
Polimerizzazioni a Catena
(chain-growth polymerizations)

Ionic Polymerizations
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Polimerizzazione Anionica

Alta selettività verso monomeri con gruppi elettron attrattori adiacenti al doppio 

legame vinilico

Reagenti e solventi devono essere purificati con grane cura: tracce di acqua o alcoli 

portano a deattivazione delle specie attive. 

Solventi migliori sono THF, idrocarburi alifatici e aromatici. Anche la presenza di 

clorurati (CH2Cl2 e CH3Cl) porta a reazioni di terminazione della catena
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Initiators

Monomers



Alternativamente, reazioni di inziazione possono avvenire attraverso trasferimento 

elettronico.

Ad esempio, dalla reazione tra Na e naftalene si forma un radicale anione che puo’ 

essere utilizzato per iniziare la polimerizzazione anionica dello stirene:
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Il radicale anionico dello stirene dimerizza a formare un di-anione

I) è il composto piu’ stabile e quello che in effetti si forma.

Il di-anione puo’ addizionare monomero e diventa un polimero che accresce da 

entrambi i lati (con una carica negativa da entrambe le parti). 
5



Aggiungendo appropriati agenti terminatori possiamo sintetizzare polimeri 

telechelici.
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Se manteniamo la soluzione di polimerizzazione anidra e senza contaminanti, 

anioni polistirenici viventi (living polystyrene anions) possono essere preservati 

per tempi relativamente lunghi. La polimerizzazione puo’ essere ripresa in piu’ stadi 

successivi, oppure possiamo facilmente sintetizzare copolimeri a blocchi, 

aggiungendo un secondo monomero.

7



8



9



10

Typical aggregate of MeLi:
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Organolithium compounds are often schematically depicted as monomeric species with 

one lithium atom and a carbanionic group, such as MeLi or nBuLi. However, the 

structures of these compounds are much more complicated, and the understanding of  

these principles is necessary for describing the reactivity. In general, the molecular 

structure of lithium organics in solution and in the solid state is affected by three factors: 

Electrostatic interactions between counter charges (localised as well as delocalised), the 

coordination sphere of the lithium atom (e.g., solvent molecules, coordinating Lewis 

bases) and the steric demand of the more or less bulky substituents at the lithiated carbon 

centre and/or at the ligand. Without the addition of Lewis bases organo-lithium 

compounds tend to build oligomeric structures, above all tetramers and hexamers. An 

important building principle of these structures is the arrangement of the lithium atoms to 

Li3 triangles, which join each other to form lithium polyhedra (Figure 1). These Li3 faces 

are capped by the Cα atoms, so that the carbanionic centre possesses three contacts to the 

lithium atoms.

C. Strohmann Chem. Eur. J. 2009, 15, 3320 – 3334
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Typical aggregate of n-BuLi:
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Typical aggregate of s-BuLi:
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In addition to the aggregated (1) and unassociated (2) species, it 

is necessary to consider the intervention of free ions (5) and the 

contact (3) and solvent-separated (4) ion pairs; Mt+ represents a 

metallic counterion such as an alkali metal cation.

Effect of solvent:

Winstein spectrum of structures for a carbanionic chain end (R-)
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Anionic Polymerization of Isoprene:

The stereochemistry of the anionic polymerization of isoprene using RLi as initiators 

depends mainly on monomer concentration and solvent.

It was proposed that isomerization of the initially formed cis form of the active chain end 

occurs competitively with monomer addition at each step of the reaction. Thus, when the 

concentration of monomer is high relative to the chain-end concentration, isomerization of 

the cis form does not compete effectively with monomer addition. However, at low 

concentrations of monomer relative to chain ends, the isomerization does compete and 

significant amounts of the trans form will be in equilibrium with the cis form.

In polar media, the unique, high 1,4 stereospecificity that is observed in hydrocarbon 

media is lost and large amounts of 3,4-poly(isoprene) enchainments are obtained.

OTHER FACTORS TO BE CONSIDERED:

There are several important structural differences for polydienyl anions in polar media 

versus hydrocarbon solvents: (1) chain ends are generally not associated into higher 

aggregates in polar media compared to hydrocarbon; (2) the charge distribution of 

unsymmetrical allylic anions is a function of solvent, counterion, and temperature; (3) the 

kinetic and equilibrium distribution of chain-end configurations can vary with solvent and 

counterion; (4) the distribution of contact ion pairs, solvent-separated ion pairs, and free 

ions can vary with solvent, counterion, and temperature.
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Anionic Polymerization of Isoprene:
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Anionic Polymerization of Isoprene:



21

Vulcanization of PI with S8:
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Vulcanization of PI with S8:

The process starts with the formation of a persulfonium ion (I) by reaction of an 

isoprene unit with a polarized sulfur molecule or with a sulfur cation. The 

persulfonium ion reacts than with another isoprene unit by allylic hydrogen 

abstraction to produce a polymeric allylic carbocation (II). In a third step a sulfur 

molecule (cyclic S8) combines with the allylic cation to produce another sulfonium ion 

(IV) which releases (monomeric) sulfur. The polymeric sulfonium ion then undergoes 

crosslinking by anionic addition to a polymeric double bond to create a new 

carbocation (V) which then either reacts with another sulfur molecule or it abstracts a 

hydrogen from another isoprene unit to create a new polymeric cation (II). 
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Anionic Polymerization of Acrylates and Methacrylates:

This might suffer from different problems related to the high reactivity of RLi 

compounds towards acrylates/methacrylates, which makes such side reactions are not 

negligible. 

