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Preface


Acrylic polymers are essential products for various industrial application fields. Particularly, they play important roles as binders (acrylic resins), dispersion resins and polymer thickeners in the coatings industry.


Since acrylic resins were launched onto the coatings market, they have distinguished themselves by meeting various quality requirements and replacing other resins. Acrylic resins are used in eco-friendly coating systems, for example. Thanks to their broad range of properties and to ongoing developments within this product class, they also serve as ingredients for many different coating systems.


The present book presents an overview of the production, properties and application of acrylic resins and their distinctive features. It covers acrylic resins prepared by solution polymerization and emulsion polymerization, as well as reactive acrylic resins which form films by radiation curing. Besides a general description of these three product classes, there are chapters dealing with particular properties for the diverse application fields.


The goal of the book is to convey the latest knowledge about acrylic resins in solvent-borne and water-borne systems, and for radiation curing in an understandable and descriptive manner. Given the breadth of applications for acrylic resins, the book discusses the different chemical and physical aspects of the production methods and the related application properties. There are numerous literature citations for further reading on specific issues.


The book is aimed at students and newcomers to the field of coatings technology, and also at well-versed experts in coatings applications and other related industries. The essential background information herein will underpin decisions concerning the choice and use of acrylic resins.
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1 Definitions


Ulrich Poth


Acrylic resins for coatings are binders (polymers) composed mainly of esters of acrylic acid or methacrylic acid. By analogy with the salts of inorganic acids, the esters are called acrylates or methacrylates. The IUPAC systematic name for acrylic acid is prop-2-enoic acid while that for methacrylic acid is 2-methylpropenoic acid.
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Formula 1.1: Esters of acrylic acid and methacrylic acid


Although acrylic esters and methacrylic esters have quite different properties, polymers made from either are called acrylic resins. Numerous products contain mixtures of both esters.


Binders are the film forming components contained in all coating systems. They are so-called because of their ability to wet pigments and to bind coating layers to substrates.


The term resin is derived from natural resin (rosin), which historically were used as a binder for coatings. The term alludes to the physical state of the products. Resins consist of polymers or oligomers that exhibit glass-like behaviour. Physically, they are liquids that have extremely high viscosities, i.e. they are solidified melts. But there are also binders which have the appearance of being true liquids at ambient temperatures.


Esters of acrylic acid and methacrylic acid are distinguished by the reactivity of their double bonds. Among others, the presence of these double bonds renders the esters amenable to polymerization, which may be initiated either by free-radicals or by ions.


Acrylic resins for coatings fall into two groups:


The first comprises the polyacrylates, which are prepared by polymerizing acrylic or methacrylic esters via their double bonds.


Polyacrylates are made by various polymerization processes. The choice of polymerization process critically determines the resultant properties of the acrylic resin.


One process is solution polymerization. In this process, the polymers are prepared in organic solutions, which may be used directly in coatings formulations (see Chapter 3). In addition, such polymers can be transformed into secondary aqueous dispersions or into powder coatings resins. Some binders for the aforementioned applications are produced by bulk polymerization, or pearl polymerization.


Another process is emulsion polymerization, which is employed in the production of primary aqueous acrylic dispersions (see Chapter 4).


Esters of acrylic acid and methacrylic acid which act as building blocks for polymers are called monomers. Further building blocks capable of forming polymers in conjunction with acrylic esters and methacrylic esters are called comonomers.


The second group of acrylic resins for coatings comprises acrylic or methacrylic ester resins which still contain double bonds. These binders are called reactive acrylic resins. Addition or condensation reactions are employed to incorporate the acrylic or methacrylic ester into polymer or oligomer molecules. The resultant binders are capable of forming films by polymerization after application, and are notable for their resistance properties. The polymerization reactions are initiated mainly by energy-rich radiation (e.g. UV light), which yields three-dimensional crosslinked macromolecules.


These reactive acrylic resins, which form films through polymerization of the double bonds of acrylic or methacrylic esters, are classified and named for the reactions by which they are incorporated into polymers or oligomers (see Chapter 5).


[image: images]


Figure 1.1: Classification of acrylic resins for coatings





2 General composition and structure



Ulrich Poth


The composition and structure of acrylic resins determine the application properties of the acrylic binders prepared from them.


2.1 Free-radical polymerization


2.1.1 Polymerization reactions


Polymerization reactions at the double bonds of acrylic monomers [1–6] may be initiated by free-radicals or ions. The most important and common reaction is free-radical initiation. The initiators employed (peroxy and azo compounds) decompose spontaneously into free-radicals when the temperature is increased (initiator reaction). The decomposition rate is influenced by the type of initiator and the temperature.


[image: images]


Formula 2.1: Initiator reaction (e.g. for a peroxy compound)


The resultant free-radicals react with the π-electrons of the double bonds on the monomers. The monomer molecule forms a new single bond and a single electron, i.e. a new free-radical. This is the start reaction in free-radical polymerization.


[image: images]


Formula 2.2: Start reaction


The planar double-bond system becomes a tetrahedral molecule of lower bond energy. Consequently, a substantial amount of energy is released in the form of heat (exothermic reaction). As the activation energy of the free-radical reaction is relatively low, the free polymerization enthalpy of the monomer reaction is markedly negative at -60 to -80 kJ/mol (examples: acrylic acid -75 kJ/mol, methyl methacrylate -58 kJ/mol at 298 K).


The free-radical monomer formed by the start reaction can then add a further monomer molecule, to which it transfers its free-radical nature. This reaction is repeated as long as monomer molecules are available. Such a reaction is called chain propagation.
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Figure 2.1: Model of the reaction at the double bond
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Formula 2.3: Chain propagation


The free-radical chains may grow until two free-radicals collide, forming a single σ-bond. The second free-radical may be another free-radical chain or an initiator free-radical. This chain-termination reaction is called recombination.


[image: images]


Formula 2.4: Chain-termination reaction by recombination


Propagation may also be terminated by the reaction between a free-radical at the end of a chain and movable atoms or atom groups. This reaction, which creates a chain end and a new free-radical on the partner molecule, is called chain transfer. On the one hand, the reaction partner might be another chain with active hydrogen atoms. In that case, the free-radical formed on this chain would act as the starting point for renewed chain propagation and lead to the generation of branched polymer molecules. On the other hand, chain transfers also take place by reaction between free-radical chains and other molecules in the reaction mixture, e.g. with solvent molecules. In turn, these free-radicals, formed on the partner molecules, can initiate new polymer chains. Some compounds are ideal for chain-transfer reactions, e.g. mercaptans. Such compounds are called regulators; they are added in tiny amounts to control chain propagation.
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Formula 2.5: Chain termination by chain transfer


An alternative chain-termination reaction is disproportionation. This occurs when the ends of two free-radical chains react by transferring a hydrogen atom. The driving force for this reaction is the high energy content of free-radical molecules. In a disproportionation reaction, two neighbouring molecular states of lower energy are created. Of the two free-radicals, one becomes a saturated chain end and the other, a chain end with a new double bond.
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Formula 2.6: Chain termination by disproportionation


The polymer molecule bearing the new double bond at the end of its chain can act as a macro-monomer. If it is incorporated into a further chain propargation, the second way to form branched polymer molecules is created.


The relative proportions of the various chain-termination reactions depend on the type of polymerization process and the reaction conditions. The predominant chain-termination reactions are believed to be recombination with other polymer molecules or chain transfer to solvent molecules or regulators. These favour the generation of linear polymer molecules. However, it must be remembered that linear acrylic polymers are composed of extensively coiled molecules. The formation of branched acrylic polymers, by chain transfer to other polymer chains or by disproportionation, confers markedly different application properties on such acrylic polymers in coating formulations.


The various polymerization processes and the chosen reaction conditions can give rise to side reactions. These exert a marked influence on the properties of the polymer molecules and coating systems prepared from them (see description of polymerization processes).


When reactive acrylic resins undergo film formation – usually under the influence of high-energy radiation (see Chapter 5) – the reactions involved are the same as those described above. For the most part, the reactive acrylic resins employed contain molecules bearing two or more double bonds. Thus, it is possible for each molecule to participate in more than one chain-polymerization process. That is how polymer molecules become crosslinked in the film matrix.


