. CeoyTienSfEnes
C '-Ta?ylpr&FrandsGroup" - L



Table of Contents

Chapter 1
Introduction t0 POIYIMIErS.....iiiiiiiiiiissiieiiisiisssseiiaisseessesreresessnnssssrnesssesesesnssssseees 1
I.T History of POLYINEIS c.ooiiiiiiiiie ettt ee e ae e snra s st e eaaees s s e 1
L2 WHY POIYIIETST oottt sttt ettt e e e e r e e 8
1.3 Today’s MarketPlaCe........ooci it e 12
L SUIMITIATY oo ettt e e s e sttese s s e s antaraessrare e siattaas 15
GLOSSALY 1eiriite ittt e st e et b e e etae s seat e e eeb b et stae e eate e e et b e e eat e e e emttae s ieassantaentbaea s sree s atsteaba e e 16
EXBICISCS 1rrevvrertreiieeciereee s ee s et e e ettt s aeeee e st be e etseete e e tsbeats e bt s e bt e e e eaae e eaeeeaeeeaeeeeineeeeee e ieeanneans 16
Further Reading ..ot e aaa e 16
Chapter 2
Polymer Structure (Morphology) ...t ssmessssssssssssesesesessses 19
2.1 Stereochemistry OF POIVITIEIS c.vooiviiriiiic ettt rr s s r s ssnnn e 20
2.2 Molecular Interactions i ..ottt et e et 26
2.3 POlYMEr CryStals oot ettt e e et er st e b 32
2.4 Amorphous Bulk State.......oo e 37
2.5  Polymer Structure—Property Relationships......coccooeviiveiiiiiiiieeies e 37
2.6  Crystalline and Amorphous CombIinations.........cccvvviriireieiiee e 39
27 SUIMMITIATY .oveeeree st e it ta e creeeebe e e s estsessseesasabe e s esbesabeesttnee e otsneeest b beribse st iaessaareseabsesins 4]
GGIOSSATY 11ttt st e e e e e et s e et e ebe et e e te e Rt e teebe s enrerentstebennrean 43
BIBITISES .ottt ittt ettt ettt et et et e s e s et et e e eae s eeeedsis e b e et entene s emeeaeeas et e e ene e e eassennesen 44
Further Reading ... s e st ae st s saesaa e s stnestaesaesaaae s 45
Chapter 3
Molecular Weight of POLYIEIS.......cccirmisirisinsssrsssssssesssssssssssssusssssssesesersssmsssnssossnsssnssnensnenes 47
31 INLrOAUCHION cveeviiii e e et e e sssre e sre s saan s sraeerreerne e e 47
3.2 SOMUBIHLY ceeetieie et ettt ettt e et et ean e et es e etesane aneaaeenseeneen 49
3.3 Average Molecular Weight Values........coccooiiiii e s 51
3.4 Fractionation of Polydisperse SyStems. ..o 55
3.5 ChromatOZIAPIY ...oooieiiiiiit ittt e et st eae e s e ee e eae et sse s ets bbb e 56
3.6 Colligative Molecular Weight TeChiquUes .....ccovvenivreviiiiit e 59
3,61 OSIMOMEITY .eoviiiiiiiii it et es e s s e e rare s e e ettt b e st b beeetreeessessaasasarasaeses 59
3.6.2 End-Group ANAIYSIS .ouvivieiiiiresreriesce e e cre s s eae s sree s sreasree s 60
3.6.3 Ebulliometry and CryOmetry . ....cooiiiiniir i irinr et ie e siee e e e e eree e reee s 60
3.7 Light-Scattering PhotOmEtIy .o crr st s s e ree e beasaea e 61
38 Other TeCNIGUES Loovveiiiris et eertee st ee e e et e e ee e e et ee e et e e e eastteeertre s iannesensaesrrtassin 68
3.8.1  UKracentrifUAION ... .coov i iiiiiiiiieets it e cresasitreeeee e e eee e eee e eteeseant s 68
382 Mass SPECITOMEIIY ..ovivriee st erisois s e s sae e srnene e e enen 69
3.9 VISCOIMBITY . utveeiie e ceiiie ettt e et e s st e e e e st e eete e e et en e etb e et oarssenbeaserssgessmmnesenssnnsbeeeins 69
B0 SUIMIIIATY ¢oeeceiie i eeteeciiir s iesaetr e aeeseae s easesasatseaestaeaabeseeteee e semmsesse b b ett st ssssranssnrascabsanste 75
GIOSSATY ..ot cce ettt ettt ettt et sae e et se et et s ea s et e et s be et et e s e nreee e s bebe et e nesaetns 76
T OIS - eivtie et et ettt st e et e et e st e e s e ae s e etb e ettt e e ey b e e veae e e ant e et b e e e s eeneeaneeaenrbee e 77



