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Riassunto 

Le polimerizzazioni radicaliche controllate (Controlled Radical Polymerization, CRP) 

sono tra le più potenti ed efficaci metodologie per ottenere materiali polimerici avanzati 

con proprietà ben definite ed alto valore aggiunto. 

La polimerizzazione radicalica a trasferimento di atomo (Atom Transfer Radical Po-

lymerization, ATRP) è la tecnica più utilizzata in ambito accademico e industriale nel 

campo delle CRP, grazie alla sua versatilità e facilità di applicazione. In ATRP, un com-

plesso metallico a basso stato di ossidazione MtzLm (tipicamente, un complesso rame-

ammina, [CuIL]+) reagisce con una catena polimerica dormiente Pn−X (dove X = Cl, Br) 

per produrre i radicali Pn•. Questi accrescono la catena per addizione al monomero nel bulk 

della soluzione. Nel processo, il complesso di rame si ossida e coordina lo ione alogenuro 

X–, generando la specie disattivante [X-CuIIL]+, in grado di catturare i radicali propaganti. 

Normalmente, l’equilibrio ATRP è fortemente spostato verso lo stato dormiente Pn−X, 

cosicché la concentrazione di Pn• è molto bassa e la probabilità di terminazione radicalica 

bimolecolare è minima. Si tratta quindi, per molti aspetti, di una polimerizzazione “vi-

vente”. La crescita di tutte le macromolecole inizia circa contemporaneamente grazie 

all’utilizzo di efficienti alogenuri alchilici (RX) come iniziatori polimerici. In queste con-

dizioni, la crescita delle catene è omogenea e permette di ottenere polimeri con pesi mo-

lecolari predeterminati, stretta distribuzione delle lunghezze di catena e alta conserva-

zione della funzionalità C-X terminale. Con questa tecnica è quindi possibile generare 

macromolecole con specifiche composizioni, architettura e posizione dei gruppi funzio-

nali. 

Lo scopo di questa tesi è contribuire alla comprensione e allo sviluppo di ATRP ca-

talizzata da complessi di rame, utilizzando metodologie elettrochimiche sia come stru-

menti di indagine, sia come strumenti di controllo della polimerizzazione. Per molti 

aspetti, i sistemi ATRP indagati posso essere definiti sistemi “green”: (i) la maggior parte 

del lavoro ha riguardato lo studio e lo sviluppo della reazione in acqua, un solvente dove 

i complessi sono molto attivi ma il controllo sulla polimerizzazione risulta particolar-

mente difficile; (ii) metodologie elettrochimiche per la rigenerazione del catalizzatore 

hanno permesso di condurre la polimerizzazione riducendo drasticamente la concentra-

zione di rame; (iii) sono state esplorate le potenzialità dei liquidi ionici, materiali non 
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infiammabili e facilmente riciclabili, come potenziali solventi per ATRP mediata elettro-

chimicamente; (iv) è stato indagato il meccanismo della catalisi ATRP in assenza di ca-

talizzatori metallici, “metal-free” ATRP. 

Una caratteristica fondamentale dei catalizzatori di rame(I) è la loro reattività nel 

rompere il legame Pn-X e generare i radicali propaganti Pn
•. Lo studio dettagliato dell’at-

tività dei catalizzatori di rame in acqua è risultato finora impossibile a causa dell’estrema 

attività degli stessi. É stato quindi necessario sviluppare un set di metodologie elettrochi-

miche transienti, che sfruttano la generazione e l’analisi del complesso attivo di rame 

nell’immediato intorno dell’elettrodo. Queste tecniche hanno permesso di ampliare l’in-

tervallo di kact(costante di attivazione ATRP) analizzabili di ben 5 ordini di grandezza, 

rendendo quindi possibile lo studio della reattività dei più recenti e attivi catalizzatori e 

iniziatori utilizzati, in comuni solventi polari molto attivi (come acqua e DMSO). I risul-

tati permettono di correlare la costante di velocità di attivazione con la costante di equili-

brio ATRP, KATRP. Inoltre, è possibile prevedere la reattività dei sistemi catalitici da sem-

plici dati di energia di legame (di Pn-X), e progettare in modo razionale le ottimali condi-

zioni di polimerizzazione. 

