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Foreword




Ah, happy he who still can hope to rise,


Emerging from this sea of fear and doubt!


What no man knows, alone could make us wise;


And what we know, we well could do without.


Goethe, Faust





Almost twenty years after the first edition of this book, the editor was asked by colleagues in the coating industry whether it would be possible to publish an up-dated second edition. When the editor asked us whether we would be interested in working on such a second edition, we agreed with great pleasure.


Although some time has passed since the first edition, the problems facing the industry are still the same: paint flaking off an object remains a serious concern. The object has lost its protection and is exposed to the elements. It has lost the colour that made it attractive. It has become insignificant and unnoticed.


The purpose of this book is to explain the underlying principles of paint degradation, demonstrate, with the help of numerous examples, how paint films can be protected and serve as a practical guide for formulators when selecting light stabilizers for their paint formulation.


For a more precise analysis of the mechanism of paint degradation and its prevention, the reader is referred to the extensive bibliography at the end of the book, which covers the subject comprehensively.


Hermann Hesse wrote “Blue, yellow, white, red and green – what wonderful colours” [1]. When properly stabilized, colourful finishes ARE wonderful.


We would like to take this opportunity to thank our colleagues from the former Ciba Specialty Inc. and BASF Switzerland AG. Without their collaboration and support it would have never been possible to carry out the research, over a period of more than two decades, on which this book is based. We would also to thank Dr. Godwin Berner and Hans-Jürgen Berger who pioneered, built-up and led this successful business for so many years. Special thanks goes to Allan Cunningham for his great support editing our English text.


Basle, Switzerland June 2016


Andreas Valet and Adalbert Braig
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1 Introduction


In the dictionary, paints are defined as “liquid or powdered, solid substances which are applied thinly to objects and which dry by chemical reaction and/or physical changes to form a solid film whose function may be decorative and/or protective” [2].


Although applied only thinly, paints alter the appearance and increase the durability of many everyday objects. The efficiency of a paint, i.e. its ability to protect the coated object, is governed by the nature of the binder used in its formulation. Binders are also often referred to as film-forming agents, surface coating resins or synthetic resins. Paints contain organic solvents and/or water, or are completely solvent-free, depending on the kind of binder used. Paints may also contain pigments, fillers and other additives.


Paint films are exposed to all conditions arising in daily life, including mechanical stresses, chemicals and weathering, against which they must protect the coated object.


In 1860, A. Hofmann stated [3] that “the characteristic change which occurs in gutta-percha (rigid natural latex) when it has been in contact with air for some time, is well known. It becomes brittle and irreversibly loses its texture.” Investigations had shown this change to be due to oxidation of the gutta-percha when exposed to air and Hofmann’s statement is probably the first reference in the literature concerning the chemical reactions that alter polymer properties.


As a result, efforts began to protect polymers against these chemical reactions. New polymers required stabilizers to prevent them from deterioration in practical use. This formed the basis for the development of stabilizers for polymers. The term “stabilizer” refers to any additive that prevents or delays polymer degradation, irrespective of what kind of degradation mechanism is involved. The development of light stabilizers is described in the following publications and patent specifications.


– Remarks on the Change of Gutta Percha under Tropical Influences [3]


– Verfahren, um das Erhärten und Brüchigwerden von Kautschuk, Guttapercha, Balata und ähnlichen Gummiarten zu verhindern (Methods of preventing the hardening and embrittlement of rubber, gutta-percha, balata and similar rubbers) DP 221310; W. Ostwald, 1908)


– The Chain Reaction Theory of Negative Catalysis[4]


– Autoxidation von Kohlenwasserstoffen: Über ein durch Autoxidation erhaltenes Tetrahydronaphthalin-Peroxid (Autoxidation of hydrocarbons: tetrahydronaphthalene peroxide obtained through autoxidation)[5]


– Der Kettenmechanismus bei der Autoxidation von Natriumsulfidlösungen (The chain mechanism during the autoxidation of sodium sulphide solutions) [6]


– Pellicle and the Manufacture thereof (USP 2,129,131; E. Du Pont de Nemours, 1938


