Industrial polymers
The major commercially employed polymers are divided by the composition of their “backbones,” the chains of linked repeating units that make up the macromolecules. Classified according to composition, industrial polymers are either carbon-chain polymers (also called vinyls) or heterochain polymers (also called noncarbon-chain, or nonvinyls). In carbon-chain polymers, as the name implies, the backbones are composed of linkages between carbon atoms; in heterochain polymers a number of other elements are linked together in the backbones, including oxygen, nitrogen, sulfur, and silicon.
Carbon-Chain Polymers

Polyolefins and related polymers

By far the most important industrial polymers (for example, virtually all the commodity plastics) are polymerized olefins. Olefins are hydrocarbons (compounds containing hydrogen [H] and carbon [C]) whose molecules contain a pair of carbon atoms linked together by a double bond. Most often derived from natural gas or from low-molecular-weight constituents of petroleum, they include ethylene, propylene, and butene (butylene).

Olefin molecules are commonly represented by the chemical formulaCH2=CHR, with R representing an atom or pendant molecular group of varying composition. As the repeating unit of a polymeric molecule, their chemical structure can be represented as:
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The composition and structure of R determines which of the huge array of possible properties will be demonstrated by the polymer.
LDPE is prepared from gaseous ethylene under very high pressures (up to 350 megapascals, or 50,000 pounds per square inch) and high temperatures (up to 350° C, or 660° F) in the presence of peroxide initiators. These processes yield a polymer structure with both long and short branches. As a result, LDPE is only partly crystalline, yielding a material of high flexibility. Its principal uses are in packaging film, trash and grocery bags, agricultural mulch, wire and cable insulation, squeeze bottles, toys, and housewares.

HDPE is manufactured at low temperatures and pressures using Ziegler-Natta and metallocene catalysts or activated chromium oxide (known as a Phillips catalyst). The lack of branches allows the polymer chains to pack closely together, resulting in a dense, highly crystalline material of high strength and moderate stiffness. Uses include blow-molded bottles for milk and household cleaners and injection-molded pails, bottle caps, appliance housings, and toy

Polypropylene (PP)

This highly crystalline thermoplastic resin is built up by the chain-growth polymerization of propylene (CH2=CHCH3), a gaseous compound obtained by the thermal cracking of ethane, propane, butane, or the naphtha fraction of petroleum. The polymer repeating unit has the following structure:
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It is produced at low temperatures and pressures using Ziegler-Natta catalysts.

A large proportion goes into fibres, where it is a major constituent in fabrics for home furnishings such as upholstery and indoor-outdoor carpets. Numerous industrial end uses exist for polypropylene fibre as well, including rope and cordage, disposable nonwoven fabrics for diapers and medical applications, and nonwoven fabrics for ground stabilization and reinforcement in construction and road paving.

Polystyrene (PS)

This rigid, relatively brittle thermoplastic resin is polymerized from styrene (CH2=CHC6H5). Styrene, also known as phenylethylene, is obtained by reacting ethylene with benzene in the presence of aluminum chloride to yield ethylbenzene, which is then dehydrogenated to yield clear, liquid styrene. The styrene monomer is polymerized using free-radical initiators 

Foamed polystyrene is made into insulation, packaging, and food containers such as beverage cups, egg cartons, and disposable plates and trays. Solid polystyrene products include injection-molded eating utensils, audiocassette holders, and cases for packaging compact discs. Many foods are packaged in clear, vacuum-formed polystyrene trays, owing to the high gas permeability and good water-vapour transmission of the material.

Polyvinyl chloride (PVC)

Second only to PE in production and consumption, PVC is manufactured by bulk, solution, suspension, and emulsion

 HYPERLINK "https://www.britannica.com/science/polymerization" polymerization of vinyl chloride monomer, using free-radical initiators. Vinyl chloride (CH2=CHCl) is most often obtained by reacting ethylene with oxygen and hydrogen chloride over a copper catalyst. It is a carcinogenic gas that must be handled with special protective procedures. As a polymer repeating unit, its chemical structure is:
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Pure PVC finds application in the construction trades, where its rigidity and low flammability are useful in pipe, conduit, siding, window frames, and door frames. In combination with plasticizer (sometimes in concentrations as high as 50 percent), it is familiar to consumers as floor tile, garden hose, imitation leather upholstery, and shower curtains.