Le proprietà dei catalizzatori di rame sono state studiate nel liquido ionico 1-butyl-

3-methylimadazolium triflate. Speciazione e reattività dei complessi sono risultate com-

patibili con un efficiente reazione ATRP. Questo particolare solvente risulta simili ad un 

comune solvente organico (e.g. acetonitrile, DMF) sia per quanto riguarda gli aspetti ter-

modinamici che cinetici dei catalizzatori ATRP. 

In acqua, i catalizzatori di rame non sono solo caratterizzati da una estrema reattività, 

ma anche dalla propensione ad essere coinvolti in reazioni collaterali all’equilibrio ATRP. 

Queste comprendono la decomposizione del complesso, sia in ambiente acido che basico, 

e la dissociazione dello ione alogenuro dal complesso disattivante [X-CuIIL]+. La quanti-

ficazione di tali reazioni ha permesso di stabilire con precisione gli intervalli di stabilità 

dei più comuni catalizzatori utilizzati. I limiti di controllo dell’ATRP acquosa sono quindi 

stati testati tramite un’estesa serie di polimerizzazioni del monomero “modello” 

oligo(ethyleneoxide) methylether methacrylate (OEOMA). Le sintesi sono state condotte 

tramite rigenerazione elettrochimica del catalizzatore attivo, [CuIL]+ (eATRP). Il range 

di catalizzatori Cu/L disponibili è stato esteso, includendo catalizzatori estremamente at-

tivi come Cu/Me6TREN (Me6TREN = tris[2-(dimethylamino)ethyl]amine), o sistemi 

molto economici ed interessanti dal punto di vista industriale come Cu/PMDETA 
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(PMDETA = N,N,N’,N’’,N’’-pentamethyl diethylenetetramine). Inoltre, è stata confer-

mata la particolare stabilità dei leganti piridinici come Cu/TPMA (TPMA = tris(2-pyri-

dylmethyl)amine) fino a pH estremamene acidi (ca. 1). Quest’ultimo risultato ha aperto 

la strada per la polimerizzazione di monomeri acidi (acido acrilico, AA, e metacrilico, 

MAA). 

La polimerizzazione dei monomeri acidi è da sempre considerata uno dei maggiori 

limiti dell’ATRP. I risultati hanno mostrato la presenza di una ciclizzazione a carico della 

terminazione di catena, con l’alogeno terminale come gruppo uscente (e quindi perdita 

della funzionalità attiva C-X). Tre strategie sono state applicate con successo per ridurre 

l’impatto negativo di questa reazione e ottenere la polimerizzazione controllata di MAA: 

(i) utilizzare la funzionalità C-Cl come terminazione di catena, un gruppo più stabile di 

C-Br; (ii) abbassare ulteriormente il pH per convertire completamente gli ioni carbossi-

lato in acidi carbossilici, nucleofili più deboli; (iii) accelerare la velocità di polimerizza-

zione per diminuire il contributo relativo della ciclizzazione (reazione parassita). Una 

volta trovate le condizioni ottimali, è stata esplorata la sintesi di acido polimetacrilico ad 

alto peso molecolare (grado di polimerizzazione > 1000) e con architetture controllate 

(polimeri lineari, telechelici e stelle a tre braccia). 

La polimerizzazione radicalica a trasferimento d’atomo mediata elettrochimicamente 

permette eccellente controllo sulle condizioni di reazione. Uno dei suoi limiti è però 

quello di utilizzare sia elettrodo lavorante, sia controelettrodo in platino, un metallo estre-

mamente costoso e raro. Per superare questa limitazione, diversi materiali sono stati te-

stati come catodi per eATRP. Sono state individuate le condizioni ottimali per poter uti-

lizzare sia materiali carboniosi (glassy carbon), sia metalli o leghe di metalli non-nobili 

(acciaio, nichel-cromo, titanio). Inoltre, la reazione è stata ulteriormente semplificata 

usando un sistema a due elettrodi in condizioni galvanostatiche (corrente fissata), in pre-

senza di un controelettrodo sacrificale in alluminio, direttamente immerso nell’ambiente 

di reazione. Quest’ultima soluzione permette di evitare la separazione tra compartimento 

anodico e catodico. 

