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INTRODUCTION



Polymer degradation is a complex phenomenon, and the nature of the chemistry occurring during thermal decomposition can be difficult to determine precisely. The observed products of degradation can be the result of a mixture of primary, secondary or even tertiary decomposition processes, and as a consequence, the distribution of products will depend on such factors as sample thickness and melt viscosity, in addition to the more obvious factors such as temperature, atmosphere and the chemical structure of the polymer itself. It is often overlooked that abnormal structures (terminal unsaturation, head-to-head structures, peroxide links etc.) can also markedly effect polymer stability and product distribution. Products are of three types. Firstly, there are the volatile small molecules (typically of the size of monomer or smaller) which are fairly readily separated and character-



ized. Secondly, there are the larger molecules that represent fragments of the chain. These species are volatile at the degradation temperature but condense outwith the degradation zone. Generally produced as a complex spectrum of oligomers, these fragments are more difficult to separate and characterize in detail, particularly as internal rearrangements of the backbone often occur before and during fragmentation. In many cases, identification is limited to key functionalities but the advent of sophisticated chromatographic and mass spectrometric techniques is leading to increasingly detailed analyses. In particular, the smaller fragments such as dimer and trimer are in principle more readily fully characterized than the larger fragments; nevertheless there often remains some uncertainty, particularly in relation to end groups. The most intractable product is the third type, the residue, which is often (but not always) insoluble, and characterization may again be limited to identification of key functionalities. Naturally, most of the information in the literature relates to the easily identified low molecular weight species, and the data in this section reflects this. In addition, most thermal degradation studies focus on inert rather than oxidizing environments. Following the lead of the previous author, Norman Grassie, the vast majority of the entries included here are concerned with products of the first two types from purely thermal degradation processes under inert atmospheres.



B. TABLES TABLE 1. MAIN-CHAIN ACYCLIC CARBON POLYMERS Polymer



Temperature range (0C)



Degradation products



Refs.



1.1. UNSATURATEDPOLYMERS Poly(acetylene)



650



Poly(butadiene)



325-475 20°C/min to 15% weight loss



Methane (0.87 moles relative to benzene= 1), ethylene (0.47), ethane 82 (0.26), propylene (0.27), propane (0.047), 1,3-butadiene (0.19), cyclopentadiene (0.086), cyclopentene (0.063), benzene (1.0), toluene (0.18), m-xylene (0.091), /?-xylene (0.015), styrene (0.041), o-xylene (0.013), methylstyrene (0.010), frans-p-methylstyrene (0.011), indane (0.0074), indene (0.036), methylindene (0.0072), naphthalene (0.052), 2-methylnaphthalene (0.015), 1-methylnaphthalene (0.018), biphenyl (0.0091), fluorene (1.0), anthracene (0.005) 14.1% of products are volatile at 25°C including 1.5% of monomer 16 among other saturated and unsaturated hydrocarbons; 85.9% of products are larger fragments involatile at 250C Effect of cisltrans ratio; increasing trans content gives more cyclopentene 83 and 1,3-cyclohexadiene and less 4-vinyl-l-cyclohexene and 1,3-butadiene



TABLE 1. cont'd Polymer Poly(butadiene-co-acrylonitrile) (70/30) 25-100 mol% butadiene



Poly(butadiene)-£/ewd-poly(styrene) (0-100wt.%) Poly(butadiene-co-sytrene) (75/25) Poly(chloroprene)



Poly(chloroprene)-fc/em/ poly(methyl methacrylate) Poly(isoprene), synthetic 97% c/s-1,4; 3%, 3,4



natural rubber



Temperature range (0C) 310-400 350-400



Ambient to 500 327-430



chlorinated rubber-blendpoly(vinyl chloride) Poly(perfluoro-4-chloro-l,6-heptadiene)



14.5% of products are volatile at 25°C, consisting of saturated hydrocarbons Main product is structurally modified chain fragments; ammonia and hydrogen cyanide increasing with acrylonitrile content to approximately 4% each by weight of copolymer containing mole 75% acrylonitrile; traces of hydrogen and hydrocarbons up to C 7 Volatile products as for individual polymers