Chapter 4

Naturally Oceurring POIYIIETS v st seseanessismmnonens 81
4.} Polysaccharides .ottt s 83
B2 GOS8 ettt e e e r s e 83
G201 PAPET ottt bbb 86
43  Cellulose-Regenerating Processes. ..o 88
4.4  Esters and Ethers of Cellulose......vioiveiririiice e 91
44,1 Inorganic BSTErS ... 91
4,42 Organic BSLErs ..o 92
443 Organic Fhers ..ottt e 93
G5 SEATCH ..oovvreieiee oottt e et et e n e e e e e e e s 95
4.6 Other Polysaccharides ..o 97
N S V3111 ¢ LI T UTU T U OO U U OO PP 100
471 PrIMATY STTUCTUIC coeeiiiieiiieenniie s mreeaarerermin s renesererssnrbsse s seseesssesesbes s eeeens 103
4.7.2  Secondary STIUCTUIC . .c.iivriiveiiere e ene e e e et bt e stee e i 103
47201 KEIALINS oot eeie et ettt ne e e e 105
4.7.2.2  COllABEIN.ccitiiiiii et e 108
4,723 BLASTIR .ccooioiriiiinr it e s ee e e s e s 109
4,73 Tertiary SIIUCIUTE (.ovrve it e 109
4.7.3.1  Globular Proteins .......coccciviiviieeei e 109
4.7.4  QuaterNAary STIUCHUTE ....ooviori e et b e 111
4.8 INUCICIC ACIAS tvi e veee oot e e s e e 113
4.8.1 Flow of Biological THEOTIATON ... oo eeeer et eees s sess s eeenes 117
49  Naturally Occurring POIYISOPIEIES ......cooeriieireniisiireceencnnereiae it e sesas e s 120
B9 T BAIlOOIIS cvviivrreieiieeeiiieeiriesienee e seraesie e ren s ar e sesabeea s e r e s b s a s s s rae s 124
B9, 2 REBINS e ee ettt cte et e e er e et et e b r e e e e s e e st s e 125
100 LI .. coeieovveer s e ver e et r e s et et oo b e ot bbb R S e 125
.11 MELANIIS et veessirrsiernreeereeertteseeee e e st e s st tesaeae s et e e rame e s st ae et e e e e e s s sns e e enbe e e nnns e e 127
412 POLYINGE SITHCLEC 1 viiieier et rt s re s snn e enas s rae s e e s i 128
4.13  Genetlc ENZINEETINE .vvveeiitiieerirriieeeeereiree e iit it rine e eresemr e e e abraen s s snr s s 130
414 DNA Profiling .....ccocoovevinn et eeeheiaeseesreeseheeseeeseeaetieaeaeteeaneere s sb e ab e n s sraesn e 133
O BT 11 11 -1 2RO OO T OO P SO PP UU ORISR 135
GLOBBATY 1ottt ettt ettt b b e bt b e st e e b ettt et st et e b b e 136
BEXETCISES 11 vvveiee et et e et e e st et r s s ee e s oo re e et a e ettt aa e ae e ae e a e e 138
Further Reading.......o.oocvvreenreeiivinrnnencne OO OO U U PRV URORUUPORRTOS 139
Chapter 5
Step-Reaction Polymerization (Polycondensation Reactions) .......cccvvisseerrerrnecssscssisnnninens 141
5.1  Comparison between Polymer Type and Kinetics
Of POlyMeriZation ......vocciirii et 141
5.2 INEEOQUCTION 11reeer ittt et e e e et s 146
5.3 StepWise KINETICS. cuuireriiiiiice ettt s 146
5.4  Polycondensation Mechanisms ............cccoooiiiiiiiiii 151
5.5  Polyesters and Polycarbonafes ... 152
5.6 Synthetic Polyamides .....oocoieimeiieivee e 157
5.7 POIFIMIAES cvrivtiire ettt et e s 161
5.8 Polybenzimidazoles and Related Polymers ..o, 162
5.9  Polyurethanes and PolyUreas ... e e 163
S0 Polysulfiddes ..ot i s 164



