst descried was developed 

using a “biomimetic approach”. This approach was based on the fact that to some 

extent the oxidative drying mechanism by which alkyd paints dry is similar to that by 

which lipids are oxidized in biological systems. It was therefore possible to develop a 

catalytic system resembling the most common non-enzymatic catalyst involved in the 

oxidation of lipids in biological systems: the metal ion/reducing agent combination. 

Despite the wealth of knowledge on the effect of the metal ions (of which iron 

is the most common)/reducing agents combination as a catalyst, many questions 

regarding the mechanism of this catalyst remain unanswered. Additionally, the above 
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mentioned catalytic system has never been reported before as a potential drier system 

for alkyd paints.  

 

1.8 Objectives and scope of this thesis  

The objective of this thesis is to study and to understand the catalytic effect of 

the reducing agent/iron salt combination on the oxidative drying of alkyd-based paints 

as environmentally alternatives for Co-based driers.  

In order to examine the oxidation reactions, model compounds such as 

(m)ethyl linoleate have been used for alkyd resins. Besides the effect of the iron-based 

catalyst on the oxidation kinetics of model compounds in bulk and in micellar 

solutions, the structure and catalytic mechanism of these catalysts has been studied.  

The investigation was not limited to model compounds, however. Studies 

carried out in real alkyd paint formulations reveal the high potential of this catalytic 

combination as an excellent candidate to replace Co-based driers in both solvent and 

water-borne alkyd paints. The outline of the chapters presented in this thesis is given 

below. 

Chapter 2 gives an overview of the different analytical techniques used in this 

thesis.  

Chapter 3 of this thesis describes the oxidation kinetics of methyl linoleate 

(ML), a model compound for alkyd resins, in micellar solutions under the effect of the 

ascorbic acid (AsA)/Fe(II) and the H2O2/Fe(II) combination at different molar ratios. 

Insights on the role of the AsA/Fe(II) and the H2O2/Fe(II) catalyst on the oxidation 

mechanism are given.  

In Chapter 4 the activity of the reducing agent/iron salt combination was 

investigated in the oxidation of ethyl linoleate (EL), a model system for alkyd resins. 

Due to the limited solubility of AsA, its lipophilic counterpart, ascorbic acid 6-

palmitate (AsA6p) was used in combination with iron-2-ethylhexanoate (Fe-eh). The 

oxidation mechanism and kinetics of EL and the effect of the iron-based catalyst are 

discussed.  

Chapter 5 is entirely dedicated to the characterization of the Fe-eh catalyst 

and the effect of AsA6p on the structure of it. Several analytical and spectroscopic 

techniques have been used to reveal interesting information on the structure and 

catalytic mechanism of the catalyst.  
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Chapter 6 describes the properties of the newly designed iron-based catalysts, 

compared to a commercial Co-based drier, in real coating formulations. Depth 

profiling measurements were also performed to examine the through drying properties 

of the catalysts.  

The following patent/papers have been published from the above 

investigations:  

 
• Oostveen, E.A.; Miccichè, F.; van Haveren, J.; van der Linde, R. Transition 

Metal Salt-containing Drier for Air-drying Coatings, Patent WO03093384A, 2003. 

• van Haveren, J.; Oostveen, E.A.; van der Walle, R.; Miccichè, F.; Weijnen, 

J.G.J. How bio-based products can contribute to the establishment of sustainable 

coatings, Proceedings of XXVII FATIPEC Congress, Aix-en-Provence, France, 2004, 

907. 

• Miccichè, F.; Oostveen, E.A.; van Haveren, J.; van der Linde, R. The  

Combination of Reducing Agents/Iron as Environmentally Friendly Alternatives for 

Co-based Driers in the Drying of Solvent and Water Borne Alkyd Paints, Prog. Org. 

Coat. 2005, 53, 99-105. 

• van Haveren, J.; Oostveen, E.A.; Miccichè, F.; Weijnen, J.G.J. Towards  

sustainability. Alkyd resins and alkyd drying agents based on renewable resources, 

Eur. Coat. J. 2005, 1-2, 16-19. 

• Oostveen, E.A.; van Haveren, J.; Micciche, F.; van der Linde, R.; Weijnen, J.; 

Gillard, M. Towards biobased alternatives for VOC and cobalt in alkyd paints, 

Proceeding of Coatings Science International (CoSi) conference, Noordwijk, The 

Netherlands, 27 June-1 July, 2005. 

 

The following manuscripts have been submitted, accepted for publication, or 

are in preparation: 

 

• Miccichè, F.; Oostveen, E.A.; van Haveren, J.; Ming, W.; van der Linde, R.  

Oxidation and Oligomerization of Ethyl Linoleate under the Influence of the 

Combination of Ascorbic Acid 6-palmitate/Iron-2-Ethylhexanoate, provisionally 

accepted by Applied Catalysis A: General (June 2005). 
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• Miccichè, F.; Oostveen, E.A.; van Haveren, J.; Laven, J.; Ming, W.; Oyman, 

Z.O.; van der Linde, R., Oxidation of Methyl Linoleate in Micellar Solutions Induced 

by the Combination Iron(II)/Ascorbic Acid/H2O2, provisionally accepted by Archives 

of Biochemistry and Biophysics (June 2005). 

• Miccichè, F.; Straten, M.A.; Ming, W.; Oostveen, E.A.; van Haveren, J.; van 

der Linde, R.; Reedijk, J., Identification of metal clusters in drier solutions for alkyd 

based paints by electrospray ionization mass spectrometry (ESI-MS), International 

Journal of Mass Spectrometry (July 2005), in press. 

• Miccichè, F; Tanase, S.; Long, G.J.; Bouwman, E.; Shahin, A.M.; Grandjean, 

F.; Ming, W.; van Haveren, J.; van der Linde, R., The identification of the 

combination of ascorbic acid 6-palmitate/[FeIII
3(µ3-O)]7+ as catalyst for the oxidation 

of unsaturated lipids - a proposed mechanism, in preparation 
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Chapter 2 

 

General overview of the analytical techniques and methods  
 

 

Abstract 

A brief description of the methods and analytical techniques used in this thesis 

is given. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



General overviews of the analytical techniques and methods of this thesis 
 

 34

2.1 General introduction 

To study the chemical changes occurring during the oxidation of unsaturated 

lipids and alkyd resins, numerous analytical techniques have been used [1-14] in this 

thesis. In this chapter a brief and general introduction on techniques and methods used 

is given. Experimental details can be found in each separate chapter.  

 

2.2 NMR 

Chemical changes occurring during the oxidation of unsaturated lipids were 

followed by 1H and 13C-NMR in solution (CDCl3). Spectra were recorded on a Bruker 

Avance (300 MHz) instrument. Quantitative 13C-NMR spectra were obtained by 

dissolving 250 mg of the sample in 1 mL of CDCl3 and co-adding 1200 scans per 

measurement using a relaxation delay (d1) of 8 sec; the acquisition time was 

approximately 3 h.  

Measurement of the spin-lattice relaxation T1: The longitudinal or spin-

lattice relaxation time T1 is the time constant required for reestablishing the thermal 

equilibrium of the z-magnetization after a radio frequency pulse. The transverse or 

spin-spin relaxation time T2 describes the decay of the x,y-magnetization.  

T1 values were determined using the Inversion-Recovery pulse sequence (180º 

- τ - 90º). In this experiment, the magnetization is first inverted with a 180° pulse. A 

variable delay τ follows the pulse, followed by a 90° pulse. Relaxation experiments of 

this type are governed by molecular rotation, bond lengths and both intra- and inter-

molecular interactions. More information on T1 measurements and the inversion 

recovery experiments can be found in literature [15-18].  

NMR was used to monitoring the oxidation of ethyl linoleate as described in 

chapter 4, and the measurement of the spin-lattice relaxation T1 was useful for the 

structural characterization of the iron complexes described in chapter 5.  

 

2.3 Determination of the iron content 

The analytical principle used in the SPECTRO ICP systems is optical 

emission spectroscopy. A liquid is nebulized and then vaporized in an argon plasma. 

Atoms and ions contained in the plasma vapor are excited into a state of radiated light 

(photon) emission. The radiation emitted can be passed to the spectrometer optic, 

where it is dispersed into its spectral components from which the specific wavelengths 
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emitted by each element and the most suitable lines for the application are measured 

by means of a CCD (charge coupled device). The radiation intensity, which is 

proportional to the concentration of the element in the sample, is recalculated 

internally from a stored set of calibration curves and can be shown directly as percent 

or measured concentration. More information about this analytical method can be 

found in literature [19].  

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

measurements were performed with a SPECTRO CIROS CCD spectrometer equipped 

with a free running 27.12 MHz generator at a power of 1400 W. The sample 

introduction was performed by a cross-flow nebulizer with a double pass Scott type 

spray chamber and a sample uptake rate of 2 ml/min. The outer gas flow was 12 

l/min, the intermediate gas flow was 1 l/min and the nebulizer gas flow was 1.05 

ml/min. 

This analytical method was used to determine the percent of iron in complexes 

described in chapter 5. 

 

2.4 Attenuated total reflectance –Fourier transform infrared spectroscopy (ATR-

FTIR) 

Infrared spectroscopy (IR) is an absorption method used to obtain information 

on the molecular structure of virtually all sorts of molecules in any physical state 

(solid, liquid, gas). The energy of infrared light is not sufficient to induce transitions 

of valence electrons. Instead, infrared radiation excites vibrational and rotational 

motions in molecules, which are unique for each compound or chemical group.  

An infrared spectrum shows transmission or absorptions versus wavelength 

(cm-1). If energy is absorbed by a molecule the intensity of signals at this particular 

frequency decreases, leading to a peak in the spectrum. For a good transmission IR 

spectrum of a solid or a liquid, a sample should not be thicker than 10 µm. For thicker 

samples a very popular technique called Attenuated Total Reflection (ATR) is used. 

ATR-FTIR has been widely used to monitor the in situ oxidation of simple 

unsaturated lipid molecules as well as the drying of alkyd resins (refer to chapter 4).  

The basic principle behind this method is based upon total reflection of the IR 

radiation that occurs within a high refractive index crystal in contrast with a material 

with a lower refractive index (Figure 2.1).  
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Figure 2.1. General scheme of an ATR accessory for single reflection with a fixed angle at 45°. 

 

When an electromagnetic radiation strikes on an IR transparent surface at a 

specific angle, total internal reflection takes place. During this event part of the 

radiation penetrates also the sample. It then returns in the crystal as if it is reflected 

within it. If an absorbing sample is placed in contact with the surface of the crystal, 

energy is absorbed by the sample and the reflection beams now contains spectral 

information of the sample. The depth of penetration is in the order of several 

micrometers depending on the angle of incidence of the beam, the wavelength of the 

light and on the refractive indices of the sample and ATR crystal.  More detailed 

information can be found in literature [20-21].  

In chapter 4, ATR-FTIR is used to monitor the chemical changes taking place 

during the oxidation of ethyl linoleate particularly with regard to the formation and 

disappearance of (conjugated and non-conjugated) double bonds as well as to monitor 

the development of secondary oxidation by-products during the oxidation reactions.  

In chapter 5 the ATR-FTIR is used (together with other analytical techniques) 

to identify iron coordination metal complexes.   

 

2.5 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is the most widely used technique for acquiring 

qualitative information about electrochemical reactions. The power of the CV results 

from its ability to rapidly provide considerable information on the thermodynamics of 

redox processes and the kinetics of heterogeneous electron-transfer reactions. In 

particular, it offers a rapid determination of the redox potentials of the electroactive 

species and convenient evaluation of the effect of media upon the redox process.  
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CV is an electrolytic method that uses microelectrodes and an unstirred 

solution so that the current measured is limited by analyte diffusion at the electrode 

surface. The electrode potential is ramped using a triangular potential waveform to a 

more negative potential, and then ramped in reverse direction back to the starting 

voltage.  

 

 
 

Figure 2.2. Typical current response for a reversible reduction. 

 

The forward scan produces a current peak for any analytes that can be reduced 

through the range of the potential scan. The current will increase as the potential 

reaches the reduction potential of the analyte, but then falls off as the concentration of 

the analyte decreases at the electrode surface. As the applied potential is reversed, it 

will reach a potential that will reoxidize the product formed in the first reduction 

reaction, and produce a current of reverse polarity from the forward scan. This 

oxidation peak will usually have a similar shape to the reduction peak. Depending on 

the information sought, single or multiple cycles can be used. The resulting plot of 

current vs. potential is the cyclic voltammogram (Figure 2.2). In Figure 2.2, the 

position of the anodic (oxidation) and cathodic (reduction) peak potential (Epc and 

Epa) are indicated at the maxima of the current response. The height of the cathodic 

and anodic peak current (ipa and ipc) are measured starting from the respective 

“baseline” of the forward and backward scan. The halfway potential E1/2 is the 
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average of the anodic and cathodic peak potential (eqn. 1), which is closely related to 

the standard reduction potential E0 (eqn. 2) and is considered roughly equal to the 

standard reduction potential when the diffusion coefficients of both the reductant and 

the oxidant (DR and DO) are nearly equal. 

22/1
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E
+

=    (1) 

 

O

R
D
D

nF
RTEE ln0

2/1 −=    (2) 

 

In a reversible redox system, the anodic and cathodic peak current should have 

the same (absolute) height, and the peak difference ∆EP is theoretically 59 mV. In 

practice, the difference is typically 70-100 mV. Larger differences, or non-symmetric 

reduction and oxidation peaks are an indication of quasi-reversible or irreversible 

reactions, respectively. These parameters of cyclic voltammograms make CV most 

suitable for characterization and mechanistic studies of redox reactions at electrodes. 

More information can be obtained in literature [22-24].  

CV was used to study the electrochemistry behavior of the iron complexes 

described in chapter 5. 

 

2.6 Electron Paramagnetic Resonance (EPR) 

Electron paramagnetic resonance (EPR), also known as electron spin 

resonance (ESR) and electron magnetic resonance (EMR), is the name given to the 

process of resonant absorption of microwave radiation by paramagnetic ions or 

molecules, with at least one unpaired electron spin, and in the presence of a static 

magnetic field. EPR is a magnetic resonance technique very similar to NMR (Nuclear 

Magnetic Resonance) employing magnetic fields and microwave in the frequency 

range between 1 and 500 GHz.  

EPR is the most suitable technique to detect unpaired electrons 

unambiguously. Other techniques such as fluorescence may provide indirect evidence 

of free radicals, but EPR alone yields incontrovertible evidence of their presence. In 

addition, EPR has the unique power to identify the paramagnetic species that is 

detected. EPR samples are very sensitive to local environments. Therefore the 
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technique sheds light on the molecular structure near the unpaired electron. 

Sometimes, the EPR spectra exhibit dramatic lineshape changes, giving insight into 

dynamic processes such as molecular motions or fluidity. 

A surprisingly large number of materials have unpaired electrons. These 

include free radicals, many transition metal ions, and defects in materials. Free 

electrons are often short-lived, but still play crucial roles in many processes such as 

photosynthesis, oxidation, catalysis, and polymerization reactions. As a result EPR 

crosses several disciplines, including chemistry, physics, biology, materials science, 

medical science and many more. More detailed information can be found in literature 

[25-27].  

Complementary to Mössbauer, EPR was used to identify the oxidation state of 

the iron ions present in the iron complexes described in chapter 5. 

 

2.7 Mössbauer spectroscopy 

The Mössbauer effect, a physical phenomenon discovered by Rudolf 

Mössbauer in 1957, refers to the resonant and recoil-free emission and absorption of 

gamma rays by atoms bound in a solid form. In general, gamma rays are produced by 

nuclear transitions: from an unstable high-energy state to a stable low-energy state. 

The energy of the emitted gamma ray corresponds to the energy of the nuclear 

transition, minus the amount of energy that is lost as recoil to the emitting atom. If the 

lost "recoil energy" is small compared with the energy linewidth of the nuclear 

transition, then the gamma ray energy still corresponds to the energy of the nuclear 

transition, and the gamma ray can be absorbed by a second atom of the same type as 

the first. This emission and subsequent absorption is called resonance. Additional 

recoil energy is also lost during absorption, so in order for the resonance to occur the 

recoil energy must actually be less than half the linewidth for the corresponding 

nuclear transition. The amount of lost energy is described by the equation: 

 

2

2

2Mc

E
ER

γ=     (3) 

 

where ER is the energy lost as recoil, Eγ is the energy of the gamma ray, M is the mass 

of the emitting or absorbing body, and c is the speed of light. In the case of a gas the 
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emitting and absorbing bodies are atoms, so the mass is quite small, resulting in a 

large recoil energy, which prevents resonance.  

Due to the fundamental quantum nature of solids, atoms bound in solids are 

restricted to a specific set of vibrational energies called phonon energies. If the recoil 

energy is smaller than the phonon energy, then there is insufficient energy to excite 

the lattice to the next vibrational state, and a fraction of the nuclear events (the recoil-

free fraction), occur such that the entire crystal acts as the recoiling body, rather than 

just the single atom. Since the mass of the crystal is very large compared to that of a 

single atom, these events are essentially recoil-free. In these cases, since the recoil 

energy is negligible, the emitted gamma rays have the appropriate energy and 

resonance can occur. 

The link between the Mössbauer spectrum and the electron structure of the 

sample can be exploited in the study of many types of materials. Fields in which 

Mössbauer spectroscopy has been applied include solid-state physics, surface physics, 

metallurgy, chemistry, biochemistry, and geology. More details about the theory and 

application of Mössbauer spectroscopy can be found in literature [28-30].  

Mössbauer spectroscopy was used to study the oxidation state and obtain 

information on the geometry of the metal-core of the iron complexes described in 

chapter 5.  

 

2.8 UV/Vis (or ligand field spectroscopy) 

Ultraviolet/visible spectroscopy is an absorption techniques mainly used to 

identify some functional groups in molecules and for quantitative determinations.  

The extent of the absorption of molecules can be correlated with their 

concentration by the Beer-Lambert law:  

log10 I0/I = εlc    (4) 

I0 = intensity of the incident radiation 

I = intensity of the transmitted radiation 

ε = molar absorption coefficient 

l = path length of the absorbing solution (cm) 

c = concentration of the absorbing species 

Therefore by knowing the concentration of the absorbing species and the λmax, 

the ε can be calculated. On the other hand, assaying of the absorbing species can be 
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made if the above parameters are known. More information about UV/Vis 

spectroscopy can be found in literature [31, 32].  

In chapter 3, UV/Vis spectroscopy is used to monitor the formation of 

conjugated double bonds during the oxidation of methyl linoleate in micellar solutions 

as well as to monitor in time the concentration of iron(II) ions during the oxidation 

reaction.  

In chapter 5, UV/Vis spectroscopy is used to obtain additional information of 

the structure of the iron complexes described.  

 

2.9 Depth profiling by confocal Raman spectroscopy 

Sample handling for Raman spectroscopy measurements is simpler compared 

to transmission infrared spectroscopy because glass can be used for windows, lenses, 

and other optical components instead of more fragile and less stable crystalline 

halides. 

Raman spectroscopy is based on scattered light instead of light passing 

through the sample; transparency of the sample is not required. Therefore Raman 

spectroscopy can be applied to turbid dispersions and solid organic/inorganic 

materials with no sample pretreatment. Additionally, since the intensity of the water 

peak is quite low in Raman spectra, in contrast to IR, measurements can be performed 

even in presence of water.  

Raman spectra yield more information about certain types of organic 

compounds compared to their infrared counterparts. For instance, double bonds 

stretching vibration for olefins (~ 1600 cm-1) is intense and its position is sensitive to 

the nature of substituents and geometry. The use of Raman depth profiling to 

determine structural changes of polymeric layers has increased in the past years [33, 

34]. By using a confocal pinhole the scattering light reaching the analyzer is restricted 

to a volume with very small focus depth, which gives information on the local 

chemical composition of a sample.  

The drying of alkyd resins was followed in situ by confocal Raman 

microscopy on a Dilor-Jobin Yvon-Horiba confocal Raman spectrometer (514 nm 

excitation wavelength, 100 µm pinhole, and 10 mW laser intensity) with an Olympus 

MX 40 microscope. Samples were deposited onto glass slides with a wet film 

thickness of ~ 200 µm using a doctor blade. Measurements were repeated each hour. 

Experimental results are shown in Chapter 6 of this thesis.  
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Depth profiling is used to study the properties of the iron-based drier described 

in chapter 6 as through drier of alkyd resins. 

 

2.10 Electrospray ionization mass spectrometry (ESI-MS) 

In the most general sense, electrospray is a method of generating a very fine 

liquid aerosol through electrostatic charging, rather than the more familiar gas 

(pneumatic) methods. Electrospray, as the name implies, uses electricity instead of 

gas to form the droplets. In electrospray, a liquid is passing through a nozzle. The 

plume of droplets is generated by electrically charging the liquid to a very high 

voltage. The charged liquid in the nozzle becomes unstable as it is forced to hold 

more and more charge. Soon the liquid reaches a critical point, at which it can hold no 

more electrical charge and at the tip of the nozzle it blows apart into a cloud of tiny, 

highly charged droplets.  

 
Figure 2.3. The ESI-MS process.   
 

These tiny droplets are less than 10 µm in diameter and fly about searching for 

a potential, oppositely charged surface to land on. As they fly about, they rapidly 

shrink as solvent molecules evaporate from their surface. If the droplet cannot find a 

home in which to dissipate its charge in time, the electrical charge reaches a critical 

state and the droplet will violently blow apart again.  

The electrospray process has profoundly affected the field of mass 

spectrometry by allowing structural analysis of high molecular weight, e.g. large 

biomolecules, and being directly compatible with liquid chromatography methods. 

When electrospray is used as a soft ionization method for chemical analysis, the more 

generally accepted term is "electrospray ionization" (ESI). Ionization is the process of 

generating a gas phase ion from a typically solid or liquid chemical species. It is 
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called "soft" since the molecule being ionized does not fall apart or break up during 

the process. Ionization is a critical event in mass spectrometry as only ions can be 

accurately measured. Once we know an ion's mass, the chemical composition can be 

determined. When combined with mass spectrometry, the value of ESI is 

unparalleled, especially in the analysis of large biological molecules such as proteins 

and DNA. More information on the theory concerning the ionization of molecules and 

use of ESI-MS as analytical method can be obtained elsewhere [36, 37].  

In chapter 5, ESI-MS is used as an analytical method for the characterization 

of metal complexes in solution. 

 

2.11 Size Exclusion Chromatography 

Size exclusion chromatography (SEC), also called gel permeation 

chromatography (GPC), uses porous particles to separate molecules of different sizes. 

It is generally used to separate biological molecules and to determine molecular 

weights and molecular weight distributions of polymers. Molecules that are smaller 

than the pore size can enter the particles and therefore have a longer path and longer 

elution time than larger molecules that cannot enter the particles. All molecules larger 

than the pore size are unretained and elute together. Molecules that can enter the pores 

will have an average residence time in the particles that depends on the molecules size 

and shape. Different molecules therefore have different elution times through the 

column. More information on this analytical method can be found in literature [37, 

38]. 

SEC was used for the identification of oligomers during the oxidation of ethyl 

linoleate in chapter 4. 

 

2.12 Peroxide Value (PV) determination 

The peroxide value was determined (with some modifications) according to an 

American Oil Chemists’ Society official method (AOCS Official Methods Analysis, 

Supplement 1997, Chapter 41, p 9B, 1995). This method is based on the fact that 

peroxides (ROOH and some ROOR) react with potassium iodide (KI) in the presence 

of acetic acid, forming iodine according to the following equations: 
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KI + CH3COOH      HI + CH3COO-K+    (5)  
 

ROOH + 2 HI             ROH + H2O + I2-starch complex    (6)  
  

I2-starch complex + 2 Na2S2O3                Na2S4O6 + 2 NaI  (7)  
     (purple)            (colorless)                 (colorless) (colorless) 

 

The iodine formed by reaction (6) is measured by addition of a standard 

solution of sodium thiosulfate.  

The AOCS peroxide value method is based on the amount of sodium 

thiosulfate used to change the color of the liberated iodine (I2)-starch complex in the 

aqueous phase from purple to colorless iodide (I-), this amount of sodium thiosulfate 

was converted into peroxide value by using the following formula: 

 

PV = 
W

cV 1000××      (8) 

Where: 

PV = peroxide value (milli-equivalent peroxide/kg of sample) 

V = volume (mL) of Na2S2O3 solution used 

c = concentration of the Na2S2O3 solution 

W = weight (g) of lipid sample 

 

The evolution of the peroxide value during the oxidation of ethyl linoleate 

(EL) (Chapter 4) was determined by weighing approximately 2 g of samples into a 

250 ml glass-stopped Erlenmeyer flask. 30 mL of a CH3COOH/CHCl3 mixture (3/2) 

was added followed by the addition of an excess of a saturated solution of potassium 

iodide (0.5 mL). The mixture was left standing for approximately 1 min, occasionally 

shaken, and 30 mL of water was added. The solution was slowly titrated with a 

solution of known concentration of Na2S2O3 under vigorous magnetic stirring until 

the yellow color was almost gone. Then, ca. 1 mL 5 wt % starch solution was added, 

and the titration continued until the dark/purple color disappeared. A blank 

determination was carried out, and the mL of sodium thiosulfate used was subtracted 

from the sample titration. 