2.1.2 Kinetics of free-radical chain polymerization


The initiator reaction is a first-order decomposition reaction that yields two freeradicals [7]. The reaction rate (v1) varies with the concentration of initiator (cI) and the temperature. The rate of the initiator reaction is shown in the following Formula 2.7 [2]:
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Formula 2.7: Velocity of initiator reaction


The velocity of start reaction (v2) varies with the concentration of initiator freeradicals (cR•), the concentration of monomers (cM) and, of course, the temperature.
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Formula 2.8: Velocity of start reaction


Comparison of velocity constants for initiator and start reactions show that the constant of start reaction [k2] is much larger than that of initiator reaction [k1]. That is why the velocity of start reaction [vst] is ultimately determined exclusively bei the efficience of initiator decomposition [k1].
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Formula 2.9: Comparison of velocity constants


After a very short time, the chain propagation reaction reaches equilibrium with respect to chain termination. The rate of chain termination (vct) varies with the concentration of chains bearing free-radicals (cRnM•).
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Formula 2.10: Velocity of chain termination


At equilibrium, the change in concentration of chain free-radicals (cRnM•) is zero. The rate of chain propagation (vP) is then equal to the rate of chain termination (vct).
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Formula 2.11: Equilibrium


The propagation velocity (vP) is then given by:
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Formula 2.12: Propagation velocity


The molar propagation velocity (nM) varies with the propagation constant (kP) and the monomer concentration (cM) as a function of time.


[image: images]


Formula 2.13: Molar propagation velocity


Examples of kinetic data for monomers are presented in the Table 2.1 for methyl acrylate and methyl methacrylate [02].


Substitution of the data for methyl acrylate into the propagation rate formulas above yields a figure of 165 · 10-5 mol/(l s), i.e. 20,380 molecules per second. For methyl methacrylate, the corresponding propagation rate computes to 17 · 10-5 mol/(l s), i.e. 3,120 molecules per second. For a polymer with an average molecular weight of 10,000g/mol, the average time needed to form single molecules is 0.007s in the case of acrylic monomer, and 0.03s in the case of methacrylic monomer.


Table 2.1: Kinetic data for monomer examples


[image: images]


In other words, esters of acrylic acid polymerize 10 times as fast as esters of methacrylic acid. That is why acrylic resins bearing reactive double bonds consist mostly of esters of acrylic acid (see Chapter 5).


In contrast to polycondensation reactions, where the molecules are formed over many hours, individual molecules of acrylic polymers prepared by free-radical initiated polymerization process are formed in fractions of seconds. Furthermore, again in contrast to polycondensation, free-radical-initiated polymerization is not an equilibrium process. Therefore, the molecular-weight distribution as a function of the average molecular weight obeys statistical laws for the given reaction conditions. Naturally, however, the polymerization reaction depends on the energy conditions. The Gibbs-Helmholtz equation is valid.
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Formula 2.14: Simplified version of the Gibbs-Helmholtz equation


This equation states that a reaction takes place only if the free reaction enthalpy (G), which is the difference between the value of the total reaction enthalpy (H) and the product of the temperature (T) and the reaction entropy, is negative. As the temperature rises, the value of the free reaction enthalpy becomes smaller and smaller. If the value reaches zero or the free reaction enthalpy becomes positive, polymerization of monomers is no longer possible. This temperature limit is called the ceiling temperature. For example, the ceiling temperature for methyl methacrylate is 373K (200°C, 328F). Generally, the ceiling temperatures for methacrylates are lower than those for acrylates. This relationship between polymerization efficiency and temperature is what makes low-temperature radiation curing of reactive acrylic resins so advantageous (see Chapter 5).


2.1.3 Influences on polymerization reactions


To summarize, polymerization reactions are induced by the use of initiators to raise the temperature and form free-radicals. Thereafter, all subsequent reaction steps (start reaction, chain propagation, and recombination) are highly exothermic. All polymerization processes must be technically capable of meeting these conditions. As a consequence, there is little scope for variation in production processes; ultimately, these restrictions influence the properties of the polymer products. Above a monomer-specific temperature, no polymerization reaction takes place.


As molecular propagation is not an equilibrium reaction, the polymerization obeys statistical laws [2]. That is the reason that molecular-weight distribution of acrylic resins prepared by free-radical polymerization is much broader than that of polymers prepared by polycondensation. Special techniques are available for achieving lower average molecular weights and narrower molecular-weight distributions. Some of the free-radically initiated polymerization processes also enable particularly large, non-crosslinked polymer molecules (average molecular weights up to more than 106g/mol) to be made.


As already mentioned, acrylic polymers prepared by the usual methods are mostly made up of linear molecules. Those molecules are extensively coiled, a fact which significantly influences the application properties of the resultant coatings, namely the solubility and viscosity of solutions, fastness of physical film formation (drying) of solutions and dispersions, wetting and flow during film formation, efficiency of crosslinking reactions. If, on account of the polymerization process conditions, the proportion of branched molecules increases, the tendency to coil decreases, the solution viscosity rises, and the functional groups become more amenable to crosslinking.


2.2 Monomers


2.2.1 Esters of acrylic acid


Currently, acrylic acid is almost exclusively made from propene by one-step or twostep catalytic oxidation process [8]. Acrylic acid esters are prepared by esterifying acrylic acid with the corresponding mono-alcohols in the presence of specific catalysts [9]. Enzymatic processes that consume less energy and have high yields have also become available [10]. Some esters are made directly. For example, ethyl acrylate can be prepared directly from acrylonitrile and ethanol in the presence of sulphuric acid, or from acetylene, carbon monoxide and ethanol [13]. In addition, acrylic esters of higher mono-alcohols can be prepared by transesterifying low-molecular esters.


In industry, acrylic acid esters for the production of polymers are formed with methanol, ethanol, n-butanol, iso-butanol, tert.-butanol, 2-ethylhexanol, n-dodecyl alcohol, and cyclohexanol, all of which are abundantly available. The other esters of acrylic acid play only a minor role. Chain length and the branching of alcohol side-chains exert a significant influence on the properties of acrylic resins and the resultant coatings (see Chapter 2.2.6).


2.2.2 Esters of methacrylic acid


Methacrylic acid is made by different processes. The most common utilises acetone und hydrocyanic acid, obtained via acetone cyanohydrin. The acetone cyanohydrin is dehydrated with sulphuric acid to methacrylamide.


Table 2.2: Physical data of industrially made acrylic esters [19-23]
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The latter is then saponified either with water to form free methacrylic acid or with alcohols to yield different methacrylic esters [12].


Methacrylic acid is also obtained via methacrolein by oxidation of isobutene [18].


Propene and carbon monoxide yield isobutyric acid, which can be dehydrogenated to methacrylic acid.


Ethene and synthesis gas (hydrogen and carbon monoxide) combine to form propionaldehyde, which reacts with formaldehyde to yield a methylol compound that can be dehydrated and oxidised to methacrylic acid.


Polymers can be produced industrially from a swathe of different esters of methacrylic acid and mono-alcohols, namely esters of methanol, ethanol, n-butanol, iso-butanol, tert.-butanol, iso-decyl alcohol, iso-tridecyl alcohol, cyclohexanol.


Table 2.3: Physical data of industrially available methacrylic esters [19-23]


[image: images]


The esters of methacrylic acid with benzyl alcohol, p-tert.-butylcyclohexanol, norboneol, dicyclopentadienylic alcohol and fatty alcohols serve as specialty monomers.


The esters of methacrylic acid are prepared by standard esterification processes, while the esters of high-molecular alcohols may be also made by transesterification, e.g. starting with methyl methacrylate.


As is the case for the various acrylic esters, the type and size of the ester sidechains of methacrylic esters significantly influence the properties of the polymers and resultant coating systems (see Chapter 2.2.6).


As already mentioned, all esters of methacrylic acid polymerize at a much lower rate than esters of acrylic acid.


2.2.3 Functional monomers


Acrylic resins containing functional groups (see Chapter 3) and reactive acrylic resins containing double bonds (see Chapter 5) are made from monomers which bear various functional groups in addition to double bonds.


2.2.3.1 Hydroxyl-functional monomers


When just one hydroxyl group in a polyalcohol is esterified with acrylic acid or methacrylic acid, the resultant monomer still contains free hydroxyl groups. Industrially, such monomers are produced mainly by the addition reaction of epoxy compounds to acrylic acid or methacrylic acid. That method – conversion of ethylene oxide or propylene oxide with acrylic acid or methacrylic acid – is used to prepare the monomers 2-hydroxyethyl acrylate and 2-hydroxyethyl methacrylate, or 2-hydroxypropyl acrylate and 2-hydroxypropyl methacrylate, respectively [23].
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Formula 2.15: Production of 2-hydroxyethyl acrylate


Other hydroxy-functional monomers are prepared by partial esterification of polyols. One mole of acrylic acid and one mole of 1,4-butanediol yields butanediol monoacrylate.


