
Coordination Chemistry Reviews 249 (2005) 1709–1728

Review

The oxidative drying of alkyd paint catalysed by metal complexes

Remy van Gorkum, Elisabeth Bouwman∗

Leiden Institute of Chemistry, Leiden University, PO Box 9502, 2300 RA, Leiden, The Netherlands

Received 27 September 2004; accepted 1 February 2005
Available online 3 March 2005

Contents

1. General introduction and scope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1710
2. The drying of alkyd paint. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1710

2.1. Introduction: autoxidation of the binder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1710
2.2. Studies with drying oils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1712
2.3. Studies with fatty acid esters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1714

2.3.1. General observations in ethyl linoleate (EL) drying. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1714
2.3.2. Time evolution of drying and cross-link formation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1714

2.3.3. Oligomerisation in detail. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1714

2.4. Studies with the model compounds (Z,Z)- and (E,E)-3,6-nonadiene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1715
3. Metal complex driers for alkyd paints. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1717

3.1. Introduction: classification and function of driers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1717
3.2. The efficiency of different drier combinations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1718
3.3. Enhancing drier activity and the development of new drier systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1719

3.3.1. Techniques to evaluate drier activity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1719
3.3.2. The effect of added ligands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1720
3.3.3. Driers not based on metal carboxylates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1722
3.3.4. New drier systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1723

4. Concluding remarks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1726
4.1. A summary of alkyd paint drying. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1726
4.2. The need for improved knowledge of paint drier chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1726
Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1726
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1726

Abstract
The focus of this review paper is the transition metal chemistry involved in alkyd (paint) drying. A general introduction is given on the
composition of a common alkyd paint and the latest insights in the structure of the dried alkyd film are discussed. The drying of an alkyd paint
is an autoxidation process catalysed by transition metal salts. Thorough investigations have shed light on the role of the transition metals as
catalysts in the drying process and a wealth of spectroscopic techniques have been used to monitor the autoxidation process and to analyse the
autoxidation products. More recently, these techniques have been used to develop a test reaction for the rapid screening of new manganese
and iron based drier catalysts. Promising new driers based on simple manganese complexes have been proposed as replacements for the
environmentally unfriendly cobalt driers that are presently used in alkyd paints.
© 2005 Elsevier B.V. All rights reserved.
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1. General introduction and scope

A common household paint consists of a complex mixture
of chemicals, a rough estimate of the basic ingredients is
listed in Table 1 [1]. Oil paint, the oldest form of modern
paint, uses a binder that is derived from a vegetable oil, such
as obtained from linseed or soya bean. In alkyd paint, the
binder is a synthetic resin, which is called an alkyd resin.
The termalkydwas coined in the early days and originates
from theAL in polyhydricALcoholsand theCID (modified
to KYD) in polybasicaCIDs. Hence, in a chemical sense
the terms alkyd and polyester are synonymous. Commonly,
the term “Alkyd” is limited to polyesters modified with oils
or fatty acids. A typical alkyd resin is prepared by heating
for example linseed oil, phthalic acid anhydride and glycerol
to obtain a fatty-acid containing polyester, as schematically
shown inFig. 1.

Further important components of alkyd paint are pigments
and extenders. Pigments produce the paint color and are
derived from natural or synthetic materials that have been
ground into fine powders. Extenders are inert pigments used
to extend or increase the bulk of a paint. Extenders are also
used to adjust the consistency of a paint and to reduce the
color of pigments with great tinting strength[2].

Finally, the last important category of components of
alkyd paint constitutes the additives. A large variety of coat-
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time of an alkyd paint would be over 24 h, which is clearly
undesirable.

In the last decade or so, environmental legislation has
sparked the research effort concerning the drying chem-
istry of alkyds. Emission of VOCs (volatile organic com-
pounds) from paints has become a major concern. An im-
portant way to achieve reduction of VOC emissions is to
switch from solvent-borne paints to water-borne paints. In a
water-borne alkyd paint the alkyd resin isemulsifiedin water,
whereas in a solvent-borne alkyd paint the resin isdissolved
in an organic solvent. Although already 70% of all decora-
tive coatings in the EU are water-borne, solvent-borne paints
still show a number of advantages over water-borne paints.
These advantages are, for example: easier application prop-
erties, wider application and drying tolerance under adverse
conditions (low temperature, high humidity) and a higher
level of performance on difficult substrates, such as heavily
stained or powdery substrates. Water-borne emulsion paints
also contain significant amounts of surfactants, which can
have a negative influence on the activity of the paint drier
and the dried film surface[4,5]. As a result, solvent-borne
coatings are unlikely to be totally replaced by water-borne
coatings in the foreseeable future[6]. An additional way
to reduce VOC emissions is the use of solvent-borne prod-
ucts with a lower solvent content, the so-called “high-solids”
paints[6].
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roups of additives is that of the catalytically active additi
hich includes the paint-drying catalysts, or driers. Dr
re metal soaps or coordination compounds which acc
te paint drying by enhancing the rate of cross-link for

ion between the binder molecules, thus shortening the
rying time[1,3]. Without the addition of driers, the dryin
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ig. 1. Schematic impression of an alkyd resin used as a binder com
n alkyd paint. The fatty acid chain shown is linoleic acid.
Another topic of concern is the use of cobalt compou
s driers in alkyd paint. Cobalt compounds generally ar
ost widely used drying catalysts for the oxidative dryin
lkyd paints. Several accounts have recently appeared,
ver, detailing the toxicity and bioaccessibility of cobalt s
nd cobalt driers[7–9]. In order to arrive at new catalys
n improved understanding of the complex chemistry ta
lace during the drying of alkyd paint is necessary.

In this paper an overview is given of the research into
echanisms of paint drying, which is closely related to l
xidation. The general chemistry and latest trends an
elopments pertaining to metal paint driers is also revie
hese two approaches are meant to be illustrative of the c

stry involved and the latest developments in metal catal
lkyd paint drying. The focus is predominantly on the w
one in the last decade.

. The drying of alkyd paint

.1. Introduction: autoxidation of the binder

During the drying of alkyd paints two different stages
e identified. The first process is the physical drying of
aint. In this process the solvent evaporates and a close

s formed. The second process is chemical drying (also c
xidative drying), which is a lipid autoxidation process. T
eaction proceeds by a free-radical chain mechanism
an be described in terms of initiation, propagation
ermination, as summarised inScheme 1. Initiation can occu
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Scheme 1. Radical reactions taking place in the metal-catalysed autoxidation of an alkyd resin binder[22,23].

through the action of some unidentified initiating species (Eq.
(1)) on the substrate, by thermal hydroperoxide decompo-
sition (Eq. (2)) or by action of the metal drier. Initiation
via the drier catalyst proceeds through metal hydroperox-
ide decomposition (Eqs. (3a), (3b), (4a) and (4b)[10,11],
metal-dioxygen activation (Eq. (5a) and (5b))[12], or by di-
rect reaction of the metal complex with the resin (Eq. (6))
[11,13,14]. Propagation reactions involve mainly hydroper-
oxide formation through Eqs. (7) and (8). The reaction ac-
cording to Eq. (7) is extremely rapid (diffusion controlled,
k∼ 109 l mol−1 s−1), except at very low partial pressures of
dioxygen (dissolved-oxygen concentration <10−3 M). The
reaction described by Eq. (8) is relatively slow and thus it
is the rate-determining step for the formation of hydroperox-
ides[15–17]. Termination occurs via radical recombination
to yield peroxy, ether and carbon–carbon cross-links (Eqs.
(10)–(13))[18–20].

The autoxidation takes place at the fatty acid group of the
alkyd resin (Fig. 1). Fatty acids are important biomolecules,
and are present in lipids as their triester with glycerol. Con-
sequently, a considerable amount of research has been per-
formed on elucidation of their autoxidation mechanism, since
lipid autoxidation is known to be the cause of vital issues,
such as food spoilage, tissue injuries and degenerative dis-
eases[21,22]. An extensive coverage of the kinetics of fatty
acid autoxidation will not be given here, excellent reviews of
the early work are readily available in the literature[10,23].

The fatty acids in an alkyd resin are polyunsatu-
rated fatty acids, commonly linolenic acid, (�-linolenic
acid = 9Z,12Z,15Z-octadecatrienoic acid and�-linolenic
acid = 6Z,9Z,12Z-octadecatrienoic acid) which is a major
constituent of linseed oil[24], or linoleic acid (9Z,12Z-
octadecadienoic acid) which is a major constituent of, for
example, sunflower oil and soya oil. The high susceptibility
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Scheme 2. Initial hydroperoxide formation in the autoxidation of the fatty
acid chain of an alkyd resin binder unit.

of non-conjugated polyunsaturated fatty acids for autoxida-
tion arises from the presence ofbis-allylic hydrogen atoms,
which have a relatively low CH bond dissociation energy of
75 kcal/mol and can therefore be easily abstracted, resulting
in radical chain initiation and thus autoxidation[21,25]. In
Scheme 2the initial autoxidation reactions for a fatty acid
pentadiene substructure, forming a hydroperoxide, are sum-
marised. Abstraction of one of thebis-allylic hydrogen atoms
results in the formation of a radical species, which is sta-
bilised by delocalisation due to the local pentadienyl struc-
ture. Molecular oxygen reacts extremely rapid with this pen-
tadienyl radical species to form a peroxy radical which has
the double bonds dominantly conjugated, since this is the
most stable structure[22]. The peroxyl radical can then par-
ticipate in a number of reactions, but in the early stages of
autoxidation the dominant reaction will be to abstract a hy-
drogen atom from another resin molecule to form a hydroper-
oxide and propagate the radical chain (Eq. (8) inScheme 1).
Fig. 2 shows the total time course of lipid autoxidation: the
fatty acid concentration will rapidly decrease as hydroper-
oxides are formed. The hydroperoxide concentration will
go through a maximum when hydroperoxide formation is
surpassed by hydroperoxide decomposition. Hydroperoxide
decomposition leads to further product-formation, forming
cross-linked (non-volatile) species and numerous other oxy-
gen containing products such as alcohols, ketones, aldehy-
d lipid
a ade
t ying
c ried
o -link
f

Fig. 2. Schematic impression of the time course of fatty acid (lipid) autoxi-
dation, redrawn after Gardner[27].