Evolution of peroxide value during the oxidation of ethyl linoleate described 

in chapter 4. 

 

starch indicator 
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2.13 Magnetic measurements 

Electrons can be considered to be spinning particles of negative charge and as 

a consequence they generate magnetic fields. Therefore information about the 

electronic arrangements within any material can be obtained by observing its 

interaction with an external magnetic field. If the substance is paramagnetic, its 

magnetic field adds to the applied field. On the contrary, for diamagnetic substances, 

this field is subtracted from the external field. This contribution to the external 

magnetic field is called magnetic susceptibility of the substance.  

Magnetic susceptibility measurements, in the temperature range of 5-300 K, 

were carried out at 1 T magnetic field using a Quantum Design MPMS-5 5T SQUID 

magnetometer. Data were corrected for the magnetization of the sample holder and 

for diamagnetic contributions. More information on this analytical method can be 

found in literature [39, 40].  

To study the magnetic properties of the iron complexes described in chapter 5 

magnetic measurements were performed. 
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Chapter 3* 

 

Oxidation of Methyl Linoleate in Micellar Solutions Induced by the 

Combination of Iron(II)/Ascorbic Acid and Iron(II)/H2O2 
 

 

Abstract 

The oxidation of methyl linoleate (ML) was studied in the presence of iron(II) 

alone and its combination with either ascorbic acid (AsA) or hydrogen peroxide 

(H2O2) at different molar ratios. Reactions were carried out in micellar solutions of 

TTAB (tetradecyltrimethylammonium bromide) and SDS (sodium dodecylsulfate), 

respectively, and were monitored by UV spectroscopy. Fe(II) alone was able to 

catalyze the oxidation of ML in micellar solutions of TTAB, but not in those of SDS. 

The combination of H2O2 with Fe(II) also showed effect only in the TTAB medium, 

leading to different ML and iron(II) ion oxidation kinetics compared to the Fe(II)-only 

catalyzed reactions. The AsA/Fe(II) combination demonstrated to be a good catalyst 

for the oxidation of ML in SDS micellar solutions, but not in TTAB micellar 

solutions; the activity of the catalyst was dependent on the AsA/Fe(II) molar ratio. 

Results obtained from this study confirm that, for the ML oxidation to be initiated, the 

presence of a Fe(II)/Fe(III) couple is essential, which is related to the pH of micellar 

solutions. The catalytic properties of the AsA/Fe(II) combination are explained by 

taking into account the anti-oxidant and pro-oxidant properties of AsA, as well as the 

formation of a complex [Fe3+(AsA-)3] as the initiator of the ML oxidation.  

 

 

 

 

 

 

 

 
* Part of this chapter has been submitted for publication: 
Miccichè, F.; van Haveren, J.; Oostveen, E.; Laven, J.; Ming, W.; Oyman, Z.O.; van der Linde, R.  
provisionally accepted by Archives of Biochemistry and Biophysics (June 2005) 
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3.1 Introduction 

Although the effect of metal ions on the lipid oxidation process in biological 

systems has been known for many years [1], the exact mechanism of its initiation still 

remains a subject of debate and in the past few decades many attempts have been 

made to clarify the different steps involved.  

As already mentioned in Chapter 1, iron is a known catalyst for the oxidation 

of biological molecules, such as proteins, DNA and lipids [2]. It was proposed that the 

iron-catalyzed lipid oxidation [3] is induced by the formation of hydroxyl radicals 

(•OH) upon decomposition of hydrogen peroxide (H2O2) by iron(II) ions, which 

subsequently react with polyunsaturated lipids to initiate chain reactions that lead to 

the formation of lipid hydroperoxides (LOOH) (Scheme 3.1).  

 

 

 

 

 

 

 
Scheme 3.1. Lipid oxidation reaction initiated by the H2O2/Fe(II) combination.  

 

LOOH may undergo breakdown by Fe(II), leading to radicals and propagation 

of the lipid oxidation process via the Fenton-like reaction (e) (Scheme 3.2).  

 

Fe2+  +  LOOH                LO   +  HO-  +  Fe3+          (e)

LO  +  LH                 LOH  +  L                                 (f)  
Scheme 3.2. Lipid hydroperoxide breakdown and formation of radical species. 

 

Others have also proposed that •OH can be alternatively formed via the Haber-

Weiss reaction, which consists of the reduction of iron(II) ions by the superoxide 

anion (O2
-) and the subsequent iron(II)-catalyzed H2O2 cleavage to •OH by the 

Fenton-like reaction [4].  

In the past decades, numerous investigations have been carried out on the 

combination of ascorbic acid (AsA) and metal ions (such as iron or copper) in view of 
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their involvement in the oxidation of unsaturated lipids in vivo [5, 6, 7-10] and food 

components [11]. Despite the knowledge that has been gained throughout the years, a 

few controversial points and lack of clarity still remain, especially with regard to the 

initiation of the oxidation process by the AsA/iron combination.  

In this chapter the oxidation of methyl linoleate (ML) in positively and 

negatively charged transparent micellar solutions is discussed under the influence of 

iron(II) ion alone or in combination with either AsA or H2O2 at different molar ratios. 

The ML oxidation reaction was followed in time during its early stages (4 h) using 

UV-Vis spectroscopy to monitor the build-up of conjugated dienes and the oxidation 

of iron(II) ions during the reaction.  

 

3.2 Results 

3.2.1. TTAB micellar solutions 

Upon the addition of iron(II) sulfate to ML/TTAB micellar solutions, a time 

lag of approximately 20 min was observed, after which [ML] decreased gradually. 

The oxidation kinetics were analyzed by plotting ln([ML]/[ML]0) vs. time, where 

[ML] and [ML]0 are the concentration of ML at the time t and time 0, respectively. 

The semi logarithm plot of [ML] vs. time yields a straight line, indicating first order 

reaction kinetics (Figure 3.1). The oxidation rate constant was determined to be 6 × 

10-4 min-1. The same observations were made when hydroperoxide-free ML was used 

(data not shown).  
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Figure 3.1. Semi-log plots of [ML] vs. time during the oxidation of ML in TTAB micellar solutions 

catalyzed by Fe(II) and by the combination of AsA/Fe(II) at various molar ratios.  
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The ML oxidation was accompanied by a color change of the reaction mixture 

from colorless to light brown, which can be attributed to the oxidation of iron(II) ions 

during the reaction. Indeed, Figure 3.2 shows that after 4 h of reaction approximately 

90% of the initial [Fe2+] is oxidized. A semi-log plot of [Fe2+] vs. time reveals that the 

iron(II) ion oxidation can be described by first order kinetics with a rate constant of 

10.6 × 10-3 min-1 (data not shown).  
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Figure 3.2. Evolution of the Fe(II) concentration during the oxidation of ML in TTAB micellar 

solutions. 

 

The addition of AsA to Fe(II)-containing ML/TTAB micellar solutions had a 

dramatic effect on the oxidation of ML and Fe(II) as both were completely inhibited 

at all AsA/Fe(II) molar ratios investigated (Figures 3.1 and 3.2).   

In contrast, Figure 3.3 shows that, when H2O2 is used in combination with 

Fe(II), irrespective of the H2O2/Fe(II) molar ratio, the ML oxidation is characterized 

by a fast initiation during the first ca. 20 min of reaction; this is followed by a stage in 

which the concentration of ML oxidized in time follows a first order kinetics with a 

rate constant of 1 × 10-4 min-1, independent of the H2O2/Fe(II) molar ratio. It is 

interesting to notice that by increasing the H2O2/Fe(II) ratio, the extent of ML 

oxidation decreases slightly (Figure 3.3). H2O2 alone was not capable of inducing ML 

oxidation within 4 h of observation period.  

In addition, the use of H2O2 in combination with Fe(II) led to a rapid, virtually 

complete oxidation of Fe(II) in 10 min for H2O2/Fe(II) = 2/1, and in less than 5 min 
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for H2O2/Fe(II) = 6/1, respectively (Figure 3.4). However, this faster iron(II) ions 

oxidation did not result in a faster ML oxidation. 
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Figure 3.3. Semi-log plots of [ML] vs. time upon the addition of Fe(II) alone and its combination with 

H2O2 (at different molar ratios) in TTAB micellar solutions. 
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Figure 3.4. Oxidation of Fe(II) as a function of the molar ratio H2O2/Fe(II) during the oxidation of ML 

in TTAB micellar solutions.  

 

3.2.2 SDS micellar solutions 

Contrary to the results obtained in micellar solutions of TTAB, Fe(II) and its 

combination with H2O2 (at different molar ratios) did not lead to a noticeable 

oxidation of ML in micellar solutions of SDS. However, Fe(II) was quickly and 

completely oxidized within the first 3 min of reaction.  
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The effect of the addition of AsA to Fe(II)-containing ML/SDS micellar 

solutions was complex but very interesting. Figure 3.5 shows that the amount of ML 

oxidized during 4 h of reaction is strongly dependent on the AsA/Fe(II) molar ratio; it 

increases from AsA/Fe(II) molar ratios of 1/1 to 5/1, but decreases above the ratio of 

5/1. At low AsA/Fe(II) molar ratios (1/1 and 2/1) there was a time lag during which 

no appreciable ML oxidation was observed (Figure 3.5, Table 3.1). 
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Figure 3.5. Semi-log plots of [ML] vs. time for the oxidation of ML under the effect of the 

combination of AsA/Fe(II) in SDS micellar solutions. 

 

Table 3.1. Percent of ML oxidized and oxidation rate constants in the presence of the combination of 

AsA/Fe(II) in SDS micellar solutions. 
 

 

 

 

 

 

 

 

(a) no ML oxidation was observed 

As can be seen in Figure 3.6, there is a dependence of the Fe(II) oxidation on 

the AsA/Fe(II) molar ratio: the higher the AsA/Fe(II) molar ratio, the lower is the 

AsA/Fe(II) ratio lag time 
(min) 

%ML oxidized 
after 4 h 

Rate Constant 
(×10-3 min-1) 

0/1  0(a) 0(a) 
1/1 120 4.0 0.1 
2/1 90 5.2 0.1 
3/1 0 11.7 0.4 
4/1 0 13.0 0.5 
5/1 0 13.7 0.5 
6/1 0 12.1 0.4 
7/1 0 10.8 0.3 

8/1-10/1  0(a) 0(a) 
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extent of iron(II) ions oxidized in time. It also appears that equilibrium concentrations 

of Fe(II) are obtained already within 1 h. 
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Figure 3.6. Evolution of Fe(II) concentration during the oxidation of ML under the influence of the 

AsA/Fe(II) combination in SDS micellar solutions. 

 

As already noticed for the TTAB micellar solutions, the purification of ML 

from preformed LOOH did not lead to any noticeable differences in the oxidation 

kinetics for the AsA/Fe(II) combination in SDS micellar solutions (data not shown).  

 

The important thing in science is not so much to obtain new facts as to discover new 

ways of thinking about them  

Sir William Bragg 

 

3.3 Discussion 

3.3.1 The couple of iron(III)/iron(II) ions as catalyst 

In this study, while iron(II) ions were used as oxidative catalysts for ML, they 

themselves underwent oxidation to some extent and the aqueous micellar solution 

used significantly influenced the rate of the iron(II) ion oxidation.  

Besides the different head charge carried by the surfactants, a pronounced 

difference between TTAB and SDS (non-buffered) micellar solutions is the pH: 5.5 

and 10.1, respectively. Earlier in this chapter it was shown that despite the rapid 

decrease of [Fe2+] in SDS micellar solutions within the first minutes of the 

observation period, no appreciable ML oxidation was observed. In contrast, in TTAB 

micellar solutions the gradual Fe(II) oxidation was accompanied by a gradual ML 
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oxidation (Figures 3.1 and 3.3). Thus it seems that under our experimental condition 

the pH plays a crucial role in the Fe(II) oxidation, in good agreement with literature 

[12].  

In a previous work, Minotti and Aust [13] reported the necessity of the couple 

Fe(II)/Fe(III) for the lipid oxidation process to take place as neither Fe(II) nor Fe(III) 

alone could promote the oxidation of polyunsaturated lipids. They also reported the 

importance of the Fe(II)/Fe(III) ratio and found that the highest activity is obtained at 

a ratio of 1/1. To explain the requirement of the Fe(II)/Fe(III) couple as initiator of the 

lipid oxidation process, mixed-valence iron-oxygen and perferryl-oxo complexes 

were proposed to be formed. Although numerous investigations have attempted to 

study the formation of ferryl ion [14], perferryl ion [3], and iron(II)-dioxygen-iron(II) 

complexes [15], disagreement between the different theories still remains.  

Despite that our model system is different from the one used by Minotti and 

Aust [13] and the fact that the effect of the ratio Fe(II)/Fe(III) on the ML oxidation 

rate was not explicitly studied, the results presented do support their observations. 

Indeed, it is the fast and complete conversion of Fe(II) to Fe(III) (no Fe(II)/Fe(III) 

couple anymore) in the alkaline SDS micellar solutions that seems to prevent any 

appreciable ML oxidation. Besides, iron(III) ions are known to be very ineffective in 

catalyzing the decomposition of LOOHs, which further prevents the lipid oxidation 

reaction from taking place [3]. On the other hand, in mild acidic conditions such as in 

TTAB micellar solutions, the gradual oxidation of Fe(II) to Fe(III) assures the 

presence of the couple Fe(II)/Fe(III) during the observation period. The observed time 

lag of about 20 min, during which the Fe(II) oxidation takes place but no appreciable 

ML oxidation was observed, is in agreement with the requirement of the Fe(II)/Fe(III) 

couple for the lipid oxidation reaction to start.  

 

3.3.2 The H2O2/Fe(II) combination  

The H2O2/Fe(II) combination is known to be a powerful catalyst of the 

oxidation of lipids in biological systems by generating hydroxyl radicals (·OH) via 

Fenton reaction [16, 17]. Similar to the previously discussed ML oxidation reaction 

catalyzed by iron(II) ion alone, the H2O2/Fe(II) combination was able to induce the 

oxidation of ML exclusively in TTAB micellar solutions. Additionally, the oxidation 

rate of iron(II) ions depends on the H2O2/Fe(II) molar ratio (Figure 3.4): the higher 

the molar ratio, the faster is the oxidation, leaving behind inactive iron(III) ions in the 
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reaction medium. This observation explains the evolution of ML cis-double bonds 

observed in Figure 3.3; upon the addition of the H2O2/Fe(II) combination, hydroxyl 

radicals are formed via reaction a, promptly initiating the ML oxidation according to 

Scheme 3.1 (Figure 3.3). This fast initiation is, however, accompanied by a fast 

oxidation of iron(III) ions to iron(II) ions, which prevents in time the formation of 

more ·OH radicals, and hence further ML oxidation, due to the inactivity of iron(III) 

ions towards the decomposition of hydrogen peroxide. Figure 3.3 shows that after this 

fast initiation stage, the rate at which ML is oxidized does not directly depend on the 

H2O2/Fe(II) molar ratio. This slow but constant decrease in [ML] could be simply 

associated to spontaneous propagation reactions as only oxygen is required for the 

reaction to go on (reactions c and d). Figure 3.3 also indicates that by increasing the 

H2O2/Fe(II) molar ratio from 2/1 to 6/1, the extent of ML oxidation slightly decreases. 

This effect may be attributed to side reactions in which both H2O2 and hydroxyl 

radicals may be involved (Scheme 3.3).   

 

 (b)

Fe2+ 

OH -  +   OH

 

H2O2 

Fe3+

+ ML

OH  +  H2O2                     HO2    +  H2O             (h) 

OH  +  OH                 H2O2                           (i)  

OH  +  Fe2+  +  H+                Fe3+  +  H2O     (g)

 
Scheme 3.3. Side reactions in which the hydroxyl radical may be involved and compete with ML 

oxidation. 

 

It appears from Scheme 3.3 that the higher the concentration of H2O2, the 

more likely is the involvement of ·OH radicals in side reactions at the expense of the 

ML oxidation reaction (path b, Scheme 3.3). In addition, reaction h leads to the 

formation of a radical (HO2•), which is apparently not reactive towards the abstraction 

of bis-allylic hydrogens of ML, as suggested by Barb et al. [18].  

 

3.3.3 The combination of AsA/Fe(II)  

When AsA was combined with Fe(II), the pH of the micellar solution had a 

strong impact on the ML oxidation. At low pH, such as in TTAB micellar solutions, 

the oxidation of iron(II) ion is completely inhibited upon the addition of AsA (Figure 
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3.2). This observation further indicates that the coexistence of Fe(II) and Fe(III) is 

necessary for the initiation of the ML oxidation: the presence of only Fe(II) in the 

reaction medium is not sufficient to catalyze the oxidation of ML. Although more 

investigations are required to further understand the role of the reducing agent 

towards the stabilization of Fe(II) under our experimental conditions, it is tentatively 

proposed that a stable complex iron-ascorbic acid (or iron-ascorbate) may be formed 

in a mild acidic environment, which prevents iron(II) ions from being oxidized during 

the ML oxidation.  

When the AsA/Fe(II) combination was used as catalyst in SDS micellar 

solutions, the scenario changed dramatically and the ML oxidation strongly depended 

on the AsA/Fe(II) molar ratio (Table 3.1). From the data presented earlier, two 

important phenomena are noticed: 1) at a low AsA/Fe(II) molar ratio (1/1 and 2/1), 

the ML oxidation starts only after a time lag, and 2) the maximal activity of the 

AsA/Fe(II) is obtained at a molar ratio of 5/1, below which the extent of ML 

oxidation gradually increases with the increasing AsA/Fe(II) ratio, and above which 

the high [AsA] in the medium negatively influences the oxidation of ML and even 

leads to a complete inhibition of the oxidation reaction above the ratio 8/1.   

 

3.3.4 The formation of a complex iron-AsA 

Ascorbic acid is known to form complexes with metal ions [19-21] and it 

seems therefore reasonable to propose the formation of an iron-ascorbate complex as 

the species directly involved in the ML oxidation. In literature, the effect of ascorbate 

has been hypothesized to arise from its ability to reduce Fe(III) to Fe(II) [22]. Another 

possibility is that ascorbate reacts with endogenous hydroperoxide to produce an 

alkoxy radical which initiates the lipid peroxidation reaction [23].  

In a previous study, Casalino et al. proposed a mechanism for the initiation of 

the lipid peroxidation by ascorbate in the presence of iron in rat liver microsomes [24] 

based on an iron(II) ion-ascorbate radical complex (Scheme 3.4). This mechanism 

comprises four main steps: 1) deprotonation of AsA to ascorbate, 2) formation of a 

complex between AsA- and Fe(III) (Fe(III) can be formed via iron(II) autoxidation by 

molecular oxygen or decomposition of LOOH by Fenton-like reaction, eq. e, Scheme 

3.2), 3) internal electronic rearrangement leading to a radical-type complex, and 4) 

initiation of the lipid oxidation reaction by abstraction of one bis-allylic hydrogen 

from the unsaturated lipid [22, 25].  
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Scheme 3.4. Proposed mechanism for the oxidation of ML in SDS micellar solutions (adapted from 

[24]).  
This mechanism (Scheme 3.4) also suggests that an acidic medium does not 

favor the generation of the radical species (b). Although the system studied by 

Casalino, et al. [24] differs significantly from ours, their proposed mechanism is 

however well in line with our results. In this respect, if species (b) in Scheme 3.4 is 

the initiator of the lipid oxidation reaction, one could expect that even in a LOOH-free 

system, ML oxidation would still occur. As a matter of fact, the removal of preformed 

LOOH present in the starting material had no effect on the ML oxidation kinetics, in 

agreement with the proposed mechanism.  

Although this study was not explicitly focused on obtaining structural 

information on the complex involved in the oxidation, results suggest that a complex 

of general formula [FeIII(AsA-)3] (species (a) in Scheme 3.4) may be formed, in which 

AsA- may acts as an anionic bidentate ligand, according to literature [19-21]. This 

supposition comes directly from the fact that as the molar ratio increases from 1/1 to 

3/1 the time lag diminishes from 120 to 0 min, pointing the molar ratio of 3/1 as being 

the lowest ratio at which the reaction is initiated immediately. In light of this 

consideration, the time lag observed may be attributed to the time required for the 

active complex to be formed under stoichiometric deficiency of AsA. It was found by 

Casalino, et al. [24] that a minimum ratio of 1:1 between iron and ascorbate was 

sufficient to promote the lipid peroxidation. In our case, however, it appears that the 
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AsAH2/Fe(II) molar ratio of 3/1 is the minimum ratio to immediately initiate the 

oxidation of ML.  

 

3.3.5 The multi-facet role played by AsA 

It is known that reducing agents, such as AsA and α-tocopherol, can act as 

pro-oxidant or anti-oxidant below or above a certain critical concentration, mostly 

depending on the experimental conditions used [10, 11, 22, 26, 27]. In this 

investigation, it was found that the boundary between pro-oxidant and anti-oxidant 

properties of AsA was at a molar ratio of 5/1. The pro-oxidant behavior arises from 

the ability of AsA to reduce iron(III) ions to iron(II) ones by the so-called “iron redox 

cycle” and the process proceeds as long as AsA is available for the reduction reaction. 

In contrast, above the critical concentration (molar ratio 5/1), AsA acts 

predominantly as radical scavenger (anti-oxidant effect), blocking radical propagation 

reactions from taking place. In this study, it was observed that above the ratio 8/1 the 

antioxidant property of AsA becomes dominant, preventing both ML and Fe(II) from 

being oxidized within 4 h of reaction time.  

 

3.4 Conclusions  

In summary, iron(II) ion can initiate the oxidation of ML, irrespective of the 

existence of lipid hydroperoxide, and the oxidation reaction is pH dependent. 

Evidence has also been presented for the requirement of the coexistence of Fe(II) and 

Fe(III) for the initiation of the oxidation of ML. The H2O2/Fe(II) combination is able 

to initiate the oxidation of ML in a low pH medium (TTAB micellar solutions) and 

the increasing concentration of H2O2 slows down the ML oxidation. When Fe(II) is 

combined with AsA for the ML oxidation, AsA appears to play a multi-facet role: 

AsA can behave predominantly as a pro-oxidant or an anti-oxidant, depending on the 

AsA/Fe(II) molar ratio; in addition, the formation of the Fe-AsA complex is essential 

for the initiation of the ML oxidation in SDS micellar solutions.  

 
3.5 Materials and Methods 

3.5.1 Materials 

Methyl linoleate (ML, 99%) and L-ascorbic acid (AsA, 99+%) were purchased 

from Aldrich Chemicals. Iron(II) sulfate heptahydrate, p.a., 

tetradecyltrimethylammonium bromide (TTAB, 99%), sodium dodecyl sulfate (SDS, 



Chapter 3 
 

 61

99%), and 1,10-phenantroline (99+%) were obtained from Acros. Chemicals were 

used without further purification unless stated otherwise.  

 

3.5.2 Methods  

Preparation of TTAB and SDS micellar solutions: A molar ratio 

ML/surfactant of 1/7 was used in order to obtain transparent micellar solutions. 

Typically 0.25 g of ML (0.84 mmol) was emulsified by slow addition of an aqueous 

surfactant solution to ML under magnetic stirring. The aqueous surfactant solutions 

comprise TTAB (2.0 g, 5.92 mmol) or SDS (1.71 g, 5.92 mmol) in 50 mL of 

demineralized water. The mixture was stirred for about 10 min and sonification 

(Branson Sonicator 250) was applied for 2 min giving a cloudy solution. This was left 

standing for 30 min in the dark at ambient temperature; a transparent and colorless 

solution was obtained. The whole emulsification was carried out in open air. The pH 

values of the TTAB and SDS micellar solutions were 5.5 and 10.1, respectively. In 

selected experiments, preformed LOOHs were removed from ML by eluting through 

an alumina column before emulsification [28]. 

Determination of conjugated dienes concentration: The formation of 

conjugated dienes was monitored by UV spectroscopy, following the increase in 

absorption at 233 nm [29]. In this study it is assumed that the disappearance of 

conjugated double bonds is of no importance within the observation period of 4 h. 

