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POLYURETHANES The polymers known as polyurethanes include materials that incorporate the carbamate group, NHCOO , as well as other functional groups, such as ester, ether, amide, and urea. The name polyurethane is derived from ethyl carbamate, known as urethane. Polyurethanes are usually produced by the reaction of a polyfunctional isocyanate with a macroglycol, a so-called polyol, or other reactants containing two or more groups reactive with isocyanates. Often a combination of a macroglycol and a short-chain glycol extender is used to produce segmented block copolymers. The macroglycols are based on polyethers, polyesters, or a combination of both. In recent years diamines have also been used as comonomers in order to achieve higher reaction rates in molding and spray applications. In addition to the linear thermoplastic polyurethanes, obtained from difunctional monomers, branched or cross-linked thermoset polymers are made with higher functional monomers. Linear polymers have good impact strength, good physical properties, and excellent processibility, but limited thermal stability (owing to their thermoplasticity). Thermoset polymers, on the other hand, have higher thermal stability but sometimes lower impact strength (rigid foams). The higher functionality is obtained with higher functional isocyanates (polymeric isocyanates), or with higher functional polyols. Cross-linking is also achieved by secondary reactions. For example, urea groups are generated in the formation of water-blown ﬂexible foams. An isocyanato group reacts with water to form a carbamic acid, which dissociates into an amine and carbon dioxide, with the latter acting as a blowing agent. The amine reacts with another isocyanate to form a urea linkage. Further reaction of the urea group with the isocyanate leads to cross-linking via a biuret group. Waterblown ﬂexible foams contain urethane, urea, and some biuret groups in their network structure. Urea-modiﬁed segmented polyurethanes are manufactured from diisocyanates, macroglycols, and diamine extenders. Polyurethane network polymers are also formed by trimerization of part of the isocyanate groups. This approach is used in the formation of rigid polyurethane-modiﬁed isocyanurate (PUIR) foams. The addition polymerization of diisocyanates with macroglycols to produce urethane polymers was pioneered in 1937 by O. Bayer (1). The rapid formation of high molecular weight urethane polymers from liquid monomers, which occurs
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even at ambient temperature, is a unique feature of the polyaddition process, yielding products that range from cross-linked networks to linear ﬁbers and elastomers. The enormous versatility of the polyaddition process allowed the manufacture of a myriad of products for a wide variety of applications. The early German polyurethane products were based on tolyene diisocyanate (TDI) and polyester polyols. In addition, a linear ﬁber, Perlon U, was produced from the aliphatic 1,6-hexamethylene diisocyanate (HDI) and 1,4-butanediol. Commercial production of ﬂexible polyurethane foam in the United States began in 1953. In Germany a toluene diisocyanate consisting of an isomeric mixture of 65% 2,4-isomer and 35% 2,6-isomer was used in the manufacture of ﬂexible foam, whereas in the United States the less expensive 80:20 isomer mixture was used. In 1956, DuPont introduced poly(tetramethylene glycol) (PTMG), the ﬁrst commercial polyether polyol; the less expensive polyalkylene glycols appeared by 1957. The availability of the lower cost polyether polyols based on both ethylene and propylene oxides provided the foam manufacturers with a broad choice of suitable raw materials, which in turn afforded ﬂexible foams with a wide range of physical properties. Polyether polyols provide foams with better hydrolytic stability whereas polyester polyols give superior tensile and tear strength. The development of new and superior catalysts, such as Dabco (triethylenediamine) and organotin compounds, has led to the so-called one-shot process in 1958, which eliminated the need for an intermediate prepolymer step. Prior to this development, part of the polyol was treated with excess isocyanate to give an isocyanateterminated prepolymer. Further reaction with water produced a ﬂexible foam. The late 1950s saw the emergence of cast elastomers, which led to the development of reaction injection molding (RIM) at Bayer AG in Leverkusen, Germany, in 1964. Also, thermoplastic polyurethane (TPU) elastomers and Spandex ﬁbers were introduced during this time. In addition, urethane-based synthetic leather was introduced by DuPont under the trade name Corfam in 1963. The late 1950s also witnessed the emergence of a new polymeric isocyanate (PMDI) based on the condensation of aniline with formaldehyde. This product was introduced by the Carwin Co. (later Upjohn and Dow) in 1960 under the trade name PAPI. Similar products were introduced by Bayer and ICI in Europe in the early 1960s. The superior heat resistance of rigid foams derived from PMDI prompted its exclusive use in rigid polyurethane foams. The large-scale production of PMDI made the coproduct 4,4 ,-methylenebis(phenyl isocyanate) (MDI) readily available, which has since been used almost exclusively in polyurethane elastomer applications. Liquid derivatives of MDI are used in RIM applications, and work has been done since the 1990s to reinforce polyurethane elastomers with glass, graphite, boron, and aramid ﬁbers, or mica ﬂakes, to increase stiffness and reduce thermal expansion. The higher modulus thermoset elastomers produced by reinforced reaction injection molding (RRIM) are also used in the automotive industry. In 1969 Bayer pioneered an all-plastic car having RIM-molded bumpers and fascia; in 1983 the ﬁrst plastic-body commercial automobile (Pontiac Fiero) was produced in the United States. The polymerization step can be conducted in a mold, in an extruder (TPU production), or continuously on a conveyor (block foam production). Also, spraying
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of the monomers onto the surface of a substrate produces polyurethane coatings. The resulting polymers can be thermoplastic, which allows reprocessing by injection molding, extrusion, blow molding, and other remelting processes, or they are thermoset polymers as used in the RIM process in the molding of automotive bumpers, or in the manufacture of cellular polyurethanes. Polyurethanes are a primary component of the global polymer market. They amount to about 6% of the total world plastic use. The world consumption of polyurethanes in 2000 was about 8 million tons, with a global growth averaging around 3–4% a year. The Western Hemisphere uses about 3 million metric tons per annum, Western Europe approximately 2.6 million metric tons per annum, the remainder being used in Asia and Africa. Today’s global polyurethane industry has been reshaped by several mergers of the 1980s and 1990s. Some of the familiar players, such as ICI, Upjohn, Olin, Rhone Poulenc, Union Carbide, and Arco, sold their polyurethane businesses; Bayer, the principal global isocyanate producer, strengthened its position in polyether polyols by acquiring the Arco polyol business in 1999. Also Dow, the other leading producer of polyether polyols, acquired Union Carbide in 1999, which further strengthened its position in polyols. The primary polyurethane players of the new millennium are Bayer, BASF, Dow, and Huntsman, the latter through the purchase of the global ICI business. Lyondell, which acquired the TDI businesses from Olin and Rhone Poulenc, sold the Arco polyol business to Bayer in 1999, thereby indicating their intent to eventually exit polyurethanes. Over the years the primary polyurethane chemical producers underwent forward integration by buying primary polyurethane system houses, ie their principal customers. Recent examples include the acquisition of Essex, a leading producer of automotive windshield adhesives and sealants, and of Flexible Products and General Latex, which are polyurethane foam system houses, by Dow; and BASF acquired IPI International, a producer of insulation foam systems. In Asia and South America, the primary global chemical producers formed joint ventures with primary local companies, some of which established small volume manufacturing sites. In contrast, Dow/Mitsubishi built an isocyanate distillation plant in Yokaichi, Japan, to separate PMDI/MDI feedstock. Dow has another distillation plant in Delfzjiel, Holland, which has been increased by 60% in 2000. In this plant feedstock from Dows Estarreja, Portugal, plant is separated into PMDI and MDI. Although distillation plants are less costly, the other primary producers seem to be involved in building global-size facilities in Asia. For example, BASF plans to build a new 140-kt/a TDI plant in Yosu, South Korea by 2003. A present MDI plant at this site will be simultaneously expanded to 160 kt/a. Also, several major facilities are planned for mainland China. A recent project by Bayer, the building of a major TDI plant in Taiwan, was cancelled because of local opposition to the plant. Enichem in Italy, which acquired its isocyanate technology from ICI, is a regional producer of isocyanates and polyols. The major producers of polyurethane chemicals also manufacture TPU elastomers. DuPont was also at one time involved in polyurethanes, but it sold its TDI technology to Dow and excited the synthetic leather business. However, DuPont is still the principal force in the production of polyurethane ﬁbers (Lycra). Through the acquisition of Uniroyal and Witco, the Crompton & Knowles Corp. became a
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principal force in polyurethane elastomers, which are now sold under the trade name CK Witco. Manufacturing and marketing arrangements include a rigid foam system marketing deal between Huntsman and Shell, and a manufacturing joint venture of BASF and Shell. The latter is named Basell CV, which opened a new styrene monomer/propylene oxide plant at Moerdijk in the Netherlands with a capacity of 250 kt/a of propylene oxide. Another plant in Singapore is scheduled to open in 2002. Some of the new polyols are used to supply Huntsman, which is the only primary polyurethane company without a polyol manufacturing capability. One of the current trends in polyurethanes is the gradual replacement of TDI by the less volatile PMDI or MDI in many applications. The production of PMDI/MDI is a coproduct process, which is economically viable because the market requires amounts of both isocyanates in the amounts presently produced. All primary producers remove some of the higher priced MDI (up to 50%) by vacuum distillation. A process for the manufacture of only MDI does not exist. Elimination of chlorinated ﬂuorocarbon (CFC) blowing agents and the reduction of emission of volatile organic compounds (VOCs) have been ongoing. The latter leads to a rapid increase in the use of water-based polyurethane dispersions in coating applications. Flexible foam producers have eliminated auxiliary blowing agents, and the rigid foam producers use water-blown formulations in combination with hydrochloroﬂuorocarbons (HCFCs), hydroﬂuorocarbons (HFCs), or hydrocarbons. Adhesives and sealants are reformulated from solvent-based products to 100% solid-and water-based systems.