Polyvinylidene chloride (PVDC)

Vinylidene chloride (chemical formula CH2=CCl2, polymer repeating unit structure −[CH2−CCl2−]) can be made directly from ethylene and chlorine or by the further chlorination of vinyl chloride with subsequent removal of hydrogen chloride by alkali treatment. It is polymerized in suspension or emulsion processes, using free-radical initiators. The outstanding property of vinylidene chloride is its low permeability to water vapour and gases—a property that makes it ideal for food packaging. 


Polyvinyl acetate (PVAc)

The monomer vinyl acetate (CH2=CHO2CCH3) is prepared from ethylene by reaction with oxygen and acetic acid over a palladium catalyst. It is polymerized with free-radical initiators, primarily in emulsion processes, and forms the polymer phase in water-based paints. It is also polymerized in solution to give an adhesive with a very high degree of tack (stickiness).

Synthesis of three other industrial polymers begins with PVAc. Polyvinyl alcohol (PVA), a water-soluble polymer employed in textileand paper treatment, is made by hydrolyzing PVAc.

Acrylic polymers

Acrylic is a generic term denoting derivatives of acrylic and methacrylic acid, including acrylic esters and compoundscontaining nitrile and amide groups. 


Polyacrylonitrile (PAN)

Acrylonitrile (CH2=CHCN), a compound obtained by reacting propylene with ammonia (NH3) and oxygen in the presence of catalysts, is polymerized to polyacrylonitrile through suspension methods using free-radical initiators. The structure of the polymer repeating unit is:
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Acrylic fibres are soft and flexible, producing lightweight, lofty yarns. Such properties closely resemble those of wool, and hence the most common use of acrylics in apparel and carpets is as a wool replacement—for example, in knitwear such as sweaters and socks. 


Polymethyl methacrylate (PMMA)

Methyl methacrylate is polymerized in bulk or suspension methods using free-radical initiators. As a polymer repeating unit, its structure is:
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The presence of the pendant methyl (CH3) groups prevents the polymer chains from packing closely in a crystalline fashion and from rotating freely around the carbon-carbon bonds. As a result, PMMA is a transparent and rigid plastic. Because it retains these properties over years of exposure to ultraviolet radiation and weather, PMMA is an ideal substitute for glass. A most successful application is in internally lighted signs for advertising and directions. PMMA is also employed in domed skylights, swimming pool enclosures, aircraft canopies, instrument panels, and luminous ceilings.

Fluorinated polymers

Polytetrafluoroethylene (PTFE)

PTFE was discovered serendipitously in 1938 by a DuPont chemist, Roy Plunkett, who found that a tank of gaseous tetrafluoroethylene(CF2=CF2) had polymerized to a white powder. During World War II it was applied as a corrosion-resistant coating to protect metal equipment used in the production of radioactive material.

PTFE is made from the gaseous monomer tetrafluoroethylene, using high-pressure suspension or solution methods in the presence of free-radical initiators. The polymer is similar in structure to polyethylene, consisting of a carbon chain with two fluorine atoms bonded to each carbon:
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Fluoroelastomers
A number of fluorinated polymers or copolymers having elastomeric properties are produced that incorporate the monomers vinylidene fluoride (CH2=CF2), hexafluoropropylene (CF2=CFCF3), and chlorotrifluoroethylene (CF2=CFCl) in addition to tetrafluoroethylene. These elastomers have outstanding resistance to oxygen, ozone, heat, and swelling by oils, chlorinated solvents, and fuels. With service temperatures up to 250° C (480° F), they are the elastomers of choice for use in industrial and aerospace equipment subjected to severe conditions. However, they have a relatively high density, are swollen by ketones and ethers, are attacked by steam, and become glassy at temperatures not far below room temperature. Also, their low reactivity makes interlinking the polymer chains a long and complex process. Principal applications are as temperature-resistant O-rings, seals, and gaskets.

Diene polymers

Dienes are compounds whose molecules contain two carbon-carbon double bonds separated by a single bond. The most important diene polymers—polybutadiene, polychloroprene, and polyisoprene—are elastomers that are made into vulcanized rubberproducts.

Polybutadiene (butadiene rubber, BR)

Butadiene (CH2=CH−CH=CH2) is produced by the dehydrogenation of butene or butane or by the cracking of petroleum distillates. It is polymerized to polybutadiene by solution methods, using anionic or Ziegler-Natta initiators. 

