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Polymer Technology6



6.1 
Polymer Chemistry



6.1.1 
Step-Growth Polymeriza9on



Step Growth Reac9ons

378

• end groups always remain ac9ve for further coupling reac9ons 
• degree of polymeriza9on is func9on of the degree of conversion of func9onal groups

• every step of polymer growth is an independent organic reac9on (e.g., esterifica9on)  
• requirement for polymer forma9on: monomers must be difunc9onal molecules 

• AA/BB-type: two monomers with two idenJcal, complementary funcJons each

• AB-type: one monomer with two complementary funcJons

diacid diamine polyamide

amino carboxylic acid polyamide

HO
O
OH

O
H2N

NH2+ HO
O
N
HO

H
N

xO
OH

O

OHH2N
O

N
H

H2N
O

x O
OH



Polycondensa9ons

379

• problem: each step is an equilibrium reac9on, mul9plica9on results in diminishing polymer yield 
• rela9vely “simple” and very efficient coupling reac9ons are typically employed 
• typically performed in “open systems”, under removal of the small molecule side product

• polycondensa9on: reac9on of difunc9onal molecules by release of small molecule side-product

diacid diamine polyamide

diacid diol polyester

water

water

HO
O

OH
O

H2N NH2+ HO
O

N
HO

H
N

H
n

n n + 2n   H2O

diacid chloride diol polycarbonate hydrogen chloride

HO
O

OH
O

HO OH+ HO
O

O
O

O H
n

n n + 2n   H2O

O O
O

nHO OH
+ n

Cl
O

Cl
n + 2n   HCl



Polyaddi9ons

380

• small molecule elimina9on already performed during monomer synthesis 
• high-energy monomers, coupling reac9ons are inherently efficient

• polyaddi9on: reac9on of difunc9onal molecules without release of small molecule side-product

diisocyanate diol polyurethane

HO OH

N

NCO C On + n
O

H
N

N
H

O
O
O

n



Origin of Dispersity and Molecular Weight Limita9ons

381

0% conversion 
Mn = 1 

Mw = 1 

D = 1

25% conversion 
Mn = 1.33 

Mw = 1.50 

D = 1.13

50% conversion 
Mn = 2.00 

Mw = 2.33 

D = 1.16

12 A B
A B A B

A

B

A

B

A

B

B AB
A

B AB
A

A BB AB
A

A B A
B

B AB
A

B AB
AAB

A

ABB AB
A

A

B

B

A

• polymer chain growth is a sta9s9cal process, and hence the source of dispersity 
• dispersity increases with conversion of func9onal groups 
• conversion limits molecular weight – high molecular weights require extremely high conversions!



The Carothers Equa9on

382

ra9o of monomers and func9onal groups

conversion of func9onal groups

degree of polymeriza9on general Carothers Equa9on

r = [MA]
[MB] =

NA,0
NB,0

• in the polymerisaJon of A-A and B-B type monomers, the resulJng number-average degree of 

polymerizaJon  relates to the conversion p of groups A and B and their stoichiometric raJo rXn

p =
NA,0 − NA

NA,0
=

NB,0 − NB

NB,0

NA,0 < NB,0

Xn = N0
N

= 1 + r
1 + r − 2pr

• perfect stoichiometry and high degree of conversion required for high molecular weight polymers

see Reading RecommendaJon “Step-Growth PolymerizaJons”
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Dependence of Molecular Weight on Conversion and Func9onal Group

383

• func9onal group conversions close to unity required for highmolar mass polymers 
• significantly reduced molecular weight for any devia9on from perfect stoichiometry 

for complete conversion (p = 1)

for perfect stoichiometry (r = 1)

r = 1

r = 0.9

Xn = 1
1 − pX n

general Carothers Equa9on

Xn = 1 + r
1 + r − 2pr

Xn = 1
1 − p

Xn = 1 + r
1 − r

see Reading RecommendaJon “Step-Growth PolymerizaJons”



