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IntroductiontoEngineeringMaterials 

PolymerStructures 
• Classification. 
• Monomersandchemicalfunctionalgroups. 
• Nomenclature. 
• Polymerizationmethods. 
• Molecularweight&degreeofpolymerization. 
• Molecularstructures. 
• Copolymers. 
• Crystallinity. 
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Polymers 
 

-Verylargemolecules(macromolecules)thatarecomposedof 
smallerrepeatingunits(monomers). 

 

A 
A+A A-A A-A-A ….. 

 

 

- Examples: 
- Textile fibers:polyester,nylon… 
- ICpackagingmaterials. 
- Resistsforphotolithography/microfabrication. 
- Plasticbottles(polyethyleneplastics). 
- Adhesivesandepoxy. 
- High-strength/light-weightfibers:polyamides,polyurethanes, 
Kevlar… 
- Biopolymers:DNA,proteins,cellulose… 
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Classification 
 
 

• Thermoplastics:polymers that flow more easily when 
squeezed,pushed,stretched,etc.by a load (usuallyat 
elevated T). 
– Canbereheatedtochangeshape. 

• Thermosets: polymers thatflow and can be molded 
initiallybuttheir shapebecomesset uponcuring. 
– Reheatingwill resultinirreversiblechangeordecomposition. 

 
• Otherwaysto classify polymers. 

– Bychemicalfunctionality(e.g.polyacrylates,polyamides, 
polyethers,polyeurethanes…). 

– Vinyl vs. non-vinylpolymers. 
– Bypolymerizationmethods(radical,anionic,cationic…). 
– Etc… 
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Chemicalfunctionalgroups 
 
 
 

Ethylene 
H H 

C  C 

(ethene) H H
 

 
Propylene 
(propene) 

H H 
C  C = 

H C  H 

H   H 
 

1-butene 
 

2-butene 
 
 

trans cis 
 
 

 
 

Saturatedhydrocarbons 

Acetylene 
(ethyne) 

 
H  C  CH 

 
 

 

Unsaturated hydrocarbons 
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Chemicalfunctionalgroups 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 
 
 

Somecommonpolymers 
 
 
 
 
 
 
 

teflon 
 
 

H    H 
C    C 

Polyacrylonitrile(PAN) 
H    C 

N 

Note:manyofthesepolymershave 
backbone. 

 

Vinylpolymers(oneormoreH’sofethylenecanbesub
stituted) 

H H HH 
6 

C  C CC 
H X H X n 
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Nomenclature 
 
 

Monomer-basednaming: 
poly  

 

Monomer namegoes here 
 

e.g.ethylene->polyethylene 
 

 
ifmonomer namecontains more than one word: 
poly(  ) 

 

Monomer namein parentheses 
 

e.g.acrylic acid->poly(acrylicacid) 
 

 
 

 
 

 

 
polymethylene 
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Monomerstopolymers 
 
 

polymerization 
 

ethylene 
 
 
 
 
 

polyethylene 
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Polymerizationmethods 
 

A. FreeRadicalPolymerization 
 

1. Initiation H   H Radical 
R H H 

C  C 
 

R   C   C transferred 

Freeradicalinitiator(
unpairedelectron) 

 
R 

H H HH 
monomer 

 
 

R 
 

H H H 

sp2carbons C C C C 
 

H H H 
 H
H 

σbonds 
πbond 

 

 
sp3carbon 
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Polymerizationmethods 
 

A. FreeRadicalPolymerization 
H H 

2. Propagation C  C 
H H 

H   H 

R   C   C 
H
 
H 

C  C 

H   HHH 

R   C   CCC 

H   H 

R   C   C 

H   HHH 

C   CCC 

H   H H H H H   HH H   HH H   HH 

 

H H 
C C 

 

R 
H H 

 

H Bothcarbonatomswill 

C C changefromsp2tosp3. 
 

H 
 

H 
H  
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  O O 
+ H2N 

R
C 

OH
 H2N 

R
C 

N
R 

 
 
 
 

Polymerizationmethods 
 

A. FreeRadicalPolymerization 
 

3. Termination 
 

H   H 

R   C   C +  R 

 
H   H 

R   C   CR 

H   H HH 

 
 

H   H 

R   C   C 

H   H 
+ R   C   C 

 
H   H 

R   C   C 

 
H   H 

C   CR 

H   H HH H   HHH 
 
 

Intentionalorunintentionalmolecules/impuritiescanalsoterminate. 
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Polymerizationmethods 
 

B. Stepwisepolymerization Losewater 
(condensation) 

 
 