A common elastomeric structure is cis-1,4 polybutadiene, whose repeating unit has the following structure:
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Two other structures are the trans-1,4 and the 1,2 “side vinyl” isomers.

More than half of all usage is in tires; other applications are footwear, wire and cable insulation, and conveyor belts.

Polychloroprene (chloroprene rubber, CR)

Polychloroprene is the polymer name for the synthetic rubber known as neoprene (a proprietary trade name of DuPont that has become generic). 

It is a good general-purpose rubber, but it is limited to special-properties applications because of its high cost.

Polychloroprene is prepared by emulsion polymerization of chloroprene, or 2-chlorobutadiene,
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which is obtained by the chlorination of butadiene or isoprene.

The presence of chlorine in the molecular structure causes this elastomer to resist swelling by hydrocarbon oils, to have greater resistance to oxidation and ozone attack, and to possess a measure of flame resistance. Principal applications are in products such as hoses, belts, springs, flexible mounts, and gaskets where resistance to oil, heat, flame, and abrasion are required.

Polyisoprene (natural rubber, NR; isoprene rubber, IR)

Of the several isomeric forms that polyisoprene can adopt, NR consists almost exclusively of the cis-1,4 polymer, the structure of which is shown below:

[image: image9.jpg];
5=

CH, CH,+

+CH, CHF

S e

2 N o
7

HOHCHT 3y

CH,~C =CH,




The uniqueness of NR lies in its remarkable extensibility and toughness, as evidenced by its ability to be stretched repeatedly to seven or eight times its original length. The polymer chains crystallize readily on stretching, lending greater strength, so that NR is a self-reinforcing material. In its natural state, however, NR is greatly affected by temperature: it crystallizes on cooling, taking only several hours to do so at −25° C (−13° F), and it becomes tacky and inelastic above approximately 50° C (120° F). In addition, like other diene elastomers, it is swollen and weakened by hydrocarbon oils, and it reacts with oxygen and ozone in the atmosphere, leading to rupture of the polymer molecules and softening of the material over time. These disadvantages are overcome to a great extent by the vulcanizing

Vinyl copolymers

In addition to the copolymers mentioned in previous sections (e.g.,fluoroelastomers, modacrylics), a number of important vinyl (carbon-chain) copolymers are manufactured.

Acrylonitrile-butadiene-styrene (ABS)

ABS is a graft copolymer made by dissolving styrene-butadiene copolymer in a mixture of acrylonitrile and styrene monomers, then polymerizing the monomers with free-radical initiators in an emulsion process. Grafting of acrylonitrile and styrene onto the copolymer chains occurs by chain-transfer reactions. 

ABS is a tough, heat-resistant thermoplastic. The three structural units provide a balance of properties, the butadiene groups (predominantly trans-1,4) imparting good impact strength, the acrylonitrile affording heat resistance, and the styrene units giving rigidity. ABS is widely used for appliance and telephone housings, luggage, sporting helmets, pipe fittings, and automotive parts.
Styrene-acrylonitrile (SAN)

Styrene and acrylonitrile, in a ratio of approximately 70 to 30, are copolymerized under emulsion, bulk, or solution conditions using free-radical initiators. The copolymer is a rigid, transparent plasticthat displays better resistance to heat and solvents than does polystyrene alone. Much of the SAN produced is blended with ABS. Principal uses are in automotive parts, battery cases, kitchenware, appliances, furniture, and medical supplies.

Nitrile rubber (nitrile-butadiene rubber, NBR)

Like SBR, nitrile rubber is a product of synthetic rubber research during and between the two world wars. Buna N, a group of acrylonitrile-butadiene copolymers, was patented in the United States in 1934 by IG Farben chemists Erich Konrad and Eduard Tschunkur. Produced in the United States during World War II as GR-N (Government Rubber-Nitrile), it has become valued for its outstanding resistance to oil.

NBR is prepared in emulsion processes using free-radical initiators. The amount of acrylonitrile present in the copolymer varies from 15 to 50 percent. With increasing acrylonitrile content the rubber shows higher strength, greater resistance to swelling by hydrocarbon oils, and lower permeability to gases—although the glass transition temperature is also raised, with the result that the rubber is less flexible at lower temperatures. The main uses of NBR are in fuel hoses, gaskets, rollers, and other products in which oil resistance is required. It is also employed in textiles, where its application to woven and nonwoven fabrics improves the finish and waterproofing properties.