Isocyanates The synthesis, reactions, and manufacture of isocyanates were reviewed in 1997 (2), and the chemistry and technology of isocyanates is the subject of a recent book (3). The standard method of synthesis of isocyanates is the phosgenation of amines or amine salts. The phosgenation of amines to isocyanates was pioneered by Hentschel in 1884 (4). Using this method, a solution of the diamines in chlorobenzene is added to excess phosgene in the same solvent below 20◦ C. The resultant slurry consisting of the dicarbamoyl chloride (1) and the diamine dihydrochloride (2) is treated with excess phosgene at temperatures up to 130◦ C. Upon heating above 65◦ C the dicarbamoyl chloride dissociates to generate diisocyanate (3). The conversion of 2 is very slow, and the use of polar solvents or higher pressures increases the rate of reaction.
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In the laboratory a slurry of the diamine salts, obtained by treating a solution of the diamines with hydrogen chloride or carbon dioxide, is treated above 100◦ C until a clear solution is obtained. Instead of the toxic phosgene gas, the liquid trichloromethyl chloroformate (diphosgene) (5) or the solid bistrichloromethyl carbonate (triphosgene) (6) can be used in the laboratory. The phosgene oligomers have to be used with caution because the toxic monomer can be generated readily and all reactions have to be performed under a fume hood. In the continuous manufacture of diisocyanates, the by-products (hydrogen chloride and excess phosgene) are vented and separated. The recovered phosgene is recycled and part of the hydrogen chloride is used in the aniline/formaldehyde condensation. The solvents used in the phosgenation of the diamines are aromatic hydrocarbons, especially chlorobenzene and o-dichlorobenzene. Occasionally, more polar solvents, such as ethyl acetate, dioxane, nitrobenzene, or dimethylsulfone, are used. Excess phosgene can also be used as solvent if the reaction is conducted under high pressure. Dimethylformamide (DMF) and phenyltetramethylguanidine catalyze the phosgenation reaction (7). Aliphatic diamines are also phosgenated in a two-phase reaction using methylene chloride and aqueous sodium hydroxide. The diamine and phosgene are dissolved in methylene chloride and the form 2 is instantaneously neutralized with sodium hydroxide. The generated diisocyanate remains in the solvent phase, and excess phosgene is also neutralized with sodium hydroxide, which enhances the safety of phosgene handling. The highly exothermic reaction requires efﬁcient cooling. A disadvantage of this process is the use of a slight excess of phosgene, which cannot be recovered. Instead of phosgene and its oligomers, oligomeric t-butylcarbonates are also used to convert diamines into diisocyanates. For example, sterically hindered aromatic diamines react with di-t-butyldicarbonate in the presence of dimethylaminopyridine in acetonitrile at room temperature to give sterically hindered aromatic diisocyanates. In this manner 3,6-3 ,6 -tetramethyl MDI is obtained in 93% yield (8). Also, aliphatic diamines react with di-t-butyltricarbonate at room temperature to give a high yield of the corresponding diisocyanates (9). Since the early 1970s, attempts have been made by the principal global producers of isocyanates to avoid the use of the toxic phosgene in the manufacture of isocyanates. Attempts to produce TDI and PMDI by nonphosgene processes have failed. However, two aliphatic diisocyanates, CHDI and TMXDI, are manufactured ¨ and BASF have also announced plans to use using nonphosgene processes. Huls nonphosgene processes for the manufacture of IPDI in their new plants which are under construction. In the new, nonphosgene chemistry, isocyanic acid, generated by thermolysis of urea, reacts with diamines to give a bis-urea derivative. Subsequent reaction with diethylamine affords tri-substituted urea derivatives, which are thermolyzed in an inert solvent in the presence of an acidic catalyst to give the diisocyanate (10). Gaseous ammonia is the only by-product in this process. Also, reaction of aliphatic diamines with carbon dioxide, in the presence of triethylamine, affords biscarbamate salts, which can be dehydrated with phosphoryl chloride to give the diisocyanate (11). Another laboratory method of synthesis of diisocyanates is the thermolysis of bisacylazides (4) (Curtius reaction). For example, dicarboxylic acid chlorides react
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with trimethylsilyl azide to give (4), which is thermolyzed in an inert solvent to give the diisocyanates (5), n = 3–10 (12).