SA1 POlYBIREIS ..o e 165

512 POLYSUONES ..oooiiiiiiii ittt et e e 166
5.13  Poly{ether ketone) and Polyketones. ...t 167
5.14  Phenolic and Amino PlastiCs.....ccooiviriiiiiiieesiia e etia et cvr et a e e 168
505 SYNTREHE ROULES coooeiiiiiitiiiie e eee e ee e e envsens s ss s s s se sttt ies st s s e aeaannene 170
516 LIguud Crystals. .ot e et 171
507 MICTOTIDEIS o i vi vttt ittt vttt s s rne e s e st e s a e sraae e se e rae s 173
R B T T 111721 OO PRI OROP PP 175
GLOSSATY 1evvtieieieiee e e ree e et et e e ae e s e e e st b et st beeeae s bese st oa s 4a b bbb e bbb aettaeesa e e see e e nan i rnnes 175
EEXBICISES 1o ie e scee et e et e nt e et be e eea s e eraeer s e et e et e e e e e sar e s e s o e e eane e e e rarenane e sen e s e aar e 177
Further Reading ..ot ettt re s e e e e e e e em s s n e srineeane s 178
Chapter 6
Tonic Chain-Reaction and Complex Coordination Polymerizations
(Addition Polymerizations)........ccovnienmiiiiniiiisiniemenimmsrsi i esescsrssnessssssssssins 179
6.1  Chain-Growth Polymerizations — General.........ccccoovieiviiiiiinine i 180
6.2 Cationic POIYMEFIZATIONS . ...ocviiviiiiiiiiiiiiiit it ee et e e re e st e er e s eerrrenee e 181
6.3 AnNIonic PolYMETiZationS . ..oc.eiivireirierisiieiesissseisaeeeseesemee e riss saresassssara e saesaensnesaeaanan 185
6.4  Stereoregularity and StereOgeomMEtTY .. oot 188
6.5  Polymerization with Complex Coordination Catalysts........ccvviiieiiioreerenicneennens 188
6.6 Soluble Stereoregulating Catalysis ......oeoiivririiiniio it 190
6.7 POLYethylenes..cooooiiiiiiiii et ettt 193
6.8 POlYPrOPYIBOS oo e e s 199
6.9  Polymers fTom 1,4-DIenes .......ooovvrerirmne ittt e 202
6.10  POLyISODULYIENE L.ooiiiieiis s e e 204
6.11 Metathesis REACIONS ... ........iiiiiiiiiicr e e 205
6.12  ZwitterioniC POLYMEITZAtIONS .ooeeviviierierieeirrieserriersre e reteesiraenttte e e sens st e eentvecanssens 206
6.13  [somerization Polymerizations ....oov e eciiie e rre et e e smeee s en 206
6.14 Precipitation PolymeriZations ..o eerces et see s 207
0,15 SUIUTIAT Y 1o oeer et eier e tie e et e e eescat e ems e e n e s n e se s e a s e e e e e e e bbbt 207
GLOSSATY oeeieeiieetie e ettt v e et bt eetbe e e st e e e e s emteeane e e e e et e e hen e e ee bt e e ttea e e e e sanrane s s 208
BXOICISES .ttt et e n e 209
FUIRET REAQIIZ .+ e oeeeee ettt sttt et e sb s e st ar e er a2 bbb s 210
Chapter 7
Free Radical Chain Polymerizations (Addition Polymerizations)...........ccceevcemrrriinniinssnns 211
7.1  Initiators for Free Radical Chain Polymerizations .......c.oovevvvcvieeniinniinecninoennnis 211
7.2 Mechanism for Free Radical Chain Polymerizations.......coooivviceiiiiiineeesveeeeecee e 215
7.3 Chain Transfer ..o et re e ee e s 222
7.4 Polymerization TEChIIGUES .....cccoi ittt e enee e 224
7.4.1 Bulk POIYMETIZATION ..iiveovvrviiiniiieiesisessnineseeebieeseseturirassesstnna s s sismeeeaeneeees 224
7.4.2  Suspension Polymerization .........c.ooooiiiiirine s 226
7.4.3  Solution PolymeriZation ... snee e e ee e sereneenene e 227
7.4.4 Emulsion Polymerization ..o e 227
7.5 Fluorine-Containing Polymers.......coviiiiiiiniii e e 230
T8 POLYSEYIENE .o civtiociieiiee ittt e e e e s n e e e e 233
7.7 Poly(vinyl ChLOTIAE) coviviiee e et s 233
7.8 Solid-State [rradiation Polymerizations .. .....ccceivviiviiiniionine e snnesssrrine e 235
7.9  Plasma PolYMEriZaIONS . ..c.oocoieviieriiiesieiisieie sttt e star s st e e ee s 236

R L 11T 1 117 OO O R P OSTOTITPRT 237



GLOBSATY 111t ieee it s et r ettt e et st e e e e e ee st s vmnt e e e en et e ee s st te e snn e ree e eatneanen 237