Refs. 10 98



84



160-350



11.8% of products are volatile at 25°C; 1.9% butadiene with 10,16 other saturated and unsaturated hydrocarbons Hydrogen chloride 19 HCl (90% of theoretical), ethylene, chloroprene (trace), chloroprene 85 dimers and other modified chain fragments HCl (trace), methane, ethylene, propylene (trace) 85 Methyl methacrylate, HCl, CO 2 , CO, 86 methyl chloride, methanol. 3.4% isoprene, 8.8% dipentene, small amounts of p-menthene. 2,16,31 In helium; methane (0.04 wt.%), ethylene (0.08), ethane (0.03), 87 propylene (0.15), propane (0.06), isobutylene (0.09), butenes (0.07), methyl butene (0.09), isoprene (29), toluene (0.02), 2,3-dimethyl cyclopentene (1.2), octene (0.05), 2,4-dimethyl cyclohexene (0.16), m-xylene (0.33), l-methyl-4-ethyl cyclohexene (0.18), l,5-dimethyl-5-vinyl cyclohexene (2.5), dipentene (60), C n H i 8 (0.2), C 12 H 18 (0.2), C 15 H 24 (3.5), C 16 H 26 (1.8) 3.9% isoprene, 13.2% dipentene, small amounts of /?-menthene 2,16,31 Dipentene main product at 4500C, optimum yields of isoprene in 32 range 675-8000C, e.g., 58% at 7500C and 13mbar Monomer, dimers (l,7,7-trimethyl-2,2,l-bicyclohept-2-ene, 259 2,5,6-trimethyl 1,3,6-heptatriene, dipentene/d,l-limonene), trimers 3.0% Isoprene, 15.6% dipentene, small amounts of/?-menthene 2,16,31 Styrene, isoprene, dipentene larger chain fragments of both 88 polymers, traces of ethylene, ethane, and propane HCl (almost quantitative), CH 4, C 2 H 4 , and H 2 are minor products 89 formed in the later stages of reaction HCl 90



320-400



Completely volatilized - products unknown.



335-450



Continuous spectrum of saturated and unsaturated hydrocarbons 13,16 from C 2 -C90; lower temperature favors larger fragments Continuous spectrum of saturated and unsaturated hydrocarbons 243 C 1 -C 1 5 ; trace of hydrogen In air; CO 2 , H2O, ethene, propene, propane, cyclopropane, butene, 91 butane, pentene, pentane, hexene, hexane, heptene, heptane, octene, octane, methanol, ethanol, furan, tetrahydrofuran, formaldehyde, acetaldehyde, propanal, acrolein, butanal, isobutanal, pentanal, acetone, methyl vinyl ketone, methyl ethyl ketone, 2-pentanone, 2-hexanone, 2-heptanone, formic acid, acetic acid, propionic acid, acrylic acid, butyric acid, isovaleric acid, hydroxyvaleric acid, crotonic acid, caproic acid, butyrolactone, valerolactone CO, H2O, ethene, series of ketones with general structure 270 R_[_CO-CH 2 -CH 2 -] n -CO-R / where R, R' = - C H 3 , -CH 2 -CH 3 or -CH=CH 2 Broad spectrum of saturated and unsaturated hydrocarbons, ethyl esters 243 and carboxylic acids; ethanol, ethylene, CO2, CO and small amounts of ketene and ethyl acrylate Acetic acid, ketene, CO 2 , ethylene, saturated and usaturated 92 hydrocarbons, chain fragment fraction containing some vinyl acetate units Acetic acid > 99% 93 18.1% monomer together with methane, isobutane, and C 5 and 16 higher saturated and unsaturated hydrocarbons As temperature is increased the yields of fragments smaller than 28 monomer increase at the expense of larger fragments



377 170-400 400-500 Ambient to 500 287-400 384



287-400 450-800 500



gutta percha Poly(isoprene)-&/ew160 300-500 260-300



-, 1,1,5-trihydroperfluoroamyl ester



300-315



- , 2,2,2-trichloroethyl ester



319



- , oc-bromo-, methyl ester - , a-chloro-, methyl ester - , a-chloro-, .sec-butyl ester -, a-cyano-, methyl ester - , a-phenyl-, methyl ester Poly (acrylic acid, magnesium salt)



110-150 600 600 190 > 180 210-280 Ambient to 500



Poly(acrylic acid, calcium salt)