The preparation of aliphatic diisocyanates, using bisacylazides, has to be conducted with caution because an explosion occurred in the preparation of ethylene diisocyanate by using this method (13). Ethylene diisocyanate is readily obtained by dehydrochlorination of a heterocyclic allophanoyl chloride derivative obtained in the phosgenation of ethyleneurea (14). The commodity aromatic isocyanates TDI and PMDI/MDI are most widely used in the manufacture of urethane polymers. Tolylene diisocyanate, TDI, is a distilled 80:20 mixture of 2,4- and 2,6-isomers. However, pure 2,4-TDI and a 65:35 mixture of the 2,4- and 2,6-isomers are also commercially available. Pure 2,4TDI, mp 19.5–21◦ C, is obtained on cooling of 80:20 TDI. The manufacture of TDI involves nitration of toluene, hydrogenation to the diamines, and phosgenation. Separation of the undesired ortho derivatives, such as 2,3- and 3,4-dinitrotoluene, is necessary because their presence interferes with the polymerization of TDI (15). The other commodity isocyanate, PMDI/MDI, is based on benzene. Mononitration of benzene, catalytic reduction to aniline, followed by condensation of aniline with formaldehyde produces oligomeric amines, which are phosgenated to give mixtures of PMDI and MDI. MDI is separated from PMDI by continuous thin-ﬁlm vacuum distillation. PMDIs are crude products that vary in exact composition. The main constituents are 40–60% MDI; the remainder is the other isomers of MDI, triisocyanates, and higher molecular weight oligomers. Important product variables are functionality and acidity. Rigid polyurethane foams are mainly manufactured from PMDI. The so-called pure MDI is a low melting solid that is used for high performance polyurethane elastomers and spandex ﬁbers. Liquid MDI (Isonate 143-L) is produced by converting some of the isocyanate groups in MDI to carbodiimide groups, which react with the excess isocyanate present to form a small amount of the trifunctional four-membered ring cycloadduct (16). The presence of the cycloadduct lowers the melting point of MDI to give a liquid product. In most applications the trifunctional cycloadduct will dissociate into difunctional monomers; therefore, this type of liquid MDI can be used in the manufacture of linear polyurethanes. Liquid MDI products are also made by reaction of the diisocyanate with small amounts of glycols. These products are called prepolymers. MDI products enriched in 2,4-MDI are also available. The latter are used in the manufacture of ﬂexible MDI foams. The manufacture of the oligomeric amine precursors for PMDI/MDI is conducted by continuously adding formaldehyde to aniline in the presence of less than the stoichiometric amount of hydrochloric acid at room temperature in agitated reactors. The reaction mixture is gradually heated to 100◦ C over a period of several hours. The reaction can also be conducted under pressure at higher temperatures in order to increase the rate of reaction. However, the oligomeric amines produced in this manner contain higher amounts of 2,2 - and 2,4 -methylenedianiline
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(MDA). The acid-catalyzed aniline/formaldehyde reaction proceeds in two steps. At room temperature aniline reacts with formaldehyde to form N-substituted carbonium ions which attack aniline in the para- and ortho-position to give a mixture of p-aminobenzylamine (PABA), (6), o-aminobenzylamine (OABA), (7), and oligomeric benzylamines. Subsequent heating affects dissociation of the benzylamines to give C-bonded carbonium ions, which form another C C bond in their reaction with aniline.