– Vinylidene Chloride Composition Stable to Light (USP 2,264,291; The Dow Chemical Company, 1941)


– Lichtschutzmittel und ihre Beurteilung (Light Stabilizers and their Assessment) [7]


– Weather resistance of Cellulose Ester Plastics Compositions [8]


– 4-Benzoylresorcinol as an Ultraviolet Absorbent (USP 2,568,894; General Aniline & Film Corporation, 1951)


– Verwendung von 2-Phenylbenzotriazol-Verbindungen zum Schützen von organischem Material gegen ultraviolette Strahlung (Use of 2-phenylbenzotriazole compounds to protect organic materials from UV radiation) (DE 1185610; Ciba-Geigy AG, 1957)


– Free Radical Reactions involving no Unpaired Electrons [9]


– Stabilization of Synthetic Polymers (USP 3,542,729; Sankyo Ltd., 1970)


The preceding references formed the basis for the development of light stabilizers for coatings.


In this book, in addition to paint, two other terms are widely used in the industry will appear, namely coating and varnish.









2 Light and photo-oxidative degradation


2.1 Light


Light is generally described as radiation visible to the human eye comprising wavelengths between 400 and 750 nm[2]. But “visible” light is only a part of the electromagnetic radiation to which the earth is exposed. Electromagnetic radiation can be divided into different groups as shown in Figure 2.1. Figure 2.2 shows the sub-division of “ultraviolet to infrared”.
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Figure 2.1: Classification of electromagnetic radiation with wavelengths λ of 10-15 to 103 m[10]
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Figure 2.2: Classification of radiation with wavelength range of 100 to 4000 nm







Table 2.1: Relationship between wavelength λ and dissociation energy of some organic model compounds[11, 12, 13]
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Most of the energy-rich electromagnetic radiation (λ < 290 nm) is absorbed by the earth’s atmosphere, primarily by the ozone layer in the stratosphere. Although only 6 % of the light reaching the earth’s surface is the ultraviolet light (“UV light”) it is responsible for most of polymer degradation due to weathering.
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Figure 2.3: Sunburn of the human skin caused by UV radiation (UV-A, UV-B) [14]





Table 2.1 shows the relationship between wavelength and dissociation energy in different molecules [11, 12, 13]. These figures demonstrate that the UV light reaching the earth’s surface is sufficiently rich in energy to break covalent bonds present in polymers.


Only light that is absorbed is capable of initiating photo-chemical processes. Pure polymers such as polymethyl methacrylate, polyethylene or aliphatic polyesters are photochemically stable between 300 and 400 nm because they do not absorb light. The emphasis here is on the word “pure”. However, if the polymer contains impurities that absorb light, e.g. catalyst residues and other substances added during production, or oxidation products, it becomes sensitive to UV light. Polymers whose basic structure already contains UV absorbent groups are inherently light sensitive and are likely to undergo photo-chemical degradation even in the absence of such impurities. Typical examples include polystyrene and styrene copolymers, aromatic polyurethanes, polyesters and polyepoxides.


Human beings, too, experience the harmful – and very painful – effects of light. Here, the skin, whose function, after all, is to protect the body, is attacked by UV-B, UV-A, and even visible light [14, 15]. Damage and eventual destruction of the skin can seriously affect the underlying tissue.


Figure 2.3 shows the sunburn of the human skin. Reflected light, water, snow and droplets of perspiration, for example, can further magnify the effect of sunlight.


By analogy, the damage of polymers and paint films by light can also be classified as a kind of “sunburn”, the difference being that polymers, unlike the human skin, are not capable of regeneration.


2.1.1 Photo-physical processes


The first step in a photo-chemical reaction is the absorption of light that promotes the molecule into an energy-rich, excited state. Molecules can exist in two electronic states:


– singlet state S (paired electron spins)


– triplet state T (unpaired electron spins)


According to Hund’s first law, electronic states with greater spin multiplicity are more stable, i.e. the triplet state is generally lower in energy than the corresponding singlet state.


