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PHOTOPOLYMERIZATION, FREE RADICAL Introduction Photopolymerizations, which use light energy (photons) to initiate chain reactions to form polymer materials, are the basis for a growing, billion-dollar industry (1,2). Applications in which photopolymerization is used include ﬁlms and coatings, inks, adhesives, ﬁber optics, and dentistry (2–5). Each of these industries has beneﬁted from the high productivity and lower costs afforded by photopolymerization systems. Photopolymerization has many advantages over thermal and redox polymerizations in which the reaction system is heated to produce active centers. The solvent-free systems used in photopolymerizations eliminate emissions of volatile organic compounds and reduce material costs. Spatial and temporal control of the polymerization is achieved through control of the initiating light. Photopolymerizations also use less energy to effect cure than do thermal means. They produce a more rapid through-cure so that more ﬁlms and coatings can be processed in less time. Furthermore, photocuring systems are more compact than thermal curing systems and operate at room temperatures. All these characteristics of photopolymerizations translate into lower production costs for industry. Photopolymerization systems, like thermally initiated systems, contain initiator, monomer, and other additives that impart desired properties (color, strength, ﬂexibility, etc) (6). The reaction is initiated by active centers that are produced when light is absorbed by the photoinitiator. One important class of active centers includes free-radical species, which possess an unpaired electron (5,7). The highly reactive free-radical active centers attack carbon–carbon double bonds in unsaturated monomers to form polymer chains. Although the kinetic treatment of photopolymer systems is similar to that in thermal systems, signiﬁcant differences arise in the description of the initiation step, which in turn affect the Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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description of the rate of polymerization. An overview of the components, kinetics, and applications of these free-radical photopolymerization systems is given in this article. More detailed information may be obtained in the references cited.



Photoinitiators In order to produce free radicals that initiate polymerization, photoinitiators absorb light of a certain frequency. Upon absorption, the photoinitiator molecule is promoted from the ground electronic state to either a singlet or triplet excited electronic state. This excited molecule then undergoes either cleavage or reaction with another molecule to produce initiating free radicals. Numerous photoinitiators have been developed to meet the needs of a variety of photopolymerization systems, as described in a number of recent papers and reviews (3–6,8–12). In selecting an appropriate photoinitiator system, several key criteria must be fulﬁlled. First, the absorption spectrum of the initiator must overlap with the emission spectrum of the light source, be it polychromatic (eg, arc lamp) or monochromatic (eg, laser). Good engineering of the system involves optimizing the light absorption of the initiator and, in many cases, minimizing emission lines that do not coincide with the initiator absorption spectrum (ie, are wasted through absorption by other system components). By matching the absorption of the photoinitiator to the light source output, the initiation efﬁciency can also be optimized. However, the overlap between the initiator and light source must preferably not coincide with the absorption peaks of other components in the photopolymerization system (monomer, pigments, additives, etc.). In systems where there is overlap, such as highly pigmented systems, higher light intensities and photoinitiator concentrations are often used (13). Figure 1 demonstrates a good match of a photoinitiator with a light source and monomer in that there is a clear optical window for the photoinitiator to absorb light in the 300–400-nm region without competition from the monomer.



Fig. 1. UV–visible absorption spectra of dimethoxyphenylacetophenone (DMPA) (photoinitiator) and 2-hydroxyethyl methacrylate (HEMA) (monomer) in dichloromethane overlaid with the spectral output of a 200-W Hg(Xe) lamp. DMPA; HEMA; and Hg(Xe) Lamp.
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Many free radical photoinitiators are based on the benzoyl chromophore (highlighted in eqs. 1 and 2), which produces free radicals when irradiated with light of the appropriate wavelength. Judicious choice of substituents (R groups) and their placement can alter the absorption spectrum, so that more freedom is available in the choice of lamp (and initiating wavelength) and system components. Secondly, the impact of residual photoinitiator and its photoproducts upon the ﬁnal products must be considered. This becomes most important in thick ﬁlms and coatings that must be of a certain color. If the photoinitiator fragments absorb at the same wavelength as the photoinitiator, then light cannot penetrate to the bottom of a thick sample, and full conversion of the monomer will not be attained. Also, some photoinitiator fragments, such as aromatic amines, will “yellow” initially colorless and white coatings and ﬁlms, especially after long exposure times to sunlight or ﬂuorescent lights (13). Unimolecular Photoinitiators. Photoinitiators termed unimolecular are so designated because the initiation system involves only one molecular species interacting with the light and producing free-radical active centers. One type includes photoinitiators that form radicals via the cleavage of the initiator molecule. This cleavage may take place at the α or β position with respect to the carbonyl group. Upon illumination, the photoinitiator molecule is excited and undergoes cleavage. In α-cleavage or Norrish Type I, the bond adjacent to the carbonyl is broken to produce two free radicals. Equation 1 demonstrates the α-cleavage of a representative benzyl ketal photoinitiator dimethoxyphenylacetophenone (the dashed box highlights the benzoyl chromophore).