A general review of earlier work regarding all aspects
of the polymerisation of drying oils was given by Wexler
[26], and several recent reviews are available covering fatty
acid autoxidation[22,27]. The Paint Research Association
has published a report regarding the drying of linoleic-based
coatings[28], and also a recent review is available about the
yellowing(discoloration over time) of dried oil films, studied
with the model compound methyl linolenate[29]. Yellowing
is caused by over-oxidation of the coating and is a general
problem for alkyd coatings. The yellowing process will not
be discussed in this review.

2.2. Studies with drying oils

The fatty acids in natural oils are present predominantly
as lipids. A natural oil with a high content of polyunsaturated
fatty acids, such as linoleic or linolenic acid, can be cate-
gorised as a drying oil. Drying oils are prone to autoxidation
and, as a precursor to an actual alkyd resin, are often used as
a model compound to study paint drying.

The structure of a dried film of soya oil has been studied
by Falla with GLC (gas liquid chromatography) and infrared
spectroscopy (IR)[28]. Soya oil was dried as a thin film on
glass using cobalt and lead driers at 25◦C and 65% rela-
tive humidity. The oil was converted to methyl esters prior to
a the
m e and
o ding
t anal-
y ar to
t d oil
[ sat-
u OH
a ental
a the
m lt a
p ted
(

da-
t opy
es and carboxylic acids. Since the mechanisms of
utoxidation are fairly well understood, in the last dec

he most significant advancements in alkyd paint dr
ome from studies concerning the dry film structure of d
ils and fatty acids and the mechanisms of the cross

ormation.
nalysis with GLC. Two fractions could be obtained from
ethyl esters of 16 h dried soya oil, one soluble in heptan
ne insoluble. The soluble part yielded peaks correspon

o oleate, stearate and palmitate. The insoluble part was
sed by infrared spectroscopy to yield a spectrum simil
hat obtained in studies concerning the drying of linsee
30]. The IR spectrum lacked bands characteristic of un
ration and showed additional bands typical of OH, CO
nd other, non-ester, carbonyl containing species. Elem
nalysis data of the insoluble material could be fitted to
olecular formula C10H18O3, and on the basis of this resu
ossible structure for the dried film polymer was formula
Fig. 3) [28].

Lazzari et al. studied the drying and oxidative degra
ion of linseed oil by Fourier transform-infrared spectrosc
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Fig. 3. A postulated structure for the dried film polymer of soya oil. Terminal
groups could include OH, COOH and CHO[26].

(FTIR), thermogravimetry (TG), differential scanning
calorimetery (DSC) and size exclusion chromatography
(SEC) [31]. Linseed oil was spread on selected supports,
obtaining a film thickness of 80�m, and was then exposed
to different conditions. Different films were naturally aged,
thermo-oxidized at 80◦C, or irradiated with wavelengths
>295 nm. Analysing the film dried at 80◦C after 6 h with
FTIR, the same observations were made as reported by Van-
devoort et al.[32]. After an induction time of 4 h, the peak due
to hydroxyl groups rapidly increased and reached a constant
value after 8 h, while isolated double bonds disappeared[31].
An insoluble polymer was formed after extended oxidation
times at 80◦C (up to 150 h). The soluble part of this poly-
mer was extracted and analysed by SEC and IR. The SEC
chromatogram of the soluble part of the aged sample shows a
peak due to the original component, as well as a peak assigned
to dimers and a continuous distribution of higher molecular
weight fractions. The IR spectrum of the soluble (extracted)
sample was compared with the IR spectrum of the sample be-
fore extraction. The spectrum of the soluble sample showed
signals of lower intensity for the ester groups relative to the
methylene signals in the sample, which would suggest that a
process of fragmentation takes place in which aliphatic chains
are preferentially released from the insoluble network[31].

Analysis of a sample film kept at room temperature ex-
posed to the atmosphere (natural aging/drying) by FTIR
y mple
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Fig. 4. Carboxylic acid formation via hydrogen atom abstraction and sub-
sequent�-elimination reactions and oxidation.

ide formation and alcohol formation, it was concluded that
alcohols are secondary products formed only after hydroper-
oxides are created. To assess the amount of carboxylic acid
present in the oxidised oils, samples were treated with SF4
to form the acid fluorides. Two new peaks were observed af-
ter treatment, i.e. at 1843 cm−1, attributed to non-conjugated
acid fluorides, and at 1810 cm−1 attributed to conjugated acid
fluorides. The formation of carboxylic acids in the curing step
evidences chain scission reactions that can weaken the dried
film. Carboxylic acid formation was proposed to occur by
oxidation of aldehydes or via hydrogen abstraction from the
tertiary carbon with a hydroperoxide function and subsequent
�-scission after hydroperoxide decomposition, as shown in
Fig. 4.

Raman spectroscopy of a linseed oil film heated at 60◦C
up to 50 h showed a broad band appearing around 850 cm−1

[33]. This band was attributed to the formation of hydroper-
oxides and also peroxide cross-links, since the band remained
present even after extended drying times (over 100 h), dur-
ing which period the hydroperoxide concentration decreased
notably. From their FTIR and Raman studies Mallégol et
al. concluded that the oxidation of the fatty acids in linseed
and poppyseed oil at 60◦C proceeds according to the fol-
lowing general sequence:methylene-interruptedcis→ trans-
conjugated→ trans-non-conjugated→ saturated. Hydroper-
oxides are decomposed by homolytic cleavage of their peroxy
b hols
a nsatu-
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o
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T tion
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v ying
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b ter-
m and
R with
S he
d ed,
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t H
c ored
o This
m nged
r n
ields exactly the same spectral changes as seen for sa
reated at 80◦C, albeit over a much longer time period
as thus supposed that treatment of linseed oil at mode
igher temperatures only accelerated the natural drying
egradation processes, not altering the type and extens

he reactions[31].
Mallégol et al. sought to gain insight into the long-te

ehaviour of oil-based paints by studying the thermo-
hoto-oxidation of several different drying oils[33–35].
TIR was again used as the preferred analytical metho
ell as Fourier transform Raman spectroscopy, to stud
tructure of linseed oil and poppyseed oil films oxidise
0◦C [33]. Samples were spread out as a thin film on e
KBr or a glass window after which they were oxidized
ventilated oven at 60◦C in the dark. After oxidation fo

0 h a very weak peak at 885 cm−1 evidenced the formatio
f transepoxides[33]. Oxidised samples were treated w
O after increasing reaction times to differentiate betw
lcohol and hydroperoxide formation. NO reacts with a
ols to form an RO N O nitrite, which has a specific ba
t 779 cm−1 [33]. Studying the time course of hydropero
s

ond, leading to a mixture of ketones, aldehydes, alco
nd acids by subsequent reactions. The decrease in u
ation was explained by epoxide formation through add
f peroxyl radicals on conjugated double bonds[33].

The fate of hydroperoxides formed in the oxidation of
eed and poppyseed oil at different temperatures (25, 4
0, 100 and 120◦C) has been studied in further detail[34].
he hydroperoxide concentration as a function of oxida

ime was determined by iodometric titration. The perox
alues (PV) rapidly reached a maximum before deca
lowly. For oxidation reactions carried out at higher tem
ture, PVs were found to be lower. Under the conditions
y Mallégol et al. it was found that the peroxide value de
ined by iodometric titration was the sum of the ROOH
OOR concentrations. By reacting oxidised oil samples
F4 prior to PV determination, the contribution of only t
ialkylperoxide cross-links to the PV could be determin
s SF4 reacts with the hydroperoxides. The ROOR con

ration for linseed oil dried at 60◦C is lower than the ROO
oncentration and follows the same trend when monit
ver time: going through a maximum and then decaying.
eans that peroxide cross-links are destroyed after prolo

eaction times at this temperature[34]. The photo-oxidatio
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of a dried linseed oil film leads to severe degradation of the
dried film network, as was concluded from the observed ma-
jor changes in the FTIR spectrum, i.e. a rapid decrease of
peaks due to double bonds, ester bonds and even alkyl groups
[35]. In comparison, the thermo-oxidation of a dried linseed
oil film at 100◦C for up to 1000 h did not yield such ma-
jor changes in the FTIR spectrum. Thus although the cross-
linked network is quite photo-labile, the thermostability is
relatively high[35].

2.3. Studies with fatty acid esters

2.3.1. General observations in ethyl linoleate (EL)
drying

In the past decade, Muizebelt and colleagues made im-
portant advancements concerning knowledge of the oxida-
tive cross-linking of alkyd resins[18–20]. Fatty acids or
fatty acid esters were used as model compounds to study
the cross-linking reactions that occur under the reaction con-
ditions of a drying alkyd paint, i.e. a thin film air-dried by a
Co/Ca/Zr combination drier (see Section3.2) at room tem-
perature. Ethyl linoleate autoxidation was monitored over an
extended period of time (up to 1 year) using several analyt-
ical techniques[18]. In the oxidation of technical grade EL
(70% EL, 30% ethyl oleate, traces of palmitate and stearate)
followed by GC–MS it was observed that all ethyl linoleate
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NMR results showed that the total double bond concentra-
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the ether signal increases. Thus it was concluded that a net
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2.3.3. Oligomerisation in detail
Oligomerisation products of EL dried by cobalt in air

were analysed further with Time-of-Flight Secondary Ion
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he saturated esters as internal standards. Both comp
ecreased according to pseudo first-order kinetics and
ctivity ratio of linoleate to oleate of 17 was found, wh
as been reported earlier[36]. Size exclusion chromatogr
hy (SEC) showed relatively fast oligomer formation and
istribution of oligomers reached after one day did not ch
ubstantially upon further reaction. The peak due to hydro
xides slowly decreased over time (up to 400 days), how
iscrete oligomers slowly disappeared, as was evidenc
smoothing of the SEC curve after long reaction times.

ormation of low-molecular weight material became m
pparent over time. From these results it was conclude
ross-linking continues over prolonged reaction times
oncurrent degradation[18].