Upon absorption of light, molecules are promoted from their singlet ground state So to a first energy-rich excited state S1 or T1.


The probability of a chemical reaction in an excited state increases with the lifetime of the state. As the lifetime of the excited triplet state T1 is longer than that of the corresponding singlet state S1, most photo-chemical reactions occur in the excited triplet state [16]. Reactions in the shorter-lived singlet state S1 can occur if they are thermodynamically and kinetically favoured. The kinetic factor in particular is dependent upon the substrate. A molecule in the excited singlet state S1 has more possibilities to dissipate energy. These are shown in Figure 2.4 in the so-called Jablonski diagram [17].


Energy release or deactivation is possible with or without radiation. The lowest triplet state T1 is formed by a radiation-less transition from S1 to T1, described as “inter-system crossing”. The transition T1 to T2, T3 etc. is only possible if the molecule absorbs light in the T1 state. Transitions from S1 to T1 or from T1 to S0 break the spin selection rules (change of spin multiplicity) but can occur if sufficient spin-orbit coupling is present [18].


The smaller the energy difference between S1 and T1, the greater the possibility of inter-system crossing.


2.2 Photo-chemical degradation processes


Photo-oxidative degradation processes, in which chain cleavage, chain branching and oxidation reactions occur, can be divided into the stages shown in Figure 2.5 [19]. Chain initiation, equation (a), involves energy transfer from a photo-activated donor D* to an acceptor A present in the ground state. This energy transfer can take place inter-molecularly or intra-molecularly [12].


In intra-molecular energy transfer, a functionality in an excited state (D*) transfers energy to a functionality in the ground state (A) within the same polymer molecule. This process is important in those molecules (e.g. copolymers) in which parts are present which can easily be photo-activated.


In the case of inter-molecular energy transfer, a molecule not belonging to the polymer itself but being in an excited state, transfers its energy to the polymer [19]. In Section 2.1 it was pointed out that pure polymers such as polyethylene and polymethyl methacrylate are photo-chemically stable. However, impurities present in these polymers, e.g. catalyst residues, can initiate photo-chemical degradation.


Chain initiation (a) in Figure 2.5 leads to free radicals on the polymer chain that react with oxygen (photo-oxidation). The speed of this photo-oxidation depends on the type of polymer and coating (preparation, composition, impurities, additives). At the same time, purely thermal processes may also take place (oxidation).


Given the enormous quantities of paints and polymers used throughout the world, stabilization against photo-chemical degradation is crucial from an economic as well as ecological point of view. After all, the destruction of paint films and polymers requires their replacement, especially when the coating serves not only for decorative reasons but to protect the underlying surface, be it metal, wood or plastic. Once the protective coating deteriorates and ultimately breaks down, the revealed surface is exposed to the elements: metal will corrode and wood will be degraded by humidity and UV light.


Figures 2.6 to 2.9 show typical examples of photo-oxidatively damaged polymers and coatings.
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Figure 2.4: Jablonski diagram [17], IC: Internal Conversion; ISC: Inter System Crossing
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Figure 2.5: Schematic representation of photo-oxidation of polymers (P)





1 may contain catalyst residues, hydro peroxides etc.
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Figure 2.6: Embrittlement of polymer material caused the destruction of the greenhouse film
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Figure 2.7: Loss of adhesion of a 2-coat automotive finish caused by weathering
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Figure 2.8: Micrograph of cracking in an automotive clear coat
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Figure 2.9: Outdoor weathering tests with red HD polyethylene. Weathering: Florida, 45° S












3Stabilization options


The photo-physical and photo-chemical processes leading to photo-oxidative degradation of polymers described in Section 2.2, also provide an indication of the best methods to protect or stabilize these materials against the harmful effects of light. These are presented in Figure 3.1.