EKBITISES 1otvvivtiesieecrrecae e se e ee et e e oo e e ae e sne e ee s s e e e b et e ea e e et e et b b e et e etae s enbeeeteeerba et aerrnesens 238
FUther REAGINE ..ottt eser e s e e e s s ert s eb bt e s e ers st reae s sane 239
Chapter 8
COPOIYINETIZALION covvvevrivrcricsssesriosesrnnenticcsssssssrsssacrtesesssssserresnrerssnsesmenisssesssssssssasansssaresessossson 241
8.1  Kinetics of Copolymerization ........ccovviiiriiinii it e 242
8.2 The Qe SCREITIE ... .vvi oo s st e et bbb e e e s rtbenesassrsbeneesen 245
8.3 Commercial CoPolyIMEIS. ..o iiiieeiiiis e eer e vt srrssrsr s ersreasssaeas 246
8.4 Block COoPOLYINErS . .occ i vecriat et ettt e ettt st e e e e et 247
8.5 Graff Copolymers v it e s e 248
8.6 FElastomers.....ccccoooiiiiiiniinnnns USROS 249
8.6.1 Thermoplastic EIaStOMETS.......coccoiviiiivi ettt eetb s 251
8.7 Polymer BIends ..ot 252
8.7.1 TImmiscible Blends ......c.oocoiiiiiiiiii et 253
8.77.2 Miscible BIEnds ......ooocoviii ittt eae e 254
5.8  Polymer Mixtures: TPINs and AHOYS ..ot 256
e B B T T 4 1= SO OO TS ST TR URUUSUR 256
B.10  JOMOMIEIS 1uvvveeieiiirieries e e sece e errer s ree s seesrae s e b e etba et raessss e reensnenaessenssasnsssarssanressensannns 257
.11 SUMIMAIY coeoiriiiiviet ettt e e e et e saa s sres e senas et s 258
GLOSSATY Lereierieieiciiee s steaert b ee e e e et seat et ae st b e et aseriae et e bt aebeaeaeneeaeeessan et sabbbene e reessenesenes sannntennenras 259
BREICISES oeovvvsieesveeeess e staes st e s b e e r s es st et et s e s s as e s h s b2 e a2 2ttt st sttt e e 260
FUrther REadiNg .. .cocvviirieeiiin ittt ee st st e e e e s st nsaeeresrten e s 261
Chapter 9
Organometallic and Metalloid POIVINEES ......ccviiiviiiiiioriniiieeseisneressrssnerssesrsssrssersessssssssssens 263
0.1 INIEOAUCTION covvvve ettt ettt sre e e e e ea e e e ee e e s sabt e r et eaeeeeeeeaseeeenniennnnes 263
9.2 Inorganic Reaction MeChamiSImS......cooivieiiierrmineiisiisieaiiienrierrercrseesveesraessaeesrsesnsanenss 264
9.3  Condensation Organometallic PoOI¥Mers .......c.coovei o 266
9.4 Coordination POIYMIErs .....cooooeiiiiiiiicc ittt 272
9.5 Addition POIYIMETS ....cooveerreree ittt ree s et et e erreereeerrsetas et bbb s e st e sr e e e eees e 274
0.0 SUITIITIATIY o1 eee ettt sttt e e e te e e st e ee e see e earvae ettt es s eseeeemeeastb b easssnsssnses s rntesonssras 277
GIOSSAIY 1oivviiiieie ettt e e ae e s s sttt e s ats e st b ekttt eeee e e e e s e bt oAb e e e st e e e e e e eee e e et e aanes 277
EEXEICESES 11 vvveveereeeeee e s iransers st e see et e ra et e abesee e beee e or4 edbr et e aseeaeesAeen b b sastsan s e et e e ere et se s 278
Further Readiil ...ttt ae e e e e e et e resser b e s sasrrrrenesaan 278
Chapter 10
INOEZANIC POLYIETS crvvviciiiiiiieiisnissssteissssisssssssssssisessersessrsmnserassssresstsrmmnnssessnnsssrsssonsssssrenes 281
L O 115 o s L) Ter o) s O O O SO U 281
10.2 Portland Cement ... ....cc oot iarr it ce s e e ree s s ree s e st e e nbsestreente e ee s 281
103 Other CeImBntSs .. ooviiiiir ettt s s e e s bt e e reee s sant s se it e s e eee s ean e 284
L0 SHHCATES 1evvverreeerereesiraieirsrre e seeets e tesse s e reesbeseessstbsetbesssaaestaestesmssaneetstsnbstbtsnnseneas 284
FOB T NEIWOTIK (oot e s erar s s s e e s 287
LOA. 2 LAYET ettt ittt sttt s sttt ee et e ee et e s e aeer e sre e eaeaseeenesresan e 287
LO4.3  CHAINL .ottt be e e e ea e sbesee s te e ba bt saas srerbsseansea 288
10.5  Silicon Dioxide (AMOIPhOUS) ..oocooviiii e 288
051 Kinds of Glass .vvvvvoriiiicicccr et sve st et eeee et sana s 291
LO.5.2  SAELY GIASS cveeeieiieerieiieesivrirsssrrerostresisiessessesssrs e ssetessasnesonssbsssnsnssssneeesane 292
LG SOIGEL ittt e et on et e 294