Un altro importante obiettivo di questo progetto di dottorato riguarda la definizione 

del meccanismo della polimerizzazione radicalica a trasferimento d’atomo catalizzata da 

molecole organiche (derivati della fenotiazina, PTZ), quindi effettuata in assenza di me-

talli (metal-free ATRP). In questo caso, una fenotiazina in stato eccitato (per assorbi-

mento di radiazione UV, PTZ*) attiva il legame Pn-X generando i radicali propaganti (Pn
•) 



4   |  Riassunto 

e il radicale catione PTZ•+. La costante di velocità di attivazione sperimentale di Pn-X da 

parte di PTZ* (7×109 M-1 s-1) è stata confrontata con quella calcolata utilizzando la teoria 

di Marcus per il trasferimento elettronico e i suoi successivi sviluppi (2×1010 M-1 s-1). Il 

buon accordo tra i due dati ha dimostrato che questa reazione coinvolge un trasferimento 

elettronico a sfera esterna tra PTZ* e Pn-X, con simultanea rottura del legame C-X. Si 

tratta quindi di un sistema chiaramente diverso da ATRP mediata da complessi di rame, 

che prevede un trasferimento elettronico a sfera interna. Differenti sono anche i parametri 

che regolano l’attività del catalizzatore (frequenza di eccitazione, tempi di vita ed effi-

cienza quantica di fluorescenza, etc.). In particolare, la veloce attivazione del legame C-

X è impedita dal breve tempo di vita di PTZ*. Per quanto riguarda la disattivazione dei 

radicali propaganti, in primo luogo, tramite voltammetria ciclica è stata trovata un’ottima 

correlazione tra la stabilità del radicale catione PTZ•+ e l’efficienza di disattivazione. Suc-

cessivamente, è stata confrontata la velocità relativa di un’ampia gamma di possibili rea-

zioni di disattivazione. Da questo studio cinetico è emerso che la reazione favorita ri-

guarda l’incontro termolecolare di Pn
•, PTZ•+ e X–. L’efficienza di disattivazione è bassa 

a causa della bassa probabilità dell’incontro a tre centri. Nel complesso, ATRP mediata 

in assenza di metalli è catalizzata da un lento processo di attivazione/disattivazione, che 

correntemente limita il controllo della crescita polimerica. Questi risultati sono necessari 

per il design di condizioni di reazione ottimali e per la sintesi di catalizzatori più efficaci. 
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Abstract 

Controlled radical polymerizations (CRPs) are among the most powerful methods to 

obtain polymers with well-defined properties and high value. 

Atom transfer radical polymerization (ATRP) is the most used technique in both aca-

demia and industry in the field of CRP, thanks to its versatility and simple setup. In ATRP, 

a metal complex in a low oxidation state, MtzLm (typically a copper-amine system, 

[CuIL]+) reacts with a dormant polymeric chain Pn–X (where X = Cl, Br) to produce rad-

icals Pn
•. Such radicals can propagate the polymeric chain by addition to a monomer in 

the bulk of the solution. In this process, the copper complex is oxidized and binds to X–, 

generating the deactivating species [X-CuIIL]+, which can trap the propagating radicals. 

ATRP equilibrium is well shifted towards the dormant species Pn-X, so that Pn
• concen-

tration is very low and the probability of bimolecular radical-radical termination is mini-

mized. Macromolecular growth begins essentially at once for all chains thanks to the uti-

lization of very efficient alkyl halides (RX) as polymerization initiators. In such condi-

tions, chain growth is homogenous and it is possible to obtain polymers with predeter-

mined molecular weight, narrow molecular-weight distribution, and high C-X chain end 

fidelity. ATRP allows constructing macromolecules with specific composition, architec-

ture and position of functional groups. 