.3.2. Time evolution of drying and cross-link formation
The cross-linking in the autoxidation of EL (99% puri

as studied in more detail using1H NMR, quantitative13C
MR and13C NMR with the POMMIE technique[18,20].
he POMMIE13C-NMR technique yields subspectra for m

hine, methylene and methyl carbons, and the methine c
pectra yield information regarding cross-linked sites. S
ra were recorded at increasing reaction times and integ
o give the time dependence of the relative amounts of
le bonds, ether and peroxy cross-links, as well as carbo
cids, aldehydes and epoxides. After one week of dryin
on-conjugated double bonds had disappeared. The fo
s

rying. After 60 days of drying peaks are smaller and o
imers remain, with the formation of new compounds w
olecular weights between that of specific oligomers. A
40 days of reaction, no features could be detected be
00 amu (EL = 308 amu)[19]. These observations again
icated the ease of degradation of the formed oligomer
AB-MS and DCI-MS dimers were detected which co
e assigned the general formula [(EL-H)2 +nO,n= 0–5] and

rimers which followed the general formula [3EL-xH +nO,
= 2 or 4]. Some important mechanistic conclusions w
rawn from the mass spectra. Dimerisation was propos
ccur exclusively trough radical termination reactions, s
asses related to the general formula (2EL +nO) would be

xpected if addition to double bonds had occurred follo
y disproportionation. Formation of trimers was attribu

o either combination reactions of (dimeric) radicals, o
adical addition to the double bonds of dimers, relate
he occurrence of peaks with masses of either (3EL-4H
3EL-2H), respectively. The finding that radical addition
ouble bonds is apparently limited to the formation of trim
and higher oligomers) was rationalised by the presen
onjugated double bonds in dimerised EL, which are m
usceptible to addition reactions[37]. The observation th
hains with conjugated bonds cross-link according to a
erent mechanism than chains with non-conjugated b
as confirmed by drying studies with methyl ricinoate (M
hich is the methyl ester of a conjugated linoleic acid
er (9,11-octadecadienoic acid, methyl ester)[19]. The mas

pectra of dried reaction mixtures of MR showed all pe
oubled with a mass difference of 2 amu as compared



R. van Gorkum, E. Bouwman / Coordination Chemistry Reviews 249 (2005) 1709–1728 1715

Scheme 3. Radical addition to a conjugated double bond and subsequent disproportionation, yielding species of two mass units apart.

spectra for EL. This observation was explained by a cross-link
mechanism of radical addition to a double bond and subse-
quent disproportionation, which leads to masses of 2M-2 and
2M, as shown inScheme 3. Radical addition to a conjugated
double bond generates an allyl radical, which is stabilized by
delocalisation and the reason why conjugated double bonds
are more reactive in a radical addition than non-conjugated
double bonds. Drying a mixture of EL and MR for 2 days
in air with cobalt resulted in the formation of a cross-linked
co-polymer[19].

Modern “high-solids” alkyd paints contain so-called “re-
active diluents”[38]. In these paints the solvent has been re-
placed by a compound which acts as a solvent but which also
forms cross-links with the alkyd resin during drying, thereby
becoming part of the network. Muizebelt et al. studied the
drying of EL in the presence of reactive diluents (for exam-
ple butenediol derivatives) by NMR and mass spectroscopy
[38]. It was shown by mass spectroscopy that the reactive
diluents do form cross-links with EL. The proposed reaction
mechanism for cross-link formation of the reactive diluents
was the same as shown earlier for EL and MR: compounds
with allylic methylene groups cross-link via radical recom-
bination whereas compounds with conjugated double bonds
cross-link via addition to the double bond.

In a recent study, Oyman et al. studied the drying of sev-
eral fatty acid esters (EL, methyl linoleate (ML), and methyl
l rne
a ter-
e d by
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i mul-
s actly
t er has
e

2
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n ross-

link reactions that occur during the drying of alkyd resins
[40]. Focus of the study was the product isolation and char-
acterisation of the compounds formed in the cobalt-catalysed
autoxidation. Similar studies have been carried out with
(Z,Z)-2,5-heptadiene and (Z,Z)-4,7-undecadiene[41–43].

The nonadiene isomers were allowed to react with dioxy-
gen in the presence of a cobalt catalyst for a period of 65 h up
to 1 week. Since the nonadiene isomers are rather volatile,
the reaction was performed in a closed vessel with a sufficient
amount of air present. The reaction products were separated
by preparative HPLC and SEC and analysed by1H and13C
NMR. The products that were isolated and characterised and
the proposed reaction paths leading to those products are de-
picted in Scheme 4. Both isomers were observed to react
equally fast and the same products were found when start-
ing from either theE,E or theZ,Z isomer, due to extensive
(Z) → (E) isomerisation. Only the ratio of the productE and
Z isomers was found to be dependent on the starting material
[40].

Products1 through10shown inScheme 4were isolated,
while compoundsA throughF represent proposed interme-
diates. Only very small amounts of compounds8 and9were
observed, as was expected. Compound8 results from the ab-
straction of hydrogen from the C-2 position, while hydrogen
abstraction of the doubly activated C-5 position would be
more favourable. Compound9 is the evidence that some of
t own
t med
t n
a hy-
d oxy
r di-
a for
c de
a char-
a ic
a y
r

y
r c-
t The
inolenate (MLn)) emulsified in water, to mimic water-bo
lkyd paints[39]. The autoxidation was catalysed by a wa
mulsifiable cobalt drier and the reaction was monitore
TIR and Raman spectroscopy on emulsion films. The
onclusions from that study were that no fatty acid este
dation takes place during water evaporation from the e
ion film, and that the oxidation reactions proceeds in ex
he same way as for non-aqueous systems once all wat
vaporated[39].

.4. Studies with the model compounds (Z,Z)- and
E,E)-3,6-nonadiene

The symmetrical model compounds (Z,Z)- and (E,E)-3,6-
onadiene have been used to get further insight in the c
he oxygen reacts with C-5, while the C-3 positions are kn
o be far more reactive. Most compounds are probably for
hrough reactions of1, which itself is formed by hydroge
bstraction at C-5 followed by addition of dioxygen. The
roperoxide that is formed is decomposed, forming alk
adical speciesC. This species is the proposed interme
te in the formation of many different products, not only
ompounds3, 4 and7, but also for many of the aldehy
nd carboxylic acid derivatives that were detected and
cterized (not shown here)[40]. Aldehydes and carboxyl
cids can be formed through�-scisson reactions of alkox
adicals; seeScheme 5for an example.

Ketones3, 7, and9 can be formed by oxidation of alkox
adicals and epoxide4 via an intramolecular addition rea
ion of the alkoxy radical to an adjacent double bond.
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Scheme 4. Products of the cobalt-catalysed autoxidation of (E,E) or (Z,Z)-3,6-nonadiene. Products 1–10 were isolated and characterised with1H and13C NMR.
Species A–F are proposed reaction intermediates. The monomeric products found with the (Z,Z)-isomer were also isolated starting from (E,E)-3,6-nonadiene
[38].

isolation of small amounts of compound10was evidence that
direct epoxidation of isolated double bonds also occurs. The
most probable routes for direct epoxidation were proposed to
be via peracids and via hydroperoxides[44]. Peracids can be
formed by oxidation of aldehydes. A singlet-oxygen pathway
was also found to exist, since the endoperoxide compound2
was isolated. This compound must be formed from species
G, which in turn can only be formed by the direct addition of
singlet oxygen to a double bond in 3,6-nonadiene. In princi-
ple, compound1can also be formed by the addition of singlet

oxygen. In a separate study, Hubert et al. showed that gen-
eration of singlet oxygen by photosensitizers added to ethyl
linoleate or alkyd mixtures enhances the drying rate[45].
Two “dimeric” species,5and6were isolated. The formation
of the dimers is thought to proceed via radical recombination,
for instance5 could be formed by combination of speciesC
andF.

An important conclusion from the autoxidation exper-
iments with 3,6-nonadiene is that oxidation proceeds via
three different mechanisms: normal radical autoxidation,

Scheme 5. Example of a�-scission reaction leading to chain breaking and formation of aldehydes and carboxylic acids[38].
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photosensitised oxidation (reaction with1O2) and epoxida-
tion. Normal radical autoxidation was concluded to be the
most important mechanism[40].

3. Metal complex driers for alkyd paints

3.1. Introduction: classification and function of driers

Driers catalyse the uptake of dioxygen and decomposi-
tion of hydroperoxides to free radicals, resulting in hardened
cross-linked polymer networks that bind the pigment to the
painted surface of the treated object. Common driers are metal
soaps of carboxylic acids. The first modern driers were devel-
oped in the early 1920s with the preparation of metal naph-
thenates[46]. The driers that are used today are based upon
synthetic acids, like 2-ethyl hexanoic acid and versatic acid,
shown inFig. 5. Versatic acids have a tertiary carbon atom
adjacent to the carboxylic acid group resulting in a highly
branched structure. The reason for using branched carboxylic
acids is to achieve a high solubility in the apolar environment
that is the oil-paint binder system and to prevent precipitation
of the complex. The introduction of water-borne and high-
solids alkyd paints has led to the development of new drier
systems, however.
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Fig. 6. Dimeric cobalt complex proposed to be formed in the cobalt stearate
catalysed autoxidation of�-pinene. St = stearate anion, X = water or alcohol.

which allows for catalytic hydroperoxide decomposition (see
Eqs. (3a), (3b), (4a) and (4b) inScheme 1). It is most uncom-
mon to use a primary drier in a coating formulation without
either a secondary or an auxiliary drier added.

The most widely used metal in primary driers is cobalt. As
a simple metal soap it shows unequalled effectiveness at room
temperature, and it can be used in a broad range of coatings
and varnishes[3]. The exact structures of the cobalt species
present during alkyd paint drying are not precisely known.
Based on general autoxidation literature, some structures can
be proposed, however. Cobalt(III) with carboxylate ligands
tends to form polynuclear complexes[15,49], and Lombard
et al. proposed a dinuclear cobalt(III) species to take part in
the catalysed autoxidation of�-pinene (Fig. 6) [50]. Also, the
formation of peroxide and hydroperoxide complexes has been
proposed, especially in media of low polarity (see Section
2.1) [23]. The formation of insoluble cobalt(III) hydroxides
was proposed as the reason for catalyst deactivation in the
autoxidation of tetralin[51].

Manganese soaps are also used as primary driers, although
they are almost always used in combination with cobalt soaps
[46]. The autoxidation activity of manganese soaps can be
greatly enhanced by the addition of amine ligands, which
will be discussed in Section3.3.2. A disadvantage of the use
of manganese is the brown color of its compounds in the
trivalent state, and manganese driers are thus not preferred to
b ints.
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The metals that are used in drier compounds are
orically grouped in three categories: primary driers (
alled active or oxidation driers), secondary driers (also c
hrough-driers) and auxiliary driers. The metals used fo
riers in each category are listed inTable 2 [47,48].