Spectrophotometric data were obtained using a double beam spectrophotometer 

Perkin Elmer λ 2S. Several molar ratios of AsA/Fe(II) were investigated: 0/1, 1/1, 

2/1, 3/1, 4/1, 5/1, 6/1, 7/1, 8/1 and 10/1.  

The ML oxidation was started by adding to the ML micellar solutions a 

mixture of Fe(II) and AsA in such a way that the iron concentration (based on ML) is 

0.07 wt % (molar ratio: ML/Fe ~ 270) and that the AsA/Fe(II) is as desired. A similar 

series of experiments was conducted with H2O2 instead of AsA using H2O2/Fe(II) 

molar ratios of 2/1, 4/1 and 6/1. The amount of iron used in this work was chosen to 

resemble the concentration of driers commonly used in conventional alkyd paint 

formulations. 

Oxidation reactions were carried out in open flasks under air atmosphere. 

Temperature was kept constant at 25 °C by a thermostated water bath. Aliquots of the 

incubation mixture, generally 40-60 µL, were taken at regular time intervals, and 



The oxidation of methyl linoleate in micellar solutions by the combination AsA/Fe(II) and H2O2/Fe(II) 

 62

diluted with 2.0 mL of demineralized water for the UV measurements. The surfactant 

solution was taken as a blank. The concentration of LOOH could be calculated using 

the Lambert-Beer law, taking 26,000 M-1 cm-1 as extinction coefficient value (ε) [30]. 

Typically, initial concentrations of approximately 150 µM of preformed LOOH in the 

emulsions were found (less than 1% of the total amount of ML). Solutions of the iron 

salt and of AsA were freshly prepared before use using oxygen-free demineralized 

water (18.2 MΩ·cm). Demineralized water was used for the emulsification of ML as 

well but no oxygen was removed before emulsification. Oxidations were monitored 

up to 4 h and each experiment was tripled. 

Determination of the iron(II) ion concentration in the reaction medium: 

The concentration of iron(II) ion was monitored colorimetrically by using the 1,10-o-

phenantroline test [31]. Spectrophotometric data were obtained from a double beam 

spectrometer, Perkin Elmer λ 16. Aliquots of 800 µL were taken periodically from the 

reaction mixture, and pipetted into disposable cuvettes containing 395 µL of 19.8 mM 

aqueous phenanthroline solution. After an incubation period of 10 min, the 

absorbance of the phenanthroline-iron(II) complex was recorded at 520 nm against 

the surfactant solution as blank. A standard curve was used to determine the iron(II) 

ion concentration.  
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Chapter 4* 

 

Oxidation and Oligomerization of Ethyl Linoleate Induced by the 

Combination of Ascorbic Acid 6-palmitate/Iron-2-ethylhexanoate  
 

 

Abstract  

In this chapter the oxidation and oligomerization of ethyl linoleate (EL), a 

model compound for alkyd resins, under the influence of iron-2-ethylhexanoate (Fe-

eh) in combination with ascorbic acid 6-palmitate (AsA6p) at different AsA6p/Fe-eh 

molar ratios (0/1 to 4/1) at room temperature is reported. Reactions were studied in 

time by FT-IR, NMR, size exclusion chromatography (SEC) and peroxide amount 

determination. The oxidation and oligomerization of EL were accelerated in the 

presence of the combination of AsA6p and Fe-eh, and the catalytic properties of the 

catalysts strongly depended on the molar ratio AsA6p/Fe-eh. The molar ratio of 2/1 

appeared to be optimal, at which both the oxidation and oligomerization of EL were 

fastest. At molar ratios smaller than 2/1, or only in the presence of Fe-eh, the EL 

oxidation showed a lag time up to 100 h; above the ratio 2/1 the rates of both EL 

oxidation and oligomerization decreased. Results are explained in terms of the multi-

facet role played by AsA6p: its pro-oxidant or anti-oxidant properties, depending on 

the ratio of AsA6p/Fe-eh, and its effect on the formation of Fe-eh complex. 
 

 

 

 

 

 

 

 

 

 

 

 

* Part of this chapter has been submitted for publication:  
Miccichè, F.; van Haveren, J.; Oostveen, E.A.; Ming, W.; van der Linde, R. provisionally accepted by 
Applied Catalysis A: General (June 2005) 
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All truths are easy to understand once they are discovered; the point is to discover 

them 

          Galileo Galilei 

 

4.1 Introduction 

As already described in Chapter 1, the oxidation steps, proceeding the drying 

of alkyd resins have some similarities with the way lipids are oxidized in biological 

systems. Unsaturated fatty acids, which are part of alkyd-type molecules, are 

gradually oxidized leading to the formation of hydroperoxides. The decomposition of 

these hydroperoxides results in various reactions, such as crosslinking and formation 

of secondary oxidation by-products via, for instance, β-scission (Scheme 4.1).  

 

O2RH OOH

I

metal catalyst

ROO

RO

radical recombination
reactions 

secondary oxidation 
reactions

 
 
Scheme 4.1. Oxidation reactions of ethyl linoleate (EL). 
 

To accelerate the decomposition of hydroperoxides and the overall alkyd paint 

drying rate of alkyd paints, driers are added as additives in conventional alkyd paint 

formulations. For decades cobalt salts, such as cobalt-2-ethylhexanoate (Co-eh), have 

been widely used as the main active driers in alkyd paints because of their good 

performance at ambient temperature and the low impact on the paint film color.  

However, cobalt compounds are suspected to be carcinogenic to tissue and lungs [1-

3]. This fact has forced the coating industry to search for suitable, less toxic and 

environmentally friendly alternatives for the currently used Co-based driers. Although 

a few alternatives based on manganese and vanadium are already commercially 

available the toxicity issue has not been fully resolved and the performance of these 

driers still remains inferior to that of cobalt driers [4-6].  

Throughout the course of this Ph.D. study, effort has been put on developing 

more environmentally friendly alternatives based on the combination of reducing 

agent/iron salts, which has led to excellent drying properties in alkyd paint systems 

[7] as will be discussed in chapter 6.  
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In the present chapter the oxidation and oligomerization of EL under the 

influence of the combination of ascorbic acid 6-palmitate (AsA6p) and iron-2-

ethylhexanoate (Fe-eh) at different molar ratios is discussed. Oxidation reactions were 

followed in time by NMR [8], FT-IR [9-12], peroxide value determination (PV) [11] 

and size exclusion chromatography (SEC) [10].  

 

4.2. Results and Discussion 

4.2.1 Chemical changes occurring during the oxidation of EL 

It is well known that metal ions can initiate the oxidation of unsaturated lipids 

by either decomposition of preformed hydroperoxides (ROOH) [13, 14], by 

abstraction of one bis-allylic hydrogen from the unsaturated moiety of lipids [14, 15] 

or by oxygen activation [16]. To learn whether the EL oxidation reaction described in 

this chapter was initiated by the catalyst itself (ROOH-independent oxidation) or by 

the decomposition of preformed ROOHs in the medium (ROOH-dependent 

oxidation), oxidation kinetics of purified (hydroperoxide-free EL obtained by 

purification over an alumina column resulting in a peroxide value (PV) < 0.5 

mmol/kg) and non-purified EL (having a PV of 4 mmol/kg) were compared for 

selected experiments. According to our investigation, no differences in reaction 

kinetics were observed (data not shown), leading to the conclusion that a lipid ROOH-

independent oxidation reaction is involved when Fe-based catalysts are used.  

FT-IR study 

The oxidation of EL under the influence of metal ions, such as Co [12] or 

Mn [17], leads to the isomerization of cis-double bonds particularly during the early 

stages of the oxidation reaction according to the general mechanism shown in Scheme 

4.1. The disappearance of non-conjugated cis-double bonds is mainly attributed to the 

abstraction of one bis-allylic hydrogen, which has a relatively low C-H bond 

dissociation energy (75 kcal/mol [18]), resulting in the formation of a radical species 

stabilized by delocalization over a pentadienyl structure. The pentadienyl radical is a 

highly reactive species and quickly reacts with dioxygen leading to the formation of 

conjugated peroxy radicals (ROO•). Among the numerous reactions in which the 

peroxy radical can participate, the abstraction of bis-allylic hydrogens from other EL 

molecules leads to the formation of lipid hydroperoxides (ROOH) and propagation of 

the radical process (Scheme 4.1).  
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By using ATR-FTIR the reaction of cis-double bonds was monitored in time 

by following the decrease in peak area at 3010 cm-1 (symmetric cis-C=C-H 

stretching, Figure 4.1). This was accompanied by the decrease of the cis-C=C-H 

planar bending absorptions at 723 cm-1. IR absorption assignments are given in Table 

4.1. As the oxidation reaction advanced the concentration of –OH containing species 

(ROOH, ROH, and to a minor extent RCOOH) increased. This is indicated by the 

increasing absorption in the region 3100-3600 cm-1 of the ATR-FTIR spectra (Figure 

4.1).  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 4.1. Decrease of cis-double bonds and increase of –OH containing species observed in the FT-

IR spectra of EL during the oxidation reaction in the presence of the AsA6p/Fe-eh (molar ratio 2/1) 

catalyst. Spectra were collected at time = 0.15, 24, 51, 99, 145, 171, 192, 216 h.    

 
Table 4.1. Important infrared band assignments of model compounds [11, 19, 20]. 

Band (cm-1) Assignment 
3451-3600 m (broad) O-H stretching  
3010 w cis-C=C-H symmetric stretching 
2855-2893 vs-sh CH2 stretching (-CH2- asymmetric and –CH3 asymmetric) 
2926-2955 vs-sh CH2 stretching (-CH2- symmetric and –CH3 symmetric) 
1736 s C=O ester carbonyl peak 
1370 m CH2 wagging 
1178 m -C(O)-O- ester stretching 
988 m trans,trans conjugated C=C-H wagging 
972 s isolated trans-C=C-H wagging 
950 s and 988 s cis,trans conjugated C=C-H wagging 
885  Epoxides 
723 m cis-C=C-H planar bending 
723  C-C skeletal vibration of CH2 chain 

2600 2800 3000 3200 3400 3600 3800

wavenumber (cm -1)

3010 cm-1 

ROOH and ROH 

time increase 

time increase 
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Figure 4.2. Plot of ln{([In]t/[In]0)*100} of the 3010 cm-1 peak vs. time for the oxidation of EL under 

the influence of (a) ( )Fe-eh, and (b) ( ) AsA6p/Fe-eh 2/1 and ( ) Co-2-ethylhexanoate (Co-eh). 

 

Figure 4.2 shows the plots of the natural logarithm of the 3010 cm-1 peak area 

(normalized against -C(O)-O- ester peak at 1178 cm-1, which was used as internal 

standard [12]) as a function of time. A straight line fitting indicates first order 

behavior, from which rate constants (k) can be derived. 
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As shown in Figure 4.2, Fe-eh alone was able to induce EL oxidation only 

after a time lag of about 100 h, during which no oxidation took place. The inactivity 

of Fe-eh alone during the time lag has not been completely understood yet; we may 

speculate that an active oxo-iron complex, which has been hypothesized to be 

responsible for the oxidation of unsaturated lipids in biological model systems [21, 

22], needs time to be formed.  

The addition of AsA6p to Fe-eh showed a significant effect on the oxidation 

kinetics. At the lowest AsA6p/Fe-eh molar ratio investigated (1/1), the lag time was 

reduced to about 70 h, and it completely disappeared at and above the molar ratio 2/1. 

Among the different AsA6p/Fe-eh combinations studied in this paper, the one at 2/1 

turned out to the most effective towards the oxidation of EL (highest k) (Table 4.2).  

 
Table 4.2. Kinetic rate constants (k) for the oxidation of EL cis-double bonds under the influence of 

different catalysts monitored by FTIR and NMR.  

 
1 peak normalized against the -C(O)-O- ester peak at 1178 cm-1; 2 integrals normalized against the –

CH2- (e, Scheme 2) at 34.6 ppm; 3 integrals normalized against the –CH2- (e, Scheme 4.2) at 2.2 ppm; 4 

rate constants obtained after the lag time. 

 

The k can also be calculated by monitoring the change in integrals of NMR 

signals corresponding to carbon and hydrogen atoms related to cis-double bonds 

(labeled as (a) and (b) in Scheme 4.2). Values obtained from NMR were in good 

agreement with those obtained by FTIR.  

The catalytic activity of the AsA6p/Fe-eh 2/1 combination was compared to a 

commercially available Co-based catalyst (Co-eh). As shown in Figure 4.2b, the 

disappearance of the cis-double bonds catalyzed by Co-eh also follows a first order 

kinetics, and the rate constant is 0.01 h-1, slightly faster than that for the AsA6p/Fe-eh 

(2/1) combination. At this point a cautionary remark should be made. The oxidation 

k  (x 103 h-1)   

13C-NMR (ppm) 2 1H-NMR (ppm) 3 
Catalyst Time 

Lag (h) 
FTIR1 

128-130 25.9 5.3 2.7 
AsA6p/Fe-eh 1/14 ~ 73 4 4 4 4 5 
AsA6p/Fe-eh 2/1 0 7 8 8 7 8 
AsA6p/Fe-eh 3/1 0 6 6 6 6 6 
AsA6p/Fe-eh 4/1 0 4 5 4 5 5 
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kinetics of EL in the presence of Co-eh has been subject of numerous investigations in 

the past, for instance by Muizebelt et al. [23-25,8,9] and van Gorkum et al. [17], in 

which the rate constant was determined to be 0.15-0.24 h-1 [23-25,8,9] and 0.18 h-1 

[17], respectively. These values are significantly higher than the value observed in 

this study. The noteworthy difference is likely due to the different reaction setup used 

(reaction composition appeared to be similar): they studied the oxidation reaction in 

thin films (0.3-0.5 mm wet thickness) whilst we followed the oxidation in the bulk. 

Although the exact cause of this different reaction kinetics is not clear at the present, 

limited oxygen diffusion through the bulk reaction mixture may be responsible for 

this slower oxidation kinetics. 

Upon the abstraction of one bis-allylic hydrogen, cis-double bonds are 

converted in conjugated double bonds (Scheme 4.1). The development of conjugated 

double bonds and isolated trans-double bonds during the oxidation process can be 

monitored in the region 900-1050 cm-1 (or trans-region) of the IR spectra. Two strong 

bands at 988 and 972 cm-1 and one weak-medium band at 950 cm-1 (Figure 4.3) are 

formed (assignments are given in Table 4.1). Although the evolution of trans-double 

bonds in the early stages of the oxidation followed similar trends for the different 

catalysts investigated, Figure 4.3 reveals that only the combination AsA6p/Fe-eh (2/1) 

was able to induce a significant loss in conjugated double bonds within the 

observation period of 240 h. Similar observations on the evolution of conjugated 

double bonds for different metal catalysts have been reported before [12, 26]. Loss in 

conjugated double bonds can be mainly attributed to crosslinking reactions (e.g. free 

radical addition to double bonds) and formation of secondary oxidation by-products 

as will be discussed later in this chapter. 
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Figure 4.3. Changes observed in the FTIR spectra of EL in the presence of Fe-eh, and AsA6p/Fe-eh 

(2/1 and 4/1) catalyst. Spectra were collected at time = 2, 24, 50, 100, 145, 171, 192, 215 h. 
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NMR study 

The oxidation reaction of EL was also followed by NMR. To make 

assignments of the NMR data easy to view, carbon and hydrogen atoms were labeled 

by letters according to Scheme 4.2 and peak assignments are given in Tables 4.3 and 

4.4.  

O

O
a

b c

d

e

f

g

a aa

c

R
oxidation a1

c1

R = -OOH, -OL, -OOL  
Scheme 4.2. Peak labeling of EL carbons and protons of interests (L represents another EL molecule). 

 
Table 4.3. Carbon assignments in the 13C-NMR spectra of EL. 
 

Carbon 1 ppm 

non-conjugated cis-DB2 (a) 128-130 
-CH2- between cis-DB (b) 25.9 
-CH2-  (c) 27.4 
-CH2- (d) 25.2 
-CH2- (e) 34.6 
CH2-O-C=O- ester (f)  60.3 
-CH3 (g) 14.5 
conjugated-DB2 132-137 
-CH-R3  (a1) 86.7 
-CH-R4  (a1)  85 
-CH2- (c1) 32.8  

 

1 labeling according to Scheme 2. 2 DB = double bonds. 3 R = -OOH. 4 R = -OO-L  

 

Table 4.4. Proton assignments in the 1H-NMR spectra of EL. 
 
 
 
 

 
 

 

 

 

 

 

1 labeling according to Scheme 2 ; 2 DB = double bonds;  3 R = -OOH, -OO- 

Proton 1 ppm 

non-conjugated cis-DB2 (a) 5.3 
-CH2- between cis-DB (b) 2.7 
-CH2- (c) 2.0 
-CH2- (d) 1.6 
-CH2- (e) 2.2 
CH2-O-C=O- ester (f) 4.1 
-CH3 (g) 1.2 
conjugated-DB 5.5-6.6 
-CH-R3  (a1) 4.3 
EL-hydroperoxides (-OH) 7.8-8.0 
secondary oxidation by-product (e.g. 
aldehydes, carboxylic acid, etc) 

9-10.2 
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Figures 4.4 shows some typical changes observed in 1H-NMR spectra of EL 

during the oxidation reaction. During the EL oxidation, there was a significant 

decrease in intensity for the peaks related to the unsaturated cis-double bonds: cis-

double bonds (a), bisallylic –CH2- (b), and monoallylic –CH2- (c). 

 
 

Figure 4.4. (a) Changes in 1H-NMR spectra of EL in the presence of the AsA6p/Fe-eh (2/1) 

combination:  (b) the region 4-10 ppm is depicted to emphasize the formation of conjugated double 

bonds, lipid hydroperoxides and oxidation byproducts. S.O.P = secondary oxidation by-products; DB = 

double bonds. 
 

The formation of conjugated double bonds during the EL oxidation can be 

identified by 1H-NMR, as indicated by a series of multiplets at 5.5-6.6 ppm in Figure 

4.4b, which is in line with previous investigations on the oxidation of unsaturated 

lipids [8, 9, 23-26]. The isomerization of cis-double bonds also leads to the formation 

of a multiplet at 4.3 ppm, corresponding to the allylic methine protons a1 in Scheme 

4.2. Additionally, in the low field region of the 1H-NMR spectra the two partly 

overlapping peaks at 8.0 and 7.9 ppm (Figure 4.4b) are due to the formation of 

conjugated EL hydroperoxides. The intensity of these peaks first increased, followed 

by a gradual decrease as the oxidation proceeded.   
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Figure 4.5. 13C-NMR spectra during the oxidation of EL in the presence of the AsA6p/Fe-eh (2/1) 

combination: (a) double bond region and (b) carbons adjacent to –OOH group.  
 

In the 13C-NMR spectra the formation of conjugated double bonds was 

observed as a series of doublets in the range of 132-137 ppm (Figure 4.5a). Although 

a few peaks were also observed in the range 129-129.5 ppm, which are probably due 

to conjugated double bonds as well, their identification was not attempted due to 

extensive overlapping. Furthermore, the two peaks observed in the range 86-87 ppm 

in the 13C-NMR spectra of Figure 4.5b correspond to carbons a1 of Scheme 4.2. 

Similar to the above-mentioned 1H-NMR peaks, the intensity of these peaks first 

increased, followed by a decrease after reaching a maximum during the EL oxidation.   

Previously Porter at al. reported the formation of trans,cis- and trans,trans-

conjugated double bonds during the oxidation of unsaturated lipids (linoleic acid and 

its methyl ester), leading to the formation of four different isomers [27,28] according 

to Scheme 4.3.  
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Scheme 4.3. Formation of conjugated hydroperoxide isomers during the oxidation of unsaturated lipids 

[27, 28]. 

 

The distribution of these four different isomers is dependent on the conditions 

at which the oxidation is carried out as the formation of cis,trans-conjugated dienes is 

kinetically controlled, whilst that of trans, trans-conjugated dienes is 

thermodynamically controlled. In other words, at high concentrations of unsaturated 

lipid and low temperatures (e.g. ambient temperature) cis,trans products are 

predominantly formed, but at a high temperature the formation of trans,trans-

conjugated dienes is predominant. Results obtained in this thesis show the  

appearance of two small 1H-NMR peaks at 8.0 and 7.9 ppm (Figure 4.4b) that could 

be attributed to the predominant formation of the two cis,trans-conjugated 

hydroperoxide isomers among the four possible isomers in Scheme 4.3. In addition, 

the multiple peaks in the olefinic carbon region (129-137 ppm) and the two signals at 

86.7 and 86.6 ppm in the 13C-NMR (Figure 4.5) further corroborate the formation of 

two dominant hydroperoxide isomers. Similar observations were made during the 

isomerization of methyl linoleate carried out by Hämäläinen [29].  

From the FTIR and NMR observations as well as from the data presented in 

Table 4.2, it appears that the addition of AsA6p to Fe-eh has two interesting effects on 

the EL oxidation kinetics: (1) on the time lag, and (2) on the value of k.  Compared to 

the molar ratio 1/1, which shows a time lag of about 70 h and the lowest k among the 

four ratios investigated, a further increase of the AsA6p/Fe-eh molar ratio to 2/1 and 

above leads, on one hand, to a complete disappearance of the lag time, but on the 
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other hand to a gradual decrease of the value of k as the molar ratio is above 2/1. The 

effect of reducing agents, such as ascorbic acid (AsA) and α-tocopherol, on the 

oxidative stress of biological molecules such as lipids, DNA, and proteins in 

biological model systems has been the subject of numerous investigations in the past 

two decades [30]. It has been shown that when AsA is combined with transition metal 

ions (e.g. iron or copper) the effect of the AsA/metal combination on the rate of the 

lipid oxidation process is dependent on the AsA/metal molar ratio. In this respect, 

results shown in chapter 3 on the oxidation of methyl linoleate in micellar solutions as 

model system for alkyd-based emulsions, reveal that AsA can act as pro-oxidant or 

anti-oxidant below and above a certain critical concentration depending on the 

AsA/Fe(II) molar ratio. This study clearly demonstrates that the addition of AsA6p, 

which can be considered as the lipophilic counterpart of AsA, increases the EL 

oxidation rate from the AsA6p/Fe-eh molar ratios 1/1 up to 2/1 (pro-oxidant effect), 

but decreases the oxidation rate above the molar ratio of 2/1 (anti-oxidant effect), 

pointing this ratio as the optimum between pro-oxidant and anti-oxidant effect of the 

reducing agent.   

 

4.2.2 Evolution of the peroxide amount (PV) 

Quantitative determination on the peroxide amount during the EL oxidation in 

time in the presence of different catalysts was obtained according to an AOCS 

standard method (§2.12). Figure 4.6 shows the evolution of the peroxide amount 

during the EL oxidation in the presence of the AsA6p/Fe-eh (2/1) combination. The 

PV reached a maximum at about 600 mmol/kg after about 100 h of oxidation, which 

was followed by a gradual decrease (the decomposition of hydroperoxide became 

dominant after about 170 h). Among the different AsA6p/Fe-eh ratios investigated, 

only the molar ratio 2/1 showed significant activity towards EL hydroperoxide 

decomposition. To show the relation between the peroxide evolution and the 

evolution of conjugated double bonds during the EL oxidation, the integral value of 

the allylic methine carbons at 86.6-86.8 ppm (a1) in the 13C-NMR spectra as a 

function of time was compared with the PV data for the combination of AsA6p/Fe-eh 

2/1 (Figure 4.6). Apparently, the evolution of PV and the C-O-O- signal appeared to 

proceed in a very similar manner. This is reasonable since, as a consequence of the 

decomposition of EL hydroperoxides, there would be simultaneous change in the 

chemical environment of the carbon atom a1 in Scheme 4.2.  
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Figure 4.6. Plot of the integral value of the C-O-O- signal from 13C-NMR (86.7 and 86.6 ppm) spectra 

of EL and the PV data vs. time for the EL oxidation reaction catalyzed by AsA6p/Fe-eh 2/1.  

 

4.2.3 Formation of secondary oxidation by-products 

It is known that alkoxy and alkyl peroxy radicals generated via hydroperoxide 

decomposition (Scheme 4.1) are involved in crosslinking, propagation, and formation 

of carbonyl-containing secondary oxidation products [31-33]. Particularly alkoxy 

radicals are capable of undergoing β-scission reaction [23-25,31,11] leading to the 

formation of secondary oxidation products, such as aldehydes, which are responsible 

for the typical smell diffusing out of a paint film during the drying process.     