(1) In this case, the benzoyl radical and a methyl radical produced through the fragmentation of α,α-dimethoxy benzyl radical both initiate polymerization. Other families include benzoin ethers, acetophenone derivatives, amino ketones, and phosphine oxide derivatives (1–4) (3,11).
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β-Cleavage occurs predominately in α-halogenoacetophenones; however, it is also seen in photoinitiators with a C S or C O bond adjacent to the benzoyl chromophore, such as β-ketosulfoxides (3,11). Equation 2 demonstrates this cleavage mechanism for the photoinitiator 2,2,2-trichloro-4 -tert-butylacetophenone (the dashed box highlights the benzoyl chromophore).



(2) A second type of unimolecular photoinitiators, also called Norrish Type II, includes those that form biradicals through intramolecular hydrogen abstraction. This occurs in ketones with a γ -hydrogen and is shown in equation 3 for intramoleculer H-abstraction of the photoinitiator 1-phenyl-butan-1-one (14). The resulting ketyl radical participates in termination, while the other radical grows the polymer chain.



(3)



Bimolecular Photoinitiator Systems. Bimolecular photoinitiators are so-called because two molecular species are needed to form the propagating radical: a photoinitiator that absorbs the light and a co-initiator that serves as a hydrogen or electron donor. Photoinitiator families include benzophenone derivatives, thioxanthones, camphorquinones, benzyls, and ketocoumarins (5–9) (3).
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The abstraction of a hydrogen molecule from the co-initiator or the transfer of an electron between the two initiating molecules takes place once the photoinitiator is in the excited state. In both cases, free radicals result, one or more of which may actually begin the photopolymerization. Initiation by hydrogen transfer is common in diaryl ketones. The co-initiator is usually an ether or an alcohol with an abstractable α-hydrogen, such as 2-propanol. Equation 4 demonstrates the Habstraction reaction between the photoinitiator benzophenone and the hydrogen donor tetrahydrofuran. In this case, the ether radical initiates polymerization, and the ketyl radical only participates in termination.



(4) In photoinitiation by electron transfer, the photoinitiator, after absorption of the initiating light, forms an excited-state complex (exciplex or charge-transfer complex) with the co-initiator, typically an amine. Electron transfer from the amine to the photoinitiator occurs in this exciplex, immediately followed by proton transfer of an α-hydrogen from the amine to the photoinitiator. This results in two radicals: an amine radical that will initiate polymerization and a ketyl-type radical that will most likely terminate by coupling with another free radical species. Figure 2 demonstrates this type of photoinitiation process between benzophenone and an amine co-initiator (3,15). Bimolecular photoinitiator systems utilize longer wavelengths (thereby requiring less energy) than the unimolecular systems, which are typically constrained to use in the ultraviolet (UV) because of the absorption characteristics of the benzoyl chromophore. However, the production of active centers in bimolecular photoinitiator systems decreases in vitrifying systems (ie, systems in the later stages of conversion where the reaction temperature is less than the glass transition temperature) because diffusion of the initiator and co-initiator molecules



Fig. 2. Electron-transfer reaction with subsequent proton-transfer reaction between the photoinitiator benzophenone and the co-initiator triethylamine.
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is strongly suppressed. During this stage in the polymerization, formation of the polymer chains occurs through reactive diffusion. Photosensitizers. In the bimolecular initiation reactions described above, the co-initiator will not absorb light to initiate polymerization. In contrast, photosensitizers are able to absorb light and are used to enhance the photopolymerization (ie, the photoinitiator is normally able to function without the photosensitizer) (3,4,16). A visible light photosensitizer may be chosen when ultraviolet light is undesirable, such as when working with biological systems or white pigmented systems. If pigments or monomers absorb in the same region as the photoinitiator, a photosensitizer may be used to extend the optical window of the system. A photosensitizer may also be used to improve initiation efﬁciency by absorbing photons from the light source that the photoinitiator cannot absorb or may do so with a low efﬁciency. Two mechanisms have been identiﬁed to describe the interaction between photosensitizers and photoinitiators: energy transfer and electron transfer. In the energy transfer process, the photosensitizer absorbs the light and transfers that energy to the photoinitiator which will then go through either a unimolecular or bimolecular scheme to produce initiating free radicals.