Butyl rubber (isobutylene-isoprene rubber, IIR)

Butyl rubber is a copolymer of isobutylene and isoprene


IIR is produced by copolymerizing isobutylene in solution with low concentrations (1.5 to 4.5 percent) of isoprene. Both isoprene and isobutylene are usually obtained by the thermal cracking of natural gas or the lighter fractions of petroleum. The polymer repeating units have the following structures:
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Because the base polymer, polyisobutylene

Because of its excellent air retention, butyl rubber quickly replaced natural rubber as the preferred material for inner tubes in all but the largest sizes. It also plays an important part in the inner liners of tubeless tires. (All-butyl tires have not proved successful because of poor tread durability.) It is also used for many other automobile components, such as window strips, because of its resistance to oxidation

Heterochain Polymers
A wide variety of heterochain polymers—that is, polymers in which the backbone contains elements such as oxygen, nitrogen, sulfur, or silicon in addition to carbon—are in commercial use. Many of these compounds are complex in structure. 


Aldehyde condensation polymers
Aldehyde condensation polymers are compounds produced by the reaction of formaldehyde with phenol, urea, or melamine. The reaction is usually accompanied by the release of water and other by-products. The monomers have the following structures:
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The polymerization reactions of these monomers produce complex, thermosetting network polymers with the following general structures (in which CH2 groups connected to the units are provided by the formaldehyde):
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Phenol formaldehyde

Two methods are used to make phenol-formaldehyde polymers. In one, an excess of formaldehyde is reacted with phenol in the presence of a base catalyst in water solution to yield the resole, which is a low-molecular-weight prepolymer with CH2OH groups attached to the phenol rings. On heating, the resole condenses further, with loss of water and formaldehyde, to yield thermosetting network polymers. The other method involves reacting formaldehyde with an excess of phenol using an acid catalyst to produce prepolymers called novolacs. Novolacs resemble the polymer except that they are of much lower molecular weight and are still thermoplastic. Curing to network polymer is accomplished by the addition of more formaldehyde or, more commonly, of compounds that decompose to formaldehyde on heating.

Phenol-formaldehyde polymers make excellent wood adhesives for plywood and particleboard because they form chemical bonds with the phenollike lignin component of wood.


Urea-formaldehyde polymers

Resins made from urea-formaldehyde polymers began commercial use in adhesives and binders in the 1920s. They are processed in much the same way as are resoles (i.e., using excess formaldehyde). Like phenolics, the polymers are used as wood adhesives, but, because they are lighter in colour, they are more suitable for interior plywood and decorative paneling. They are less durable, however, and do not have sufficient weather resistance to be used in exterior applications.

Urea-formaldehyde polymers are also used to treat textile fibres in order to improve wrinkle and shrink resistance, and they are blended with alkyd paints in order to improve the surface hardness of the coating.

Melamine-formaldehyde polymers

These compounds are similar to urea-formaldehyde resins in their processing and applications. In addition, their greater hardness and water resistance makes them suitable for decorative dinnerware and for fabrication into the tabletop and countertop product developed by the Formica Corporation and sold under the trademarked name Formica.

Melamine-based polymers have also been extensively employed as cross-linking agents in baked surface-coating systems. As such, they have had many industrial applications—for instance, in automobile topcoats and in finishes for appliances and metal furniture. However, their use in coatings is decreasing because of restrictions on the emission of formaldehyde, a major component of these coatings.

Rayon
Rayon is a generic term, coined in 1924, for artificial textile material composed of reconstituted, regenerated, and purified cellulose derived from plant sources. Developed in the late 19th century as a substitute for silk, this first semi-synthetic fibre is sometimes misnamed “artificial silk.”

Purified cellulose is first treated with caustic soda (sodium hydroxide). After the alkali cellulose has aged, carbon disulfide is added to form cellulose xanthate, which is dissolved in sodium hydroxide. This viscous solution (viscose) is forced through spinnerettes. Emerging from the holes, the jets enter a coagulating bath of acids and salts, in which they are reconverted to cellulose and coagulated to form a solid filament.