Ambient to 500



CO, CO 2 , H 2 O, CH 4 , acetone, ketene, ethene, propylene, 1-butene, 297 methyl vinyl ketone, benzene, acrylic acid, toluene, xylene, short chain fragments such as dimer to octamer with unsaturated and anhydride functionalities 26% of products are volatile at 25°C, mainly methyl alcohol and 2,3 carbon dioxide with traces of monomer and methyl methacrylate and C 4-C 6 oxygenated compounds (74% of products are large chain fragments involatile at 250C) Methanol (1.9%), methyl formate (trace), methyl acetate (1.4%), methyl 101 acrylate (19.0%), methyl methacrylate (1.9%), saturated ester (2.1%), dimethyl glutarate (7.5%), methyl 4-methoxycarbonyl-pent-4-enoate (11.6%), trimethyl pentane 1,3,5-tricarboxylate (0.6%) methyl 4,6-di-methoxycarbonylhept-6-enoate (53%), saturated and tetramers (1.0%) Irradiated with high-pressure mercury lamp; methanol, formaldehyde, 102 methyl acetate, methyl formate, CO 2 , CO, H 2 , CH 4 Major products, carbon dioxide, ethylene, ethanol, and chain fragments; 103 minor products, ethane, ethyl acrylate, and ethyl methacrylate Irradiated with high-pressure mercury lamp; CO, CO 2 , ethanol, acetalde- 104 hyde, ethane, ethyl formate, acetal, ethyl propionate Ethylene, carbon dioxide, trace of ketene, ethanol (major product), 243 various ethyl esters (see Ref.) Major products carbon dioxide, propene, propanol, and chain fragments; 103 minor products, propane, carbon monoxide, hydrogen, rc-propyl acrylate, and w-propyl methacrylate Major products carbon dioxide, propene; minor products isopropanol 105 with trace carbon monoxide Major products carbon dioxide, 1-butene, butanol, and chain fragments; 103 minor products, butane, /i-butyl acrylate, and n-butyl methacrylate Irradiated with high-pressure mercury lamp. CO, CO 2 rc-butanol, 104 butyraldehyde, «-butene, n-butyl formate, n-butyl valerate (after prolonged exposure) 86% isobutylene, 11% water, 3% carbon dioxide 4 Carbon dioxide, 2-ethyl-l-hexene, 2-ethyl-l-hexanol 103 Major products are benzyl alcohol, chain fragments, partially crosslinked 1 residue; minor products are CO 2 , toluene, CO, CH 4 , H 2 CO 2 , benzyl alcohol, and low polymers 106 Oligomers, 1,1,5-trihydroperfluoroamyl alcohol, monomer, 1,1,5-trihydro- 107 perfluoroamyl methacrylate 2,2,2-Trichloroethanol (80%), monomer (9%), 1,1-dichloroethene, 263 2-chloroethanal, 2,2-dichloroethanal, 1,1-dichloropropane, 1,1,1 -trichloroethane, 2,2,2-trichloroethylethanoate, 2,2,2-trichloroethyl chloromethanoate, 2,2,2-trichloroethylpropanoate, 2,2,2-trichloroethylmethacrylate, 2,2,2-trichloroethyl chloroethanoate, 2,2,2-trichloroethyl-2-chloroacrylate Methylbromide, hydrogen bromide 5 CO 2 , propene, methyl bromide, vinyl bromide 305 CO 2 , propene, methyl chloride, monomer 306 sec-Butyl chloride, butylene, hydrogen chloride 7 Yellows and some monomer formed 6 Monomer is the sole product 8 CO, CH 4 , CO 2 , acetone, ketene, ethene, propene, 1-butene, benzene, 312 toluene, xylene, cyclopentene, methyl ethyl ketone, diethyl ketone, methyl-«-propyl ketone, di-w-propyl ketone, methyl vinyl ketone, methyl isopropenyl ketone, methyl isopropyl ketone, ethyl vinyl ketone, trace amounts of methyl-w-butyl ketone, cyclopentanone, cyclohexanone, acrolein, ethanal and butanal, chain fragments, some monomer CO, CH 4 , CO 2 , acetone, ketene, ethene, propene, 1-butene, benzene, 312 toluene, mesitylene, xylene, methyl ethyl ketone, diethyl ketone, methyl-H-propyl ketone, methyl-fl-butyl ketone, ethyl vinyl ketone, methyl propenyl ketone (trace), ethyl propyl ketone (trace), 3-methyl-cyclopentanone, cyclohexanone (trace), cyclohexa-2-enone,



TABLE 1. cont'd Polymer



Temperature range (0C)



Poly (acrylic acid, sodium salt)



Ambient to 500



Poly(acrylic acid, potassium salt)



Ambient to 500



Poly(methyl acrylate-co-methyl methacrylate) (mole ratios 112/1-2/1)



Ambient to 500



Poly (methyl acrylate-co-acryloyl chloride) 6, 15, 41, 83 mol% AC



Ambient to 500



Poly (methyl acrylate-co-2-bromoethyl methyacrylate) (10-82 mol% methyl acrylate) Poly(methyl acry\ate)-blendpoly((2-bromoethyl methacrylate) (50/50, w/w) Poly(/i-butyl acrylate-co-methyl methacrylate) (3.9-93.4 mol% butyl acrylate)



Ambient to 500



Ambient to 500



313-332



165



Poly(terf-butyl acrylate-co-glycidyl methacrylate) (34/66) Poly(methyl-oc-chloroacrylatec0-2,2,2-trifluoroethyl methacrylate) (70/30) Poly(methyl-a-chloroacrylate-co-2,2,2trifluoroethyl methacrylate) (70/30) Poly(acrylonitrile)



0-700 Ambient



Ambient 35 mol% methacrylamide. MMA, methanol, NH3, H 2 O



310



146



References page 11-475



TABLE 1. cont'd Polymer



Temperature range (0C) >340



Poly(methyl methacrylate-comethacrylic acid)



