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1. Introduction

Nothing is as dull as watching paint dry
English saying

1.1 History

Paints appeared about approximately 30,000 years ago. Cave dwellers used crude paints
to make images of their daily lives, showing pictures of animals and pictures of them
hunting animals. The oldest known cave painting is that of Chauvet near Vallon-Pont-
d’Arcin in southern France. It is about 32,000 years old and was discovered in 1994.
Other cave paintings are found in Lascaux, France and Altamira, Spain. The paintings
were drawn in black red, and yellow, created by various pigments available from their
natural habitat, such as iron oxides, manganese oxides, chalk, and charcoal.

The Egyptians (3000 to 600 BC) were one of the first to further develop paint. Al-
though many of the pigments they used were also available from their natural surround-
ings, they were the first to develop a synthetic pigment. This pigment is known today
as Egyptian Blue (CaCuSi4O10) and was produced from a calcium compound (carbonate
(chalk), sulfate or hydroxide), a copper compound (oxide or malachite) and quartz or
silica. The Egyptians used two types of paints; encaustic paint and tempera. Encaustic
paint, also called “hot wax painting”, involves heated beeswax to which colored pigments
were added. Tempera (or egg tempera) is a paint made by binding pigments in an egg
medium.

The Greeks and Romans (600 BC – 400 AD) understood that paint could not only be
used to decorate objects but also to preserve objects. Varnishes based on drying oils were
introduced. The varnish was made by combining natural resins with drying oils, such as,
linseed, hempseed, or walnut oil. It was not until the middle ages (about 400 – 1500) that
the protective value of drying oils was recognized in Europe.

Since the Renaissance (about 1400 – 1600), siccative (drying) oil paints, primarily
linseed oil, have been the most commonly used paint in fine art applications. Oil paint is
still commonly used today for works of art.

The Industrial Revolution (about 1700 – 1900) had a major effect on the develop-
ment of the paint industry. The amount of iron and steel used for construction purposes
increased and had to be protected. Lead- and zinc-based paints were developed by dis-
persing these metals in linseed oil. These developments required an increasing amount of
paint factories. These paint factories remained decentralized, because the weight of pre-
pared paint made transportation too expensive. During and after the industrial revolution
the newly developed industrial products required paints or coatings, thereby increasing

1
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Fig. 1.1: Overview of the relations between the types, properties and constituents of coatings.
The arrows indicate the many relations that exists, for example selecting a specific
type has consequences for both the coating constituents and coating properties.

the paint market.

Around 1920 the paint industry was confronted with an environmental issue. Lead-
based paint, containing high amounts of lead as a whitening pigment (2PbCO3·Pb(OH)2),
had become widely used and appeared to be toxic. After the toxicity of lead became clear,
the amount of lead used started to diminish and around 1970 was totally replaced by
titanium dioxide, that became available as an affordable alternative pigment. However,
still lead remained to be used as a drier (catalyst) in low concentrations. Today lead
driers are almost completely replaced in all paints [1, 2].

Nowadays paints and coatings can be found everywhere, e.g. on building materials, on
cars, aircrafts, solar cells, plastics, steel and wires. The purpose of these coatings differs,
e.g. for protection against the environment and/or for esthetic reasons. Many materials
require protection against environmental attacks, such as UV-radiation, heat, moisture,
chemicals, and acid rain. Different types of coatings exists for each specific application,
and are illustrated in figure 1.1. These types are water-borne, solvent-borne, powder,
2-component, and UV-curable coatings. Each of these types has its specific constituents
and properties, which are all inter related. This makes the coating industry a broad,
complex and a challenging field. Water-borne coatings were the largest in volume around
1994 and this volume was expected to grow considerably [3].

Western Europe produces about 5 million tonnes of coatings per year, which accounts
for approximately 22% of the world production. In 1996 the European coating industry
consumed 1.8 million tonnes of binders for the production of paints, of which 25% were
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Fig. 1.2: Typical example of an alkyd resin polymerized from phthalic anhydride, fatty acid
(RCOOH), and glycerol.

alkyds. In 2002 alkyd resins accounted for 26.2% of the total use in Europe. About
90,000 tonnes of additives were used by the European paint industries in the same period.
Of these approximately 26,000 tonnes (28.5%) were driers and 6,300 tonnes (7.1%) anti-
skinning agents. The consumed amounts of driers and anti-skinning agents within the
coating industry are directly related to the produced amount of air-drying coating system.
World wide the total paint and coatings industry is over the 50 billion euro’s, and the
European market is over 13 billion euro [1, 3, 4].

The focus in this thesis will be on alkyd resins, being one of the very widely used types.
Alkyd resins are based on polymeric resins developed in the 1920’s [5] and first produced
commercially by General Electric. The term “alkyd” originally comes from “al”, referring
to alcohol, and “kyd”, refereing to acid. Nowadays, the term alkyd refers to polyesters
modified with fatty acids. Alkyds are prepared via condensation polymerization of three
types of monomers: polyalcohols, polybasic acids, and fatty acids or triglyceride oils to
obtain fatty-acid containing polyesters [3]. A simple example is given in figure 1.2. The
double bonds present in the fatty acid side chains of the alkyd molecules will cross-link
using oxygen from the air to form the final rigid coating. Variations in the amounts and
types of components give the resin and thus the final coating different properties. Alkyd
resins are frequently classified by the oil type and oil length. The latter is defined as the
weight percent of oil present in the resin. If the oil content is less than about 45% it is
defined as a short oil, between 45% and 60% as a medium oil, or when greater than 60% as
a long oil. This oil length changes the average distance between cross-links points of the
polymer, and thereby the properties of the coating, such as hardness and permeability.
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1.2 Developments in coatings technology

The general knowledge about coatings has increased considerably over the years and, addi-
tionally, one slowly became aware of the environmental risks of several coating ingredients.
Not only the constituents affect the environment or health, but also the acquisition of the
raw materials damages the environment. Therefore renewable resources as raw materials
for the coating, like plant oils, have gained interest. The European community and the
local governments force coating manufactures to produce less environmental demanding
coatings by legislation. The most important environmental issues and legislatorial changes
that had or will have a major impact on the coating industry are discussed below.

One development is the strict legislation concerning the emission and usage of volatile
organic components (VOC). Not only the environment is affected by these VOC’s, but
long term exposure to these chemicals leads to the so called Psycho-Organic Syndrome
(POS). The effects of solvents on the health was extensively researched and clear effects
were established [6–12]. Since January 2000 the Dutch government has changed the
legislation concerning the use of VOC’s, forcing professional painters to use products
with low amount of VOC’s (< 125 g VOC’s per liter of product) for indoor application
[13, 14]. The change in legislation has driven coating manufactures to look for alternatives
or alternative solutions, such as changing to other types of coatings (see also figure 1.1).
New technical developments have resulted in an increase of the production of more water-
borne coatings (for indoor applications) and high solids coating (for outdoor applications).
Obviously, the market demands that the properties of these reformulated coatings should
at least meet or should be better than their predecessors. Although water-borne systems
have already been improved considerably, they still suffer from a variety of shortcomings,
such as faster biological degradation, less water repellency, longer open times, and high
surface tension, resulting in bad flow and in low gloss. Water-borne coatings also have
several advantages, next to a reduced amount of VOC’s, such as less fire hazard and the
fact that existing equipment can still be used.

Another recent development that will have a major impact on the coating industry is
the European Commission’s (EC) White Paper for a new Chemical Strategy. This White
Paper published in 2001, has led to a proposal concerning the Registration, Evaluation
and Authorization of CHemicals (REACH) [15]. It is now expected that REACH will be
approved by the European Parliament and Council this year and will enter into force in
the spring of 2007. The central element is a completely new system of registration, eval-
uation, and authorisation/restriction for new and existing chemical substances marketed
in quantities of more than 1 tonne per enterprize per year. This new system will have a
major impact on the coating industry, by increasing the cost of registration, and research
and development to find suitable alternatives when required.

In addition, recent studies have shown that cobalt, commonly used as a catalyst in
(water-borne) alkyd coatings, is potentially carcinogenic [16–18]. In Germany coatings
containing cobalt catalysts no longer hold the blue angel label, which is an eco-label.
Hence, there is a tendency to replace this traditional catalyst by more environmental
friendly ones in the near future [19].

Summarizing, the coating industry is a dynamic industry striving for environmental
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friendly coatings, while increasing the performance and durability of the products and
additionally decreasing the development time and costs. This process will benefit from
a deeper understanding of the relation between composition, structure, and properties
of a coating. Especially knowledge of the spatial and temporal evolution of the coating
structure in time will be of great value [20, 21].

1.3 NMR imaging as a potential coating research tool

However, the problem of most standard testing equipment for coatings is that no infor-
mation (both chemical or physical) as a function of depth can be obtained. For different
types of coatings it is known that inhomogeneities exist and that these play an important
role. For instance, in UV-curable systems inhomogeneities, are present that are induced
by oxygen inhibitions [22] or UV-light absorption [23, 24]. For alkyds systems it is known
that skin-layers are formed, which sometimes result in wrinkling [25].

Fortunately, during the last decade new measurement techniques have become avail-
able with the ability to obtain detailed spatially resolved information of the coating struc-
ture. One technique to probe the drying process of coatings as a function of depth is
Confocal Raman Microscopy (CRM), which allows chemical changes to be followed with
a resolution of about 5 µm [26]. However, this technique can only be used for optically
transparent coatings.

Recently a new NMR setup has been developed that can probe the structure of a
coating with a spatial resolution of approximately 5 µm as a function of depth [27]. Ad-
ditionally, this setup can follow a drying process of a typical coating (200 µm) with a
temporal resolution of approximately 10 min. The first development towards higher res-
olutions NMR imaging was stray field imaging [28], in which the magnetic field gradient
just outside the bore of a superconducting magnet is used to achieve a high spatial reso-
lution or to probe small-scale displacements (e.g. diffusion). Another is the development
of a single-sided NMR setup, the so-called NMR MOUSE (Mobile Universal Surface Ex-
plorer) [29]. This has finally lead to the Gradient-At-Right-angles-to-Field (GARField)
design [27], which combines a high gradient with single-sided NMR.

1.4 Aim of this thesis

The goal of the research reported in this thesis is to explore the curing (chemical drying)
process inside alkyd coatings using a high spatial resolution NMR setup, based on the
GARField design [27]. The outline of this thesis is as follows. A brief discussion of the
drying processes of alkyd coatings is presented in chapter 2, and the research tools used
in the subsequent chapters are introduced. In chapter 3 the design of the NMR setup will
be considered in detail. In chapter 4 the drying of two typical alkyd coatings (a solvent-
borne and a water-borne) is investigated by comparing the results of NMR and Confocal
Raman Microscopy (CRM) experiments. This study allowed to relate chemical changes
observed with CRM to the changes in signal decay observed with NMR. In chapter 5 we
will discuss the role of oxygen in the curing process of alkyd coatings with cobalt as a
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drier. A model was developed to describe the observed curing behavior. In chapter 6 the
effect of so-called secondary driers on the curing behavior is investigated. Furthermore,
the curing behavior in the deeper layers of the coating is investigated and modelled.
The secondary driers used are Ca and Zr, next to Co as the primary drier. Manganese
based alternatives for cobalt are investigated in chapter 7. The models presented in the
previous two chapters no longer apply when the curing of manganese is investigated. So
these results are interpreted using simulations based on a reaction-diffusion model. In
chapter 8 the effect of the substrate on the curing of alkyd coatings is investigated, which
is very relevant for the product performance in daily practice. In chapter 9 some general
conclusions based on the results reported in the previous chapters are presented. Finally,
an outlook is given, in which possible applications of the NMR setup for future coating
research will be considered.



2. Alkyd coatings, drying and characterization

Life is a great big canvas, throw all the paint on it you can.
Danny Kaye, US actor and singer (1913 - 1987)

2.1 Drying of alkyd coatings

The drying process of an alkyd coating can be divided into two stages. The first stage is a
physical drying stage in which the solvent evaporates. The second stage is a curing stage
(chemical drying or oxidative drying) in which the resin of the coating reacts and forms
a network by the formation of cross-links. These two stages involve different time scales:
The evaporation stage takes minutes up to several hours, whereas the curing process takes
place over several hours up to days, or even months. In fact the last stage can continue
for years, which is often called aging. During this chemical aging the coating or painting
finally becomes brittle and cracks appear, which can be observed in many historic oil
based paintings on display in museums [30]. This aging process is beyond the scope of
this thesis and we will mainly focus on the initial part of the curing process.

The evaporation stage has been studied extensively. During this stage the solvent
evaporates while the resin remains behind. The speed of this process is very important in
daily practice. The film should dry fast enough, but not too fast. The time characterizing
this process is often referred to as open time. The open time is the time during which
the coating layer flows enough to remove small irregularities. The evaporation process,
together with the deformation of the particles in water-borne systems, determines the
gloss and flow of the coating, making it an important topic for research. For water-
borne systems the interactions between the emulsified droplets and their deformation
were studied by Visschers et al. [31, 32, 33]. Using a high spatial resolution NMR setup
the evaporation stage of coatings was studied [34–36]. Also the lateral drying of thin
coating layers was studied using magnetic resonance imaging [37, 38].

During the curing (chemical drying) stage the double bonds of the fatty acid side
chains present in the alkyd molecules (see Fig. 1.2) react with oxygen, which results in
cross-links. This curing process is a complex oxidative process, which will be explained in
more detail in section 2.2. The research on oxidative drying of alkyds can be subdivided
in two research topics. The first topic concerns the chemical reactions taking place during
oxidation of model systems. These model system are mostly oils or fatty acid esters,
which still have a low viscosity after oxidation. The second research topic focusses on
the curing process inside alkyd coatings films monitored as a function of depth. Not
much research is performed on this topic, because the number of analytical techniques to
probe the coating structure as a function of depth is limited. Compared to model systems

7
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unconjungated

conjungated

Fig. 2.1: Two possible configurations of double bonds in the fatty acid side chains of the alkyd
resin.

the curing of alkyd coating films is more complex, because physical aspects like diffusion
of oxygen or diffusion of radicals play a significant role. The fact that oxygen diffusion
plays an important role was already mentioned in 1954 [39]. Oxygen diffusion might
limit the curing reaction, which requires oxygen, resulting in an oxygen gradient. Such a
limitation of the curing reaction is demonstrated by the many examples of inhomogeneous
curing, e.g., the formation of a skin-layer at the surface of the coating which can cause
wrinkling [25]. Until recently little or no research was performed on the diffusion and
reaction as a function of depth inside alkyd coatings. Only recently the depletion of
double bonds inside alkyd coatings was followed using CRM and described in terms of a
reaction-diffusion model [40, 41].

2.2 Alkyd resins

2.2.1 Autoxidation

The curing of alkyds is an autoxidation process, in which oxygen reacts with unsaturated
oils or the unsaturated fatty acid side chains of alkyd resins. This process has been stud-
ied in great detail, as it is an important process in food science and biology. In case
of alkyd coatings the autoxidation process is necessary to form a cross-linked network.
The autoxidation mechanism of fatty acids is a complex process, in which many inter-
mediate species can be formed. For alkyd resins and model systems the autoxidation
process was studied extensively [42–50]. The model systems used in that research vary in
the amount of double bonds and have two configurations of double bonds, conjungated
and unconjungated, see figure 2.1. The configuration of the double bonds influences the
preferential cross-linking path [48, 51]. The autoxidation process is generally divided in
6 stages [39, 52–54]. The stages are:

• Induction

• Initiation

• Hydroperoxide formation

• Hydroperoxide decomposition

• Cross-linking

• Degradation or side-reactions
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Induction

The induction period exists because of to the presence of natural anti-oxidants (α-, δ- to-
copherols and β-carotene) or added anti-oxidants inside the coating. These anti-oxidants
trap radicals, thereby inhibiting the oxidative reactions [55]. Oxidation reactions are
also inhibited via quenching of singlet oxygen to the triplet state by carotenoids, e.g.
β-carotene [56, 57]. In this triplet state direct addition of oxygen to the double bonds is
spin-forbidden.

Initiation

This step is the least understood step of the autoxidation process. A certain free radical
(X·) for initiation of the oxidation reaction is required. After H-atom abstraction from
the unsaturated fatty acid (R-H) a radical R· remains. The energetically most favorable
position of hydrogen abstraction in case of unconjungated double bonds (Fig. 2.1) is one
of the two hydrogens positioned between the double bonds [58]. These radicals are the
radicals that can be inhibited during the induction period. The hydrogen abstraction
speeds up when a radical generating species is added.

R-H + X· → R · + X-H (2.1)

Hydroperoxide formation

The radical (R·) reacts instantaneously with oxygen to form a hydroperoxide radical. By
abstracting another H-atom from the unsaturated fatty acid it forms a hydroperoxide.

R + O2· → R-O-O · (2.2)

R-O-O · + R-H → R · + R-O-O-H (2.3)

Hydroperoxide decomposition

In this stage, the hydroperoxides are decomposed into radical species and/or radical
species are formed, reactions 2.4 and 2.5. The decomposition of hydroperoxides is a
very slow process, but can be accelerated by adding metal catalysts. During the decom-
position the amount of radicals increases, increasing the chance of hydrogen abstraction
(reaction 2.6 and 2.7) and hydroperoxide formation.

R-O-O-H → R-O · + ·O-H (2.4)

2 R-O-O-H → R-O · + R-O-O · + H2O (2.5)

R-O · + R-H → R · + R-O-H (2.6)

H-O · + R-H → R · + H2O (2.7)
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Cross-linking

Because the amount of radicals increases, the probability to form a cross-link by recom-
bination increases. Different kind of bonds are formed; alkoxy (COC), peroxide (COOC)
and carbon-carbon (CC) bonds.

2 R· → R-R (2.8)

2 R-O· → R-O-O-R (2.9)

2 R-O-O· → R-O-O-R + O2 (2.10)

R · + R-O· → R-O-R (2.11)

R · + R-O-O· → R-O-O-R (2.12)

R-O · + R-O-O· → R-O-R + O2 (2.13)

In the case of conjungated double bonds (see figure 2.1), the cross-linking predominantly
proceeds via direct addition of radicals to the double bonds [48, 51].

R · + C=C → R-C-C · (2.14)

R-O · + C=C → R-O-C-C · (2.15)

R-O-O · + C=C → R-O-O-C-C· (2.16)

Degradation or side-reactions

The typical smell of alkyd coatings originates from the formation of volatile byproducts.
Many side reactions occur during the autoxidation process. One of those side-reactions,
β-scission, cleaves the linoleate molecule into aldehydes, such as hexanal, pentanal and
propanal [48]. This β-scission also produces luminescence allowing it to be monitored
[59–61]. Other typical byproducts are alcohols, ketones, carboxylic acids, epoxides, and
endoperoxides.

2.2.2 Drier influence

The additives to speed up the drying of alkyd coatings are called driers. Driers are
organometallic compounds which are soluble in organic solvents and binders. Chemically,
driers belong to the class of soaps. The organic compounds can be altered to make the
metal soluble in the solvent used. Drier metals can be divided in two categories: primary
driers (active driers) and secondary driers (through driers). The first category, the primary
driers, promote rapid surface drying with limited through drying properties. The term
through drying means the drying takes place in deeper regions of the coating. The second
category, the secondary driers or auxiliary driers, are assumed to have two effects. The
first is the increase of the stability of the primary drier. The second is the promotion of
the through drying. An overview of the different metals divided into the two categories
based on their function is given in table 2.1 [19, 54, 62–64].

The most commonly used primary drier in commercially available alkyd paints is
cobalt based. Although manganese and iron are also primary driers, they are considered
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Primary driers Secondary driers
Cobalt Barium

Manganese Zirconium
Iron Bismuth

Cerium Aluminium
Vanadium Strontium

Lead
Calcium

Potassium
Lithium

Zinc

Table 2.1: Drier metals divided into two categories based on their function; the primary driers
and secondary driers.

to be less effective. The most important function of the primary driers is to speed up (or
catalyze) the decomposition of hydroperoxides. However, in the literature other roles are
also suggested as well, such as acceleration of oxygen absorption and peroxide formation
[39, 53, 54]. The decomposition of hydroperoxides is often referred to as the Haber-Weiss
cycle (in this example cobalt is used as the catalytic metal) [65–68]:

R-O-O-H + Co2+ → R-O ·+ OH−+Co3+

R-O-O-H + Co3+ → R-O-O ·+ H++Co2+

This cycle generates a high amount of radicals necessary to speed up the autoxidation
process.

The effect of the primary driers (or catalysts) has been and is still an important
research topic. In the last decade many alkyd coatings have been reformulated to water-
borne systems, and as a consequence, the catalyst has been reformulated as well [69].
Nowadays, the search for new alternative for cobalt, which has been reported to be car-
cinogenic, has increased the research on the effects of driers even further. This can be
clearly seen from the amount of recent work that has been published and was recently
reviewed [70]. Many alternatives have been researched and reported [19], a new man-
ganese based catalyst [71–73] and a new iron based catalyst [74]. The activity of these
new catalyst was measured mainly in model systems. However, when these catalysts are
used in real alkyd coatings oxygen transport becomes an additional variable in the curing
process. The effects of these new catalysts should therefore be monitored in an alkyd
coating using a spatial resolving technique.

The most commonly used secondary driers (auxiliary driers) are calcium and zirco-
nium. Calcium containing driers are said to improve hardness and gloss and to reduce
skin-formation [19]. Zirconium containing driers are believed to improve the through-
drying, mainly by the formation of coordination bonds with hydroxyl- and carboxylic
groups, available from the resin or formed during the drying process. Although the macro-
scopic effect on the drying has been studied, the precise way in which the secondary driers
affect the drying process in an alkyd coating has remained unclear. Therefore, in the rest
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of this thesis the term drier will be used for secondary driers. But for the primary driers
the term catalyst will be used. The only research on curing of alkyd coatings for differ-
ent drier combinations as a function of depth was performed by Mallegol et al. [68] for
Co, Ca and Zr. In that paper the influence of drier combinations on the through-drying
in water-borne alkyd emulsions was investigated by analyzing the T2-relaxation times at
three depths inside the coating measured using a NMR profiling setup.

2.3 Coating research tools

For each specific application coating properties have to be optimized, requiring many
characterization tools. These properties concerns the durability and the appearance.
Durability is determined by the protective properties, such as chemical resistance as well
as mechanical performance. The appearance of the coating is determined by properties
like transparency, color, and gloss, which have to be retained. Different substrates and
the specific drying behavior on these substrates influence the durability and appearance.
Therefore, techniques are required to measure the drying process of coatings as a function
of depth and time. In this section we will discuss several techniques to characterize the
drying of coatings. First, confocal Raman microscopy (CRM) and differential scanning
calorimetry (DSC) are discussed; both techniques are used in this thesis. Next, some
alternative techniques to probe the drying process, with more or less depth resolving
capability, are discussed. In the next chapter the new NMR setup to measure the drying
process as a function of depth will be discussed.