As afore mentioned, photo-oxidative reactions can only occur if the polymer absorbs light. The polymer must contain functionalities capable of absorbing electromagnetic radiation that leads to intra-molecular electron transfers. Such functionalities are termed chromophores. The absorption of light by a chromophore Ch (e.g. thermally damaged binders, catalyst residues etc.) promotes the chromophore to an excited state Ch*. Essentially, Ch* has four potential fates:
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Figure 3.1: Schematic representation of photo-oxidative polymer degradation and methods of protection [20, 21]


Ch = chromophore; P = polymer; -> method of preventing photo-oxidation





a. return to the ground state via fluorescence (see Figure 2.4) or radiation-less deactivation (heat)


b. decomposition into radicals, followed by subsequent reaction with the substrate (polymer) and/or oxygen


c. formation of radicals through abstraction of hydrogen atoms from the substrate


d. energy transfer (e.g.to oxygen, which leads to the formation of singlet oxygen 1O2)


Option a) does not endanger the polymer wheras processses b) to d) will result in damage to the polymer or a significant alteration of its properties.


Options a) to d), however, indicate possibilities to prevent or deviate the outcome of these processes [21–23]:


a. filter out the harmful UV light and, thereby, prevent the formation of Ch* (UV absorber)


b. deactivate the exited state Ch* by use of a suitable acceptor (quencher)


c. trap any radicals before subsequent reactions leading to polymer damage can occur (free-radical scavenger)


d. decompose any peroxides formed by use of suitable peroxide decomposing agents.


Additives which meet these functions are generally referred to as light stabilizers. This general term, however, does not tell us anything about their mode of action. Thus, it is common to refer to these additives as either UV absorbers or free-radical scavengers. Later in this chapter, these four light stabilizer classes will be discussed in greater detail.


3.1 UV absorbent pigments


Incorporating pigments is probably the oldest form of providing UV protection. Titanium dioxide and carbon black are both capable of absorbing UV light and thus help to stabilize paint films [24, 25]. Obviously pigments are not universal UV absorbers due to their colour. Furthermore, pigments such as titanium dioxide can also cause photo-oxidative degradation of polymers. The latter is available in various forms, namely anatase (treated or untreated) and rutile (treated or untreated) and depending on its form and surface treatment, it can initiate polymer degradation through the formation of hydroxyl and hydroperoxide radicals [26–28].


Figure 3.2 describes the cyclic process of radical formation. Generally, hydroxyl groups are present on the TiO2 surface. Absorption of UV light causes the formation of a positively charged hole on the surface, which immediately reacts with the hydroxyl group to furnish a hydroxyl radical (Equations 3.1 and 3.2). The release of an electron through reaction (3.1) results in the reduction of Ti4+ to Ti3+ (Equation 3.3).


Oxidation of Ti3+ by atmospheric oxygen generates Ti4+ along with the adsorbed oxygen (Equation 3.4). These species along with hydrogen ions formed during the dissociation of water provide hydroperoxide radicals accord- ing to Equation 3.5. The cyclic process then starts new via Equation 3.6.


Since pigments can only serve as UV absorbers un- der certain conditions, the search began for colourless molecules capable of absorbing UV light without un- desirable side effects.


3.2 UV absorbers


As already pointed out, the main function of UV ab- sorbers is to absorb UV radiation in competition with the chromophore (Ch) present in the polymer, thereby filtering out the UV light that is harmful to the poly- mer, before Ch* has had a chance of forming (see Fig- ure 3.1). Table 3.1 gives an overview of the spectral regions at which polymers exhibit maximum sensi- tivity [22, 29, 30].


Note that there is some slight variation in the abso- lute ranges in the technical literature.


Based on the figures in Table 3.1, the UV absorber must absorb light in the region between 290 and 350 nm. If, however, possible impurities unavoidable in industrially produced polymers, as well as additives [31, 32], pigments, fillers or even dyes are taken into account, its absorption should extend above 350 nm [33], without adversely affecting the colour of the coating.




Table 3.1: Wavelengths of maximum sensitivity of polymer systems[22, 29, 30]
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Figure 3.2: Photo-chemical reactions on the surface ofTi02 particles[26,27]





The role of UV absorbers is to absorb harmful UV light and quickly transform it into harmless heat. During this process, the excited state energy of the molecule is converted into vibrational and rotational energy. It is essential that the dissipation of the energy of the UV absorber takes place more rapidly than the any reaction within the substrate and that neither the UV absorber nor the polymer is damaged during energy conversion.