Primary driers are autoxidation catalysts. The most
ortant function for autoxidation catalysts is hydroper

de decomposition and consequently all primary drier me
ave two accessible valence states that differ by one ele

ig. 5. Carboxylates used in traditional drier metal soaps.I : Naphthenoat
erivative,R1, R2, R3 andR4 are short alkyl chains or hydrogens.II : 2-
thylhexanoate, often referred to as “octoate”.III : Versetate, typically neod
anoate:R1 andR2 are alkyl groups and the total number of carbon at

s 10.

able 2
etals that are used in alkyd paint formulations, in each drier categor

rimary driers Secondary driers Auxiliary drie

obalt Lead Calcium
anganese Zirconium Zinc

ron Bismuth Lithium
erium Barium Potassium
anadium Aluminium

Strontium
e used in high concentration in light colored or white pa
Iron metal soaps are not very good drying catalys

oom temperature. Although iron complexes are very po
edox catalysts in aqueous solutions, in apolar solvent
e(III) ion in metal soaps is not easily reduced, which
ents the redox cycle necessary for catalytic hydropero
ecomposition[14]. Consequently, iron soaps are not use
ir-drying alkyd paints, only sometimes in baking enam

ron complexes are also very strongly colored, which prev
heir use for the same reasons as for manganese comp
erium and vanadium are only used as primary drier m

n specialty coatings[46].
Secondary driers are active in the cross-linking step

rying, they are responsible for an overall drying through
he entire paint layer[48]. Auxiliary driers are said to enhan
r alter the activity of the primary drier, and thereby impr

he appearance and quality of the total paint film. Howe
t is not understood what auxiliary driers do on the molec
evel. Some metals, which have been termed as “auxil
riers, actually function as secondary driers. For exam
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potassium driers combined with cobalt driers were found to
be very effective in the through-drying of especially water-
borne alkyd systems[52–54]. The classification “auxiliary
driers” is thus not really defining a unique group, and use of
the term may therefore be discontinued. All driers that are
not primary driers are thus better categorised as secondary
driers.

Lead has been widely used as a secondary drier metal,
but now the use of lead in paints is banned in most west-
ern countries, due to its toxicity. Zirconium, bismuth, barium
and strontium have all been labelled “lead-replacements”, but
zirconium is the most widely accepted replacement for lead
[46,48].

Bismuth soaps combined with cobalt driers were found
to improve the drying times of alkyd paints especially un-
der adverse conditions of low temperature and high humidity
[53,55]. In an account by Ali et al. a study is described where
organobismuth compounds were evaluated as primary driers
[56].

Aluminium compounds greatly enhance cross-linking. It
has been reported that alkyd paint formulations containing
cobalt drier and an aluminium drier have a significantly
increased hardness[57]. Turner et al. have proposed that
the increased polymerisation drying for aluminium is ac-
complished by the formation of extra cross-links formed
with alumina and polar groups in the oxidised alkyd net-
w f
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s
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[
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remainder of the film. Zinc prevents wrinkling by retarding
the cobalt drier[48].

Calcium driers help improve a multitude of different char-
acteristics, such as hardness and gloss as well as drying under
adverse weather conditions. Judged by volume, calcium is
one of the most used driers[46].

3.2. The efficiency of different drier combinations

Quite a number of studies have been reported compar-
ing the efficiency of different combinations of driers in both
water-borne and solvent-borne alkyds[47,53,57,59–65]. Fre-
quently used drier combinations are, for example Co/Zr/Ca,
Co/Pb/Ca or Mn/Zr/Ca. In a recent publication, Meneghetti
et al. have compared the use of cobalt plus zirconium octoate
with cobalt plus lead octoate in the autoxidation of linseed
oil at 60◦C [47]. The increase of the linseed oil viscosity
was monitored over time for different concentrations of Co,
Co/Pb and Co/Zr catalysts. Two rate constants could be ob-
tained from logarithmic plots of viscosity versus time, the
increase of ln(viscosity) in a first time domain (0–12 h) was
attributed to oxidation and in a second time domain (14–23 h)
to polymerisation. The use of Co/Zr catalyst mixtures in a
molar ratio of 1:3 showed a significant increase in the overall
rate of viscosity change, more so than when the same ratio
of Co/Pb catalyst mixtures was used. The observation that a
Z and
t e in
t time
d ion
t

the
e tion
r dry-
i at
2 m-
b e
d time
a /Ca.
T at-
t po-
s s for
l time
c ded;
Z n, as
w s
c ing
t tion
t fact
t the
d here
t lled
o by
c ious
o tes to
c

ork, as schematically shown inFig. 7 [58]. The use o
luminium compounds as additional cross-linkers in h
olids alkyd paints has also been studied[59]. It was
oncluded that in the case of high-solids paints, sp
ailor-made alkyd systems need to be used together with
inium to avoid severe embrittlement of the dried paint la

59].
Zinc, lithium and potassium driers are added to paints

cobalt drier to inhibit wrinkling of the paint film, which
aused by differential hardening of the surface relative t

ig. 7. Schematic representation of possible alumina cross-links in a
ised alkyd network.
r catalyst alone (no cobalt) did not show any activity
he observation that for Co/Zr combinations the increas
he rate of viscosity change was predominantly in the
omain attributed to polymerization, led to the conclus

hat Zr did not catalyse oxidation-reduction reactions[47].
Mallégol et al. reported two detailed studies examining

ffects of combinations of Co, Zr and Ca on the autoxida
eactions taking place during linseed oil or alkyd resin
ng [64,65]. The peroxide value (PV) of linseed oil drying
5◦C was monitored over time with Co drier alone or co
inations of Co/Zr or Co/Zr/Ca[64]. The PV maxima for th
ifferent drier systems occurred all after the same drying
nd the PVs followed the order: Co alone > Co/Zr > Co/Zr
he lower PVs in the case of Co/Zr and Co/Zr/Ca were

ributed to an increased activity in hydroperoxide decom
ition in the presence of Zr and Zr/Ca. Peroxide value
inseed oil dried by Ca/Zr and Zr alone resembled the PV
urve observed for linseed oil dried without any driers ad
r and Ca/Zr thus did not catalyse peroxide decompositio
as also found by Meneghetti et al.[47]. Consequently it wa
oncluded that Zr and more so Ca/Zr function by allow
he cobalt drier to conserve its efficiency for long oxida
imes[64]. This conclusion was further supported by the
hat peroxide decomposition kept slowly continuing for
rier systems Co/Zr and Co/Zr/Ca even after 3000 h, w

he linseed oil PV for the mixture with cobalt alone leve
ff. It was hypothesised that Zr and Ca/Zr driers function
oordinating to fatty acid carboxylates formed in the var
xidation reactions, thereby preventing these carboxyla
oordinate to the cobalt drier and decrease its mobility[64].
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The autoxidative cross-linking in an alkyd film, cast from
a water-borne alkyd emulsion and dried by different drier
combinations was studied by magnetic resonance (MR) pro-
filing [65]. With this technique, the cross-link density could
be qualitatively determined at different film depths. Alkyd
mobility in the film is related to the spin-spin relaxation time,
T2: solids have a low molecular mobility and a shortT2 time,
whereas viscous liquids (such as an oil) have a greater mo-
bility and a longerT2 time [65]. The MR profiling studies
showed that the initial cross-linking rate forall different drier
combinations, (Co alone, Co/Ca, Co/Zr or Co/Zr/Ca) was
spatiallyuniformthroughout the paint film. Only after 2–3 h,
the cross-linking near the surface of the film became faster
than near the substrate, (in this case, “the substrate” means
“the surface where the film is applied upon”) and drying be-
came non-uniform. For all drier combinations, drying became
non-uniform after 3 h, only the degree of non-uniformity dif-
fered for each drier combination[65]. The difference between
T2 values near the surface and the substrate was observed to
follow the order Co > Co/Zr > Co/Zr/Ca > Co/Ca. Hence, for
the alkyd system used, the combination Co/Ca was found
to be the most uniform through-drying system[65]. Conven-
tional drying-time measurements using a drying recorder (see
Section3.3.1) showed that the Co/Ca system indeed had the
shortest through-drying time[65]. The occurrence of non-
uniform drying was attributed to the development of a gradi-
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more modern techniques such as13C NMR[18,20,40,42], GC
[18], HPLC [40,42,43], FTIR [18,28,30,33], SEC[18,20],
MS [19], SIMS [19] and MR profiling[65] have been used
to study the effects of the drier on the paint film. In most of
these studies the focus was on elucidating the structure of the
dried paint film and not on the specific activity of the drier,
or the mechanism of action.

It was recently reported by Warzeska et al. that the ox-
idation reaction of ethyl linoleate as monitored with time-
resolved FTIR spectroscopy and size exclusion chromatog-
raphy is very suitable as a high-throughput screening model
reaction for evaluating different drying catalysts for alkyd
paint [70]. The kinetics of EL oxidation can be studied effi-
ciently by time-resolved FTIR spectroscopy[32]. The cis
H C CH stretching vibration at 3010 cm−1 is especially
suitable to follow the disappearance of EL in time. In the
first step of the reaction a hydrogen atom is abstracted from
the reactive methylene group of thecis, cis-1,4-diene moiety.
After rearrangement of the resulting pentadienyl radical and
reaction with dioxygen (see alsoScheme 2), a hydroperox-
ide is formed and one of thecis H C CH hydrogens has
now become a hydrogen on a secondary carbon atom. The
decrease of the infrared vibration due to the disappearance of
this cisH C CH hydrogen can thus be associated directly
to the first step of the autoxidation reaction. To follow the
autoxidation of EL in time, an FTIR spectrum is recorded
( al
e spec-
t 992
a in-
t a-
r s, in
fi rst-
o first-
o ted
[

F ac-
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nt in the concentration of molecular oxygen in the dep
he film, due to diffusion limitations, which is an establish
oncept in alkyd drying[66]. The fact that drying was foun
o be uniform throughout the paint film for the first 3 h, led
he conclusion that the improvements in cross-link forma
y the addition of secondary driers should be accompli
y their actionin the initial drying stages and not, as o
ight assume, during later stages of drying.