The formation of oxidation by-products was followed for the AsA6p/Fe-eh 2/1 

combination. In the 1H-NMR spectra, the formation of carbonyl compounds was 

observed in the aldehydic region (9-10.2 ppm) (Figure 4.4b).  Similar signals were 

observed during the copper-induced low-density lipoprotein (LDL) peroxidation 

investigated by Lodge et al. [34]. The production of carbonyl compounds was also 

observed in the ATR-FTIR spectra as the carbonyl peak at 1736 cm-1 broadened 

significantly (data not shown), implying the production of non-volatile C=O-

containing byproducts, such as aldehydes and carboxylic acids [11].  

 

4.2.4 EL oligomerization 

Radical species generated via hydroperoxide decomposition can result in 

radical recombination, leading to the formation of oligomers which can be monitored 

in time by SEC. Figure 4.7 shows the SEC data at different periods of the EL 
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oxidation reaction in the presence of various catalysts. Peaks are assigned according 

to literature [9] in Table 4.3.  

 

 

   

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Size exclusion chromatographs of EL at different periods of oxidation in the presence of 

various catalysts. 
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Table 4.3.  Peak assignments in the SEC spectra of EL [9]. 

Peak Retention time (min) 

EL 17.5 

ROOH + epoxy derivatives 17 

Dimers ~ 15.5 

Higher oligomers ~ 15 and lower 

 

Fe-eh alone was not a good catalyst for decomposing the formed ROOH 

during the oxidation of EL, and only a very small amount of oligomers was formed 

consequently (Figure 4.7). The combination of 1 equivalent of AsA6p with Fe-eh led 

to slightly higher amounts of dimers and high oligomers, despite a time lag of about 

70 h. By increasing the AsA6p/Fe-eh ratio to 2/1, the time lag completely disappeared 

and the formation of hydroperoxide and the consumption of EL was already observed 

after 24 h of reaction (Figure 4.7). Dimers and considerable amounts of higher 

oligomers were formed after 48 and 72 h, respectively. The ROOH amount decreased 

after reaching a maximum at about 144 h, in good agreement with our PV, FT-IR, and 

NMR measurements. The lower extent of EL oligomerization observed at AsA6p/Fe-

eh molar ratios above 2/1 (Figure 4.7) was attributed to the anti-oxidant properties of 

the reducing agent above the optimum ratio early described in this chapter.  

The EL oligomerization in the presence of Co-eh was also followed by SEC, 

as shown in Figure 4.7. It appears that the AsA6p/Fe-eh (2/1) combination 

demonstrates similar effect on the EL oligomerization as the cobalt catalyst.  

 

4.2.5 The combination AsA6p/Fe-eh as catalyst: a proposal 

From this study, it is clear that the combination of AsA6p/Fe-eh reaches its 

optimal catalytic activity at the molar ratio of 2/1, below and above which slower 

reactions and/or lag times are observed. In chapter 5 the structure of the Fe-eh complex 

is investigated by electrospray ionization mass spectrometry (ESI-MS). The complex 

turned out to be a trinuclear µ3-oxo bridge cluster of Fe(III) of general formula [FeIII
3(µ-

O)(eh)6]+ in solution. Similar complexes have been synthesized and characterized by 

others [35, 36]. Despite the lack of understanding on the unexpected activity of Fe-eh 

alone after a lag time of about 100 h, more information has been gained on the effect of 

AsA6p on the catalytic activity of Fe-eh. It was observed that the main effect of the 

reducing agent on the cluster is the reduction of the cluster to form a mixed-valence 
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cluster of FeII/FeIII, which is the species showing catalytic activity. The kinetics of this 

reduction is controlled by the AsA6p/Fe-eh ratio. In other words, the higher the 

AsA6p/Fe-eh molar ratio, the faster the formation of the mixed-valence cluster. In light 

of this consideration, the time lag of about 70 h observed at the AsA6p/Fe-eh molar 

ratio of 1/1 may be interpreted as the time required for the mixed-valence cluster to be 

formed under our experimental conditions. Further increase of the AsA6p/Fe-eh molar 

ratio apparently reduces this lag time to zero, allowing the oxidation to occur nearly 

immediately after the introduction of the reducing agent in the reaction medium. In 

addition, the observed slower reactions when the AsA6p/Fe-eh ratio is above 2/1 may 

not be directly related to the formation of less active species but simply to the anti-

oxidant properties of the AsA6p above a critical concentration (apparently at about 2/1), 

by trapping radicals in a way similar to AsA [37].   

 

4.2.6 Relevance to the drying of alkyd-based coatings 

As earlier described in this chapter, simple lipid molecules, such as EL, are 

commonly used as model compounds for alkyd resins because they are easier to study 

by common analytical techniques than alkyd resins. However, one would wonder 

whether the properties of catalysts investigated in model systems are comparable to 

those in real alkyd systems. By comparing results obtained in this investigation with 

the properties of the same catalytic system in real alkyd-based paints [7], a 

satisfactory comparison can be made. As will be shown in chapter 6, Fe-eh was a poor 

drier in several alkyd-type resins whilst the AsA6p/Fe-eh combination gave excellent 

drying time and film hardness even when compared to the currently used commercial 

Co-based catalysts [7]. This data is consistent with the results obtained in the model 

system.  

It has been shown [26] that the performance of a catalyst as drier for alkyd-

based resins is based on its capability of catalyzing the formation and decomposition 

of lipid hydroperoxide: too extensive lipid hydroperoxide decomposition leads mainly 

to the formation of secondary oxidation by-products, and on the contrary too little 

hydroperoxide decomposition/formation does not provide enough radicals necessary 

for crosslinking reactions to take place in appreciable amounts. Crosslinking reactions 

are primarily responsible for the film hardening during the drying process. This fact is 

well in line with our observation. The optimal AsA6p/Fe-eh molar ratio in real alkyd 

systems was found to be 2/1-4/1 depending on the alkyd formulation used. This 
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variable optimum ratio was associated to several factors, such as solubility of the 

reducing agent in the paint formulation, kinetics of the oxidation reaction, interaction 

of the catalyst with pigments, and consumption of the reducing agent by other 

ingredients/reactions.  

 

4.3 Conclusions 

The oxidation of EL can be successfully catalyzed by both Fe-eh alone and the 

AsA6p/Fe-eh combination in different molar ratios. Fe-eh alone is only able to 

oxidize the lipid after a lag phase of approximately 100 h, during which the catalyst 

seems to be practically inactive. The addition of AsA6p (1 molar equivalent to Fe-eh) 

reduces the lag time to approximately 70 h, and eventually makes the lag time 

completely disappear at the AsA6p/Fe-eh molar ratio above 2/1. Among the four 

molar ratios investigated in this work, the ratio 2/1 shows the best properties both in 

terms of cis-double bond isomerization, hydroperoxide decomposition, and EL 

oligomerization. The catalytic activity of the AsA6p/Fe-eh (2/1) combination in the 

oxidation of EL was found quite comparable with that of a commercial cobalt drier. 

The effect of the combination AsA6p/Fe-eh on the EL oxidation/oligomerization was 

interpreted in terms of the pro-oxidant and anti-oxidant properties of the AsA6p as 

well as its interaction with Fe-eh to form a mixed-valence complex.  

 
4.4 Materials and Methods 

4.4.1 Materials  

Ascorbic acid 6-palmitate (~95%), iron (II) perchlorate hydrate (~95%), 2-

butoxy-ethanol, sodium 2-ethylhexanoate and Co-2-ethylhexanoate (65% w/w 

solution in white spirit) were obtained from Aldrich. Ethyl linoleate (EL ~72%; the 

remainder contains about 26% saturated esters (ethyl stearate and ethyl palmitate) and 

ethyl oleate) was purchased from Fluka. Alumina (Al2O3), 70-230 mesh was obtained 

from Merck. Chemicals were used without further purification unless otherwise 

described.  

CAUTION! Inorganic perchlorate salts are potentially explosive and should be 

handled with care and in small amounts.  

Synthesis of iron-2-ethylhexanoate (Fe-eh): Iron-2-ethylhexanoate was 

synthesized in our labs with the purpose of making the iron salt soluble in EL and 

resembling a commercially available iron-based drier (NUODEX Fe 10, Elementis 
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Specialties, The Netherlands). Although the NUODEX Fe 10 could be used in our 

investigations, we chose to prepare the iron salt ourselves to avoid potential 

interference on the oxidation of EL caused by possible additives in the commercial 

formulation.   

Fe-eh was synthesized as follows: 15.2 g (0.042 mol) of iron(II) perchlorate 

was dissolved in 50 mL of CH3CN. 19.9 g (0.12 mol) of sodium 2-ethylhexanoate 

was added in small amounts to the iron(II) perchlorate solution resulting in a color 

change of the solution from light green to dark brown. The reaction was allowed to 

proceed for 1.5 h, under magnetic stirring at 40 °C and nitrogen atmosphere. The 

reaction mixture was transferred into a round bottom flask, a few ml of acetone added 

and the solvents evaporated in vacuum. The residue was dissolved in Et2O and 

filtered. A white precipitate of NaClO4 was removed. This procedure was repeated 

three times till complete removal of the salt. The final product appeared as a dark-

brown tacky solid. The solid was dissolved in Shell Sol D-40 solvent and used as 

stock solution (4.5 wt % in iron) for the EL oxidation experiments.  

IR absorptions (cm-1): 2960 (m), 2958 (m), 2875 (m), 2877 (m), 1529 (s), 

1419 (s), 1325 (m), 1028 (w) 

This complex turned out to be a trinuclear Fe(III) cluster and its 

characterization will be given in chapter 5.  

 

4.4.2 Methods 

Reaction set-up: The oxidation of EL was performed in bulk in a 75-mL glass 

jar containing 50 g of EL (initial PV of ~4 mmol/kg), a proper amount of the Fe-eh 

stock solution, and variable amounts of an AsA6p stock solution (0.5 g of AsA6p in 2 

mL of 2-butoxy ethanol). The metal content was 0.07 wt % with respect to the amount 

of EL, similar to the amount commonly used in conventional alkyd paint 

formulations. The AsA6p amount was varied to reach the desired AsA6p/Fe-eh molar 

ratio. Reaction mixtures were continuously, magnetically stirred in open air and at 

room temperature during the observation period and samples were taken at various 

intervals for NMR, FT-IR, PV and SEC analyses.  This reaction setup was chosen to 

assure that enough material from the same sample was available to be used for the 

above analyses over a period of approximately one week.  
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Analytical methods: Infrared spectra were recorded by time-resolved ATR-

FT-IR using a Bio-Rad FTS-60A apparatus equipped with an ATR device (ZnSe 

crystal). In a typical experiment, 40 µL of sample was spread out over the ZnSe 

crystal and the spectrum was recorded in the range 4000-700 cm-1, accumulating 32 

scans, and each measurement was duplicated. Peak height and area of each band of 

interest were automatically measured by using the equipment software. 

For the determination of the peroxide value (PV) of oxidized samples an 

approved method by the American Oil Chemists’ Society (Cd 8b-53) was used. 

The oligomerization of EL was monitored by SEC on a Waters GPC 

instrument equipped with a Waters model 510 pump and a model 410 differential 

reflectometer (40 ºC). Samples were dissolved in THF (~1 mg/mL). THF was also 

used as mobile phase at a flow rate of 1.0 mL/min. A set of linear columns (Mixed-D, 

Polymer Laboratories, 30 cm) was used.  
1H- and 13C-NMR spectra were recorded on a Bruker Avance (300 MHz) 

instrument using CDCl3 as solvent. Quantitative 13C-NMR spectra were obtained by 

dissolving 250 mg of the sample in 1 mL of CDCl3 and co-adding 1200 scans per 

measurement using a relaxation delay (d1) of 8 sec and acquisition time of 

approximately 3 h.  

Kinetic plots: The kinetics of the EL oxidation was established by plotting 

ln{([In]t/[In]0)*100} [12] vs. time, where [In]t and [In]0 represent either the area of 

peaks of interest in the NMR spectra or the peak height/area in the FT-IR spectra at 

the time t and 0, respectively. Linear fitting of kinetic plots is indicative of first order 

reactions. The rate constants (k, expressed in h-1) were obtained from the slope of the 

linear plot.  
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Chapter 5* 

 

The identification of the iron-based catalysts  
 

 

Abstract 

In this chapter the characterization of the Fe-eh (1) complex is studied by 

means of several analytical techniques. An ESI-MS investigation of the Fe-eh 

complex reveals the presence a tri-nuclear oxo-centered Fe(III) cluster of formula 

[FeIII
3(µ3-O)(eh)6]+ in solution in which the 2-ethylhexanoate ligand can be replaced 

by solvent molecules (1-propanol, as a propoxo anion). Mössbauer studies on 1 show 

that the trinuclear iron core is not symmetric as two equivalent Fe(III) sites and one 

unique Fe(III) site were identified. Magnetic measurements at variable temperature 

illustrate that the three iron centers are antiferromagnetically coupled. The 

electrochemical properties were investigated by cyclic voltammetry. Although a 

definite assignment of the waves observed could not be made, the CV results further 

indicate the presence of the trinuclear Fe(III) core.  

The addition of AsA6p to the Fe-eh complex results into the formation of a 

new species (2), which was found to be a mixed-valence iron complex by Mössbauer 

spectroscopy, having a similar iron-core to 1, [FeIIFeIII
2(µ3-O)]+6. Structural details of 

2 are still not fully understood.  

A general mechanism for the oxidation of unsaturated lipids by the AsA6p/Fe-

eh combination is proposed.  

 

 

 

 

 

 

 

 
* Part of this chapter has been submitted for publication:  
Miccichè, F.; van Straten, M.A.; Ming, W.; Oostveen, E.A.; van Haveren, J.; van der Linde, R.;    
Reedijk, J. International Journal of Mass Spectrometry, in press  
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Nothing in life is to be feared, it is only to be understood. Now is the time to 

understand more, so that we may fear less.  

Marie Curie 

 

5.1 Introduction  

Previously in this thesis it was shown that iron-2-ethylhexanoate (Fe-eh), in 

combination with ascorbic acid 6-palmitate (AsA6p), is an effective catalyst for the 

oxidation and oligomerization of simple lipid molecules such as ethyl linoleate (EL). 

It will be shown later in chapter 6 that this combination is also a good drier for alkyd-

based paints. In order to gain insights with regard to the mechanism by which the 

AsA6p/Fe-eh combination catalyses the oxidation of EL, it is essential to understand 

the structure of these complexes.  

In the first part of this chapter the structure and properties of the complex Fe-

eh (1) synthesized according to §5.5.2 is studied in solution and the solid state. This is 

followed by studies concerning the effect of the addition of AsA6p to Fe-eh in order 

to obtain information on the catalytically active species formed. To achieve our goal 

ESI-MS, Mössbauer, FTIR, UV-Vis, EPR, NMR, thermogravimetric analysis (TGA) 

and CV were used as analytical tools. 

 

5.2 The identification of the Fe-2-ethylhexanoate (1, Fe-eh) complex 

5.2.1 ESI-MS study 

The ESI-MS spectrum of Fe-eh in 1-propanol prepared according to the 

procedure described in §5.5.2 is shown in Figure 5.1. The pattern observed clearly 

indicates the presence of high-molecular-weight species with the difference between 

the main peaks (∆) equal to 84. The peak at m/z = 1042.6 was identified as an µ3-oxo 

bridged trinuclear iron(III) cluster, [FeIII
3(µ3-O)(eh)6]+.  

The gradual replacement of one negatively charged eh by one solvent 

molecule, as 1-propoxo (an alkoxide anion), results in the main series of peaks at m/z 

= 1042.6, 958.5, 874.4, 790.3, 706.2, 622.2, and 538.1, corresponding to a general 

formula [FeIII
3(µ3-O)(eh)6-x(1-propoxo)x]+ (x = 0-6, from high to low m/z). This 

replacement was unambiguously confirmed by the perfect agreement between 

experimental and simulated isotopic distribution of the species, for instance, at m/z= 

790.3, [FeIII
3(µ3-O)(eh)3(1-propoxo)3]+, as shown in Figure 5.2.  
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Figure 5.1. ESI mass spectrum (positive mode) of Fe-eh in 1-propanol; the main series of peaks 

corresponds to [FeIII
3(µ3-O)(eh)6-x(1-propoxo)x]+, (x = 0-6, from high to low m/z). : addition of 

water; : addition of methanol; : addition of three water molecules. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 5.2. Comparison between experimental and simulated isotopic distribution for the peak at m/z = 

790.3 (Fig. 5.1), [FeIII
3(µ3-O)(eh)3(1-propoxo)3]+. 

 



The identification of the iron-based catalysts 
 
 

 90

The ESI mass spectrum of Fe-eh also reveals the presence of three more series 

of peaks (Figure 5.1), with an increase in m/z (compared to the main series) of 18 ( , 

with the addition of one solvation water), 32 ( , with the addition of one solvation 

methanol), and 54 ( , with the addition of three solvation water molecules), 

respectively. Both water and methanol can be present as solvation molecules, as 

methanol was used as the eluent during ESI-MS experiments.  

An ESI-MS analysis carried out on a commercial solution of Fe-eh (Fe 

NUODEX 10) reveals the presence of the same clusters described above in the 

commercial formulation (spectrum not shown). Again, the isotopic distribution found 

in the ESI-MS spectra is in excellent agreement with that simulated.  

Similar oxo-centered, carboxylate-bridged trinuclear complexes of general 

formula [M3O(O2CR)6L3]n+ are known for some transition metal ions [1, 2]. 

Complexes of this structure contain a triangular arrangement of the metal ions bridged 

by a center oxo group (Figure 5.3) and are structurally related to the active site of 

numerous iron-oxo proteins [3]. Adjacent metal ions are bridged by two carboxylates, 

whilst neutral unidentate ligands (L) occupy the remaining coordination sites on each 

metal center to complete the octahedral coordination sphere. Changes in the bridging 

carboxylates can influence the magnetic, structural and electronic properties of the 

metal core [4]. To date, much of the work on oxo-centered trinuclear complexes has 

focused on investigation of these complexes in the solid state and their behavior in 

solution has been relatively unexplored. This fact indicates that ESI-MS data 

presented in this paragraph are of great interest.  
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Figure 5.3. General structure of the cluster unit [M3O(O2CR)6L3]n+. M = metal ion; L=solvation 

molecule or free coordination site; R = carboxylate chain.  
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5.2.2 Thermogravimetric analysis (TGA) 

The percentage of total weight loss obtained from a TGA analysis of Fe-eh 

synthesized according the procedure reported in §5.5.2 was calculated to be 83.7%. 

This was associated with the thermal decomposition of the complex according to the 

following equation, 

 

O2[FeIII
3O(eh)6(acetone)3](eh) 3/2 Fe2O3  +  organic volatile compounds

 

from which a theoretical total weight loss of 82.3% was calculated. This value is in 

good agreement with the experimental value and supports the formula of the Fe-eh 

complex derived from the ESI-MS measurements.  

 
5.2.3 IR study 

The IR spectrum of Fe-eh shown in Figure 5.4 is dominated by the asymmetric 

(νa) and symmetric (νs) stretching modes of the carboxylate groups (see Table 5.1 for 

assignments).  
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Figure 5.4. FTIR spectrum of the Fe-eh in the range 4000-650 cm-1; νa and νs  represent the 

asymmetric and the symmetric stretching of the (O=)C-O group, respectively. 
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Table 5.1.  IR frequencies (cm-1) and assignments for 1 [5-7]. 
 

complex assignment 
2855-2893 vs-sh CH2 stretching (-CH2- asymmetric and –CH3 asymmetric) 
2926-2955 vs-sh CH2 stretching (-CH2- symmetric and –CH3 symmetric) 
1700  w C=O ester carbonyl peak 
1545 vs-sh Asymmetric (O=)C-O stretching (νa) 
(1548*)  
1414 vs-sh Symmetric (O=)C-O stretching (νs) 
(1415*)  
688 m  O-C-O vibration of the bridging carboxylate 
542 m asymmetric vibration of the Fe3O unit 

* frequency observed in the spectrum of the sodium salt of eh 
 

In a previous study, Deacon and Philips [8] have discussed the relationship 

between the separation of the symmetric and the asymmetric ν(COO) vibration bands 

and the nature of the acetate (or trifluoroacetate) ion coordination to metal ions.  For a 

bridging acetate ion between two metal ions, the separation is expected to remain the 

same as in the free ions (sodium or potassium salt). The results obtained from the 

study of Deacon and collaborators have been successfully applied also to other 

investigations in which bigger carboxylate ions than acetate (e.g. triphenylpropionate 

and diphenylactetate ions) were used as ligands for mononuclear, dinuclear and 

trinuclear iron and manganese complexes [9, 10]. 

As shown in Figure 5.5, for Fe-eh the separation between the symmetric and 

the asymmetric ν(COO) vibration bands is 131 cm-1, which is similar to sodium 2-

ethylhexanoate (133 cm-1). This finding corroborates the bridging coordination mode 

of 2-ethylhexanoate ions in Fe-eh.  

Furthermore, the single pair of carboxylate stretching vibration bands present 

in the IR spectrum of Fe-eh is consistent with the presence of equivalent carboxylate 

bridging ligands [1]. The absence of significant absorption at 620-625 and ~1100 cm-1 

excludes the presence of the perchlorate ion (ClO4
-) as complex counterion.  

 

 



Chapter 5 
 

 93

1200 1300 1400 1500 1600 1700 1800
20

40

60

80

100

νa
νs

%
T

cm-1

 Na-eh
 Fe-eh

 
Figure 5.5. Infrared spectra of 1 (dotted line) and the sodium salt of eh (solid line) in the carboxylate 

range. 

 

5.2.4 NMR investigation 

Apart from the solvent peak (CHCl3), both 1H- and 13C-NMR spectra of Fe-eh 

suffer from extensive line broadening resulting in low intensity and poorly resolved 

NMR signals. This was associated to the paramagnetic properties of the metal ions in 

1. As a matter of fact, the chemical shifts of nuclei bound to or in proximity of 

paramagnetic ions may be very far away (even thousands of ppm) in the spectra, with 

respect to those measured on their corresponding diamagnetic analogous, depending 

on the type of metal ion and its spin state. These NMR observations corroborate the 

presence of coordinated eh in the complex, from which sharp signals would be 

expected otherwise. 

 

5.2.5 Ligand field spectroscopy 

The electronic spectra of Fe-eh in CHCl3 reported in Figure 5.6 can be 

interpreted with a good approximation in terms of d-d transitions of the individual 

metal ions, together with ligand-metal charge transfer transitions on the basis of 

previous studies of oxo-bridged iron complexes [11, 12]. However, the spectroscopic 

features of tri-iron systems, especially oxo-centered trinuclear iron(III), have not been 

subject of extensive studies and at present they are not well understood.  
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Figure 5.6. Electronic spectrum of 1 in CHCl3 and relative band assignments; LMTC =ligand-to-metal 

charge transfer; CT = charge transfer mechanisms. 

 

The ligand field spectrum of 1 in CHCl3 (Figure 5.6) shows an intense 

absorption at ca. 950 nm and a shoulder at ca. 570 nm. The first of these bands can be 

assigned to an octahedral iron(III) ligand-field transition and the second band is 

ordinarily observed in the spectra of iron(III) complexes [13,14]. Assignments are 

given in Figure 5.6. Both absorptions have been observed in the region 830-100 nm 

and 700-600 nm for a range of [Fe3O(O2CR)6(H2O)3]+ complexes, respectively [13, 

14]. The intensity of these ligand-field bands are higher than is typically observed for 

high-spin octahedral iron(III) complexes [13, 14]. This is thought to be associated 

with antiferromagnetic exchange interaction between the iron centers prevalent in this 

genre of complexes [15, 16].  

The next feature in the absorption spectrum of 1 is a shoulder band at ca. 470 

nm. This band, as well as that at higher wavenumbers, is likely to arise from charge-

transfer mechanisms. Particularly, the strong absorption band at 350 nm was 

attributed to the transition of the ligand-to-metal charge transfer (LMTC) of the 2-

ethylhexanoate to iron(III). A similar band was reported for some [FeIII
3(µ3-

O)(OOCCH3)6(L)6]NO3 clusters with L representing ligands such as pyridine and its 

derivatives [17]. 
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5.2.6 Magnetic and EPR properties  

To learn about the interaction between the three iron(III) centers in 1, the 

magnetic susceptibility of a sample of Fe-eh was measured from 5 to 300 K in an 

applied field of 0.1 Tesla. The temperature dependence of the molar magnetic 

susceptibility, χm, and of the product χmT is shown in Figure 5.7. At 300 K, 1 exhibits 

a χmT of 3.09 cm3mol-1K, a value which is considerably lower than the theoretical 

value of 13.14 cm3mol-1K expected for three S = 5/2 non-interacting iron(III) ions 

[18]. Similar values have been reported for other oxo-centered trinuclear iron(III) 

complexes [4, 18, 19]. The χmT value decreases monotonically from 300 to 5 K 

without extrapolating to zero as the temperature tends to zero, indicating that the three 

iron(III) ions in 1 experience strong antiferromagnetic coupling inside the trinuclear 

metal center. In the absence of the molecular structure, attempts to fit the magnetic 

data with the analytical expressions reported for equilateral and isosceles 

arrangements of the three iron(III) ions, were unsuccessful [20]. Also, using the van 

Vleck equation [21] for a non-symmetrical trinuclear complex and neglecting the 

intermolecular interactions, an improved fit was not obtained [22].  