Poly(methyl methacrylate-co2-chloroethylmethacrylate) 22 mol% CEMA Poly (methyl methacrylateco2,2,2-trichloroethyl methacrylate) 24 mol% TCEMA Poly (methyl methacrylatecomethyl-oc-chloroacrylate) 38 mol% MCA Poly(methyl methacrylatec6>-2-bromoethyl methacrylate) 22 mol% BEMA Poly (methyl methacrylateco-2,3-dibromopropyl methacrylate) 16 mol% DBPMA Poly (methyl methacrylateco-methyl-a-bromoacrylate) 22 mol% MBA Poly(methyl methacrylateco-chlorotrifluoroethylene) 7.7 mol% MMA 77.7 and 85.7 mol% MMA Poly(methyl methacrylateco-2-sulfoethyl methacrylate) 20, 40, 60 mol% MMA Poly(methyl methacrylateco-4-vinylpyridine) 22, 35, 46, 56 mol% 4vinyl pyridine Poly (methyl methacrylatecophenyl methacrylate) 9, 18, 47, 88 mol% PMA



300 900



600



Degradation products Methacrylamide; chain fragments and small amounts of CH4, CO2, CO, HCN, methacrylonitrile and isobutene < 10 mol% methacrylamide. Degradation becomes progressively more like that of PMMA Water and methanol Methyl methacrylate, CO2, CO, CH4 (50/50 and 75/25); CO2, propene, butenes, pentenes, pentadienes, hexene, hexadienes, hexatrienes, benzene, methyl isobutyrate, methyl methacrylate, toluene, heptene, heptatriene, methyl pentenoate, methacrylic acid, xylene, octatriene, octadienyne, nonatriene, hexadienoic acid, decatriene, decatetraene, decapentaene, undecatriene, methylbenzoic acids CO2, propene, acetaldehyde, vinyl chloride, ethyl chloride, methyl methacrylate



Refs. 146 146 136 128



306



600



CO2, propene, vinyl chloride, vinylidene chloride, dichloroacetaldehyde, methyl methacrylate



306



600



CO2, propene, methyl chloride, methyl methacrylate



306



600



CO2, propene, acetaldehyde, methyl bromide, butene, vinyl bromide, methyl methacrylate



305



600



CO, CO 2 , ethene, propene, methyl bromide, butene, vinyl bromide, ethyl bromide, 1-bromopropene, 2-bromopropene, cyclopropyl bromide, methyl methacrylate



305



600



CO 2 , acetaldehyde, methyl bromide, butene, vinyl bromide, unidentified alkenyl bromides, methyl methacrylate



305



Ambient to 500



HCl, CO 2 , CH3Cl, C 2 F 3 Cl (monomer), C3F5Cl, C 2 F 3 Cl 3 , methyl methacrylate, chain fragments possibly with some lactonization



281



Ambient to 500 50-600



HCl, CO 2 , CH3Cl, C 2 F 3 Cl (monomer), methyl methacrylate CO, CO2, H2O, SO2, ethene, methanol, methyl methacrylate (only 60 and 80 mol% methyl methacrylate copolymers)



281 290



Ambient to 500



4-vinyl pyridine, methyl methacrylate, traces of pyridine and 4-methyl pyridine



260



Ambient to 500



CO 2 , isobutene, ketene, formaldehyde, methanol, methyl methacrylate, phenyl methacrylate, chain fragments including six-membered anhydride ring structures. Product distribution varies with copolymer composition with non-monomer products most pronounced at low PMA contents CH4, CO, CO 2 , propene, isobutene, dimethyl ketene, acrolein, allyl alcohol, glycidol, glycidyl methyl ether, methyl methacrylate, glycidyl methacrylate, chain fragments. Distribution varies with copolymer composition CO, CH4, CO 2 , ethene, propene, isobutene, aziridine, methanol, methyl methacrylate, a-methylstyrene, 2-phenyl-2-butene, l-r-butylamino-2-isopropenylamino-ethane, 2-r-butylaminoethyl-ethylisopropenylamine, 2-aminoethyl-2-?-butylaminoethylisopropenylamine, oligomers - principally butylaziridine based



314



Poly(methyl methacrylatecoglycidyl methacrylate)



Ambient to 500



Poly (methyl methacrylate -/?/6>c£-j-butylaziridine) ABA type copolymer with MW 12000 butylaziridine (B) and MW 16000 MMA (A) Poly(methyl methacrylate-co-styrene)



Ambient to 600



Poly (methyl methacrylate-covinyl acetate) (5-40 mol% vinyl acetate)



Ambient to 500



260-340



286



287



Methyl methacrylate, styrene and oligomers of styrene; formation of 137 oligomers of styrene strongly inhibited by presence of methyl methacrylate units Acetic acid, methyl methacrylate, methyl acetate, chain fragment fraction, 92 ketene, CO2



TABLE 1. cont'd Polymer



Temperature range (0C)



Poly(methyl methacrylate-co-vinyl bromide) (6-75 mol% vinyl bromide)



Ambient to 500



Poly(2-bromoethyl methacrylateco-styrene) (50/50, mol/mol) Poly(methyl methacrylate)-blendammonium polyphosphate