.3. Enhancing drier activity and the development of
ew drier systems

.3.1. Techniques to evaluate drier activity
In order to improve drier activity it is required to ha

ccess to an accurate way of measuring and comparin
ctivity of different driers. Conventional methods for de
ining the drying time of an oil or paint film often involve
drying time recorder. The basic principle behind such

ecorder is that a needle is dragged over a wet film at a
tant speed. The kind of trace the needle makes in the
etermines in which stage of drying the film is. For a Bra
rying recorder these stages are defined as (1) stage
aint is wet and flows together, the end of this stage is c

he “open time”, (2) stage b: a scratchy line is visible, the p
egins to polymerise, the end of this stage is the “dust

ime” and (3) stage c: the needle traces a straight line i
lm, the end of this phase is the “surface dry time”[56,67].
ther methods for determining the activity of driers includ

or example, the measurement of viscosity change and
le weight increase over time[68,69]. In the previous section
automatically) every 5 min.Fig. 8 shows (part of) sever
xample spectra of an oxidation experiment. For each
rum, integration is carried out for the area between 2
nd 3025 cm−1. As a result a table is obtained with the

egral of the 3010 cm−1 peak at different times. The log
ithmic plot of these data gives a straight line and thu
rst approximation, the oxidation of EL follows pseudo fi
rder kinetics. From the slope of this graph the pseudo
rder reaction rate of H• radical abstraction can be estima

70].

ig. 8. 2700–3200 cm−1 region of the FTIR spectra of EL at increasing re
ion times during an autoxidation reaction. The peak at 3010 cm−1 decrease
s the autoxidation reaction proceeds.
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Fig. 9. Several size exclusion diagrams; samples taken after 2, 4, 8 and
24 h reaction time of an autoxidation reaction mixture of EL with a metal
complex drying catalyst. Peak assignments: (1) EL; (2) EL-hydroperoxide;
(3) dimmers; (4) trimers; (5) oligomers.

To measure theextentof the cross-linking, size exclusion
chromatography (SEC) was used.Fig. 9shows several chro-
matograms taken at different times during an autoxidation re-
action. The EL peak decreases in time as EL-hydroperoxides
are formed. The hydroperoxide peak will first increase and
then decrease, as hydroperoxides are decomposed to form
cross-linked species. The intensity of the peaks due to these
cross-linked species increase over time: first dimers are vis-
ible, then trimers and given sufficient reaction time, higher
oligomers are subsequently detected.

3.3.2. The effect of added ligands
In the earliest accounts, nitrogen-containing ligands were

added to paint mixtures containing cobalt-drier soaps to pre-
ventloss-of-dry[71,72]. Pigment-containing paints often ex-
perience loss of drying upon aging, which means that their
drying times are longer after a certain storage time. Loss-of-
dry can be attributed to failing of the paint drier, which may
have several reasons, such as: adsorption of the drier on the

pigment surface[73,74], formation of insoluble drier com-
plexes in the paint mixture and drier hydrolysis (common in
waterborne paints)[4,5,46]. In one of the first reports con-
cerning nitrogen ligands and paint driers, Nicholson observed
that pigmented paint mixtures with manganese and cobalt
complexes containing the ligand 1,10-phenanthroline showed
no loss-of-dry upon ageing, in contrast to paint mixtures with
the simple metal oleates[71]. Nicholson had already shown
in a conductometric study of the adsorption of cobalt acetate
and cobalt(II) tris(1,10-phenanthroline)diacetate on titanium
dioxide in acetic acid, that the phenanthroline complex is ap-
parently adsorbed to a lesser extent on the TiO2 surface than
cobalt acetate[73].

Inspired by Nicholsons work, Wheeler studied the influ-
ence of several hundreds of nitrogen-containing ligands on
the drying rate of a paint dried by cobalt oleate and lead naph-
thenate[75]. No differences were found in adding the ligands
in situ to the paint, or by using pre-formed complexes. Only
the aromatic heterocyclic didentate ligands 2,2′-bipyridine
and 1,10-phenanthroline, and to a lesser extent, the monoden-
tate ligand pyridine were found to shorten the drying time,
both initially and upon ageing.

In general, aromatic or heterocyclic nitrogen-containing
ligands (except pyridine) or aromatic and aliphatic primary
and secondary (di)amines were found to prolong the dry-
ing time to a considerable extent. Tertiary amines were
f eler
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Fig. 10. Ligands that accelerate paint drying when using
ound to have little or no effect on the drying rate. Whe
lso claimed in several US patents that manganese
oxylates (naphthenates, oleates, octoates) show a re
bly enhanced drying activity (produce shorter drying tim
heno-phenanthroline, 2,2′-bipyridine or other aromatic n

rogen containing ligands are added to the paint mix
Fig. 10) [76–78]. Canty et al., after studying the dryi
ime of paint mixtures versus the molar ratio of added 1
henanthroline for different metal concentrations, prop

hat a bis(phenanthroline)cobalt complex is formed at
henanthroline concentration which produces most r
rying. For manganese soaps the presence of a mixtu

anese (with 1–11) or cobalt (with 1,2) carboxylates as driers[76].
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Table 3
Nitrogen ligands added to manganese, iron and lead naphthenate driers to enhance drier activity in the drying of linseed oil

Additivea Activity (0.03% Co = 1.0)b Improvement on self (%)c

Mn Fe Pb Mn Fe Pb

N,N′-bis(salicylaldehyde)ethylenediamine 1.4 0.46 180 210
N,N′-bis(salicylaldehyde)-1,2-phenylenediamine 1.35 0.70 170 50
1,10-Phenanthroline 1.35 0.60 170 300
Dicyclohexylamine 1.10 120
Hexamethylenetetramine 1.00 100
Cyclohexylamine 1.00 100
N,N′-bis(benzaldehyde)ethylenediamine 1.00 100
Pyridine-2-carboxylic acid 0.95 90
2,6-(N,N′-dimethylaminomethyl)-4-octylphenol 0.95 90
2,6-(N,N′-dimethylaminomethyl)-4-butylphenol 0.95 0.35 90 130
Dicyandiamide 0.90 80
2-Naphtylamine 0.90 80
Methyldiethanolamine 0.90 80
2-Methyl-6-aminopyridine 0.80 60
Lauryl pyridinium chloride 0.80 60
2-(2-Dimethylaminoethylamino)pyridine 0.75 50
Tris(hydroxymethyl)aminoethane 0.75 50
N-Dicyanoethylbenzenesulfonamide 0.70 40
Quinaldine 0.70 0.35 40 130
2-Vinylpyridine 0.70 40
2-Aminopyrimidine 0.70 40
Triphenylguanidine 0.70 0.40 40 170
Acetoacetanilide 0.70 40
dl-alanine 0.70 40
Pyridine 0.35 130
Allylamine 0.35 130
1,2-Phenylenediamine 0.35 130
4-Bromoacetanilide 0.35 0.50 130 10
Tribenzylamine 0.35 130
2,2’-Bipyridine 0.65 40
2-Aminoethyl hydrogen sulfate 0.60 30
sym-Diphenylcarbazide 0.55 20
Nitro-1,10-phenanthroline 0.55 20
Salicylaldoxime 0.55 20
Urea 0.50 10
dl-Leucine 0.50 10
Methylacetylurea 0.50 10

a A molar ratio of 2:1 of ligand-to-metal was used.
b Activity = (DtimeCo/Dtimem + l) where DtimeCo = the drying time of a sample containing 0.03 wt.% on-oil of cobalt naphthenate as drier and Dtimem + l the

drying time of a sample containing another drier with added ligands.
c ((Dtimeold − Dtimem + l)/Dtimem + l) × 100%, where Dtimeold = the drying time for that metal naphthenate without any ligands added and Dtimem + l = the

drying time with ligands added[78].

mono(phenanthroline)manganese and bis(phenanthroline)-
manganese complexes was proposed[79].

Zettlemoyer et al. studied the use of different nitrogen
ligands as loss-of-dry agents with cobalt, manganese, iron,
lead, chromium and zinc carboxylate driers[72,80]. Only
manganese and cobalt were found to be positively influenced
by the addition of nitrogen-donor ligands. In contrast to the
findings of Nicholson, Zettlemoyer found that adding 1,10-
phenanthroline in situ to a cobalt containing varnishretarded
the drying time. This contrasting result was attributed to the
type of varnish used[72].

Zettlemoyer et al. also conducted a large, systematic study
comparing the drying activities of cobalt, manganese, iron
and lead naphthenates with 160 different nitrogen ligands
added in the drying of linseed oil[80]. The ligands were

added in situ in a 2:1 molar ratio of ligand-to-metal. For the
cobalt drier, it was found that the activity was hardly im-
proved by any ligand. From this and earlier findings it was
concluded that although aromatic heterocyclic didentate ni-
trogen ligands accelerate cobalt driers in pigmented systems,
this is apparently not the case in un-pigmented systems[80].

Table 3 shows the results of the manganese, iron and
lead driers with the ligands that produced the highest ac-
tivities for each drier. Activities are relative to the activity
of the normal cobalt naphthenate drier without any amine
added. The manganese drier was accelerated mainly by bi-
functional heterocyclic nitrogen ligands or Schiff-base com-
pounds and retarded by strongly basic diamines, substituted
phenylenediamines, diphenylamine, diethylenetriamine,l-
cysteine, tetrabutylethylenediaminetetraacetate and sulfur-
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bearing amines. The iron drier could be accelerated up to
300%, but the resulting activity was found to be still less
than that of the cobalt drier.

Myers, Wheeler and Canty speculated in several reports
on the catalytic mechanism of manganese complexes with
o-phenanthroline[79,81,82]. They supposed that manganese
phenanthroline complexes perform better in the coordination
and activation of molecular oxygen, and that oxygen activa-
tion followed by addition of the dioxygen molecule to the
paint resin is the primary mode of action of the complex.
Although oxygen activation might play a role for some com-
plexes, it will not be the primary role for manganese com-
plexes once hydroperoxides are formed, since that will then
be hydroperoxide decomposition[23,83].