The magnetic properties of µ3-oxo trinuclear iron(III) complexes were studied 

in detail [23]. It is generally accepted that two possible exchange pathways are 

possible in the [FeIII
3(µ3-O)(RCOO)6]+ systems: the central oxygen atom and the 

bridging carboxylate anions. The antiferromagnetic interaction in these complexes 

arises primarily within the Fe3O unit [22]. The high value of the exchange coupling 

which results when one of the iron(III) ions is replaced by a divalent metal ion 

provides strong support  for this conclusion.  

 
Figure 5.7. Temperature dependence of χmT ( ) and χm ( ) at 0.1 T applied field for compound 1. 
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The X-band EPR spectrum at 77 K, recorded for a chloroform solution of    

Fe-eh (Figure 5.8), shows a typical spectrum for high spin iron(III) ion in a rhombic 

symmetry with g1 = 4.77, g2 = 6.50, and g3 = 9.48. Similar signals were reported for 

the iron(III) center in a mixed valence dinuclear iron complex as a model for the 

reduced form of purple acid phoshatase [24]. The broad bands observed in the EPR 

spectrum may be due to overlapping of several features, such as zero field splitting, 

hyperfine interactions and super-exchange interactions between the iron(III) ions. 

0 100 200 300

g3=9.48

g2=6.50

H/mT

g1=4.77

*

 
Figure 5.8. X-band EPR spectrum at 77 K in chloroform solution of 1; * reference peak. 
 

5.2.7 Mössbauer spectral studies 

 Because suitable crystals for an x-ray structural investigation could not be 

obtained, in order to corroborate the presence of an oxo-centered tri-iron(III) core in 1 

a Mössbauer spectral analysis was carried out to reveal some interesting structure 

features of the complex.   

The Mössbauer spectra of 1 have been measured between 4.2 and 260 K and 

the results are shown in Figure 5.9. The spectra clearly reveal the presence of two 

slightly different iron(III) sites and, as a consequence, the spectra have been fit with 

two symmetric quadrupole doublets. Preliminary fits indicate that the area ratio of the 

two spectral components was very close to 1:2 at all temperatures as would be 

expected if 1 adopts an isosceles rather than an equilateral triangular geometry. Thus, 

the relative areas of the two quadrupole doublets have been constrained to be in a 2:1 

ratio; significantly poorer fits were obtained if the widths of the two doublets were 
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constrained to be the same. The resulting spectral hyperfine parameters are given in 

Table 5.2. 

The isomer shifts, δ, of the two iron(III) sites are, as expected, rather similar 

and are typical of iron(III) in a basic trinuclear µ-oxo iron(III) complex such as 

[Fe3O(HCO2)6(H2O)3]+ and [Fe3O(H3C2O2)6(H2O)3]+ [16]. In contrast, the quadrupole 

splittings, ∆EQ, are rather different for the two sites and indicate that the unique 

iron(III) site has a more distorted electronic environment than do the two equivalent 

iron(III) sites. Further, both quadrupole splittings are somewhat larger than is 

observed in [Fe3O(HCO2)6(H2O)3]+, [Fe3O(H3C2O2)6(H2O)3]+, and related complexes 

[16], indicating that the electronic environments in 1 are more distorted than is 

observed with the simple formate and acetate ligands, perhaps as a consequence of the 

presence of the ethyl group on the six carboxylate ligands. 

As may be observed in Figure 5.9, the spectrum at 4.2 K is essentially the 

same as those observed at higher temperatures, indicating, as expected, that 1 exhibits 

no long-range magnetic ordering even at 4.2 K. 

A rather unusual observation in the Mössbauer spectra is the dramatic 

decrease in the recoil-free fraction and, hence, spectral absorption area with 

increasing temperature. Indeed, at 295 K no spectrum could be observed after two 

days of data collection. The structural basis for this decrease is unknown at this time. 
 
Table 5.2. The Mössbauer spectral hyperfine parameters for Fe-eh, 1 
 

T 
K 

δ 
mm/s(a) 

∆EQ 
mm/s(b) 

  Γ 
mm/s(c) 

Area 
% 

Area 
(%e)(mm/s)

Assignment 

260 0.445 1.26 0.53 33.3 0.386 unique Fe(III) site 
 0.392 0.75 0.48 66.7 0.772 2 equivalent Fe(III) sites 
       

225 0.464 1.33 0.51 33.3 1.526 unique Fe(III) site 
 0.446 0.82 0.41 66.7 3.053 2 equivalent Fe(III) sites 
       

155 0.507 1.39 0.46 33.3 4.435 unique Fe(III) site 
 0.486 0.85 0.37 66.7 8.870 2 equivalent Fe(III) sites 
       

85 0.534 1.42 0.46 33.3 6.083 unique Fe(III) site 
 0.513 0.84 0.37 66.7 12.165 2 equivalent Fe(III) sites 
       

4.2 0.539 1.48 0.43 33.3 5.932 unique Fe(III) site 
 0.526 0.87 0.37 66.7 11.864 2 equivalent Fe(III) sites 

(a) the isomer shifts are given relative to room temperature α-iron foil (b) electric quadrupole splitting  
(c) line width 
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Figure 5.9. Mössbauer spectra of 1 measured at the indicated temperatures. 
 
 
5.2.8 Cyclic voltammetry (CV)  

The electrochemical behavior of 1 was studied in CH2Cl2 and the redox 

potentials were internally referred to the ferrocene/ferrocenium (Fc/Fc+) redox couple. 

The cyclic voltammograms of the Fe-eh complex presented in Figure 5.10 are typical 

for quasi-reversible electron transfer reaction controlled by diffusion. The effect of the 

scan rate on the number of waves observed was quite significant. At high scan rates, 
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three resolved reduction waves were accompanied by the appearance of three 

oxidation waves.   
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Figure 5.10. Cyclic voltammogram of 1 in CH2Cl2 as a function of the scan rate. 

 

During a cyclic voltammetry experiment, for a direct electron transfer process 

between an electrochemically active species and the electrode to be reversible, the 

electron transfer kinetics must be fast enough to maintain the surface concentrations at 

the electrode of the oxidized and reduced species at the values required by the Nernst 

equation [25]. When reaction kinetics are 'slow' this condition is not fulfilled. For 

these cases the reactions are referred to as quasi-reversible or irreversible electron 

transfer reactions. Quasi-reversible electron-transfer reactions typically show 

increased peak separation at higher potential scan rates and are commonly observed 

with enzymes due to the steric insulation of the metal center by the surrounding 

protein, which limits the electron transfer reaction between the metal center and the 

electrode. In a similar way, the quasi-reversible kinetics observed for 1 may be caused 

by the steric hindrance of the six eh molecules around the metal core of the complex, 

which may limit direct electron transfer reactions between the electrodes and the iron 

core of the complex.  

Electrochemical studies carried out on similar complexes [1,4] typically show 

a quasi-reversible wave that can be explained in terms of the equilibrium:  

[FeIII
3O(O2CR)6L3]+ 

+ e

- e
[FeIIFeIII

2O(O2CR)6L3] 
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and very few of them display more than one redox step [10]. This makes the 

voltammogram of 1 quite uncommon for such a kind of metal cluster. 

Recently, Stadler and collaborators [26] have reported on the synthesis and 

characterization of metal clusters of general formula of [FeIII
2MIIOL3]6+ (M = Fe, Co, 

Ni, Cu) in which L is a pentadentate ligand. Cyclic voltammetric studies carried out 

on these complexes show three distinct reduction/oxidation waves comprising 

reversible and quasi-reversible processes. However, these waves were not assigned. 

Although the electrochemical properties of Stadler’s complex may differ significantly 

from 1 a similar electrochemical behavior is observed.  

Attempts to correlate the reduction and the oxidation waves were unsuccessful 

as the resolution of the voltammogram is too poor to properly calculate the ratio 

(Ipa/Ipc) and the peak-to-peak separation (∆Ep), especially at low scan rates. Although 

these CV data cannot be considered conclusive, the three reduction and oxidation 

waves observed at high scan rates are tentatively associated to the reduction/oxidation 

of the three Fe(III) centers in the complex.  

 

5.3 The effect of ascorbic acid 6-palmitate (AsA6p) on Fe-eh  

5.3.1 Mössbauer spectral results 

In this thesis, the AsA6p/Fe-eh combination has been found to be an effective 

catalyst for the oxidation of both simple lipid molecules, such as ethyl linoleate 

(chapter 4), and as drier for alkyd-based systems (chapter 6). In order to better 

understand the chemistry underlying this catalyst and the effect of the addition of 

AsA6p to Fe-eh, a complex (2) resulting from the reaction of the reducing agent with 

the µ3-O trinuclear iron(III), 1, characterized above has been synthesized according to 

the procedure reported in §5.5.2 of this chapter.  

Mössbauer spectroscopy is a powerful technique for the identification of the 

oxidation state of iron ions in a complex and for the elucidation of the structure 

features of such complexes. The Mössbauer spectra of 2 have been measured between 

85 and 295 K and the results are shown in Figure 5.11. The spectra clearly reveal that 

2 is a mixed valence compound with discrete high-spin iron(II) and high-spin iron(III) 

ions. Preliminary fits of the 85 K spectrum indicated that 23.3% of the Mössbauer 

spectral area was high-spin iron(II) and also that the spectral absorption lines were 

rather broad. As a consequence, it was assumed that the iron(II) is randomly 

distributed on the three iron sites in the trinuclear cluster. If the distribution is indeed 
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random, then a binomial distribution of the iron(II) yields four possible 

configurations, FeIII
3, FeIII

2FeII, FeIIIFeII
2, and FeII

3, in the ratio of 0.452, 0.411, 0.125, 

and 0.013, respectively. This leads to relative spectral absorption areas of 45.2, 27.4, 

and 4.2% for the iron(III) spectral components arising from the first three 

configurations, and 13.7, 8.3, and 1.3 % for the iron(II) spectral components arising 

from the last three configurations. Thus the spectra have been fit with six symmetric 

quadrupole doublets with the same line width and with their relative areas constrained 

to these values. In the resulting fits it was found that there was no significant 

improvement in the fits if different isomer shifts were used for the three iron(III) or 

three iron(II) doublets and, as a consequence, only two isomer shifts were used, one 

for iron(II) and one for iron(III). The resulting spectral hyperfine parameters for 2 are 

given in Table 5.3 which also gives the assignment for each site. The temperature 

dependence of the weighted average isomer shifts and quadrupole splittings for 2 is 

shown in Figure 5.12. Finally, a release of the constraint of iron(II) to iron(III) ratio 

from 23.3 to 76.7% led to at most minor changes in this ratio and the fits indicate that 

the amount of iron(II) is 23.3 ± 0.3%.   

Unlike the observation of electron transfer on the Mössbauer-effect time scale 

reported by Dziobkowski, et al. [27] in [FeIIFeIII
2O(CH3CO2)6(H2O)3] and in some 

related clusters made with long-chain carboxylate ligands, [28] the Mössbauer spectra 

of 2 exhibit no indication sign of electron transfer between 85 and 295 K, i.e. discrete 

iron(II) and iron(III) valence states are always observed in 2.  
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Figure 5.11. Mössbauer spectra of 2 obtained at the indicated temperatures. * lines indicate the peak 

position for Fe(II) and Fe(III) in the spectra. 
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Table 5.3. The Mössbauer spectral hyperfine parameters for 2. 

T 
K 

δ 
mm/s(a) 

∆EQ 
mm/s(b) 

  Γ 
mm/s(c) 

Area 
% 

Area 
(%e)(mm/s)) 

Assignment 

295 0.449 0.53 0.37 45.2 0.888 FeIII in FIII
3 

 0.449 0.92 0.37 27.4  FeIII in FeIII
2FeII 

 0.449 1.05 0.37 4.2  FeIII in FeIIIFeII
2 

 1.182 2.76 0.37 13.7  FeII in FeIII
2FeII 

 1.182 1.80 0.37 8.3  FeII in FeIIIFeII
2 

 1.182 1.48 0.37 1.3  FeII in FeII
3 

       
225 0.487 0.53 0.38 45.2 2.373 FeIII in FIII

3 
 0.487 0.92 0.38 27.4  FeIII in FeIII

2FeII 

 0.487 1.12 0.38 4.2  FeIII in FeIIIFeII
2 

 1.262 2.90 0.38 13.7  FeII in FeIII
2FeII 

 1.262 2.25 0.38 8.3  FeII in FeIIIFeII
2 

 1.262 1.60 0.38 1.3  FeII in FeII
3 

       
155 0.517 0.55 0.38 45.2 4.132 FeIII in FIII

3 
 0.517 0.86 0.38 27.4  FeIII in FeIII

2FeII 

 0.517 1.18 0.38 4.2  FeIII in FeIIIFeII
2 

 1.294 2.94 0.38 13.7  FeII in FeIII
2FeII 

 1.294 2.50 0.38 8.3  FeII in FeIIIFeII
2 

 1.294 1.75 0.38 1.3  FeII in FeII
3 

       
85 0.534 0.55 0.39 45.2 4.171 FeIII in FIII

3 
 0.534 0.89 0.39 27.4  FeIII in FeIII

2FeII 

 0.534 1.21 0.39 4.2  FeIII in FeIIIFeII
2 

 1.325 3.03 0.39 13.7  FeII in FeIII
2FeII 

 1.325 2.60 0.39 8.3  FeII in FeIIIFeII
2 

 1.325 1.83 0.39 1.3  FeII in FeII
3 

(a) the isomer shifts are given relative to room temperature α-iron foil 
(b) electric quadrupole splitting 
(c) line width 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5.12. Temperature dependence of the weighted average isomer shifts and quadrupole splittings 

for 2. 
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As is shown in Figure 5.12, the isomer shifts of the iron(III) sites in 2 are, as 

expected, rather similar to those of 1 and are, again, typical of iron(III) in the basic 

trinuclear µ-oxo iron(III) complexes such as [Fe3O(HCO2)6(H2O)3]+ and 

[Fe3O(CH3CO2)6(H2O)3]+ [16]. Further, the iron(II) isomer shifts of 2 are typical of 

high-spin iron(II) in a mixed valence trinuclear iron µ-oxo cluster and are essentially 

identical to those reported by Dziobkowski, et al. [27] for the mixed valence 

[FeIIFeIII
2O(CH3CO2)6(H2O)3] cluster at lower temperatures. 

In contrast to the isomer shift, the weighted average iron(III) quadrupole 

splitting of 2 is smaller than that observed for 1, but is similar to that observed in 

[FeIIFeIII
2O(CH3CO2)6(H2O)3] at lower temperatures. Further, the weighted average 

iron(II) quadrupole splitting of 2 is substantially smaller than those observed [27] in 

[FeIIFeIII
2O(CH3CO2)6(H2O)3] at lower temperatures. It is possible that these 

differences are the result of the isosceles triangular arrangement of the iron sites in 1, 

an arrangement that may be different in 2. 

As was the case for cluster 1, cluster 2 also exhibits a dramatic decrease in the 

recoil-free fraction and, hence, spectral absorption area with increasing temperature; 

however, for 2 it was possible to observe a spectrum at 295 K. Again, the structural 

basis for this decrease is unknown at this time. 

 

5.3.2 Ligand field spectroscopy  

The room temperature ligand field spectrum of 2 in the solid state is shown in 

Figure 5.13. Distinct and significant features are observed as compared with the 

ligand field spectrum of 1. The dominant band at ~ 550 nm may be assigned to 

intervalence–transfer transitions and it clearly indicates the presence of a mixed-

valence complex [11]. The broadness of this band may be related to the splitting of 

the 5T2g term of the iron(II) ion into 5B2 and 5E in low symmetry, corresponding to 

electron transfer into dxy and dxzdyz orbitals, respectively [27, 29]. Additional two 

bands are observed at ~ 320 and 250 nm, both of them being the signature of the oxo-

core.  
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Figure 5.13. Electronic spectrum of 2 in solid state. 

 

5.3.3 NMR study: coordination site of iron ion to AsA6p 

Carbon and proton NMR: As already described for 1, both 13C- and 1H-

NMR spectra of 2 were affected by an extensive line broadening. However, the poorly 

resolved NMR signals corroborate the coordination of both AsA6p and eh to the 

paramagnetic iron center as significant decrease of signals in the aliphatic region 

(CH2, CH3) was observed. 
1H-NMR T1 measurements: In a previous study [30], the coordination of 

Cu(II) to sugar molecules was studied in solution by monitoring the change in T1 

value of proton and carbon atoms of sugar molecules at variable metal/sugar ratios. 

This study was based on the fact that the T1 of carbon and proton atoms is influenced 

by the presence of the metal ion and the closer is the metal ion to a particular atom, 

the larger is the change in T1 of that atom. By doing this a prediction on the structure 

of the complex copper-sugar was obtained. In this study the same approach was used 

and the AsA6p was mixed with a solution of 1 at variable molar ratios of AsA6p/Fe-

eh. To reduce the extent of the line broadening caused by the addition of the iron 

complex, high AsA6p/Fe-eh molar ratios (1/0.002 - 1/0.01) were used. A typical 

NMR spectrum of AsA6p is shown in Figure 5.14a, and T1 for a number of peaks as a 

function of the AsA6p/Fe ratio is summarized in Figure 5.14b; peaks are assigned in 

Table 5.4. 
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Figure 5.14. (a) 1H-NMR spectrum of AsA6p and (b) change in 1/T1 as a function of the AsA6p/Fe 

molar ratio. 
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Table 5.4. Assignments of peaks in the proton NMR of AsA6p. 

 

 

 

 

 

 

* numbers are given according to the structure of AsA6p reported in Figure 5.14 

    

The above results show that by increasing the concentration of Fe-eh in the 

mixture, the biggest change in T1 value was obtained for the peak at 4.78 ppm, 

followed by the one at 4.2 ppm. No significant changes in T1 were observed for 

protons at the aliphatic chain of AsA6p. In light of these results, it was proposed that 

AsA6p coordinates to the iron by the C(3)-O (Scheme 5.1) or alternatively bridging 

between the C(2)-O and the C(3)-O. The direct involvement of the C(3)-OH in the 

coordination of AsA6p is in agreement with the fact that the C(3)-OH proton is the 

most acidic in the molecule [31] and thus the proton that is the easiest to be removed 

prior to coordination to the metal. However, due to the lack of protons in the AsA6p 

ring, additional data may be needed to draw a definitive conclusion on the most 

probable location of the metal ion.  

 

 
 

 

 

 

 

 

 

Scheme 5.1. Possible coordination site of the iron ion on the ring of AsA6p. 

 

It was also attempted to observe changes in carbon T1 by 13C-NMR. However, 

due to the long T1 of C-O and C=O carbon atoms, long acquisition times were 

required during which chemical or structural changes could occur. Therefore, these 

experiments were discontinued.  

peak (ppm) Assignments*  
4.78 4 

4.1-4.2 5-6 
2.3 8 
1.6 9 
1.2 protons in the aliphatic region  
0.87 terminal –CH3 

8
1

2 3

4
5

6
7

O
O

HO O

O

O

OH

Fe

119



The identification of the iron-based catalysts 
 
 

 108

Addition of iron(II) perchlorate to a mixture of AsA6p/Na-eh followed by 
13C-NMR: To gain more information on the coordination mode of AsA6p to iron ions 

in the presence of eh, a solution of iron(II) perchlorate was added to a mixture of 

AsA6p and sodium 2-ethylhexanoate (Na-eh) and chemical changes were monitored 

by 13C-NMR.  

Upon the mixing of AsA6p and Na-eh, a few changes in 13C-NMR of the two 

ligands were already observed prior to the addition of iron(II) to the mixture (Figure 

5.15).  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.15. 13C-NMR spectra of AsA6p, Na-eh, and their mixture (molar ratio 1/1) in the range of 

100-190 ppm.  

   

The peak shifting shown in Figure 5.15 was correlated to an acid/base reaction 

between Na-eh and AsA6p according to the reaction depicted in Scheme 5.2. 

 

Scheme 5.2. Reaction between AsA6p and Na-eh. 
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On one hand, the deprotonation of the most acidic proton C(3)-OH at the 

AsA6p ring by eh- results in the shifting of the correspondent C(3)-O peak in the 13C-

NMR spectrum. On the other hand, the protonation of eh- leads to a shifting of the 

corresponding COO-. An indication of the effect of a negative charge on the chemical 

shift of the C(3)-O can be obtained by comparing the 13C-NMR spectra of the 

analogous hydrophilic counterpart of AsA6p, ascorbic acid (AsA), and its sodium salt 

(Na-AsA) (Figure 5.16). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. 13C-NMR spectra of ascorbic acid (AsA) and its sodium salt (Na-AsA).  
    

Actually, in the 13C-NMR spectrum of AsA the peak at about 155 ppm 

(assigned to the C(3)-O) is shifted about 20 ppm downfield as a consequence of its 

deprotonation; a similar peak shifting is expected to occur to the C(3)-O carbon of 

AsA6p. To clearly assign peaks in the 13C-NMR spectrum of the mixture AsA6p-Na-

eh (1/1) a 2D HMBC (Heteronuclear Multiple Bond Correlation experiment) NMR 

experiment was performed and results are summarized in Table 5.5.  
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Table 5.5. Peak assignments in the 13C-NMR spectrum of the mixture AsA6p-Na-eh in the region 100-

190 ppm. 
Peak (ppm) Assignment 

114 C(2)-O ring AsA6p 

171 C(3)-O ring AsA6p 

174 C=O ester AsA6p 

176 C(1)=O ring AsA6p 

180 C=O eh 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 5.17. 13C-NMR spectra of a mixture of AsA6p/Na-eh by adding different amounts of iron(II) 

perchlorate. 

 

The addition of iron(II) perchlorate to the mixture of AsA6p/Na-eh, results in 

a few interesting and significant changes in the 13C-NMR spectra (Figure 5.17). As 

the concentration of the iron(II) salt increases, the intensity of a few peaks in the 13C-

NMR spectra quickly decreases especially in the region 150-200 ppm. According to 

assignments in Table 5.5, peaks corresponding to C(1)=O, C(2)-O, and C(3)-O are 

those that are the most influenced by the addition of iron(II). Furthermore, peaks at 64 

and 67 ppm, which are assigned to C(5) and C(6) disappear alike. The effect of the 
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iron on the C(4) could not be observed due to the overlapping with the chloroform 

peak. No significant changes were observed from C(8) onwards, which is in 

agreement with the results obtained from the proton T1 measurements. These results 

further support that the iron ions coordinate at the AsA6p ring.   

 

5.3.4 IR study 

The IR spectrum of complex 2 is shown in Figure 5.18. The spectrum reveals 

the presence of a broad and intense absorption in the range 3000-3800 cm-1, which 

can be attributed to free –OH groups of AsA6p. This broad absorption, which was not 

observed in the IR spectrum of 1, can be taken as a confirmation of the involvement 

of AsA6p as ligand in the complex 2.  
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Figure 5.18. IR spectrum of 2. 
 

Two observations were made when AsA6p was added to Fe-eh: 1) the addition 

of the reducing agent to a solution of Fe-eh led to a color change from brown-reddish 

to intense purple-violet, and 2) the solubility of the resulting species 2 is significantly 

different compared to that of Fe-eh as the former is only soluble in apolar solvents 

such as chloroform, THF or some mixtures (chloroform/toluene), while Fe-eh is 

soluble in a wide range of polar (such as propanol) and apolar (such as diethylether) 

solvents. This dramatic change in solubility can be attributed to the apolar character of 

the long aliphatic chain of AsA6p.   

In the FTIR spectrum of 2, the carboxylate region differs significantly from 

that observed for Fe-eh (Figure 5.19), especially with regard to the symmetric and the 
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asymmetric stretching bands of the carboxylate ion (COO-) that are shifted towards 

higher frequencies. 

1000 1250 1500 1750 2000

30

40

50

60

70

80

90

100

(a)

1412 1540

%
T

cm-1

 
 

1000 1250 1500 1750 2000
60

70

80

90

100

(b)

1604

1724

%
T

cm-1

 
Figure 5.19. Comparison between the IR spectra of (a) 1, and (b) 2. 
  