H2N 
O 

C 
R OH 

 

C 
OH + H 

O
H

 
H 

O 
 
 

Proteins(polypeptideshavesimilarcomposition) O H 
H 

O N C +(n-1)H 
O

H 
N H CC 

R n VariousRgroups… R 
n 

 

C. Othermethods 
 

Anionicpolymerization,cationic 
polymerization,coordination 
polymerization… 
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∑NjMj 

= j Mn N
 ∑ j 

j 

 
 
 
 

MolecularWeight 
 

Notonlyaretheredifferentstructures(moleculararrangements) 
buttherecanalsobeadistributionofmolecularweights(i.e. 
numberofmonomersperpolymermolecule). 

 
 
 
 

20mers 16mers 
 
 
 
 
 

Averagemolecularweight= 

10mers 

20+16+10 
3 

 

 
 

Mmonomer  =15.3Mmonomer 

 

Thisiswhatiscallednumberaveragemolecularweight. 
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MolecularWeight 
Numberaveragemolecular weight: 

mo∑Njj 

= j  

∑Nj 
j 

 

Nj=numberofpolymerchainswithlengthj Mj= 
jmo =massofpolymerchainwithlengthj 
mo=monomermolecularweight 

 
 
 

Note: ∑NjM j = 
j 

 
Totalweight ∑Nj =Total#ofpolymerchains 

j 
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∑WjMj ∑NjMj2 

= j = j Mw W NM ∑ j ∑ j j 
j j 

∑ α+1 
NjMj 

M= j
 ∑NjMj α 

 
j 

∑NM Mn  =∑xiMi 
j j

= j Mn N
 ∑ j 

j 

i

∑NjMj2 

= j Mw NM ∑ j j 
j 

Mw  =∑wiMi 
i 

j

j j

 
 
 
 

MolecularWeight 
 

Weightaveragemolecular weight: 
 

 

Wj  =NjMj 
 
 
 
 

Ingeneral:  
Ifα=0 thenMn 

 

Ifα=1 thenMw 
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MolecularWeight:DifferentNotations 
 

InCallisterTextbook 
In Lecture Notes 

 
 
 
 

x = Ni
 

i ∑N 
j 

 
 
 
 
 

w = NiMi 
Nj=numberofpolymer 
chainswithlengthjMj=jmo=massofpolymerchai
n withlengthj 

 
 

i ∑NM 
j 
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mn

mw

 
 
 
 

MolecularWeight 
 
 
 
 
 
 

Weightaveragecountsthe 
heavierchainsmore–certain 
propertiescanbedependenton 
molecularweight(i.e.largerMW 
polymerchainscancontributeto 
theoverallpropertydifferently 
thansmallerones). 

 
 

NOTE: Mw 
 

isalwayslargerthanMn
 

 

unlesspolydispersity=1 
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Polydispersity& Degree of polymerization 
 

 
Polydispersity= 

Mw  ≥1 
Mn 

 

Whenpolydispersity=1,monodisperse. 
 
 

Degreeofpolymerization: 
 
 

Numberavgdegreeofpolymerization 
 
 
 
 
 

Weightavgdegreeofpolymerization 

 
 

n =Mn 

o 
 
 

n =Mwo 

 

 
 
 
 
 

Monomer 
molecular 
weight 
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Example1 
A. Calculatenumberandweightavgdegreesofpolymerizationand 
polydispersityforapolymersamplewiththefollowingdistribution. 

 

Avg#ofmonomers/chain Relativeabundance
10 5 
100 25 
500 50 
1000 30 
5000 10 
50,000 5 

B. IfthepolymerisPMMA,calculatenumberandweightaverage 
molecularweights. 

 

C. Ifweaddpolymerchainswithavg#ofmonomers=10suchthat 
theirrelativeabundancechangesfrom5to10,whatarethenew 
numberandweightaveragedegreesofpolymerizationand 
polydispersity? 
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Isomerisminpolymers 
 

Sofar,we’veconsideredpolymersasif theywerebeadsonastring, 
thereismorestructuralcomplexity. 

 
Isomers:moleculeswithsameempiricalformulabutdifferent structure. 

geometricalisomers:differentsequenceofbonds. 
H H 

ClC  CCl
 

H H 

Cl H 

ClC  CH
 

H H 
 

stereoisomers:samebondsequencebutdifferent 
arrangementofatomsinspace. 