2.3.1 Confocal Raman Microscopy

laser  632 nm

objective

notch

 filter
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movable table

y
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Fig. 2.2: Experimental confocal Raman setup.

The chemical composition of a thin coating layer can be measured by Confocal Raman
Microscopy (CRM). In CRM a laser is focussed on a sample, see figure 2.2. By changing
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the focus of the Raman microscope to a given depth, the Raman spectra of the corre-
sponding volume element can be obtained. With Raman spectroscopy the saturation of
double bonds can be measured, allowing the oxidation process to be followed.

The measurement principle is based on scattering of laser light; the scattered radiation
has a frequency shifted from the frequency of the incident radiation. Only specific types of
molecular vibrations can be measured using Raman scattering, depending on the selection
rules for molecular transitions. To be able to interact with an electromagnetic field, a
molecule should have an oscillating dipole at the right frequency. When during molecular
vibration the polarizability is changed the vibration is Raman active. If the dipole moment
is changing during the vibration, the vibration is infrared active. Since anti-symmetric
vibration will change the dipole moment it is infrared active. Since symmetric vibration
will change the polarizability it is Raman active. In the case of double bonds (C=C), the
polarizability is changed because of symmetric stretching of this bond.

The ability of CRM to obtain chemical information as a function of depth and time
makes it a valuable tool to follow the chemical changes during the curing process. However,
it has some disadvantages. No information concerning the cross-linked network structure
can be obtained, since CRM only measures the disappearance of double bonds, not the
actual formation of a cross-link. Another disadvantage is the inability to probe nontrans-
parent coatings. Even in transparent coatings there are some problems concerning a shift
of the focus due to light refraction [26]. As a result the nominal position within the film
should be corrected by a factor between 1.5 and 2.0 to get the actual position inside the
coating. A recent study also indicates that the spatial resolution is less in deeper regions
of the coating [41]. Studies of coatings applied on wood are impossible, because of the
fluorescence caused by the substrate. This limits the use of CRM for studying the effects
of the substrate on the drying of coatings.

2.3.2 Differential Scanning Calorimeter

A differential scanning calorimeter (DSC) measures the heat flux relative to the heat flux
of a reference sample over a large temperature range. With a DSC heat capacity, heat of
transition, kinetic data, and glass transition temperature can be determined. The latter,
the glass transition temperature, is an important parameter for coating research, because
it indicates the mobility of the polymer. This mobility is related to the final hardness of
the coating.

At low temperatures, the polymers in the coatings exist in a glassy state. Upon
heating of the sample the heat capacity cp changes. Above the glass transition the polymer
enters a rubbery state with more degrees of freedom, which translates in a higher heat
capacity value cp. During heating and cooling the systems passes through a sequence
of non-equilibrium states. The history of cooling and heating influences the thermal
behavior. The rate of heating and cooling causes a shift in the measured glass transition
temperature (Tg). Therefore, the best procedure to measure Tg is to heat the sample to
about 15 K to 30 K above Tg, followed by a short period 5 to 10 min of annealing to
establish a thermodynamic equilibrium [75]. Afterwards the sample is cooled rapidly to a
temperature of about 50 K below the expected glass transition temperature, followed by
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the measurement of the Tg of the sample. For further details on the working principles of
the DSC setup and the interpretation of the data, see Hohne et al. [75].

The DSC measures the coating as a whole, giving always an average. The relation
between network properties, dangling ends, type of polymer, and the glass transition
temperature is unclear. This complicates interpretation of the results.

2.3.3 Confocal Laser Scanning Microscopy

Another confocal imaging method is Confocal Laser Scanning Microscopy (CLSM). This
confocal optical setup can even be used to image a 3D volume, because of the decreased
scanning time compared to CRM. The laser focus scans a 3D volume while measuring the
fluorescence or reflection intensity. Also two photon laser scanning microscopy exists, in
which two photons of longer wavelength (800 nm) are simultaneously absorbed using the
ultrahigh peak intensity of a femtosecond laser. A disadvantage of this technique over
confocal Raman microscopy is the inability to obtain chemical information [24, 76].

2.3.4 Photoacoustic spectroscopy
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Fig. 2.3: Photoacoustic Fourier transform infrared spectroscopy.

Photoacoustic Fourier Transform InfraRed spectroscopy (PA/FT-IR) [77–79] can be used
to depth profile a coating film. By changing the mirror velocity of a Michelson interfer-
ometer, the infrared spectrum is modulated. Subsequent Fourier transformation of the
detected signal gives the absorption of the complete spectrum. The absorbed radiation
will modulate the pressure of the coupling gas above the sample, because of the heat trans-
port to the surface of the sample. The pressure inside the closed box is monitored by a
pressure sensor. The amount of absorbed IR energy corresponds to the distribution of IR
active functional groups throughout the specimen. The conversion of IR energy to heat is
fast, so absorbed energy is immediately released as heat, which is transported to the sur-
face. The physics of this process has been mathematically addressed by Rosencwaig and
Gersho [80]. The thermal diffusion length µth can be varied by changing the modulation
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frequency of the Michelson interferometer. By altering this frequency, µth will change,
providing different penetration depths, ranging from 0 to 150 µm.

2.3.5 BK-drying test

The Beck-Koller drying test is the standard technique to determine drying times of a
coating. Brass weights, each weighing 5 g, are used to apply pressure on several needles,
which are slowly moved over the coating film applied on a long glass plate (about 1 m).
The stages of drying can be observed from the prints of the needles on the coating:

1. A pear-shaped impression corresponds to the time involved with evaporation of
solvent.

2. The cutting of a continuous track corresponds to a sol-gel transition.

3. An interrupted track corresponds to the surface-dry time.

4. When the needle no longer penetrates the film, the film is believed to be completely
dry.
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3. High spatial resolution NMR setup

Il n’existe pas de sciences appliquées, seulement des application de
la science.
Louis Pasteur French biologist and bacteriologist (1822 - 1895)

3.1 Introduction

In 1924 Pauli demonstrated the existence of hyperfine splitting in atomic spectra [81]. He
suggested that this splitting was the result of a coupling between the nuclear magnetic
moments and the magnetic moments of the electrons. The existence of a nuclear spin
was more clearly demonstrated by Bloch [82, 83] and Purcell [84] when they measured
Nuclear Magnetic Resonance (NMR). They received the Nobel Prize for physics for this
work in 1952.

In 1973 a short paper on imaging was published in Nature by Lauterbur [85]. In this
paper he described a new imaging technique, a back projection method to produce an
image of two test tubes. This experiment yielded information in two dimensions instead of
a single dimension, and is therefore considered as the foundation of Magnetic Resonance
Imaging (MRI). In 2003 the Nobel Prize in Physiology and Medicine was awarded to Paul
C. Lauterbur and Peter Mansfield for their discoveries concerning “Magnetic Resonance
Imaging (MRI)”.

Over the years the technical development of NMR has increased further and further,
towards higher resolution, faster imaging sequences, higher fields and higher field gradi-
ents. Nowadays, NMR is used in many fields of research and science. MRI is used in
the medical and biological science. Chemists mostly use NMR for spectroscopy, which is
very suitable for structure determination. NMR or MRI is also used for material science,
e.g., rubbers, polymers, and porous materials. This latter field is the field of research
presented in this thesis. We will now briefly discuss the developments that have led to
the high resolution NMR imaging setup presented in this chapter.

When NMR is used for research on materials with high spatial resolution, spectroscopic
information can no longer be obtained. The interpretation of the material properties
have to be based on the acquired NMR signal decay. Since the article of Bloembergen
et al. [86] relaxation effects are explained fundamentally from the interactions between
nuclear spins. The mobility of the molecules together with the inter- and intra-molecular
interactions, is used to explain the relaxation effects in fluids and solids. However, in
polymers the interactions and mobility are much more complicated. As a result the
influence of polymer mobility [87] and/or the network structure on NMR relaxation or
diffusion is still researched extensively [88–96].

17
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Stray field imaging is one of the first examples of high spatial resolution NMR. In this
case the high spatial resolution is achieved by using the fringe field of a super conducting
magnet [93, 97]. The NMR MOUSE (Mobile Universal Surface Explorer) [29, 98–100], a
one sided NMR setup was reported in 1996, allowing the surface layer of many materials
to be explored. Its high magnetic field gradient allows depth information to be obtained
along the surface of rubber [101–103]. In 1999 Glover et al. [27] reported a new type
of magnet pole tips to generate a high field gradient in which a horizontal plane has a
constant magnetic field strength. This setup, can be viewed as a combination of STRAFI
and the NMR mouse, which has the possibility to obtain high resolution (5 µm) spatial
information in the vertical direction (1D).

In this chapter we will discuss the working principles of NMR and our changes to this
design. For further detailed information on NMR we refer to [104–106].

3.2 NMR

The principle of NMR is based on the fact that nuclei (e.g. H, F, Na, Cl, P) resonate
at a specific frequency in a certain magnetic field. In this thesis we will mainly focus on
hydrogen nuclei, which is the most commonly studied nucleus in NMR. The resonance
frequency, at which resonance occurs, depends on the strength of the applied magnetic
field. If the field strength is varied in space, information about nuclei at different positions
can be gathered. In general, the signal intensity is proportional to the spin density and
the signal decay depends on interaction of the spins with their surroundings [86]. By
manipulation of the main magnetic field using field gradients, images or profiles can be
obtained.

3.2.1 Larmor precession
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Fig. 3.1: Larmor precession.
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Many nuclei possess a magnetic moment ~µ. When such a nucleus is positioned in a
magnetic field ~B0 the magnetic moment will precess around ~B0. This precession movement
is described by, see e.g. [104]

d~µ

dt
= γ~µ× ~B0, (3.1)

where γ is the gyromagnetic ratio. This motion is called Larmor precession, which is
shown in figure 3.1. This equation is the classical equation for the precession, but, it also
holds for the quantum mechanical description. Because in NMR measurements many
nuclei are measured, the expectation value 〈~µ〉 is equal to ~µ in the classical description
[105]. The rate of precession depends on the strength of the magnetic field, and is given
by:

fL =
ω0

2π
=

γ

2π
B0. (3.2)

In this equation B0 represents the strength of the main magnetic field, and fL is the
Larmor frequency. Each isotope has an unique gyromagnetic ratio, for 1H or a proton
γ/2π = 42.58 MHz/T. The sensitivity and the natural abundance determine whether other
nuclei can be measured easily. For 19F the gyromagnetic ratio γ/2π = 40.05 MHz/T and
its sensitivity relative to hydrogen is 0.83.

3.2.2 Excitation of the nuclear magnetic moments

If a small magnetic field B1 is applied perpendicular to the main magnetic field (B0) a
precession movement around the resulting magnetic field will occur. This gives the pos-
sibility to manipulate the magnetic moment of the nucleus. This manipulation is only
effective if a time-varying B1(t) field is applied with a frequency equal to the Larmor fre-
quency. In a frame rotating with a frequency equal to the Larmor frequency, the magnetic
moment ~µ is stationary if B1 equals zero. From now on we will describe the behavior only
within this frame of reference. In NMR experiments the nuclear magnetization vector
~M = (Mx,My,Mz) is measured. This is the sum over all magnetic moments present
inside the sample:

~M =
∑

i

~µi. (3.3)

At the start of the experiment the transverse components Mx,My are zero, because in

equilibrium ~M is directed along the z-axis: ~M = (0, 0,M0). A field B1(t) ⊥ B0 varying
at the Larmor Frequency will be stationary within the xy-plane of the rotating frame.
Application of such a radio frequency (RF) field B1, will cause the magnetization to
rotate away from the z-axis. In figure 3.2 the magnetization is initially along the z-axis,
the excitation (rotation) is performed around the x-axis. A rotation over an angle θ is
achieved by applying B1 a time tp:

θ = γB1tp. (3.4)

The rotation around the x-axis can be described using the following rotation matrix:

Rθ =




0 0 0
0 cos θ − sin θ
0 sin θ cos θ


 , (3.5)



20 3. High spatial resolution NMR setup

y

x

z

Μ

θ

Β
1
=ω

1
/γ

Fig. 3.2: Rotation of the magnetization
around the x-axis, caused by a
RF-excitation.
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Fig. 3.3: Rotation of the magnetization
around an arbitrary axis in the
xy-plane, caused by RF-excitation.

Pulse sequences like the Carr-Purcell-Meiboom-Gill (CPMG) or Ostroff-Waugh (OW)
sequence contain RF pulses with different phases. The matrix describing an excitation
pulse with an arbitrary phase φ, see figure 3.3, can be calculated from a rotation to the
x-axis (R−φ), then an excitation around the x-axis (R−θ) followed by rotation back to the
arbitrary phase (Rφ):

Rθφ = RφRθR−φ, (3.6)

in which Rφ is a rotation around the z-axis and is described by

Rφ =




cos φ − sin φ 0
sin φ cos φ 0

0 0 1


 . (3.7)

Combining equations 3.5, 3.6, and 3.7 the excitation can be fully described by

Rφ,θ = RφRθR−φ

=




cos φ2 + cos θsin φ2 (1− cos θ) cos φ sin φ sin θ sin φ
(1− cos θ) cos φ sin φ cos θcos φ2 + sin φ2 − cos φ sin θ

− sin θ sin φ cos φ sin θ cos θ


 .

(3.8)

This rotation matrix is only valid for an on-resonance system with arbitrary phase φ
of the RF pulse, exciting over an angle of θ in xyz-coördinate system. On-resonance
means that the applied RF pulse is exactly matched to the Larmor frequency. This is
not the case when performing measurements in a high gradient NMR setup, due to the
finite frequency bandwidth of the excitation pulse. For further details on off-resonance
excitation, see Appendix A. We will return to this point in section 3.2.6, where we will
discuss the effect of slice selection by the applied RF pulse.

3.2.3 Relaxation

After the nuclear magnetization vector is rotated, it will restore to its original position
along the main magnetic field. This is caused by two relaxation effects [86]. The first
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is longitudinal or spin-lattice relaxation. The corresponding relaxation time T1 reflects
the rate at which the component of the magnetization vector ~M parallel to the main
magnetic field ~B0 is restoring. The second is the transverse or spin-spin relaxation time.
The corresponding relaxation time T2 reflects the rate at which the component of the
magnetization vector ~M perpendicular tot the main magnetic field approaches zero. This
spin-spin relaxation time is equal or less than the spin-lattice relaxation, see [86], due to
dephasing of the nuclei caused by dipole-dipole interactions. When the mobility of the
hydrogen nuclei decreases, their correlation time τc increases. As a result more dephasing
occurs, because the dipole-dipole interactions are less effectively cancelled out, resulting
in a shorter T2 values. This makes T2 very susceptible to changes in mobility (e.g. cross-
linking) inside a coating. Since Differential Scanning Calorimetry measures the mobility
on the molecular scale as a function of temperature, a relation between Tg measured with
DSC (see 2.3.2) and the relaxation times T2 measured with NMR can be expected.

The equation describing the effect of these relaxation phenomena on the macroscopic
nuclear magnetization vector ~M is

d ~M

dt
= −




1/T2 0 0
0 1/T2 0
0 0 1/T1


 ~M +




0
0

M0


 . (3.9)

3.2.4 Detection of the magnetization

In NMR experiments only the nuclear magnetization in the transverse plane can be
recorded. The transverse magnetization Mt = Mx + iMy is acquired by measuring the
magnetic induction voltage across a stationary coil in the laboratory frame. The preces-
sion movement of the magnetization causes the magnetic induction. Different kinds of
pulse sequences can be used to manipulate the magnetization, which allows the relaxation
times (T2 and T1) to be obtained from the recorded signals. By using magnetic field gra-
dients spatial information can be encoded in the phase and frequency of the precession of
the local magnetization vector.

3.2.5 Obtaining spatial information

For research on coatings a resolution (in the y-direction, perpendicular to the coating
layer) of about 5 µm is necessary in order to observe processes inside a film of about
100 µm. To achieve this high spatial resolution a magnetic field gradient is required. This
gradient causes changes in magnetic field strength and, consequently, changes in Larmor
frequency,

ωL(~r) = γBz = γ(B0 + y ·Gy). (3.10)

Here y is the position in the direction of the gradient and Gy the gradient of the z-
component of the magnetic field in the y-direction. During the recording of the NMR
signal the different nuclei resonating at different frequencies contribute to the recorded
signal:

S(t) =

∫

V

ρ(y) exp[iωL(y)t]dy. (3.11)
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To resolve the properties of layers in the y-direction, the Larmor frequency needs to be
constant in the horizontal plane. For now we will approximate the gradient by Gy =
∂Bz/∂y, although this is not strictly valid in high gradient NMR setups. We will return
to this point in section 3.4. Many parameters influence the resolution; we will discuss the
two most important resolution limiting parameters. For a more detailed discussion see
[28, 106, 107].

Recording window limited resolution

The relation between distance and frequency difference inside the sample is given by

∆ω = γGy∆y. (3.12)

To avoid aliasing, a signal should be sampled at a frequency fs of at least twice the
maximum frequency that is present in the signal (Nyquist theorem). Taking Ns samples
the total acquisition time is: tacq = Nsts, where ts = 1/fs. The resolution without any
filtering is given by [28, 106, 108]

∆y =
∆ω

γG
=

2π

γGtsNs

=
2π

γGtacq

. (3.13)

For a setup with a gradient strength of 36 T/m and an acquisition window tacq = 200 µs,
this gives a best achievable resolution of 3.2 µm. Increasing the window will enhance
the resolution, however, other resolution determining factors will gain importance, such
as decreasing SNR, field abberations, diffusion, sample orientation, and the transverse
relaxation time of the sample.

Relaxation limited resolution

When the relaxation time T2 is very short, the best achievable resolution is no longer
determined by the recording window but by T2. In that case, the resolution is given by
[28]

∆y =
2

γGT2

. (3.14)

3.2.6 Selective excitation

Every RF-pulse that is applied to the sample has a certain finite bandwidth ∆ωL, cor-
responding with the duration of the pulse tp and the pulse shape. Because of the high
magnetic field gradient, the sample is not homogenously excited by such a pulse. The
resulting NMR profile obtained using the OW-sequence (see section 3.3.3) with block
shaped (hard) RF pulses (tp = 1 µs) is simulated and given in figure 3.4. An infinitely
large homogeneous sample is used in the simulation. The off-resonance rotation matrix
given in Appendix A is used to calculate the excitation. The FWHM frequency bandwidth
that is measured is given by

∆ωL = 0.8
2π

tp
. (3.15)
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Fig. 3.4: Selective excitation (left) and the simulated RF bandwidth (right). The strength of
the gradient (36 T/m) and the RF-bandwidth determines the excited region of the
sample. A block shaped RF-pulse was assumed.

The thickness of the excited volume is given by

δy = 0.8
2π

γGtp
, (3.16)

where G = 36 T/m in our setup. This means that a maximum sample size of about
500 µm can be excited (FWHM) for a typical pulse duration tp = 1 µs. From figure 3.4 it
can be deduced that for a sample with a thickness less than 200 µm normally no correction
is required, because the variation of the profile is less than the noise in the signal.

The actual shape of the RF-pulse is also determined by the properties of the RF power
amplifier and the quality factor of the tuned RF-circuit. This may slightly modify the
simulated profile plotted in figure 3.4.

3.3 NMR pulse sequences

Many sequences can be used to obtain information on different processes at different time
and length scales, from measurements of T1, T1ρ, T2, and diffusion. The most commonly
used NMR sequences will be explained in the present section.

3.3.1 Spin-echo sequence

A spin-echo is created by the pulse sequence shown in figure 3.5. At t < 0 (a) the nuclear
magnetization is equilibrium. Next (b) at t = 0 a 90◦ pulse is given. After the 90◦ pulse
is applied, the magnetic moments forming the magnetization vector in the transverse
plane start to dephase (c) due to field inhomogeneities or the presence of magnetic field
gradients.

If at t = 1
2
te a 180◦ pulse is given; the direction of the spins is reversed. Consequently,

they start to rephase again (d). At exactly t = te (e) the spins are rephased and a so
called spin-echo is created. Next the spins start to dephase again, resulting in loss of
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Fig. 3.5: The figure shows the magnetization vector in the rotating frame. The dephasing is
caused by the applied magnetic field gradient, which causes the Larmor frequency to
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Fig. 3.6: CPMG sequence: α = 90◦ and β = 180◦. OW sequence: α = β = 90◦.

signal (f). This sequence is called the Hahn spin-echo sequence. By Fourier transforming
the recorded signal a density profile in the direction of the applied field gradient can be
obtained.

Normally after an echo a long delay is added, to give the magnetization the possibility
to restore to its equilibrium, so that the spin-echo experiment can be repeated. The time
needed to effectively restore the magnetization to its equilibrium is about three times T1.

3.3.2 Carr-Purcell-Meiboom-Gill sequence

The Carr-Purcell-Meiboom-Gill sequence (CPMG) is given in figure 3.6. It starts with a
90◦ pulse, rotating the magnetization vector in the transverse plane. At t = 1

2
te the 180◦

pulse is applied. The spins start to rephase creating an echo. After recording of this echo
again a 180◦ pulse is given, giving rise to a second spin-echo signal. The time between
the pulses is called the inter-echo time te. This 180◦ pulse is repeated N times yielding
a series of spin-echoes. The recorded signal intensity will decrease for each next echo,
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Fig. 3.7: a) Intensity variations observed when measuring a system with a very long T2 and T1

value using an OW-sequence. Note that the total magnetization (M0), that would be
measured with a CPMG sequence, is set equal to 1. b) Difference in T2 values measured
using an OW sequence and a CPMG sequence (simulated with a T1 of 100 ms).

because of the T2 relaxation. The decay of the spin-echo signal is given by

S(mte) =
∑

i

Si exp (−mte/T
i
2), (3.17)

where te denotes the interecho time and m the number of the acquired echo. The sum-
mation over i takes into account the presence of multiple relaxation times in the coating,
as will be shown in chapter 4.

3.3.3 Ostroff-Waugh sequence

The Ostroff-Waugh sequence [109] is identical to a CPMG sequence except, for the 180◦

pulses, which are replaced by 90◦ pulses, see figure 3.6. After the second 90◦ pulse is
applied, only half of the magnetization is refocussed: the other half remains along the
longitudinal axis, see figure 3.7a. During the second echo, after another 90◦ pulse, the
magnetization is refocussed to an intensity of 3/4. For the first 5 echoes the intensity
variations are given in table 3.1. The calculations of these intensities are beyond the
scope of this thesis, but the theoretical background can be found in [106, 110]. Two
different names for this theory are used in literature, the theory of configurations and
coherent pathway calculations.