LOB. T ACTOZEIS it ettt e et e et st eee e e s ast e st s e s rrareees 295



10.7  Silicon Dioxide (Crystalline Forms): Quartz FOrms .........cccoeoomeveivionies e 297

10.8  Silicon Dioxide in EIectronic CRIPS .....oovveoeeceeeeeeeeeeeeeeee et e s oo enereeees 299
LO9  ASDESLOS ..oiiiiie ettt st st sttt e eaaeenne e s 299
10.10  Polymeric Carbon: DIamond .......ccoooiiiiiiriieriiir i 300
10,11 Polymeric Carbomn: Graphite .......ccccoiveiieiiie ittt e 301
10.12  Internal Cyclization: Carbon Fibers and Related Materials .....c....coooeceveiviinrennn.. 302
10.13  Carbon NANOtUDES ......coiiiiii et e e rrrs bbb e sab e srre s 304
TO3.T  SIIUCIUIES .ot it e s eeesees e sies e s se e e sae s ete e e teeese e s e s te s e e e tmeeenaeesteeereeaees 304
10,1311 Eleetrical ..o s e e sre s 306
10.13.1.2  MechaniCal.....ccocooiieeiiiiieceic et 306
10.13.1.3  Field EMiSSion...cccveeeiieviieiieciceeieeii e eive s 307
10.13.1.4 Hydrogen and Ion StOrage.......c.ccvivvvieevieviivrsiinessierieiiee s 307
10.13.1.5 Chemical and Genetic Probes .......cccoocvevcciiiniiecciiiien e 307
10.13.1.6  Analytical Tools.....cc.oeviv e e 308
10.13.1.7  SuperconduCtOrs.....coiieeiceieie e e 308
LO.T4  BIUITICIIS .ot steetieetieriesererse e e sses e sbeasbeaestbaats e esbe st beetasatsbe et bee b beentbeebbeeenbeeeeenneean 308
10,15 Carbon BIACK ....occo o e 309
L0160 POLYSUITBE c.eciiiiiit ettt eee e et e e s e ena s etesrnsesne s 310
LOAT  CBTATNICS oo ettt ettt b bbbt b et b bt s as e bt b e basr e e brae s 311
10.18 High-Temperature SUPErcoONAUCIOIS «...ocevveovivevirrvivieriers e e ssiseressies s see s 313
10.18.1 Discovery of the 123-Compound...........cccceiviiiiiiciniiiie e 313
10.18.2  Structure of the 123-Compound........c...ccooc i, 313
L1019 Ze0ltES ciuiiiiiieiee et et e bbb et ta e e ant e b 313
1020 SUMDMIALY totiiiiitt ettt et st s sestbe bbb assam s emeens s eeeeeaeernsasaenseeaseeeesaneas 315.
GGLOSSALY .ottt ceer vt et r e e s e et e e re e e e o an b et es e eae s s re et banee et e s e sesbsereeabesias 316
EEXOTCISES c.ve vttt ettt s eecteeieete e e e eam e e et e ese e ses eeeeeeesseess s eneasesseseeae et smae s et e et as et aentesenearaerab s e enns 317
Further Reading......ocoi i iiiiie s sttt et tae s e etaeeeneeeneea 317
Chapter 11
Reactions of PoOIYINErS.. .. uiiiioniionmiisiroeiimimmeremersnsmoessnesssesssssesssns rreessnessnanraannsanns 319
11.1  Reactions with Polyolefines and Polyenes............... S UPPSUUPOROT: § .
11.2  Reactions of Aromatic and Aliphatic Pcndant Groups ........................................ 320
113 Degradation ... bt 321
114 Cross-LINKINE . ...coooi e b et err b e eres e eae s 323
11.5  Reactivities of End Groups c.oovveiie ettt 324
11,6 Supramolecules and Self-AsSEMBIY .....ocviviiiiicicere e e e 325
11.7  Transfer and Retention of OXYEEN . ..c.cooooliiiiiiioririrre e esine e sressae e e s eaes e s 329
11,8  Nature’s Macromolecular Catalysts . ......coiooiveiiieiieiirceie e, 331
11.9  Mechanisms of Energy ADSOrPiOn ..o eiiiviiciiec et 336
11.10  Breakage of Polymeric Materials ....ocoiiiieiiiieiec s ces s s vees e s 339
TTID SUITIMIATY tooviiicri ittt br s b s saaesabe e saaesatesabe s senes s e eta e enes s eeessmneens 340
L (L B SOOI R UORUORRUORt 341
EIREICISEE vt eevieieert ettt ettt es sttt et bt e e eaees e ese s eaeseeseasasseessaeae s emees e ere et e ennentanseeaneenes 341
Further Reading.......occovvi i ettt e sabestbeetae e 342
Chapter 12
Spectrometric Characterization and Testing of Polymers ........cccvcvmerivreecerererescernenrivssaseees 343
12.1  Spectronic Characterization of POIYIMErS ........oooivviviriiiiveviiiiimis s ssees s 344
12,11 Infrared SPeCiIOSCODY cvivveiiiriieesceeeieeseees e eeeeteee et e e eeeeeeeeeee e ee e enaeeneans 344

12.1.1.1 Attenuvated Total Reflectance Infrared Spectroscopy ............. 344



12.1.1.2  Specular Reflectance Infrared Spectroscopy.....ccovvvivencennnnnnn, 344
12.1.1.3 Diffuse Reflectance Infrared Fourier Transform