To study the possible involvement of the C=O groups of AsA6p in the 

coordination of the metal ion, IR spectra of mixtures of AsA6p/Fe-eh at different 

molar ratios were recorded, as shown in Figure 5.20.  
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Figure 5.20. FTIR absorption bands in the carboxylate range as a function of the AsA6p/Fe-eh molar 

ratio (left hand side). 

 

The three intense bands observed in the range 1620-1780 cm-1 of the IR 

spectrum of AsA6p (the spectrum in the bottom of Figure 5.20) are assigned to the 

vibrations of the C=O of the ring, the C=O of the ester, and the combination of C=O + 

C=C of the ring, respectively [31]. The evident change observed in both line shape and 

symmetric and asymmetric frequency by increasing the AsA6p/Fe-eh molar ratio may 

be due to the involvement of one or more C=O groups of AsA6p in coordinating iron 

ions. However, definitive assignments are difficult due to the fact that the C=O 

absorption bands of eh fall in the same regions, therefore overlapping with the C=O 

vibrations of AsA6p.   

 

5.3.5 ESI-MS study 

The effect of AsA6p on 1 has been studied in solution (1-propanol) by ESI-

MS to monitor chemical changes occurring on the cluster upon the addition of AsA6p 

at different AsA6p/Fe-eh molar ratios. As shown in Figure 5.21, upon the addition of 
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AsA6p, a dramatic decrease in the intensity of peaks corresponding to 1 was 

observed. This was accompanied by the formation of a predominant species at m/z = 

555.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 5.21. ESI mass spectra of Fe-eh upon the addition of different amounts of AsA6p 10 min after 

the mixing. 
 

The disappearance of the Fe(III) cluster 1 could be attributed to the reduction 

of the trinuclear Fe(III) cluster by AsA6p. The capability of reducing agents such as 

AsA to reduce metal ions has been known for decades [32]. The AsA6p can be 

considered as the lipophilic counterpart of AsA and as such similar electrochemical 

properties are expected (Scheme 5.3). A complete disappearance of Fe-eh was 

obtained at the molar ratio of 4/1 and, at the same time, the unreacted AsA6p in the 

reaction medium was visible at m/z = 437.5 ([AsA6p + Na]+). 
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Scheme 5.3. Oxidation of ascorbic acid and ascorbic acid 6-palmitate. 

 

The effect of AsA6p on Fe-eh was also monitored in time (up to 48 h) to 

observe whether the reaction led to the formation of other species. The ESI-MS 

spectra of the mixture of AsA6p/Fe-eh (1/1) after 10 min and about 10 h of reaction 

are shown in Figure 5.22. It is obvious that the AsA6p/Fe-eh molar ratio of 1/1 is 

already sufficient to quantitatively convert/reduce the Fe-eh complex 

 

 

 

 

 

 

 

 
 

 

 

Figure 5.22. The variation of the ESI mass spectrum of the mixture of AsA6p/Fe-eh (1/1) after (a) 10 

min and (b) 10 h.  
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On the basis of these observations, it appears that the AsA6p/Fe-eh molar ratio 

does not directly influence the number or the type of species formed, but rather the 

kinetics of reaction. This observation could explain the kinetic data presented in 

chapter 4 on the oxidation of EL catalyzed by the AsA6p/Fe-eh combination. It was 

observed that at the lowest molar ratio studied (1/1), a time lag of about 70 h was 

observed before the oxidation of EL oxidation was initiated. This time lag is reduced 

to zero above the molar ratio of 2/1. Therefore the time lag could be associated with 

the time required for the active species to be formed as it appears to be kinetically 

controlled by the AsA6p/Fe-eh molar ratio. Apparently, under the experimental 

conditions at which the EL oxidation was conducted, a minimum AsA6p/Fe-eh molar 

ratio of 2/1 is required to promptly convert Fe-eh into the active species responsible 

for the initiation of the EL oxidation.   

The species appearing at m/z = 555.7 was identified to be a sodium complex 

of the oxidized form of AsA6p: [AsA6pD(1-propanol)2 + Na]+ (see scheme 5.5 for 

AsA6pD). Therefore the reduction/oxidation reaction taking place between the Fe-eh 

complex and AsA6p can be described by the following equation:   

 

     2 [FeIII
3(µ3-O)]7+  +  AsA6p              2 [FeIIFeIII

2(µ3-O)]6+  + AsA6pD + 2H+ 

 

in which two moles of [FeIII
3(µ3-O)]7+ may be reduced by one mole of AsA6p 

according to the general oxidation reaction of AsA6p (Scheme 5.3). 

Our ESI-MS measurements also show the formation of an intense peak 

appearing at m/z = 1087.9 (Figure 5.21). This peak could be assigned to the dimeric 

form of the m/z = 555.7 species, [(AsA6pD)2(1-propanol)4 + Na]+. However, the 

nature of this species needs to be confirmed.  

 

5.3.6 CV 

The cyclic voltammograms of 2 (Figure 5.23) show two quasi-reversible 

oxidation/reduction (1 and 3) and one irreversible wave (2), which were controlled by 

diffusion. 
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Figure 5.23. Cyclic voltammograms of 2 in CHCl3 at variable scan rates in the range -1.5  +1.5 V. 

 

In a previous study carried out by Bond et al. [10], the electrochemical 

behavior of a range of oxo-centered, carboxylate-bridged tri-iron complexes of 

general formula [Fe3O(O2CR)6(py)3]X (R = Bu, Ph, CH2Cl2, CH2CN, CCL3, or 4-

NO2C6H6, X = ClO4
- or NO3

-) was studied. They observed that the cyclic 

voltammogram of the complex [Fe3O(O2CCH2CN)6(py)3]+ is characterized by two 

waves, which were assigned to the couple FeIII
3/FeIIFeIII

2 and FeIIFeIII
2/FeII

2FeIII; the 

half-potential (E1/2) was calculated to be  0.46 and -0.27 V, respectively.  

The half-potential for the first quasi-reversible wave (1red/1ox) of Figure 5.23 

was calculated to be -0.257 V at a scan rate of 0.5 V/s. Based on the fact that complex 

2 is a mixed-valence complex, this first wave was assigned to the couple 

FeIIFeIII
2/FeII

2FeIII. Furthermore, the E1/2 of the couple FeIIFeIII
2/FeII

2FeIII is in good 

agreement with that found by Bond and collaborators [10].  

The second quasi-reversible wave (3red/3ox) observed in the cyclic 

voltammogram of 2 was tentatively attributed to the further oxidation of the mixed-

valence tri-iron center of the complex and so to the couple FeIII
3/ FeIIFeIII

2 having a 

half-potential of 1.02 V at a scan rate of 0.5 V/s. The voltammogram of 2 also shows 

an irreversible peak at ca. 0.30 V. Although the nature of this peak is unclear at 

present, it may be associated to the oxidation of AsA6p in the complex or to the 

formation of unstable species in the cyclic voltammetric time scale.  
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5.3.7 A proposed mechanism for the AsA6p/Fe-eh catalyst 

Data so far reported on the effect of AsA6p on the Fe-eh cluster can be 

translated in terms of mechanism by which the AsA6p/Fe-eh combination catalyzes 

the oxidation of EL via a lipid hydroperoxide-independent reaction (chapter 4).  

In §3.3.4 it was proposed that the ascorbic acid/iron(II) combination catalyzed 

the oxidation of methyl linoleate (ML) in micellar solutions via the formation of a 

radical complex, followed by the abstraction of one bis-allylic hydrogen from the 

unsaturated site of ML. The reduction of iron(III) ions to iron(II) ions is a key step for 

the formation of the radical complex. Despite the different setups, reducing agent and 

iron salt used, evidence reported in this chapter supports a similar mechanism 

(Scheme 5.4). By comparing the kinetic data of chapters 3 and 4, it is observed that 

the optimum ratio at which the reducing agent/iron salt combination catalyzes the 

oxidation of the unsaturated lipids differs. Several factors may be responsible for this 

difference, such as the different reducing agent, the different reaction set up, and the 

presence of eh as additional coordinating ligand. In the last case, iron(II) sulfate can 

accommodate three ascorbic acid molecules in its coordination sphere, whilst due to 

the presence of the eh ions as ligand and the µ3-O bridge, the trinuclear iron(III) 

cluster may have less free coordination sites available to allow the coordination of 

more than one AsA6p. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 5.4. Proposed mechanism for the oxidation of ethyl linoleate by the AsA6p/Fe-eh 

combination; R = -OC(O)-C15H31; * induced by e.g. oxygen or hydroperoxide decomposition reactions. 
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5.4 Conclusions  

In summary, the Fe-eh complex has been successfully identified and its 

chemical structural details have been obtained. The addition of AsA6p to a solution of 

Fe-eh results into the formation of a mixed-valence cluster, which appears to have a 

similar trinuclear iron cores as observed for Fe-eh.   

In light of the results obtained in this study, a mechanism involving the 

formation of a radical mixed-valence cluster was proposed as initiator for the 

oxidation of unsaturated lipids.   

 

5.5 Materials and Methods  

5.5.1 Materials  

Ascorbic acid 6-palmitate (~95%), iron(II) perchlorate hydrate (~95%) and 

sodium 2-ethylhexanoate were obtained from Aldrich. Chemicals were used without 

further purification unless stated otherwise.  

CAUTION! Inorganic perchlorate salts are potentially explosive and should be 

handled with care and in small amounts.  

 

5.5.2 Complex synthesis 

[FeIII
3(µ-O)(eh)6(acetone)3](eh) (1): The complex was synthesized by 

dissolving 15.2 g (0.042 mol) of iron(II) perchlorate in 50 mL of CH3CN. Sodium 2-

ethylhexanoate (Na-eh) (19.9 g (0.12 mol)) was added in small amounts to the iron(II) 

perchlorate solution resulting in a color change of the solution from light green to 

dark brown. The reaction was allowed to proceed for 1.5 h, under magnetic stirring at 

40 °C and nitrogen atmosphere. The reaction mixture was transferred into a round 

bottom flask, a few mL of acetone added and the solvents evaporated in vacuum. The 

residue was dissolved in Et2O and filtered. A white precipitate of NaClO4 was 

removed. This procedure was repeated three times till complete removal of the salt. 

The final product appeared as a dark-brown tacky solid. The product was stored in a 

sealed round-bottom flask under nitrogen. Yield was 60-70%. Elemental analysis (%):  

Found (%): Fe, 11.7; C, 55.1; H, 8.6; Calculated: Fe3C65H123O18: Fe, 12.3; C, 57.4; H, 

9.1. 

[FeIII
3(µ-O)(eh)6(acetone)3](eh)/ascorbic acid 6-palmitate complex (2): Na-

eh (1.66 g, 0.01 mol) was dissolved in 100 mL of a mixture of acetone/chloroform 
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(70/30) under magnetic stirring at about 45 °C (external oil bath temperature). A 

solution of iron(II) perchlorate (1.27 g, 0.005 mol in 10 mL of acetone) was slowly 

added and the color of the reaction mixture turned from colorless to dark. The mixture 

was stirred for approximately 5 min. Next, ascorbic acid 6-palmitate (4.14 g, 0.01 

mol) was added in small portions. A second color change to dark purple was 

observed. The reaction was allowed to proceed for about 2 h under oxygen-free 

conditions. Approximately 50% of solvent mixture was subsequently evaporated in 

vacuum. Approximately 50 mL of acetonitrile was then added and the mixture was 

cooled down by means of an ice bath for about 10 min, inducing the precipitation of 

the complex. The precipitate was filtered, washed with acetonitrile and cold acetone, 

and dried by a stream of nitrogen for a few hours. A violet powder was resulted.  

Elemental analysis (%): Found C, 57.2; H, 8.6; Fe, 4.4.  

 

5.5.3 Physical Methods 

Elemental analysis of C and H were performed on a Perkin-Elmer 2400 Series 

II analyzer.  

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was 

used for the determination of the percent of Fe in complex (1). The measurements 

were performed with a SPECTRO CIROSCCD spectrometer equipped with a free 

running 27.12 MHz generator at a power of 1400 W. The sample introduction was 

performed by a cross-flow nebulizer with a double pass Scott type spray chamber and 

a sample uptake rate of 2 ml/min. The outer gas flow was 12 L/min, the intermediate 

gas flow was 1 L/min and the nebulizer gas flow was 1.05 mL/min.  

Magnetic susceptibility measurements (5-300 K) were carried out at 0.1 T using 

a Quantum Design MPMS-5 5T SQUID magnetometer. Data were corrected for 

magnetization of the sample holder and for diamagnetic contributions, which were 

calculated from the Pascal constants. 
57Fe Mössbauer spectra were measured on a constant-acceleration 

spectrometer which utilized a room temperature rhodium matrix cobalt-57 source 

calibrated at room temperature with α-iron foil.   
1H- and 13C-NMR spectra were recorded on a Bruker Avance (300 MHz) 

instrument using CDCl3 as solvent. T1 measurements were carried out according to 

§2.2.1. 
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X-band electron paramagnetic resonance (EPR) measurements were 

performed at 77 K for frozen CHCl3 solution on a Jeol RE2x electrospin resonance 

spectrometer using DPPH (g = 2.0036) as a standard.  

Infrared spectra (4000-300 cm-1) were recorded on a Perkin-Elmer Paragon 

1000 FTIR spectrometer equipped with a Golden Gate ATR device, using the 

reflectance technique.  

Electronic spectra were obtained on a Perkin-Elmer Lambda 900 

spectrophotometer using the reflectance technique, with MgO or the pure solvent as a 

reference.   

Electrospray ionization mass (ESI-MS) spectra were obtained on an Agilent 

MSD type SL (G1946D) with Atmospheric Pressure Electrospray Interface. Spectra 

were obtained by direct injection of the sample (previously dissolved in the 

appropriate solvent (e.g. 1-propanol) at a concentration of approximately 10 mg/mL) 

to MS unit using 100% methanol (HPLC-grade, Biosolve) containing 0.1% acetic 

acid (p.a., Merck) as eluent. Spectra were obtained in positive and negative mode in 

the mass range 50-1500 Daltons.  
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Chapter 6* 

 

The Combination of Reducing Agents/Iron as Environmentally 

Friendlier Alternatives for Co-based Driers in the Drying of Alkyd 

Paints   
 

 

Abstract 

In answer to the increased demand for Co-free driers for alkyd based paints, a 

biomimetic approach has been used to find suitable and environmentally friendly 

alternatives for Co-based driers for alkyd paints. Ascorbic acid and several ascorbic 

acid derivatives, in combination with iron salts, have been tested in alkyd emulsions, 

alkyd based varnishes, and in a high gloss white paint formulation. It was found that 

the combination of iron with reducing agents forms an excellent drier, in terms of film 

hardness and particularly total drying time, compared to a commercial Co-based drier 

and a new Mn-based alternative. The effect of addition of two nitrogen donor ligands, 

N,N-bis(2-ethyl-5-methyl-imidazol-4-ylmethyl)aminopropane (BIAP) and 2-ethyl-4-

methylimidazole (Im), to the mixture reducing agent/iron was also studied in a high 

gloss white paint formulation. Outstanding total drying time of just 2.2 h was 

observed for the combination of ascorbic acid 6-palmitate, iron and imidazole. 

Analysis of the disappearance of double bonds throughout the film layers by confocal 

Raman spectroscopy reveals the outstanding activity of the iron-based catalyst in the 

deeper layers of the film (through drying) compared to the conventional cobalt 

catalyst.  

 

 
 
 
 
 
* Part of this chapter has been published: 
- Miccichè, F.; Oostveen, E.A.; van Haveren, J., van der Linde, R. Prog. Org. Coat. 2005, 53, 99-105 
- van Haveren, J.; Oostveen, E.A.; Miccichè, F.; Weijnen, J.G.J. Eur. Coat. J. 2005, 1-2, 16-19 
- Oostveen, E.A.; Miccichè, F.; van Haveren, J.; van der Linde, R. patent WO03093384 A 2003 
- van Haveren, J.; Oostveen, E.A.; van der Walle, R.; Miccichè, F.; Weijnen, J.G.J. Conference  
  Proceedings, XXVII Fatipec Congress, Aix-en-Provence, France, 2004, 907 
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We must not forget that when radium was discovered no one knew that it would prove 

to be useful in hospitals. The work was one of pure science. And this is a proof that 

scientific work must not be considered from the point of view of the direct usefulness 

of it. It must be done for itself, for the beauty of science, and then there is always the 

chance that a scientific discovery may become like the radium a benefit for humanity.  

Marie Curie 

 

6.1 Introduction 

Previously in this thesis, it was reported that the ascorbic acid 6-palmitate 

(AsA6p)/iron-salt combination is a good oxidative catalyst towards the oxidation and 

oligomerization of EL, which was used as model compound for alkyd resins. 

Although model compounds can mimic the chemical process taking place during the 

drying of alkyd coatings [1-5], they significantly differ from real alkyd resins as alkyd 

coating formulations contain additives, solvents, pigments and have different 

composition. Even more pronounced is the difference between model system and 

water-borne alkyd paints due to the additional presence of water, surfactants and 

antifoaming agents. It is therefore necessary to investigate the properties of the iron-

based catalyst in commercial alkyd paint formulations before it could be defined as a 

valid environmentally friendly alternative for Co-based driers.  

This chapter describes the performance of the AsA6p/Fe-2-ethylhexanoate 

(Fe-eh) combination as catalyst for the oxidative drying of several types of alkyd 

resins and of pigmented alkyd paint formulations, in comparison with a commercial 

cobalt-based catalyst and a new alternative based on manganese salt. Film properties 

such as drying time, hardness and whiteness index are presented. In addition, a 

confocal Raman microscopy (CRM) study on short oil-based alkyd films was used to 

monitor the consumption of double bonds at different film depths during the oxidative 

drying of alkyd resins.  

 

6.2 Ascorbic acid and its lipophilic derivatives 

It is well known that one of the most pronounced effects of reducing agents on 

the lipid oxidation processes in biological systems is the reduction of metal ions (iron 

in particular) resulting in an increase of the lipid oxidation rate by the so-called pro-

oxidant effect [6, 7]. The pro-oxidant effect of reducing agents, such as ascorbic acid, 

in most cases is controlled by the concentration of the reducing agent itself in the 
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reaction medium. In fact, high concentrations of ascorbic acid in the medium can 

result in slowing down or even inhibiting the oxidation process (anti-oxidant effect).  

In the present chapter both ascorbic acid, for water-borne alkyd systems, and 

its lipophilic derivatives, for solvent-borne alkyd systems, were used in our tests. 

(Figure 6.1).  

 

 

 

 

 
Figure 6.1. Schematic representation of the ascorbic acid and its lipophilic derivatives used in 

combination with iron as drier.  

 

6.3 The ascorbic acid (AsA)/Fe(II) combination in water-borne alkyd paints 

URADIL AZ 554 Z-50: Drying tests were carried out on a water-borne alkyd 

emulsion based on URADIL AZ 554 Z-50 (based on special processed soybean fatty 

acid) using different AsA/Fe(II) molar ratios. In Tables 6.1 and 6.2 total drying times 

and film hardness values are compared.  
 

Table 6.1. Drying of a commercial coating composition based on URADIL AZ 554 Z-50 catalyzed by 

the combination of AsA/Fe(II) and WEB Co 6 (based on Co-2-ethylhexanoate) at different 

temperatures; Fe and Co were dosed at 0.07 wt % based on the resin content; RH = relative humidity. 

 

Braive recorder 

(23 oC; 50% RH) (h) 

By hand 

(23 oC; 50% RH) (h) 

B.K. recorder 

(10 °C; 25% 

RH) (h) 

Catalyst Molar 

ratio 

AsA/Fe 

Stage a1 Stage b1 Stage c1 Surface dry Through dry Total dry 

WEB Co 6 -- 0.04 - ~ 5 1.00  4.0 6.30 

AsA*/ Fe**   2 / 1 0.07 0.47 3.40 0.30  4.0 3.15 

AsA*/ Fe** 4 / 1 0.08 0.50 3.50 0.30  4.0 3.00 

AsA*/ Fe** 5 / 1 0.07 0.52 4.25 0.30  4.0 n.d 

AsA*/ Fe** 6 / 1 0.10 0.42 > 5 0.30  4.0 n.d 

No catalyst -- 0.14 - > 5 1.30 > 8 > 12 

*AsA: ascorbic acid   ** Fe(II) sulfate  1 the different stages of the drying are described in §6.10.2 

 

O

OH

HO

OHHO

O O

OH

O

OHHO

O

O

R

R:  C16H33 for ascorbic acid 6-stearate  

      C14H29 for ascorbic acid 6-palmitate 

      C10H21 for ascorbic acid 6-laureate  

      C6H13 for ascorbic acid 6-octanoate 
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Table 6.2. König hardness development during drying of a commercial coating composition based on 

URADIL AZ 554 Z-50 catalyzed by the combination of AsA/Fe(II) and WEB Co 6; Fe and Co were 

dosed at 0.07 wt % based on the resin content, RH = relative humidity. 

 

König hardness at 23 °C and 50% RH (s) 
Catalyst 

8 h 1 day 3 days 1 week 

WEB Co 6 24 31 38 45 

AsA/Fe 2/1 21 24 28 29 

AsA/Fe 4/1 20 22 27 29 

AsA/Fe 5/1 17 21 27 26 

AsA/Fe 6/1 17 20 25 28 

No catalyst 10 10 14 17 

 

Clearly the AsA/Fe(II) combination results in good drying capabilities at both 

ambient temperature and at 10 °C (Table 6.1) when compared to the WEB Co 6  drier. 

The drying properties of the iron-based catalyst depend on the molar ratio AsA/Fe(II) 

used. Actually, low molar ratios (2/1 and 4/1) give shorter drying times than the 

commercial Co drier.  Despite the good drying times, the iron catalyst showed lower 

film hardness compared to WEB Co 6; the film hardness increased during the first 8 h 

of drying, but no significant changes were observed afterwards (Table 6.2). This fact 

may be correlated to the limited solubility of both the ascorbic acid and the iron(II) 

sulfate in the paint system after water has completely evaporated from the film 

affecting the catalytic properties. To avoid potential solubility limiting effects, it was 

decided to use lipophilic derivatives of the ascorbic acid (ascorbic acid 6-palmitate, 

AsA6p) and Fe-2ethylhexanoate (NUODEX Fe 10, Fe-eh) for solvent borne systems.  

URADIL AZ 516 Z-60: When a tallow oil based alkyd emulsion was used a 

drop in performance of the AsA/Fe-eh combination, compared to the special 

processed soybean based alkyd emulsion, was observed. Table 6.3 shows that the 

activity of the drier is related with the molar ratio AsA/Fe-eh pointing the ratio 4/1 as 

equivalent to the Co-based drier. Comparable film hardness values for both WEB Co 

6 and AsA/Fe(II) driers were measured after 20 h of drying.  
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Table 6.3. Drying tests on a commercial alkyd emulsion based on URADIL AZ 516 Z-60 catalyzed by 

the combination of AsA/Fe-eh and Co; Fe and Co were dosed at 0.07 wt % based on the resin content. 

 

Catalyst Molar ratio AsA/Fe Braive recorder (h) 1 König hardness (s) 2  

WEB Co 6 -- 5.4 9.8 

AsA/Fe 2 / 1 8.8 8.4 

AsA/Fe 4 / 1 6.0 9.8 

AsA/Fe 6 / 1 9.2 8.4 

No catalyst -- > 24 -- 
1 total dry at 23 °C; 2 value at 23 °C after 20 h   

 

6.4 The ascorbic acid 6-palmitate (AsA6p)/Fe-eh combination in solvent borne 

systems 

URALAC AD 142 W-50: Table 6.4 shows the results of the drying 

experiments carried out on URALAC AD 142 W-50 (based on linseed oil)  for 

different molar ratios AsA6p/Fe-eh. Data were obtained after storing the samples in a 

can for approximately two weeks.  

 
Table 6.4. Drying tests of a commercial solvent-borne alkyd resin (URALAC AD 142 W-50) catalyzed 

by the combination of AsA6p/Nuodex Fe 10 (Fe-eh) and Nuodex Co 6; Fe and Co were dosed at 0.07 

wt % based on the resin content. 

1 antiskinning agent; 2 total dry at 23 °C; 3 value at 23 °C after 120 h   

 

A “storage time” was required for the catalyst to become active. We observed 

that the storage time was accompanied by a change in color of the alkyd solution. 