Glycerol monoacrylate is a specialty monomer which is prepared from acrylic acid and glycidol.


Acrylic resins containing free hydroxyl groups are suitable for coatings which form films by chemical reaction. They are crosslinked with different reaction partners: polyisocyanates bearing free or blocked isocyanate groups, and amino resins bearing functional groups (methylol groups or methylol ether groups). The hydroxy-functional monomers differ in their structure and the reactivity conferred by the type of hydroxyl group. These differences determine their use in the production of acrylic resins.


2.2.3.2 Carboxy-functional monomers


Carboxyl groups are simply incorporated into acrylic resins by copolymerizing defined quantities of free acrylic or methacrylic acid with other monomers.


Like hydroxyl groups, the carboxyl groups lend themselves to crosslinking reactions. The preferred reaction partners are compounds containing epoxy groups.


Carboxyl groups in acrylic resins can be neutralized with alkalis or amines. The resultant carboxylate ions can form hydrophilic centres, so that it is possible to transform the polymers into water-borne colloidal solutions or into secondary dispersions which are suitable for water-borne coating systems.


Furthermore, certain quantities of carboxyl groups in acrylic resins exert a catalytic effect. This can be sufficient to effect reaction between hydroxyl groups and functional groups of amino resins (methylol groups, methylol ether groups). The crosslinking reaction is accelerated by the acidity of the carboxyl groups.


In addition, diacrylic acid (carboxyethyl acrylate) serves as a vehicle for incorporating carboxyl groups into special acrylic resins.


Other ways of introducing carboxyl groups into acrylic resins utilise the esters of a diol formed with acrylic acid or methacrylic acid and succinic acid or maleic acid, each of which ultimately bears one free carboxyl group per molecule.


2.2.3.3 Amino-functional monomers


Primary and secondary amines easily enter into an addition reaction with the double bonds of acrylic or methacrylic acid and their esters (Michael addition). Therefore stable monomer compounds are not formed. Initially, monomers bearing tertiary amino groups are formed which do not contain active hydrogen atoms. Such monomers are produced by converting tertiary-amino alcohols and acrylic acid or methacrylic acid into esters. The most important monomers in this class are N,N-dimethylaminoethyl acrylate and N,N-dimethylaminoethyl methacrylate.


However, there also exists a monomer containing a secondary amino group, namely N-tert.-butylaminomethacrylate. This monomer is stable only because steric hindrance by the tertiary-butyl group preventing a Michael addition reaction.


There are also monomers available which consist of quaternary ammonium salts, e.g. 2-(trimethyl ammonium) ethyl methacrylate chloride.


Polymers which have a significant content of amino groups can be neutralized by adding volatile acids. The resultant cationic carrier groups serve as a vehicle for preparing stable, aqueous colloidal solutions (comparable to the effect of anionically stabilized carboxylate ions).


Polymers bearing amino groups are noted for their outstanding adhesion on different surfaces (metals and plastic parts). They are also suitable for making paper and are used as ingredients for adhesives.


Monomers containing tertiary amines can act as catalysts. On one hand, these groups accelerate the reaction between hydroxyl groups and isocyanates (see Chapter 3). On the other, the tertiary amino groups force the crosslinking reaction of reactive acrylic resins by UV light (see Chapter 5).


2.2.3.4 Amide-functional monomers


Hydrolysis of acrylonitrile or methacrylonitrile leads to acrylamide or methacrylamide, respectively. Polymers with significant amounts of acrylamide or methacrylamide are highly polar, and are mostly used in the paper and textile industries. They are also suitable for water treatment.


Amide-functional monomers are also used in the manufacture of self-crosslinking acrylic resins for coatings applications (see Chapter 3). The resins are produced by making the amides react with formaldehyde and mono-alcohols, or the corresponding semi-acetals. These reactions can be performed in polymer analogeous reaction. There are also monomers that already consist the described modification, namely methylol acrylamide, N-(n-butoxymethyl) acrylamide, and N-(iso-butoxymethyl) acrylamide and the corresponding methacrylamides.


Other monomers available contain alkylated amides, e.g. N-ethylmethacrylamide and N,N-dimethylacrylamide.


In addition, there are (meth)acrylamides whose amide groups have been replaced by tertiary-aminoalkyl groups. Polymers containing such monomers are suitable for flocculants, paper coatings and textile finishing agents.


2.2.3.5 Epoxy-functional monomers


Of the various epoxy-functional monomers, glycidyl methacrylate (2,3-epoxypropyl-1-methacrylate) is made industrially. Acrylic resins containing specific quantities of glycidyl methacrylate can be crosslinked with compounds containing primary and secondary amino groups at ambient temperatures, or with compounds containing carboxyl groups mainly at elevated temperatures. The crosslinkers are polyamines or polycarboxylic acids or their derivatives. The most important application of acrylic resins containing the monomer glycidyl methacrylate is that of powder-coating resins.


Table 2.4: Physical data of industrially produced functional monomers [19–22]
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2.2.4. Ether acrylates and methacrylates



Not only diols are partially esterified with acrylic acid or methacrylic acid, but also oligomeric etherdiols. If only one hydroxyl group is esterified, the resultant monomers contain an ether side-chain and a hydroxyl group. Examples are diethylene glycol acrylate and triethylene glycol methacrylate.


Glycol monoethers, too, are esterified with acrylic acid or methacrylic acid. Acrylates and methacrylates of methoxyethanol, ethoxyethanol, methyldiglycol and methyltriglycol are produced industrially. Furthermore, there are esters of acrylic acid with phenoxyethanol.


Polyethers are prepared by adding ethylene oxide or propylene oxide to monoalcohols or polyalcohols. There are also block copolymers which contain both cyclic oxides. The various polyethers may be esterified with acrylic acid or methacrylic acid. A number of monomers with ether side-chains of different chain lengths are available industrially.


Acrylic esters or methacrylic esters of such polyethers containing only one double bond per molecule serve as molecular building blocks for acrylic resins. The polyether side-chains perform a marked plasticizing effect. This increases with increase in length of the polyether chain. If the side-chains consist of polyethylene oxide, the polymers become distinctly hydrophilic. Acrylic resins with significant amounts of polyethylene oxide side-chains afford a way of preparing aqueous colloidal solutions or secondary dispersions featuring steric (non-ionic) stabilization.


Furfuryl and tetrahydrofurfuryl acrylate and methacrylate are ether monomers as well.


2.2.5 Polyunsaturated acrylic and methacrylic compounds


Polyunsaturated acrylic and methacrylic monomers result from the esterification of more than one hydroxyl group of a polyol with acrylic acid or methacrylic acid. As all the double bonds of such monomers are amenable to free-radical-initiated polymerization, the monomers build bridges between different polymer chains. The use of just relatively small quantities of such polyunsaturated monomers for copolymerization yields branched acrylic resins. However, larger quantities cause crosslinking of the polymers. This possibility is exploited in the preparation of aqueous and non-aqueous microgel dispersions.


The possibility of crosslinking is mainly employed in the production of reactive acrylic paint systems, mostly for radiation curing (see Chapter 5). Polyunsaturated monomers are also described there.



2.2.6 Comonomers 



A series of unsaturated compounds easily copolymerize with esters of acrylic acid or methacrylic acid (see Chapter 2.2.7). Such compounds are called comonomers. They are added to the resin composition to achieve special properties.


Such comonomers are firstly derivatives of acrylic acid or methacrylic acid, mainly acrylonitrile and methacrylonitrile. Nitrile monomers perform outstanding adhesion properties on the resultant polymers, particularly on metallic substrates.


However, the most important comonomer is styrene (vinyl benzene). Also vinyl toluenes and the various methyl styrenes can copolymerize with esters of acrylic acid and methacrylic acid. Copolymers containing these aromatic monomers are noted for their hardness, and show rapid physical drying in film forming of solvent-borne paints.


Copolymerization of olefins with acrylic esters or methacrylic esters is not possible without further ado. This also applies to vinyl halides, vinyl ethers, and vinyl esters.


Also the copolymerization of acrylic esters or methacrylic esters with maleic acid or its derivates requires special proceedings.