SPECITOSCOPY 1rvveirrieerneee s et easrteeereeeesseeeeasntsestbeeesaneresaneeeenns 344
12.1.1.4 Photoacoustic Infrared SpectrosCopy «oovvivvvrrevcrerioninveneninnnn, 344
12.1.1.5 Emission Infrared SpectroSCopY .....ccvvovveecereeveeeeee e ecee s 345
12.1.1.6  Infrared MICTOSCODY .voiiviierirre et eesieeeeeseseisnaras e s emrnnesenns 345
12.1.2 Raman SPeCILOSCOPY cooveirrriiiiirceeaertettetscsverecaveees s inns s e e neeeaeaaireas 345
12.1.2.1 Surface-Enhanced Raman Spectroscopy.......ccceovvevicereernnenne. 346
12.1.3  Nuclear Magnetic Resonance SpectrosCony .....oivevievrirevnieenrrerresinnrsinns 346
12.1.3.1  Nuclear Overhauser Effect......ccocciviiviiiieevniveeiesie e 346
12.1.3.2 Two-Dimensional NMR .....ccooiviiriiiniii i seeee, 347
T12.1.3.3 0 SOHAS....iiiiiii ettt e 347
12.1.3.4- Nuclear Magnetic Resonance Applications.............c.cov v 348
12.1.4  Electron Paramagnetic Resonance Spectroscopy ......ovvvcvrveriiernirinienne 348
12.1.5  X-Ray SpPECITOSCOPY «vveeereriiieierieecits i vrescsie s eare e st ssr e benemarees s 348
12.2  Surface CharacteriZation ... .....cccoccvoivrioiieiiene ety e et e et e s eb e et eennens 349
12.2.1  Auger Electron Spectroscopy and X-Ray Photoelectron Spectroscopy 349
12.2,2  Near-Field Scanning Optical Microscopy ... cerrrreee e nieee s niasninees 350
12.2.3  Electron MICTOSCOPY..covooeirirtrieieieieert e eteeees s ests e stbesssseas et eaes 350
12.2.3.1 Scanning Electron MICTOSCOPY ..viivivieevieerversveeesreeereccoresannanens 351
12.2.3.2 Transmission Electron MiCroSCOPY......coveveeeeieeercenievivirininins 351
1224 Scanning Probe MICTOSCOPY .vovvrvirioriiemiicnriiiiiee e ivessreenerveesreaneees 351
12.24.1 Contatt-Mode AFM ..ot 352
12.2.42 Tapping-Mode AFM ..ot 352
12.2.4.3 Noncontact AFM ...ooooiviviiiciciiii et vee s 352
12.2.4.4 Foroe-Distance MICIOSCOPY woviiviiiimiiioeesiereevesieeveeeeeeeesineins 353
12.2.4.5 Scanning Thermal Microscopy .......cccoovevverineniiiiiiciniininn e, 353

12.2.4.6  Electochemical Microscopy, Electrochemical Scanning

Tunneling Microscopy, Electrochemical Atomic Force
IMECTOBCOPY vevervreieererniee ettt baet s et sba sttt bt sraeeae e 353
12.2.5  Secondary Ion Muss SPeCITOSCOPY .covvvreriiiiiiviireeeee e eve st sne e 354
12.3  Amorphous Region Determinations ........coovvvieriiincccniiciicincnnesie 355
12,4 Thermal ANALYSIS oottt s e s be e neeee s aeseaessrreen 355
125 Thermal Property TeSES. ... e ee e et st e b e 358
12.5.1 Thermal CondueIVIEY......cccoerioi it etisn e e e enen et s e 358
12.5.2 Thermal BXDaNSION ....ocoooiiiiiiiiiein et es s sen s v e e sme e snaes s s 358
12.5.3  Glass-Transition Temperatures ......ccvevvioiriieiececees s st 358
126 Flammability ..ottt eee e e eaae s 359
127 Eleetrical Properties: Theory........o.coocvivieiieie et n e 359
12,8 Electric Measurements ..ottt s as kbt 361
12,9 WeatherabIlty .oooovvei ettt s rae st et anee e e ias s 362
12,10 Optical Properties TEstS ..o es e s eeb et e 362
12.10.1  Index of REfTACLON ..vovvvriivvirievriieeie s er e sr s st ern e ers v 362
12.10.2  Optical CIANTEY tveeice ettt e e st e s er e e e sans 363
12.10.3  Absorption and Reflectance .........ococvievvieiiiiniiieeee e 363
[I2.11  Chemical RESISTANCE .....cc..iviiiiiirriieeiernies ettt seabenssnessesbresssees s srresssansseas 363
1212 SBITHIIATY cooeiieenoe ittt et n et bttt e b e aas e st a1 4eembe seesensesseessabaeresrnes 365
GLOSSATY - vieiitieris it cee et c et teetb ettt e e s e es s e essaess e st e 2t e e e s e emeeestssasnssanearseesnnessnnesnnas 365
BXETCISES oo e e e e eerere e, 366