The ligand 2,2′-bipyridine (bpy) is often added to cobalt
and manganese driers in water-borne alkyd coatings, or
the driers are added as the complex [M(bpy)3]n+(anion)n
[4,5,84,85]. In the complexed case, the counterions usually
are carboxylates, phosphonates, sulfonates or sulfates. As in
the case for solvent-borne paints, the purpose of the ligand
is to accelerate the drier and shorten the drying time, but
more so to protect the drier metal from adverse effects such
as hydrolysis, chemisorption on the pigment or other reac-
tions which lead to loss-of-dry[4,5]. In two recent papers,
Weissenborn et al. reported that the loss-of-dry upon aging
of water-borne alkyd emulsions containing pigments was re-
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Fig. 11. Molecular structure of [Mn2II Mn2
III O2(2-ethylhexanoate)6(bpy)2],

determined by single crystal X-ray crystallography. Due to disorder in the
alkyl chains and disordered solvent molecules in the crystal, the structure
could not be fully refined (finalR1 value was 30%) The Mn4O2 cluster core
can be considered as quite proper, however.

an in situ mixture of manganese and bpy, it was concluded
that this type of cluster compounds might well be a catalyti-
cally active species in the autoxidation reaction[70].

Wu et al. used time-resolved FTIR and size exclusion
chromatography (SEC) to study the influence of the ligands
2-aminomethylpyridine (amp) (a ligand already proposed
by Wheeler, seeFig. 10, 10) and 2-hydroxymethylpyridine
(hmp), as compared to bpy, on the autoxidation and cross-link
formation rates of ethyl linoleate catalysed by manganese 2-
ethylhexanoate[86]. The ligands were also tested in a real
alkyd system[86]. The ligand amp was reported to show
a comparable effect on the rate and induction time as for
bpy, while hmp shows a slightly shorter induction time and
a larger rate. SEC was used to obtain insight in the rate of
cross-link formation. Here, formation of dimers was observed
after 4 h for the system containing hmp, after 6 h for amp and
8 h for the bpy system. In a real alkyd system, however, man-
ganese + bpy showed the shortest drying time (7.5 h) followed
by manganese + amp (9 h) and hmp (13 h). Hence, for these
particular ligands, the trends observed with the model com-
pound EL were not reflected in the used real alkyd system.

3.3.3. Driers not based on metal carboxylates
There are not many accounts of driers for alkyd

paints not based on metal carboxylates. Zettlemoyer et al.
d the
i
T the
uced when a cobalt drier complexed with 2,2-bipyridine
sed, as compared to cobalt driers without any ligands a

4,5].
Recently, Warzeska et al. studied the influence of

n the autoxidation of ethyl linoleate with manganes
thylhexanoate[70]. The autoxidation of EL catalysed
obalt and manganese 2-ethylhexanoate and mangan
thylhexanoate with bpy was followed by FTIR. The ra

or the autoxidation of EL with either manganese or coba
thylhexanoate were found to be similar, only the manga
ompound showed a prolonged induction period wherea
obalt compound did not. Addition of 0.25 equiv. of bpy
he manganese catalyst already drastically shortened t
uction time. Adding more than 0.5 equiv. did not change
ate or the induction time any further. The addition of bp
obalt 2-ethylhexanoate resulted in adecreaseof the reaction
ate, but did not give rise to an induction time. This result
greement with the earlier observations by Zettlemoye
yers[80]. Warzeska et al. proposed that coordination of

o the cobalt drier results in a lowering of the concentra
f the catalytically active species, and consequently, in
rease in reaction rate[70]. The complex [Mn2II Mn2

III O2(2-
thylhexanoate)6(bpy)2] was isolated from a commerc
rier solution containing manganese 2-ethylhexanoate
py, the molecular structure is shown inFig. 11. The fact tha
fter addition of 0.5 equiv. of bpy the autoxidation rate

nduction time of the manganese catalysed reaction di
hange any further is well in agreement with the formatio
he obtained tetranuclear cluster compound. Since the c
ompound showed a comparable autoxidation activity a
id some drying experiments with modified hemin,
ron(III)–porphyrin complex isolated from hemoglobin[72].
he complex showed rapid drying of drying oils and



R. van Gorkum, E. Bouwman / Coordination Chemistry Reviews 249 (2005) 1709–1728 1723

Table 4
EL autoxidation activity of [Mn(hfac)2] compared to Mn WEB, with and without added ligands

Catalyst Ligands 3 equiv. 20% EL emulsion Real alkyd paint drying time (h)b

Induction time (min) Rate (×10−4 min−1)a

Mn WEB – 220 24.1 15
amp 70 37.5 7
hmp 150 54.2 71/2

Mn(hfac)2 – >500 – n.d.
amp 80 17.5 51/2
hmp 50 18.5 8

a Relative rate calculated from:−ln([EL] t/[EL]60 × 100), a plot of the natural logarithm of the integral of the 3010 cm−1 peak in the FTIR spectrum, vs. time.
b White, water-borne paint based on a medium-oil alkyd emulsion siccativated with 0.06% Mn on solid binder. Drying time measured with a Braive drying

recorder at 23◦C and 50% relative humidity.

prevention of loss-of-dry in pigmented systems (printing
inks). The properties of dried ink films were not satisfac-
tory, however, and this combined with the high cost of hemin
made the complex unattractive as a commercial drier[72].

Metal acetylacetonates are simple, readily available metal
complexes. Although they have received much attention as
catalysts in the fields of autoxidation[87–89], polymerisation
[90–94] and hydroperoxide decomposition[88,89,94–96],
few studies have been performed on the use of metal acety-
lacetonates as possible paint driers. Indictor et al. and Bear
et al. studied the autoxidation of linseed oil with acety-
lacetonates of the metals Co2+/Co3+, Cr3+, TiO2+, Cu2+,
Fe2+/Fe3+, Zn2+, Mn2+/Mn3+, Al3+, V3+, VO2+, Zr4+, Pb2+,
K+ [68,69,97]. For each metal acetylacetonate, the viscosity
change over time in the absence and presence oftert-butyl hy-
droperoxide, the dioxygen uptake of the sample, the weight
change of the sample at different temperatures by thermo-
gravimetry and the infrared spectra of autoxidized linseed oil
samples was studied. The viscosity experiments showed the
largest increase in viscosity (over a period of 13 days, at room
temperature) for the acetylacetonates of Mn2+, Mn3+, Co2+,
V3+ and VO2+. The thermogravimetric experiments at 60,
80 and 100◦C showed the highest rates of weight increase
for the acetylacetonates of Co2+/Co3+, Mn2+/Mn3+ and Fe2+.
Thus, not surprisingly, the acetylacetonate complexes that are
active in the autoxidation of linseed oil are those containing
t es as
p

3
orts

c nate
a ,
F , as
d

tyl-
a ation
o g
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b
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F , all

water was evaporated and the decrease of the 3010 cm−1 peak
could be monitored. [Mn(hfac)2] by itself was found not to
be active in the autoxidation, when either one of the ligands
hmp or amp were added however, induction times (after wa-
ter evaporation) dropped below 100 min and the autoxidation
proceeded at quite an acceptable rate. The results were com-
pared to those obtained for a commercial water-emulsifiable
manganese drier (Nuodex WEB Mn9), and the results are
summarised inTable 4. The Mn WEB drier and [Mn(hfac)2]
were also tested in a real water-borne alkyd system, with and
without additional ligands. Upon addition of the ligands amp
or hmp, a lower activity than the Mn WEB drier was found
for [Mn(hfac)2] in the model system, in real paint however,
the hexafluoroacetylacetonate complex showed comparable
or better drying times than the commercial drier.

Van Gorkum et al. studied the use of [Mn(acac)3] in the
autoxidation of EL, and the effect of bipyridine on the au-
toxidation catalysed by [Mn(acac)3] [98]. The results were
compared to the activities of two commercial paint driers,
Co 2-ethylhexanoate and Mn 2-ethylhexanoate, the FTIR re-
sults are shown inFig. 12. It was found that [Mn(acac)3]
had a higher autoxidation activity than Mn 2-ethylhexanoate.
When [Mn(acac)3] was used together with 1 equiv. of bipyri-
dine, the autoxidation rate surpassed even that of Co 2-
ethylhexanoate. Since all reactions were done using purified

F
E

he same metal ions as used for the metal carboxylat
rimary driers in alkyd paint.

.3.4. New drier systems
Recently, van Gorkum et al. and Wu et al. published rep

oncerning the possible use of manganese acetylaceto
s driers in alkyd paint[86,98]. To study the drier activity
TIR and SEC were used to monitor the oxidation of EL
escribed in Section3.3.1.

Wu et al. tested bis(1,1,1,5,5,5-hexafluoroace
cetonate)manganese(II) as a catalyst in the autoxid
f EL emulsified in water[86]. The reason for usin

Mn(hfac)2] was that the complex has a good solubility
oth water and the alkyd phase.

The first 60 min of autoxidation could not be followed
TIR due to the large absorption of water. After 60 min
s

ig. 12. Time-dependent integral plots of the 3010 cm−1 IR peak of purified
L, reaction with different autoxidation catalysts.
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Scheme 6. Radical initiation by [Mn(acac)3] trough hydrogen atom abstrac-
tion of the activated methylene group in ethyl linoleate.

EL (hydroperoxides had been removed), the induction times
are a measure of the ability of the metal complexes to initi-
ate the autoxidation reaction. [Mn(acac)3], with and without
bipyridine showed a short induction time, especially com-
pared to Mn 2-ethylhexanoate. It was therefore, proposed that
[Mn(acac)3] is able to initiate the radical autoxidationviadi-
rect reaction with the substrate, as is depicted inScheme 6.

The addition of bipyridine to [Mn(acac)3] was found to
drastically increase the autoxidation rate. To study the ex-
act influence of bpy, the complex [MnII (acac)2(bpy)] was
prepared and studied with cyclic voltammetry. The voltam-
mograms showed that for the complex [MnII (acac)2(bpy)],
the Mn(II)/Mn(III) oxidation and reduction peaks shift to a
more positive potential compared to the Mn(II)/Mn(III) peaks
for [MnIII (acac)3], as shown inFig. 13. From these data it
was concluded that [MnIII (acac)3] is more easily reduced in
the presence of bpy, since it can form the stable complex
[MnII (acac)2(bpy)]. It was further proposed that both ini-
tiation and hydroperoxide decomposition are enhanced by
the facilitated reduction of Mn(III) to Mn(II). In catalytic
hydroperoxide decomposition according to the Haber-Weiss
reactions (Section2.1), the reduction of Mn(III) is always the
slowest step. Addition of bpy clearly accelerates this step and
thus removes the bottleneck for the autoxidation.