The aim of this thesis is to contribute to both the understanding and development of 

ATRP catalyzed by copper complexes, using electrochemical methods as both analytical 

tools and instruments to carry out and control the polymerization. The work focused on 

both thermodynamic and kinetic properties of ATRP catalytic systems, and the use of 

such systems to efficiently control macromolecular growth. The investigated ATRP sys-

tems can be considered “green” for several reasons: (i) most of the work regarded the 

study and development of the reaction in water, a solvent generally characterized by high 

catalytic activity but poor polymerization control; (ii) electrochemical methods for cata-

lyst regeneration (electrochemically mediated ATRP, eATRP) allowed carrying out the 

polymerization with low amounts of copper complexes; (iii) ionic liquids, a new class of 

non-flammable and easily recyclable solvents, were explored as potential media for 
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eATRP; (iv) the mechanism of ATRP mediated by organic catalysts (metal-free ATRP) 

was investigated and defined. 

A fundamental characteristic of CuI catalysts is their reactivity towards the Pn-X (or 

initiator RX) bond cleavage, with generation of propagating radicals Pn
•. Any detailed 

investigation of catalyst reactivity in water was impossible up to now, because of their 

extremely high reactivity in this solvent. For this purpose, it was necessary to develop a 

set of electrochemical transient methods, which involve active [CuIL]+ complex genera-

tion, and analysis, in the proximity of the electrode surface. Such techniques allowed 

measuring kact (ATRP activation rate constant) values spanning a broad interval covering 

5 orders of magnitude. This permitted the study of the most active and latest developed 

catalysts and initiators, in common polar and active solvents such as water and DMSO. 

kact correlates linearly with both ATRP equilibrium constant (KATRP) and RX bond disso-

ciation free energy. Such correlations help to predict the reactivity of new catalyst/initia-

tors and to select rationally polymerization conditions. 

ATRP catalysts were investigated in the ionic liquid 1-butyl-3-methylimidazolium tri-

flate. Both Cu/L speciation and reactivity were found to be suitable with a well-controlled 

polymerization process. Overall, thermodynamic and kinetics aspects of ATRP catalysts 

in ionic liquids appear to be similar to that observed in common organic solvents (e.g. 

CH3CN, DMF). 

In water, copper catalysts are not only characterized by an extreme reactivity, but also 

by their involvement in side reactions that can undermine efficiency of ATRP equilibrium 

(e.g. complex decomposition in both acid and basic environment and dissociation of the 

halide ion from the deactivating complex [X-CuIIL]+). Quantification of such reactions 

allowed defining stability intervals of most used ATRP catalysts in water. Defined limits 

of control were tested by carrying out an extensive series of polymerizations of the mon-

omer oligo(ethyleneoxide) methylether methacrylate (OEOMA). Polymerizations were 

conducted with electrochemical (re)generation of the active [CuIL]+ complex (eATRP). 

Exceptionally active catalysts such as Cu/Me6TREN (Me6TREN = tris[2-(dimethyla-

mino)ethyl]amine) provided fast and controlled polymerizations with slow CuI regenera-

tion; inexpensive systems such as Cu/PMDETA (PMDETA = N,N,N’,N’’,N’’-pentame-

thyl diethylenetetramine) needed a large X– excess in order to prevent [X-CuIIL]+ disso-

ciation. Pyridinic complexes, such as Cu/TPMA (TPMA = tris(2-pyridylmethyl)amine), 
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were stable down to extremely acidic pH (ca. 1). Overall, these results allowed unprece-

dented control over conditions of macromolecular growth in water. In addition, they 

opened a new avenue for the polymerization of acidic monomers, a class of building 

blocks currently considered to be problematic, or even impossible, to be polymerized by 

ATRP. 

The main reason preventing ATRP of methacrylic acid was a cyclization reaction in-

volving the chain end, with the terminal halogen as leaving group. Three strategies al-

lowed dramatically improving conversion and control over MAA polymerization: (i) us-

ing C-Cl chain end functionality, which is much more stable than C-Br; (ii) lowering 

further the pH to completely convert carboxylate ions to carboxylic acid, which is a much 

weaker nucleophile; (iii) enhancing the polymerization rate in order to avoid the negative 

contribution of the cyclization side reaction. Such conditions allowed synthesis of well-

controlled high molecular weight poly(methacrylic acid), PMAA, with degree of 

polymerization > 1000. Simple (poly)halogenated organic initiators such as 2-bromoiso-

butyric acid, 2,2-dichloropropionic acid, and trichloroacetic acid were used to produce 

linear, telechelic, and three-arm star PMAA, respectively. An electrochemical switch, 

used to repeatedly stop and reactivate the growing chains, confirmed the “livingness” of 

the process. 