The OW sequence is used in our experiments the measurements of the transverse
relaxation time. This sequence must be used because the shorter pulses allow a more
complete excitation of the sample, as was discussed in section 3.2.6. Correction of the
signal decay of the OW signals is required. In addition some longitudinal magnetization
is transferred into the transverse components causing the T2 to increase. This effect is
shown in figure 3.7b. In principle, the spin-echo signal decay may increase if the diffusion
of molecules is significant [107]. However, since the diffusion of polymers in the coatings
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echo echo intensity
1 1/2
2 3/4
3 6/8
4 11/16
5 22/32

Table 3.1: OW signal intensity

-6 -4 -2 0 2  4  6

-6

-4

-2

0

2

  4

  6

z-position (cm)

y
-p

o
s
it
io

n
 (

c
m

)

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2

a) b)

z-position 

y
-p

o
s
it
io

n
 

Fig. 3.8: Magnetic fields created by the designed magnet poles. a) Simulation of the magnetic
field lines between the poles. b) Magnitude of the magnetic field given in T.

studied in this thesis is low, this effect is not a problem for the measurements presented
in the next chapters.

3.4 Design of the setup

Profiling thin film layers using NMR requires a high gradient. Within a horizontal layer of
the sample the magnetic field | ~B| should be constant, because the Larmor frequency of the
spins in that layer need to be constant, which is the basic principle of the GARField design
by Glover et al. [27]. In this section the shape of the magnetic pole tips satisfying this

requirement will be calculated and explained in more detail [27]. A low curvature of | ~B|
within a region of interest of 5 × 5 mm is required to obtain a satisfactory resolution. The
pole tips will be mounted in an electromagnet, so they should meet specific dimensional
criteria.

3.4.1 Design of magnet pole tips

In the design, the poles tips are assumed to be infinitely long in the x-direction, in which
case the problem is reduced to a 2D problem. The Maxwell equations for a static magnetic
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field without any currents are

∇× ~B = 0, (3.18)

∇ · ~B = 0. (3.19)

One dimension is removed by taking ~B = (Bx, By, Bz) = (0, By, Bz). Equation (3.18)
shows that a gradient in the y-direction (Gy) is given by

Gy =
∂Bz

∂y
=

∂By

∂z
. (3.20)

If there is a spatially varying field (Gy = ∂Bz/∂y) then there must also be a gradient in
another component of the magnetic field (∂Bz/∂y). In fact it is not possible to create
a gradient in one of the magnetic field components without creating another. In normal
setups this problem also exists, but because the radius of curvature | ~B|/G is of the order
of 102 m for conventional imaging applications, the variations are small compared to the
main magnetic field component. When a gradient of the magnetic field amplitude | ~B0| is
created instead of a gradient of one component, this problem can be solved.

We need to find the shape of the pole tips in order to create such a magnetic field
gradient, to which end we will use the Maxwell equations again. Since the rotation of a
gradient of a scalar potential is always zero, we can take ~B = ∇Φ. When inserted into
equation 3.19, this will result in the Laplace equation

∇2Φ(z, y) = 0. (3.21)

We will solve this equation with the method of separation of variables

Φ(z, y) = Z(z)Y (y). (3.22)

Equation (3.22) inserted into (3.21) leads to:

d2Y (y)

dy2

1

Y (y)
= −d2Z(z)

dz2

1

Z(z)
= λ2, (3.23)

where λ is a constant. The general form of the resulting scalar potential satisfying the
Laplace equation and vanishing for y →∞ may be written as

Φ(z, y) = exp(−λy)(A sin(λz) + B cos(λz)). (3.24)

Because of the symmetry of the magnetic field with respect to z = 0, see figure 3.8, only
the following solution will be of interest

Φ(z, y) = A sin(λz) exp(−λy). (3.25)

Calculating the components of ~B and its modulus | ~B| yields

Bz =
∂Φ

∂z
= Aλ cos(λz) exp(−λy), (3.26)

By =
∂Φ

∂y
= Aλ sin(λz) exp(−λy), (3.27)

| ~B| = Aλ exp(−λy). (3.28)
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The last equation shows that indeed the amplitude of the magnetic field is constant in
the xz-plane. We can now calculate the gradient, which results in:

G =
d| ~B|
dy

= −Aλ2 exp(−λy). (3.29)

Dividing this equation by | ~B| shows that the ratio G/| ~B| is equal to −λ. The shape of
the pole tips can be calculated from the equipotential of Φ.

A sin(λz)e−λy = C. (3.30)

Together with appropriate boundary conditions this equation, will determine the shape of
the pole tips. At y = 0 the poles are spaced at a distance ∆z = 2 cm, which is necessary
for the placement of the samples. The pole tips in our setup where chosen 12 cm high and
12 cm long. The total space in the yoke of the magnet was 12 cm, which also restricts
the height of the pole tips. The following set of equations determines our design:

z(y) =
1

λ
arcsin

(
Deλy

)
, (3.31)

z(0) = 1.0 · 10−2 m, (3.32)

z(6.0 · 10−2 m) = 6.0 · 10−2 m, (3.33)

where D = C/A = sin[λz(0)]. Using the boundary conditions λ can be calculated and is
given by λ = 23.8 m−1. A simulation of the magnetic field created by the designed pole
tips is displayed in figure 3.8a, in which the magnetic field lines are plotted. Figure 3.8b
shows the strength of the magnetic field between the pole tips. Note that the magnetic
field is constant in the horizontal plane between y = −1 cm and y = 1 cm. For a
magnetic field of 1.4 T at z = 0 the theoretical magnetic field gradient at that position
equals 34 T/m.

3.4.2 Sample placement
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Fig. 3.9: RF coil and sample placement.

An insert was built to measure samples in the region between the constructed pole
tips. In figure 3.9 the sample placement is shown. The RF coil is a surface coil on which
the sample is placed. The coil has a large filling factor, which is advantageous for the
signal to noise ratio (SNR). The sensitivity of the coil decreases with the distance between
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Fig. 3.10: Left the electromagnet with the data-acquisition system is shown. On the right the
pole tips are shown, mounted inside the electromagnet. The screws are used to align
the sample plateau to the magnetic field.

the sample and coil. The diameter of the coil is 5 mm, so samples with a thickness larger
than 2.5 mm cannot be measured. Slices, with a thickness equal to the resolution, and an
area roughly equal to 1

2
πd2, determined by the coil diameter d, are measured. Note that

the gravitation is directed perpendicular to the sample, making it possible to measure wet
films.

To achieve the proper resolution a correct alignment of the sample is very important.
To do this three alignment screws are present. The alignment is performed manually using
a reference sample. In figure 3.10 the setup is shown. The sample placement together
with the alignment screws are clearly visible.

3.4.3 Gradient calibration

After mounting of the pole tips in the electromagnet the actual gradient and resolution
were determined. First the magnetic field strength at the center between the pole tips
was measured for different currents through the electromagnet. The field strength was
determined using a Hall-probe. Figure 3.11 shows the result of this measurement. One
can clearly see that the gradient is fairly constant between y = −1 cm and y = 1 cm,
as indicated by the black line. The gradient calibration was performed using a reference
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a function of height (y) for different current settings of the electro magnet. The
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Fig. 3.12: Left the reference sample is shown, which is used for gradient calibration and reso-
lution determination. Note that the sample is not depicted on scale. The paper is
wetted using a mixture of glycerol (less evaporation), water, and CuSO4 (shorter T1).
On the right the measurements on this sample are shown. The theoretical spatial res-
olution (the distance between adjacent data points in the figure) is equal to 3.3 µm.
One can clearly see that more water is present on the interface between the paper and
the glass.
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sample, shown in figure 3.12. The gradient was determined to be 36.4 ± 0.2 T/m for a
field of 1.4 T (38.6 A), which is in good agreement with the value 34 T/m expected from
the calculation of the shape of the pole tips.

3.4.4 Resolution measurements

The resolution is measured using a reference sample as shown in figure 3.12a. We assume
that the interface between the wet paper and the glass to be much smaller than the
resolution, in which case the number of data points on the edges of the signal shown in
figure 3.12b reflects the actual resolution. The actual resolution appears to be better than
6.6 µm (2 points on the edges).

3.4.5 Resolution versus Signal to Noise Ratio

After curing of an alkyd resin, the mobility of the polymer has decreased significantly
because of the increased cross-linking, which results in a fast signal decay (short T2).
Therefore, an optimum setting of the inter-echo time te and acquisition time tacq has to
be chosen. In this section we will discuss the effects that are observed when the resolution
is enhanced.

First, enhancing the resolution means increasing the recording window and hence the
inter-echo time te has to be increased. The first echo is recorded later, meaning that
contributions to the signal with short relaxation times are missed. Second, less points are
measured in the typical decay curve, which implies that discrimination of various short
relaxation times in the signal decay becomes harder or even impossible. The third effect
is a decrease of SNR when the resolution is enhanced, which is caused by a decrease in
sample volume per spatial point (1D ‘voxel’). To compensate for this effect more signal
averages are required. Since the drying of a coating requires a certain time-resolution
compared to the drying process, the maximum amount of averages is limited. This sets
an upper limit for the resolution. The following equation shows the dependence of the
SNR to the amount of averages Navg and acquisition window tacq:

SNR ∝
√

Navg

tacq

. (3.34)
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4. Comparison of NMR and confocal Raman
microscopy as coatings research tools

Recently, several new experimental techniques have been developed to measure the spa-
tial and temporal evolution of a drying coating film. One of these techniques is nuclear
magnetic resonance (NMR) using a very high magnetic field gradient. An advantage of
this technique is the ability to image a nontransparent coating film perpendicular to its
surface with a resolution of about 5 µm (depth profiling). Another, well known technique
is confocal Raman microscopy (CRM). This chapter deals with a comparative study of
such a micro imaging NMR setup and confocal Raman microscopy for two alkyd coatings,
one organic solvent-borne and another water-borne. The NMR and CRM results show a
good similarity, when comparing NMR profiles with the disappearance of the double bonds
(CRM-detectable) of the unsaturated fatty acids. This indicates that the disappearance of
the double bonds in the fatty acid side chains of the alkyd molecules is directly connected
with the formation of cross-links by these fatty acid entities. This oxidative cross-linking
results in an increase of viscosity and therefore in a change of the measured NMR relax-
ation times.

This chapter has been published in Progress in Organic Coatings, vol. 52 (3), pp. 210 (2005).

4.1 Introduction

Legislation concerning the use of coatings with volatile organic components (VOC) drives
coating manufacturers to focus on and increasingly produce water-borne coatings. Still,
much research is needed to develop water-borne coatings of the same quality as their
organic solvent-borne counterparts. Techniques to spatially resolve properties of coating
films in situ include confocal Raman microscopy (CRM, see chapter 2), photoacoustic
spectroscopy (PAS) [77, 80] and two-photon confocal laser scanning microscopy (CLSM)
[24, 76]. CRM has the advantage that it directly gives chemical information. The imag-
ing time of two-photon CLSM is greatly reduced compared to CRM, but it only gives
information on fluorescence and/or reflection. Each of these analytical techniques has
specific advantages and limitations [111]. New techniques for research and characteriza-
tion of paint films using Nuclear Magnetic Resonance (NMR), e.g. GARField [27] and
NMR MOUSE [29], have recently become available. A major advantage of NMR over
any spatially resolving optical spectroscopic technique is that even nontransparent coat-
ings can be used. However, results from NMR experiments using high magnetic field
gradients are often difficult to interpret [86, 112], due to the many factors influencing the
NMR signal. In the present study we will combine NMR and CRM data on the drying

33
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of alkyd paint. The NMR setup is a GARField design incorporating an electromagnet.
A combined interpretation of the results from both techniques has the advantage that it
allows integrating chemical and mobility data. After application of a paint film two stages
can be distinguished, first evaporation of the solvent takes place (physical drying) and
subsequently curing takes place, in which the polymer of the coating chemically reacts to
form cross-links. This latter stage will be referred to as curing. During these two stages
many properties, such as molecular self diffusion and viscosity, will vary. These variations
influence the rate of the NMR signal decay.

In section 4.2, the principles of both techniques are explained. In section 4.3, first
the NMR measurements on a thin paint film are discussed, as well as the problems and
questions arising from these measurements. Next, CRM results are presented and used
as complementary information to explain the curing process of the film. Finally, we will
end with the discussion and conclusion.

4.2 Techniques

In this section we will describe the NMR and CRM techniques used to analyze spatial
variations of paint properties within a thin film.

4.2.1 Nuclear Magnetic Resonance
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Fig. 4.1: Configuration of the NMR and Raman setup.

Magnetic resonance imaging (MRI) is a well known technique for making images of the
human body. Its principle is based on the fact that magnetic nuclei located in a magnetic
field may resonate when excited by a radio frequency (RF) pulse. The resonance frequency

(f) depends linearly on the applied magnetic field (B), f = γ| ~B|, with γ the gyromagnetic
ratio (for hydrogen nuclei, γ = 42.58 MHz/T). It is possible to obtain spatial information

by varying the magnetic field with position, f = γ(| ~B| + Gαα) where Gα = ∂Bz/∂α

denotes the field gradient and α = x, y, z. The signal intensity reflects the amount of
nuclei present. To obtain a high spatial resolution (< 10 µm) a very high field gradient
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must be applied. A technique used to obtain such a high resolution is stray field imaging
[28], in which the gradient just outside the bore of a superconducting magnet is used.
Another possibility is the use of a so-called NMR MOUSE [29]. However, Maxwell’s
equations show that when a high magnetic field gradient in a certain direction is applied,
the magnitude of the field | ~B|, and hence the resonance frequency, also varies in a plane
perpendicular to that direction. The corresponding decrease in spatial resolution is very
pronounced in high gradient applications, as is the case in both techniques mentioned
above.

At the University of Surrey, the GARField technique [27] was introduced. In this

design a gradient in the magnitude of magnetic field was realized, Gmag
y = d| ~B|/dy (see

figure 4.1) by creating special-shaped pole tips. It is then possible to perform depth
profiling of a film, that is oriented perpendicular to the y-direction. The advantage of a
setup as shown in figure 4.1 is that a sample can be placed directly on top of a surface coil,
which gives good signal to noise ratio. Also the gravity is perpendicular to the applied
paint film, which makes it possible to measure wet films.

The NMR setup for the present study contains an electromagnet generating a magnetic
field of 1.4 T at the position of the sample. The gradient is 36.4± 0.2 T/m.

The obtained NMR signal (S) not only gives information on the density of the mag-
netic nuclei (spins) ρ, but also on the changes in the environment of these nuclei. The
environment of these nuclei determines the NMR signal decay rate. Different pulse se-
quences can be used to obtain the relaxation times T1, T2, and the diffusion of spins within
the film. The first two quantities give information on the spin-lattice interactions and the
spin-spin interactions, respectively.

4.2.2 Raman spectroscopy

Chemical compositions of coating systems can be analyzed by probing molecular vibra-
tions, using infrared spectroscopy (IRS) or Raman spectroscopy (RS). In IRS the ab-
sorption of light passing through a sample is measured. RS is based on radiation being
scattered inelastically, due to molecular motions. The scattered radiation has a frequency
shifted from that of the incident radiation. The radiation at a lower frequency, called
Stokes radiation, is normally used, but also radiation at a higher frequency (anti-Stokes
radiation) can be used. If during molecular vibration the polarizability changes, the vi-
bration is Raman active. If the dipole moment changes during the vibration, it is infrared
active. Anti-symmetric vibration will change the dipole moment, so it is infra red active,
whereas symmetric vibration will change the polarizability, so this vibration is Raman
active.

In the case of double bonds (C=C), especially the polarizability is changed during sym-
metric stretching. This makes Raman spectroscopy very useful to monitor the amount
of double bonds. Profiling a thin coating layer requires resolving spatial Raman infor-
mation. This can be achieved by confocal Raman microscopy (CRM). In this technique
a laser is focussed on or in a sample, see figure 4.1. By changing the focus to different
positions inside the paint film it is possible to obtain Raman scattered light from that
specific focus position. One should note that normally this technique is limited to films



36 4. Comparison of NMR and confocal Raman microscopy as coatings research tools

0 20 40 60 80 100 120 140

0

5

10

15

20

25

30

 

 

s
ig

n
a
l 
in

te
n
s
it
y
 (
a
.u

.)

position (µm)

time

Fig. 4.2: Time and position dependence of the NMR hydrogen signal obtained from the stain
sample. Each profile results from signal integration over 10 minutes starting succes-
sively at 10, 20, 30, 50, 70, 90 and 120 min after positioning the film immediately after
casting. After the 7th profile the profiles are plotted after every 100 min. The left side
is the open side of the coating, at the right the cover glass is located.

that are transparent for IR radiation.

4.3 Experimental results

In this section we will discuss results from both NMR and Raman measurements on
two different alkyd paints. One is a commercially available organic solvent-borne stain
whereas the other is water-borne. The latter, an alkyd emulsion, was made by DSM
Coating Resins, Zwolle, The Netherlands [40]. The resin was synthesized as based on
soybean (50% regular; 50% conjugated) and phthalic acid, and chain stopped. Curing
was caused by the addition of 1% of Nuodex WEB Co 8% prior to film-casting. The
sample is cast on a cover glass of 100 µm thick. A spiral bar is used to cast a wet film of
about 200 µm. After application the paint is directly placed in the NMR setup. In the
next sections the NMR and CRM results are given. Also the weight of the sample was
measured, using an analytical balance connected to a computer.

4.3.1 Nuclear Magnetic Resonance

The measurements of the paint films were performed in a 1.4 T magnetic field with a
gradient of 36.4±0.2 T/m using an Ostroff-Waugh [109] sequence (90◦x-τ -[90◦y-τ -echo-τ ]n),
see chapter 3. Before each sequence a delay was added to restore the nuclear magnetization
to its initial state. In all our NMR measurements an echo spacing (2τ) of 200 µs was used.
The recording window to measure the echo had a duration of 195 µs. In all measurements
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Fig. 4.3: Mass and NMR signal decrease during drying of the stain sample. The NMR signal
is obtained by integrating the acquired profiles. The vertical dashed line denotes the
time at which the front shown in figure 4.2 starts to move in.

the 90◦-pulse had a duration of 1 µs. The spatial resolution ∆y is inversely proportional
to the duration of the recording window and the gradient strength. In our experiments,
the duration of the recording window is limited by T2 (this relaxation time governs the
NMR signal decay). An increase of the gradient strength can be achieved by changing the
pole tips of the magnet, but this would reduce the signal to noise ratio and increase the
contribution of diffusion to the signal decay. With the settings given above the theoretical
spatial resolution is about 3.3 µm. To approach this resolution as much as possible, the
sample should be oriented perfectly horizontal in the magnetic field. To verify whether
the position and orientation of the sample in the magnetic field are correct a reference
sample was used. The effects of T2 and diffusion can be assessed from the measurements
on the actual paint layer.

In figure 4.2 the hydrogen signal profiles of the stain sample are shown. About 10
minutes were needed to obtain each profile, as 512 averages were taken. From the figure
two stages can clearly be identified. The first profiles show that the film shrinks, this
process takes about one hour. At a certain time, after the 7th profile in figure 4.2,
corresponding to roughly between 2 to 3 hours, a front forms which moves towards the
lower part of the coating. To explain these processes in more detail the mass a similar
film sample under the same conditions was measured. In figure 4.3 this measurement is
given together with integrated hydrogen signal. These integrals of the profiles in figure 4.2
reflect the total amount of hydrogen atoms inside the coating visible with NMR. The mass
measurement shows that almost all mass loss occurs during the first two hours, which is
also reported in [68]. The mass decrease during the first two hours is about 26± 5%. The
NMR signal decrease is 36± 5%. The difference is most likely caused by the fact that the
proton densities of the evaporating and non-volatile matter are not the same. Figure 4.2
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Fig. 4.4: NMR signal decay of the stain sam-
ple at t = 0 and 10 h.
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Fig. 4.5: Relaxation time distribution of the
stain sample at t = 0 and after 10 h.

shows that between 2 to 3 hours a front forms, which starts at the top and moves down
to the bottom of the coating. This corresponds with the moment in figure 4.3 after which
the NMR signal continues to decrease, while the mass only slightly decreases. It seems
that part of the hydrogen in the sample can no longer be detected under the experimental
conditions resulting from the settings of the NMR equipment.

The NMR signal loss can be explained by analyzing the relaxation process. Figure 4.4
shows the NMR signal decay immediately after application (t = 0) and after 10 hours of
drying of the stain sample. Immediately after application we notice that more than one
specific relaxation time is present. After ten hours, when the front in this particular paint
film is halfway through the film, the signal decay shows a different behavior. Near the
top of the film the decay rate has become quite fast and seems to be mono-exponential,
whereas at the bottom part of the film the decay still shows a multi-exponential behavior.
In figure 4.5 the relaxation time distribution of these decay curves is shown. This relax-
ation time distribution is obtained by fitting the decay curves using CONTIN [113], which
is a constrained regularization program for inverting algebraic equations. The NMR hy-
drogen signal decay rate increases during drying, which is caused by a decreased mobility
of the polymers during the curing process [86] inside the paint film. Now the NMR signal
loss can be understood by inspection of the decay curves and relaxation time distributions
in figure 4.4 and figure 4.5, respectively. When the NMR signal decay is very fast the
signal has partly decayed at the time of recording, giving a decrease of the amount of
visible hydrogen atoms.

4.3.2 Confocal Raman Microscopy

Both alkyd paints have also been investigated using a Confocal Raman Microscope. A
Raman spectrometer (Dilor Labram) is used with a HeNe laser at a wavelength of 632 nm.
An ultra long working distance objective with a magnification 100x was used (Olympus)
to focus inside the paint film. By changing the focus of the Raman Microscope to a given
depth, the relevant Raman spectra of the corresponding volume element can be obtained,
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Fig. 4.6: Typical Raman spectra of the stain paint. The peaks are shown at different positions
inside the film layer after about 1 day, when the front is halfway.

see figure 4.6. The actual focus is shifted due to refraction of the transparent coating [26].
The nominal position within the film should be corrected by a factor between 1.5 and 2.0
to get the actual position inside the paint layer.

In figure 4.6 Raman spectra between 1500–1800 cm−1 are plotted. The peak at
1600 cm−1 is the double bond in the aromatic ring of the phthalic acid group, the peak
at 1725 cm−1 shows the -C=O bonds. Both peaks do not change during the cross-linking
process. However, the peak at 1660 cm−1 shows the stretching of the double bonds in
the aliphatic chains. During the curing double bonds disappear, which causes the chains
to cross-link and to form a network. The density of the double bonds is obtained by
dividing the peak reflecting the -C=C- bonds by a constant reference peak (figure 4.6)
for every position inside the coating. This procedure implicitly corrects for the increase
of the size of the effective volume element that is probed by CRM at deeper regions of
the film. The decrease of the density of the double bonds is supposed to be a measure for
the cross-link density. In each measurement our zero position corresponds to the focus on
the top surface of the paint film. The Raman measurement was always started after the
front started to move in.