By contrast, N-vinyl compounds copolymerize easily with esters of acrylic acid or methacrylic acid. Such comonomers, which are available industrially, are N-vinyl pyrrolidone, N-vinyl imidazole, N-vinyl caprolactam, and N-vinyl carbazole. These monomers perform excellent wetting and penetration on metal surfaces, plastic parts and paper. They are used to prepare polymers, but a much more important use is in reactive acrylic systems which are crosslinked by UV light (see Chapter 5). These monomers are more difficult to handle as the products solidify at ambient temperatures or higher.


Table 2.5: Physical data of industrially available comonomers [19–22]
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Other special monomers contain fluorinated alkyl side-chains, e.g. hexafluorobutyl methacrylate. Such fluorine-containing monomers introduce special surface properties on the resultant polymers.


Surface-active polymers are also prepared by using derivatives of acrylic acid or methacrylic acid with siloxanes; e.g. trimethylsiloxyethyl methacrylate, polydimethylsiloxane methacrylate.


2.2.7 Copolymerization


When two monomers polymerize together, the probability that a further monomer 1 or monomer 2 will become attached to one free-radical end of the growing polymer chain of monomer 1 or vice versa depends on the concentration of the monomers and the velocity constants of the different addition reactions. There are four velocity constants (k[1.1], k[1.2] and k[2.1], k[2.2]). If the velocity constants for the reaction between monomer free-radicals with molecules of their own kind are high (k[1.1] and k[2.2] >> (k[1.2] and k[2.1]), no copolymerization will take place. The polymerization process leads to mixtures of two polymers. If the velocity constants of the mixtures are nearly equal (k[1.1] = k[1.2] and (k[2.1] = k[2.2]), the outcome is ideal random copolymers whose composition depends solely on the monomer concentration.


If the velocity constants for the reaction between the different monomers are much higher than the velocity constants for that between monomers of the same kind (k[1.2] and k[2.1] >> (k[1.1] and k[2.2]), the resultant copolymers have an strictly alternating composition, which is independent of the monomer concentration [2]. This copolymer is formed until one monomer is consumed totally.


The copolymerization behaviour can be determined from the differential change in monomer concentration over time as a function of the quotients of the velocity constants and the actual monomer concentrations. This is shown in Formula 2.16:
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Formula 2.16: Calculation of copolymerization behaviour


Clearly, it is very difficult to calculate the copolymerization behaviour of just two combined monomers. The calculation becomes much more complex when more than two monomers are combined. Most acrylic resins consist of more than two monomers. Numerous trials are underway to quantify the copolymerization behaviour of monomers individually [24]. One method consists in fragmenting the velocity constants of the monomers into the effects of the resonance stability of the free-radicals (Q) and the polarity (e) of each monomer. Both terms are then expressed in terms of the values for styrene. For styrene, Q is defined as 1.0 and e as -0.8. Formula 2.17 shows how the Q and e values are calculated.
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Formula 2.17: Calculating the Q and e values


Plotting the Q and e values for the various monomers yields the following diagram (Figure 2.2):
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Figure 2.2: Q-e diagram


The Q-e diagram makes it possible to estimate the tendency of different monomers to copolymerize efficiently or not. Generally, monomers with nearly comparable values for Q and e will yield highly random copolymers. For most acrylic resins, a random distribution of monomers along the polymer chain is desirable.


2.2.8 Characterization of monomers


2.2.8.1 Glass transition temperature


There are different ways to quantify the properties of acrylic monomers with respect to the influences of the different side-chains. The most important is the glass transition temperature (Tg). The glass transition temperature of polymers is the temperature at which the molecule composite changes from a glassy state into an elastic state. In the glassy state, the molecules of polymers are highly associated – coiled – and have high resistance to mechanical deformation. As the temperature rises, the molecules start to become mobile. In the elastic state, molecules respond to mechanical influence, but return to their former configuration as soon as it ceases. Finally, at even higher temperatures the molecules start to uncoil and will no longer return to their former composite state. The polymer becomes plastic and transfers into a melt. The temperature at which the transition from the glassy state to the elastic state occurs is influenced by the degree to which the polymer molecules are associated. The molecular associations themselves are due to physical chain-to-chain interactions (e.g. due to polar groups) and the stiffness of the chains.
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Figure 2.3: Elastic modulus of a polymer as a function of temperature


The glass transition temperature can be determined in various ways. The most informative of these is dynamic thermomechanical analysis (DMTA). It measures the response of polymer films to periodic mechanical forces as a function of temperature. The polymer response is plotted as a chart of elastic modulus (E’’, storage modulus) over temperature. Figure 2.3 shows the change in elastic modulus of a non-crosslinked polymer with change in temperature. The temperature at the point of inflection between the glassy and the elastic states is the glass transition temperature (Tg).


Another method for determining glass transition temperatures is dynamic scanning calorimetry (DSC) [26]. The precise value of the glass transition temperature varies with the measurement method and the measuring conditions. Above a certain molecular weight, the value of the glass transition temperature is independent of the molecular weight and is influenced only by the structure and building blocks in polymer chains.


Generally, for acrylic resins: the stiffer the polymer chain is, the shorter the side-chains are; further, the more polar the building blocks are, the higher is the glass transition temperature. Figure 2.4 shows the glass transition temperatures of homopolymers of different monomers, ordered by the number of C atoms in the side-chains.


The chart shows that methacrylic esters confer much higher glass transition temperatures than the corresponding acrylic esters. The reason is that the methyl group – located on the same C atom as the carboxyl group – restricts the mobility of the chain. This contrasts with the behaviour of methyl side-chains in the case of polyester building blocks (e.g. neopentyl glycol).


The glass transition temperatures show a marked decrease with increase in the length of the side-chains. The effect is more pronounced for methacrylic esters than for acrylic esters. The difference is 95°C for the two methyl esters and only 37°C for the two n-hexyl esters.


Surprisingly, the glass transition temperature of relatively long-chain, linear acrylic esters increases with increase in chain length. The reason is that the longer linear side-chains can associate physically (waxy behaviour of long, linear aliphatic chains). This increase is more pronounced for acrylic esters than for methacrylic esters, because the methyl group on the polymer chain acts as a spacer. Branched side-chains generally confer higher glass transition temperatures than the corresponding linear side-chains. Aromatic groups in side-chains (e.g. styrene) generate relatively high glass transition temperatures due to the association effect of π-electron systems in the aromatic ring structure.


On account of their polarity, hydroxy-functional monomers lead to higher glass transition temperatures than ester monomers having the corresponding number of C atoms. However, butanediol-1,4-monoacrylate generates very low glass transition temperatures. Other polar monomers, such as acids, amides and nitriles, yield very high glass transition temperatures due to the additional scope for molecular association of their polar groups.
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Figure 2.4: Glass transition temperature as a function of the number of C atoms on the side-chains


As most acrylic resins consist of a couple of different monomers, the question arises as to the glass transition temperatures of monomer mixtures. The answer is that the glass transition temperature of copolymers is determined by the mass fractions of the different monomers.


However, the resultant glass transition temperature is not the linear mean value of the mass fractions of monomers and their individual glass temperatures. The calculation is based on reciprocal mean values, as shown in Formula 2.18.
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Formula 2.18: Glass transition temperature of copolymers


Figure 2.5 shows the glass transition temperature of polymers containing different quantities of styrene and n-butyl acrylate. The chart shows measured glass transition temperatures (determined by DSC) and curves of the linear and reciprocal mean values.
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Figure 2.5: Glass transition temperature of different copolymers of styrene and n-butyl acrylate


It is clear that even small fractions of n-butyl acrylate lower the glass transition temperature of styrene copolymers significantly, as they keep the rigid styrene chains apart. Conversely, small fractions of styrene in n-butyl acrylate copolymers are unable to associate and hence unable to increase the glass transition temperature. Mathematically, this behaviour is described relatively well by reciprocal mean values. There are some exceptions, e.g. as when molecule segments interact with each other.


The value of the glass transition temperature represents a great deal of polymer properties. High glass transition temperatures confer high mechanical resistance at ambient temperatures, resulting in polymers of high hardness. A related effect is high diffusion density, which leads to better chemical and solvent resistance. However, a corollary of a high glass transition temperature is low flexibility, and such polymers are brittle at ambient temperatures. The brittleness cannot be compensated until the elastic component of the flexibility has been improved, e.g. by crosslinking reactions. (Flexibility is defined as the sum of plasticity and elasticity.)


Low glass transition temperatures signify high flexibility, as conferred by the plasticity component, but also low hardness and less chemical and solvent resistance. Flexible polymers possess better scratch resistance, because the polymer surface can escape the mechanical stress and because of the ability to compensate surface damage by virtue of their special thermoplasticity (cold plastic flow).