Electrochemically mediated atom transfer radical polymerization allowed exceptional 

control over CuI (re)generation. Its main limitations are the relatively complicated reac-

tion setup and the requirement of both working and counter electrodes made of platinum, 

an expensive and rare metal. To overcome these limits, first several alternative noble and 

non-noble metals were tested as cathode materials. Carbon materials (e.g. glassy carbon), 

noble metals (Au, Ag) and non-noble metals and alloys (stainless steel, nickel-chromium, 

titanium) could efficiently control aqueous eATRP of OEOMA. The system setup was 

simplified by switching from potentiostatic conditions (three-electrode setup under fixed 

potential) to galvanostatic conditions (two-electrode setup with fixed current). Moreover, 

reaction setup was further simplified with the use of a sacrificial counter electrode directly 

immersed in the polymerization media. This solution allowed avoiding separation of an-

odic and cathodic compartments. These results can allow easier implementation and 

scale-up of electrochemically mediated ATRP. 

Catalysis in the absence of transition metals is important in fine electronics and bio-

medical applications. It has recently been shown that some derivatives of phenothiazine 
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(PTZ) could mediate well-controlled metal-free ATRP of methacrylates, with generation 

of controlled polymers with living characteristics. In this case, a phenothiazine derivative 

in the excited state (PTZ*, obtained through UV light absorption) can activate the Pn-X 

bond generating the propagating radicals (Pn•) and the radical cation PTZ•+. Experimental 

rate constant of Pn-X activation by PTZ* (7×109 M-1 s-1) was compared to the value cal-

culated using Marcus theory for electron transfer and its successive developments (2×1010 

M-1 s-1). The good agreement between the two values proved that the reaction between 

PTZ* and Pn-X involves an outer sphere electron transfer with simultaneous C-X bond 

breaking. This system is radically different from traditional Cu-mediated ATRP, which 

involves an inner sphere electron transfer. In addition, reactivity in metal-free ATRP is 

regulated by completely different parameters (excitation wavelength, lifetime and quan-

tum efficiency of excited states). In particular, in metal-free ATRP fast activation of the 

C-X bond is hindered by low lifetime of PTZ* excited state. Regarding deactivation of 

propagating radicals, cyclic voltammetry evidenced excellent correlation between stabil-

ity of the radical cation PTZ•+ and efficiency of deactivation. The favored pathway for 

radical deactivation is the termolecular encounter of Pn
•, PTZ•+ and X–, which is severely 

hampered by the low likelihood of three-center reactions. As a result, metal-free ATRP 

is mediated by a slow activation-deactivation process, which currently limits control over 

macromolecular growth. Such results are fundamental for the design of optimal reaction 

conditions and for the development of more effective catalysts. 
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Chapter 1  

Controlled Reversible-Deactivation 

Radical Polymerizations 

 
Most of the plastic commodities used worldwide are produced by free radical polymeri-

zation (FRP), a chain polymerization in which the chain carriers are radicals (i.e. the 

growing chain end bears an unpaired electron). The commercial success of FRP can be 

attributed to the large variety of polymerizable monomers and their facile copolymeriza-

tion. The range of monomers is larger for FRP than for any other chain polymerization 

because radicals are tolerant to many functionalities, including acidic, hydroxyl, and 

amino groups. FRP is not affected by water and other protic impurities, and can be carried 

out in various media, e.g., bulk, solution, aqueous suspension, emulsion, dispersion, etc. 

Moreover, reaction conditions are mild (typically room temperature to 100 °C, atmos-

pheric pressure) and requirements for purification of solvents, monomers and products 

are minimal, making FRP a straightforward and effective synthetic technique. On the 

other hand, radicals are extremely reactive species; therefore, unavoidable chain transfer 

and radical termination reactions dominate FRP, prohibiting precise tailoring of molecu-

lar structures. The inadequate level of control over chain growth has limited the applica-

tion of materials prepared by FRP as commodity plastics, rubbers and fibers. 