Chapter 13

Rheology and Physical TestS ......c.ciiiiiiiiiciinininnnniesiisimeinnnnns s ssssssnseresssessessssssesessans - 369
1301 REEOIOZY c ettt et ettt et e e e e et et ennr e 369
13.1.1 Rheology and Physical TeStS ......c..ooorviiiioiiiioi e oe e, 372
13,12 ReSPONSE TN ioiieiss i tiie s cenrr sttt ne s s st teertteassmre s s eantne s baaeens 375
13.2 Typical Stress—Strain Behavior.....occoiiii et re s 375
13.3  Stress—Strain Relationships .........cccoiiiiiiiiiii et 378
134 Specific Physical TestS .. ... et e e a e e arrr e 380
13.4.1 Tensile Strength ... ooiiei s e 380
13.4.2 Tensile Strength of Inorganic and Metallic Fibers and Whiskers ............ 381
13.4.3  Compressive SIEnZhi . oo 382
13.4.4 Impact Strength.........ooviiiii ettt 382
1345 HArdness . ..ottt et 383
L1348 FalllIe .ot s et s ae e s s trss s etraasa e e e e a s saaates 383
I T T4 1114 OO PP SUU SRR 384
GLOBSATY .vetrieie ettt et e e sttt et e ebe e ettt et ean st e te e b et aascr e ne e e nae b aane 384
BEXICISES ..ot e ettt et e e et a et b e et e e et sib bt e e s nt e ara e b e e et e s nne e e 385
Further REading . ..ooocviic ettt et et ettt e st et e eaaeest e et st aenaeeeees 385
Chapter 14
AQIIVES couvrienreiririniriessies sttt ressnreseessssssssnsnsrnessessssssssases Cererenrirsaba s eraTe s e a s s rs e baas o 387
O T i 11 OO ST 388
[4.2  REINTOICEIMIENIS . ..\ueiiieriiiiciii ettt s e e sttt r e et rtae e e s etsae s easnsseneteseesbbaeseaneesians 390
14.2.1 Fibers and ReSINS ...t ciies s er s sers e e e e saaie s 391
14.2.2  APPHCALIONS. .ottt iecsscece ittt ae b e e eb e ene s e e ee et rareereans 392
14.3  INANOCOMIPOSIEES ..vvtioriiiiiiieeectee e st eee e e e ece e et s e sta s e eabee s e s reee et e e enrbe e e reeeeneeeerans 395
144 PRASHICIZEIS .vvveiii ettt ee e saa e e et e e e e eee e s et e e e e e e et nseen et s e sresannan 398
14,5 ANBOXKIAANTIS oiiiiiite ittt ie s et e e s vrre s sse e e e et e et oaa e s asat e s erbtbeessrnsaesaeseeertvaessnrarsren 400
14.6 Heat StADIIZEIS ..ooooeiviiiii ettt et st et et e et et b naeenaas 401
147 Ultraviolet StabiliZErs........coccivviivnreie e e ST ORURUIOTORUTN 401
148 Flame Retardants. . ...ccooiviiiiiiiiiiii vt resieae s s sabr s 402
FA.9  COIOTANTS .ttt ettt ettt ettt et rsste s et eaeae et e e s bt beneeneans 403
L1410 CUring ABEIES .ooiioiiiciiriii i ee e saee e e e e et reette et e b e ntbe e beesbre s e raresansesseens 403
14.11  Antistatic Agents: ADISTALS ... ooiiiiriir e e 404
1412 Chemical BIoWINE ABENTS ..ot 404
1413 CompatiBIIZEIS ..o e s et e e ces s rran e e srrere s 404
14.}4  Impact MOdIIErs. ..ottt i e e vrrr st e e et e s senae v e 405
14,15 Processing AQdS ..ot sttt ae et e s et s ts st e e eeen e e s e s S eansee e 405
T416  LLUDFEICANTS oottt ee e seabscatae et tnaes b baabass s e e e erbseebaeernee e 405
14.17  Microorganism IniibitOrs .. ...ocoiiiiiie et ires e vestb e eeeeeeeae e 405
FA18  SUIMIMATY «ovven ittt ea ettt et 2 e b s b b enes e et en b e ns et 405
GLOBSATY ..ottt et ettt it e e e e e e e e e er e et e et e s e e emeea s eres s stan e se e et tsentsasesmeensreentenaeresens 406
EXEITISES ..ovireeetiei ettt sttt ettt e ea e eh e s et es e e et b e oo 2okttt v amseer e emens e enteae et et et be e e s e eee e 408
TUrther Reading ..o et e ettt e et be s etb e e e e eaar s 409
Chapter 15
Synthesis of Reactants and Intermediates for Polymers............. perstneerenesanens prennsarsreserensasens 411
151 Monomer Synthesis from Basic Feedstocks e 411

152 Reactants for Step-Reaction Polymerization .............ccoovvieivivvccereeeee e 415



15.3  Synthesis of Vinyl MONOMETS .....cccovviiiiiieiceeceec e 422

L5:4  SUMIMAIT 1ottt e et ee et e e ettt e st s est st b e sabebes s sraaessntbesraebaenabenas 427

GLOSSAIY orrvvisveseeeveae ettt te e et s tes e ettt a e st eta et bt a st et snir s s e s e s e eenee e e eeses e bt e esereeaenn 427