In this case, the photosensitizer is not consumed by the reaction and reverts back to its ground state upon transferring its excitation energy to the photoinitiator. For example, the photoinitiator 2-methyl-1-[4-(methylthio)-phenyl]2-morpholinopropane-1-one (TPMK) absorbs light in the 275–325-nm region, wherear the photosensitizer 3-ethylacetate-2 -methylthioxanthone (ETX) exhibits an absorption peak between 380–420 nm (3). Thus, ETX absorbs light in the visible region of the spectrum and transfers that energy to TPMK, which then undergoes α-cleavage to form the free-radical active centers. In order for this process to occur, the triplet excited electronic state of the photosensitizer must be higher than that of the photoinitiator. Because these states are difﬁcult to match, the energy transfer mechanism is not extensively used. In the electron transfer mechanism, which is more common, the photosensitizer becomes excited upon illumination and forms an excimer with the photoinitiator. Electron transfer from the photoinitiator to the photosensitizer then occurs, with a subsequent proton transfer. This results in the formation of two radicals. The photosensitizer radical is capable of initiating polymerization, while the photoinitiator radical may not unless it undergoes further reaction (3,13,17). Figure 3 demonstrates this for a representative α-amino ketone photoinitiator and a thioxanthone being used as a photosensitizer. Specialty Photoinitiators. Photoinitiator systems continue to be developed to meet the needs of industrial applications. Driving forces include increasing reaction speed with higher quantum yields and higher active center reactivities, improving shelf life with greater solubility and stability in the formulations, and
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Fig. 3. Electron transfer reaction between the photoinitiator 2-methyl-1-[4-(methylthio)phenyl]-2-morpholinopropane-1-one and the photosensitizer 9-oxo-9H-thioxanthene-1carboxylic acid methyl ester.



optimizing the absorption spectrum to meet the requirements of the light source and application. Minimizing toxicity of the initiators and yellowing due to photoproducts and sunlight exposure also is important for many applications. Visible Light Photoinitiators. Visible light photoinitiators are desirable for many applications. Visible light is safer than UV light in that it does not cause cell damage in biological systems. Many common, inexpensive light sources, such as halogen or ﬂuorescent lamps, have strong lines in the visible, which could be used for efﬁcient and cost-effective photoinitiation. In addition, visible lasers are used in photoimaging applications, such as lithography and holography (5). Visible light photoinitiators can also enhance polymerization in systems with pigments, ﬁllers, and UV absorbers (18). Visible light photoinitiators based on metal salts and complexes have been explored (3,10,12). Some systems generate ionic active centers unless
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combined with another molecule (such as a dye or halogenated compound) that will react to produce the initiating free radical. Titanocene complexes, an example of which is bis(η5 -2,4-cyclopentadien-1-yl)-bis-[2,6-diﬂuoro-3-(1H-pyrrol-1yl)phenyl]titanium (10), are metal-based photoinitiators that undergo cleavage upon illumination in the 400–550-nm region, with the aryl radical initiating polymerization (12).



Dyes comprise a large fraction of visible light photoinitiators because their excited electronic states are more easily attained. Co-initiators, such as tertiary amines, iodonium salts, triazines, or hexaarylbisimidazoles, are required since dye photochemistry entails either a photoreduction or photo-oxidation mechanism. Numerous dye families are available for selection of an appropriate visible initiation wavelength; an example of a thiazine dye (with an absorption peak around 675 nm) is methylene blue (11).