6 + C6 H5 NH2 + HCl → 4,4 -MDA + 2,4 -MDA + oligomers 7 + C6 H5 NH2 + HCl → 2,4 -MDA + 2,2 -MDA + oligomers The variables affecting the product distribution are aniline concentration, hydrochloric acid concentration, and temperature. The higher the excess of aniline, the higher is the diamine concentration. Higher hydrochloric acid concentration and lower initial temperature favor the formation of 4,4 -MDA. Attempts were made over the years to replace the aqueous hydrochloric acid catalyst with slower reacting solid acidic clay catalysts, but the obtained product distribution was different, and therefore this approach was never used. The commercial manufacture of TDI and PMDI/MDI is the continuous phosgenation under pressure of the amine precursors in an inert solvent at elevated temperatures. The by-products, hydrogen chloride and excess phosgene, are continuously vented and separated. The recovered phosgene is recycled and the hydrogen chloride is used in the aniline/formaldehyde condensation, or it is sold or reoxidized to chlorine to be reused in the manufacture of phosgene. In case of the manufacture of PMDI, some of the diisocyanate (MDI) is separated by continuous vacuum distillation using a wiped ﬁlm evaporator. In this operation the residual PMDI, which still contains MDI, is only subjected to a short heat treatment. The advantage of the simultaneous manufacture of both isocyanates is a quantitative yield because the by-products of the phosgenation reaction are contained in the residual PMDI. The current prices of the commodity aromatic isocyanates (DM/kg) are TDI: 3.6; PMDI: 2.8; MDI: 4.3. The light-stable aliphatic isocyanates are somewhat more expensive. Several higher-priced aromatic diisocyanates, such as p-phenylene diisocyanate (PPDI), 1,5-naphthalene diisocyanate (NDI), and bitolylene diisocyanate (TODI), are also available. These symmetrical high melting diisocyanates give high melting hard segments in polyurethane elastomers. Aromatic diisocyanates are also obtained in the coupling of suitable monoisocyanates. For example, reaction of 4-isocyanatobenzoyl chloride (8) with a trimethylsiloxy-substituted isocyanate (9) affords diisocyanato benzoates (10) (17).
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Triad diisocyanates (12) are obtained in the reaction of two equivalents of 4-isocyanatobenzoyl chloride with the silylated hydroquinone derivative (11) (18).



The aromatic triisocyanate (13) is obtained in the reaction of 4-nitrophenol and thiophosphoryl chloride, followed by reduction and phosgenation. (19). This triisocyanate is sold under the trade name Desmodur RF (Bayer) as a glue for rubber adhesive solutions.



Aromatic triisocyanates as cross-linkers are more readily obtained by trimerizing 2,4-TDI. In this reaction the more reactive isocyanate group in the 4-position undergoes trimerization to produce a triisocyanate (20). Also, aromatic polyisocyanates are obtained in the copolymerization of styrene with cinnamoyl azide (21). Blocked polyisocyanates (14) are obtained from p-nitrostyrene and carbon monoxide in methanol, using a ruthenium catalyst (22).



Polyurethanes obtained from aromatic diisocyanates undergo slow oxidation in the presence of air and light causing discoloration, which is unacceptable in some applications. In contrast, polyurethanes obtained from aliphatic diisocyanates are color stable, although it is necessary to add antioxidants and uvstabilizers to the formulations to maintain the physical properties of the polymers with time. The elusive parent diisocyanate, O C N N C O, is only stable at −75◦ C, and therefore it is not suitable as a monomer for polyurethanes (23). The least costly aliphatic diisocyanate is hexamethylene diisocyanate (HDI), which is obtained by phosgenating the nylon intermediate hexamethylenediamine (HDA). Because of its low boiling point, HDI is mostly used in the form of its derivatives, such as biurets, allophanates, dimers, or trimers (24). Isophorone diisocyanate (IPDI) and its derivatives are also used in the formulation of rigid coatings, while hydrogenated MDI (HMDI) and cyclohexane diisocyanate (CHDI) are used in the formulation of ﬂexible coatings and polyurethane elastomers. HDA is commercially produced from adipic acid or butadiene. The catalytic hydrogenation of adiponitrile to HDA is common in both routes. The phosgena-
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Table 1. Phosgenation Processes for Aliphatic Diisocyanates Method a,b



Diamine salts Diamines Two-phasec



Rate of reaction



Diamine concentrations



Yields



Very slow Faster Very fast



Lowest Higher High



Highest High Lower



a Hydrochlorides



or carbamates from diamines and carbon dioxide. reaction can also be conducted using excess phosgene as solvent. c Using water, sodium hydroxide, and methylene chloride. b This



tion of the diamine is conducted continuously in chlorobenzene. In Table 1 the advantages and disadvantages of several phosgenation processes for aliphatic diisocyanates are shown. In a recent patent a nonphosgene synthesis of HDI is described (25). Reaction of HDA with urea and ethanol, in the presence of Co(OAc)2 at 170–175◦ C, affords the biscarbamate, which is thermolyzed in a thin-ﬁlm evaporator at 260–270◦ C. The other signiﬁcant aliphatic diisocyanate, IPDI, is based on isophorone chemistry. Trimerization of acetone gives isophorone (15), which on reaction with HCN affords the β-cyanoketone (16). Reductive amination of (16) to the diamine (17), followed by phosgenation, gives IPDI (18).



An example of a nonphosgene route to IPDI is the reaction of 17 with urea and n-butanol in the presence of dibutyl carbonate at 210–220◦ C. Thermolysis of the biscarbamate at 270–280◦ C at 30 mbar affords 18 (26). IPDI is a mixture of 72% cis isomers and 28% trans isomers (27). HMDI was originally produced by DuPont as a coproduct in the manufacture of Quiana ﬁber. After terminating Quiana production DuPont sold the product to Bayer. Today, a crude mixture of the diamines obtained in the acid-catalyzed aniline/formaldehyde reaction is supplied by Bayer to Air Products, which is performing the ring hydrogenation. The phosgenation of the ring hydrogenated diamines is performed by Bayer. Commercial HMDI is a mixture of three stereo isomers (trans–trans, mp 65◦ C; cis–trans, mp 36◦ C; and cis–cis, mp 61◦ C). The direct formation of a blocked HMDI is conducted by ring hydrogenation of caprolactam blocked MDI (28). Semicommercial aliphatic diisocyanates include trans-cyclohexane-1,4diisocyanate (CHDI) and m-tetramethylxylylene diisocyanate (TMXDI). A coproduct in the production of TMXDI is m-isopropenyl-α,α-dimethylbenzyl isocyanate (TMI), which can be copolymerized with other oleﬁns to give aliphatic polyisocyanates. These aliphatic diisocyanates are manufactured using nonphosgene routes. Akzo has developed the CHDI process based on scrap polyester ﬁber. Ring hydrogenation of dimethyl terephthalate (DMT), transesteriﬁcation with diethylene glycol, followed by reaction with ammonia provides a diamide, which
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is N-chlorinated. Hofmann rearrangement in the presence of diethylamine produces the blocked diisocyanate, which is subsequently deblocked on heating in the presence of hydrogen chloride (29). Cyclohexyl diisocyanate (CHDA) can also be obtained by catalytic hydrogenation of p-phenylenediamine. Most likely, this approach has economic advantages over the multistep process based on ﬁber scrap. The manufacture of TMXDI, developed by American Cyanamid, is based on the reaction of m-isopropylidenebenzene (19) with ethyl carbamate to give the blocked diisocyanate (20). Thermolysis affords a mixture of TMXDI (21) and the monoisocyanate (TMI) (22) (30).