Ambient to 500 Ambient to 450



Poly (methyl methacrylate)-&/e/295% monomer, 2 - 3 % C 3 Fe, no larger fragments (in vacuum) 14 Monomer yield drops, larger fragments appear (in vacuum) 23 At 6.66 mbar pressure; pure monomer; at 1013 mbar pressure, 24 15.9% monomer, 25.7% C 3 F 6 , 58.4% C 4 F 8 High yields of HF and products involatile at 25°C 23 Quantitative yields of acetic acid 71 Small amounts of aromatics including benzene 71 Acetic acid, benzene, naphthalene, toluene, styrene, ethyl benzene, 147 propenyl benzene, propylbenzene, methylnaphthalene, ethylnaphthalene, propenylnaphthalene, propylnaphthalene, anthracene, methylanthracene, ethylanthracene, propylanthracene Acetic acid produced as low as 1000C 148



Ambient to 500



Acetic acid, CO 2, H 2 O, maleic anhydride, CO



240



Ambient to 500



Ethene, propene, acetic acid, CO 2 , propanoic acid, 2-methylpropanoic acid, butanoic acid, cyclopentanone, some unsaturated cyclic and acyclic aliphatic ketones, some chain fragments containing lactones



241



References page 11-475



TABLE 1. cont'd Polymer Poly (vinyl acetate-comethylvinylidene cyanide) Alternating with 10-15 mol% VA homosequence Poly (vinyl acetate-co-styrene) (5-20 mol% vinyl acetate) Poly(vinyl acetate-co-vinyl alcohol) (50-99 mol% vinyl alcohol) Poly (vinyl acetate-co-vinyl chloride)



0



Temperature range ( C) 285-350



Ambient to 500 0-600 Ambient to 500



180 Poly (vinyl acetate-co-vinyl fluoride) (91:9 to 1:89) (80:20 to 23:77) Poly (vinyl acetate)-blendpoly(styrene) (1/1, w/w) Poly(vinyl acetate-blendpoly (vinyl chloride) Poly (vinyl alcohol)



Poly (vinyl bromide) Poly(vinyl butyrate) Poly(A^-vinylcarbazole)



200-500



Vinyl acetate, acetonitrile, HCN, acetic acid, acetamide, 2-methyl1-aminonaphthalene, 3-cyano-3-pentene Acetic acid, styrene, chain fragment fraction, ketene, CO 2 Acetaldehyde, acetone, benzene, crotonaldehyde, acetic acid



Refs. 266



92 154



Bulk polymer; hydrogen chloride and acetic acid in the proportions of 155 the monomers in the copolymer; at each end of the composition range, incorporation of the comonomer results in a copolymer less stable than the homopolymer; minimum stability at 40-50 mol% vinyl acetate In tritolyl phosphate solution; similar to bulk polymer with minimum in 156 stability at 30-40 mol% vinyl acetate Hydrogen fluoride, acetic acid, hydrocarbons 150



200-500 Ambient to 500



Hydrogen fluoride, HCl, hydrocarbons Products as for individual polymers



Ambient to 500



Ambient to 500



Acetic acid, HCl, and traces of CO 2, ketene, acetyl chloride, CO 157 and CH 4 Quantitative yields of H 2 O 72 Main products H 2 O and C 2 H 5 OH, with aldehydes 73 CH 3 -(CH = CH) n -CHO and ketones C H 3 - ( C H = C H ) n - C O C H 3 where n = 0,1,2, etc. HBr, ethylene, benzene, and other unidentified minor products 143 Butyric acid 74 Below 350°, monomer; above 350°, monomer and low-molecular 175 weight oligomers Monomer (49% of total volatiles at 3000C, 39% at 5000C) ethane, 244 ethene, propene, n-butane, isobutene, cis and trans but-2-ene, 1,3-butadiene, 2-methylbutadiene, trace amounts of C 5 and C 6 hydrocarbons Monomer (83% of total volatiles at 3000C, 67% at 5000C), ethane, 244 ethene, propene, w-butane, isobutene, cis and trans but-2-ene, 1,3- butadiene, 2-methylbutadiene, trace amounts of C 5 and C 6 hydrocarbons Monomer (48% of total volatiles at 3500C, 40% at 500°C), ethane, 244 ethene, propene, /i-butane, isobutene, cis and trans but-2-ene, 1,3-butadiene, 2-methylbutadiene, trace amounts of C 5 and C 6 hydrocarbons Quantitative yields of HCl 75 Saturated and unsaturated, aliphatic and aromatic hydrocarbons are 75 produced with benzene and toluene in high yield In helium; quantitative yield of HCl, remainder residue and 76 hydrocarbons; benzene is major volatile hydrocarbons product Aliphatic hydrocarbons, benzene (major product), toluene, ethylbenzene, 149 o-xylene, monochlorobenzene, styrene, vinyl toluene, p-dichlorobenzene, o-dichlorobenzene, indene, 1,3,5-trichlorobenzene, 1,2,4-trichlorobenzene, naphthalene, a-methylnaphthalene, (3-methylnaphthalene; effect of ZnO, SnO 2 , and Al 2 O 3 on the yields of products is also recorded HCl, CO 2 , ethene, ethane, propane, 1-butene, 2-butene, 1-pentene, 267 cyclopentene, n-pentane, 2-methylbutane, 1,3-pentadiene, 2-methyl-1,3-pentadiene, complex series (60 identified) of aromatic and polyaromatic species, including benzene, styrene, methylstyrenes, toluene, o-xylene, m-xylene, /?-xylene, biphenyl, naphthalene, anthracene, phenanthrene, pyrene, etc. (see Ref.) HCl, a-methyl styrene 159