Cl H 
C  C 

H Cl 

Cl Cl 
C  C 

H H 
 

Similartomoleculespolymersalsohaveisomers… 
sequence,stereoandstructuralisomers 
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T H H T

 
 
 
 

Sequenceisomerism 
 

Foranasymmetricmonomer  
T H T H 

 

T H + T H 
 

H T T H 
 

e.g.poly(vinyl fluoride): e.g.PMMA 
 

H   F   H   HF 
 

H   HH 

 

H3C H3C 
O O 

H3C 
O  OO 

H3C 
O O O 

C   CCCC H   

HHF  H 

C   CC 
 

H   HF 

H   C   H   C  H 
 

CCCCC 

C   H   C 
 

C   CC 

HtoT  TtoT 
HtoH 

H   CH3H 
 

HtoT 

CH3H 

 
HtoT 

CH3H 
 

HtoT 

CH3 

Randomarrangement ExclusiveHtoTarrangement(Why?) 
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Stereoisomerism(tacticity) 
 

Evenwithexclusivehead-to-tailarrangement,therecanstill bevariations 
 
 

R 
 

H H H 
C C 

 
H 

H X 
 

H H HH 

or  C C 

H 
X 

 
HH HH 

 
 
 

XH X H XH HX 
meso-diad 

 
racemic-diad 

 

22 

 



12 

H 

 
 
 
 

Stereoisomerism(tacticity) 
 

Isotactic:onlymeso-diads 
 
 

X X X X X 
 

Syndiotactic:onlyracemic-diads 
 
 
 

X X X X X 
 

Atactic:randommixture 
 
 
 

X X X X X 
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StructuralIsomers 
Somepolymerscontainmonomerswithmorethan1reactivesite 

 

e.g.isoprene 
1 

 
2 

 

 
H2C 

 
CH3

C 
C 
H 

 
4 

 
CH2 

 

3 
 

trans-isoprene 
 

trans-1,4-polyisoprene 
 

CH3 2 

trans-1,2-polyisoprene 
 

H2 

3,4-polyisoprene 
 

H 
C C 

C C 
H2 H 

n 

C 
 

H3C 

 
C 
 
 
H2C 

2 

n C H 
C 

CH C 
H2C 

 

 
n 

 
CH3 

 

Note:therearealsocis-1,4-andcis-1,2-polyisoprene 
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-B
-B

-B-B
-B

-B
-…

-B
-B

-B-B
-B

-B
-…

-B
-B

-B-B
-B

-B
-…

 
 
 
 

Molecularstructure 
Sofar,we’veconsideredpolymersassimplelinearchainofonetypeof 
monomer… 

Linearstructures 
 

a) Linearhomopolymer: 
…--A—A—A—A—A—A—A—A—A—A—A—A—A—A—A--… 

 
 

b) Linearcopolymer: 
 

…--A—B—A—B—A—B—A—B—A—B--…alternatingcopolymer 
 

…--A—A—A—A—A—B—B—B—B—B--…blockcopolymer 
 

…--A—B—B—A—B—A—A—A—B—B--…randomcopolymer 
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Molecularstructure 
 

Branchedstructures …A-A-A-A-A-A-A-A-A-A-A-… 
 
 
 
 

Shortbranching 
 
 

Longbranching Graftcopolymer 
 
 
 
 
 
 
 
 
 

Starbranching Dendrimers 
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Molecularstructure 
 
 

Secondary bonding 
betweenchains 

 

Covalentlylinked 
chains 

 
 
 

secondary  
bonding 

 
 

Linear Branched Cross-Linked Network 
 

Directionofincreasingstrength 
 

FromCallisterresource CD 

 

Notalwaysin thisorder(e.g.high-densityvs.low-densitypolyethylene). 
Why? 
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Molecularstructure 
Howdocrosslinkingandbranchingoccurinpolymerization? 
1.Startwithoraddinmonomersthathavemorethan2sitesthat 
bondwithothermonomers. 
e.g.crosslinkingpolystyrenewithdivinylbenzene 

… … 
 
 

… … 
stryene polystyrene 

 
Controldegree 
ofcrosslinking … … 
bystyrene- + 
divinylbenzene 
ratio styrene 

divinylbenzene crosslinkedpolystyrene 

  Monomerswiththreeormorepolymerizablegroupsleadtonetworkpolymers. 
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C C C

 
 
 
 

Molecularstructure 
 

Branchinginpolyethylene(back-biting) 
 
 

H2C 

 
H2 H2 H2 

CH2 R  C C
 CHH2 H2 

Sameas H 

H H 

 
C 

H 
 

C 
R C 

H H2 

H 
 

CH2

CH2 

Radicalmovestoadifferent 
carbon 

 
(Htransfer) 