4.3.3 Discussion

In this section we will compare the results from both the NMR and CRM measurements.
Figure 4.7 shows NMR and CRM profiles of similar stain samples for the same times in
the drying process. The fronts observed in both the NMR and CRM measurements seem
to be at comparable positions inside the paint film. To check whether both techniques are
actually measuring the same process one water-borne alkyd sample was used, in which the
front was moving more slowly. This made it possible to measure NMR and CRM profiles
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Fig. 4.7: Results for the stain sample (solvent borne alkyd). Similar samples are used, profiles
are given for the same times. The first profile started at t = 4 h 45 min. The next
profiles correspond to time intervals of one hour.
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Fig. 4.8: Water-borne alkyd. Profiles of the same sample are given at approximately: 4 h, 30 h,
96 h, 150 h, 198 h, 270 h.

on the same sample alternatingly. In figure 4.8 the NMR and CRM measurements on this
sample are displayed. Due to the very short NMR relaxation times in this sample the
signal to noise ratio is lower. Also in this case, the front moving down into the sample
seems to be at the same position in both the NMR and CRM profiles. To check this in
more detail, the position of the NMR front is plotted against the corresponding position
of the CRM front for several times during the drying process. The front positions of
both the NMR and CRM profiles were determined from the intersection of a horizontal
line positioned arbitrarily at approximately half the height of the front. The slope of
this graph, which is shown in figure 4.9, gives the correction factor for the CRM position
caused by refraction. This factor was found to be equal to 1.6 ± 0.2, in accordance with
[26]. The intersection with the vertical axis gives the position of the top of the film in the
NMR profiles, which is at 50 ± 5 µm. The small errors in the positions are unavoidable
and caused by placing the sample alternatingly in the NMR and CRM setup. Apart from
this, one should note that the focus of the laser has a very small spot (10 µm), probing
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Fig. 4.9: NMR front position against nominal Raman front position.

the local thickness, whereas the NMR setup averages over a region of about 5 mm in
diameter. So variations in thickness are averaged in the NMR measurements, whereas
CRM gives the local thickness.

Oxygen is incorporated in the curing of the alkyd paints. The reaction mechanisms are
given in [40, 49]. When reacting with oxygen, the double bonds become saturated, which
explains the vanishing double bonds as observed in the Raman measurements. The fact
that the NMR and CRM profiles are at the same position indicates that the cross-linking
occurs immediately when the double bonds disappear. The decrease in mobility of the
polymer chains, caused by the cross-linking process, results in an increased NMR signal
decay rate [114]. We also observe multiple relaxation times, which was not reported by
[68, 115]. In principle, these multiple relaxation times can be associated with difference
in mobility of parts of the polymer chains in the network, as discussed in [114]. Such an
analysis, however, is beyond the scope of this chapter.

In the present study, the position of the front gives the position at which the cross-
linking occurs. This is different from what is reported by Bennett et al. [116]. The front
they observed was caused by water diffusion in combination with evaporation of water at
the top of the sample.

One should note that the CRM measurements (figure 4.7) indicate that in the stain
sample not all double bonds disappear. Once vitrification sets in and cross-linking is
significant, some of the double bonds may be difficult to reach. This also may explain
that part of the hydrogen atoms in the stain sample remain detectable by NMR, because
of the higher mobility of the polymer chains.
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4.4 Conclusions

In the measurements presented in this chapter two stages of drying can be observed.
The first is physical drying, in which the coating shrinks and the mass is decreased due to
evaporation. The second is a curing stage, in which double bonds disappear while reacting
with oxygen, which is shown in the Raman measurements. The NMR measurements show
that disappearance of double bounds is directly related to the formation of cross-links.
The cross-linking was also confirmed with Gel Permeation Chromatography (GPC) data.
This causes a decrease in mobility and hence a decrease of the NMR signal, giving rise to
the observed fronts in the NMR profiles. Our experiments show that NMR can in principle
be used to measure the cross-linking in any nontransparent alkyd paint. Apart from this,
an analysis of the relaxation behavior and diffusion effects might give information on the
presence of, e.g., trapped solvents or monomers in a film.



5. Dynamics of cross-linking fronts in alkyd coatings

The dynamics of the curing process of alkyd coatings is an important aspect for coating
performance. The formation of cross-links in an alkyd coating film has been followed in
time using a micro imaging Nuclear Magnetic Resonance (NMR) setup, having a spatial
resolution of 5 µm perpendicular to the film. During this cross-linking process a front has
been observed inside the coating film. The position of this front varied with the square
root of time. With the help of a simple reaction model, we have shown that this dynamics
results from the fact that the curing rate is limited by the oxygen flux into the coating.
This model can also explain, the differences in curing rates observed for various coatings.

This chapter has been published in Applied Physics Letters, vol. 86 (13), pp. 134105 (2005).

5.1 Introduction

Legislation concerning the use of coatings with volatile organic components (VOC) drives
coatings manufacturers to focus on the production of water-borne coatings. Much research
is done to develop water-borne coatings with the same performance as their solvent-borne
counterparts. An important aspect of a coating is its network structure and the devel-
opment of this structure during the drying process. Techniques to probe the spatial and
temporal evolution of the coating structure are essential. Most available techniques are
optical techniques, e.g. confocal Raman microscopy (CRM), which can be used to obtain
spatially resolved chemical information. Recently, new techniques using high spatial res-
olution nuclear magnetic resonance (NMR), e.g., GARField [27] have become available
for research and characterization of thin layers of hydrogen containing materials. These
NMR setups can be used to measure the spatial and temporal evolution of the structure
of a thin coating film, with a high spatial resolution perpendicular to the film layer. A
major advantage of NMR over any optical technique is that also non-transparent coatings
can be imaged.

A important class of commercially available paints contain alkyd resins. These resins
consist of polymers with unsaturated fatty acid side chains. In recent years the drying
process of alkyd resins has been studied extensively [34, 40, 49, 68, 71, 117]. The drying
process of these resins consists of two stages. First, the solvent evaporates (physical
drying) and next a network is formed by chemical reactions of double bonds (curing). In
previous work it has been shown that both stages can be studied with NMR [34, 68, 117].
In this chapter we study the dynamics of the observed cross-linking fronts and explain it
with a simple model.

43
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Fig. 5.1: NMR hydrogen profiles of a water-borne alkyd sample during drying. The left side is
the top of the coating, at the right the cover glass is located. The vertical dashed line
shows the top of the film after evaporation. The profiles are plotted for 0, 1.3, 2.5, 5,
8, 11, 26, 53, 79, 105, 132, and 158 h.

5.2 Materials and Methods

The measurements were performed with a micro imaging NMR setup, consisting of an
electromagnet with specially shaped pole tips (GARField), generating a magnetic field
of 1.4 T with a gradient of 36.4 T/m perpendicular to the coating film. The NMR
pulse sequence used to obtain the hydrogen density profiles and the signal decay is an
Ostroff-Waugh [109] sequence (90◦x-τ -[90◦y-τ -echo-τ ]n). The interecho time (2τ) used in
the experiments equals 200 µs. The maximum theoretical spatial resolution is 3.3 µm.
The acquisition of each profile took about 10 minutes, using 512 signal averages. The
experiments were performed on two alkyd samples: a water-borne sample and a commer-
cially available solvent-borne sample. Both coatings were cast on a 100 µm cover glass
sheet, using a 200 µm spiral application rod.

The water-borne system is an emulsified alkyd resin mixed with NuoDex WebCo 8%,
as a catalyst. The profiles of this water-borne sample are shown in figure 5.1. At the right
edge of the profiles the glass sheet is located. The first three profiles show the evaporation
stage, during which the solvent evaporates and the coating shrinks. The vertical dashed
line corresponds to the position of the surface of the coating after evaporation. After this
evaporation stage, a front forms and moves away from the surface of the coating towards
the glass sheet. The observed front arises from a NMR signal loss due to fast signal decay
in the cured regions. This corresponds to the formation of a cross-linked network, as has
been proven by comparing NMR with confocal Raman Mmicroscopy (CRM) [117]. After
a certain time a layer at the top of the coating has cross-linked; this layer is often called
a skin.
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Fig. 5.2: NMR hydrogen profiles of a solvent-borne alkyd sample during drying. The left side
is the top of the coating, at the right the cover glass is located. The vertical dashed
line shows the top of the film after evaporation. The profiles are plotted for 10, 20,
30, 50, 70, 90, and 120 min. After the seventh profile the profiles are plotted for every
3 h 20 min.

5.3 Results and discussion

The profiles of the solvent-borne sample are shown in figure 5.2. Again the first profiles
show the evaporation stage. The vertical dashed line shows the position of the surface
of the coating after evaporation. Note that in this system the signal has not completely
vanished after the cross-linking front has passed. This is caused by the fact that the
network is not as rigid as in the water-borne sample. CRM measurements have shown
that the network has indeed only partially cross-linked [117]. We will return to this
observation later on.

In order to characterize the dynamics of the curing front, we have determined the front
positions f from the intersections of the fronts visible in the different profiles with the
horizontal dashed line. For both samples we place this horizontal dashed line arbitrarily
at about half the height of the front. The moment that the front forms and starts to move
into the coating we will refer to as t = t0. The position of the front at t = t0 is denoted by
f0. The front positions f obtained for both samples are plotted in figure 5.3 as (f − f0)

2

against t− t0. This figure reveals that within experimental inaccuracy the front position
varies with the square root of time in both the water-borne and the solvent-borne system.

To explain this front movement f ∼ √
t− t0 the following model is used. We consider

a plane of thickness dx at position x within the coating film. The coating consists of
unsaturated fatty acids with a certain density ρd of double bonds. A certain amount
n of oxygen molecules are consumed per double bond during the cross-linking process,
and a fraction φ of the bonds is used during the cross-linking process. The cross-linked
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Fig. 5.3: Squared front position against time, for a solvent-borne and water-borne alkyd system.

volume per mole oxygen is given by ν = 1/nφρd. We assume that the reaction rate is very
high, which means that the oxygen flux into a small layer at position x at a time t will
instantaneously be used for the cross-linking reaction, until all possible oxygen reaction
sites have vanished. At that moment, the front has passed this position. The speed of
the front movement is therefore given by

df

dt
= νJ, (5.1)

where J [mol/m2s] is the molar flux of oxygen. The flux of oxygen in the cross-linked
region is given by

J = −D
dρ

dx
, (5.2)

where D [m2/s] and ρ [mol/m3] are, respectively, the diffusion constant and the molar
density of oxygen in the cross-linked region. Since the surface of the coating is in equilib-
rium with the surrounding air, the oxygen density ρ0 in the surface layer of the coating
film will be constant. Because we assumed that at the front all oxygen is consumed in-
stantaneously, the oxygen density equals zero at the front. Furthermore, we assume that
the oxygen flux is constant in the cross-linked region. This assumption is valid because
the amount of oxygen lost in this region is negligible. In addition, the oxygen distribu-
tion is assumed to adapt itself immediately to changes of the front position, resulting in
a quasi-steady state approach for the oxygen distribution. With these assumptions the
oxygen density linearly decreases over the cross-linked region, see the schematic diagram
of our model in figure 5.4. Equation 5.2 can now be rewritten as

J = D
ρ0

f(t)− f0

. (5.3)
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Fig. 5.4: Schematic representation of the drying model. The dashed line indicates the oxygen
density. The black line indicates the amount of double bonds. At the curing front the
oxygen density is zero, due to the high reaction rate.

When equations 5.1 and 5.3 are combined, the following expression for the front position
can be obtained:

f(t) = f0 +
√

2νDρ0(t− t0). (5.4)

This equation is in agreement with the observed behavior. This suggests that the oxygen
supply is indeed the key factor limiting the rate of the curing process, and not the capacity
of the catalyst.

To check this model we have performed an experiment in which the oxygen supply
was limited by creating an argon atmosphere above the coating film. The results of this
experiment are shown in figure 5.5. At t − t0 = 18 h essentially all oxygen was removed
above the film. The front stops, which indicates that the chemical reaction stops. It
appears that only a few minutes are needed to deplete the oxygen inside the cross-linked
region. This justifies the quasi-steady state approach for the oxygen distribution. When
22 h later (t − t0 = 40 h) the argon atmosphere is removed and the air atmosphere is
restored, the front movement returns to its original speed. This experiment demonstrates
that oxygen supply is the limiting factor for the reaction and proves the validity of our
model.

Equation 5.4 also explains the higher front speed of the solvent-borne coating compared
to water-borne coating, see figure 5.3. The difference of oxygen density in the surface layer
ρ0 between both coating systems is expected to be small. However, the diffusion coefficient
and cross-linked volume per mole oxygen vary significantly. One expects an increase of
the diffusion constant in a system with a higher polymer mobility in the polymer matrix,
which is the case for the solvent-borne system compared to the water-borne system. As
we have already noted, the NMR signal from the solvent-borne sample remaining after
cross-linking indicates this higher mobility. Furthermore, this solvent-borne system was
observed to have a smaller fraction φ of double bonds used during the cross-linking process
[117], which also indicates a higher polymer mobility. Since less double bonds have cross-
linked, the cross-linked volume per mole oxygen ν is also higher. Hence, the factor νDρ0
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Fig. 5.5: Squared front position against time for the solvent-borne alkyd system. After 18 h of
drying an argon atmosphere was created above the film. At t = 40 h the air atmosphere
was restored.

(Eq. 5.4) is higher in the solvent-borne system, which agrees with the higher curing
rate, observed in figure 5.3. This shows that our model can also be used to explain the
difference in curing rates of coatings which are limited by oxygen diffusion.



6. Curing processes in solvent-borne alkyd coatings
with different drier combinations

The concern regarding the effect of chemicals on the environment has increased consid-
erably in recent years. Nowadays, technological developments in the coating industry are
largely influenced by environmental issues and corresponding legislation. One of these
issues is the tendency to replace cobalt as a catalyst with more environmentally friendly
alternatives, because studies have indicated possible carcinogenicity. Not much knowledge
is available on the effects of catalysts (driers) on the in-depth drying of alkyd coatings.
Therefore we have studied the effect of cobalt as a primary drier combined with Ca and Zr
as secondary driers on the in-depth curing of high solid solvent-borne alkyds. The profil-
ing of the curing of alkyd coatings is performed with a new high spatial resolution Nuclear
Magnetic Resonance (NMR) setup. In this study, two effects observed in the solvent-borne
alkyd coatings are investigated. One is that when Ca and Zr are added as secondary driers,
the speed of the observed cross-linking front increases. Second, in the deeper uncross-linked
region below the front, the signal of the NMR profiles was found to decrease proportional
to
√

t. This could be explained by the presence of slowly reacting species that diffuse into
the deeper uncured region of the coating after which they cross-link. The model describ-
ing the effect of these reactive species also indicates that the signal decrease is inversely
proportional to coating thickness L, which was confirmed by additional measurements.

This chapter has been accepted for publication in The Journal of Physical Chemistry B
(2006).

6.1 Introduction

Coatings can be found everywhere, e.g. on furniture, cars, airplanes and buildings. An
important class of coatings are the ones based on alkyd resins. In 1996 the European
coating industry consumed 1.8 million tonnes of binders for the production of paints, of
which 25 % were alkyds [4]. The curing of alkyd coatings is a complex autoxidation process
[42–45]. By the addition of so-called driers this process can be accelerated considerably.
Cobalt is the most commonly used drier in commercial alkyd paints. In most commercially
available coatings secondary driers (Ca and Zr) are added to Co to enhance the oxidation.
In the literature various statements circulate about the effects of the addition of Ca and Zr
[19, 54, 62–64, 68]. As an example, Zr is said to improve the through-drying, i.e., drying
in the deeper layers of the coating. Up untill now, however, the knowledge on the effects
of driers on the in-depth drying of coatings is still rather limited. In this paper we will
focus on the effect of Ca/Zr as secondary driers on the in-depth drying of solvent-borne
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alkyd coatings.

Only few analytical techniques are available that can probe the coating structure as
a function of time. One of these techniques is Confocal Raman Microscopy (CRM),
in which the chemical changes can be probed locally, e.g., the change in double bonds
[23, 24, 26, 118–120]. In this study we use a high spatial resolution Nuclear Magnetic
Resonance (NMR) setup. This setup has the ability to probe in a non invasive way non
transparent coating systems with a spatial resolution of about 5 µm [27]. The NMR setup
measures the hydrogen density profiles and the local mobility of the hydrogen nuclei inside
the coating by probing the signal decay. During the drying process the mobility decreases
and the signal decay increases, allowing the drying process to be visualized.

In section 6.2 we first review the drying process of alkyd resins and the effects of driers
on this process. In the following section (section 6.3) the materials and methods are
further explained. The measurements will be discussed in section 6.4. In section 6.5 we
introduce a model to explain in more detail the measurements in which drying in deeper
regions of the coating is observed. Finally we end with the discussion and conclusions.

6.2 Drying of alkyd coatings

The drying process of an alkyd coating can be divided into two stages. The first stage
is a physical drying stage in which the solvent evaporates. The second stage is a curing
stage (chemical or oxidative drying) in which the resin of the coating reacts and forms
a network. These two stages involve different time scales: the evaporation stage takes
minutes to several hours, whereas the curing process takes place over several hours to
days, or even months. This last stage can continue slowly for years. In this paper we will
focus on the second stage, the curing stage.

The curing of alkyd coatings is a lipid autoxidation process [42–50]. Autoxidation is
generally divided into six stages [39, 52, 53]. The stages that are distinguished are the
induction period, the initiation, hydroperoxide formation and decomposition, followed by
cross-linking and degradation. Many possible intermediate and final species can be found
during this complex autoxidation process [43, 44].

The autoxidation process is a slow process and driers are needed to increase the speed
of this process [53]. These driers enhance the decomposition and/or formation of the
hydroperoxides, finally resulting in a speedup amount of radicals. In general, drier metals
are divided into two categories [19, 54, 62–64]: primary driers (active driers) and secondary
driers (through driers). The first group, the primary driers (in this paper this group is
referred to as the catalyst), is said to promote rapid surface drying with limited through-
drying properties. Cobalt, manganese and iron belong to this group. The second group,
the secondary or auxiliary driers, is assumed to have two effects: they are said to increase
the stability of the primary drier and promote the through-drying. Many different effects
have been reported for many different driers and drier combinations and concentrations
in model systems [19, 68, 70]. In a paper by Mallegol et al. [68] the influence of drier
combinations on the through-drying in waterborne alkyd emulsions was investigated by
analyzing the T2-relaxation times obtained using an NMR profiling setup. They concluded
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that more uniform cross-linking is achieved using a combination of Co, Ca and Zr. In this
paper the dynamics of the curing process will be studied in more detail.

6.3 Materials and Methods

6.3.1 Materials

The high-solid solvent-borne alkyd resin used has a solid content of about 80% and a oil
length of 79%. The cobalt concentration used was 0.06% mass/mass with respect to the
solid content. The concentration of Ca was 0.23% mass/mass and that of Zr was 0.38%
mass/mass when added. The coatings were supplied by Akzo Nobel. The coatings were
applied on a microscope cover glass using a 150 µm spiral application rod resulting in a
dry film thickness of about 90 µm.

6.3.2 NMR setup

cover glass ~100 µm

film

RF Coil B 0

B0 y
g

Fig. 6.1: Schematic representation of the RF coil and film placement inside the magnet. The
right graph shows the variation of the magnetic field as a function of position inside the
coating. Because of this gradient (36 T/m) a resolution of about 5 µm in the vertical
direction can be achieved.

A high resolution NMR setup is used for profiling the curing of the coatings. The
working principle of this setup is based on the fact that magnetic nuclei located in a
magnetic field can be selectively excited by a radio frequency (RF) pulse. The resonance

frequency (f) depends linearly on the applied magnetic field (B), f = γ| ~B|, with γ
the gyromagnetic ratio (for hydrogen nuclei, γ = 42.58 MHz/T). To obtain a high spatial
resolution (approximately 5 µm) a very high magnetic field gradient should be applied. To

achieve this the magnitude, of the magnetic field is varied with position, f = γ(| ~B|+G·y),

where G = ∂| ~B|/∂y, according to the GARField design introduced by Glover et al. [27].
The sample can be placed directly on top of a surface coil, as shown in figure 6.1, which
gives a good signal to noise ratio. Also the gravity is perpendicular to the applied paint
film, which makes it possible to measure wet films. In our study we use an NMR setup
that contains an electromagnet generating a magnetic field of 1.4 T at the position of the
sample. The gradient is 36.4± 0.2 T/m.

The NMR pulse sequence used to obtain the hydrogen density profiles and the signal
decay is an Ostroff-Waugh [109] sequence (90◦x-τ -[90◦y-τ -echo-τ ]n), see chapter 3. The
inter-echo time (2τ) was set to 200 µs. From the signal decay acquired by this pulse
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Fig. 6.2: NMR signal intensity measured as a function of position inside the coating at different
times, for both Co and Co/Ca/Zr as a catalyst. The glass plate is located at the
right side of the coating, indicated by the right vertical dashed line. The left dashed
line shows the top of the coating. In both graphs the first profile is given during the
evaporation of the solvent, t = 0.6 h. The second profile in both graphs is plotted for
t = 5.6 h and then every 6.3 h. The point of intersection of horizontal dashed line with
the left side of the profiles is taken as the position of the front.

sequence several T2-relaxation times can be obtained, depending on the average local
mobility [117].

6.4 Results

6.4.1 Profiles

In figure 6.2 profiles of the alkyd coatings for both Co and Co/Ca/Zr as driers are shown.
The profiles were acquired approximately every 20 minutes, however, only several rep-
resentative profiles, after interpolation over all profiles to reduce the noise, are plotted.
The first profile shows the coating after 0.6 h, during the evaporation stage. The left
vertical dashed line indicates the position of the surface of the coating after the evapo-
ration of the solvent. The right vertical dashed line indicates the location of the cover
glass sheet on which the coating was cast. After the evaporation stage a front forms and
moves downward to the bottom of the coating. In previous work we have shown that this
front is a cross-linking front [117, 121]. Figure 6.2 clearly shows the formation of a front.
Another observation that can be made in this figure is the decrease of the NMR signal in
the region where the curing front has not yet passed. This observation will be discussed
in section 6.4.3, but first we will focus on the formation and behavior of the curing front.