The coupling of ω-isocyanatocarboxylic acid chlorides (23) with silylated aliphatic hydroxy-isocyanates (24) is another method of synthesis of aliphatic diisocyanates (25), containing ester groups in their structure (31).



In Table 2 the physical properties and the manufacturers of the commercial isocyanates are listed.



Blocked and Modiﬁed Isocyanates Masked or blocked diisocyanates are used in coating applications. The blocked diisocyanates are storage-stable, nonvolatile, and easy to use in powder coatings. Blocked isocyanates are produced by reaction of the diisocyanate with blocking agents such as caprolactam, 3,5-dimethylpyrazole, phenols, oximes, acetoacetates, or malonates. Upon heating at 120–160◦ C, the blocked isocyanates dissociate and the generated free isocyanate reacts with hydroxyl groups available in the formulation to give high molecular weight polyurethanes. In the case of acetoacetates and malonates, the free isocyanates are not regenerated, but the adducts undergo transesteriﬁcation reactions with the present polyol upon heating (32). A phenol-blocked methylene diisocyanate (27) is obtained in the reaction of phenyl carbamate (26) with formaldehyde (33).



The blocking of isocyanato groups with phenol is used in the formation of hyperbranched polyurethanesfrom a benzylalcohol derivative, having two
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Table 2. Properties of Commercial Isocyanates



PPDI



[104-49-4]



Boiling point ◦ CkPa a 110–1121.6



TDI



[1321-38-6]



1211.33



14b



BASF, Bayer, Dow, Lyondell, Enichem, Mitsui



MDI



[101-68-8]



1710.13



39.5



BASF, Bayer, Dow, Enichem



PMDI



[9016-87-9]



NDI



[3173-72-6]



2440.017



130–132



Bayer, Mitsui



TODI



[91-97-4]



160–1700.066



71–72



Nippon-Soda



XDI



[3634-83-1]



159–1621.6



TMXDI



[58067-42-8]



1500.4



American Cyanamid



HDI



[822-06-0]



1301.73



TMDI



[83748-30-5]



1491.33



Bayer, Lyondell, ¨ Mitsui, Huls ¨ Huls



Name



Structure



CAS Reg. No.



Melting point ◦ C 94–96



Producer Akzo



Takeda



[15646-96-5]



CHDI



[2556-36-7]



122–1241.6



HXDI



[38661-72-2]



980.053



Akzo



Takeda
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Table 2. (Continued) Name IPDI



Structure



CAS Reg. No. [4098-71-9]



Boiling point ◦ CkPa a 1531.33



Melting point ◦ C



Producer BASF, Bayer, ¨ Lyondell Huls,



HMDIc



[5124-30-1]



1790.12



trans–trans 65 cis-trans 36 cis–cis 61



Bayer



a To



convert kPa to mm Hg, multiply by 7.5. of 80% 2,4-isomer [584-84-9] and 20% 2,6-isomer [91-08-7]. c Mixture of stereoisomers. b Mixture



NHCOOC6 H5 groups in the 3,5-position (34). Intramolecular dimers derived from long-chain aliphatic diisocyanates (35) and macrocyclic ureas (36) are also used as masked aliphatic diisocyanates. Blocked aliphatic isocyanates or their derivatives are used for one-component coating systems. Masked polyols are also used for this application. For example, polyols capped with vinyl or isopropenyl ethers produce polyacetals, which do not react with isocyanates. Hydrolysis of the acetals with moist air regenerates the hydroxyl groups, which undergo polyurethane reaction with isocyanateterminated prepolymers (37). In addition, substituted oxazolines are used as masked cross-linkers (38). Ketimine cross-linkers are also utilized in the formulation of one-component coating systems (39). Hydrolysis of ketimines produces diamines, which undergo a very fast reaction with isocyanate-terminated prepolymers. Blocked isocyanates are also used in the cross-linking of acrylic resins for automotive coatings. Incorporation of masked diisocyanates into epoxy resins lowers the moisture absorption in the derived coatings (40). Other modiﬁed commercial diisocyanates include diisocyanate prepolymers, biurets, and isocyanurates (trimers). Asymmetric trimers (iminooxadiazine diones) are also obtained from aliphatic diisocyanates, using ﬂuoride-based catalysts. The modiﬁcations of the commercial isocyanates are necessary to lower their melting points, or to lower their vapor pressure. The prepolymers used in the manufacture of polyurethanes are mainly urethane modiﬁed diisocyanates, formed in the reaction of the diisocyanate with a small amount of a macrodiol. Hydroxy-terminated prepolymers can also be prepared, but they are of no commercial signiﬁcance. To raise the vapor pressure of aliphatic diisocyanates they are converted into allophanates, biurets, or triisocyanurates (trimers). HDI is mainly used as the biuret, (28), which is formed in the reaction of 3 mol of HDI with 1 mol of water, or other active hydrogen containing compounds, such as hydrated inorganic salts, tertiary alcohols, formic acid, pivalic acid, hydrogen sulﬁde, monoamines, or diamines.