Crosslinking reactions raise the glass transition temperatures of polymers. Optimum crosslinking is associated with better flexibility (elastic component of flexibility), better mechanical strength, and chemical and solvent resistance.


2.2.8.2 Material properties


The nature of the side-chains on monomers in acrylic resins influences not only the balance of hardness and flexibility. Acrylic resins containing monomers with short side-chains are relatively polar polymers. The production of stable solutions therefore requires polar solvents. This also applies to acrylic resins which contain significant fractions of functional monomers and to monomers containing aromatic side-chains. Generally, acrylic polymers containing mainly methacrylic derivatives are more polar than those containing acrylic derivatives.


Acrylic polymers containing long aliphatic side-chains are particular nonpolar, and so are readily soluble in non-polar solvents. In addition, the low polarity leads to optimum application behaviour, better spraying properties, efficient wetting of different surfaces, optimum flow and levelling during film-forming, and to more homogeneous films from aqueous dispersions.


Acrylic polymers containing long aliphatic side-chains have significantly lower viscosities in organic solutions and in melts.


Acrylic resins consisting mostly of methacrylic monomers usually yield higher solutions viscosities than resins made from the corresponding acrylic monomers.


Monomers containing cycloaliphatic compounds confer special effects. Although the glass transition temperatures are relatively high – near those of the corresponding aromatic compounds – and although high hardness values are achieved, the solution viscosities are considerably lower than those of polymers containing short side-chains or aromatic compounds. Cycloaliphatic monomers generate optimum balance of hardness and resistance on one hand, but low viscosity and sufficient flexibility on the other. Unlike the aromatic building blocks, cycloaliphatic monomers generate permeability to UV light, a fact which is an advantage for clear coat formulations. However, these monomers are more expensive than other products.


Functional monomers are introduced in acrylic resins mainly for crosslinking reactions. However, they can additionally act as carrier groups for water-borne secondary dispersions. Furthermore, they support wetting and adhesion and some have a catalytic effect on various crosslinking reactions, as mentioned above.


Monomers containing ether side-chains confer higher plasticity than the corresponding monomers with alkyl side-chains. Polymers containing long side-chains of polyethylene oxides offer scope for preparing non-ionically stabilized waterborne secondary dispersions. The ether groups in such polymers are not resistant to UV light.


2.2.9 Handling of monomers


Acrylic monomers and comonomers can polymerize spontaneously under catalytic influences and at elevated temperatures. For this reason, they are stabilized for storage and transportation. The additives for stabilization are reducing compounds. Historically, hydroquinone was the most important stabilizer. Currently, the most common product is methyl hydroquinone, due to its broader solubility. Other suitable stabilizers are hydroquinone monomethyl ether (4-methoxyphenol), 4-tert.-butyl catechol and 2,5-di-tert.-butyl-4-methylphenol (BHT, Ionol).


The optimum quantity of added stabilizer depends on the monomer type and transport destination (e.g. greater quantities are needed for shipments to the tropics). The quantity varies from 15 to 500ppm. Monomers containing acids, amides, nitriles, or hydroxyl groups require more stabilizer than simple ester monomers. Methacrylic monomers require less stabilizer than acrylic monomers.


As monomers are highly reactive compounds, there are health risks associated with handling them. These vary substantially from monomer to monomer [19–22].


For example, N,N-dimethylaminoethyl acrylate is classified as very toxic (T+), but N,N-dimethylaminoethyl methacrylate is classified “only” as harmful and irritant (Xn and Xi).


The following monomers are classified as toxic (hazard symbol: T): 2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate, acrylonitrile, methacrylonitrile, acrylamide, N,N-dimethyl acrylamide, N-iso-butoxymethyl acrylamide and a polyethylene glycol methyl ether acrylate.


The monomers acrylic acid, methacrylic acid, 2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate und N,N-dimethylaminoethyl acrylate are classified as corrosive (hazard symbol: C). The low-boiling esters of acrylic acid and methacrylic acid, the acids themselves and the nitriles are classified as highly inflammable or extremely inflammable (hazard symbols: F and F+).


Acrylic esters containing side-chains of up to four C atoms, and 4-hydroxybutyl acrylate (butanediol-1,4 mono acrylic ester) are classified as harmful (Xn); in addition, 4-hydroxybutyl acrylate is defined as dangerous for the environment (N).


All derivatives of acrylic acid and methacrylic acid are classified as irritant (Xi).


All esters of acrylic acid with side-chains of up to eight C atoms and all esters of methacrylic acid with side-chains of up to four C atoms, and also most of the polyunsaturated monomers, esters of polyols, are deemed sensitising. Derivatives of methacrylic acid are less hazardous than the derivatives of acrylic acid. This becomes particularly apparent for the functional monomers of the both groups.


In summary, the appropriate safety regulations must be observed when monomers are handled. Acrylic polymers have to be checked to avoid that the amounts of residue free-monomers do not exceed the given limiting values. For the use of reactive acrylic resins, free-monomers are placed into circulation. Application of these coating systems requires the adherence of particular safety regulations.


2.3 Production processes – generally


The processes for producing acrylic polymers are designed to efficiently dissipate the heat of polymerization (enthalpy) and to guarantee product reproducibility.


By reproducibility here is meant the molecular weights and molecular-weight distributions and the optimum random distribution of monomers along the copolymer chains.


Suitable processes are the mass polymerization, the suspension polymerization, the emulsion polymerization, and the solution polymerization.


Reactive acrylic resins are produced by reactions of functional monomers with different oligomers, without reaction of double bonds. These processes employ the common methods of polyaddition and polycondensation (see Chapter 5).



2.3.1 Bulk polymerization 



For bulk polymerization, monomer compositions are mixed with suitable initiators and heated to the requisite polymerization temperature. The exothermic energy of the polymerization must be compensated by external cooling equipment. The resulting polymers have a relatively broad molecular-weight distribution, and very high molecular weights may be achievable. Total conversion of all monomers is difficult to accomplish. As the reaction is highly exothermic, only small batches are produced. It is more easily to prepare bulk polymerization product in thin layer. Plastic parts are produced in that way, e.g. the socalled acrylic glass, consisting of poly methyl methacrylate. This polymerization process is preferred if the target is to prepare 100 % polymers, e.g. for solvent-free secondary dispersions or resins for powder coatings – but the aforementioned restriction has to be taken in mind.


One variant of bulk polymerization is incomplete polymerization in a continuous process. In this, monomer mixtures and suitable initiators are fed at relatively high temperatures through a tube reactor or a flow-through container, where they are partially polymerized. Free monomer is then separated from the solid polymer by distillation. The residual monomers can be recycled. The process conditions must be selected so as to guarantee constant polymer composition and reproducible molecular weights and molecular-weight distributions. The risk of side reactions at high temperatures must be compensated. The polymerization temperatures must, of course, be lower than the ceiling temperature of the monomers. Principially, this process affords polymers of lower molecular weight and narrower molecularweight distribution than those of common bulk polymerization. This socalled SGO process (solid grade oligomer) can be used to make acrylic resins for high-solid coatings [29] which are dissolved in appropriate solvents. The products are also suitable for preparing solvent-free, water-borne secondary dispersions.


2.3.2 Suspension polymerization


In suspension polymerization [30], monomer mixtures are converted into an aqueous emulsion and a free-radical polymerization process is started by initiators which are soluble in organic solvent. The emulsion consists of rather large particles. To prevent fusion of the particles, protective colloids (e.g. polyvinyl alcohol) and specific emulsifiers are added. The particle size and the particle size distribution depend on the shearing conditions (type of stirrer and shear rate).


Suspension polymerization is mostly performed with monomers that generate high glass transition temperatures.


The process is principially the same as that of bulk polymerization, but takes place in individual droplets. The surrounding water readily absorbs the heat of polymerization. When polymerization is complete, the resultant polymer particles are filtered and washed thoroughly. The target is to remove as much of the protective colloids and emulsifier as possible. The polymer particles look like pearls and are mostly delivered as such. Most of these polymers have relatively high molecular weights and a broad molecular-weight distribution, just like bulk polymers. The resultant products are mainly used for the production of physically drying coatings.


2.3.3 Solution polymerization


In solution polymerization, the monomers and organophilic initiators are reacted in organic solvents. The monomers as well as the polymers are soluble in the selected solvents, which absorb the reaction enthalpy. The resultant solutions are mainly the form in which the acrylic resins are shipped. Consequently, the selected solvents must meet the application requirements of the resultant acrylic coatings (see Chapter 3).