6.4.2 Drying front

In a recent paper we observed that an oxygen gradient is present and as a result of this
gradient we observed a cross-linking front [121]. This front, resulting in a skin layer, was
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Fig. 6.3: Schematic representation of the drying model. The dashed line indicates the oxygen
density. The black line indicates the amount of double bonds. Because of the high
reaction rate the oxygen density is taken to be zero at the front.

observed in waterborne alkyd emulsions, solvent-borne alkyds and high solid solvent-borne
alkyds, only when cobalt was used as a catalyst. The diffusion of oxygen together with a
high reaction rate is the basis of the formation and movement of the front. Whenever cross-
linking occurs, the NMR signal decay is so fast that part of the signal is already lost at the
moment of the acquisition of the profile, making the front visible in the NMR profiles [117].
The formation of this skin layer is schematically depicted in figure 6.3. At the surface the
oxygen concentration is constant, and the oxygen diffuses and is consumed at the cross-
linking front to form a network. It is assumed that the oxygen reacts instantaneously,
causing the front to move toward the coating substrate. This behavior can be described
by the following equation [121]

f(t) = f0 +
√

2νDρ0(t− t0), (6.1)

where D [m2/s] is the diffusion constant of oxygen in the coating, ρ0 [mol/m3] the oxygen
density in the surface layer of the coating film, and ν [m3/mol] the cross-linked volume
per mole of oxygen.

In figure 6.4 the front position is plotted squared against time, which according to
equation 6.1 should result in straight lines. The front positions are determined from the
intersection of the horizontal dashed line in figure 6.2 with the front. This horizontal
dashed line is positioned arbitrarily at approximately half of the height of the front.
Figure 6.4 shows that the front movement is faster when Ca and Zr are present next to Co.
Within the model a change in front speed can only be explained from the three parameters
in equation 6.1, the oxygen solubility ρ0, the oxygen diffusion D, or the cross-linked
volume per mole of oxygen ν. If the network structure changes, the amount of oxygen
per cross-linked volume (ν) is expected to change. To check whether the network of both
coatings differs, the glass transition temperature was determined after the coatings were
fully cured. The glass transition temperature (Tg) and the width of the glass transition
was found to be the same within the experimental error (13± 2 ◦C and 11± 2◦C for Co
and Co/Ca/Zr, respectively). From this observation it can be expected that no significant
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Fig. 6.4: a) Squared front position plotted as a function of time for both Co and Co/Ca/Zr as
driers. b) NMR profiles of a coating with Co and a coating with Co/Ca/Zr as driers
at 6 h and 60 h after application. Both figures indicate a faster front movement for
the Co/Ca/Zr combination.

differences in the network structure are present, meaning no change in ν is expected. Then
the other two possibilities remain, which are a change in oxygen solubility at the surface
of the coating or a change of the diffusion of oxygen. Further investigations are necessary
to clarify this point.

6.4.3 Curing in deeper regions of the coating

From the NMR profiles in figure 6.2 we have observed that the signal decreases in the
deeper uncross-linked regions below the cross-linking front. This decrease is small and
occurs fairly homogeneously at the substrate side of the front. Plots of the signal intensity
in this region against the square root of time result in straight lines, see figure 6.5. Note
that the signal intensity is normalized to be able to compare different samples. The signal
intensity is only plotted for one position in the deeper regions of the coating, however, the
observed behavior applies to the whole uncross-linked region. Additionally, the results for
the samples with or without Ca and Zr show no difference in signal decrease. There are
two possible explanations for a signal decrease proportional to

√
t. One is that remaining

solvent is slowly evaporating from the coating or, second, somehow cross-linking in the
deeper regions takes place.

First, let us consider the first explanation. When the thickness of the skin layer
increases, it blocks the evaporation of the solvent by the increased resistance of this cross-
linked layer. Because the thickness of this resistive layer increases with

√
t, the rate

of solvent loss decreases with
√

t. Integration results in a solvent loss (and thus signal
decrease) proportional to

√
t. If we would stop the front movement and let the evaporation

continue, then the signal from the deeper regions would continue to decrease. Because now
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Fig. 6.5: Normalized NMR signal at one position in the deeper region, below the cross-linking
front, of the coating as a function of the square root of the curing time. Note that the
NMR signal intensity decreases faster for thinner coatings. For both drier combinations
(Co and Co/Ca/Zr) with a similar coating thickness the signal intensity decreases at
the same rate.
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Fig. 6.6: Normalized NMR signal at one position in the deeper region, below the cross-linking
front, of the coating as a function of the square root of the curing time. While the
argon atmosphere is applied the signal decrease stops.
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the thickness of the cross-linked layer would stop increasing, a signal decrease faster than√
t would occur. In a previous measurement on a solvent-borne alkyd the front movement

was stopped by replacing the oxygen with a dry argon atmosphere around the coating
[121]. In that experiment the signal in the deeper layers also showed a

√
t behavior, see

figure 6.6. At t = 16 h the argon atmosphere was created and the signal decrease stops,
after restoring the air atmosphere the signal in the deeper layers decreases again. A signal
decrease faster than

√
t is not observed, but instead the signal decrease stops, ruling out

this explanation. The second explanation, based on the diffusion of reactive species into
the deeper regions, remains. This possibility is investigated in the next section.

6.5 Model

As has been shown in the previous section, cross-linking in the deeper regions is related
to the oxygen flux, because removal of the oxygen supply above the coating stops the
signal decrease. Therefore we assume that the flux of oxygen partially results in fast
moving reactive species (high diffusion). These species are slowly reacting, resulting in a
homogeneous distribution. The production of these reactive species is equal to c1J , where
c1 is the fraction of the oxygen influx that is used to create these species. The following
differential equation describes the density ρr of these species

∂ρr

∂t
=

c1J

L
− kρr, (6.2)

where J is the oxygen flux, L the thickness of the coating, and k the reaction constant
for these species. By insertion of the equation for the oxygen flux J = Dρ0/f(t) [121],
where f(t) is defined by equation 6.1 with f(0) = 0 and t0 = 0, the following equation is
obtained:

∂ρr

∂t
=

c1

L

√
ρoD

2νt
− kρr. (6.3)

To allow the slowly reactive species to distribute homogeneously, the reaction time should
be much higher than the diffusion time, τr/τD = D/L2k À 1. From the experiment
shown in figure 6.6, the time to stop the signal decrease can be estimated to be about
half an hour, which means that k is on the order of 10−3 s−1. Taking typical constants for
the thickness this means D > L2k = (10−4)210−3 = 10−11 m2/s, which is reasonable for
the diffusion constant of these reactive species in the uncross-linked area. Whether this
condition holds in the cross-linked area is unclear. At the start of the curing process the
production of reactive species is high, and equation 6.3 is governed by the first term at
the right hand side. From this equation it can be derived that initially ∂ρr

∂t
/ρr varies with

t−1, meaning that the relative contribution of ∂ρr/∂t decreases. Finally, at sufficiently
long times a steady state situation develops and equation 6.3 can be approximated by

kρr =
c1

L

√
ρ0D

2νt
. (6.4)

Now we assume that the signal decreases proportional to the reaction rate of the species.
This assumption is based on the idea that when such a species reacts and forms a cross-
link, the mobility of the surrounding hydrogens decrease dramatically, reducing their
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Fig. 6.7: a) Normalized NMR signal intensity as a function of
√

t/L for the Co/Ca/Zr drier com-
binations for three different coating thicknesses. b) Two T2-relaxation times obtained
from the signal decay as a function of

√
t/L for the different drier combinations and

coating thicknesses. Both figures indicate that the same scaling law applies.

contribution to the NMR signal. This results in the following equation for the signal loss

dS(t)

dt
= −χkρr = −χc1

L

√
ρ0D

2νt
, (6.5)

where χ is the proportionality constant between the signal decrease and the amount
of reactions that have occurred. Starting from a signal S(0) the following equation is
obtained:

S(t) = S(0)− χc1

L

√
2ρ0D

ν
t = S(0)− χc1

νL
f(t). (6.6)

This equation indicates that the signal decay in the deeper region of the coating proceeds
faster in thinner coatings. The model predicts that the time is scalable with L−1, which is
supported by the experimental data plotted in figure 6.7a. When the T2-relaxation times
obtained from the signal decay in the deeper regions for all measured coatings are plotted
against

√
t/L, they show a similar behavior (fig. 6.7b).

The present model correctly describes the signal decrease with
√

t and has correctly
predicted its dependence on the coating thickness. Therefore we conclude that the diffu-
sion of reactive species is the origin of the observed effects. The fact that this phenomenon
is only observed in solvent-borne systems and not in waterborne alkyd emulsions [117]
can also be explained by the diffusion of the reactive species. The diffusion is restricted
in waterborne systems, which have a viscosity that is substantially higher than that of
solvent-borne systems after evaporation of the water or solvent.
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6.6 Conclusions and discussion

We have observed that the addition of Ca/Zr as secondary driers, next to Co as a primary
drier, results in an increased speed of the curing front. Also a signal decrease in the deeper
regions of the coating proportional to

√
t was observed. Addition of Ca and Zr did not

change the signal decrease in the deeper regions of the coating. Contrary to statements
in the literature, we do not observe an increase of the through-drying by the addition of
Ca and Zr [19, 54, 62–64], only a faster growth of the skin layer (a higher front-speed)
is observed. Two probable explanations for the signal decrease in the deeper regions
were investigated. One explanation based on the evaporation of the remaining solvent
was rejected, based on additional experiments. The other explanation is based on the
diffusion of low reactive species. The low reactivity of these species allows penetration
in the deeper regions of the coating, after which they react and cross-link. A model
describing this process correctly predicts the observed

√
t behavior of the signal decrease.

This model also predicts that the signal decrease scales inversely with the thickness of
the coating (L). The scaling with

√
t/L was experimentally confirmed by changing the

coating thickness.



7. Influence of catalyst type on the curing process and
network structure of alkyd coatings

Recent studies have shown that cobalt catalysts, used for curing of alkyd coatings, are
potentially carcinogenic, and hence replacement by new environmental friendly catalysts
is needed. The influence of different metal based catalysts on the oxidation process has been
studied extensively in model systems, consisting of unsaturated oils. However, these results
may not be representative for real coatings, since in these systems the oxygen diffusion is
much lower than in model systems and therefore may have a large effect on the curing. In
this paper we will show how the curing of an alkyd coating depends on the type of catalyst
(cobalt or manganese based). The curing process is studied using a high spatial resolution
Nuclear Magnetic Resonance (NMR) setup. The final network structure and cross-link
density are found to be correlated with the catalyst used, i.e., a cobalt based catalyst and
two manganese based catalysts. The difference in final network structure is investigated
by NMR T2 relaxation analysis and the glass transition temperature Tg measured using a
differential scanning calorimeter (DSC). In case of the cobalt based catalyst a cross-linking
front was observed and a high cross-link density was found, compared to the manganese
based catalysts, in which case no sharp cross-linking front was observed. To interpret the
observed NMR profiles in more detail, simulations based on a reaction-diffusion model
were performed. From the results of these simulations estimates were obtained for the
reaction constants and the diffusion of oxygen for the different catalysts.

This chapter has been published in Polymer, vol. 47 (4), pp. 1141 (2006).

7.1 Introduction

In the past twenty years the concerns regarding the effect of chemicals on the environment
have increased considerably. Recent studies have shown that cobalt, commonly used as a
catalyst in alkyd coatings, is potentially carcinogenic [16–18]. Hence there is a tendency
to replace this traditional catalyst by more environmental friendly ones in the near future.
However, a change of catalyst in an alkyd coating has an impact not only on the chemical
reactions taking place, but also on the curing behavior and the final network structure,
as we will show in this paper. In order to find suitable alternatives the precise effects of
the catalyst on the curing process have to be understood.

The research on curing of alkyd focusses on three aspects. First, the autoxidation
processes of unsaturated fatty acids is studied in model systems [43, 44, 47, 48]. Autoxi-
dation is a very slow process in which various chemical species are formed while reacting
with oxygen. The model systems that are investigated are usually oils, which remain liq-
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uid even after oxidation. The second area of interest deals with the influence of different
catalysts, e.g., cobalt (Co) or manganese (Mn) based catalysts, on the oxidation process
of these model systems [19, 49, 67, 68, 71, 72]. The catalyst accelerates the formation of
hydroperoxides and their decomposition into radical species. The cross-linking is driven
by the reaction of these radicals. These investigations have led to valuable information
concerning the chemical processes. The third area of interest deals with real alkyd coat-
ings. In coating films an additional problem arises, which is the diffusion of oxygen. In
contrast to model systems, in which the diffusion of oxygen is high because of the low
viscosity and, therefore, does not affect the curing, the curing process of a coating film is
influenced by the oxygen diffusion. The oxygen diffusion may limit the curing process of
the coating and as a result it may influence the curing time and even the final hardness.
The actual curing process in a coating is the topic of this paper. This topic is of interest
for coating manufacturers, because it directly links changes on molecular scale to the final
coating and, consequently, to the product performance.

Recently, various techniques have become available to follow the curing process of a
coating film in time with a high spatial resolution. One of these techniques is Confocal
Raman microscopy (CRM) in which the chemical changes can be probed locally, e.g.,
the change in double bonds [23, 24, 26]. Further, a Nuclear Magnetic Resonance (NMR)
setup has been developed with the ability to perform non invasive depth profiling of
non-transparent coating systems, with a resolution of about 5 µm [27]. This technique
measures the density and mobility of the hydrogen nuclei, which can be obtained from
the signal intensity and signal decay, respectively. The mobility of the polymers, and
hence the mobility of the hydrogen atoms, decreases when polymers cross-link and form
a network.

These two techniques allow the film formation process of alkyd coatings to be studied
in more detail. This film formation or drying process can be divided into two stages.
The first stage is a physical drying stage in which the solvent evaporates. This stage
was studied extensively with high spatial resolution NMR [34, 35, 38]. The second stage
is a curing (chemical drying) stage, in which the double bonds of the alkyd molecules
vanish and cross-linking occurs. Using a high spatial resolution NMR setup the curing
was studied by Mallegol et al. [68] for different drier combinations. As a primary drier
(catalyst) cobalt was used, and as secondary driers Ca and Zr were used. They analyzed
the curing process using the signal decay measured at three different positions inside the
coating. In a previous paper NMR and CRM results were used to interpret the relation
between the NMR data and the chemical processes, see chapter 4 [121]. This study showed
that the front observed because of the reaction of double bonds is directly related to the
formation of cross-links. These experiments showed that NMR can be used to follow the
cross-linking in non-transparent alkyd coatings. In a later study, the observed curing
fronts were explained by a model that assumes that the curing process is limited by the
oxygen diffusion towards the front, see chapter 5 [117].

In this paper we will address the influence of two different manganese (Mn) and one
cobalt (Co) based catalyst on the film formation process and the final network structure.
First, the experimental details will be outlined in section 7.2. Next, the results of the
NMR measurements will be presented and discussed in section 7.3. In section 7.4 the
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data will be explained in more detail in terms of a reaction-diffusion model, and also the
final network structure is discussed. Finally, the paper is concluded with a discussion in
section 7.5.

7.2 Experimental details

7.2.1 Materials

The measurements were performed on a water-borne alkyd emulsion with different cata-
lysts. The alkyd emulsion used was made by DSM Coating Resins, Zwolle, The Nether-
lands [40]. The resin was synthesized based on soybean (50% regular; 50% conjugated) and
phtalic acid. The curing was accelerated by the addition of a catalyst (either Nuodex We-
bCo 8%, Nuodex WebMn 9%, or MnMeTACN) to the emulsion (50% water and 50% oil)
prior to film-casting. MnMeTACN is a di-centered manganese-based catalyst, that is a po-
tential alternative for cobalt containing catalysts. It has been reported that MnMeTACN
acts as a highly effective catalyst during the oxidation of alkyd molecules [72, 122]. The
samples were cast on a 100 µm thick microscope cover glass. A spiral bar was used to cast
a wet film with a thickness of about 200 µm. After application, the coating was directly
placed in the NMR setup.

7.2.2 NMR setup

cover glass ~100 µm

film

RF Coil B 0

B0 y
g

Fig. 7.1: RF coil and film placement in a high magnetic field gradient.

Magnetic Resonance Imaging (MRI) is a well known NMR technique for making images
of the human body. Its principle is based on the fact that magnetic nuclei located in a
magnetic field have a specific resonance frequency, and can be excited by a radio frequency
(RF) pulse. The resonance frequency f depends linearly on the magnitude of the applied

magnetic field ~B, f = γ| ~B|, with γ the gyromagnetic ratio (for hydrogen nuclei, γ =
42.58 MHz/T). To obtain one dimensional (1D) profiles perpendicular to the film plane,
the magnetic field should only vary with position in the y-direction, B = B0 +Gyy, where
Gy = ∂Bz/∂y denotes the field gradient in the y-direction and B0, the magnetic field
in the z-direction at y = 0. To obtain a high spatial resolution (< 10 µm) a very high
magnetic field gradient should be applied. However, Maxwell’s equations show that when
a magnetic field gradient in a certain direction is applied, the magnitude of the field | ~B|
in a plane perpendicular to that direction is not constant. At high field gradients the
curvature of the surfaces with constant | ~B| becomes comparable to the measured sample
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Fig. 7.2: Typical signal decay of a cured alkyd resin, measured using an Ostroff-Waugh sequence.
By increasing the inter-echo time from 50 µs to 100 µs the fast signal decay below 100 µs
is missed. Also the signal to noise ratio (SNR) decreases, which is a consequence of the
increased spatial resolution. The dashed line is a fit to the echo decay observed when
using te = 100 µs as inter-echo time setting.

volume. As a result the resonance frequency varies substantially within a horizontal plane
inside the coating, resulting in a decrease of the effective 1D resolution.

To solve this problem, the so called GARField was introduced [27]. In this design a

gradient in the magnitude of magnetic field was realized, Gmag
y = d| ~B|/dy (see figure 7.1)

by creating special-shaped magnetic pole tips. It is then possible to distinguish thin layers
within a film, that is oriented perpendicular to the y-direction. The advantage of a setup
as shown in figure 7.1 is that a sample can be placed directly on top of a surface coil,
which gives a good signal to noise ratio.

In our study we use an NMR setup that contains an electromagnet generating a mag-
netic field of 1.4 T at the position of the sample. The field gradient is 36.4± 0.2 T/m.

7.2.3 Interpreting the NMR signal decay

The NMR pulse sequence used to obtain the hydrogen density profiles and the signal
decay is an Ostroff-Waugh (OW) [109] sequence (90◦x-τ -[90◦y-τ -echo-τ ]n). The inter-echo
time (te = 2τ) used in the experiments equals 50 µs, 100 µs, or 200 µs. The theoretical
spatial resolution increases when the duration of the signal recording window (trec < te)
and hence the inter-echo time are increased, according to ∆y = 1/γGtrec. The best
achievable spatial resolutions corresponding to the inter-echo time settings given above
are 13 µm, 6.6 µm, or 3.3 µm, respectively. The acquisition of each profile took about 10
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minutes, using 512 signal averages.

The obtained NMR signals (S) give not only information on the density of the magnetic
nuclei (in this case hydrogen nuclei) ρ, but also on the mobility of these nuclei. The
network structure determines the mobility of the polymer chains, which is reflected by
the transverse relaxation time T2, describing the decay of the NMR signal. In general this
signal decay can be described by

S(mte) =
∑

i

Si exp (−mte/T
i
2), (7.1)

where te denotes the inter-echo time and m the sequence number of the acquired echo,
and a sum over all T2 values is observed. The mobility of the hydrogen nuclei may vary
within the coating and therefore different T2 values can be observed at different positions.
The cross-links have a low mobility (short T2) and the polymer chains between the cross-
links have a high mobility (long T2) [88–90]. Note that with this NMR setup the signal
intensity and the signal decay are obtained as a function of depth within the coating.

After curing of the alkyd resin, the mobility of the polymer has decreased significantly
because of the cross-linking, which results in a fast signal decay, governed by the interac-
tion between the rigid nuclear dipoles [86]. However, when the signal decay is measured
with the OW sequence , at small inter-echo time settings a slightly increased effective
T2 is observed [123]. Therefore, T2 values can only be compared at fixed inter-echo time
settings. In figure 7.2 the signal decay of a completely cured alkyd resin is depicted.
The duration of the recording window and, consequently, the inter-echo time should be
carefully chosen. When the characteristic T2 time governing the signal decay is much
shorter than the inter-echo time, the resolution is not only determined by the time of the
recording window, but also by the T2-value. In such a case, the duration of the recording
window (and hence the inter-echo time te) should be decreased, so that more points are
measured in a typical decay curve. This makes discrimination of different short relaxation
times possible. This is illustrated by the dashed line in figure 7.2, which is a fit for the
echo decay observed when using te = 100 µs as inter-echo time setting. For the setting
te = 50 µs one can see that more relaxation times can be distinguished. Note that the
first data point is located significantly above the dashed line. An increase of the duration
of the recording window also results in a decrease of the SNR, caused by a decrease of
the 1D voxel size. These three effects, the missing of fast relaxation times, the decrease
of the SNR, and a shorter effective T2 at longer inter-echo times, cause that in this film
no signal is observed from the cross-linked areas at an inter-echo time te = 200 µs.

7.2.4 Differential Scanning Calorimeter

Glass transition temperatures of the coatings were determined using a Mettler Toledo
Differential Scanning Calorimeter 822e. The experiments were started at −50 ◦C and
next the sample was heated up to 80 ◦C, with a ramp speed of 10 ◦C/min using a 20 µl
aluminum crucible. The glass transition temperature was determined from the second
run, to eliminate the ”memory” (the thermal history of the system) effects seen in the
first run [75].
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Fig. 7.3: NMR profiles for 0.07% Co metal mass to the mass of the alkyd resin. The profiles
were acquired using an inter-echo time setting (a) te = 100 µs (b) te = 200 µs. The
profiles are given every 9.6 h. The dashed profile is measured after 21 days of curing.
The left vertical dashed line indicates the top of the coating after evaporation. The
right vertical dashed line indicates the bottom of the coating on top a cover glass. The
horizontal dashed line in figure a shows the signal remaining after the complete curing
process.