In contrast, living polymerization processes (e.g. cationic and anionic polymeriza-

tion) allow finely designing macromolecular architectures. In 1956, Swarzc defined a 

“living polymerization” as one that proceeds “without chain transfer or termination”.1 In 

contrast to ionic reactions, in which cations or anions do not react via bimolecular termi-

nation, organic radicals are short-lived species that terminate with a diffusion-controlled 

rate through disproportionation and coupling reactions. To form regular, high molecular 

weight polymers, the relative probability of such termination must be minimized. In other 

words, in order to obtain a well-defined polymeric growth, the rate of radical generation 
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must be controlled. For this scope, from the 1990s several controlled reversible-deactiva-

tion radical polymerizations (RDRPs) have been developed, which allowed engineering 

polymers with unprecedented regular, complex and predetermined design and composi-

tion. Since RDRPs allow controlling chain growth, they are often called controlled radical 

polymerizations (CRPs). 

In this chapter, first the characteristics of RDRPs (and polymers produced by RDRPs) 

are discussed. Then, the three approaches to obtain a RDRP are described, namely stable-

free-radical mediated polymerization (SFRP),2 atom transfer radical polymerization 

(ATRP) and degenerate-transfer radical polymerization (DTRP). For each of the three 

methods, examples regarding the most used polymerizations are discussed. Lastly, the 

most relevant RDRP methods are compared. 

1.1 Characteristics of a RDRP 

Traditional FRP is dominated by the kinetics of very fast and difficult to control reactions, 

such as radical chain transfer and termination. In contrast, RDRP is propagated by radi-

cals that are deactivated reversibly, bringing them into an active-dormant equilibrium 

(Scheme 1.1). The existence of a well-defined equilibrium shifted to the left (kact/kdeact << 

1) is the key difference between RDRP and FRP, since it drastically reduces the concen-

tration of active species, reducing the likelihood of radical-radical termination reactions. 

Ideally, a growing radical should react with few monomer units before it returns to the 

dormant state (in other words, it should be quickly deactivated before the possible en-

counter with another radical). The equilibrium should be fast enough (both high kact and 

kdeact) in order to share growth probability equally between all growing chains. 

The lifetime of radicals in FRP is in the order of magnitude of one second; it is im-

possible to execute control over macromolecular structure during such a short time. By 

inserting periods of ca. 1 min dormancy after each ca. 1 ms of activity, the overall life of  

Scheme 1.1. Equilibrium between dormant and active species in RDRP. 

 



Ph.D. Thesis – Marco Fantin  |  11  
 

propagating chains can be extended from ca. 1 s to more than 1 day. Extension of growing 

chain lifetime from 1 s to over several hours was accomplished by insertion of multiple 

reversible radical deactivation steps. This has enabled synthesis of well-defined, essen-

tially tailor-made polymers, via macromolecular engineering. 

In RDRP, the proportion of terminated chains is drastically reduced from ~100% to 

well below 10% (essentially, in FRP all chains are dead at any time). As termination 

cannot be entirely avoided in RDRP, these systems cannot be defined “living” as, for 

example, anionic polymerizations. Nevertheless, the degree of control is often sufficient 

to attain many desirable material properties, and controlled radical polymerizations usu-

ally take on much of the character of a living polymerization, i.e., a reaction from which 

chain termination and irreversible chain transfer are absent. 

Controlled radical polymerizations can often be distinguished from kinetically-con-

trolled FRP by analyzing the evolution of the polymer’s molecular weight as a function 

of time and/or monomer conversion. Kinetically controlled FRP  provides high molecular 

weights polymer at relatively early stages. In contrast, molecular weight is directly pro-

portional to monomer conversion in living polymerizations since all chain ends are grow-

ing at essentially the same rate. In fact, Gold demonstrated that even when the rate of 

propagation is orders of magnitude greater than the rate of initiation, a living polymeri-

zation can lead to polymers with very narrow molecular weight distributions.3 These dis-

tributions are usually quantified through determination of the sample’s molecular-weight 

dispersity, which is defined as Ð = Mw/Mn, where Mw is the weight-averaged molecular 

weight and Mn is the number-averaged molecular weight. In systems where the rate of 

initiation is faster than or similar to the rate of propagation, control over the polymeriza-

tion is obtained at an early stage. Under these conditions, access to well-defined, mono-

dispersed materials of low molecular weight is possible. Thus, in addition to Swarzc’s 

original constraint, a RDRP reaction should exhibit the following characteristics in order 

to be considered controlled: (i) fast and complete initiation, (ii) linear relationship be-

tween Mn and monomer consumption, and (iii) Ð < 1.5. This enables the synthesis of 

well-defined polymers with narrow distributions and predictable molecular weights spec-

ified by the initial monomer to initiator ratio (CM/CI). 