Ambient to 500



HCl, styrene



159



Ambient to 500 Ambient to 500



Products as for individual polymers CO 2 , HCl, benzene, traces of toluene, phenol and other phenolic compounds, bisphenol A, polycarbonate chain fragments



160 291



250 240



300-325 230-410 300-500



Poly(3,6-dichloro N-vinylcarbazole)



300-500



Poly(3,6-dibromo 7V-vinylcarbazole)



350-500



Poly(vinyl chloride)



200-300 400 600 200-800



Ambient to 1000



Poly (vinyl chloride)-&/era/poly(a-methylstyrene) Poly (vinyl chloride)-№ra/poly(styrene) (10/1 to 1/10, w/w) PVC 1:1 blend with bisphenol A polycarbonate



Degradation products



150 158



TABLE 1. cont'd Temperature range (0C)



Polymer PVC 1: 1 blend with poly(dimethylsiloxane) Poly(vinyl fluoride)



Poly(vinylidene chloride) Poly(vinylidene cyanide) Poly(vinylidene



fluoride)



Poly(vinylidene fluorideco-chlorotrifluoroethylene) 80 mol% vinylidene fluoride 3, 10 mol% vinylidene fluoride Poly(vinyltrimethylsilane)



Ambient to 500 372-480 200-500 450



225-275 170 >160 400-530 Ambient to 500 Ambient to 500 Ambient to 500 300-600 in argon



Poly(4-vinyl pyridine) Poly(vinylacetophenone)



Ambient to 500 380



PolytN-acryloyl-N'cyanoacetohydrazide)



600



Degradation products



Refs.



HCl, benzene, traces of toluene, octamethylcyclotetrasiloxane, 292 oligomeric siloxanes High yields of HF and products involatile at 25°C - little carbonization 23 Hydrogen fluoride, C 2 -C9 fractions 150 85% wt. loss, 33 ± 5% volatile products, remainder was oily green liquid; 151 Volatile products: HF (82 mol%), CH4 (5.2), C 2 H 6 (0.6), ethylene (0.8), acetylene (0.03), fluoroethylene (0.07), propene (0.5), C 3 H 5 F (0.4), butane (0.06), butene (1.1), 1,4-butadiene (0.2), 1,3-butadiene (0.7), C 4 H 5 F (0.06), Cyclopentadiene (0.05), benzene (4.5), fluorobenzene (0.3), toluene (1.0), C 6 H 4 (CH 3 )F (0.04), C 6 H 5 C 2 H 5 or C 6 H 4 (CH 3 ) 2 , and styrene (0.9), rc-propylbenzene (0.2), iso-propylbenzene (0.3), C 6 H 5 -C 3 H 5 (0.2), indene (0.3), naphthalene (0.8), fluoronaphthalene (0.3) High yields of HCl 77 Polymer prepared in presence of oxygen; phosgene, formaldehyde, HCl 152 High yields of monomer 78 35% HF and high yields of products involatile at 25°C - some 23 carbonization Monomer, dimer (C 4 F 3 H 3 ), SiF4, (from reaction of HF with glass) 265 HCl, HF, vinylidene fluoride, chlorotrifluoroethylene, dimer (C 4 F 3 H 3 ) 265 HCl, chlorotrifluoroethylene, dichlorodifluoroethene, chloropentafluoropropene, trichlorotrifluoroethane, dimer (C 4 F 3 H 3 ) Tetramethylsilane, trimethylvinylsilane, 2-trimethylsilylpropene, 1,3-tri-methylsilylpropane, 1,3-trimethylsilylpropene, 2,4-trimethylsilylbutene-1,2,4,6-trimethylsilylhexene-1 Monomer, traces of pyridine and 4-methyl pyridine CO, CH4, ethane, 4-acetyl styrene, 4-acetyl toluene, styrene, toluene, 4-vinyl acetaldehyde, a-methylstyrene, a-methyl-4-acetylstyrene, 4-methylstyrene Cyanoactetamide



265 153 260 307 289



1.5. POLY(VINYL KETONES), POLY(VINYL ETHERS) Poly(methyl isopropenyl ketone)



Poly(methyl vinyl ketone) Poly(trifluorovinyl phenyl ether) 1.6.