Flory-Schulz Distribu9on

384

• at any conversion, the mole frac9on of monomer is greater than that of any other species ! 
• mass distribu9on shows a maximum that moves to higher x with increasing conversion p
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w
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molar distribuJon mass distribuJon

see Reading RecommendaJon “Step-Growth PolymerizaJons”



number average degree of polymeriza9on and molar mass 

                

weight average degree of polymeriza9on 

       

dispersity    

Xn = 1
1 − p

Mn = M0Xn = M0
(1 − p)

Xw = ∑ xwx = 1 + p
1 − p

Mw = M0Xw = M0
(1 + p)
(1 − p)

D = Xn

Xw
= 1 + p

Summary of the Kine9cs of Step Growth Polyreac9ons
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• convergence to a dispersity of Ɖ = 2 is diagnos9c of a well-behaved step-growth polymeriza9on

D

see reader “Step-Growth PolymerizaJons”
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0 1conversion
0

50

100

X n



6.1.2 
Chain-Growth Polymeriza9on



Principal Steps of Chain-Growth Polymeriza9ons

387

• polymeriza9ons require ini9a9on that auacks a first monomer and creates an ac9ve center 

• during propaga9on, monomers add consecu9vely to the ac9ve center of a growing polymer chain 

• Ini9a9on con9nuously occurs during en9re polymeriza9on 9me 

• termina9on is a stochas9c event, greatly determining the molecular weight distribu9on

• monomers add rapidly to the acJve center of a growing chain unJl that center is deacJvated

ini9a9on propaga9on termina9on

I I M1* I M2M1 * I MM1 Mx
*

x-2

MxMM1I

x-2

M1 M2
x-2 M

I I M1* I M2M1 * I MM1 Mx
*

x-2

MxMM1I

x-2

M1 M2
x-2 M

9me & conversion

see Reading RecommendaJon “Chain-Growth PolymerizaJons”



Molar Mass Distribu9on in Chain Growth Polymeriza9ons

388

wx = x
2 (x − 1)(1 − p)3p(x−2)

w
ei

gh
t f

ra
ct

io
n 
w

x

0
0

20 40 60 80 100
chain length x

• Flory-Schulz-type distribuJon is expected to(at least, in the low conversion regime)

conv = 0.05

conv = 0.10

conv = 0.25

• wgh molar mass polymer is formed from the beginning in a free radical polymeriza9on 

• With increasing 9me and conversion, the number of each species increases con9nuously

wx = x
2 (x − 1)p(x−2)(1 − p)3



3 General Types of Chain-Growth Reac9ons

389

HA H + A

X

X

H X

XX

X

XXX

R + Li

X

R
X

Li

X

X
LiR

X

X

R

X

X

X

XX

X

XXX
R R R

radical 

(most common)

anionic

caJonic



Free Radical Polymeriza9on



General Reac9on Stages in the Example of Free Radical Polymeriza9ons

391

• efficiency factor for ini9a9on of a polymer by a radical f ≈ 0.3–0.8  
• ini9ator decomposi9on is a sta9s9cal process, occurring slowly throughout polymeriza9on process 
• radical life 9me τ = 0.1–10 s, about 100–10’000 propaga9on steps before chain terminates

• iniJator decomposiJon (slow)
ki

– N2

N NNC CN 2
CN

O OMe

O OCN CN

O OCN
O OMe

n

O OO OCN

n

• iniJaJon (fast)

• propagaJon (chain growth)