Chain functionality is another important peculiarity of controlled radical polymeri-

zations. Most RDRPs can be initiated by a functional initiator (e.g. organic molecule, 

nanoparticle, or biomolecule), which is covalently attached to the polymer chain. All 
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RDRPs contain a functional chain end (carbon halide bond, alkoxyamine, thiocarbonyl-

thio, etc, depending on the RDRP technique). 

It has to be noted that propagation of radicals in RDRP and FRP is mechanistically 

indistinguishable: radicals show high regioselectivities and add to the less substituted car-

bon in alkenes, but they present low stereoselectivities due to their sp2 hybridized nature. 

Thus, polymers have head-to-tail structures and are usually atactic. 

The three approaches used to obtain a RDRP are described in the next sections. 

1.1.1 Stable-free-radical polymerization (SFRP) 

Stable-free-radical polymerization (SFRP) is a controlled reversible-deactivation radical 

polymerization in which the deactivation involves reversible coupling with stable (per-

sistent) radicals (Scheme 1.2). Newly generated radicals are rapidly trapped in the deac-

tivation process (with a deactivation rate constant kdeact) by a radical scavenger T, which 

is typically a stable radical such as a nitroxide (as in nitroxide-mediated radical polymer-

ization, NMP, Section 1.2.1) or an organometallic species such as a cobalt complex (as 

in organometallic-mediated radical polymerization, OMRP, Section 1.2.3). In each of 

these cases, a direct covalent bond is formed between the propagating radical and the 

radical scavenger. The dormant species are activated (with a rate constant kact) through 

homolytic cleavage of the bond between the propagating and the trapping agent (Pn–T). 

This can occur either spontaneously/thermally, in the presence of light, or with an appro-

priate catalyst to reform the growing centers. The equilibrium is well-shifted toward the 

left, in order to suppress radical concentration and avoid termination reactions. 

The approach of SFRP is based on the persistent radical effect (PRE).4 Whereas the 

newly generated radicals can propagate or undergo bimolecular termination, the so-called 

persistent radicals, T, cannot terminate with each other but can only reversibly cross-

couple with the growing species. Thus, every act of radical termination is accompanied 

by the irreversible accumulation of T, whose concentration progressively increases with  

Scheme 1.2. Reversible radical trapping in SFRP 
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time. As the concentration of T increases with time, the concentration of radicals de-

creases in virtue of the equilibrium in Scheme 1.2, which becomes shifted toward the 

dormant species. The growing radicals predominantly react with T rather than with them-

selves, which results in a decrease of termination probability. In systems based on the 

PRE, a steady state of growing radicals is therefore established through the activation-

deactivation process but not through initiation-termination like in conventional FRP. If 

initiation is much faster than termination, simultaneous growth of all chains is essentially 

achieved. 

It is worth noting that a stoichiometric amount of the mediating species is required 

in these systems because all of the propagating chains require an end-group. 

1.1.2 Atom transfer radical polymerization (ATRP) 

In 1995, Matyjaszewki5 and Sawamoto6 independently reported the atom transfer radical 

polymerization (ATRP) of methyl methacrylate (MMA), giving rise to the most used 

technique in the field of the RDRP. In ATRP, the deactivation of radicals involves re-

versible atom transfer (or reversible group transfer) catalyzed usually, though not exclu-

sively, by redox active transition-metal complexes (Scheme 1.3). A metal complex in a 

low oxidation state reacts with a dormant species bearing a C−X bond (either the macro-

molecular chain Pn−X or an alkyl halide initiator R−X) to produce the propagating radi-

cals and the oxidized metal complex coordinated by the halogen atom. As in SFRP, the 

equilibrium between dormant and active states is shifted toward the left, allowing a low 

concentration of Pn
• and the consequent suppression of the termination reactions. This 

mechanism also relies on the persistent radical effect, but in this case, the deactivating 

complex Mtn+1Xm+1/L is accumulated (L = ligand). Since the dormant species are capped 

by halogen atoms transferred by the metal catalyst, sub-stoichiometric amounts of metal 

complex can be used. 