Other examples include acridine dyes (with absorption peaks around 475 nm), xanthene dyes (∼500–550 nm), ﬂuorone dyes (∼450–550 nm), coumarin dyes (∼350–450 nm), cyanine dyes (∼400–750 nm), and carbazole dyes (∼400 nm) (12,19–21). The oxidation or reduction of the dye is dependent on the co-initiator; for example, methylene blue can be photoreduced by accepting an electron from an amine (22) or photo-oxidized by transferring an electron to benzyltrimethylstannane (12). Either mechanism will result in the formation of a free-radical active center capable of initiating a growing polymer chain. For a more detailed discussion of the mechanisms, see Reference 12. Three-component visible light photoinitiator systems exhibit faster polymerization rates than those seen in the dye-electron donor systems mentioned above. The third component is usually a sulfonium or iodonium salt (an example is diphenyliodonium chloride) (12), but may also be a bromocompound, ferrocenium salt, or thiol derivative (3,12,21–24).
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The incorporation of the third component has been shown to provide pathways to scavenge oxygen molecules that inhibit free-radical polymerization, to regenerate the dye photoinitiator, and to produce a free-radical active center in place of a terminating dye radical (3,12,13,21). In addition, the wide selection of dyes available for use in three-component systems allows more ﬂexibility in initiating wavelength selection, and the photopolymerization of thick parts is possible if a photobleaching dye is chosen (21). Water-Soluble Photoinitiators. Water-soluble photoinitiators are needed for systems such as printing inks and emulsion processes, where the reaction system is an aqueous solution rather than simply a monomer. Since free radical photoinitiators are based on the aromatic benzoyl chromophore, the molecules are generally nonpolar and therefore incompatible with water. Research has focused on developing photoinitiators with hydrophilic substituents that increase water solubility (3,25). Both unimolecular and bimolecular systems have been successfully demonstrated. An example of a unimolecular photoinitiator is sodium 4-benzoylbenzenemethane sulfonate (13).



Photobleaching Initiators. Photobleaching initiator systems are designed such that the absorption of the photoinitiator byproducts is lower than that of the photoinitiator (13,26). Thus, as the active centers are formed, more light may pass through the system. This is crucial in thick ﬁlms, where light penetration to the bottom of the sample is hindered by the absorption characteristics of the upper layers. Insufﬁcient light penetration will result in low conversions at the bottom, wrinkling of the surface, and decreased production speeds. Photobleaching is also necessary for colorless or white ﬁlms and coatings to prevent yellowing. Acylphosphine oxides and bisacylphosphine oxides (14), which undergo α-cleavage, are examples of photobleaching initiators widely used today. These photoinitiators absorb well into the visible spectrum; however, once cleavage occurs, the absorption peaks in the visible spectral region disappear.



Polymerizable and Polymeric Photoinitiators. Growing interest in polymerizable and polymeric photoinitiators is seen in several industries. An example is poly(4,4-dimethyl-1-penten-one) (15).



816



PHOTOPOLYMERIZATION, FREE RADICAL



Vol. 10



In the food-packaging industry, species that migrate from a ﬁlm or coating may contaminate foods. In the ﬁlm and coating industries, migrating species may cause yellowing at ﬁlm surfaces. Thus, tethering or incorporating the photoinitiator on the main polymer chain is an effective means of reducing migration by photoproducts and unreacted photoinitiator (27). These types of photoinitiators exhibit other practical beneﬁts, such as improved compatibility with monomers, longer shelf life, increased reactivity, and reduced volatile emissions (28,29). Polymeric photoinitiators have been synthesized by grafting the initiator molecule onto the backbone of the polymer chain (3,27,30). They have also been created by terminating polymer chains with the initiator molecules (3,27,29,31,32). Polymeric photoinitiators may become entangled within the polymer product or attached to the main polymer chain or network, depending on whether the active center cleaves from or is part of the polymeric photoinitiator chain (27). Polymerizable photoinitiators may be formed by attaching the photoinitiator on a polymeric or oligomeric chain that has one or more functional groups that can enter into the polymerization as well (3). Thus, the photoinitiators become copolymerized with the main polymer chain or network. In some cases, a monomer may function as a photoinitiator and become incorporated into a copolymer chain. This has been shown for styrene and other conjugated monomers when exposed to deep-UV light; however, the initiation efﬁciency in these systems is substantially less than when a photoinitiator is present (p. 223 of Ref. 33, and Ref. 34). A better polymerizable initiator scheme is illustrated by the acceptor-donor chemistry of maleimide-donor systems (35–37). Maleimide acts as both photoinitiator and comonomer in the presence of hydrogen donors such as vinyl ethers or vinyl esters (38,39); an example of this copolymerization is shown in equation 5. It shows the molecular structure of the acceptor tert-butylmaleimide (left), the donor 4-hydroxy-butyl vinyl ether (right), and their corresponding copolymer repeat unit.



(5) In these systems, illumination with a subsequent hydrogen abstraction or electron/proton transfer process results in the production of two radicals, both of
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which may start a propagating chain by adding either monomer (35–37):



These systems have the added advantage of being photobleaching, as well as less inhibited by oxygen.



