
1.2 
Defini9on and Basic Proper9es



Hermann Staudinger, Ber. Chem. Ges. 1920, 53, 1073; Helv. Chim. Acta 1922, 5, 785

Defini9on of a Polymer
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• different from many natural macromolecules, natural and synthe9c polymers are “polydisperse” 
• since proper9es are indis9nguishable, polymers are also inseparable

• definiHon of a polymer according to Hermann Staudinger: 
“A polymer is a large molecule consFtuted from (idenFcal) smaller structural ‘repeaFng units’ with a length 
sufficient  such that molecules with n and n+1 repeaFng units are indisFnguishable”
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Influence of Chain Length on Physical Proper9es
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• increasing cohesive energy with increasing molecular weight (Chapter 4.1)

number of C atoms aggrega9on state (25 °C) example usecase

1-4 gas propane gaseous fuel

5-15 low-viscosity liquid gasoline liquid fuel

16-25 high-viscosity liquid motor oil oils and greases

20-50 so` solid paraffin wax candles and coaHngs

> 1000 tough plasHc material polyethylene boples and toys

liquid oil wax solid



Polymer Types, Architectures, Microstructures
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• homopolymers: one type of repea9ng units (but different architectures)

• copolymers: different types of repea9ng units (and microstructures)

random AB diblock ABC  triblock segmented grafted

miktoarm starABA  triblockalternating tapered brush

linear star branched hyperbranched network



Importance of Polymer Chain Architecture
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• the polymer chain architecture affects the solidifica9on of the polymers
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polymer melt liquid or rubbery 
(Chapter 5)

“irre
gular” chain “regular” chain

linear, isotac9c, … 
(Chapter 4.3)

glassy, disordered 
(Chapter 4.2)

par9al crystalliza9on 
(Chapter 4.3)solid polymer



Condensed States of Polymers
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• polymers are versa9le materials with unique mechanical proper9es not shown by other materials classes

amorphous glasses semi-crystallineviscous liquids
elastomers 

or thermosets

Tg = - 123 °C
Tm = - 40 °C

Tg = 100 °C
polystyrene:

silicones

plexiglass

polyethylene, polypropylene…

poly- 
isoperene



see Chapter 4.2

Amorphous, Glassy Polymers
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• hard solids, rigid (typical Young’s modulus of 2-3 GPa) 

• plasHc behaviour, i.e. polycarbonate (PC), or more briple behaviour, i.e. PS or PMMA 

• generally transparent, amorphous (no structure that can scaper or absorb light) 

• opaque, if fillers or pigments are added

amorphous, glassy

PMMA PC PVC

ABSPS HIPS



see Chapter 4.3

Semi-Crystalline Polymers
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• more or less rigid solids (Young’s modulus can range from 0.1 to > 5 GPa depending on crystallinity, 

orientaHon and Tg of the amorphous phase) 

• resistance to rupture, resistance to solvents 

• generally opaque, depending on the microstructure

semi-crystalline

LDPE HDPE

PET Nylons

PP

PEEK



Examples of Thermosets
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• o{en good chemical and thermal resistance

• resins typically low in molecular weight and low in viscosity 
• cross-linked during processing by applying heat or irradiaHon (e.g. UV)

not recyclable
epoxy resins, unsaturead polyesters (composites)

melaminephenolic resins PUR

Thermosets

heavily cross-linked, glassy



One Example of an Elastomer
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elastomers

slightly cross-linked

• so{, elas9c materials (Chapter 5.1)

• amorphous polymers with low glass transiHon temperatures 
• slightly cross-linked into a network structure



The Polymeriza9on Reac9on
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• polymer chain architecture, chemical composiHon, molecular weight, molecular weight distribuHon 
are all generated during the polymerisaHon reacHon (Chapter 6.1)

• chemical formulae: the repeaHng 
unit is indicated in brackets.

• usually, hydrogen atoms are 
omiped for clarity:
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ethylene

monomer polymer

polyethylene (PE)

degree of polymeriza9on

cons9tu9ve unit (CH2)
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H H
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for chain growth polymerizaHons: see Chapter 6.1

Chain Configura9on and Isomerism: Sequence Isomerism

43

• examples: polystyrene, polypropylene, poly(methyl methacrylate), poly(vinyl chloride), … 
• head-to-tail addi9on is the predominant mode of propaga9on in chain growth polymerisa9ons

• physical properHes of polymeric systems are strongly affected by chain configuraHon and different 
forms of isomerism, i.e. the exact 3D arrangement of atoms or groups bound to a central atom 

• built-in proper9es during polymerisa9on: no interconversion of isomers possible for a polymer chain
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Cons9tu9onal (Structural) Isomerism in Polyisoprene

44

• only cis-1,4-polyisoprene is produced at large scale with major applica9on in 9res

cis-1,4-PI trans-1,4-PI 3,4-PI

• polyisoprene (PI) is obtained in different forms depending on the polymerisaHon condiHons

1,2-PI

nn n n

isoprene

1 2 3
4

5

so`, 
highly elasHc (when vulcanised) 
used in Hres

hard, 
semi-crystalline 
thermoplasHc

of no pracHcal importance

1 14

4

34 1

2



One Example of an Elastomer
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elastomers

slightly cross-linked

isoprene

cis-1,4-polyisoprene 
(natural rubber)

trans-1,4-polyisoprene

semi-crystalline
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• solid and crystalline at r.t. 
• classical thermoplas9c behavior

crystallisa9on only upon 
substan9al deforma9on

• two naturally occurring polyisoprenes, but two very different materials!