2.3.4 Emulsion polymerization


In emulsion polymerization, monomer mixtures are dispersed in water with the aid of suitable emulsifiers. The polymerization reaction, which takes place at elevated temperatures, is initiated by water-soluble initiators and occurs in micelles. The outcome is stable aqueous dispersions which are used for wall paints and house paints (for craftsmen and for the do-it-yourself sector), and for adhesives, printing inks, and textile treatments (see Chapter 4).
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3Solution polymerization products



Ulrich Poth



3.1Definition


This chapter discusses acrylic resins which are made by polymerization in organic solution. Most organic polymer solutions produced in this way serve directly as resin solutions for all kinds of solvent-borne coating materials.


They may also be used in the production of water-borne coatings. In that event, the solvent used for the polymerization process also serves as co-solvent for the aqueous formulation. Or, after the resin has been transformed into the aqueous phase, the solvent is distilled off, to yield a solvent-free water-borne system. The aqueous colloidal solutions or secondary dispersions of resins are stabilized by ionic or non-ionic carrier groups. Acrylic resins prepared by solution polymerization can also be converted into secondary aqueous dispersions by adding emulsifiers. In most of these cases, the process solvent is distilled off. Combinations of both processes are possible, too.


Removing solvent by distillation also affords a route to solid resins. Special solid resins are used for powder coatings.



3.2History of acrylic resins made by solution polymerization


From the very beginning, it was believed that the use of solvents would be advantageous to the production of acrylic resins for coatings. First, the solvent is able to absorb and dissipate the heat of exothermic polymerization reactions for exploitation in reflux cooling. The second advantage is, the resultant solutions can be used directly in the preparation of coatings.


Acrylic resins dissolved in organic solvents were initially used for paint systems that dry physically. They were in competition with coatings based on cellulose nitrate. The one particular advantage they offered was superior weatherability.


 At that time – in the 1940s – the fact that the attainable molecular weights of solution polymers were relatively low due to the regulating effect of the process solvents was considered a drawback. Only when it became clear in the early 1950s that very high molecular weights arose from crosslinking reactions after application of functional acrylic paints did acrylic resins for coatings became more important. In those days, the prime application of acrylic resins was for stoving enamels, predominantly in the U.S.A. Acrylic monomers were less expensive there than in Europe, where the dominant class of resin for that application was that of alkyd resins. The first commercially important acrylic resins for coatings prepared by solution polymerization were paints based on resins containing etherified methylol acrylamides. Such resins can self-crosslink at elevated temperatures. On account of the films’ particularly good chemical resistance, the products were used to make coatings for household appliances (washing machines, refrigerators), so-called “white goods”. In the 1960s, the market for automotive OEM (original equipment manufacturing) finishes in the U.S.A., mainly topcoats, was dominated by stoving enamels based on hydroxyfunctional acrylic resins and melamine resins as crosslinkers. In the 1970s, acrylic resins made the great breakthrough in two coatings application fields in Europe. Automotive OEM clear coats were now formulated on acrylic resins and melamine resins because they offered better weatherability than their alkyd counterparts. And, automotive repair topcoats were increasingly reformulated to products based on hydroxy-functional acrylic resins which were crosslinked with polyisocyanate adducts (two-component coatings). Meanwhile in the U.S.A., the aromatic solvents in common use were (and still are) considered critical due to their photolytic effect in the atmosphere. They had to be replaced [1]. This spurred the development and application of, among others, acrylic resins in the form of non-aqueous dispersions (NADs) in aliphatic hydrocarbon solvents. These have the additional advantage of allowing higher application solids, a fact which stems from different thinning behaviour on the part of dispersions. Since the late 1970s, there had also been numerous attempts in Europe to reduce or avoid emissions of volatile organic compounds (VOCs) from coatings during application processes. First to come onto the market, in the 1980s, were so-called high-solid acrylic resins. Their purpose was to yield paints with the maximum-possible application solids. Such products dominate the market of industrial coatings to this day. Special solid acrylic resins for high-solid coatings are made by a continuous high-temperature polymerization process [2]. At the same time, intense research was being done on new ways to crosslink acrylic resins. However, even now, the well-established crosslinking principles are still in use, even though there has been progress in this regard.


Although the principles behind the production of water-borne secondary dispersions of acrylic resins have been widely known since the advent of acrylic polymers,  the field of application is still limited. The main problem with such dispersions is that they have difficult application behaviour.


Since the early 1990s, powder coatings based on acrylic resins made by solution polymerization are in development. On account of their typical properties, these powder coatings are mainly used for weatherable topcoats and clear coats. However, due to the relatively high costs of the raw materials and production process, such powder coatings are not widely used. An additional constraint is that powder coatings must be applied in relatively thick layers if they are to yield smooth and glossy coating films. But other solventless coating materials are launched onto the coatings market have gained ground in several application fields, namely reactive acrylic resins, which are liquid, 100% systems based on unsaturated oligomers and acrylic monomers, and are cured by radiation, mainly UV light. They are enjoying continuous growth rates in the coatings market (see Chapter 5).



3.3 Solution polymerization process



3.3.1 Influence of the process on the properties of acrylic resins


As already mentioned, in the past, solution polymerization was criticised for the fact that only relatively small molecular weights are attainable, compared with those of bulk polymerization or suspension polymerization. In the meanwhile, this supposed disadvantage is now prized as a specific advantage. However, there are other advantages to solution polymerization. Conducting solution polymerization by feeding of monomer mixture over a period of time under suitable reaction conditions yields molecules of relatively uniform size and an optimum statistical distribution of the monomers along the polymer chain. This benefits the application properties of the resultant acrylic resins in numerous ways. These are to be found in the production and application of paints (viscosity, solids content, application behaviour, e.g. optimum sprayability, flow and levelling), as well as in the film properties (optimum crosslinking, hardness, flexibility, chemical resistance, and weatherability). Although a great deal of effort has been expended on trying to achieve such properties by other processes, solution polymerization offers favourable physical preconditions for achieving such molecules, including the possibility of maximum optimization.



3.3.2 Production procedure


When acrylic resins were first made by solution polymerization, the one-pot technique was employed. In this, all the ingredients – monomers, solvent and initiator  – are mixed together in the reactor and heated. This approach naturally yields a strongly exothermic reaction which is hard to compensate by reflux cooling. The resultant products are relatively inconsistent and reproducibility is poor.


The process was soon changed to the now-common feed technique. This commences with the addition of solvent to the reactor, which is heated to the chosen polymerization temperature. The monomer mixture and the initiator (in solution) are charged into separate feed tanks. Both are then charged in parallel and uniformly into the reactor. In the older method, the reaction temperature was the reflux temperature. Here was found that the products were much more uniform and reproducible if the reaction temperature was constantly kept below the boiling temperature of the solvent. Usually the process was terminated – some considerable time after the feeding of monomers and initiator solution – by adding a special quantity of initiator. Here was found that it is proved advantageous to keep adding the initiator solution continuously in excess to the monomer feed. This, too, promotes the formation of uniform molecules over the entire process, as documented impressively by GPC analysis. Better results were also obtained here, by feeding the initiator solution some minutes before the monomer. Obviously – following that procedure – there is a formation of an optimum radical concentration just in time. Although single, polymer molecules are formed in fractions of seconds, as mentioned in Chapter 2, this ensures that the entire polymerization process is spread out over time. As a first result, the exothermic reaction can be controlled much better than in other methods. This production method is shown schematically in Figure 3.1 and is described in various literature proceedings [3].


[image: images]


Figure 3.1: Optimum operation of solution polymerization process


The chart shows the preparation of an acrylic resin in the form of a solution containing 60% solids. The amount of free monomer was determined by GPC analysis of samples taken over a certain period of time – polymerization within the samples is stopped by adding inhibitors. The exposure does not take the amount of initiator into consideration.


Of much greater importance than the fact that the exothermic reaction is distributed over a period of time is that a kind of stationary state is generated. That is the main reason why homogeneous polymer molecules are formed. It is even possible principially to keep the absolute concentration of free monomer constant over time. Due to the increasing amount of polymer, the relative concentration of monomers decreases, but nevertheless GPC analysis shows virtually no change in molecular mass distribution or mean value. The reason may be that the viscosity of the reaction mixture increases with increasing amount of polymer molecules. It has been reported that the rate of the termination reaction decreases with rise in viscosity, a fact which leads to high molecular mass values. This effect [4] is observed mainly in bulk polymerization, but it is possible that it applies to solution polymerization, too. The effect of the decreasing of free monomer content, which yields a lower propagation rate, is compensated by a rise in viscosity, which leads to a lower termination reaction velocity.