Monomers Unsaturated monomers, which contain a carbon–carbon double bond (C C), are used extensively in free radical photopolymerizations. The free-radical active center reacts with the monomer by opening the C C bond and adding the molecule to the growing polymer chain. Most unsaturated monomers are able to undergo radical polymerization (qv) because free-radical species are neutral and do not require electron-donating or electron-withdrawing substituents to delocalize the charge on the propagating center, as is the case with ionic polymerizations. Commercial consideration in formulation development is therefore given to the ﬁnal properties of the polymer system, as well as the reactivity of the monomer. (Meth)acrylate Systems. Acrylate and methacrlate monomers are by far most widely used in free-radical photopolymerization processes. The generalized structure of these monomers and their corresponding polymer is shown in Figure 4. These monomers have very high reaction rates, with acrylates having an even faster reaction rate than their methacrylate counterparts (4). This makes them especially amenable for high speed processing needed in the ﬁlms and coatings industry. (Meth)acrylate systems are also easily tailored using the ester linkage to obtain the desired chemical, mechanical, and optical properties for a variety of applications (see ACRYLIC ESTER POLYMERS; METHACRYLIC ESTER POLYMERS). Monoacrylates, which have only one C C group, are generally used as reactive diluents with multiacrylates, which have two or more C C groups per molecule (Fig. 5). Multiacrylates increase the mechanical strength and solvent resistance of the ultimate polymer by forming cross-linked networks rather than linear polymer chains, whereas monoacrylates reduce the viscosity of the prepolymer mixture for ease of processing (4,6). One of the drawbacks of acrylate and methacrylate systems is their relatively large polymerization shrinkage. Shrinkage is caused by the formation of covalent



Fig. 4. Molecular structure of a generalized acrylate monomer and its corresponding polymer repeat unit.
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Fig. 5. Molecular structures of monomers with a varying number of acrylate reactive groups: a monoacrylate (top), diacrylate (middle), and triacrylate (bottom).



bonds between monomer molecules. When a covalent bond is formed between two monomer molecules, the distance between them is approximately half as much as that between two molecules experiencing van der Waal’s forces in solution. In addition, because the number of conformations that a polymer chain can achieve is less than that for the individual monomer molecules, monomer conversion results in a negative entropy of polymerization and less free volume. Thus, volume shrinkage of 5–25% is observed in these systems (4,40–42). This shrinkage causes stresses in the polymer parts, which can affect their ultimate performance, especially in applications such as stereolithography, dentistry, and coatings. One way to overcome this disadvantage is to develop oligomeric acrylates. These oligomers contain 1 to 12 repeat units formed through step-growth polymerization; the ends are then capped with two or more (meth)acrylate functional groups. Commercially available oligomeric families are shown in Figure 6. In addition to reducing shrinkage, oliogomeric acrylates offer improved properties of wear resistance and chemical and moisture resistance. They also enable the use of these functional groups in rapid processing applications, which would not be possible using the slower step-growth polymerization mechanism. Because of their size, these oligomers must be combined with other monomers to reduce the resin viscosity. Examples of coating formulations incorporating multiacrylates and oligomeric acrylates are shown in Table 1. Unsaturated Polyester Systems. Coatings in the furniture industry rely heavily upon resin formulations containing unsaturated polyesters, styrene, and photoinitiator (3,4,13,43,44). The unsaturated polyesters are synthesized using step-growth polymerization (see POLYESTERS, UNSATURATED). Upon illumination, the carbon–carbon double bond in the unsaturated polyester and styrene copolymerize to form a cross-linked network (eq. 6). Equation 6 shows a generalized reaction scheme for an unsaturated polyester system.



(6)
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Fig. 6. Molecular structure of some generic acrylated oligomers.



Although these systems polymerize much slower than the acrylate systems, they are low cost and can still polymerize at ambient temperatures. Thiol–Ene Systems. Systems that combine thiols [such as a trithiol (16)] with ene comonomers, such as allyl ethers [like trimethylol propane diallyl ether (17)] or acrylates, were ﬁrst considered in the 1970s; however, because of their unpleasant odor, thiols were abandoned, and acrylates became the monomer of choice for industrial implementation.



Table 1. Sample (Meth)acrylate Formulations Wood-ﬂooring topcoat



Adhesive resin for dentistry



Urethane acrylate, 60% Diacrylated polyether, 24% Polyester tetraacrylate, 10%



Dimethacrylated epoxide, 60–70% Monomethacrylate, 30–40% Camphorquinone, 
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