3.2.1 UV absorber classes


Various organic molecules are capable of absorbing harmful UV light and converting it into harmless heat. These include [21, 31, 34–39]:


a. 2-(2-hydroxyphenyl)-benzotriazoles


b. 2-hydroxybenzophenones


c. hydroxyphenyl-s-triazines


d. oxanilides


e. hydroxyphenylpyrimidines


f. salicylic acid derivatives


g. cyanoacrylates
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Figure 3.3: The four most important UV absorber classes





The most important of classes of UV absorbers are a) to d), whereas 2-(2-hydroxyphenyl)-benzotriazoles are most widely used for polymers and paints. The chemical structures of these important classes of UV absorbers are shown in Figure 3.3.


For simplicity, 2-(2-hydroxyphenyl)-benzotriazoles will be referred to as benzotriazoles (BTZ), 2-hydroxybenzophenones as benzophenones (BP) and hydroxyphenyl-s-triazines as HPT.


Each of these types of UV absorber classes is characterized by a typical absorption spectrum (Figure 3.4) and transmittance spectrum (Figure 3.5).


UV absorbers with specific substitution patterns leading to a different shape or a shift of the absorption spectrum towards the visible (red shifted UV absorbers) will be discussed separately in Section 3.2.3.


Figure 3.4 shows that:


– oxanilides have an absorption maximum at about 300 nm in the range of 280 to 400 nm


– conventional benzotriazoles, hydroxyphenyl-s-triazines and benzophenones have two absorption maxima (one at shorter wavelengths at about 300 nm and another at longer wavelengths above 320 nm)
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Figure 3.4: Absorption spectra of different conventional UV absorber classes c = 10 mg/L in chloroform (1 cm cell)





– hydroxyphenyl-s-triazines have the strongest absorption in the region of 300 nm, followed by benzotriazoles and benzophenones.


– The long wavelength absorption of benzotriazoles occurs above 340 nm, that of hydroxyphenyl-s-triazines at 335 to 340 nm. The corresponding absorption of benzophenones is observed at 320 to 330 nm.


The exact positions of the absorption maxima, especially the longer-wavelength absorptions, ones – depend on the substituents of the molecules (see Figure 3.3) and the medium in which the spectrum is measured.


The transmittance spectra of conventional UV absorbers are shown in Figure 3.5.


Generally, the more harmful UV light can be filtered out, the farther will the absorption edge reach into the long-wave UV region. However, the perfect UV absorber must have a little transmittance as possible in the UV but at the same time perfect transmittance in the visible light, above 400 nm, to avoid discolouration of the coating.


Although it has proven difficult to extend the absorption of conventional benzotriazoles or hydroxyphenl-s-triazines further into the long-wave UV without causing discolouration, surprising effects can be achieved by using blends of different types of UV absorbers [40].
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Figure 3.5: Transmittance spectra of different conventional UV absorber classes c = 10 mg/L in chloroform (1 cm cell)





The effectiveness of an UV absorber can be quantified by the Lambert-Beer Law:


E = Abs = log Io / I = ε · c · d
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The extinction depends on the wavelength and may be regarded as a measure of the stabilizing or screening effect of the UV absorber. In other words, the higher the extinction, the more UV light absorbed and the greater the stabilizing effect – provided the UV absorber itself is not destroyed by the absorption of the light. The magnitude of extinction depends on the extinction coefficient ε, the concentration c of the UV absorber in the polymer and the film thickness d of the unpigmented polymer.


The extinction coefficient ε is specific for each molecule and wavelength dependent, i.e. it is a constant for every given UV absorber. In the case of benzotriazoles, hydroxyphenyl-s-triazines and benzophenones, the extinction coefficient of the long-wave absorption maximum is determinant. This means that the stabilizing effect of a given UV absorber can be altered by varying the concentration c and/or the film thickness d as shown in the following example.
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