High temperature (>270◦ C) reaction of HDA with excess HDI is a commercial process to produce the HDI biuret (41). The excess HDI is removed by thin-ﬁlm vacuum distillation. For the conversion of HDI into a triisocyanurate
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derivative (trimer), using benzyltrimethyl ammonium hydroxide as the catalyst, it is advantageous to remove carbon dioxide from the diisocyanate by sparging with nitrogen (42). When tributylphosphine is used as the catalyst a mixture of dimers and trimers (3:2) is obtained (43). Sometimes prepolymers are used as coreactants in the trimerization of HDI (44). Also, mixtures of HDI and IPDI are used to generate the mixed trimers (45). On standing, HDI biurets slowly generate monomeric HDI; therefore, it is advantageous to use allophanates as the diisocyanate derivatives because allophanates do not dissociate on standing. Glycols, polyols, or monoalcohols are used to initiate allophanate formation. The derivatization of IPDI is easier to accomplish because of the different reactivities of the two isocyanate groups in the molecule. For example, preferential dimerization of the primary isocyanate group is observed in the trialkylphosphinecatalyzed reaction (46). Trimerization of IPDI in the presence of quaternary ammonium salts affords mainly the isocyanurate trimer (47). Attempted biuret formation from IPDI and Na2 SO4 ·10H2 O gives a mixture of ureas and biurets (48). A biuret derivative is also obtained from IPDI and HDA (49). The use of catalysts plays a role in determining which isocyanate group in IPDI is more reactive. For example, in the reaction of IPDI with n-butanol at 50◦ C the secondary isocyanate group is 1.6 times more reactive than the primary isocyanate group in both stereoisomers. Using dibutyltin dilaurate as the catalyst, the reactivity of the secondary NCO group is about 12 times higher than the primary NCO group. However, using a tertiary amine catalyst (DABCO) the primary NCO group is 1.2 times more reactive than the secondary NCO group (50). The selective reactivities of the isocyanate groups in IPDI can be utilized to generate a diol containing an acrylic double bond for cross-linking (51). Reaction of the initially formed carbamate (29) with diethanolamine affords the diol (30).



The selective reaction of the p-isocyanato group in 2,4-TDI is used to produce the TDI dimer, which is a higher melting solid diisocyanate. In Table 3 some modiﬁed commercial diisocyanates are listed.



Polyols Polyether Polyols. The polyether polyols used in the manufacture of polyurethanes are hydroxy-terminated macromolecules, with molecular weights ranging from 250 to 8000. Lyondell/Bayer has provided pilot plant diols/triols having molecular weights of 10,000 to 15,000 for lubricant and surfactant applications. The hydroxy functionality can range from 2 to 8. The economically attractive polyether polyols based on alkylene oxides are listed in Table 4. Other speciality initiators derived from natural products are also manufactured. Examples include formose, lactose,α-methyl glucoside, and



Table 3. Modiﬁed Commercial Diisocyanates Modiﬁcation Urethane



Description MDI and low mol. weight weight polyether diol



Unreacted isocyanate, %a



Viscosity at 25◦ C, MPab



NCOc



60



800



22



60%), and improved ﬂammability properties. Semiﬂexible molded polyurethane foams are used in other automotive applications such as instrument panels, dashboards, arm rests, head rests, door liners, and vibrational control devices. An important property of semiﬂexible foam is low resiliency and low elasticity, which results in a slow rate of recovery after deﬂection. The isocyanate used in the manufacture of semiﬂexible foams is PMDI, sometimes used in combination with TDI or TDI prepolymers. Both polyester as well as polyether polyols are used in the production of these water-blown foams. Sometimes integral skin molded foams are also produced. Rigid Polyurethane Foams. Almost all rigid cellular polyurethanes are produced from PMDI. Some formulations, particularly those for refrigerator and freezer insulation, are based on modiﬁed TDI (golden TDI) or TDI prepolymers, but these are being replaced by PMDI formulations. The polyaddition reaction is inﬂuenced by the structure and functionality of the monomers, including the location of substituents in proximity to the reactive isocyanate group (steric hindrance) and the nature of the hydroxyl group (primary or secondary). Impurities also inﬂuence the reactivity of the system; for example, acid impurities in PMDI require partial neutralization or larger amounts of the basic catalysts. The acidity in PMDI can be reduced by heat or epoxy treatment, which is best conducted in the plant. Addition of small amounts of carboxylic acid chlorides lowers the reactivity of PMDI or stabilizes isocyanate-terminated prepolymers. The polyols used include PO adducts of polyfunctional hydroxy compounds or amines (see Table 4). The amine-derived polyols are used in spray foam formulations where high reaction rates are required. Crude aromatic polyester diols are often used in combination with the multifunctional polyether polyols. Blending of polyols of different functionality, molecular weight, and reactivity is used to tailor a polyol for a speciﬁc application. The high functionality of the polyether polyols combined with the higher functionality of PMDI contributes to the rapid network formation required for rigid polyurethane foams. From the onset of creaming to the end of the rise during the expansion process, the gas must be retained completely in the form of bubbles, which ultimately results in the closed-cell structure. Addition of surfactants facilitates the production of very small uniform bubbles necessary for a ﬁne-cell structure. Reactive or nonreactive ﬁre retardants, containing halogen and phosphorus, are often added to meet the existing building code requirements. The most commonly used reactive ﬁre retardants are Fyrol 6, chlorendic anhydride-derived diols, and tetrabromophthalate ester diols (PHT 4-Diol). There is a synergistic effect of nitrogen and phosphorus observed in P–N compounds. Phosphonates, such as Fryol 6, are effective in char formation, whereas phosphine oxide-derived ﬁre retardants are reactive in the gas phase. Because the reactive ﬁre retardants are combined with the polyol component, storage stability is important. Nonreactive ﬁre retardants include halogenated phosphate esters, such as tris(chloroisopropyl) phosphate (TMCP) and tris(chloroethyl) phosphate (TCEP), and phosphonates, such as dimethyl methylphosphonate (DMMP). Highly halogenated aromatic compounds, borax, and melamine are also used as ﬁre retardants in rigid foams.
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Insulation foams are halocarbon-blown. Chloroﬂuorocarbons, eg, CFC-11 (bp 23.8◦ C) and CFC-12 (bp −30◦ C), were used extensively as blowing agents in the manufacture of rigid insulation foam. Because of the mandatory phaseout of CFCs by Jan. 1, 1996, it had become necessary to develop blowing agents that have a minimal effect on the ozone layer. As a short-term solution, two classes of blowing agents are considered: HCFCs and HFCs. For example, HCFC 141b, CH3 CCI2 F (bp 32◦ C), is a drop-in replacement for CFC-11, and HFC 134a, CF3 CH2 F (bp −26.5◦ C), was developed to replace CFC-12. HCFC 142b, CH3 CCIF2 (bp −9.2◦ C), is the blowing agent used in the 1990s. Addition of water or carbodiimide catalysts to the formulation generates carbon dioxide as a coblowing agent. Longer-range environmental considerations have prompted the use of hydrocarbons such as pentanes and cyclopentane as blowing agents. Pentane-blown foams have already been used in the appliance industry in Europe. Pentane-based formulations are typically used in conjunction with water. Because rigid foams blown with alternative blowing agents have lower values [(m·W)/(m·K)] of about 19.5, as compared to 18.0 for CFC-11-blown foams, they are thus less efﬁcient in their insulation performance. In addition, because rigid polyurethane foams at a density of 0.032 g/cm3 are ca 97% gas, the blowing agents determine the k-factor (insulation value). The catalysts used in the manufacture of rigid polyurethane foams include tin and tertiary amine catalysts. Combinations of catalysts are often used to achieve the necessary balance of reaction rates. This is especially necessary if part of the blowing agent is carbon dioxide, generated in the reaction of the isocyanate with added water. New surfactants are required for the emerging watercoblown formulations, using pentanes as the main blowing agent (101). A typical water-coblown rigid polyurethane formulation is shown in Table 9 (102). Rigid polyurethane foam is mainly used for insulation. The conﬁguration of the product determines the method of production. Rigid polyurethane foam is produced in slab or bun form on continuous lines, or it is continuosly laminated between either asphalt or tar paper, or aluminum, steel, and ﬁberboard, or gypsum facings. Rigid polyurethane products, for the most part, are self-supporting, which makes them useful as construction insulation panels and as structural elements in construction applications. Polyurethane can also be poured or frothed into suitable cavities, ie, pour-in-place applications, or be sprayed on suitable surfaces. Spray-applied polyurethane foams are produced in densities ranging from 0.021 to 0.048 g/cm3 . The lower density foams are used primarily in nonload-bearing applications, eg, cavity walls and residential stud-wall insulation, whereas the