R 

 
H C 

 
C 

C 
H H2 

H 
 

CH2

CH2 

 

Polymerizationcontinuesfromthiscarbon 
 

Thisprocessis usuallydifficulttoavoidandleadstolow-densitypolyethylene 
(highlybranched). 
Whenthereis small degreeofbranching:high-densitypolyethylene. 
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Molecularstructure 
 

 
 
 
 
 
 
 
 

copolymers 
 
 

Block   Alternating   Random   Graft 
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Example2 
 
 

Anitrilerubber copolymer,co-poly(acrylonitrile- 
butadiene),is foundtohave 

 

Mn =106,740g/mol 
 

and nn=2000 
 
 
 

Calculatethe ratioof number ofacrylonitrileto number 
ofbutadiene. 
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Crystallineor Amorphous 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We’ve seen crystallineand amorphousmaterialsin metalsand ceramics. 
Whatabout polymers? 
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Polymercrystallinity 
 
 
 
 
 
 

Someareamorphous,someare 
partiallycrystalline(semi-crystalline). 
-Whyis it difficult tohavea 100% 
crystallinepolymer? 

%crystallinity=ρc(ρ s−ρa)×100% 
ρ s(ρc −ρa) 

ρs=densityofspecimeninquestion 
ρa=densityoftotallyamorphouspolymer 
ρc=densityoftotallycrystallinepolymer 
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Polymercrystallinity 
 
 

%crystallinity= Mcrystalline 

Mtotal 

 

×100%= ρcVc 

ρ sVs 

 

×100%= ρc 

ρs 

 

fc×100% 

 

 

Whatisfc?Volumefractionofcrystallinecomponent. 
 

 
 

Togetfc: Mtotal=Mcrystalline +Mamorphous 

Ms =Mc +Ma 

ρsVs =ρcVc +ρaVa 

ρ s =ρc 

 

Vc +ρVaVs

 Vs 
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Vc Va

ρ c a

 
 
 
 

Polymercrystallinity 
 

 
Usingdefinitionofvolumefractions: f =Vc

s 
 

and f  =Va
s 

ρ s =ρc fc +ρa fa =ρc fc +ρa(1−fc) 
ρs = fc(ρc −ρa)+ρa 

f =ρ s −ρa 
c −ρ 

 

Substitutinginfcintotheoriginal definition,weget: 
 

%crystallinity= ρ �ρ 
c � s 

– ρ � a�×100% 
ρ s �ρc −ρa � 
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Polymercrystallinity 
 

Degreeofcrystallinitydependsonprocessingconditions(e.g. 
coolingrate)andchainconfiguration. 

 
Coolingrate:duringcrystallizationuponcoolingthroughMP, 
polymersbecomehighly viscous.Requiressufficienttimefor 
random&entangledchainstobecomeorderedinviscousliquid. 

 
Chemicalgroups and chainconfiguration: 

 
MoreCrystalline LessCrystalline 

 

Smaller/simperside 
groups 

 

Linear 

Isotacticorsyndiotactic 

Larger/complexsidegroups 

Highlybranched 

Crosslinked,network 

Random 
36 
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Semicrystallinepolymers 
 

Fringedmicellemodel:crystallineregionembeddedinamorphous 
region.Asinglechainofpolymermaypassthroughseveral 
crystallineregionsaswellasinterveningamorphousregions. 
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Semicrystallinepolymers 
 

Chain-foldedmodel:regularlyshapedplatelets(~10–20nmthick) 
sometimesformingmultilayers.Averagechainlength>>than 
plateletthickness. 
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Semicrystallinepolymers 
 

Spherulites:Sphericalshapecomposedofaggregatesofchain- 
foldedcystallites. 

 
 
 
 
 
 
 
 

Naturalrubber 
 

 
 
 

Cross-polarizedlight 
throughspherulitestructur
eofpolyethylene. 
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Diblockcopolymers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F. Bates,Science1991. 
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Conceptsto remember… 
 

• Classification:thermosetsandthermoplastics. 
• Monomers andchemicalfunctionalgroups. 
• Nomenclature. 
• Polymerizationmethods: free radical,addition,andother 

polymerization. 
• Number & weightaveragemolecularweights, 

polydispersity& degreeof polymerization. 
• Sequenceisomerism,tacticity,structuralisomerism 
• Molecularstructures:linear,branched,crosslinked, 

network… 
• Copolymers: block, alternating,randomandgraft. 
• Crystallinity:fringedmicelles&chain-foldedmodelsand 

spherulites. 
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