7.3 Results

7.3.1 Curing process

The influence of the catalyst on the curing process was investigated by analyzing the ob-
served changes in the acquired NMR profiles. The profiles obtained from measurements
on the water-borne alkyd coating using a 0.07% mass/mass concentration of cobalt cat-
alyst are shown in figure 7.3. NMR measurements were performed with two different
inter-echo time settings, te = 100 µs and te = 200 µs, shown in figure 7.3a and figure 7.3b,
respectively. At the right side of these profiles the cover glass is positioned. The slope
of the profiles at the coating/glass interface is limited by the experimental resolution. At
the left side the surface of the coating is located, which is in contact with the surrounding
air. The profiles are acquired every 10 minutes; only a subset of the profiles is represented
in the figure after interpolation over all acquired profiles. First, we observe a drying stage
in which water evaporates from the emulsified alkyd. During this stage the height of the
profiles decreases and some shrinkage of the film occurs at the left side of the profiles.
The first profile plotted in figure 7.3 is measured just after application of the film. After
about 5 h of drying, between the first and second profile shown in figure 7.3, a front
develops, which moves towards the bottom of the coating. Above this front a glassy skin
layer has formed, and underneath this layer uncross-linked resin remains. In figure 7.3a
a plateau corresponding to a signal level of about 5 a.u. starts to form, which is the
signal that remains after cross-linking has occurred. This is most clearly visible in the
profile obtained after 21 days of curing given by the dashed curve. The front becomes
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Fig. 7.4: NMR profiles for 0.07% Mn metal mass to the mass of the alkyd resin. (a) Cured with
WebMn catalyst, profiles are given every 7.8 h (b) Cured with MnMeTACN catalyst,
profiles are given every 3.5 h. The profiles were acquired using an inter-echo time
setting te = 100 µs.

visible because of a decrease of the relaxation time when cross-linking occurs, as was
discussed in section 7.2.3. In figure 7.3b, in which the signal is acquired 200 µs after
excitation, the signal of the cross-linked part has vanished completely, and the difference
between the cross-linked and uncross-linked region is more pronounced. However, since
the cross-linked region is no longer visible, the movement of the left edge of the profile
could erroneously be interpreted as shrinkage of the film. Therefore, only the profiles
acquired with an inter-echo time setting of te = 100 µs will be shown from now on.

The results of similar measurements on a sample with WebMn and MnMeTACN as a
catalyst are plotted figure 7.4a and figure 7.4b, respectively. A curing front is still present
in these profiles, but it is not as sharp as is the case for cobalt (figure 7.3). These samples
cure more homogeneously, indicating that oxygen penetrates the coating much further
than for the cobalt catalyst. The final stage of the curing process, in which no changes
are observed anymore, is reached in about one week for the Mn based catalyst, which is
much faster than for the Co based catalyst. In case of Co, the observed sharp front takes
several months to reach the bottom of the coating. In both figure 7.4a and 7.4b one can
clearly see that relative signal decrease during curing is much smaller than for the sample
with WebCo as a catalyst. This indicates that the polymers remain more mobile and the
network has a lower cross-link density. In the next section we will further discuss the
correlation between the curing behavior and the final network structure that is formed.

To check whether the change in behavior for the manganese based catalyst is only a
matter of change in reaction rate, the normally used Co based catalyst concentration was
diluted by a factor of 100. In figure 7.5 the NMR profiles for this sample are shown. In
this case no sharp curing front is present and the results resembles those of the Mn based
catalyst. We will further discuss this result in section 7.4.



66 7. Influence of catalyst type on the curing process and network structure of alkyd coatings

-50 0 50 100 150 200 250

0

5

10

15

20

25

30

 

 

s
ig

n
a
l 
in

te
n
s
it
y
 (
a
.u

.)

position (µm)

Fig. 7.5: NMR profiles for 0.0007% Co metal mass to the mass of the alkyd resin. The profiles
are given at t = 0, 10.4 h, and then every 13 h. The profiles were acquired using an
inter-echo time setting te = 100 µs.

7.3.2 Final network structure

Confocal Raman Microscopy can be used to obtain spatially resolved chemical information
inside a transparent coating film [23, 24, 26, 41, 117, 124]. The samples measured by NMR
were also analyzed using CRM after 6 months of curing to see whether double bonds have
remained. This enable us to check whether the cross-link density in the samples with
the Mn based catalysts is indeed less dense, as suggested by the NMR measurements. In
figure 7.6 the results of these CRM measurements are shown. Because at every position
inside the coating the same behavior was observed, only the average is shown. The double
bonds (at 1650 cm−1) that are present before curing are clearly visible, but after about 6
months this signal has completely vanished for all types of catalyst. Also T2 measurements
on these samples were performed to measure the mobility. After cross-linking the T2 values
are very short. Therefore, the NMR signal decay was measured using an inter-echo time
of 50 µs, at the cost of spatial resolution. Using this setting bi-exponential behavior of
the signal decay was observed. Only the longest relaxation time T l

2 contributing to this
decay was used in the analysis. Also DSC measurements were performed to obtain the
glass-transition temperature (Tg) of these samples. The value of Tg found for the different
catalysts, catalyst concentrations, and for the uncross-linked alkyd resin is plotted against
T l

2 in figure 7.7. This figure reveals a distinct correlation between T l
2 and Tg. The results

also show that if a front is visible during the curing process, a high Tg is observed and T l
2

is short. When no sharp front was visible (all cases except for the normal concentration
of cobalt catalyst) Tg was significantly lower and T l

2 longer.

We conclude that even though CRM shows complete curing, NMR and DSC still show
differences in the final network structure as a result of changes in catalyst or catalyst
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Fig. 7.6: Results obtained using Confocal Raman Microscopy for the three catalyst used. No
double bonds remain after complete curing of the coating after 6 months.

concentration, which indicates that changes have occurred during the curing of the alkyd
resin.

7.4 Model

To explain the observed characteristics in more detail we need to obtain information on
the reaction rate and the diffusion of oxygen for the different catalysts. To achieve this, the
evolution of the NMR profiles of curing alkyd resins was described by a reaction-diffusion
model and by the change of the signal decay caused by the cross-linking.

Since the results have shown that for the manganese catalyst no longer a sharp front
exists, as reported in chapter 5 and chapter 6, those models no longer hold. Equation 5.4
is a special case of the reaction-diffusion equations presented in this section. Additionally,
the diffusion of reactive species reported in chapter 6 is neglected in the model presented
here, because this behavior was only observed in solvent-borne alkyd coatings.

In the first subsection the reaction-diffusion equations are discussed, and in the next
subsection the NMR profiles are explained in more detail, using a model describing the
change of the signal decay as a function of the degree of cross-linking. In the third
subsection the predictions from the reaction-diffusion model are compared with the NMR
results.

7.4.1 Reaction-diffusion equations

The reaction of oxygen with fatty acid side chains of the alkyd resin causes a decrease
of the concentration of double bonds ρd [mol/m3] and the formation of cross-links. The
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Fig. 7.7: Relation between T2 measured with NMR and Tg measured with a DSC.

oxygen diffusivity D [m2/s] generally depends on the mobility of the polymers. The
oxygen density ρo [mol/m3] inside the coating is determined by oxygen diffusion as well
as the reaction of oxygen with the double bonds and can be described by

∂ρd

∂t
= −kρoρd, (7.2)

∂ρo

∂t
=

∂

∂x

(
D(ρd)

∂ρo

∂x

)
− nkρoρd, (7.3)

in which k [m3/mol s] denotes the reaction rate of the oxygen with the double bonds, and
n [mol/mol] denotes the amount of oxygen reacting per double bond. We will assume
D(ρd) = D in all numerical calculations. The boundary conditions are specified as follows

ρo(0, t) = ρi
o, (7.4)

∂ρo

∂x
(L, 0) = 0, (7.5)

ρo(x, 0) = 0, (7.6)

ρd(x, 0) = ρi
d, (7.7)

where L is the coating thickness and denotes the position of the microscope glass. At
x = L the the oxygen flux is zero, whereas at the surface the oxygen density is equal the
solubility density. The oxygen density within the film is taken equal to zero at the start
of the curing process. The initial values are given in table 7.1.

7.4.2 NMR profiles

The measured NMR signal decay of the alkyd coatings is governed by multiple relaxation
times (see equation 7.1 and section 7.2.3) when the resin is not cross-linked. If an inter-
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ρi
d [mol/m3] ρi

o [mol/m3] n [mol/mol] Ss [a.u.] T s
2 [µs] Sl [a.u.] T l

2 [µs]
2000 3 1.0 37 50 17 1000

Table 7.1: Fixed initial values used in the numerical simulations. The values of Si and T i
2 are

chosen to correspond with the experimental values obtained from the NMR data.

Catalyst D [m2/s] k [m3/mol s] L [µm] figure
WebCo 10−12 1× 10−4 200 7.8

WebCo/100 4× 10−12 1× 10−6 200 7.9
WebMn 8× 10−12 5× 10−6 150 7.10

MnMeTACN 2× 10−11 5× 10−6 125 7.11

Table 7.2: Values for the diffusion constant, reaction constant, and layer thickness used in the
different simulations. The figures displaying the simulated results are also indicated.

echo time te = 100 µs is used, two relaxation times are observed before cross-linking.
After cross-linking only one relaxation time can be observed, see also [121]. Therefore,
the signal decay can be described by

S(mte) = Ss(t) exp (−mte/T
s
2 ) + Sl(t) exp (−mte/T

l
2), (7.8)

where S(mte) is the NMR signal during the NMR experiment and m the sequence number
of the echo. Note that mte is of the order of ms, whereas the time t corresponds to the
time scale of the curing process, which is of the order of hours or days. Ss is the intensity
of the signal corresponding to the short relaxation time T s

2 and Sl the intensity of the
signal corresponding to the long relaxation time T l

2. In all numerical simulations average
values for T l

2 and T s
2 were taken, although, for the manganese based catalyst slightly

higher values of T s
2 were observed.

We assume that when the cross-linking occurs the mobile chains become immobile, so
the contribution of Sl to the observed NMR signal will be incorporated in Ss. This signal
change is assumed to be proportional to the amount of double bonds present. This implies
that when no double bonds are present any more only one relaxation time is observed,
which agrees with the results of our NMR measurements.

Additionally, the simulated profiles are convoluted with the observed experimental
resolution of about 10 µm to enable a more direct comparison between simulations and
measurements.

7.4.3 Results

Combining the reaction diffusion equation and the equations relating the NMR signal
profiles to the cross-linking process, numerical simulations can be performed. We have
performed calculations on four different systems that represent the ones presented in
section 7.3.1. For these four coatings the fixed parameters have to be specified. We
need the amount of double bonds ρd, oxygen concentration ρo, amount of oxygen per
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double bond n, diffusion constant D, and reaction constant k. The values of Ss, Sl, T
s
2 ,

and T l
2 were determined from the NMR data. Table 7.1 shows the initial values that

are taken constant in all numerical simulations. The only parameters that are varied
are the diffusion and reaction constant. The alkyd used has an oil length of 40%, which
corresponds to 400 kg/m3. Taking a molar mass of about 300 g/mol for the fatty acid
chain gives 1200 mol/m3 of oil chains. Since each oil chain contains on average two double
bonds ρd is set at 2× 103 mol/m3. From oxygen uptake measurements of ethyllinoleate,
a model system, it is known that n, the amount of oxygen molecules per double bond, is
about 0.75 in case of a manganese based catalyst and about 1.1 in case of a cobalt based
catalyst [72, 122], so n will be taken equal to 1. The oxygen solubility in oil is estimated
as 3 mol/m3 [40, 41, 125].

For the four different coating systems simulations were performed, at time intervals
similar to the measured profiles. Note that the evaporation stage is not included in the
simulations. The thickness of the coating in the simulation was set to the thickness
measured using the NMR setup. For the different catalysts the values for the diffusion
and reaction constant used in the simulations are given in table 7.2. They were chosen
such that a good match between the simulations and the observed profiles was obtained.
Although these values should only be considered as crude estimates, due to the inaccuracy
in the initial values given in table 7.1, they can be used to explain the observed tendencies
of the curing behavior. The results for the film containing WebCo as a catalyst are plotted
in figure 7.8. The simulated results clearly show the cross-linking front moving to the right
that is present in the experimental data. Clearly, oxygen diffusion is the limiting step, see
also the high reaction constant and low diffusion constant in table 7.2. Since in the cross-
linked region the T2 is very short, the actual experimental resolution is lower than that
was used in the simulations. This explains why, in contrast to the simulations, the plateau
observed in the measurements after 21 days of curing is not horizontal. For the diluted
WebCo (Fig. 7.9) the reaction constant in the simulation was decreased by a factor of 100,
equal to the dilution of the catalyst, which implicitly assumes that the reaction constant
is proportional to the catalyst concentration. An increase of the diffusion constant was
needed to obtain a behavior matching the results of the NMR measurements, which is
reasonable if the coating is less densely cross-linked. For the WebMn and MnMeTACN
catalysts the reaction constant was kept constant at 5 × 10−6 m3/mol s, whereas the
diffusion constant was varied to obtain a good match with the experimental data, see
figure 7.10 and figure 7.11. The diffusion constant ranges between 10−11 and 10−12 m2/s,
which is within the range of values reported in the literature [126, 127]. The reaction
constants correspond fairly well to representative reaction constants given in the literature
[22].

If we compare the simulations of the NMR profiles with the NMR measurements for
the manganese based catalysts, we observe that the signal intensity that remains in the
NMR measurements in the cross-linked region is larger than the signal intensity in the
simulations. This is caused by the fact that the value of T s

2 in these systems is somewhat
larger than the average value used or the simulations. The CRM measurements have
indicated that all double bonds have reacted, but the results from the NMR T2 and the
Tg measurements plotted in figure 7.7 indicate a higher polymer mobility. The final
network structure seems to be less dense than for the WebCo catalyst, which explains



7.5. Conclusions 71

-100 -50 0 50 100 150 200
0

5

10

15

20

25

30

 

s
ig

n
a
l 
in

te
n
s
it
y
 (
a
.u

.)

position (µm)

a) b)

-100 -50 0 50 100 150 200 250
0

5

10

15

20

25

30

s
ig

n
a
l 
in

te
n
s
it
y
 (
a
.u

.)

 

position (µm)

Fig. 7.8: Time and position dependence of the NMR hydrogen signal for the WebCo catalyst a)
experimental data b) results obtained from a reaction-diffusion-relaxation NMR model.
D = 10−12 m2/s, k = 1×10−4 m3/mol s, L = 200 µm. In the the left graph the dotted
profile after 21 days of curing is plotted to make the formation of the plateau more
clearly visible.

the higher diffusion coefficient needed as input for the simulation of the NMR profiles.
A possible explanation of this change in network structure may be a change of reaction
routes of the oxidation mechanism of unsaturated fatty acids, but this is beyond the scope
of this paper.

For the coating with the WebCo catalyst, shown in figure 7.8, the reaction constant
is the highest and the diffusion constant used in the simulation is the lowest. The high
reaction rate is the basis for the formation of a glassy skin. In this glassy skin the polymer
mobility is very low, because it is fully cross-linked, making diffusion of oxygen difficult.
In this particular case the diffusion of oxygen is the limiting factor. If one would plot
the front position as a function of

√
t a linear relation would be found, as described by

equation 5.4. The width of the front does not affect this behavior as long as the front
does not reach the bottom of the coating.

For the other simulations the reaction constant is much lower, and a sharp front is
no longer observed, as a result diffusion takes place through a partly cross-linked region.
Since the diffusion constant is expected to decrease during curing, the diffusion varies
as function of position inside the coating in these simulations. Based on the diffusion
constants given in table 7.2, we estimate that the diffusion varies at most within one
order of magnitude. Because in the simulations the diffusion is assumed to be constant,
the results at long simulations times may differ from the experimental data.

7.5 Conclusions

Using NMR depth profiling we observed distinct changes in curing behavior for different
catalysts. For a cobalt based catalyst a sharp drying front was observed, whereas for the
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Fig. 7.9: Time and position dependence of the NMR hydrogen signal for the 100 times diluted
WebCo catalyst a) experimental data b) results obtained from a reaction-diffusion-
relaxation NMR model. D = 4× 10−12 m2/s, k = 1× 10−6 m3/mol s, L = 200 µm.
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Fig. 7.10: Time and position dependence of the NMR hydrogen signal for the WebMn catalyst
a) experimental data b) results obtained from a reaction-diffusion-relaxation NMR
model. D = 8× 10−12 m2/s, k = 5× 10−6 m3/mol s, L = 125 µm.
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Fig. 7.11: Time and position dependence of the NMR hydrogen signal for the MnMeTACN
catalyst a) experimental data b) results obtained from a reaction-diffusion-relaxation
NMR model. D = 2× 10−11 m2/s, k = 5× 10−6 m3/mol s, L = 150 µm.

manganese based catalysts no sharp front was observed. Additionally, the final network
structure after complete curing was analyzed by DSC and NMR. A decrease in glass
transition temperature Tg for the manganese catalysts compared to the cobalt catalyst
was found. Also a clear correlation between Tg and the NMR relaxation time T2 was
found; with increasing Tg the value of T2 decreases. When a sharp cross-linking front was
present in the NMR data, the final cross-link density was found to be higher, indicated by
both the T2 and Tg values. This behavior might be explained by changes in the complex
autoxidation mechanisms involved in the cross-linking of alkyd resins [43, 44, 48, 51],
which is beyond the scope of this paper.

The differences in curing speed observed for the WebCo, WebMn, and MnMeTACN
catalyst can be explained by changes in reaction rate and oxygen diffusion constant only. A
change of the diffusion constant seems to be necessary to obtain a good match between the
simulations and the experimental NMR profiles. An increase of the diffusion coefficient
indicates that the network structure is less rigid, which is corroborated by the lower
cross-link density found for the low concentration of WebCo and for the manganese based
catalysts.

Replacing the cobalt based catalyst in coatings obviously results in completely different
curing behavior, whereas also the final hardness seems to change. Our study unambigu-
ously demonstrates that the consequences of replacement of the catalyst cannot solely be
assessed from measurements on model systems, but also knowledge on the curing behavior
inside a coating is required. High resolution nuclear magnetic resonance has proven to be
an excellent tool to achieve a more in-depth knowledge of the curing behavior and degree
of cross-linking in coatings.
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8. Drying of alkyd coatings on porous substrates

Coatings are often applied on porous substrates, e.g., wood, stone, or gypsum layers. The
type and porosity of the substrate influences the coating performance. One example is
the adhesion, which generally increases when the depth of penetration of the coating into
the substrate is higher. Until recently, no techniques were available to monitor the drying
process in-depth as a function of time with a high spatial resolution (about 5 µm) in non-
transparent coating systems. In the study presented in this chapter, we show that with
high resolution NMR imaging the drying process, consisting of penetration and evapora-
tion of solvent and subsequent curing (chemical cross-linking) on and inside the substrate
(wood and gypsum) can be monitored. The drying of a water-borne alkyd emulsion on a
gypsum substrate was investigated. The curing of the emulsion was studied for both glass
and gypsum substrates as a function of catalyst concentration, in this case cobalt based.
Curing was not only observed at the coating surface, but in case of gypsum also at the
coating/substrate interface. On both substrates a concentration dependence of the catalyst
concentration was observed. On the gypsum substrate the speed of the observed curing
front was always higher than on glass. This indicates that part of the Ca2+ ions originat-
ing from the gypsum might act as a secondary drier after migration to the coating. The
drying of a commercially available solvent-borne alkyd coating was monitored on gypsum
and pine wood. The measurements showed that the coating completely penetrates the sub-
strate and starts to cure inside. From the results it can be concluded that for optimization
of the coating performance one should explicitly take the substrate into account.

The results on the dependence of the curing of water-borne alkyd coatings applied on glass
substrates on the Co catalyst concentration were part of a paper published in Progress in Organic
Coatings, vol. 55 (2), pp. 105 (2006).

8.1 Introduction

Coatings provide many substrates with protection against environmental attacks like mois-
ture, biological processes (e.g. growth of fungi), radiation, heat, and chemical stresses.
In many cases the coatings are applied on porous substrates, e.g., wood, stone, or gyp-
sum layers. In recent years the paint market has changed considerably, partly due to
the legislation on the emission of volatile organic components (VOC). As a result more
eco-friendlier alternatives, such as waterborne products have been developed. The per-
formance of these and/or new products on porous substrates should be competitive with
the traditional systems. To further improve and reduce development times and costs of
products, knowledge about the interaction between the coating and the underlying sub-
strate is required, because the substrate can in many ways affect the performance of the
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coating.

One example of a type of paint, which is often applied on porous substrates, is alkyd
paint. When an alkyd paint is applied onto a porous substrate three drying stages can
be distinguished. First, the solvent and/or the resin penetrates the substrate. During
the second stage, the solvent evaporates from the coating and the underlying substrate.
During the third stage, the coating starts to solidify by the formation of chemical cross-
links (curing). Immediately after application the coating penetrates the substrate. When
the penetration into the substrate is higher, the adhesion of the coating onto the substrate
is likely to increase [128, 129]. The depth of penetration depends on the paint properties
such as the viscosity and the surface tension, and substrate properties like permeability
and characteristic pore sizes. Note that the conductance of flow in porous media is
determined by the ratio between the permeability and viscosity. The driving force is the
capillary force, which is proportional to the ratio between the surface tension and the
pore size. The flow properties of the three different types of alkyd paint (solvent-borne,
high-solid, water-borne) differ, because of differences in viscosity [130, 131].

Many water-borne coatings consist of emulsified resin droplets in water. When these
emulsions are applied on a porous substrate the penetration of the different phases in a
porous substrate can differ [69]. The size and visco-elastic deformation of the emulsion
droplets together with the pore size of the substrate determines whether or not the resin
will enter the substrate. It was suggested by Ostberg et al. [69] that the water phase
penetrates deeper into wood than the alkyd resin, because of the high molecular weight
of the resin. The difference in penetration behavior of the water and resin phase will
have consequences for the additives present inside the coating, such as driers, anti-fungal
agents, and pigments. Additives that are partly present in the water phase might end up
inside the substrate instead of in the coating, which can have a negative influence on the
drying process and many other properties. An important class of additives are the driers.
Driers enhance the drying process of alkyd coatings, their main purpose is to catalyze
the oxidative curing process. The most commonly used catalysts for the curing of alkyd
resins are cobalt based. During the penetration of the coating into the substrate also part
of the catalyst might be transported into the substrate. As a result the concentration in
the coating drops, thereby affecting the curing of the coating, which might affect other
properties, such as the resistivity against moisture [132–134].

To study the effects of the substrate on the drying behavior, information on the dy-
namics of the drying process of the alkyd coating on a porous substrate as a function of
depth is required. Except for NMR there are no techniques to follow the drying process as
a function of depth in non-transparent coating systems. In this study we use our recently
developed NMR setup, see chapter 3, to investigate the curing process of alkyd coatings on
porous substrates as a function of depth and time. Two types of alkyds are investigated,
a solvent-borne and a water-borne. The water-borne alkyd coating is applied on non-
porous glass, as a reference, and on porous gypsum. The solvent-borne alkyd coating is
applied on gypsum and wood. The depth of penetration, the curing, and the effect of the
substrate on the speed of the curing will be investigated. In section 8.2, we briefly discuss
the materials used. In section 8.3 the results of the NMR measurements are presented.
This section is subdivided in three parts. First NMR measurements of the water-borne
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alkyd coating on glass are presented. The catalyst concentration to cure the coatings is
varied and the speed of curing is analyzed. The curing of alkyd on the gypsum substrate
is presented in the second part. In the third part, the drying of a solvent-borne alkyd on
gypsum and pine wood is studied. Finally, the conclusions are presented in section 8.4.