Although a scientific explanation has not been formulated yet we may speculate that 

this “storage time” is required to form the catalytically active species (e.g. a mixed-

valence cluster as already suggested in chapter 5). These phenomena may be 

essentially correlated with the effect of the AsA6p/Fe-eh molar ratio observed in 

                    Catalyst 

  Reducing agent           Metal 

reducing agent/metal 

molar ratio 

Braive recorder 

(h)2  

König 

hardness (s) 3 

AsA6p Nuodex Fe 10 1 / 1 8.5 90 

AsA6p Nuodex Fe 10 2 / 1 4 96 

AsA6p Nuodex Fe 10 3 / 1 3.4 75 

AsA6p Nuodex Fe 10 4 / 1 4.6 107 

-- Nuodex Co 6 / 

Exkin 2 1  

-- 14 89 
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Chapter 4 during the oxidation of EL if the storage time is compared to the time lag 

observed in the EL system for the active species to be formed. It is likely that in real 

alkyd-based systems the process proceeds at different kinetics. 

Table 6.4 clearly shows that in this system the AsA6p/Fe-eh catalyst has 

superior drying properties compared to Nuodex Co 6, and that the performance of the 

Fe-based catalyst is related to the AsA6p/Fe-eh ratio. The maximal activity is reached 

for a AsA6p/Fe-eh ratio equal to 3/1. Although the molar ratio 1/1 is the least active 

drier among the 4 ratios reported in this chapter, the resulting film hardness after 5 

days of drying did not differ significantly from other combinations. Film hardness 

obtained from the iron catalyst did not vary as much as the total drying time. The 

iron-based catalysts appeared to be as good as the Co-based drier in terms of film 

hardness and even better in terms of drying time. 

 

6.5 The influence of other AsA-derivatives on the drying of a solvent-borne alkyd 

resins  

Several ascorbic acid derivatives have been synthesized throughout this 

research. Derivatives were synthesized using fatty acids having different chain length 

(C8-C18) aiming at elucidating how the chain length might affect the drying properties 

of the reducing agent/Fe-eh combination. Results are summarized in Table 6.5.  
 

Table 6.5. Drying tests of a commercial solvent-borne alkyd resin (URALAC AD 142 W-50) catalyzed 

by the combination of several AsA-derivatives/ Nuodex Fe 10 (Fe-eh) and Nuodex Co 6. The molar 

ratio AsA-derivative/Fe-eh was kept constant at 0.4/1; Fe and Co were dosed at 0.07 wt % based on the 

resin content. 

1 plus the addition of Exkin 2 as antiskinning agent; 2 total dry at 23 °C; 3 value at 23 °C after the time 

indicated in the table  

It appears that the only difference, in terms of drying time and film hardness, 

is noticeable when ascorbic acid 6-octanoate is used in combination with Fe-eh. 

Catalyst 

Reducing agent Metal 

Braive recorder (h) 2 König hardness (s) 3 

   21 h              45 h            164 h 

AsA-stearate (C18) Nuodex Fe 10 4.5 14 68 123 

AsA-palmitate (C16) Nuodex Fe 10 5 14 61 116 

AsA-laurate (C12) Nuodex Fe 10 5 14 63 120 

AsA-octanoate (C8) Nuodex Fe 10 10 13 55 110 

-- Nuodex Fe 10 >24 -- -- 78 

-- Nuodex Co 6 1 11.2 35 65 96 
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Actually a longer drying time and a lower hardness value were measured. No 

appreciable differences were observed among AsA-stearate, AsA-palmitate, and AsA-

laureate. This inferior performance for AsA-octanoate could be due to its lower 

solubility in alkyd systems owing to the shorter alkyl length. In fact less solubility 

may lead to poor activity of the catalyst in the medium. From our investigation it 

seems that a minimal chain length between C8 and C12 is needed for the combination 

of AsA6-derivative/Fe-eh to give good catalytic properties. A chain length of C12 

offers sufficient solubility of the catalyst in the alkyd system. 

 

6.6 High-gloss white paint 

In order to further establish the drying properties of the AsA6p/Fe-eh system, 

tests have been carried out on a high-gloss, fully pigmented white paint based on a 

linseed oil resin (Setal 16 LV WS-70). In Table 6.6 results are compared.  

As already observed for the varnish, also in the white paint the performance of 

the Fe-based catalyst, in terms of total drying time, is superior to the commercial Co- 

and Mn-based drier, irrespective of the AsA6p/Fe-eh ratio studied. It is noticeable that 

the ratios 3/1 and 4/1 give better total drying time than ratios 2/1 and 1/1. In addition, 

iron-based catalysts give a film hardness value comparable to cobalt, but better than 

the manganese-based drier.  

The whiteness index of films was also considered. Although the iron catalyst 

gives very good drying times and film hardness, the film color, when compared to 

cobalt and manganese, still needs some improvements (Table 6.6).  The whiteness 

index for the manganese drier was improved by dropping the concentration of the 

metal from 0.07 to 0.04 wt. %, which was however accompanied by a drop in drying 

performance. We believe that the same effect on the whiteness index may be achieved 

by reducing the amount of iron in the paint but without causing a dramatic increase in 

the drying time as a consequence of the high drying properties of the iron-based 

catalyst.  
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Table 6.6. Drying tests of a commercial high gloss white paint formulation based on Setal 16 LV WS-

70 catalyzed by the combination of AsA6p/Fe-eh with and without the addition of ligands, and WEB 

Co 6 (Co-eh); Fe and Co were dosed at 0.07 wt % based on the resin content. The Mn-based drier 

(Nuodex CF 578 DP) was dosed at the (a) 0.07wt% and (b) 0.04%wt based on the resin content, 

respectively. 

 

Catalyst 

       Metal Ligand 

AsA6p/Fe-

eh/ligand 

Braive 

recorder (h) 2 

König 

hardness (s) 3 

Whiteness 

Index 

 Nuodex Fe 10 -- 1/1/0 8.8 76 80.2 

 Nuodex Fe 10 -- 2/1/0 10 69 80.3 

 Nuodex Fe 10 -- 3/1/0 7.0 74 80.1 

 Nuodex Fe 10 -- 4/1/0 6.6 68 80.0 

 Nuodex Fe 10 Im 1/1/4 4.5 74 80.6 

 Nuodex Fe 10 Im 2/1/4 2.2 81 80.8 

 Nuodex Fe 10 Im 3/1/4 5.8 85 81.5 

 Nuodex Fe 10 Im 4/1/4 6.6 80 81.2 

 Nuodex Fe 10 BIAP 1/1/2 6.7 57 81.4 

 Nuodex Fe 10 BIAP 2/1/2 7.5 63 81.1 

 Nuodex Fe 10 BIAP 3/1/2 8.5 72 80.8 

 Nuodex Fe 10 BIAP 4/1/2 6.8 49 81.3 

 Nuodex CF 578 DP(a) -- -- 9.9 51.3 82.1 

 Nuodex CF 578 DP(b) -- -- 12.5 52 83.0 

 WEB Co 6 + Exkin 2 1 -- -- 14 73 82.8 
1 antiskinning agent; 2 total dry at 23 °C; 3 value at 23 °C after 120 h  

Im: 2-ethyl-4-methyl- imidazole; BIAP: N,N-bis(2-ethyl-5-methyl-imidazol-4-ylmethyl)aminopropane 

 

6.7 The effect of two N-donor ligands 

It is well known that ligands can strongly modify the chemistry, 

electrochemistry, and catalytic properties of metal ions by coordination [8]. To 

evaluate the effect that ligands might have on the drying properties of the combination 

of AsA6p/Fe-eh, two nitrogen-donor ligands were used in this work: a monodentate 

(Im) and a tridentate (BIAP) [9], aiming at elucidating the effect of the ligand 

coordination number on drying properties of the iron-based catalyst.  
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Although several ligands of different nature (N, O, or N,O-donor ) and 

complexity could be used in this work, our choice went for simple ligands that can be 

easily synthesized and usually are present in natural iron-containing biomolecules, 

such as in the active sites of enzymes (e.g. lipoxygenase).  Although the list is quite 

long, among them imidazole rings are quite common. 

The overall effect that both ligands had was quite remarkable, especially for 

low molar ratios AsA6p/Fe-eh (1/1 and 2/1).  Table 6.6 shows that the most 

outstanding effect was obtained when Im was used. In fact, whereas the BIAP 

decreases the drying time, for the AsA6p/Fe-eh ratio of 1/1 and 2/1, by approximately 

2 h when compared to the data obtained without ligands, the Im decreases it by 

approximately 4 h for the AsA6p/Fe-eh ratio of 1/1, and more than 7 h for the 

AsA6p/Fe-eh ratio of 2/1. In this latter case, the drying time was approximately 12 h 

shorter than the total drying time measured for the Co drier. To have a better 

comprehension of the effect of these ligands on the catalytic activity of the iron-based 

catalyst detailed investigations on the coordination environment of the iron in 

catalytically active species are required.  

Film hardness values were also affected by the addition of ligands. Actually, 

higher or similar film hardness values compared to cobalt and manganese-based driers 

were obtained. 

 

6.8 Drying of alkyd resins followed by confocal Raman microscopy (CRM) 

CRM has proven to be a very useful tool to monitor the disappearance of 

double bonds (1400-1800 cm-1 of the Raman spectra) during the oxidative drying of 

alkyd-based paints [10]. In a previous study [11] the chemical changes taking place 

during the drying of alkyd resins under the influence of Co-eh have been investigated 

by CRM. In that study it was observed that after 2 h of drying, Co-eh promotes the 

disappearance of about 90% of the double bonds at the film surface; however a 

NN
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(Im) 
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N N
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significant lower conversion was observed in the deeper layers (about 30% after 24 h 

at 30 µm) (Figure 6.2).  
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Figure 6.2. Intensity of C=C double bond peaks versus thickness of short oil-based alkyd films 

determined by confocal Raman spectroscopy. 

 

This faster double bond conversion at the film surface was associated with the 

known properties of Co-catalysts as surface driers [14]. Actually, the fast and high 

C=C consumption at the surface, which is to some extent correlated to a high degree 

of cross-linking reaction, results in a relatively dense film at the surface limiting the 

diffusion of oxygen to the deeper layers. This oxygen diffusion limiting effect may 

also explain the phenomenon that, beneath the skin formed in Co-containing alkyd 
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paint formulations without antiskinning agents, the paint remains liquid; once the skin 

is removed a new layer of skin is readily formed.  

A very different trend was observed in the conversion of C=C double bonds in 

the presence of the AsA6p/Fe-eh combination; remarkable was the conversion of C=C 

double bonds in the deeper layers of the alkyd film (Figure 6.2), which did not differ 

significantly from that at the surface. This different behavior can be interpreted on the 

basis of the activity of these catalysts as surface driers: the faster the surface drying, 

the lower the oxygen diffusion through the film and therefore the lower the C=C 

consumption in the deeper layer of the film. In light of these considerations and 

results, the excellent activity of the iron-based catalyst in the drying of alkyd-based 

paint may be interpreted as the result of the slow surface drying that is compensated 

by the relatively fast deep layer drying.  

 

6.9 Conclusions 

This investigation shows that a new promising environmentally friendly iron-

based drier, as replacement for Co-driers in alkyd paints, has been developed.  

The simple combination of AsA/Fe(II) sulfate was found to be a good and 

better drier than Co in alkyd emulsion (URADIL AZ 554 Z-50). However, probably 

due to the limited solubility of both reducing agent and iron sulfate in the paint system 

after water evaporation, inferior film hardness was obtained. To overcome the 

solubility limiting issue, lipophilic derivatives of ascorbic acid and Fe-2-

ethylhexanoate (NUODEX Fe 10) were further used in the varnish and a white paint 

formulation. It was found that the performance of the Fe-based catalyst was 

dependent on the reducing agent/Fe-eh molar ratio, and shorter dying times and 

comparable film hardness value (after 5 days of drying) were obtained compared to 

the Co-based drier (NUODEX WEB Co 6), and an alternative drier based on Mn 

(NUODEX CF 578 DP). The AsA6p/Fe-eh catalyst was found to catalyze the 

disappearance of double bonds not only at the surface of the paint film but also in 

deeper layers.  

The drying properties of different ascorbic acid derivatives in combination 

with Fe-eh were also tested. It was found that a minimum chain length between C8 

and C12 was required to obtain good total drying times and film hardness.  
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The addition of two N-donor ligands to the AsA6p/Fe-eh mixture in the high 

gloss white paint leads to generally positive effects in the total drying time and film 

hardness of the Fe-catalyst. Remarkably, the addition of Im to the combination 

AsA6p/Fe-eh 2/1 gave a total drying time of just 2.2 h.  

 

6.10 Materials and Methods 

6.10.1 Materials 

Alkyd systems: the following alkyd paints/varnishes have been used:  

1. DSM WB paint based on URADIL AZ 554 Z-50 (alkyd emulsion; solid material 

content is approximately 50 wt. %; oil length: ca. 40%; type of fatty acid: special 

processed soybean).  

2. Alkyd emulsion URADIL AZ 516 Z-60 (solid material content is approximately 

50 wt. %; oil length: appr. 63%; type of fatty acid: tallow oil, supplied by DSM 

Coating Resins).  

3. Uralac AD142 W-50 (50 wt. % in white spirit; oil length: ca. 53%; type of oil: 

linseed, supplied by DSM Coating Resins) 

4. Setal 16 LV WS-70: a white solvent-borne paint (70 wt. % in white spirit; type of 

oil: linseed, white paint formulation prepared and supplied by Sasol Servo BV, 

Delden, The Netherlands). The paint also comprises TiO2 and a number of 

additives. 

Driers: To evaluate the efficiency of the mixture reducing agent/iron, a 

commercial Co drier (NUODEX WEB Co 6 (Co-octanoate), and a newly developed 

Mn-based drier NUODEX CF 578 DP were used as references. Both driers were 

supplied by Sasol Servo BV, Delden, The Netherlands. As source of iron a 

commercial product was used (NUODEX Fe 10 (Fe-octanoate), Sasol Servo BV, 

Delden, The Netherlands). No secondary driers were used.  

Reducing Agents: Ascorbic acid 6-palmitate (AsA6p, 95% pure, purchased 

from Aldrich) was mainly used throughout our experiments. In order to evaluate the 

effect of the chain length attached to the ascorbic acid, several ascorbic acid 

derivatives were synthesized according to literature [12]. Ascorbic acid (AsA), 99+%, 

was obtained from Acros. 

Ligands: 2-ethyl-4-methylimidazole (Im) was purchased from Aldrich. The 

N,N-bis(2-ethyl-5-methyl-imidazol-4-ylmethyl)aminopropane ligand (BIAP) was 

synthesized following a literature method [9].  
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6.10.2 Methods 

Drying time. The drying performance of different catalysts was determined 

according to ASTM D5895-96 using a Braive and a BK drying recorder. The 

instrument is a straight-line recorder equipped with hemispherical ended needles that 

travel the length of the test strip within a chosen range of time (typically 24 h). A test 

strip (BK recorder: 30.5x2.5 cm, Braive recorder: 70x2.5 cm) made of plain glass is 

prepared by casting a film upon it of approximately 60 µm in thickness (wet film). 

Instruments accommodate several test strips (BK recorder: 6, Braive recorder: 10). 

The trace left on the film during the drying can be used to define the different stages 

of the drying process as described e.g. by Bieleman [13]. Stages considered in this 

work could be summarized as follows: 

Stage a: the paint flows together, the wet-edge time 

Stage b: a line is visible, the paint begins to polymerize, dust-free time 

Stage c: this is the so-called “surface drying” or tack-free.  

Stage d: no lines are visible on the film. This stage is called total dry or through dry  

In some cases the drying was also established by hand, or “thumb-test”, according to 

ASTM D1640. 

Film hardness. Film hardness was measured by using a pendulum-damping 

test according to DIN53157. The method is based on registering the time (the number 

of pendulum swings) it takes before the amplitude of the pendulum is damped to a 

certain extent. The more swings observed, the harder is the film. Typically, a plain 

glass test plate measuring 20x9 cm was coated with a 60 µm film (wet thickness) and 

film hardness was measured after different periods of drying time. Values were 

expressed in s/K (König hardness).  

Whiteness index. The whiteness index was determined using a “Color Reader 

CR-10”of Minolta by comparing the whiteness of the paint film with that of a 

standard white papers.  

Varnish sample preparation. Typical experiments consist of mixing 

appropriate amounts of drier, and a solution of AsA6p (~ 0.8 g in 20 mL of 2-

butoxyethanol), with the resin/paint to reach the 0.07 wt. % (or otherwise specified) of 

metal to the solid content of the alkyd resin/paint, and the intended AsA6p/Fe-eh 

molar ratio. The catalyst was mixed in the varnish/paint by using a Siemens Speed 

Mixer DAC 150 FVZ, and stored for 2 weeks before testing.  
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Alkyd emulsion sample preparation. Experiments were carried out by 

mixing appropriate amounts of NUODEX WEB Co 6 or iron(II) sulfate 

(Fe(II)SO4.7H2O) and a solution of AsA in water with the alkyd emulsion at the 

0.07% wt of metal based on the solid content of the alkyd emulsion. Tests were 

carried out after 24 h of storing.   

Confocal Raman microscopy (CMR) for depth profiling. Drying of alkyd 

resins was followed in-situ by Confocal Raman Microscopy on a Dilor-Jobin Yvon-

Horiba confocal dispersive Raman spectrometer (514 nm excitation wavelength, 100 

µm pinhole, and 10 mW laser intensity) with an Olympus MX40 microscope. Details 

about the CMR and experimental set-up can be found in Chapter 2.  
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Chapter 7 

 

Epilogue 
 

 

7.1 General aspects on the oxidation of alkyd paints and biomimicry 

In the first part of chapter 1, a general overview of the drying of alkyd paints 

is given. The drying of alkyd paints can be regarded as a complex free radical process 

taking place at the unsaturated moiety of fatty acids chains attached at the backbone 

of alkyd resins. Upon the abstraction of one bis-allylic hydrogen from unsaturated 

lipids a stable pentadienyl radical is formed. This radical, in the presence of hydrogen 

donor species and molecular oxygen, leads to the formation of lipid hydroperoxides. 

The formation of lipid hydroperoxide is a key step in the drying process as their 

decomposition (metal-mediated or not) leads to the formation of radicals, which are in 

turn responsible for crosslinking reactions (and hardening of the paint film), and the 

formation of secondary oxidation by-products (including epoxides, alcohols, 

aldehydes and ketones). To accelerate the drying of alkyd paints, driers are used to 

enhance the decomposition of lipid hydroperoxides. Typically, driers are transition 

metal (e.g. Co, Mn, V) salts of long fatty acids (e.g. 2-ethylhexanoate). Nowadays, the 

most common drier used in commercial alkyd paint formulation is based on Co-salts. 

However, recent studies have shown that cobalt salts are potentially carcinogenic in 

aerosols and as such stringent environmental regulations are being discussed that 

might force the paint industry to replace cobalt-based driers in commercial alkyd paint 

formulations. It is therefore of utmost importance to find environmentally friendly 

alternative driers.  

The second part of Chapter 1 describes the increasing importance of using 

biomimetic approaches in the development of new generations of improved and more 

environmentally desirable products. 

In this thesis in order to develop suitable alternatives for Co-based driers, a 

biomimetic approach has been used to develop new catalytic systems. The idea is 

based on the fact that to some extent the oxidation process during the drying of alkyd 

paints is similar to the way lipids are oxidized in biological systems. The most 
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common non-enzymatic catalyst for the oxidation of lipids in cells is based on the 

combination of ascorbic acid /iron salts. In light of this consideration, the combination 

of ascorbic acid (derivatives)/iron salts has been studied as catalyst for the oxidative 

drying of alkyd paints.  

 

7.2 Model compounds and analytical tools 

To study the catalytic capabilities of new driers and the oxidation mechanism 

of alkyd resins, model compounds are generally used for the sake of simplicity. In this 

thesis, methyl linoleate (chapter 3) and ethyl linoleate (chapter 4) were used.  

The different stages occurring during the oxidation of model compounds under 

the effect of metal-based driers can be studied by means of several analytical methods 

as already reported by others. When it comes to compare the catalytic activity of 

different catalysts on the oxidation of model compounds, two main parameters can be 

taken into account: 1) the oxidation rate of unsaturated double bonds and 2) the extent 

of oligomerization of model compounds. In this respect, time resolved FT-IR and 

NMR have been used to monitor the disappearance of double bonds in time, and size 

exclusion chromatography (SEC) has been used to measure the extent of the 

oligomerization as reported in chapter 4.   

 
7.3 The oxidation of model compounds  

In this thesis, the oxidation of methyl and ethyl linoleate has been studied in 

micellar solutions and in bulk, respectively.  

In chapter 3 the effect of the molar ratio of ascorbic acid/Fe(II) and hydrogen 

peroxide/Fe(II) on the oxidation kinetics of methyl linoleate (ML) in positively and 

negatively charged micellar solution was studied. This investigation has revealed the 

important relationship between the ML oxidation kinetics and the ascorbic acid/Fe(II) 

molar ratio, particularly with regard to the pH of the micellar solutions and the anti-

oxidant and pro-oxidant effect of the ascorbic acid.  

The investigation on the catalytic activity of the combination of ascorbic 

acid/iron salts was extended to a bulk system using ethyl linoleate (EL) as model 

compound (chapter 4). To overcome the limited solubility of both the ascorbic acid 

and inorganic iron salts (e.g. FeSO4) in the bulk, ascorbic acid 6-palmitate (AsA6p) 

and iron-2-ethylhexanoate (Fe-eh) were used at different molar ratios. Similar to what 

observed in micellar solutions, the oxidation kinetics of EL was found to be a function 
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of the molar ratio AsA6p/Fe-eh. The iron-based catalyst demonstrated catalytic 

properties comparable to a commercial Co-based drier.  

 
7.4 The iron-based catalyst: structure and reaction mechanism 

To understand the chemistry underlying the iron-based catalyst described in 

this thesis, the structure of Fe-eh and the effect of AsA6p on it have been extensively 

studied in chapter 5.  

The Fe-eh was found to have a distorted trinuclear µ3-oxo centered Fe(III) 

core surrounded by bridging 2-ethylhexanoate (eh) molecules according to the 

formula [FeIII
3(µ3-O)(eh)6]+ (in solution). In chapter 5 the structure of the complex in 

solution and solid state was studied by Mössbauer, ESI-MS, FT-IR, ligand field 

spectroscopy, cyclic voltammetry, NMR, EPR and magnetic susceptibility 

measurements.  

The addition of the reducing agent, AsA6p, to a Fe-eh solution results in the 

reduction of one of the three Fe(III) centers to form a µ-oxo centered mixed-valence 

complex. The effect of the concentration of AsA6p (in terms of molar ratio 

AsA6p/Fe-eh) has been studied by ESI-MS, revealing that the formation of the 

mixed-valence complex is kinetically controlled by the molar ratio AsA6p/Fe-eh. 

Information on the structure of the complex and the coordination mode of the 

reducing agent to the trinuclear µ-oxo centered mixed-valence cluster was 

investigated by 1H- and 13C-NMR and FT-IR. Furthermore, structural details on the 

iron core of the mixed valence cluster were obtained by Mössbauer and ligand field 

spectroscopy. The electrochemical properties of the complex were investigated by 

cyclic voltammetry. However, the complete structure of this complex still remains 

unclear. On the basis of the available information, a mechanism was proposed by 

which the AsA6p/Fe-eh combination catalyzes the oxidation of unsaturated lipids; a 

radical-type complex was proposed to be responsible for the initiation of the lipid 

oxidation reactions.  

 

7.5 Model system vs. real paint 

Obviously, it is  important to realize that model compounds differ significantly 

from real alkyd paints and therefore in order to claim the iron-based catalyst as a good 

drier, its drying properties were studied in alkyd emulsion, a white pigmented paint 

formulation and a varnish as described in chapter 5.  
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Results presented in chapter 5 show that the iron-based catalyst is indeed a 

very good drier, and in some cases a better drier for alkyd-based paint than 

commercially available Co-based driers. Additionally, confocal Raman microscopy 

has been used to study the depth profile of drying alkyd coatings catalyzed by 

different combinations of AsA6p/Fe-eh and a Co-based drier. It was found that cobalt 

driers are more effective as surface driers, inhibiting through drying (this is why 

auxiliary driers are normally required in Co-containing paint formulations), whilst the 

iron catalyst was found to be efficient also as through drier.  

 
7.6 Conclusions and outlook  

The results described in this thesis have shown that the biomimetic approach 

used to develop environmentally friendly alternatives for Co-based driers was 

successful. This study does not only offer a promising new drier system for alkyd 

paints, but also has brought more knowledge on the interesting chemistry underlying 

the not-yet-fully-understood ascorbic acid/iron salt system as a naturally occurring 

catalyst for unsaturated lipids.  