Table 9. Typical Rigid Polyurethane Panel Formulation Ingredients



Parts



PMDI Polyol Water Catalyst Surfactant HFC 134a



135 98 1.9 2.0 2.0 17.0
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higher density foams are used in rooﬁng applications. Applicators can buy formulated systems consisting of the isocyanate component, as well as the polyol side containing the catalysts, surfactants, and blowing agent. During the molding of high density rigid foam parts, the dispensed chemicals have to ﬂow a considerable distance to ﬁll the cavities of the mold. In the ﬁlling period, the viscosity of the reacting mixture increases markedly from the initial low value of the liquid mixture to the high value of the polymerized foam. If the viscosity increases rapidly, incomplete ﬁlling results. Chemical factors that inﬂuence ﬂow properties are differential reactivity in the polyol components and the addition of water to the formulation. Because venting holes allow the escape of air displaced by the rising foam, a moderate degree of overpacking is often advantageous. Newer high pressure RIM machines have simpliﬁed the mold-ﬁlling procedure, so ﬁlling of intricate molds is no longer a problem. Rigid polyurethane foam is often poured into cavities, providing both thermal insulation and physical strength. Aircraft carrier hulls and refrigerators and freezers are insulated by in-place applied rigid polyurethane foam. Many of the rigid insulation foams produced in the 1990s are PUIR foams. In the formulation of poly(urethane isocyanurate) foams an excess of PMDI is used. The isocyanate index can range from 105 to 300 and higher. PUIR foams have a better thermal stability than polyurethane foams (103). The cyclotrimerization of the excess isocyanate groups produces heterocyclic triisocyanurate groups, which do not revert to the starting materials but rather decompose at much higher temperatures. In the decomposition of the PUIR foams a char is formed, which protects the foam underneath the char. The formation of isocyanurates in the presence of polyols occurs via intermediate allophanate formation, ie, the urethane group acts as a cocatalyst in the trimerization reaction. By combining cyclotrimerization with polyurethane formation, processibility is improved, and the friability of the derived foams is reduced. The trimerization reaction proceeds best at 90–100◦ C. These temperatures can be achieved using a heated conveyor or a RIM machine. The key to the formation of PUIR foams is catalysis. Strong bases, such as potassium acetate, potassium 2ethylhexoate, and tertiary amine combinations, are the most useful trimerization catalyst. A review on the trimerization of isocyanates is available (104). Modiﬁcation of cellular polymers by incorporating amide, imide, oxazolidinone, or carbodiimide groups has been attempted but only the PUIR foams were produced in the 1990s. PUIR foams often do not require added ﬁre retardants to meet most regulatory requirements (105). A typical PUIR foam formulation is shown in Table 10 (106). The physical properties of rigid urethane foams are usually a function of foam density. A change in strength properties requires a change in density. Rigid polyurethane foams that have densities of 90%. Above 0.032 g/cm3 , closed-cell content increases rapidly and is generally >99% above 0.192 g/cm3 . Bun foam, produced under controlled conditions, has a very ﬁne-cell structure with cell sizes of 150–200 µm. The availability of PMDI also led to the development of PUIR foams by 1967. The PUIR foams have superior thermal stability and combustibility characteristics, which extend the use temperature of insulation foams well above 150◦ C. The PUIR foams are used in pipe, vessel, and solar panel insulation; glass-ﬁberreinforced PUIR rooﬁng panels having superior dimensional stability have also been developed. Strong bases, such as potassium acetate, potassium 2-ethylhexoate, or amine–epoxide combinations are the most useful trimerization catalysts. Also, some special tertiary amines, such as 2,4,6-tris(N,N-dimethylaminomethyl) phenol (DMT-30), 1,3,5-tris(3-dimethyl-aminopropyl)hexahydro-s-triazine, and ammonium salts (Dabco TMR) are good trimerization catalysts. Semirigid foams are also manufactured. These foams do not fully recover after deformation; they are used in the construction of energy-absorbing automobile bumpers. Integral skin molded foams have an attached densiﬁed water skin, which is produced during manufacture. The preferred isocyanate for integral skin foams is carbodiimide-modiﬁed liquid MDI, which is used with ethylene oxidecapped polyols or polymer polyols. Thicker skins are obtained by lowering mold temperatures and increasing the percentage of overpack.