The third advantage of the continuous-feed process is that the conditions guarantee an optimum distribution of monomer composition along the polymer chains. If the monomer concentration is kept relatively small and virtually constant during the feed process, the probability that all monomers will react is greater than in other production processes. Slower-reacting monomers also have a better chance of being incorporated into polymer chains. Only if the polymerization parameters (Q and e) differ extensively (e.g. in the case of vinyl ethers) can such monomers accumulate in this process. In that event, special production conditions need to be chosen in order that the optimum copolymerization behaviour will be achieved. Such conditions could be a gradient feed process (different feed rates) or adding the “slower” monomers to the solvent at the beginning of the process.



3.3.3 Influence of the process conditions


The conditions for calculating the chain-propagation rate (see Formula 2.12 in Chapter 2) can be used to derive the principal parameters which influence solution polymerization, while disregarding the material factors of monomer, solvent and initiator. Those are the polymerization temperature (T), the initiator concentration (I), the quantity of solvent as represented by the corresponding expected quantity of polymer (P, acrylic resin), and the feed time (t). The quantitative effects of these influences were studied by by a statistical experimental design. [5] using an example of an acrylic resin formulation [6]. Experts should be familiar with these parameters. Target of the study was to analyse the values and variations in the parameters and primarily their interaction. Common limits for the experimental design were selected:


• Initiator concentration (I), 1.0 to 2.5% related on monomer mixture as 100%, monomer mixture


• Polymerization temperature (T): 100 to 160°C


• Solvent amount or polymer solids content (P): 50 to 80 wt.%


• Feed time (t) of monomer mixture: 0 to 5 hours.


The resultant acrylic resin solutions were tested for their solids content, viscosities, and molecular masses (GPC) and some application parameters were determined and evaluated. Large differences were found for the molecular masses and viscosities. This is of particular relevance for the formulation of low-VOC paint systems, e.g. high-solid coatings. As expected, the molecular masses and viscosities decrease substantially with increasing initiator concentration (I). At higher initiator amounts, the effect subsides. Later experiments showed that the influence of initiator amount depends heavily on the type of monomer.


For example, monomer compositions containing high levels of methacrylic esters react much more extensively at higher initiator concentration than those containing high quantities of acrylic esters.


Increasing polymerization temperature (T) yields a substantial decline in molecular mass and viscosity. At very high temperatures, the viscosity may increase again, mainly at higher solids content (P). This rise may be due sidereactions (chain transfer, transesterification, disproportionation). Nevertheless, high polymerization temperatures are selected, one reason  being to lower the quantity of initiator and thus save on costs. Sometimes, the chosen temperatures exceed the boiling temperature of the solvent. However, increasing the pressure allows the process to be run at really high temperatures, without solvent boiling or the need for adjusting the reflux temperature.


[image: images]


Figure 3.2: Dependence of molecular mass [image: images] on polymerization temperature (T) and process solids (P)


The feed time (t) exerts a major influence, especially at low values, i.e. very short times. Due to the high amount of free-monomer in such cases, particularly large polymer molecules are then formed. However, after a certain feed time, the changes in molecular weights and viscosities are no longer significant.


[image: images]


Figure 3.3: Dependence of molecular mass [image: images] on initiator concentration (I) and feed time (t)


Remarkable is the effect of the amounts of solvent or the desired solid contents of acrylic resin, respectively. On account of chain-transfer reactions, an increasing solvent content effects an albeit moderate, yet continuous decrease in molecular mass and viscosity of the resultant acrylic resins. Further experiments showed that the effect does not subside. More and more process solvent leads to continuously decreasing molecular masses. For high-solid applications such solvents must, of course, be distilled off.


Figures 3.2 and 3.3 show the interpretation of the results of the experimental design, the dependence of the molecular mass [image: images] number average, GPC analysis) on polymerization temperature (T) and polymer solids content (P) (Figure 3.2), and on initiator concentration (I) and feed time (t) (Figure 3.3). The other parameters are each kept constant.

OEBPS/Images/f0025-01.jpg





OEBPS/Images/f0050-01.jpg
Amount [%]






OEBPS/Images/f0029-01.jpg
O 0o
/\ﬁ‘o" AN\ — /\ﬁ/ N"oH
o

acrylicacid  ethylene oxide 2-hydroxyethy acrylate





OEBPS/Images/f0021-02.jpg
R—0—CH,[CH—cH,~CH «
=0 co

R—0O— CH2 CH CH CH- R—0—CH, (‘:N CH=CH
O—R] O-R
\





OEBPS/Images/f0021-01.jpg
R=0~CHICH—CH, CH .« + HR —> R=0=CHi-GH—CH,-CH, + Rs
¢=o| ¢=0 ¢=o  c=o
0-R|  0-R ol 0-R
- n





OEBPS/Images/f0006-01.jpg
www.bosig-chemie.de BO S I G





OEBPS/Images/f0035-01.jpg
doy,

doy,

+1





OEBPS/Images/f0039-01.jpg
Glass transition temperature (homopolymer of ....) [°C]

oA 228 methacrylic acid

acrylic agid T
- methyl methagrylate oy rong

viny] toluene

%) \iso-propyl methacrylate

w0l  cyclohexyl methacrylate
tert-butyl methacrylate

ol 2 hydfoxypropyl methacrylate

ethyl methacrylate
60| butyl met te

iso-butyl methacrylate

5
ydrox thacrytate
i\ tert-butyl acrylate
40f—
30| i
2 nedpentyl acrylate
n-butyl methicrylate | cyclohexyl acrylate!
10—
ragrylat \ number of C atoms of the side-chais
0 2 3 4 \s & 7 910 o
2:hj ]
SPrOPY AV | ontyl methacrylate | 12UTY! erviate
-10 py}acr
o 2-hydroxyethyiaixylate | 2-thylhexyl meth cr/ﬂe
- 20 \
ethyl acrylate
-30)
4] n-propy! acrylate

s \}\my ne){acry ate

-butyl late
Uyt acrylate |~ nchexyl a6rylate Niauryl mathacrytate

butanediol-1|4-mopoactylate T Y_—_‘—
n-octyl acrylate n-decyl methacrylate






OEBPS/Images/f0053-01.jpg
Molscutarfweight (1)

B000—]

Dosage time 1)






OEBPS/Images/f0022-01.jpg
= k¢





OEBPS/Images/f0015-01.jpg
o
\R

N/

c=cH

H,

o=0





OEBPS/Images/cover.jpg
EUROPEAN COATINGS TECH FILES A

VINCENTZ

U. Poth | R. Schwalm | M. Schwartz| R. Baumstark

Acrylic Resins






OEBPS/Images/f0036-02.jpg
10

WA = methyt scryste
EA

DEM = dithyl maloate
MSA = maleic anhydride






OEBPS/Images/f0036-01.jpg





OEBPS/Images/f0019-01.jpg
rate 2 R—oO-~

peroxide free-radicals





OEBPS/Images/f0032-01.jpg
Monomer CAS No. Mol. | Melting | Boiling Density
weight | point point [g/cm?]
lg/moll | [°C] | [C] (hPa) o

1. Hydroxy-1 tional monomers

2-Hydroxyethyl acrylate 818-61-1 1161 <-65 60 (1.3) 111 (20)

2-Hydroxypropyl acrylate | 25584-83-2 | 130.1 <-60 | 60to65 | 1.06(20)

1.3)

2-Hydroxyethyl methacrylate | 868-77-9 1301 <-60 87(5) 1.08 (20)

2-Hydroxypropyl methacrylate | 27813-02-1 | 144.2 <-58 87(5) 1.03 (20)

Butanediol-1,4-moncacrylate | 2478-10-6 144.2 -80 130(27) | 1.039(20)

2. Carbony-funcional manomers

Acrylic acid 79-10-7 724 13 141 (1013) | 1.046 (20)

Methacrylic acid 79-41-4 86.0 18 161(1013) | 1.02 (20)

s Amino-functonal monamers

NN Dineinylaminosini | 2435352 | 1492 | 92 | 7o) | oseee

soryata

N,N-Dimethylaminoethyl 2867-47-2 | 157.2 182 (1013)

e

4 Amido-tunctonal monomers

Acrylamide 79-06-1 Ikl 84 125 (33.3)

Wetnacryamics 700 | 851 Hote | aproxin

comp.) (20)

N Methylo methacryiamice | 228.02-4 | 151

N-Butoxymethyl methac- 5153-77-5 | 171.2 105 (0.4)

e

N-iso-Butoxymethyl- 4548270 | 1712 127 (6.7)

tnacamics

N-(3-Dimethylaminopro- 5206-93-6 | 170.2 142 (4)

pyl)- methacrylamide

. Epony functional monomers

T T || 4w | o0 [ims)|






OEBPS/Images/f0023-01.jpg





OEBPS/Images/f0027-01.jpg
Monomer

CAS No.