Termina9on Reac9ons in Radical Polymeriza9ons

392

• termina9on by combina9on and dispropor9ona9on ozen occur both and are stochas9c processes

termina9on 
(combina9on)

termina9on 
(dispropor9ona9on)

ktc

O OO OCN

n
O OO OCN

n
OO OO CN

n

O OO OCN

n

H

OO OO CN

n

OO OO CN

n

+

+
O OO OCN

n
OO OO CN

n

+
H

O OO OCN

n

H

O OO OCN

n

+ H

ktd

O OO OCN

n
O OO OCN

n
OO OO CN

n

O OO OCN

n

H

OO OO CN

n

OO OO CN

n

+

+
O OO OCN

n
OO OO CN

n

+
H

O OO OCN

n

H

O OO OCN

n

+ H



Important Vinyl Monomers in Radical Polymeriza9on

393

styrene (for PS) 

phenylethene
isoprene (for PI) 

2-methylbutadiene
butadiene 

(for PB)

propenoic acid 
acrylic acid (for PAA)

methyl 2-methylpropenoate 
methyl methacrylate (for PMMA)

2-methylpropenoic amide 
methacrylamide (for PMAAm)

ethene 
ethylene (for PE)

chloroethene 
vinyl chloride (for PVC)

tetrafluoroethene 
(for PTFE)

H Cl F

F
F

F

OHO OMeO NH2O

• unsaturated monomers used for technologically relevant polymers (in brackets)



Examples of Radical Ini9ators

394

• suitable decomposi9on rates ( : 10-7–10-6 M s-1) for different temperature regimes 

• goal is to balance ini9a9on and termina9on reac9on rates to reach “steady state” condi9ons

kd

(or photolysis 

at 366 nm)

• azobis(isobutyronitrile) (AIBN)

– N2

N NNC CN 2
CN

O

O O

O

2

O

O
– 2 CO2

O O 2 O

O O 2 O

2

– N2

N NNC CN 2
CN

O

O O

O

2

O

O
– 2 CO2

O O 2 O

O O 2 O

2

– N2

N NNC CN 2
CN

O

O O

O

2

O

O
– 2 CO2

O O 2 O

O O 2 O

2

– N2

N NNC CN 2
CN

O

O O

O

2

O

O
– 2 CO2

O O 2 O

O O 2 O

2

– N2

N NNC CN 2
CN

O

O O

O

2

O

O
– 2 CO2

O O 2 O

O O 2 O

2

40–80°C

100–140 °C

60–100 °C

• di(tert.-butyl peroxide) (DTPO)

• dicumyl peroxide (DCPO)

• dibenzoyl peroxide (DBPO)

80–120 °C



rate of iniJaJon rate of propagaJon rate of terminaJon

Steady-State Kine9cs

395

• steady state condi9ons required for stable polymeriza9on, results in reac9on order 0.5 for ini9ator 
• increasing iniator concentra9on increases polymerisa9on rate but results in decreased molar mass

Ri = d[R ]
dt

= 2fkd[I] Rp = − d[M]
dt

= ∑ kp[Mi ][M] Rt = − d[M ]
dt

= 2kt[M ]2

• steady-state-condi9ons: Ri = Rt kt = ktc + ktdwithRp = kp ( fkd

kt )
1/2

[M][I]1/2

v =
Rp

Ri
=

Rp

Rt
=

kp[M]
2( fkikt[I])1/2 ∝ [M]

I
• kine9c chain length:

see Reading RecommendaJon “Chain-Growth PolymerizaJons”



0 100
monomer consumption / %

de
gr

ee
 o

f p
ol

ym
er

iza
tio

n

∞

1

induction
period

gel
effect

glass
effect

0.01 0.1 1 10
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• steady-state condi9ons are not maintained at medium to high conversions, causing a loss of the 
control over polymeriza9on rate and molar mass distribu9on

steady-state 

low conversion

Xn =
Rp

Rt

kineJc control

• gel effect: diffusion-controlled termina9on (auto-accelera9on of propaga9on) 
• glass effect: monomers get trapped, if the matrix becomes increasingly glassy