[Mn(acac)3] was also tested in real alkyd systems, and the
drying times obtained were compared to the results obtained
w -
s se

F
C po-
t
1

Table 5
Drying times in real alkyd painta

Drier Drying time in hours (Braive recorder), 76�m at
23◦C and 50% relative humidity

Stage a Stage b Stage c

Co–Ca–Srb 1.15 2.15 6.45
Mn–Ca–Zrc 1.30 12.30 16.00
Mn-bpyd 1.30 6.30 10.00
[Mn(acac)3] 1.15 2.15 4.00
[Mn(acac)3] + bpy 1.15 3.00 5.00

a The drying time was measured in a clear varnish based on Uralac AD
152 WS-40 from DSM Resins (a medium oil alkyd resin based on soy-bean
oil, 47% oil).

b Commercial cobalt combination drier.
c Commercial manganese combination drier.
d Commercial manganese drier based on manganese 2-ethylhexanoate and

bipyridine.

Fig. 14. Examples of salen type ligands used with manganese as alkyd paint
driers. Substituents areR1 =R2 = tert-butyl, orR1 = a dodecyl chain,R2 = H.

results, [Mn(acac)3] performs even better than the commer-
cial manganese and cobalt driers. The enhancing effect of
bipyridine is not apparent in real paint, however.

In a recent patent by Boomgaard et al., new manganese
driers for alkyd paints are described based on manganese
complexes with substitutedsalen-type ligands[99]. Typ-
ical ligands consist of the condensation product of 1,2-
diaminocyclohexane and two equivalents of a 2-hydroxy-
benzaldehyde with alkyl substituents, to promote solubility
in apolar paint mixtures. InFig. 14two examples of the used
ligands are shown.

In a patent by Miccich́e et al. a drying system based on
an iron carboxylate and a reducing agent is described[100].
As was mentioned in Section3.1, iron compounds are not

Fig. 15. [Mn(IV)2(Metacn)2(�-O)3](PF6)2, Metacn = 1,4,7-trimethyl-
1,4,7-triazacyclononane.
ith conventional drier systems[67]. An example of the re
ults is presented inTable 5. As can be concluded from the

ig. 13. Cyclic voltammograms of [Mn(acac)3] and [Mn(acac)2(bpy)] in
H3CN, [nBu4N](PF6) as electrolyte, scan rate 200 mV/s. Selected

entials: 1/1′ 0.222/−0.373 V; a/a′ 0.50/0.203 V; 2/2′ 1.111/0.862 V; b/b′
.165/0.891 V; c−0.28 V.
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Scheme 7. Schematic representation of the formation of a cross-linked network characteristic for a dried oil, or dried alkyd paint. Hydroperoxide formation and
decomposition leads to formation of alkoxy and peroxy radicals. Recombination and addition reactions lead to the formation of ether and peroxy cross-links.
Further oxidation reactions mainly result in, eventually, carboxylic acid formation and degradation of the network.
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effective driers at room temperature, since the reduction of
iron(III) to iron(II) by hydroperoxides proceeds slow in ap-
olar media. By adding a reducing agent such as ascorbic
acid or derivatives thereof, a drying system was obtained
which showed comparable drying results as were obtained
with cobalt driers[100].

Oyman et al. have used SEC, FTIR and Raman spec-
troscopy as well as oxygen uptake experiments to evaluate
the manganese complex [Mn(IV)2(Metacn)2(�-O)3](PF6)2
(MnMetacn, see alsoFig. 15) as an oxidation catalyst for
EL and a possible drier for alkyd emulsion coatings[101].
The complex was found to have a slightly higher EL oxi-
dation activity than the commercially available manganese
catalyst Nuodex-Web-Mn but a much lower activity com-
pared to a cobalt drier (Nuodex-Web-Co). Adding 1 or 3
equivalents of the compound 1,1,4,7,10,10-hexamethyl tri-
ethylenetetraamine (hmteta) to MnMetacn resulted in higher
oxidation rates and lower maximum peroxide values in the
oxidation of EL. These observations together with SEC re-
sults, which showed that adding more than 3 equiv. of hmteta
resulted in adecreasein oligomer formation, led to the con-
clusion that hmteta probably only increases the hydroperox-
ide decomposition rate, not the rate of oligomerisation[101].
With hmteta added to MnMetacn, the EL oxidation rate was
found to be comparable with the rate found for the cobalt
drier [101].
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4.2. The need for improved knowledge of paint drier
chemistry

Early research into paint drier chemistry has mostly been
on a trial-and-error basis, seemingly with the motive that
if a drier dries paint, no further attention is needed. Only
a few publications go into detail on the mechanisms of
drier action[64,65,70,98]. The increase in environmental
regulations make knowledge of drier chemistry of the ut-
most importance, however. Many water-borne coatings re-
quire new and improved drier systems, as do high-solids
paints. Replacement of the toxic cobalt salts as driers in
alkyd paint still poses a challenge. The replacement of
other toxic compounds in alkyd paint, such as the anti-
skinning agent methylethylketoxime (MEKO), also requires
knowledge of how this compound interacts with the drier
[102,103]. It is opportune that coordination chemists take
a more detailed look at the chemistry involved in paint
drying.
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. Concluding remarks

.1. A summary of alkyd paint drying

The work described in Section2 draws a clear pictur
f the reactions involved in the drying of a fatty acid

er, drying oil or alkyd paint binder resin. Based on th
ata, a scheme can be drawn (Scheme 7) that summarise

he different steps of the formation of a dried paint netw
n all cases the first step is hydroperoxide formation,
oncomitant formation of conjugated double bonds in
ase of fatty acids that contain the pentadienyl moiety.
rier catalyses hydroperoxide decomposition, which re

n the formation of peroxy and alkoxy radicals. Throu
ecombination of these radicals, ether and peroxide c
inked dimers are formed. The species with conjugated
le bonds are prone to radical addition reactions, and th

he later stages of drying this is the most important rou
ross-link formation. Alkoxy radicals give rise to�-scission
eactions which leads to degradation of the network, an
ults in the formation of numerous oxidation products s
s epoxides, aldehydes and ketones, most of which w
xidised further to alcohols and carboxylic acids. Over t
ll unsaturation disappears, as do the peroxide cross-
hat most likely remains is a network of predominan

arboxylic acid C9 chains, linked via ester bonds and et
ross-links.
earch Program on Heavy Metals (IOP) No. IZW9924
s thankfully acknowledged. Support by the Netherla
esearch Council for Chemical Sciences (CW) with
ancial aid from the Netherlands Technology Foun

ion (STW) in the Priority Program Materials and by
etherlands Ministry of Economic Affairs (BTS 98141)
lso kindly acknowledged. Professor Dr. Jan Reedijk
r. Sabine Warzeska are acknowledged for most he
iscussions.

eferences

[1] J.H. Bieleman, in: J.H. Bieleman (Ed.), Additives for Coatin
Wiley/VCH, Weinheim, 2000, p. 1.

[2] http://www.paintideas.com.
[3] J.H. Bieleman, Chimia 56 (2002) 184.
[4] P.K. Weissenborn, A. Motiejauskaite, Prog. Org. Coat. 40 (2

253.
[5] P.K. Weissenborn, A. Motlejauskaite, J. Coat. Technol. 72 (2

65.
[6] http://www.cepe.org.
[7] J.R. Bucher, J.R. Hailey, J.R. Roycroft, J.K. Haseman, R.C.

S.L. Grumbein, P.W. Mellick, B.J. Chou, Toxicol. Sci. 49 (19
56.

[8] D. Lison, M. De Boeck, V. Verougstraete, M. Kirsch-Volders, O
cup. Environ. Med. 58 (2001) 619.

[9] W. Stopford, J. Turner, D. Cappellini, T. Brock, J. Environ. Mo
5 (2003) 675.

[10] J.F. Black, J. Am. Chem. Soc. 100 (1978) 527.
[11] W.A. Waters, J. Am. Oil Chem. Soc. 48 (1971) 427.
[12] N. Uri, Nature 177 (1956) 1177.
[13] P. Smith, W.A. Waters, J. Chem. Soc. B (1969) 462.
[14] K.M. Schaich, Lipids 27 (1992) 209.



R. van Gorkum, E. Bouwman / Coordination Chemistry Reviews 249 (2005) 1709–1728 1727

[15] E.T. Denisov, N.M. Emanuel, Russ. Chem. Rev. 29 (1960)
645.

[16] K.U. Ingold, Chem. Rev. 61 (1961) 563.
[17] K.U. Ingold, Acc. Chem. Res. 2 (1969) 1.
[18] W.J. Muizebelt, J.C. Hubert, R.A.M. Venderbosch, Prog. Org. Coat.

24 (1994) 263.
[19] W.J. Muizebelt, M.W.F. Nielen, J. Mass Spec. 31 (1996)

545.
[20] W.J. Muizebelt, J.J. Donkerbroek, M.W.F. Nielen, J.B. Hussem,

M.E.F. Biemond, R.P. Klaasen, K.H. Zabel, J. Coat. Technol. 70
(1998) 83.

[21] H.W. Gardner, Free Radic. Biol. Med. 7 (1989) 65.
[22] E.n. Frankel, Lipid Oxidation, The Oily Press Ltd., Dundee, Scot-

land, 1998.
[23] L. Reich, S. Stivala, Autoxidation of Hydrocarbons and Polyolefins,

Marcel Dekker Inc., New York, 1969.
[24] http://www.cyberlipid.org.
[25] W.H. Koppenol, FEBS Lett. 264 (1990) 165.
[26] H. Wexler, Chem. Rev. 64 (1964) 591.
[27] H.W.-S. Chan, in: B.S. Schweigert (Ed.), Food Science and Tech-

nology, Academic Press Inc., London, 1987.
[28] N.A.R. Falla, J. Coat. Technol. 64 (1992) 55.
[29] R. Kumarathasan, A.B. Rajkumar, N.R. Hunter, H.D. Gesser, Prog.