Boil

Mol. weight

Methy acrylate
Ethyl acrylate
N-Butyl acrylate
Iso-Butyl acrylate
tert-Butyl acrylate

2-Ethylhexyl
acrylate

Lauryl acrylate
Stearyl acrylate
4-tert-Butyloyc-
Iohexyl acrylate
3,3,5-Trime-
thyloyclohexyl
acrylate
Dinydrodicyclo-
pentadieny!
acrylate

Berzyl acrylate

Phenylethyl
acrylate

96-33-3
140-88-5
141-322
106638
1663-30-4
103-117

2156-07-0
4813-47-4
84100-23-2

86178-38-3

12542

2495-35-4
3530-36-7

[g/moi]

86.1
1001
1282
1282
1282
1843

24010268
a4
210

196.3

2043

162.2
176.2

Melting
point
rel
75
72
-84

g
point
[°Cl (hPa)
80 (1013)
100 (1013)
148 (1013)
139 (1013)
117 (1013)
o1(13)

200 (polym.)
200 (polym.)
1 @7)

400.1)

19(5)

10 (11)
102 (5)

Density
[o/em?] ()

0.956 20)
0.922 20)
0,898 20)
0.890 (20)
0.88520)
0.887 (20)

0.87 (25)
0.8545 (40)
0.9309 (25)

na

1.0697 (25)






OEBPS/Images/f0052-01.jpg
Wolcutar ass ¥,

00—
7000—]
000
5000—]
00—

3000—]

100°C

temporature (T)

160°C 50%

Intiator

—
Dosage time

concontration
=175%

=25

s0%

concentrat

tion (P)






OEBPS/Images/f0004-01.jpg
Another interesting book hint...

High Solid Binders

s bk et comprehnive brwdgen e Feld o Nighslld e
Mo especaly, I petdes an v c th vl o of biodrs s
oy of et It i s bodr. 1 » red e o -
ok ondspesache for kg ecclghal s el g,

Onerats suspenn cotiog comd oy

====_2 vincewtz





OEBPS/Images/f0023-02.jpg
= ku(T)

vy = kg ¢





OEBPS/Images/f0023-03.jpg
o





OEBPS/Images/f0023-04.jpg
e
dt 0

ke e = Ky Crum





OEBPS/Images/f0037-01.jpg
Modulusoflastity € g Prs]

Giadey s

Giass ransidon wmporatire

Plastic st






OEBPS/Images/f0024-01.jpg





OEBPS/Images/f0024-02.jpg
Ny (t)





OEBPS/Images/f0028-01.jpg
Monomer

Methyl methacrylate
Ethyl methacrylate
iso-Propyl methacrylate
N-butyl methacrylate
iso-Butyl methacrylate
tert-butyl methacrytate
Neopentyl methacrylate
N-Hexyl methacrylate

2-Ethylhexyl
methacrylate

N-Decyl methacrylate
iso-Decyl methacrylate
Lauryl methacrylate

N-Tridecyl methacrylate
iso-Tridecyl methacrylate.
Stearyl methacrylate

Cyciohexyl methacrylat

4-tert.-Butyloyclohe-
xyl- methacrylate

3.35-Trimethyl-cyclo-
hexyl methacrylate

iso-Bomeyl methacrylate
Benzyl methacrylate
Phenyl methacrylate

Phenylethyl
methacrylate

CAS No.

80-626
07632
4655349
o7-88-1
07-86-0
585-07-9
2307764
142-00-6
686-84-6

3179-47-3
20064-84-9
142-905
2495-25-2
04247059
32360-057
101438
46720-07-1

7779-31-9

7534-04-3
2495-37:6
2177700
3683123

Mol.

weight

[/mol]
1004
1141
128.2
142.2
142.2
1422
156.2
1703
1083

226
226
254
268

210

3323

1682

2243

2102

2223
1762
1622
1802

Melting
point
rel

na.
na.
na.
na

na.
na.
na.

Boiling
point
[°C] (hPa)

100 (1013)
119 (1013)
125 (1013)
163 (1013)
155 (1013)
136 (1013)

881090 (24)
204 (1013)
218(1013)

18510 15622)
126 (10)
142 (4)
150 (10)

312(113)
210(6.7)

210(1013)
112 (1)

65(0.2)

66(0.6)
232 (1013)
95 10100(16)

11910120
(11)

Density.
[o/cm?]
c)
0,943 (20)
0917 (25)
0.885 (20)
0.895 (20)
0.886 (25)
0.876 (20)
0.888 (25)
0.888 (25)
0.885 (25)

0876 (20)
0.878 (25)
0873 (20)
087 (20)
na.
v
0936 (20)

na.

093 25)

0.983 (25)

1.04(25)

1.052 (25)
0976






OEBPS/Images/m1.jpg
2





OEBPS/Images/f0020-01.jpg
T RTO-CHmCH
€=0
0-R





OEBPS/Images/f0020-02.jpg





OEBPS/Images/f0024-03.jpg
Parameters.
(at60°C)

Initiator concentration
(azo-isobutyronitrile)

Monomer concentration
Constant (start reaction)

Constant (termination reaction)

Constant (propagation reaction)

Propagation rate

Molecular rate

Symbols.
[dimensions]

¢,[10-3 mol/]

G, [mol/]

k, [ 10-6 1/(mol 5)]
Ky [- 108 1/(mol 8)]
k, [+ I/{mol s)]

v, [: 10-5 mol/(1 s)]

n,, [mol/sec-1]

Monomer.
methyl methyl-
acrylate | methacrylate
6.1 61
9.75 8.50
46 4.6
43 9.3
2090 367
165 17
20,380 3120






OEBPS/Images/m.jpg





OEBPS/Images/f0020-03.jpg
R=0—CH,CH + + 1 H,C==GH—>R—0~CH,[ CH— CH,"CH+
¢=o ¢=o0 ¢=0
0-R 0-R 0—R|






OEBPS/Images/f0020-04.jpg
R=0~CH,FCH—T-CH,GHe + « R—» R—0—CH}-CH—CH,-CH-R
¢=0 c= ¢=0 ¢=o

| 1
0—-R 0-R 0—R 0-R
n .






OEBPS/Images/f0040-01.jpg
T corpolymer s monomer






OEBPS/Images/f0040-02.jpg
Glass transition temperature [C]

10
100
%0

80
70
60

Linear average values

DY

0 0102 03 04 05 06 07 08 09 10
Styrene Mass fraction of n-butyl acryiate|






OEBPS/Images/f0017-01.jpg
Monomers

Polymerization reactions Polycondenzation/

polyaddition reactions.

Polyacrylates

Emulsion polymerization_—~_ Solution polymerizatios
/YYYYYW W WA=

rimany, waler.bome  Acrylic esin solutions  Reactive acrylc resins

Mainly physical d) Mainly film formation | Crosslinking by
film formation by crosslinking radiation curing
F————————  Application methods ———————————
film forming

Ay
T

Y






OEBPS/Images/f0034-01.jpg
Monomer L | Melting | Boiling point | Density
weight | point['C] | [C]MPa) | [a/em?]

()
Acrylonitrile 107434 776(1013) | 0.806 (20)
Methacrylonitrile | 126-98-7 901092 (1013) | 0.80(25)
Styrene 100-42-5 145 t0 146 (1013) | 0.909 (25)

p-Vinyl toluene 622:97-9 170to 175 (1013) | 0.897 (25)

o-Methylstyrene | 98-83-0 16510 169 (1013) | 0.909 (25)
N-Vinylimidazole | 1072-63-5 781079 | 19210194 (1013) | 1.039 (25)
N-Vinyl pyrrolidone | 88-12-0 13totd | 92t095(11) | 1.04(25)
N-Vinylcaprolactam | 2235-00-9 351038 128(21)  [1.029(25)
N-Vinyl carbazole | 1484-13-5 661065 | 154 to 155 (1013) | 1.085 (25)