270-360 Ambient to 500 150-190 270-360 Ambient to 500 275-500



H2O 41 Methyl isopropenyl ketone (50%), modified chain fragments, water, 161 small amounts of CH4 and CO Monomer under 313 nm radiation 42 H2O, 3-methyl-2-cyclohexene-l-one and other six-membered ring ketones 44 Water, modified chain fragments, small amounts of CH4 and CO 161 Maximum of 75% volatilization-products unknown 49



POLY(STYRENES)



Poly(styrene)



300-400 500-1200 300-570



-, (crosslinked) -, (head-to-head)



Ambient to 500 346-450 320 500 under N2



40.6% monomer, 2.0% toluene, 0.1% CO, remainder dimer, trimer, 62,63 and tetramer - monomer yield increases with pressure of nitrogen - 62% at 1013 mbar Small hydrocarbon fragments appear (Ci-C 6 ) - fragmentation is greater 28 the higher the temperature and the greater the pressure of inert gas Pulsed pyrolysis and 40 jig of polymer. Styrene (92.4-99.8% depending 163 upon temperature), benzene, toluene, and ethyl benzene Thin films (1000 A or less), monomer yield about 55% 164 Crosslinking with increasing quantities of divinyl or trivinyl benzene 11,64 progressively decreases the styrene yield-the yield of larger chain fragments and the amount of carbonization also increase Monomer, dimer, trimer, tetramer, pentamer, stilbene 165 Hydrocarbons (Ci-C 4 ) (2.2 relative GC peak intensity), benzene (0.4), 166 toluene (3.3), ethylbenzene (2.0), styrene (20.4), 3-phenyl-1-propene (1.5), 1-pheny!propane (2.3), a-methylstyrene (0.3), 1-phenylbutadiene (1.0), diphenylmethane (0.3), 1,1-diphenylethylene (2.6), 1,2-diphenylethane (1.3), 1,2-diphenylpropane, (0.7), 1,2-diphenyl-l-propene (0.5), 2,3-diphenyl-l-propene (2.2), 3,4-diphenyl-l-butene (0.5), 2,3-diphenylbutadiene (2.0), 1,2-diphenylethylene (6.5), 1,4-diphenylbutane (3.5), 1,4-diphenyl-l-butene (3.8), 1,4-diphenyl-l-pentene (1.3),
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TABLE 1. cont'd Polymer



-, -, -, -,



(poly(divinyl benzene)) (poly(trivinyl benzene)) a-acetoxym-amino-



- , /7-chloro-a-methyl-



-, a-deutero- , p-deutero- , p-fluoro-oc-methyl-



-, /7-methoxy-a-methyl-



-, 3-methyl-, 4-methylPoly(o-propionylstyrene) - , oc-methyl-



-, /?-7VyV-diethylamino-



- , m-A^Af-dimethylamino-



Temperature range (0C)



Degradation products



Refs.