Lipid. Res. 31 (1992) 109.
[30] J.H. Hartshorn, J. Coat. Technol. 54 (1982) 53.
[31] M. Lazzari, O. Chiantore, Polym. Degrad. Stabil. 65 (1999)

303.
[32] F.R. Vandevoort, A.A. Ismail, J. Sedman, G. Emo, J. Am. Oil

Chem. Soc. 71 (1994) 243.
[33] J. Mallegol, J.L. Gardette, J. Lemaire, J. Am. Oil Chem. Soc. 76

(1999) 967.
. 77

. 77

.H.

48

sen,

hem.

1987)

hem.

sen,

gs,

uza,

993)

971)

. 41

82).
87)

979).

[55] M.L. Feldman, M. Landau, US Patent 4,331,575 (1982).
[56] M. Ali, W.R. McWhinnie, Appl. Organomet. Chem. 7 (1993)

137.
[57] D.J. Love, J. Oil Col. Chem. Assoc. 60 (1977) 214.
[58] J.H.W. Turner, P. Womersley, Chem. Ind. (1975) 203.
[59] W.J. Muizebelt, J.C. Hubert, R.A.M. Venderbosch, A.J.H. Lansber-

gen, R.P. Klaasen, K.H. Zabel, J. Coat. Technol. 70 (1998) 53.
[60] M. Fefer, A.J. Lauer, J. Am. Oil Chem. Soc. 45 (1968) 479.
[61] G. Ostberg, B. Bergenstahl, K. Sorenssen, J. Coat. Technol. 64

(1992) 33.
[62] S.J. Tuman, D. Chamberlain, K.M. Scholsky, M.D. Soucek, Prog.

Org. Coat. 28 (1996) 251.
[63] V.D. Athawale, A.V. Chamanker, Pig. Res. Technol. 26 (1997) 378.
[64] J. Mallegol, J. Lemaire, J.L. Gardette, Prog. Org. Coat. 39 (2000)

107.
[65] J. Mallegol, A.M. Barry, E. Ciampi, P.M. Glover, P.J. McDonald,

J.L. Keddie, M. Wallin, A. Motiejauskaite, P.K. Weissenborn, J.
Coat. Technol. 74 (2002) 113.

[66] W.O. Lundberg, F.M. Greenawald, F. Scofield, E.B. Fitzgerald, Ind.
Eng. Chem. 46 (1954) 570.

[67] R. van Gorkum, E. Bouwman, J. Reedijk, EP Patent 1,382,648
(2004).

[68] N. Indictor, A.W. Salotto, N.S. Baer, J. Paint Technol. 47 (1975)
36.

[69] N. Indictor, C.J. Shahani, N.S. Baer, M.J.D. Low, J. Coat. Technol.
50 (1978) 54.

[70] S.T. Warzeska, M. Zonneveld, R. van Gorkum, W.J. Muizebelt, E.
Bouwman, J. Reedijk, Prog. Org. Coat. 44 (2002) 243.

[71] D.G. Nicholson, Ind. Eng. Chem. 34 (1949) 1175.
[72] A.C. Zettlemoyer, D.M. Nace, Ind. Eng. Chem. 42 (1950) 491.
[73] D.G. Nicholson, J. Am. Chem. Soc. 64 (1942) 2820.

60)

54)

54)

rod.

isz
York,

004)

8)

975)

71)

Lett.

tal.
[34] J. Mallegol, J.L. Gardette, J. Lemaire, J. Am. Oil Chem. Soc
(2000) 249.

[35] J. Mallegol, J.L. Gardette, J. Lemaire, J. Am. Oil Chem. Soc
(2000) 257.

[36] E.N. Frankel, J. Am. Oil Chem. Soc. 61 (1984) 1908.
[37] H. Knoll, Zeit. Chem. 18 (1978) 302.
[38] W.J. Muizebelt, J.C. Hubert, M.W.F. Nielen, R.P. Klaasen, K

Zabel, Prog. Org. Coat. 40 (2000) 121.
[39] Z.O. Oyman, W. Ming, R. van der Linde, Prog. Org. Coat.

(2003) 80.
[40] J.C. Hubert, R.A.M. Venderbosch, W.J. Muizebelt, R.P. Klaa

K.H. Zabel, Prog. Org. Coat. 31 (1997) 331.
[41] E.N. Frankel, R.F. Garwood, J.R. Vinson, B.C.L. Weedon, J. C

Soc. Perkin Trans. 1 (1982) 2715.
[42] H.A.J. Carless, R.J. Batten, J. Chem. Soc. Perkin Trans. 1 (

1999.
[43] E.N. Frankel, R.F. Garwood, J.R. Vinson, B.C.L. Weedon, J. C

Soc. Perkin Trans. 1 (1982) 2707.
[44] W. Meyer, G. Spiteller, Lieb. Ann. (1993) 1253.
[45] J.C. Hubert, R.A.M. Venderbosch, W.J. Muizebelt, R.P. Klaa

K.H. Zabel, J. Coat. Technol. 69 (1997) 59.
[46] J.H. Bieleman, in: J.H. Bieleman (Ed.), Additives for Coatin

Wiley/VCH, Weinheim, 2000, p. 202.
[47] S.M.P. Meneghetti, R.F. de Souza, A.L. Monteiro, M.O. de So

Prog. Org. Coat. 33 (1998) 219.
[48] R.G. Middlemiss, D.J. Olszanski, Am. Paint. Coat. J. 78 (1

35.
[49] S.S. Lande, C.D. Falk, J.K. Kochi, J. Inorg. Nucl. Chem. 33 (1

4101.
[50] R. Lombard, L. Rommert, Bull. Soc. Chim. Fr. (1956) 36.
[51] Y. Kamiya, K.U. Ingold, A. Lafortun, S. Beaton, Can. J. Chem

(1963) 2034.
[52] S.J. Bellettiere, R. Hurley, S. Hoch, US Patent 4,311,465 (19
[53] S.J. Bellettiere, D.M. Mahoney, J. Coat. Technol. 59 (19

101.
[54] M. Landau, S.J. Bellettiere, S. Hoch, US Patent 4,175,064 (1
[74] E.S. Matsui, J. Coat. Technol. 52 (1980) 39.
[75] G.K. Wheeler, Ind. Eng. Chem. 39 (1947) 1115.
[76] G.K. Wheeler, US Patent 2,526,718 (1950).
[77] G.K. Wheeler, US Patent 2,565,897 (1951).
[78] G.K. Wheeler, US Patent 2,961,331 (1960).
[79] W.H. Canty, G.K. Wheeler, R.R. Myers, Ind. Eng. Chem. 52 (19

67.
[80] A.C. Zettlemoyer, R.R. Myers, Ind. Eng. Chem. 46 (19

2220.
[81] R.R. Myers, A.C. Zettlemoyer, Ind. Eng. Chem. 46 (19

2223.
[82] G.K. Wheeler, R.R. Myers, W.H. Canty, Ind. Eng. Chem. P

Res. Dev. 1 (1962) 52.
[83] R.A. Sheldon, J.K. Kochi, in: D.D. Eley, H. Pines, P.B. We

(Eds.), Advances in Catalysis, vol. 25, Academic Press, New
1976, p. 274.

[84] J.H. Bieleman, Pol. Paint. Col. J. (1998) 28.
[85] R.W. Hein, J. Coat. Technol. 70 (1998) 19.
[86] J.-Z. Wu, E. Bouwman, J. Reedijk, Prog. Org. Coat. 49 (2

103.
[87] Y. Kamiya, J. Catal. 24 (1972) 69.
[88] R. Hiatt, T. Mill, F.R. Mayo, J. Org. Chem. 33 (196

1416.
[89] A. Auerbach, N. Indictor, T. Jochsberger, Macromolecules 8 (1

632.
[90] N.A. Lavrov, Russ. J. Appl. Chem. 68 (1995) 922.
[91] K. Endo, A. Yachi, Polym. Bull. 46 (2001) 363.
[92] C.H. Bamford, D.J. Lind, Proc. Roy. Soc. A 302 (1968) 145.
[93] C.H. Bamford, A.N. Ferrar, Proc. Roy. Soc. A 321 (19

425.
[94] C.J. Shahani, N. Indictor, Macromolecules 8 (1975) 935.
[95] G.l. Tembe, P.A. Ganeshpure, S. Satish, React. Kinet. Catal.

63 (1998) 385.
[96] A.S.A. Almosrati, P.A. Ivanchenko, V.M. Solyanikov, Kinet. Ca

34 (1993) 432.
[97] N.S. Baer, N. Indictor, J. Coat. Technol. 48 (1976) 58.



1728 R. van Gorkum, E. Bouwman / Coordination Chemistry Reviews 249 (2005) 1709–1728

[98] R. van Gorkum, E. Bouwman, J. Reedijk, Inorg. Chem. 43 (2004)
2456.

[99] R.E. Boomgaard, H. Schier, E.J.J. Kirchner, R.P. Klaasen, F. Hartl,
R.P.C. Van der Leeuw, F.J.A.D. Bakkeren, WO Patent 03,029,371
(2003).

[100] F. Miccich́e, E. Oostveen, R. van der Linde, J. van Haveren, WO
Patent 03,093,384 (2004).

[101] Z.O. Oyman, W. Ming, F. Miccich́e, E. Oostveen, J. van Haveren,
R. van der Linde, Polymer 45 (2004) 7431.

[102] S. Tanase, J.C. Hierso, E. Bouwman, J. Reedijk, J. ter Borg, J.H.
Bieleman, A. Schut, New J. Chem. 27 (2003) 854.

[103] S. Tanase, E. Bouwman, J. Reedijk, Appl. Catal. A: Gen. 259
(2004) 101.


	The oxidative drying of alkyd paint catalysed by metal complexes
	General introduction and scope
	The drying of alkyd paint
	Introduction: autoxidation of the binder
	Studies with drying oils
	Studies with fatty acid esters
	General observations in ethyl linoleate (EL) drying
	Time evolution of drying and cross-link formation
	Oligomerisation in detail

	Studies with the model compounds (Z,Z)- and (E,E)-3,6-nonadiene

	Metal complex driers for alkyd paints
	Introduction: classification and function of driers
	The efficiency of different drier combinations
	Enhancing drier activity and the development of new drier systems
	Techniques to evaluate drier activity
	The effect of added ligands
	Driers not based on metal carboxylates
	New drier systems


	Concluding remarks
	A summary of alkyd paint drying
	The need for improved knowledge of paint drier chemistry

	Acknowledgements
	References


