
Polimerizzazioni a Catena
(chain-growth polymerizations)

Controlled Radical Polymerizations
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OUTLINE 
4. Controlled Radical Polymerization

• The persistent radical Effect; 
• Persistent or “stable” radicals: an historical overview
• Initiator Transfer Terminator Agents (iniferter)

• Nitroxide-Mediated Polymerization (NMP)
- free radical initiators in the presence of TEMPO
- from bimolecular initiators to alkoxyamines
- additives for NMP
- development of alkoxyamines

• Transition metal complex-catalyzed CRP: 
- Radical addition of halide-substituted alkanes to olefins 
- The birth of Atom Transfer Radical Polymerization (ATRP)
- mechanism of ATRP
- homogeneous systems of ATRP 
- Halide exchange to improve control 
- block copolymerization
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free radical polymerization

P n

p (conversion, %)

Controlled Radical Polymerization (CRP)
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Vi sono diversi importanti criteri per 
classificare una polimerizzazione 
come vivente o living:

- La velocità di iniziazione è 
significativamente piu’ alta di 
quella di propagazione

- Reazioni di terminazione e 
trasferimento sono assenti

- In queste condizioni:

x p

Questo risultato si ottiene se un numero costante di catene si mantiene durante la 
polimerizzazione. 
Iniziazione veloce: tutte le catene propagano prima che la reazione finisca
Assenza di trasferimento: il numero totale di catene non aumenta
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The Persistent Radical Effect 
in Controlled Radical Polymerizations

(1) reversible dissociation

(2) termination

(3) propagation

• •

• •

• •

Hans Fischer (UZH)
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R· reversible dissociation
propagation

reversible dissociation

propagation reversible dissociation

- La velocità di iniziazione è 
significativamente piu’ alta di 
quella di propagazione

- Reazioni di terminazione e 
trasferimento sono assenti

- In queste condizioni: x p

- Controllo dei gruppi terminali

- Facile sintesi di copolimeri a 
blocchi!

CRITERIA FOR LIVINGNESS

6



LIVING 
Polymerization

- La velocità di iniziazione è 
significativamente piu’ alta di 
quella di propagazione

- Reazioni di terminazione e 
trasferimento sono assenti

- In queste condizioni: x p

- Controllo dei gruppi terminali

- Facile sintesi di copoloimeri a 
blocchi!

- Distribuzione di pesi molecolare 
stretta (Đ ≤ 1.3) 

CRITERIA FOR LIVINGNESS
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Prof. Moses Gomberg
University of Michigan, 1900

First example of persistent radical? 8
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•

MMA

This was something in between a persistent radical and a common FRP initiator 9



“Interrupted” polymerization
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INItiator transFER TERminator agents
The first example of CRP

Prof. Takayuki Otsu
Osaka University

A Review: Otsu, J. Polym. Sci. A 38, 2121 (2000) 11



12
Ishizu et al. J. Appl. Polym. Sci. 95, 413 (2005)



Polymerization of Styrene in benzene by INIFERTER: CDPA vs DTCA 

f = 0.3
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CDPA

CDPA

DTCA

Ishizu et al. J. Appl. Polym. Sci. 95, 413 (2005)
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f = 0.92

Polymerization of methacrylic acid in methanol by INIFERTER: CDPA

15

Ishizu et al., J. Polym. Sci. Part A, 43, 230 (2005)
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Doi et al., J. Polym. Sci. Part A, 32, 2241 (1994)



Nitroxide Mediated Polymerization
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auto-polimerizzazione (anche chiamata thermal initiation) di St:

Diels-Alder reaction

polimerizzazione
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Use of additives for NMP:

5h
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Polymer NANOCOMPOSITES:

Diverse applications in automotive industry and aerospace materials. 
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n
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“Universal” Alkoxyamines
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without degassing and no purification of St In the presence of 2 eq. of acetic anhydride

degassing and purifying St by distillation

NMP of Styrene (bulk, 123°C) 

18 h 12 h

4 h
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Typical kp for acrylates at 120°C: 11000 L mol-1 s-1 (kp styrene: 1800 L mol-1 s-1)

Polymerization is too fast (less controlled PDI 1.5-2.2) we need to slow it down: 

1 eq 0.05 eq

1 eq 0.05 eq

a)

b)

(b)(a)

PDI = 1.06
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NMP of butyl acrylate (120°C) 



Mn experimental
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1 eq 0.05 eq
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Phase separation of well-defined block-copolymers 
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Block-copolymer lithographies:
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Block-copolymer lithography:
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n
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Block-copolymerization:
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