isotac9c syndiotac9c atac9c

Stereoisomerism / Tac9city
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• tac9city has huge impact on the physical proper9es of polymer materials (see crystallizaHon, Chapter 4.3)

• tacHcity refers to the stereoregularity of the subsHtuted backbone atoms, i.e. to the manner of how 
the pendant groups (R) are arranged along the polymer chain backbone

(same side of the chain) (regular alternaHon)

R R R R R R R R R R R R

(irregular alternaHon)

usually semi-crystalline usually semi-crystalline amorphous

R
unsymmetric vinyl monomer



Nomenclature of Single-Strand Polymers
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• auachement of the prefix “poly” to the name of the monomer 

examples: polystyrene (PS), poly(vinyl chloride) (PVC), poly(etyhelene terephthalate) (PET) 

• systema9c nomenclature as defined by the InternaFonal Union of Pure and Applied Chemistry 
(IUPAC) based on the idenHficaHon of a preferred repeaHng unit.

example: 𝛼-acetyl-𝜔-methoxy-poly(oxyethyleneoxyterephthaloyl)

E1 A B C D E2

R1 R2

constitutional repeating unit (CRU)substituted 
subunit
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Nomenclature of Copolymers
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• random copolymer

• mul9block copolymer

• branched copolymer

poly(acrylonitrile-co-styrene)

poly(polyethylene-b-polypropylene)

“high-impact Polystyrene” (HIPS)

PP-b

SAN

n

x y

i

k

n
x

y

n

x
y

CN

poly(butadiene-g-polystyrene)



Molecular Weight (MW) and Molecular Weight Distribu9on (MWD)
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• moreover, z-average molecular weight, , and viscosity average molecular weight,  (Chapter 2.4)Mz Mv

• polymers do not have defined molar masses but molecular weight distribu9ons (MWD) 
• different molecular weight averages, width, and shape 
• molecular weight averages are moments of the molecular weight distribuHon
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Number Average and Weight Average Molecular Weight
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Number Average and Weight Average Molecular Weight

51

molecularly uniform 
(monodisperse)

disperse

Mn = ∑ niMi

∑ ni
= 8 ⋅ 5000

8 = 5000

Mw = ∑ niM2
i

∑ niMi
= 8 ⋅ 50002

8 ⋅ 5000 = 5000

D = Mw
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= 1
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i
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= 4 ⋅ 90002 + 4 ⋅ 10002

4 ⋅ 9000 + 4 ⋅ 1000 = 8200



Important Consequences of High Molar Mass

52

1. Physicochemical Proper9es 

• absence of a precise rela9on between Tm and M (Chapter 4.3) 

• absence of a gaseous phase (Chapter 4.1) 

• dominant chain entropy impac9ng both thermodynamics and mechanics (Chapter 5.1) 

2. Processing 

• high viscosity (in solu9on and in the molten state) (Chapter 5.2) 

• energy storage capacity in the molten state (viscoelas9city) (Chapter 5.2) 

• capability of film and fiber forma9on from the molten state (viscoelas9city) (Chapter 6) 

3. Viscoelas9c and Mechanical Proper9es 

• spectrum of relaxa9on 9mes (Chapter 5.2) 

• vitrifica9on (Chapter 4.2) 

• elonga9on at break and high strength (Chapter 5.3)



Thermal Transi9ons of Polymers
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semi-crystallineamorphous, glassy

polymer melt

glass 
transition

melting 
transition

monocrystalline

•abrupt transformaHon from 
glassy (hard) to so` state 

•onset of chain moHon 

(Chapter 4.3)

•formaHon of ordered 
crystalline domains 

(Chapter 4.4)
Tg Tg

TmTm, 

(Chapter 5.2)



semi-crystalline polymer processing dependence

Thermal Transi9ons of Polymers
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• both Tm and Tg are important parameters that characterise a given polymer

• analysis of thermal transiHons with DifferenHal Scanning Calorimetry (DSC) (Travaux Pra9que)

amorphous polymer

slow cooling

fast cooling 
(potenHal incomplete 
crystallisaHon)
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Classifica9on of Polymer Materials According to Structure
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Thermoplas9cs Elastomers Thermosets

stretchable 
(Chapter 5.1)

liquid and processable at high T 
(Chapter 5.2)

rigid, intractable 
(Travaux Pra9que)

Tg Tm,

semicrystalline

viscous liquid
slightly cross-linked 
so` (Tg < r.t.)

usually glassy, hard 
and briple solids

glassy



Unique Mechanical Proper9es
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• strength, toughness, impact resistance, duc9lity, melt elas9city increase with molecular weight

rubber elas9city viscoelas9city plas9city

• polymers show unique mechanical properHes not shown by other materials classes (see Chapter 5)

specific to polymers important for processing ducHle behaviour



Synthe9c Polymers - Structure & Proper9es
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Elastomers Thermosets

Thermoplastics

slightly cross-linked heavily cross-linked, glassy

Tg Tm,

melt

semi-crystalline

glassy

semi-crystalline, glassy

strain ε

 sserts
σ

elastomeric

typical for thermosets

typical for 
thermoplastics



Summary
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• polymers, macromolecules: recognized in the 1920's that they consist of covalently bonded 
repeHHve sequences of subunits derived from monomers 

• polymers are characterised by a molecular weight distribu9on, and not by a defined molar mass 

• first systemaHc synthesis in 1938 (Nylon 6,6). 

• polymer chemical structures defined by: composi9on, configura9on (isomers), architectures, 
copolymers, branching, crosslinking etc. 

• noHon of glass transi9on temperature and mel9ng temperature 

• differenHaHon of thermoplas9cs, elastomers, and thermosets