1) Site of addition of RLi on A/MA

2) Chemical nature of species that propagate

3) Side reactions

There are ways to solve these problems and provide a living anionic polymerization

of A and MA.

A. Use of sterically hindered initiators

B. Addition of LiCl

C. Addition of methoxy-ethoxydes (LiOCH2CH2OCH3)
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A. Use of sterically hindered initiators for the anionic polymerization of 

Acrylates/Methacrylates:



27

NaK alloy (lega eutettica)

A. Use of sterically hindered initiators for the anionic polymerization of 

Acrylates/Methacrylates:
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A. First success in anionic polymerization of MMA using CuK (1974)

The initiation is still faster than propagation but lower than with sterically less 

hindered initiators. Hence, it is easier to evenly distribute all components at the 

beginning of the polymerization reaction.

CuK cannot attach the ester groups under the applied conditions. However we have 

to consider that CuK is not so easy to prepare. KOMe precipitates out and needs to 

be filtered off. 
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B. Use of LiCl for the anionic polymerization of Acrylates/Methacrylates:
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B. Use of LiCl for the anionic polymerization of Acrylates/Methacrylates

Some Remarks

- The presence of few equivalents of LiCl results in the formation of higher (mixed) 

aggregates at the chain ends.

- Such aggregates have a reduced intrinsic reactivity and additionally reduce chain 

transfer and side reactions because of steric protection.

- When the use of LiCl is coupled to the use of bulky initiator, sterically hindered 

side chain (tBu group), and low temperature (-78°C) further control is gained.



C. Use of Li-methoxyethoxides for the anionic polymerization of 

Acrylates/Methacrylates:
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<

C. Use of Li-methoxyethoxides for the anionic polymerization of 

Acrylates/Methacrylates:



C. Use of Li-methoxyethoxides for the anionic polymerization of 

Acrylates/Methacrylates:
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GENERAL REMARKS ON AGGREGATION OF ANIONIC CHAIN ENDS

In polymer chemistry the concentration of lithiated chain ends is much lower than in 

common organic reactions. This favours the formation of lower aggregates and 

renders their structure elucidation practically impossible. For high molar mass-chains 

it is unlikely that the active ends aggregate at all (due to concentration an shear 

effects).

Addition of components like complexing agents (e.g. TMEDA) and salts (alkali 

halides and alkoxides) leads to their incorporation into the aggregates. This results in 

changing the equilibria and in altering the chain ends reactivity. Large aggregates can 

additionally shield the active chain end sterically and thus reduce the rate of back-

biting and other side reactions.

In anionic polymerization the interaction between active chain ends and counter ion 

(aggregate) determines kinetics and side reactions (e.g. back-biting). Hence, counter 

ions can serve as a means to influence the outcome of the polymerization. This is not 

so in FRP, where no charge compensation is required and thus no handle is present. 

In other words: anionic polymerization is much more complex but also more 

adjustable and versatile. 



Thermodynamic stability of cyclic monomers is dependent on the strain in 

the ring structure:

R = H or CH3LROP of epoxides

Thermodynamics alone does not guarantee polymerization, a site for 

nucleophilic attach by initiator is needed: 

strain energy 

(kcal/mol)*

Anionic “Living” Ring-Opening Polymerization (LROP)

* K.B. Wilberg, Angew. Chem. 1986, 25, 312

27.5 26.5 6.2 0.0 6.3 9.7
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Anionic “Living” Ring-Opening Polymerization (LROP)

Proceeds in agreement with the SN2 mechanism (i.e. nucleophilic bimolecular 

substitution at the carbon atom)

In the presence of KOH: 

KOH + R-OH R-O   K   + H2O

Initiation
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Propagation

(mainly head-to-tail structure)

Initiation

ki

kp
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• In “living” polymerizations terminations and irreversible transfer 

reactions are absent. (IUPAC) (polymer grows until all monomer is 

consumed)

• “…living polymers should retain at least some ability to grow.” (Michael 

Szwarc)
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Exchange reaction

R can be another polymer (or you can have H2O in the system)

Chain transfer to monomer

can initiate polymerization

(dormant)

(dormant)

Determination of unsaturated groups (NMR, IR…)
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Block copolymers

hydrophobic hydrophilic hydrophilic 

H
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poloxamer or pluronic

41



di-isocyanate

polyurethane
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