BT CISES .ttt e et e e et ettt e e e eaeaaebe e st rreeateae e 427

FUPTher REAGINE ........ovivririiviererecire ettt ettt e en e et aeneerans 427
Chapter 16

POlyMer TeChROIOLY c.eeerieriiirseritiisneiintrsteisnersnreisnerssnissne st sscsssssssassssessensasnsasenssnansossnsssesso 429

TO.1  FIBEIS covieeiee e et et ie et e e ettt et ettt b e et e e et s e arr e e eeneanns 433

16.1.1  Polymer Processing: Spinning and Fiber Production ........ccceevvivenirinnn, 433

16.1.1.1  Melt Spinning ....ccocoooviviiiicniiiriecs e 433

16.1.1.2 DY SPIMINE. .o eeovve et e ses e s se e sne s rareses s evveonren 435

16.1.1.3  Wel SPINIUIE ..oviviceiiiniciirir e eeieresssorere s essernnsse e anneeeaeneanne 435

L16.2  ELASTOMIETS coiivrireeoci ettt csre e ssre s e sre s sae s s ne e st eee e e eee s eneeenesebe s e teetnseeeseannean 436

16.2.1  Elastomer ProCessing.....cccovoveeiirsiiererrtiet it eee e seressnn i 436

163 Films and SHEELS ...ttt e e e srnn s 438

16.3.1  Calendering.... .ottt e 439

16,4 Polymeric FOAMS ..ottt et a e eas 439

16.5  Reinforced Plastics (Composites) and Laminates ............coocoieoiniiiiinicenicn e 440

16.5.1  COMPOSITES tviriitiiiirteerterrrsre s eee et et as e st besbesbe s sseessnsreensesnesenssarens 440

16.5.1.1 Particle-Reinforced Composites: Large-Particle Composites.. 440

16.5.1.2 Fiber-Reinforced Composites .........c.occvveevieeieeee e 441

16.5.1.3 Processing of Fiber-Reinforced Composites .........ocovvirevneenne. 443

16.5. 1.4 Structural Composites......ccvivvieiniiiiiiirssireisssrieeseesseseensinensn 443

16.5.1.5  LaMINALing. ...ccovoeeeeeieenererereienereieeseeeeeeeesereesesseeaaessese e eens 444

16,6 Molding.......covvvivnein e eterare et e e et e e n e e e e e e s be s be e tseeenreanreerareranes sansaanres 444

16.6.1  Injection MOINE .....ocooiviniiiiiin s e 444

16.6.2  BloW MOIAINE .ooouviiiiie et iiere st se it et s e e a e s e reeee e 447

16,6.3  Rotational Molding.........occooooiiiiecvs et vne s 448

16.6.4  Compression and Transfer Moldilg....c..cocoiiivinreerene e 448

16.6.5  ThermofOrmumg.......ccoooiviiie ettt et e e s 450

T6.7  CASHILE cvvierreriere oo e it ste et b e ey et e eee et e saet et s e et b e nea 450

L6.8  EXIIUSION c.eet it ittt it it vt s e s e e e sree et et et e et b st b e et e erasseresernsasbentanssaneans 450

16,9 COALINGS oviviuiiiiiir ittt et e e 451

T0.9.1  PrOCESSIMIZ .oooiiuiiiiiiiiiiieic e sttt ettt b s b s e s bt e e ae e 453

1010 AQRESIVES...cooiriiiiii it sttt et s e bbb er bt beerbe e eeneeebr s e b e e aanesae s 454

16.11 Conductive Polymeric Materials ........covviivviicoiiiii ettt 456

16.11.1 Photoconductive and Phoionic Polymers...............c.coovevvveeviecveiineee 457

16.11.2 Electrically Conductive POIYMErs ..o 458

16.12 Drug Design and ACHUVIEY ......cocoviiniiiiriin et ees et v ere e 462

16.13  Synthetic Biomedical POLYINEIS .. ovivriireiie vt este e s sn e 463

16.14 Emerging POIYIMETS ...ooiiiiieiiiii ettt sn s 469

LO.15  SUIMIMIATY cooveiriieie ettt sttt ee et et 1ot se e ae e e et s st e banenenea e 471

GLOSSATY ..ottt ettt ettt e e ate e st e st e s nesas e s s eraeata e anbesasaarn 472

EXBICISES 1.eivit ittt a et ettt ettt e sn et n et e e e n s er 1ot en e e e e et bt 473

FUrther Reading ...t eb s st s a s st aerr e 474
Appendices

A, Structures of COMMON POIYINIEIS 1vovvvviiiriisisiirtiessnis sttt e ssesss st s ses e seeeiens 475

B. SFHADUS ..o et ettt et eeae e atnenana 481



C. Polymer Core Course COMIMITIES.......coceiiriirerrrsrerieriionisi st orenes 483

D. Comments 0n Health ...ttt 485
E. ISO 9000 and 14000 ....ccoooi ettt et e oot er et 487
B SHMIDOLS 1o ettt ettt 489
G, Web InfOrmAtiOnN . c.c.oiviiiiei ittt e e e 493