8.2 Experimental details

8.2.1 Materials

A water-borne alkyd emulsion, containing approximately 50% water and 50% resin was
used. Nuodex WebCo 8% catalyst was added in different concentrations to catalyze the
curing process. The emulsion has an average droplet size of 0.3 µm [40, 131]. The glass
transition temperature of the uncross-linked alkyd resin is 2± 2 ◦C. Except for the catalyst
no other additives or pigments were added to the emulsion. After the addition of the
cobalt catalyst to the emulsion and subsequent mixing, the emulsion was applied on the
substrate (non-porous glass or gypsum) using a spiral application rod. The glass substrate
used was a 100 µm thick microscope cover glass. The gypsum layer (CaSO4·2H2O) had
a thickness of approximately 400 µm and a porosity of about 45%. The layer was made
from pure hemihydrate (CaSO4 · 1

2
H2O) using a water to binder mass ratio of 0.66 [135].

The average pore diameter of the gypsum was found to be in the order of 1 µm by [135],
and was calculated from mercury intrusion porosimetry data assuming cylindrical pores.
The peak to peak surface roughness was reported to be approximately 5 µm.

Besides the water-borne formulation, a commercially available solvent-borne alkyd was
used. This coating was applied on a gypsum substrate approximately 0.3 mm thick and a
thin layer of pine wood approximately 0.5 mm thick. For more details on the microscopic
structure of pine wood and a microscopic investigation of paint penetrating pine wood
see [136].

8.2.2 Pulse sequence

After application of the coating on the substrate, it was immediately placed in the NMR
setup. The NMR pulse sequence used to obtain the hydrogen density profiles and the
signal decay was an Ostroff-Waugh [109] sequence (90◦x-τ -[90◦y-τ -echo-τ ]n). The inter-
echo time (2τ) used in the experiments equals 100 µs. The theoretical spatial resolution
corresponding to this inter-echo time setting is 6.6 µm, see chapter 3. The acquisition of
each profile took about 10 minutes, using 512 signal averages.

8.3 Results

8.3.1 Water-borne alkyd applied on glass

First the drying behavior of the water-borne alkyd emulsion on a glass substrate was
investigated. In figure 8.1 the NMR profiles are shown for a coating with a cobalt concen-
tration of 0.007% mass/mass. At the left side of the profiles the surface of the coating is
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Fig. 8.1: NMR profiles of a coating with 0.007% cobalt mass to the mass of the alkyd resin
applied on a glass substrate. The profiles are given at t = 0, 1.3, 2.6, 5.2, 7.8, 10.4 h
and then every 13 h. The dotted profiles indicate the evaporation stage, and the solid
profiles the curing stage.

located, and at the right side the glass substrate is located. Directly after application the
evaporation stage sets in, represented by the dotted curves. One can see the formation of
a cross-linking front: When polymers cross-link and form a network, the mobility of the
hydrogen nuclei decreases. As a consequence, the decay rate of the NMR signal increases
and part of the signal is lost, which allows the curing to be visualized [117]. The dry-
ing behavior was studied for different cobalt catalyst concentrations, ranging from 0.7%
mass/mass to the alkyd resin to 0.007% mass/mass.

In order to characterize the dynamics of the cross-linking front in more detail, we have
determined the front positions f from the intersections of the fronts with a line positioned
halfway the height of the front. We will refer to the moment that a front appears and
starts to move into the coating as t = t0, which is roughly 2 h after application. The
position of the front at t = t0 is denoted by f0. The front positions f for three typical
concentrations (0.7%, 0.07%, and 0.007%) are plotted in figure 8.2 as (f − f0)

2 against
t− t0. This figure reveals that within experimental inaccuracy the squared front position
varies linearly with time. In chapter 5 it has been shown that oxygen diffusion limits the
speed of the cross-linking front, and can be described with the following equation [121]:

f(t) = f0 +
√

2νDρ0(t− t0). (8.1)

In this equation f0 [m] is the front position at the moment t0 [s] at which the front forms
and starts to move into the coating, D [m2/s] the diffusion constant of oxygen in the
coating, ρ0 [mol/m3] the oxygen density in the surface layer of the coating film, and ν
[m3/mol] the cross-linked volume per mole of oxygen.

In figure 8.3 the front speed (2νDρ0) is plotted as a function of the catalyst concen-



8.3. Results 79

0 20 40 60 80 100 120
0

500

1000

1500

2000

2500

 

 

(f
-f

0
)2

 [
µ
m

]2

time [h]

 0.007% m/m

 0.070% m/m

 0.700% m/m

Fig. 8.2: Squared curing front positions of alkyd resins plotted against time for three cobalt
catalyst concentrations. The coatings were all applied on a glass substrate. Both the
high and low catalyst concentration leads to faster curing of the sample.

tration (open squares). The curve through the points is drawn as a guide to the eye. At
the lowest and highest concentration the fastest front speeds are observed. The slowest
curing occurs at the cobalt concentration of 0.07% mass/mass, which is common concen-
tration used in commercial products. According to equation 8.1, changes in front speed
can be attributed to three variables: ν, D, and ρ0. It seems that the catalyst concentra-
tion influences the final network structure. If the network structure would becomes less
dense (higher ν), the diffusion of oxygen increases (higher D), resulting in an increase of
the front speed by both variables. This would mean that the highest network density is
formed exactly at the Co catalyst concentration of 0.07% mass/mass.

8.3.2 Water-borne alkyd applied on gypsum

The water-borne alkyd emulsion was also investigated on the gypsum substrate. The
profiles of the NMR measurements are plotted in figure 8.4. At the left side the coating
is located and at the right side the gypsum is located. The surface of the coating and the
coating/substrate interface are denoted by the two vertical lines. The measurements show
that the penetration of the water phase into the gypsum layer is almost instantaneous,
and wets the gypsum layer. In practical applications the gypsum substrate is thicker, and
as a result the water uptake would be even higher. Directly after this water uptake, the
water present in the coating and substrate starts to evaporate. This process is indicated
by the dashed profiles in figure 8.4. The signal intensities from the gypsum layer before
application of the paint and after the evaporation stage are the same. Therefore, it can be
concluded that the resin has not penetrated the substrate, except possibly at the interface
with a penetration depth smaller than the experimental resolution.
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Fig. 8.3: Front speeds of alkyd resins plotted against the catalyst concentration for both the
glass and gypsum substrates.

size hard droplets deformable droplets
droplet > pore impossible possible
droplet < pore possible possible

Table 8.1: Possibility of penetration of waterborne alkyd emulsion droplets in a porous substrate
based on droplets size and deformability of the alkyd droplets, assuming that the
driving capillary forces are high enough.

In general, the penetration depth of the resin droplets in the substrate is determined
by the deformability of the resin droplets and the size of the alkyd droplets compared to
the characteristic pore sizes of the substrate, as was discussed in section 8.1. Table 8.1
indicates whether penetration can be expected for a water-borne alkyd emulsion, based
on the size of the droplets and the deformability of the droplets, assuming that the driving
capillary forces are high enough. If the droplets are difficult to deform but their size is
small compared to the pore size, penetration is possible. However, if the droplets are
difficult to deform but larger than the pore size the coating is not expected to penetrate
the substrate. In our case the emulsion droplet size (0.3 µm) is comparable to the pore size
of the gypsum (approximately 1 µm) and the droplets are difficult to deform (their shape
is still visible with AFM after drying). Since the internal structure of gypsum is irregular
and the pores are not cylindrical, as was assumed in the calculation of the porosity of
gypsum from mercury intrusion porosimetry [135], it is likely that the emulsion droplets
are still too large to penetrate the substrate. In addition, due to the fast absorbtion of
the water phase the resin droplets might already start coalescing before penetrating the
substrate.

After the evaporation stage, curing sets in, which is denoted by the two bold arrows in
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Fig. 8.4: Water-borne alkyd emulsion with 0.07% Co mass/mass as a catalyst. The dashed
profiles show the penetration and evaporation of the solvent. These profiles are given
at t = 0, 0.3, 0.6, 1.0, 1.3 h. The solid profiles show the curing of the coating. These
profiles are given at t = 8, 16, 49, 65 h after application. The horizontal line shows the
signal from the hydrated gypsum layer, both before and after paint application.

figure 8.4. Not only a curing front is visible at the surface of the coating, but also at the
coating/gypsum interface. One can clearly see that at the surface of the coating, the front
moves towards the bottom of the coating, whereas at the substrate side the front moves
towards the top of the coating. Obviously, oxygen transport is taking place through the
gypsum layer, which is possible because it is a porous layer in contact with air.

We have plotted the square of the position of the curing front (at the surface) against
time in figure 8.5 for three typical catalyst concentrations. Again this figure reveals that
within experimental inaccuracy the squared front position varies linearly with time. In
figure 8.3, the front speeds found for the gypsum substrate are plotted as a function of
the Co concentration. In general the trend is comparable to that observed for the glass
substrate. However, the front speeds observed for the coating on the gypsum layer are
always higher than for the same coating applied on glass. Besides this effect, we observe
that at higher Co concentrations the front speed for the coating on the gypsum layer
increases much faster than in case of the glass substrate.

The observation that the overall front speed is faster on a gypsum substrate cannot be
explained by transport of cobalt to the substrate. For cobalt concentrations above 0.07%
on glass figure 8.3 shows that the front speed increases with cobalt concentration. If part
of the catalyst would be transported to the substrate the concentration and consequently
the front speed in the coating would decrease. This is not in agreement with the data
shown in figure 8.3, which clearly indicates a higher front speed when the coating is
applied on gypsum instead of glass. However, that part of the cobalt catalyst has been
transported out of the coating into the gypsum substrate was confirmed by Inductively
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Fig. 8.5: Squared curing front positions observed at the surface of the alkyd coatings applied on
a gypsum layer plotted against time for three cobalt catalyst concentrations. Only a
high catalyst concentration leads to faster curing of the sample.

Coupled Plasma (ICP) spectrometry. So the overall increase of front speed needs to be
explained by another effect. We attribute the increase to the presence of Ca2+. Directly
after application the water penetrates the substrate, and via the water Ca2+ ions from
the CaSO4 might migrate from the substrate into the coating. In a recent study [137], we
have found that addition of Ca/Zr as secondary driers results in an increased front speed,
which might indeed explain the observed increased front speed on gypsum substrates.

8.3.3 Solvent-borne alkyd applied on gypsum and wood

In this section it will be shown that curing can be investigated even inside the porous
substrate. We have studied a solvent-borne alkyd coating on two porous substrates:
gypsum and wood. The NMR profiles for the gypsum substrate are plotted in figure 8.6.
The alkyd completely penetrates the gypsum layer, because its it is molecular dispersed in
the solvent and the overall liquid has a low viscosity. In this particular case it is difficult
to distinguish the evaporation of the solvent and the curing process. A small curing front
is visible and is indicated in figure 8.6 by the arrow at the left. The solvent-borne alkyd
was also applied on a thin layer pine wood with a thickness of approximately 0.5 mm.
The results of the measurements are given in figure 8.7. The surface of the coating is
located at the left side of the profile and the vertical line shows the surface of the wood.
The solvent and resin both penetrate the wood almost instantaneously after application;
after the first profile no changes are observed in the deeper region of the wood. In this
case the depth of penetration into the wood is approximately equal to the thickness of
the pine wood. After the penetration of the substrate the solvent starts to evaporate.
This stage is indicated by the dashed profiles in figure 8.7. Again a curing front develops,
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Fig. 8.6: Solvent-borne alkyd coating applied on a gypsum substrate. The NMR profiles are
given every 3 h.
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Fig. 8.7: Solvent-borne alkyd coating applied on a wooden substrate. The dashed NMR profiles
show the penetration and evaporation of the coating. These profiles are given at
t = 0.3, 0.6, 1, 1.3, 1.6, 3.3 h. The solid profiles are given every 1.7 h after the last
dashed profile at t = 3.3 h. The vertical line shows the wood surface.
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which slowly moves down into the wood.

8.4 Conclusions

The results presented in this chapter have shown that high spatial resolution MRI is an
excellent tool to image the dynamical drying processes of alkyd coatings in and on porous
substrates. Three drying stages could be visualized: the penetration of the coating in the
substrate, the evaporation of the solvent, and the curing.

We have observed that the alkyd resin from the water-borne emulsion remained on
top of the gypsum layer, whereas the water phase penetrated into the substrate. For
the water-borne alkyd curing is observed both at the surface of the coating and at the
coating/gypsum interface. The speed of the curing front on non-porous glass and on
porous gypsum showed a clear dependency on the cobalt concentration. A minimum
in front speed was found for a cobalt concentration of 0.07% Co mass/mass, which is
commonly used concentration in alkyd coatings. When the coating was applied on a
gypsum substrate instead of glass a higher front speed was found. Although a part of
the cobalt catalyst was found in the substrate, the faster front speed observed on gypsum
cannot be related to the observed higher front speeds. To explain the higher front speeds
observed, we suggest that part of the Ca2+ ions of the gypsum are transported to the
coating during the evaporation stage. This assumption is strengthened by a recent study,
showing that the front speed increases when Ca/Zr are added as secondary driers, see
chapter 6. Further experiments are needed to test this hypothesis, e.g., by monitoring the
curing speed of water-borne coating on an inert porous substrate, such as glass.

For the solvent-borne alkyd coating the penetration of the coating inside the pine wood
substrate was clearly visible, whereas also the curing process could be visualized inside
the substrate as a function of depth.

The results unambiguously indicate that in order to optimize the overall coating per-
formance one should explicitly take the effect of the underlying substrate into account.
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Laat de toekomst uit de verf komen.
prof. dr. R.A.T.M. van Benthem (12 maart 2004)

9.1 Conclusions

In the previous chapters we have shown that NMR is a useful technique to image the
curing process of alkyd coatings. To achieve the required depth resolution of 5 µm, even
in samples with a short transverse relaxation time T2, the NMR setup was designed to
operate at a field of 1.4 T, with a gradient of 36.4 T/m. By using NMR in combination
with additional techniques, like CRM, DSC, and mass measurements, we were able to
distinguish the physical and chemical drying (curing) stage of alkyd coatings in our NMR
measurements. NMR allows the complete drying process to be visualized, including the
curing of the alkyd coating, even in non-transparent coatings.

It was found that the curing of alkyd coatings with a cobalt based catalyst is limited
by diffusion of oxygen. This oxygen diffusion limitation results in a cross-linked layer
(a skin), located on top of an uncross-linked layer of the coating. At the interface of
these two layers cross-linking takes place. This cross-linking front is visible in the NMR
data, and was observed to move with

√
t. The movement of this cross-linking front was

modelled, resulting in an equation describing the observed behavior.

In solvent-borne alkyd coatings we found an additional effect, i.e., part of the NMR
signal from the deeper regions below the cross-linking front decreases during the curing
process. This behavior was explained by diffusion of a small amount of reactive species
generated at the location of the front into deeper regions, where they subsequently react.
When these species react cross-linking occurs and the NMR signal from the deeper regions
in the coating decreases. This process of diffusion of reactive species has been described by
a model, which predicts that the signal below the cross-linking front decreases proportional
to
√

t/L, where L is the coating thickness. When the signal in the deeper regions is plotted
as a function of

√
t/L, the data points indeed collapse on a single line. This is illustrated

in figure 9.1. The cross-linking in deeper regions was only observed for solvent-borne
systems, which are known to have a lower viscosity than water-borne systems. A lower
viscosity implies a higher diffusion of reactive species and hence a possibility to cross-link
in deeper regions. Both the model and the measurements indicate that the thickness of
the coating is an important factor for the curing process. Consequently, for a correct
interpretation of the data on the drying in low viscous alkyd coatings, knowledge of the
coating thickness is absolutely necessary.

In our experiments the speed of the observed cross-linking front was found to depend
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Fig. 9.1: Summary of the curing processes observed in solvent-borne alkyd coatings with Co
or Co/Ca/Zr as driers. A front movement with the square root of time is observed,
because of oxygen diffusion limitation. A signal decrease in the deeper region of the
coating is observed because of slowly reacting species diffusing into this region, after
which they react. This signal decrease scales with

√
t and the inverse thickness of the

coating (1/L).

on the catalyst concentration (see chapter 8 and [138]), addition of secondary driers such
as Ca and Zr (see chapter 6), and the substrate (in our case gypsum, see chapter 8).
These observations can be explained in terms of changes of the variables of the equation
describing the front movement (Eq. 5.4), which are the oxygen solubility ρ0 at the surface
layer of the coating, the oxygen diffusion constant D, and the fully cross-linked volume
per supplied mole of oxygen ν. However, the exact origin of these changes has not yet
been completely identified.

In our experiments oxygen diffusion limitation and the resulting skin layer were only
found for coatings with cobalt as a catalyst, which is the most commonly used catalyst in
commercial alkyd paints. However, when manganese was used a more homogeneous and
faster curing behavior was observed. A reaction-diffusion model combined with equations
describing the NMR signal as a function of the degree of cross-linking was used to simulate
the observed results. When a lower reaction constant and a higher diffusion constant
was used in the simulations for manganese compared to the simulations of cobalt, the
observed results were simulated correctly. Note that the typical

√
t behavior observed for

cobalt catalysts is a special case of the more general reaction-diffusion equations and is
also observed in the corresponding simulations. For manganese as a catalyst, the higher
diffusion constant, lower reaction constant, and the increase in T2 indicate that the final
completely cured coating is less densely cross-linked. Since the oxygen diffusion constant
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is higher than for cobalt, the diffusion constant of water or other molecules may be higher
as well. This might negatively affect the performance of the coating, for instance, because
of a reduced resistance against water. This demonstrates that the use of NMR helps
assessing the coating performance of alternative driers (like Mn and Fe) in real alkyd
systems.

The effect of substrates on the curing of alkyd coatings was also investigated. With
NMR the curing reactions could be visualized, on or even inside a substrate. The curing
speed was found to be higher when the alkyd emulsion was applied on a gypsum substrate.
From the NMR profiles also the depth of penetration is visible, which allows the adhesion
properties to be related to the penetration of the porous substrate. From the results it
can be concluded that for optimization of the overall coating performance one should
explicitly take the substrate into account.

9.2 Outlook

Thus far we have focussed on the curing of alkyd coatings. However, the high resolution
NMR imaging setup enables us to study a whole range of processes inside coatings or
thin layers. In the following subsections, we will discuss the ability of the setup to probe,
the moisture content and the moisture transport properties inside a coating, spatial vari-
ations in network structure which as a result can change the transport properties (e.g.,
multilayered systems), and finally we will discus the ability to probe fluorine containing
coatings.

9.2.1 Moisture Transport

In this subsection we will show that high spatial resolution NMR is a valuable technique
for studying moisture in coatings. Such a study is of interest for two reasons. First of
all, environmental issues concerning the use of VOC’s, see also chapter 1, have led to
new reformulated water-borne coatings. These water-borne coatings should be (partly)
hydrophilic while stored, but should be hydrophobic after application and drying. As a
result they can be susceptible to moisture transport. Additionally, the moisture uptake
and drying is determined by factors such as the pigment to volume concentration (CPVC),
temperature, and relative humidity (RH), making it a very important topic for coating
manufacturers [128, 132–134, 139–141]. Secondly, the NMR setup provides spatial infor-
mation, whereas most other techniques only provide bulk information. With the NMR
setup the water distribution and the water transport properties, such as diffusivity can
be measured [34, 142]. In this section this will be illustrated by a measurement of the
barrier property of a coating applied on a gypsum layer and a measurement showing the
water uptake of a solvent-borne alkyd coating at a high relative humidity.

First, we measured the moisture transport through a water-borne alkyd emulsion
applied on a gypsum layer. The results of these measurements are plotted in figure 9.2a.
The acquisition of one profile took 10 minutes. The gypsum layer (CaSO4·2H2O) was made
from pure hemihydrate (CaSO4· 12H2O), with a mass ratio water to binder of 0.66, resulting
in a porosity of about 45% [135]. After the curing process was measured, a cylinder was
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Fig. 9.2: NMR profile of a water-borne alkyd coating on top of a gypsum substrate. a) The
initially dry coating and gypsum layer and the system after applying water on top of
the coating. b) The water content obtained by subtracting the two curves plotted in
a).

glued on top of the coating and was filled with water. By subtracting the initial NMR
profiles of the dry coating and gypsum from the subsequent measurements, the moisture
content was calculated. The results are plotted in figure 9.2b. We observed that the water
penetrated the coating, and that within half an hour a steady-state situation was reached.
The coating acts as a moisture diffusion barrier to the gypsum. Once the water reaches
the gypsum it diffuses very fast and may eventually evaporate.

Secondly, a cured solvent-borne system was investigated that was equilibrated in an
environment with a 97.5% relative humidity at 20 ◦C. The NMR profiles are shown in
figure 9.3. The profiles were acquired every 10 minutes, and indicate that the sample equi-
librates within 30 minutes to the room temperature and humidity. The decrease in signal
suggests that water evaporates from the coating. However, when a high concentration of
water is present in a coating, this water might act as a plasticizing agent, which results
in an increase of the T2 value and, consequently, the NMR signal intensity. Therefore,
calibration of the moisture content measured with NMR using additional techniques , e.g.,
mass-measurements, is required.

The two measurements presented here show that profiling the water content as a
function of time is possible. However, measuring low concentrations of water with a
good SNR and a sufficient time resolution for the particular wetting or drying process is a
problem. Fortunately, some possibilities exist to improve the SNR, e.g., by taking a larger
RF coil, or by addition of T1 reducing ions (e.g. CuSO4) to increase the experimental
repetition rate. Measurements of the diffusion coefficient as a function of position requires
a very long acquisition time (several hours), as a result the diffusion can only be measured
in steady-state situations or during slow processes.
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Fig. 9.3: NMR profiles of a solvent-borne alkyd coating. After equilibration in 97.5% RH at
20 ◦C, the coating was placed in the NMR setup. The profiles are acquired every 10
minutes.

9.2.2 Depth resolving the network structure

In this section we will show the possibilities of high resolution NMR imaging to probe
network properties as a function of position. In general, with network properties one
refers to cross-link density, chain branches, chain loops, network defects, and so on. The
properties of the network determine in large extent the transport properties of the coating.
There are several reasons why high resolution NMR imaging may be useful technique
to probe network properties. First of all, a great interest exists in spatially resolving
the network properties, because in many cases inhomogeneous networks are expected or
present in coatings, e.g., UV curable coatings and drying alkyds. The second reason is
the way in which NMR resolves network properties. From the NMR signal decay the
polymer mobility can be obtained, and from the differences in mobility information on
the network properties can be obtained. Other techniques only allow a characterization
of physical properties of cured materials (macroscopic scale), or an analysis of chemical
conversion (microscopic scale) [88].