0.001 0.01 0.1 1 10 100
monomer consumption / %

R p

induction
period

gel
effect

glass
effect

steady-state



Dispersity in the Low Conversion Regime

397

• molecular weight distribu9on and dispersity depend on termina9on mechanism

• in reality, terminaJon may occur via both pathways 

• transfer reacJons and side-reacJons are not taken into consideraJon

C
N

O OMe

OO

CH3

dispropor9ona9on combina9on

0% 100%

79% 21%

23% 77%

0.001 0.01 0.1 1 10 100
monomer consumption / %

induction
period

1

2
Đ = Xn

Xw
= 1 + p

Đ = Xn

Xw
= 2 + p

2

dispropor9ona9on

combina9on

steady-state

see Reading RecommendaJon “Chain-Growth PolymerizaJons”



Step-Growth vs. Chain-Growth Polymeriza9on

398

• key variables are stoichiometry of monomers vs. ini9ator concentra9on

step(-growth) polymerizations

• usually no iniFator necessary 

• same reacFon mechanism throughout 

• rapid loss of monomer species 
• a wide range of species present at any stage 
• growth by the reacFon of any monomers, oligomers, 

polymers 

• DP of growing polymer chains increases slowly 

• no terminaFon, chain ends remain reacFve 

• typically yields polymers with relaFvely low molar masses 
(15–30 kg/mol)

•iniFator required 

•different mechanisms for iniFaFon/propagaFon 

•monomer remains present throughout  
•mixture contains only monomer, high polymer, and very 

small amount of growing chains 
•successive addiFon of monomers 

•DP of growing polymer chains stays the same 

•terminaFon step involved, chains are inert aber 

•typical molar masses of polymers can get very high  (50–
1000 kg/mol) 

chain(-growth) polymerizations



6.1.3 
Living and Controlled Chain Growth Polymeriza9ons



The Living Nature

400

• polymers are all approximately ini9ated at the same 9me; origin of (small) dispersity 

• chain ends remain ac9ve azer full monomer consump9on (absence of impuri9es!) 

• the polymeriza9on can be con9nued with an addi9onal feedstock of monomers (same or different)

• absence of termina9on (strong electronic repulsion between ac9ve chain ends!)

I I M1* I M2M1 * I MM1 Mx
*

x-2

M1 M2
x-2 M

I I M1* I M2M1 * I MM1 Mx
*

x-2

M1 M2
x-2 M

I I M1* I M2M1 * I MM1 Mx
*

x-2

M1 M2
x-2 M

9me & conversion

see Reading RecommendaJon “Living & Controlled PolymerizaJons”



0 1
0

conversion p

 

0
0

t

[M
]

[M]0

 

Criteria for the Experimental Verifica9on of Living Polymeriza9ons

401

Xn = moles of monomer consumed
moles of chains produced

• conversion over 9me plot: polymeriza9on reac9on is first order in monomer concentra9on 

• molar mass over conversion plot: number-average molar mass  linear with conversion Xn = 1 + ν

conversion over Jme

ln
[M

0]
[M

]

ln [M0]
[M] = kp[I]t

[M] = kp [I] [M0] e−t

first-order 

exponenJal decay

first-order plot

molar mass over conversion

X n

Xn = 1 + ν ≈ p
[M]0
[I]0

Xn,theo = [M]0
[I]0

see Reading RecommendaJon “Living & Controlled PolymerizaJons”
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• kine9c analysis leads to a Poisson distribu9on for the molecular weight distribu9on:

The Poisson Distribu9on of the Molecular Weight

402

• number-average degree of polymeriza9on   controlled by monomer/ini9ator ra9oXn ≈ p [M]0
[I]0

Nx

N
= vx−1e−v

(x − 1)!
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402see Reading RecommendaJon “Living & Controlled PolymerizaJons”



Living Anionic Polymeriza9on of Vinyl Monomers

403

• anionic polymerisa9ons of vinyl monomers are ini9ated by strong nucleophiles 
• termina9on reac9ons are absent, except for electrophilic impuri9es (H2O, CO2) 
• electrophiles serve as quenching reagents, deliberately end the reac9on, introduce end groups