1,3-diphenylpropadiene (2.1), 1,2-diphenylbutadiene (1.8), 1,4-diphenylbutadiene (1.9), 1,3,4-triphenylbutene (0.6), 1,2,5-triphenylpentane (1.5), 1,2,5-triphenyl-l-pentene (4.6), 2,3,6-triphenyl-l-hexene and 2,5,6-triphenyl-l-hexene (8.9), 1,4,5-triphenyl-l-pentene (4.4) Ambient to 600 Styrene, 1,2-diphenylethene, 1,2-diphenylpropane, 1,4-diphenylbutane, 271 1,4-diphenyl-1 -butene, 1,4-diphenylpentane, 4,5-diphenyl-1,8-octadiene, 2,3,6-triphenyl-l-hexene, 1,4,5-triphenyl- 1-pentene 385-450 Volatile products include toluene, benzene, styrene, and xylene 11,64 470-500 Mixture of aliphatic and aromatic hydrocarbons 11,64 270 Acetic acid (99%), mixture of a-acetoxystyrene and acetophenone (1%) 167 340-500 Gaseous fraction CO2, CH4, C 2 H 6 , C 3 H 6 , C 3 H 8 ; liquid fraction 65 m-aminostyrene, m-toluidine; gum fraction mainly dimer and trimer; crosslinked residue remains 320-500 Monomer yield rises from 41% (32O0C) to 61%(500°C); minor product is 66 m-toluidine, with traces of aniline, m-ethylaniline, oc-methylm-aminostyrene, H 2 , CO2, CH4; remainder comprises chain fragments and residue Ambient Gamma radiolysis: CH4 (12.9 relative mass spec, ion current), C 2 H 6 168 (21.8), C 3 H 6 (13.6), C 3 H 8 (10.5), C 4 Hi 0 (61), HCl (4.2), CH3Cl (17.4), C 3 H 4 Cl (20), C 2 H 5 Cl (28.1), C 3 H 7 Cl (3.3), CH2Cl2 (9.9), C 6 H 5 Cl (3.0), p-chlorostyrene (1.5), p-chloro-a-methyl styrene (12.5) 334-387 68.4% monomer, 1.5% a-deuterostyrene, 0.6% a-methylstyrene, 2,13 29.5% larger chain fragments 345-384 39.7% monomer, 1,2% toluene, 0.1% deuterotoluene, 59% larger 2,13 chain fragments Ambient Gamma radiolysis: CH4 (0.4 relative mass spec, ion current), C 3 H 4 168 (3.0), C 3 H 6 (0.6), C 3 H 8 (0.8), C 4 H 4 (3.5), C 4 H 6 (6.0), C 3 H 7 F (3.2), C 4 H 3 F (6.0), C 4 H 9 F (14.5), C 5 H 5 F (9.37), C 6 H 5 F (29), p-fluorotoluene (23), /?-fluorostyrene (6.45), /?-fluoro-a-methyl styrene (175.5), /?-fluoro-isopropyl benzene (11.5) Ambient Gamma radiolysis: CH4 (32 relative mass spec, ion current), H2O (26), 168 C 2 H 4 (35), C 3 H 4 (7.3), C 3 H 6 (15.2), C 3 H 8 (68.7), C 4 H 10 (8.2), CH3OH (24.2), phenol (63.8), methoxybenzene (38.6), p-methoxytoluene (19.6) 309-399 44.4% monomer, 7.3% xylene, 48.3% larger chain fragments 3 200-350 Ratio of monomer to oligomer rises from 40% at 2000C to 95% at 35O0C 79 560 C i - C 4 hydrocarbons, benzene, toluene, ethylbenzene, styrene, 278 ethyltoluene, vinyltoluene, naphthalene, ethylstyrene 385 CO, CH4, ethane, ethene, butane, 2-propionylstyrene, 2-propionyltoluene, 313 styrene, toluene, a-methylstyrene, a-methyl-2-propionylstyrene, various dimeric and trimeric species not fully characterized 200-500 95-100% monomer 28 520-1200 Fragments both larger and smaller than monomer appear in increasing 28 amounts the higher the temperature, particularly CH4, C 2 H 4 , and C 6 H 6 until at 12000C the monomer yield is only 33.9% Ambient Gamma radiolysis: CH4 (1.0 relative mass spec, ion current) C 2 H 6 (1.2), 168 C 3 H 4 (6.7), C 3 H 6 (1.8), C 3 H 8 (2.7), C 4 H 4 (22), C 4 H 10 (9.9), cyclopentadiene (6.1), benzene (72.8), toluene (20), styrene (50.5), oc-methyl styrene (184), isopropyl benzene (10) 400-900 Benzene, toluene, ethylbenzene, cumene, styrene, a-methyl styrene, 169 indene/phenylpropyne, methyl-1,2-dihydronaphthalene, methylene indene, naphthalene, 2-methylnaphthalene, 1-methylnaphthalene, biphenyl, anthracene/phenanthrene, dihydropyrene 350-500 Toluene, styrene, /?-ethylstyrene, 7VyV-diethyl-/?-toluidine, WV-diethyl170 /?-ethylaniline, p-TVyV-diethylaminostyrene, a-methyl-A^Af-diethylaminostyrene, 2-(p-Af,iV-diethylaminophenyl) butane, a-propyl-p-AW-diethylaminostyrene, N-ethyl-p-toluidine, Af-ethyl-p-toluidine, Af-ethyl/?-ethylaniline, Af-ethyl-/?-aminostyrene and closely related compounds 350-500 ra-iVyV-Dimethylaminostyrene, A^TV-dimethyl-m-toluidine, m-xylene, 171 styrene, AUV-dimethyl-m-ethylaniline, toluene, m-methylstyrene, a-methyl-m-A^,A^-dimethylaminostyrene, trans- fi-methy\-m-N,Ndimethylaminostyrene, a-emyl-ra-Af,Af-dimethylaminostyrene, N-methyl-m-toluidine, Af-methyl-ra-ethylaniline, Af-methyl-ra-aminostyrene, oligomers of m-A^Af-dimethylaminostyrene and closely related compounds



TABLE 1. cont'd Polymer



Temperature range (0C)



- , /?-Af,N-dimethylamino-



Poly(/?-(2,4-dichlorobenzyl)styrene)



-, /?-isopropyl-a-methyl- , 2,3,4,5,6-pentafluoro- , a,p,(3-trifluoroPolystyrene (chain brominated on a-position) Poly(styrene-co-methylene) ~ ~ CH-CH 2 -CH 2 -CH-(CH 2 ) „ ~ ~ ' I _ Qi 3 4 d 5 ' ' Poly(styrene-a?-SO2) (1.85 :1) Poly(styrene-c0-methacrylic acid) 18, 44 and 72 mol% MAA Poly(styrene-co-chlorotrifluoroethylene) 7.7, 14, 20 mol% CTFE



500 for 30min



Ambient to 500



Ambient 390-446 333-382 150-300 300-500 Ambient to 500 350 for 4hr



200 Ambient to 500 Ambient to 500



Poly(styrene-co-glycidyl methacrylate) 10, 23, 51, 62, 78, 86 mol% GMA



Ambient to 500



Poly(styrene-cc>-phenyl methacrylate) 10-90 mol% PMA



Ambient to 500



Poly(styrene-co-1,2,2,2,-tetrachloroethyl acrylate) (4.7/1)



310 and 500



Poly(styrene-c 
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