Polyamides
A polyamide is a polymer that contains recurring amide groups (R−CO−NH−R′) as integral parts of the main polymer chain. Syntheticpolyamides are produced by a condensaton reaction between monomers, in which the linkage of the molecules occurs through the formation of the amide groups. They may be produced by the interaction of a diamine (a compound containing two amino [NH2] groups—e.g., hexamethylenediamine) and a dicarboxylic acid(containing two carboxyl [CO−OH] groups—e.g., adipic acid), or they may be formed by the self-condensation of an amino acid or an amino-acid derivative. The most important amide polymers are the nylons, an extremely versatile class of material that is an indispensable fibre and plastic.


Nylon

Nylon 6,6 was first synthesized at DuPont in 1935 by Wallace Hume Carothers by the condensation reaction of adipic acid and 1,6-hexamethylenediamine:

The high strength, elasticity, abrasion resistance, mildew resistance, lustre, dyeability, and shape-holding properties of the material made it ideal for innumerable applications in apparel, home furnishings, automobiles, and machinery. In addition, extruded and molded plastic parts made of nylon exhibited high melting points, stiffness, toughness, strength, and chemical inertness; they found immediate use as gear wheels, oil seals, bearings, and temperature-resistant packaging film.

Polyesters
Polyesters are polymers made by a condensation reaction taking place between monomers in which the linkage between the molecules occurs through the formation of ester groups. The esters, which in almost all cases link an organic alcohol to a carboxylic acid, have the general structure
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where R and R′ are any organic combining groups. The major industrial polyesters include polyethylene terephthalate, polycarbonate, degradable polyesters, alkyds, and unsaturated polyesters.


Polyethylene terephthalate (PET)

PET is produced by the step-growth polymerization of ethylene glycol and terephthalic acid. The presence of the large benzene rings in the repeating units
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gives the polymer notable stiffness and strength, especially when the polymer chains are aligned with one another in an orderly arrangement by drawing (stretching). In this semicrystalline form, PET is made into a high-strength textile fibre

Degradable polyesters

Several degradable polyesters are commercially available. These include polyglycolic acid (PGA), polylactic acid (PLA), poly-2-hydroxy butyrate (PHB), and polycaprolactone (PCL), as well as their copolymers:
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PGA, PLA, and PCL are prepared by acid-catalyzed ring-opening polymerization of cyclic esters. PHB, on the other hand, is made from sugars and starches by bacterial action. Degradation of the ester groups linking the monomers is brought about by microorganisms or water. Because the degradation products are natural metabolites, the polymers are of interest in medical applications. Besides being made into degradable bottles and packaging film, these compounds can find applications in controlled-release drug packaging and in absorbable surgical sutures.

Unsaturated polyesters

Unsaturated polyesters are linear copolymers containing carbon-carbon double bonds that are capable of undergoing further polymerization in the presence of free-radical initiators. The copolyesters are prepared from a dicarboxylic acid or its anhydride(usually phthalic anhydride) and an unsaturated dicarboxylic acid or anhydride, along with one or more dialcohols. Most commonly, maleic anhydride provides the unsaturated unit. The linear polymers are subsequently dissolved in a monomer such as styrene and are copolymerized with the styrene in a mold to form a network structure.

The principal applications are boat hulls, appliances, business machines, automobile parts, automobile body patching compounds, tubs and shower stalls, flooring, translucent paneling, storage tanks, corrosion-resistant ducting, and building components.

Polyethers
Polyethers are polymers that are formed by the joining of monomers through ether linkages—i.e., two carbon atoms connected to an oxygen atom. A variety of polyethers are manufactured, ranging from engineering plastics to elastomers. The compounds also differ markedly in structure, though they all retain the C−O−C linkage.

Epoxies (epoxy resins)

Epoxies are polyethers built up from monomers in which the ether group takes the form of a three-membered ring known as the epoxide ring:
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While many variations exist, the most common epoxy resin is formed from epichlorohydrin and bisphenol A. These two monomers first form an epoxy prepolymer that retains two terminal epoxide rings:
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In the above structure, n varies from about 2 to 25 repeating units; such low-molecular-weight prepolymers as these are called oligomers. Depending on their average chain length, the prepolymers vary from dense liquids to solids.

In a typical epoxy reaction, the prepolymers are further polymerized through the opening of the terminal epoxide rings by amines or anhydrides.

The highly polar network polymers characteristically exhibit excellent adhesive properties.