We will now first demonstrate the ability to obtain information on the molecular
mobility by analyzing the NMR relaxation of UV cured acrylate coatings. Next, we will
briefly discuss the importance of nano-particles in coatings, and their influence on the
network topology. Finally, we will show how -in principle- the glass transition temperature
as a function of position can be measured.
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Mw n Tg ± 2 ◦C
700 12 -55
575 9-10 -30
302 4 33
258 2 64

Table 9.1: Average molecular weight of the PEGDA samples used to obtain different
cross-link densities. n denotes the number of monomeric units of PEGDA:
CH2=CO-[O-CH2-CH2]n-O-CO=CH2. The glass transition temperature Tg is given
for each coating after UV curing.
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Fig. 9.4: Short relaxation time T s
2 against temperature T−1. A plateau is observed above 85 ◦C.

UV cured acrylates

Some model UV curable acrylate systems are used for analyzing the network structure of
a coating after UV curing, using the relaxation data obtained from the NMR signal decay.
A photoinitiator is used to cure a di-functional poly(ethylene glycol) diacrylate (PEGDA).
Curing of PEGDA results in a cross-linked network [88]. Four different PEGDA samples
with different average molecular weights were used, resulting in UV cured coatings with
different cross-link densities, see table 9.1.

In figure 9.4 the short relaxation time T s
2 obtained from a bi-exponential fit of the NMR

signal decay is plotted as a function of reciprocal temperature. The transverse relaxation
is governed by the interactions of near neighbors, which depend on the hydrogen mobility
[86] and therefore also on the intra-chain mobility. At high temperatures, 60–150 ◦C above
the glass-transition temperature, the mobility of the polymers becomes restricted by the
cross-links and a plateau develops [88–90, 143]. At low temperatures the relaxation time
T s

2 drops below the minimum value that can be determined in this setup. This value is
roughly equal to the inter-echo spacing (50 µs in this case).
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2 against the glass transition temperature (Tg). The measurements are performed

at 110 ◦C, far above the glass transition temperature.

In figure 9.5 the relaxation times T s
2 and T l

2 are plotted against the glass temperature
for the different PEGDA samples. The samples are all measured well above the glass-
transition temperature, which means that T2 is determined by the cross-link density. The
figure shows a very clear relation between T2 and the glass transition temperature. For low
cross-link densities the glass transition temperature is known to depend linearly on the
cross-link density ρc [144]. Consequently, T2 varies inversely with the cross-link density.

Nano particles

Many organic and inorganic particles are used as additives in coatings. When the added
particles have dimensions below 100 nm, they are referred to as nano-particles. Much
recent research on coatings is focussed on the use of nano-particles as additives. Nano-
particles can be used to improve the mechanical properties of coatings but also to create
electrical conductive coatings [145]. Conductive coatings have many applications, such as
making conductive patterns by direct digital printing. New anti-static coatings can be de-
veloped for use on windows, screens, etc. The use of nanoscale particles with antibacterial
properties in coatings is another example [146]. Because the distribution of nano-particles
is not necessarily uniform and also affects the network properties, techniques that allow
depth profiling are crucial for obtaining information on the distribution of these particles.
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nr Tg (◦C) ρc (mmol/cm3) T2 (µs) at 22 ◦C
I 79 1.58 64± 10
II 69 0.98 96± 10
III 61 0.12 120± 10

Table 9.2: Three different polyurethane coatings produced with different cross-link densities
(ρc), obtained from DMTA measurements. The relaxation times T2 are measured at
room temperature, far below the glass transition temperature Tg.

Multilayered systems

Often coatings are applied in multiple layers, each with its specific purpose, e.g., adhesion,
barrier properties, color, and gloss. For example, automotive coatings consists generally
of a base coat and a clear coat. We will now show that three consecutive layers with
different glass transition temperatures applied on a substrate can be spatially resolved
using our NMR equipment. This can be achieved by measuring T2 as a function of
temperature [143]. Three different polyurethane thermosetting coatings with different
cross-link densities and glass transition temperatures were made. The cross-link density
of each coating was determined by DMTA. The properties of the three layers are listed in
table 9.2. Using the NMR setup the relaxation time T2 was measured at room temperature
for the three separate layers. Also a three layered sample was made by applying three
consecutive layers on top of each other, each layer with a cross-link density equal to one of
the three separate layers listed in table 9.2. This sample was depth profiled using NMR,
and the results obtained at various temperatures are plotted in figure 9.6. Because the
relaxation is very fast, part of the signal is already lost at the first moment of acquisition,
which explains the difference in signal intensity for the different layers, assuming that the
hydrogen density is the same in all layers. By increasing the temperature the polymer
mobility increases and as a result the relaxation time increases, resulting in more signal.
By investigating the signal intensity and relaxation times as a function of temperature in
principle the glass transition temperature can be determined. One can clearly see that
layer 3 has a much lower glass transition temperature, because at lower temperatures the
signal of this layer significantly exceeds that of the other layers.

We conclude that by heating a coating information on the network (cross-link density
and glass transition temperature) can be obtained as a function of depth. According to
literature [88, 90], also swelling agents can be added to the coatings instead of heating,
allowing network properties to be obtained from measurements at, for instance, room
temperature.

9.2.3 Fluorine containing coatings

Next to hydrogen also fluorine is a sensitive nucleus for NMR. In this section we will
discuss the importance of fluorine and the distribution of fluorine in coatings. Fluorine
in coatings is used to reduce the adherence between a coating surface and possible con-
taminants. Reducing the adherence of contaminants is of major importance to retain the
aesthetical properties of the coating [147, 148]. A reduced adherence can be achieved
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Fig. 9.6: NMR signal intensity as a function of position for a multilayered sample consisting of
separate polyurethane layers applied on top of each other. The properties of each layer
are listed in table 9.2.

by lowering the surface energy of the coating, making it easily cleanable. Addition of a
small fraction of low surface energy species, such as perfluoroalkyl alcohols, will lead to
a significantly lower surface tension of the film [147]. Only a small fraction is necessary,
because these species will orient or move towards the air/film interface. This property
has been used for preparation of so-called self-stratified low-adhesion coatings, in which
an initially homogeneous formulation transforms into a layered film upon film formation.
Previous research has shown a strong surface segregation of fluorinated species during
film formation, and revealed that the fluorine rich layer is thin (around 20 nm [149, 150]).
Upon mechanical abrasion, the coating will therefore sustain the low adherence only if
the fluorine bulk level is sufficiently high.

Determining the fluorine distribution as a function of position is not straightforward.
Techniques like confocal Raman spectroscopy and FTIR have a sensitivity that is not
sufficient to probe the fluorine distribution as a function of depth. On the other hand,
when the sensitivity is sufficient, the measurements are destructive and expensive, e.g.
sputtering XPS [151]. High resolution NMR imaging may be a possible option, as will be
demonstrated below.

Figure 9.7 shows the hydrogen and the fluorine profiles of two coatings placed on top
of each other. One coating contains 1 mass % fluorine and the other 2 mass %. The
hydrogen and fluorine signals are measured using a inter-echo time setting of 150 µs and
a recording window of 130 µs, giving a spatial resolution of 5 µm. The sensitivity of
fluorine is 80% of that of hydrogen. Because of the low concentration of fluorine, a huge
amount of averages are needed (256000). It takes approximately 24 h to measure the
fluorine profiles. Since an OW sequence is used, multiple echoes (and thus profiles) are
measured to enhance the SNR as much as possible. However, the use of multiple echoes
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Fig. 9.7: Fluorine and hydrogen distribution obtained for samples containing 2% and 1% of
fluorine, respectively.

is only possible if the relaxation time T2 is long enough, which requires the measurement
to be performed sufficiently far above the glass transition temperature Tg.

Our preliminary results indicate that NMR can be considered as a good alternative to
determine the fluorine distribution. However, the measurement time is very long (about
a day), which rules out the possibility to monitor various dynamic processes, such as the
fluorine redistribution during drying of a coating.

9.2.4 Concluding remarks and recommendations

The examples presented in this section prove that high resolution NMR imaging is a
promising technique to probe local properties. Using different NMR sequences, high spa-
tial resolution MRI allows determination of hydrogen and fluorine densities, moisture
diffusivity, and network structures, all as a function of time. Information on these prop-
erties is very valuable in research on transport processes in permeable media. Having this
information available allows modelling of transport processes and can therefore be very
helpful in predicting durability and performance of coatings.

The examples also indicate that for several future studies controlling the environmental
conditions is important (e.g., relative humidity and temperature). Therefore, it would be
very useful to equip the present NMR setup with a small climate chamber around the
sample.
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Appendix A: Off resonance excitation
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Fig. A.1: Excitation of a spin in an inhomogeneous field.

In a high magnetic field gradient, e.g., a stray field magnet (STRAFI) or a gradient
at right angle to the magnetic field (GARFIELD) magnet, on resonance excitation does
not apply. Due to the large static magnetic field gradient only the spins at the Larmor
frequency are experiencing the correct rotation angle. Note that the center of the sample
means the position at exactly the excitation frequency. Consider a spin displaced from
that center inside the gradient by δy. Its frequency difference with respect to spins at the
center is given by:

∆ω0 = γGδy (A.1)

This means that in the rotating frame of reference the spins located outside the center
are still rotating. This is in fact always the case, but for low gradients these rotations can
often be neglected. The effective rotation frequency is given by:

Ω =
√

∆ω2
0 + ω2

1, (A.2)

where ω1 = γB1, the excitation frequency. The precession axis is not located within the
xy-plane but is tilted upwards to the z-axis, by an angle α, given by α = arctan(∆ω0/ω1).
A rotation over an angle −α to the xy-plane is given by:

R−α =
1

Ω




ω1 0 −∆ω0

0 0 0
∆ω0 0 ω1


 , (A.3)
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Therefore the effective rotation for any spin is given by:

Rφ,θ,α = RαRφRθR−φR−α =




∆ω2
0 cos θ+ω2

1(cos2 φ+cos θ sin2 φ)

Ω2

cos φ(∆ω0 sin θ+ω1(1−cos θ) sin φ)
Ω

Ω2 sin θ sin φ−2∆ωω1 cos2 φ sin2 θ
2

Ω2

cos φ(−∆ω0 sin θ+ω1(1−cos θ) sin φ)
Ω

cos θ cos2 φ + sin2 φ − cos φ(∆ω0(1−cos φ) sin φ+ω1 sin θ)
Ω

−Ω2 sin θ sin φ−2∆ωω1 cos2 φ sin2 θ
2

Ω2

cos φ(−∆ω0(1−cos φ) sin φ+ω1 sin θ)
Ω

∆ω2
0(cos2 φ+cos θ sin2 φ)+ω2

1 cos θ

Ω2




(A.4)
This rotation matrix can be implemented to simulate excitation in inhomogeneous fields
[112]. Using the common transformation M+s = Mx + iMy and M− = Mx − iMy

(see matrices A.5), discrimination between rephasing and dephasing configuration can

be achieved. The rotation matrix for the vector ~M = (M+,M−,Mz) is than given by
R∗

φ,θ,α = TRαRφRθR−φR−αT ∗. Using coherent pathways [112] (also called theory of con-
figuration [106]), spin echo intensities and shapes can be calculated. Using simulation
programs based on rotation, relaxation, and diffusion matrices allows data to interpreted
more easily.

T =




1 i 0
1 −i 0
0 0 1


 , T ∗ =




1
2

1
2

0
1
2i

−1
2i

0
0 0 1


 (A.5)
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Summary

Over the last decades, the concern regarding the effect of chemicals on the environment
has increased considerably. Nowadays, technological developments in the coating industry
are largely influenced by environmental issues and subsequent legislation. One of these
issues is the restricted use of Volatile Organic Compounds (VOC) in coatings. Another
example is the tendency to replace cobalt as a catalyst used in alkyd coatings by more
environmental friendly alternatives, because studies have indicated possible carcinogenic-
ity. As a result alternative catalyst are investigated, based on manganese or iron. The
coating industry is a dynamic industry striving for environmental friendly coatings, while
increasing the performance and durability of their products and decreasing the develop-
ment time and costs. To produce high quality products, fundamental knowledge of the
many interactions between coating ingredients is required.

In many of these products inhomogeneities exist, both during and after the drying
process. However, most standard testing techniques lack the ability to asses these in-
homogeneities, because they essentially measure bulk properties. Some techniques can
obtain spatial information, e.g., confocal Raman microscopy (CRM), but these techniques
are limited to optically transparent coatings. Fortunately, a new NMR setup has been
developed that can probe the drying process of a coating (typically 100 µm) with a spatial
resolution of approximately 5 µm as function of depth.

This thesis focusses on the chemical drying process (curing) of alkyd coatings, which
has been investigated using this high resolution NMR imaging setup. Next to NMR
imaging, and additional techniques, like CRM, differential scanning calorimetry (DSC),
and mass measurements were used to distinguish the two different drying stages of alkyd
coatings: evaporation and curing. The NMR profiles were compared with the disappear-
ance of the double bonds of the unsaturated fatty acids observed with CRM. The results
indicated that the disappearance of the double bonds in the fatty acid side chains of the
alkyd molecules is directly connected with the formation of cross-links by these fatty acid
entities. This oxidative cross-linking results in an increase of the viscosity and therefore
in a faster decay of the NMR signal. As a result the curing becomes visible in the NMR
profiles.

The curing of alkyd coatings with a cobalt based catalyst was found to be limited by
diffusion of oxygen. This oxygen diffusion limitation results in a cross-linked layer (a skin),
located on top of a still uncross-linked layer of the coating. At the interface of these two
layers cross-linking takes place. The movement of this cross-linking front was modelled,
resulting in an equation describing the observed

√
t behavior of the front position. In

solvent-borne alkyd coatings we found an additional effect, i.e., part of the NMR signal
from the deeper layer below the cross-linking front decreases during the curing process.
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This behavior was explained by diffusion of a low amount of reactive species generated at
the location of the front into deeper layers, where they subsequently react. The resulting
cross-linking gives rise to a decrease of the NMR signal. This process was described with a
model, which predicts that the signal below the cross-linking front decreases proportional
to
√

t/L. Subsequent measurements confirmed this prediction.

In our experiments the speed of the observed cross-linking front was found to depend
on the catalyst concentration, and addition of secondary driers (Ca/Zr). The observed
behavior can only be explained in terms of changes of the variables of the equation de-
scribing the front movement. These variables are diffusion of oxygen, oxygen solubility
at the surface of the coating, and the amount of oxygen required to cross-link a specific
coating volume.

Manganese is proposed as an alternative for cobalt, which is the most commonly used
catalyst in commercial alkyd paints. In our experiments oxygen diffusion limitation and
the resulting skin layer were only found for coatings with cobalt as a catalyst. When
manganese was used a more homogeneous and faster curing behavior was observed. A
reaction-diffusion model combined with equations describing the NMR signal as a function
of the degree of cross-linking was used to simulate the observed behavior. The results show
that manganese has a lower reaction constant and the cross-linked system has a higher
diffusion constant for oxygen.

Also the effect of substrates on the curing of alkyd coatings was investigated. With
NMR the curing reactions could be visualized, on or even inside a substrate. The front
speed was found to be higher when the alkyd emulsion was applied on a gypsum substrate.
This increased front speed might be attributed to the presence of Ca2+ in the coating
functioning as a secondary drier. The Ca2+ is transported from the gypsum substrate
to the coating during the evaporation stage. From the NMR profiles also the depth of
penetration is visible, which allows the adhesion properties to be related to the penetration
of the porous substrate.

Possible new application areas of high resolution NMR imaging were explored. One
application area is probing the barrier properties of the coating. The NMR setup allows
the water content to be measured as a function of position, even on a porous substrate like
gypsum. Another application area is probing network properties as a function of position.
Preliminary results show that the glass transition temperature can be determined as
a function of position. The last application concerns the detection of fluorine, that is
added to some coatings to reduce the adherence of all kinds of contaminants. We have
demonstrated that with our NMR equipment the distribution of fluorine inside a coating
can be determined, even for fluorine concentrations as low as 1.0 %.



Samenvatting

Gedurende de laatste decennia zijn de effecten van chemicaliën op het milieu steeds duide-
lijker geworden. De technologische ontwikkelingen op het gebied van coatings worden als
gevolg hiervan sterk bëınvloed door deze milieueffecten en de strenger wordende regelge-
ving. Een voorbeeld hiervan is de strenge regelgeving omtrent het gebruik van organische
oplosmiddelen in verf. Een ander voorbeeld is het gebruik van kobalt als katalysator
in alkyd coatings. Recente studies hebben laten zien dat kobalt kankerverwekkend kan
zijn. Vanwege dit feit worden alternatieven gezocht, zoals mangaan of ijzer. De coating
industrie is een dynamische industrie die streeft naar hoogwaardige en milieuvriendelij-
ke coatings, die doorgaans binnen een korte tijd ontwikkeld moeten worden. Om deze
hoogwaardige kwaliteit te kunnen bereiken is fundamentele kennis noodzakelijk.

In veel situaties kunnen er in een coating inhomogeneiteiten bestaan, zowel gedurende
het drogen alsook na het drogen. Helaas kunnen de meeste standaard meettechnieken niet
plaatsopgelost meten, en worden alleen de bulk-eigenschappen bepaald. Enkele optische
technieken, zoals confocal Raman microscopie (CRM), kunnen dit wel, maar hebben als
nadeel dat alleen optisch transparante coatings bekeken kunnen worden. Met behulp van
een nieuw ontwikkelde NMR opstelling kan deze beperking worden opgeheven. Met deze
NMR opstelling kan een coating (met een typische dikte van 100 µm) met een resolutie
van ongeveer 5 µm gemeten worden.

In dit proefschrift komt voornamelijk het chemische uitharden van alkyd coatings aan
de orde, dat bestudeerd is met behulp van de bovengenoemde NMR opstelling. Naast
deze NMR opstelling hebben wij ook andere technieken gebruikt, zoals CRM, differential
scanning calorimetry (DSC) en massametingen, om de twee verschillende droogstadia van
alkyd coatings te kunnen onderscheiden. De twee verschillende droogstadia van alkyd
coatings bestaan uit het verdampen van het oplosmiddel en het chemische uitharden. De
tijdens het droogproces verkregen NMR profielen zijn vergeleken met profielen verkregen
met behulp van CRM. Met CRM kan het verdwijnen van de dubbele bindingen in de
onverzadigde ketens van alkyd hars gemeten worden. De resultaten laten zien dat het
verdwijnen van de dubbele bindingen direct resulteert in het vormen van cross-links. Dit
oxidatieve proces zorgt voor een toename in de viscositeit van de coating, wat een sneller
NMR signaalverval tot gevolg heeft. Het snelle signaalverval maakt dat het chemische
uithardingsproces zichtbaar is in de NMR profielen.

Het uitharden van alkyd coatings met het veelgebruikte kobalt als katalysator is een
proces dat gelimiteerd wordt door diffusie van zuurstof. Deze zuurstof limitering zorgt
ervoor dat een dunne harde laag aan de bovenkant van de coating gevormd wordt. On-
der deze laag is nog steeds onuitgeharde coating aanwezig. Op het grensvlak van deze
twee lagen vind het proces van cross-linking plaats. Dit grensvlak, het cross-linking front,
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verplaatst over een afstand evenredig met
√

t. Een fysisch model van het zojuist beschre-
ven proces bevestigt deze observatie. Naast dit effect blijkt er in alkyd coatings met en
organisch oplosmiddel nog een ander effect te zijn. In de dieper gelegen laag, onder het
cross-linking front, blijkt het NMR signaal ook af te nemen. Dit effect hebben wij kunnen
verklaren aan de hand van diffusie van reactieve stoffen in de diepere lagen. Deze reactie-
ve stoffen worden gevormd op het front, diffunderen naar diepere lagen, en reageren daar
alsnog. Het model dat dit proces beschrijft voorspelt een afname van het NMR signaal
evenredig met

√
t/L. Additionele experimenten bevestigen deze voorspelling.

In onze experimenten hebben we geobserveerd dat de snelheid waarmee het front zich
verplaatst afhankelijk is van de concentratie van de katalysator en het toevoegen van
zogenaamde “secondary driers”, zoals Ca en Zr. Een verandering van de snelheid van
het front kan verklaard worden in termen van de variabelen die de beweging van dit
front beschrijven. Deze variabelen zijn de zuurstofdiffusie door de uitgeharde toplaag, de
zuurstofoplosbaarheid aan de bovenkant van de coating, en de hoeveelheid zuurstof die
nodig is om een zeker volume van de coating volledig uit te laten harden.

Vanwege de bovengenoemde problematiek omtrent kobalt, is mangaan onderzocht als
mogelijk alternatief. Uit onze experimenten blijkt dat het uitharden homogener verloopt
dan wanneer kobalt wordt gebruikt. Een dun uitgehard laagje wordt niet geobserveerd en
het uitharden als gehaal verloopt sneller. Met behulp van een reactie-diffusie model, in
combinatie met vergelijkingen die het signaalverlies als functie van de graad van uitharding
beschrijven, kon het proces beschreven worden. Uit simulaties blijkt dat in geval van
mangaan als katalysator de reactieconstante lager is en de diffusie van zuurstof hoger.

Ook het effect van enkele poreuze ondergronden is onderzocht. Met NMR kan het
uitharden ook gemeten worden op en zelfs in een poreuze ondergrond. Het cross-linking
front blijkt sneller te bewegen als een watergedragen emulsie op gips wordt aangebracht.
Dit kan verklaard worden door het feit dat een gedeelte van het in het gips aanwezige
calcium als “secondary drier” gaat fungeren, nadat het naar de coating is getransporteerd
tijdens het verdampingsproces. Bovendien kan de indringdiepte van een coating die op
een poreuze ondergrond is aangebracht duidelijk zichtbaar gemaakt worden.

Tenslotte zijn een aantal andere toepassingsmogelijkheden van de NMR opstelling
onderzocht. Een voorbeeld hiervan zijn de barrière eigenschappen van verf. Met de
NMR opstelling is het mogelijk het vochtgehalte als een functie van de positie in de
coating en in het substraat te bepalen. Een andere mogelijkheid is het onderzoeken
van de netwerkeigenschappen van de coating als functie van positie. De resultaten laten
zien dat bepaling van de glasovergangstemperatuur als functie van positie in de coating
mogelijk is. De laatste toepassing is het meten van fluor in coatings. Fluor wordt in
lage concentraties toegepast in coatings om adhesie van allerlei stoffen te voorkomen. We
hebben laten zien dat met de NMR opstelling concentraties vanaf 1 % gemeten kunnen
worden.
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