Interpenetrating Polymer Networks (IPNs) Polyurethanes are used extensively in the formation of IPNs because of their inertness and reaction latitudes. They are formed from isocyanate-terminated prepolymers, and chain extension and cross-linking are accomplished using mixtures of diols and triols. The other polymer component involved in the formation of the polyurethane-derived IPNs include p-styrene, poly(methyl



Vol. 4



POLYURETHANES



55



methacrylate), polyacrylate, polyacrylamide, poly(vinyl chloride)(PVC), nylon 6, unsaturated polyesters, and epoxy polymers. The urethane prepolymers, chain extenders, and cross-linkers as well as the second monomer and its respective cross-linker can be reacted sequentially or simultaneously in solution or better in bulk. The polyurethane chains in the IPNs have reduced hydrogen bonding because of the presence of the polymer chains formed from the second monomer, which interfere with hydrogen bonding. Sometimes the formation of polyurethane IPNs is conducted under pressure. For example, a 50:50 polyurethane–polystyrene (PU–PS)IPN is obtained from MDI and PTMG, using 1,4-butanediol and trimethylolpropane as extender and cross-linker. The styrene is cross-linked with divinyl benzene. Increased pressure (up to 20,000 kg/cm2 ) increases the mixing of the components as well as the degree of cross-linking (107). In a similar manner IPNs derived from HDI and polystyrene are obtained (108). A simultaneous poly(isocyanurate)–nylon 6 IPN is obtained by mixing a HDI biuret/caprolactam initiator with caprolactam monomer and a prepolymer made from HMDI and a diol at 95◦ C, followed by polymerization at 140◦ C, to afford the poly(isocyanurate) star-shaped nylon-6 IPN (109). PU–PVC IPNs are obtained from MDI and poly(caprolactone) (PCL) and PVC. It was found by nitroxide spin labeling studies that the polyurethane consists of a crystalline PCL and an amorphous PCL phase, and that PVC acts as a plasticizer between the phases (110). A polyurethane–polyester IPN with a ratio typical for sheet molding compound (SMC) is obtained from Isonate 143-L (liquid MDI) poly(caprolactone triol), an unsaturated polyester resin and styrene monomer (111). The polymerization is conducted at 60◦ C, using different initiators (t-butylperoxy-2-ethylhexanoate and cobalt naphthenate) to control the reaction rates. The polyester has a solvent effect on the polyurethane reaction. Prior to gelation, the reaction resembles a solution polymerization, and after gelation a bulk polymerization. A recent book reviews PU-derived IPNs (112).



Thermoset Polyurethane Elastomers Thermoset polyurethanes are cross-linked polymers, which are produced by casting or RIM. For cast elastomers, TDI in combination with 3,3 -dichloro-4,4 diphenylmethanediamine (MOCA) are often used. RIM is another important polymerization method used in the manufacture of thermoplastic or thermoset polyurethanes. This high pressure reactive casting process is conducted in RIM machines. Differences between the low pressure casting process and the high pressure RIM process are in the speed and efﬁciency of mixing. The isocyanates used in the formulation of RIM systems are liquid MDI products (carbodiimide-modiﬁed MDI or MDI prepolymers) and PMDI for structural (SRIM) applications. Also, glass reinforced versions are known as RRIM. The RIM process used in the automotive industry consists of high pressure impingement mixing of reactive liquid monomers resulting in short molding cycles. The principal advantage of this process results from the fact that molds are ﬁlled with liquids, which requires only 50 lb/in.2 clamping pressure as compared to the 2–5 tons/in.2 needed for injection molding of TPUs. In order to improve the green strength of the resultant polymers diamine extenders, such as diethyl
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Table 11. Properties of RIM Systems Flexural modulus, MPaa Properties Tensile elongation, % break Izod impact, J/mb Impact strength Material description Automotive application a To b To



0.137–0.517



0.517–1.03



1.37–2.75



100–300 534–801 High Elastomer Fascia



50–200 267–801 Medium high Pseudo plastic Fender



31,600 >10,000



1 h LC50 , mg/m3 b



310 260 58–66



Std. vapor pressure conc., ppm 6.8 0.34 19.6 0.1 0.02c



a Ref.



122. h. c Vapor pressure at 50◦ C. b4



exposure to HDI. HMDI has a low eye and dermal irritation potential, as well as a low potential for acute toxicity. Exposure to HMDI aerosol can cause dermal sensitization of laboratory animals. IPDI can cause skin sensitization reactions as well as eye irritation. The acute toxicity of diisocyanates in rats is shown in Table 14. There are a multitude of governmental requirements for the manufacture and handling of isocyanates. The U.S. Environmental Protection Agency (EPA) mandates testing and risk management for TDI and MDI under Toxic Substance Control Administration (TSCA). Annual reports on emissions of both isocyanates are required by the EPA under SARA 313. Thermal degradation of isocyanates occurs on heating above 100–120◦ C. This reaction is exothermic, and a runaway reaction can occur at temperatures > 175◦ C. In view of the heat sensitivity of isocyanates, it is necessary to melt MDI with caution and to follow suppliers’ recommendation. Disposal of empty containers, isocyanate waste materials, and decontamination of spilled isocyanates are best conducted using water or alcohols containing small amounts of ammonia or detergent. For example, a mixture of 50% ethanol, 2-propanol, or butanol; 45% water; and 5% ammonia can be used to neutralize isocyanate waste and spills. Spills and leaks of isocyanates should be contained immediately, ie, by dyking with an absorbent material, such as saw dust. The total U.S. airborne emission of volatile TDI is estimated by the International Isocyanate Institute (III) to be 
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