It would be very interesting to gain more insights on the chemistry of the iron 

cluster described in this thesis as oxidation catalyst, particularly the effect of ligands 

of different nature on the catalytic activity of the iron cluster. With regard to the 

mechanism proposed for the AsA6p/Fe-eh catalyst, the identification of the radical-

type complex would be of particular interest to confirm the proposed mechanism. 

Furthermore, the isolation of the mixed-valence complex resulting from the reaction 

of AsA6p with Fe-eh needs to be fulfilled. 

The ESI-MS study described in the appendix of this thesis reveals the presence 

of many different clusters in commercial solutions of Mn and Co-based driers. It 

would be of great interest to study the chemistry of these clusters and their 

contributions as driers of alkyd systems. 

With regard to applications of the new driers in alkyd paints, in this thesis 

most results were obtained in conventional solvent borne alkyd paints. Very good 

drying times and hardness development are reported. Color development, as for 

manganese based catalysts, however, still needs improvement. Furthermore it would 

be very interesting to test more real alkyd paints such as aqueous alkyd emulsions and 

high solid alkyd paints. This type of work should be taken up together with industry.  
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Appendix 

 

The identification of metal clusters in commercial solutions of Co and 

Mn-driers by ESI-MS 
 

 

Abstract 

In this appendix the identification of metal clusters in drier solutions by 

electrospray ionization mass spectrometry (ESI-MS) is discussed. Results provide 

evidence for the presence of metal clusters ranging from M3 up to M6 as well as the 

coexistence of mixtures of (mixed-valence) clusters in the same solution. 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Part of this appendix has been submitted for publication:  
Miccichè, F.; van Straten, M.A.; Ming, W.; Oostveen, E.; van Haveren, J.; van der Linde, R.; Reedijk,    
J. International Journal of Mass Spectrometry, in press  
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A.1 Introduction  

In the past two decades numerous investigations have been carried out to 

clarify the chemistry underlying the drying of alkyd-based paints, especially under the 

effect of Co-salts, such as Co-2-ethylhexanoate (Co-eh). To the best of our 

knowledge, except a few studies on the structure and mechanism of cobalt salts in the 

decomposition of hydroperoxides [1, 2], limited information is available on the actual 

species involved in the oxidative drying of alkyd paints. 

Electrospray ionization mass spectrometry (ESI-MS) has proven to be very 

useful at identifying the Fe-eh complex in solution; the same analysis was carried out 

for solutions of Co-eh and Mn-eh solutions.  

 

A.2 Results and Discussions 

The ESI mass spectrum (negative mode) of Co-eh in 1-propanol (Figure A.1) 

turned out to be quite complex but very interesting, as three different patterns can be 

identified. These different series of peaks arise most likely from at least three different 

species in solution, sharing a difference of m/z = 84 (∆) between neighboring peaks in 

each series. Similar to the Fe-eh solution, the ∆ value is associated with the gradual 

replacement of one eh by 1-propoxo both bearing a negative charge.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure A.1. ESI mass spectrum (negative mode) of Co-eh (purchased from Aldrich Chemicals) in 1-

propanol. 
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Despite the apparent complexity, patterns A, B and C (Figure A.1) were 

successfully identified. The main series A, including peaks at m/z = 1523.9, 1439.8, 

1355.7, 1271.6, 1187.5, 1103.5, and 1019.4, corresponds to a hexanuclear Co(II) 

cluster of [CoII
6(O)3(H)2(eh)9-x(1-propoxo)x]- (1, x = 2-8). The three oxygen and the 

two protons (referred as H) in the formula of 1 may represent µ-O, µ-OH, and H2O in 

various combinations according to the m/z observed in the spectrum. A definitive 

assignment of the number of bridges and their coordination mode (e.g. µ, µ2, or µ3), 

however, can not be made from this study as an X-ray analysis of the complex may be 

required to unfold such structural details. A similar, large Co(II) cluster with 

phenylcinnamic acid as ligand has been recently reported by Kumagai et al. [3]. The 

isotopic distribution for the species [CoII
6(O)3(H)2(eh)4(1-propoxo)5]- (m/z = 1271.6) 

is in good agreement with the one simulated (Figure A.2).  

 

 

 

 

 

 

 

 

 
 

 

Figure A.2. Comparison between experimental and simulated isotopic distribution: for the peak at m/z 

= 1271.6 (Fig. A.1), [CoII
6(µ3-O)(µ3-OH)2(eh)4(1-propoxo)5]-. 

 

The series B (Figure A.1) with peaks at m/z = 1178.5, 1094.3, 1010.4, 926.3, 

842.4, 758.4, and 674.5, can be assigned as a mixed-valence tetranuclear Co-cluster of 

general formula [CoIICoIII
3(O)5(H)4(eh)6-x(1-propoxo)x]- (2, x = 0-6). The series C 

(peaks at m/z = 833.6, 749.5, 665.4 and 581.3) is due to an oxo-trinuclear Co(III) 

cluster of formula [CoIII
3(O)3(H)2(eh)6-x(1-propoxo)x]- (3, x = 3-6). It is interesting to 

notice the similarity between the cluster 3 and the trinuclear Fe(III) complex  

identified in §5.2.1 as analogous metal core centers may be involved in both clusters 

 ([CoIII
3(µ3-O)]7+ and [FeIII

3(µ3-O)]7+).   
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The ESI-MS spectrum of Co-eh recorded in positive mode turned out to be 

very complicated (not shown). Despite the complex spectrum, a pattern with peaks at 

m/z = 1041.4, 957.3, 873.2, and 789.2 can be attributed to a tetranuclear mixed-

valence Co cluster [CoIICoIII
3(O)2(eh)6-x(1-propoxo)x]+ (4, x = 1-4).  

In a recent study, Warzeska et al. [4] have isolated and solved the structure of 

a tetranuclear mixed-valence manganese cluster from a commercial drier solution 

(Nuodex Mn 578) containing Mn-eh and 2,2’-bipyridine (bpy) of general formula 

[MnII
2MnIII

2(µ3-O)2(eh)6(bpy)2]. A similar solution was subject to ESI-MS 

measurement, and its mass spectrum is shown in Figure A.3. Four sets of peaks can be 

easily distinguished. The series D can be assigned as [MnII
4(O)(OH)(eh)6-x(1-

propoxo)x(bpy)2]- (5, x = 0-2, from high to low m/z). When x =0 (m/z = 1423.9), the 

species is indeed similar to that proposed by Warzeska et al. [4].   

 

 
 

Figure A.3. ESI mass spectrum (negative mode) of Mn-eh in 1-propanol. 

 

The other three series, E, F and G, are interpreted as follows: Series E, 

[MnIIMnIII(O)(eh)4-x(1-propoxo)x (bpy)3]-  (6, x = 0-3); Series F, [MnIVMnIII
3(O)3(eh)9-

x(1-propoxo)x(CH3OH)3]2- (7, x = 0,2,4,6,8); and  Series G, [MnII(eh)3-x(1-propoxo)x]- 

(8, x = 0-3). Recently similar tetranuclear mixed-valence Mn clusters similar to 7 

have been synthesized and isolated [5].   
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Summary 

In Nature, the most common non-enzymatic catalyst for the oxidation of lipids 

is the combination of ascorbic acid and iron salts. Since the oxidation of unsaturated 

fatty acids is also an important part of the drying mechanism of alkyd paints, it was 

decided to follow a biomimetic approach to use the ascorbic acid/iron salt systems as 

suitable driers for alkyd paint formulations.  

Nowadays, the most common driers used in commercial alkyd paint 

formulations are based on Co-salts. However, there is a clear need for 

environmentally friendly alternatives as recent studies have shown that cobalt salts are 

potentially carcinogenic in aerosols and stringent environmental regulations are being 

discussed that might force the industry to replace cobalt-based driers in commercial 

alkyd paint formulations. The general objective of this thesis is therefore to 

investigate and understand the catalytic properties and reaction mechanism of the 

combination of ascorbic acid derivatives/iron salts as potential alternative driers for 

alkyd-based paints. To study the catalytic capabilities of new driers and the oxidation 

mechanism of alkyd resins, model compounds are used for the sake of simplicity.  

In the first part of this thesis the effect of the molar ratio of ascorbic 

acid/Fe(II) and hydrogen peroxide/Fe(II) on the oxidation kinetics of methyl linoleate 

(ML) in positively and negatively charged micellar solution was studied, respectively. 

This investigation has revealed the important relationship between the ML oxidation 

kinetics and the ascorbic acid/Fe(II) molar ratio, particularly with regard to the pH of 

the micellar solutions and the anti-oxidant and pro-oxidant effect of the ascorbic acid.  

The investigation on the catalytic activity of the combination of ascorbic 

acid/iron salts was extended to a bulk system using ethyl linoleate (EL) as model 

compound. To overcome the limited solubility of both the ascorbic acid and inorganic 

iron salts (e.g. FeSO4) in EL, ascorbic acid 6-palmitate (AsA6p) and iron-2-

ethylhexanoate (Fe-eh) were used at different molar ratios. Similar to what observed 

in the micellar solutions, the oxidation kinetics of EL was found to be a function of 

the AsA6p/Fe-eh molar ratio. The iron-based catalyst demonstrated catalytic 

properties comparable to a commercial Co-based drier.  

To understand the chemistry of the iron-based catalyst, the structure of Fe-eh 

and the effect of the addition of AsA6p on it have been studied. Fe-eh was found to 

have a distorted trinuclear µ3-oxo centered Fe(III) core surrounded by bridging 2-

ethylhexanoate (eh) molecules according to the formula [FeIII
3(µ3-O)(eh)6]+ (in 
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solution). The structure of this complex in both solution and solid state was studied by 

Mössbauer, ESI-MS, FT-IR, ligand field spectroscopy, cyclic voltammetry, NMR, 

EPR and magnetic susceptibility measurements.  

The addition of the reducing agent AsA6p to a Fe-eh solution results in the 

reduction of one of the three Fe(III) centers to form a µ3-oxo centered, mixed-valence 

complex. The effect of the concentration of AsA6p was studied by ESI-MS, revealing 

that the formation of the mixed-valence complex is kinetically controlled by the 

AsA6p/Fe-eh molar ratio. The structure of the complex and the coordination mode of 

AsA6p to the trinuclear µ-oxo centered mixed-valence cluster were investigated by 
1H- and 13C-NMR and FT-IR. Although the exact structure of this complex remains 

not completely clear, some structural details on the iron core of the mixed-valence 

cluster were obtained by Mössbauer and ligand field spectroscopy. On the basis of the 

available information, a mechanism was proposed by which the AsA6p/Fe-eh 

combination catalyzes the oxidation of unsaturated lipids; a radical-type complex was 

proposed to be responsible for the initiation of the lipid oxidation reactions.  

In the final part of this thesis the properties of the combination of ascorbic acid 

derivatives/iron salt as driers for real alkyd systems are described. The results 

presented show that the iron-based catalyst is indeed a very good drier and in some 

cases even a better drier for alkyd-based paints than commercially available Co-based 

driers. By confocal Raman microscopy, depth profile studies on the drying of alkyd 

coatings catalyzed by different combinations of AsA6p/Fe-eh were performed and 

compared with a Co-based drier. It was found that cobalt driers are more effective as 

surface driers, inhibiting through drying (this is why auxiliary driers are normally 

required in Co-containing paint formulations), whilst the iron catalyst was found to be 

efficient also as through drier.  

Last but not least, the appendix reports an ESI-MS study undertaken in 

commercial solutions of Mn- and Co-based driers, which reveals the presence of 

several metal clusters of variable size and oxidation state of the metal core as species 

potentially involved in the drying of alkyd coatings. 
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Samenvatting 

In de natuur wordt de oxidatie van lipiden -voor zover deze niet enzymatisch 

plaatsvindt- veelal gekatalyseerd door een combinatie van ascorbinezuur en 

ijzerzouten. De oxidatie van onverzadigde vetzuren speelt ook een belangrijke rol in 

het drogingsproces van op alkydharsen gebaseerde verven. In dit onderzoek werd 

daarom een biomimetische aanpak gekozen om de combinatie van ascorbinezuur met 

ijzerzouten te onderzoeken en mogelijk toe te passen voor de versnelling van de 

droging van alkydverven. 

De huidige drogers voor commerciële alkydverven zijn meestal gebaseerd op 

kobaltzouten. Uit recent onderzoek is evenwel gebleken dat deze kobaltzouten in 

aerosolen mogelijk carcinogeen zijn. Als gevolg hiervan wordt een stringentere 

milieu- en gezondheidsregelgeving verwacht die mogelijkerwijs het gebruik van op 

kobalt gebaseerde drogers voor alkydverven zal verbieden. De industrie wordt 

hierdoor gedwongen tot de ontwikkeling van alternatieve katalysatoren, die de 

huidige kobaltdrogers kunnen vervangen.  

Doel van dit onderzoek is het bestuderen van de katalytische eigenschappen en 

het reactiemechanisme van de combinatie van ascorbinezuurderivaten en ijzerzouten 

als potentiële drogers voor alkydverven. Om de katalytische aspecten en het oxidatief 

mechanisme van de nieuwe drogers te kunnen bestuderen is gebruik gemaakt van 

modelverbindingen. Modelverbindingen worden gebruikt omdat ze in het algemeen 

het bestuderen van systemen vergemakkelijken. In dit onderzoek zijn methyllinoleaat 

en ethyllinoleaat gebruikt als modelverbindingen voor alkydharsen. 

In het eerste deel van dit proefschrift wordt het effect van verschillende 

verhoudingen ascorbinezuur/Fe(II) en waterstofperoxide op de oxidatiekinetiek van 

methyllinoleaat (ML) in positief en negatief geladen waterige micellaire oplossingen 

beschreven. Aangetoond wordt dat de pH van de oplossing een grote invloed heeft op 

de oxidatiekinetiek en dat er een duidelijke relatie is tussen de kinetiek van de ML-

oxidatie en de verhouding ascorbinezuur/Fe(II). De kinetiek wordt verklaard door een 

pro-oxidant, respectievelijk anti-oxidant effect van ascorbinezuur, afhankelijk van de 

verhouding ascorbinezuur/Fe(II). 

De bestudering van de katalytische activiteit van de combinatie 

ascorbinezuur/Fe(II) is voortgezet door gebruik te maken van puur ethyllinoleaat (EL) 

als modelsysteem. Als ascorbinezuurderivaat is ascorbinezuur-6-palmitaat (AsA6p) 

gebruikt en als ijzerzout ijzer-2-ethylhexanoaat (Fe-eh), omdat deze beter oplosbaar 
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zijn in EL. Ascorbinezuur-6-palmitaat en ijzer-2-ethylhexanoaat zijn daarbij in 

verschillende verhoudingen onderzocht. Vergelijkbaar met de oxidatie in micellaire 

oplossingen speelt ook hier de verhouding AsA6p/Fe-eh een belangrijke rol in de 

oxidatiekinetiek. Vergelijking van de katalytische eigenschappen van de AsA6p/Fe-eh 

katalysator met een commerciële op kobaltzouten gebaseerde droger geeft aan dat zij 

vergelijkbare eigenschappen hebben. 

Om de chemie van de op ijzerzouten gebaseerde katalysatoren te kunnen 

verklaren, is de structuur van Fe-eh en het effect van toevoeging van AsA6p hieraan, 

uitgebreid onderzocht. Het blijkt dat Fe-eh een verstoorde trinucleaire-oxo-

gecentreerde Fe(III) kern heeft, omringd met bruggende 2-ethylhexanoaatmoleculen 

(eh), die overeenkomen met de algemene formule [FeIII
3(µ3-O)(eh)6 ]+ (in oplossing). 

De structuur van dit complex, zowel in oplossing als in vaste toestand, wordt 

beschreven aan de hand van Mössbauerspectroscopie, FT-IR, ligandveld 

spectroscopie, cyclische voltammetry, NMR, ESR en magnetische susceptibiliteit. 

Toevoeging van het reducerende agens AsA6p aan de oplossing van Fe-eh resulteert 

in de reductie van één van de drie Fe(III) kernen, onder de vorming van een µ-oxo-

gecentreerd "mixed-valence" complex. Het effect van de moleculaire verhouding 

tussen AsA6p en Fe-eh is onderzocht door gebruik te maken van ESI-MS. Dit leidt tot 

de conclusie dat de vorming van het "mixed-valence" complex kinetisch wordt 

bepaald door de AsA6p/Fe-eh verhouding. Informatie over het complex en de 

coördinatie van het reducerend agens (AsA6p) is verkregen door middel van 1H- en 
13C-NMR en FT-IR. Ofschoon de exacte structuur van het complex niet geheel 

duidelijk is, zijn verdere structurele details over de ijzerkern van het "mixed-valence" 

cluster verkregen door Mössbauer- en ligandveldspectroscopie. Op basis van de 

beschikbare resultaten is een reactiemechanisme voorgesteld waarbij een radicalair 

complex van AsA6p/Fe-eh verantwoordelijk is voor de initiatie van de 

oxidatiereactie.   

In het laatste deel van dit proefschrift zijn de eigenschappen van de combinatie 

ascorbinezuurderivaten en ijzerzouten als drogers voor commerciële alkydsystemen 

beschreven. De resultaten tonen aan dat de op ijzerzouten gebaseerde 

drogingskatalysator inderdaad een goede droger is, in sommige gevallen zelfs beter 

dan de commerciële op kobaltzouten gebaseerde droger.   

De droging van alkydcoatings, gekatalyseerd door verschillende verhoudingen 

AsA6p/Fe-eh, is onderzocht met behulp van Confocale Ramanspectroscopie. Met 
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deze methode is het mogelijk de voortgang van het drogingsproces op verschillende 

laagdiepten te volgen. De resultaten zijn vergeleken met die, waarbij een kobaltzout 

als katalysator is gebruikt. Het blijkt, dat de kobaltdroger een betere 

oppervlaktedroger is, waardoor de doordroging juist wordt bemoeilijkt (dit is de reden 

dat naast kobaltdrogers ook “hulpdrogers” aan verfformuleringen worden 

toegevoegd), terwijl voor de op ijzer gebaseerde katalysator ook een goede 

doordroging is waargenomen. 

De appendix beschrijft een ESI-MS onderzoek aan commerciële oplossingen 

van Mn- en Co-drogers, waarbij wordt aangetoond dat verschillende clusters van 

variërende grootte en oxidatietoestand van de metaalkern, mogelijk betrokken zijn bij 

de droging van alkydverven.        
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Riepilogo 

Il processo di ossidazione degli acidi grassi insaturi svolge un ruolo 

fondamentale nell’essicazione delle vernici alchiliche. Attualmente, catalizzatori (o 

driers) a base di sali di cobalto vengono utilizzati in formulazioni commerciali allo 

scopo di accelerare il processo di ossidazione degli acidi grassi e conseguentemente 

l’essicazione di tali vernici. Studi recenti hanno evidenziato una potenziale tossicità di 

tali catalizzatori, in particolar modo su tessuti e polmoni. Pertanto, stringenti 

legislazioni ambientali sono in fase revisionale e in un prossimo futuro sarà resa 

obbligatoria una graduale sostituzione dei suddetti catalizzatori. Risulta quindi di 

fondamentale importanza trovare catalizzatori alternativi e non tossici per verinici 

alchiliche.  

In natura, il più comune catalizzatore di tipo non enzimatico coinvolto nel 

processo di ossidazione degli acidi grassi insaturi, si basa sulla combinazione sali di 

ferro/acido ascorbico (o vitamina C). E stato pertanto pensato di seguire un approccio 

di tipo “biomimetico” allo scopo di ottenere adeguati catalizzatori per l’essiccazione 

di vernici alchiliche basati sulla combinazione di sali di ferro/acido ascorbico. Le 

proprietà di questi catalizzatori nel processo ossidativo di vernici alchiliche sono state 

investigate in sistemi modello (etere metilico e etilico dell’acido linoleico) per resine 

alchiliche in quanto risultano più semplici da studiare con metodi analitici e 

spettroscopici convenzionali. 

Nella prima parte del presente lavoro di tesi, è stato studiato l’effetto del 

rapporto molare acido ascorbico(AsA)/Fe(II), nonché quello del perossido 

d’idrogeno(H2O2)/Fe(II), sulla cinetica di ossidazione dell’estere metilico dell’acido 

linoleico (ML) in sistemi micellari di tensioattivi carichi positivamente e 

negativamente. Tale studio ha dimostrato che la cinetica d’ossidazione del ML è 

dipendente dal suddetto rapporto molare dei componenti del catalizzatore, dal pH 

della soluzione micellare ed anche dalle proprietà antiossidanti e pro-ossidanti 

dell’acido ascorbico.  

Lo studio delle proprietà catalitiche della combinazione AsA/Fe(II) è stato 

esteso anche a sistemi non acquosi, usando l’estere etilico dell’acido linoleico come 

sistema modello. A causa della limitata solubilità dell’acido ascorbico e di semplici 

sali inorganici di ferro (es. FeSO4) in sistemi a carattere altamente lipofilico, sono 

stati usati l’estere palmitico dell’acido ascorbico (AsA6p) e il 2-etilexanoato di ferro 
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(Fe-eh) in diversi rapporti molari. Analogamente a quanto osservato nel sistema 

micellare, la cinetica di ossidazione del EL è risultata essere dipendente dal rapporto 

molare AsA6p/Fe-eh. Inoltre il catalizzatore investigato ha anche dimostrato proprietà 

catalitiche simili a quelle di un catalizzatore commerciale a base di cobalto.  

Allo scopo di comprendere a fondo le proprietà chimiche del catalizzatore a 

base di ferro, sono state dettagliatamente studiate la struttura del complesso Fe-eh e 

l’effetto del AsA6p su di esso.  

Il Fe-eh è stato identificato come un complesso trinucleare di Fe(III) nel quale 

i tre siti ferrici sono collegati da un ponte ossigeno con coordinazione di tipo µ3-O, in 

una struttura distorta e circondata da sei molecole di 2-etilexanoato, in accordo alla 

fomula [FeIII
3(µ3-O)(eh)6]+ (in soluzione). La struttura del complesso (in soluzione e 

allo stato solido) è stata caratterizzata mediante studi Mössbauer, spettrometria di 

massa con ionizzazione “electrospray” (ESI-MS), FT-IR, UV-Vis, voltammetria 

ciclica, NMR, risonanza paramagnetica elettronica (EPR) e misure magnetiche.  

Si è evidenziato che l’aggiunta dell’agente riducente (AsA6p) ad una 

soluzione di Fe-eh provoca la  riduzione di uno dei tre centri metallici, con 

formazione di  un complesso a valenza mista avente un ponte di tipo µ3-O posto al 

centro dei tre ioni ferro simile a quello osservato per Fe-eh. L’effetto della 

concentrazione del AsA6p è stato studiato mediante ESI-MS come metodo analitico. 

Da tali studi la formazione del complesso multi-valente è risultata essere 

cineticamente controllata dal rapporto molare AsA6p/Fe-eh. Dettagli strutturali del 

complesso e la localizzazione piu probabile dei centri di ferro in in prossimita 

dell’agente riducente sono stati ottenuti mediante tecniche di rilassamento NMR e 

spettroscopia FT-IR. Misure Mössbauer e UV-Vis hanno avuto un ruolo importante 

nello studio della struttura del complesso. Le proprietà elettrochimiche del complesso 

sono state investigate con misure di voltammetria ciclica. Nonostante tutte le 

informazioni ottenute, la struttura definitiva di questo complesso multivalente, rimane 

tuttavia non chiara. Sulla base dei risultati ottenuti, è stato anche possibile proporre un 

meccanismo attraverso il quale il complesso AsA6p/Fe-eh potrebbe inizializzare il 

processo di ossidazione di lipidi insaturi. L’intero meccanismo di reazione si basa 

sulla formazione di un complesso radicalico capace di rimuovere un protone allilico 

dal doppio legame cis di lipidi insaturi. 
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Inoltre, sono state studiate le proprietà catalitiche delle varie combinazioni 

ferro/derivati dell’acido ascorbico, in diverse resine alchiliche di interesse 

commerciale e in alcuni casi anche pigmentate. I risultati attenuti hanno chiaramente 

rivelato le alte potenzialità commerciali di tale sistema catalitico come essiccatore (o 

drier) per vernici alchiliche. In alcuni esempi, le proprieta’ della combinazione 

ferro/agente riducente sono state trovate superiori a quelle di catalizzatori 

commerciali a base di cobalto.  

Infine nell’appendice di questa tesi è stato riportato lo studio condotto su 

soluzioni commerciali di catalizzatori a base di cobalto e manganese usando ESI-MS 

come mezzo analitico di investigazione. Sono stati individuati diversi clusters 

metallici aventi un numero variabile sia di centri metallici che di stati di ossidazione, 

quali specie potenzialmente coinvolte nel processo di essiccamento di vernici 

alchiliche.  
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