• iniJaJon

R
Nu CH

R

Nu CH
R

R
Nu

R
CH
Rn

n

Nu
R

CH
R

Nu
R

H
C
R

Mt Mt

Mt Mt

Mt

Mt X

Nu

nn

E X E

–

• propagaJon (chain growth)

• quenching



Vinyl Monomers and Ini9ators

404

• monomers with possibility for anion delocalisa9on, ideally with electron-withdrawing side groups

N
O OR O OR

R

R
styrene derivatives
(R = H, Me, COOR')

2-vinylpyridine butadiene (R = H)
isoprene (R = Me)

methacrylates
(R = Me, Bu, tBu)

acrylates
(R = Me, Bu, tBu)

> ≈ > >

C CH CH2

t-BuLi
tert.-butyl lithium

s-BuLi
sec.-butyl lithium

n-BuLi
butyl lithium

K11 π

KNaph
potassium naphthalide

K, Na, Li

alkaline
metals

Li Li Li> >

strong nucleophiles 
for monodirec9onal chain growth

single-electron transfer agents 
for bidirec9onal growth

• ini9ators are organoalkaline compounds or alkaline metals.

C CH CH2

t-BuLi
tert.-butyl lithium

s-BuLi
sec.-butyl lithium

n-BuLi
butyl lithium

K11 π

KNaph
potassium naphthalide

K, Na, Li

alkaline
metals

Li Li Li> >



Living Anionic Polymeriza9on of Vinyl Monomers

405

• appearance of color is an evidence of the presence and non-termina9ng character of living chains

n
N N

poly(2-vinylpyridine)

n

polystyrene polyisoprene

n CH2

CH3 CH3



Block Copolymers via Sequen9al Monomer Addi9on

406

CH CH

n

CH

n

N

n

Nm

CH

N

n

N

CH

N

m

H OH

–OH

n

N

CH2

N

m n

N N

m

O O

CH

O O

k

PS–P2VP PS–P2VP–PMMA



Thermoplas9c Elastomers from BAB Triblock Copolymers

407

• phase segrega9on (demixing) of different polymer segments in bulk material (Chapter 5) 

• hard PS domains serve as physical cross-links: they melt above their Tg (reprocessable materials)

H2C CH2

y

x x

y

SBS rubber (Kraton™, BASF) 
poly(styrene-block-butadiene-block-styrene)

Tg ≈ 100°C Tg ≈ 100°CTg ≈ –60°C

glassy, hard, physical cross-links 

∅ 10–8–10–7 m

so` PB matrix

• SBCs (styrene-butadiene block copolymers) are relevant elastomer materials (like some TPUs)



Learning Outcome

408

• step-growth polymeriza9on generate polymers of high molecular weight only at very high 
conversions. 

• chain-growth polymeriza9on yield high molecular weights at early conversions 

• radical polymeriza9on generates polymers of similar molecular weights up to 10% conversion, 
above which the molecular weight can either decrease or increase (due to exhaus9on of reagents, 
transfer reac9ons, gel effect) 

• for living polymeriza9on, polymer chains grow linearly with conversion 

• dispersi9es are large for step-growth (2.0 at the end) and chain-growth (1.5 < Đ < 20), while for 
living polymeriza9on, the polymer chains become less and less disperse with progress of the 
polymeriza9on.
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Many, Many More Polymeriza9on Mechanisms…

409

• Atom Transfer Radical PolymerizaJon (ATRP) 

• Radical AddiJon FragmentaJon Transfer (RAFT) 

• Stable Free Radical PolymerizaJon (SFRP) 

• Living Radical PolymerizaJon 

• CaJonic PolymerizaJon of the C=C double bond 

• Living caJonic polymerizaJons 

• Emulsion PolymerizaJons 

• Ring Opening PolymerizaJons 

• Carbonyl Carbon PolymerizaJons 

• “Supramolecular” PolymerizaJons 

• various copolymerizaJons