Scheme 1.3. General mechanism of ATRP 
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A fundamental requirement of the catalyst is the reversible activation of a dormant 

species with a terminal carbon-halogen bond, which involves one electron oxidation of 

the metal associated with an abstraction of a halogen atom. Thus, the metal catalyst should 

allow formation of at least two oxidation states separated by a single electron transfer. 

Moreover, the complex should have good halogen affinity. The activation step formally 

corresponds to a dissociative “one electron transfer” from the catalyst to a dormant chain 

end, with the formation of a radical and a X– fragment, which is coordinated by the oxi-

dized metal. Thus, a good activator bears a high electron density on the metal center. For 

these aspects, late transition metals in a lower valence state are generally favorable, alt-

hough some early transition metals have also been employed. Examples include Ru, Cu, 

Fe, Ni, Mo, Mn, Os, Co, etc. The most used catalyst is undoubtedly the CuI/CuII redox 

couple. Copper ATRP, the topic of this thesis, is thoroughly discussed in Chapter 2. 

1.1.3 Degenerative transfer radical polymerization (DTRP) 

The process in Scheme 1.4 is known as degenerative transfer radical polymerization 

(DTRP) and is based on a thermodynamically neutral bimolecular exchange between a 

low concentration of growing radical chains (P•) and a dormant species (P-X).7 The ex-

change occurs via the chain transfer agent (X), which may be an atom or a group in quan-

titative amount with respect to the number of growing species. In degenerative transfer 

(DT) processes, control is obtained because growth probability is shared among all poly-

mer chains, through the fast and neutral (KDTRP ≈ 1) equilibrium in Scheme 1.4. Relevant 

examples of chain transfer agent (X) include alkyl iodides, organotelluriums, organos-

tibines and organobismuthines. Addition-fragmentation chemistry also utilizes the degen-

erative transfer process, the most relevant example being reversible addition-fragmenta-

tion chain transfer (RAFT), which is discussed in Section 1.2.2. RAFT polymerization is 

also termed macromolecular architecture design by interchange of xanthates (MADIX), 

when these are used as chain transfer agents.8 

Scheme 1.4. General mechanism of degenerative transfer radical polymerization 
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DTRP exchange system is different from the first two processes shown in Scheme 1.2 

and 1.3, because DT does not involve a persistent radical and the kinetics and rate of 

polymerization are therefore similar to a conventional radical polymerization. The 

polymerization rate is proportional to the square root of the concentration of the radical 

initiator, rather than the concentration of the transfer agent, and the exchange process 

usually takes place through short-lived intermediate species.9 

1.2 Relevant RDRPs 

1.2.1 Nitroxide mediated polymerization (NMP) 

The most relevant example of SFRP (Scheme 1.2) is nitroxide mediated radical polymer-

ization (NMP), one of the first reported controlled radical polymerizations.10 Polystyrene 

was prepared with a narrow molecular weight distribution by using a nitroxide stable 

radical (TEMPO, 2,2,6,6-Tetramethyl-1-piperidinyloxy) as trapping agent and dibenzoyl 

peroxide as initiator.11 NMP is based on the reversible homolytic cleavage of a C−O bond 

to generate a growing radical and a non-reactive species (the persistent nitroxide radical). 

This species should not react with radicals of the same kind, or with monomers to initiate 

the growth of new chains, or with any other species in side reactions such as the abstrac-

tion of β-H atoms; it should react reversibly only with the growing radical. In particular, 

electron transfer between T and Pn
• should be negligible. 

Three parameters of the nitroxide radical are critical for a successful NMP: (i) the 

activation/deactivation ratio with the propagating radical; (ii) the intrinsic stability of the 

nitroxide radical in the polymerization conditions; (iii) solubility in the reaction environ-

ment. For these reasons, several new nitroxide mediators have been reported, providing 

a range of C−O bond strengths, better control over the side reactions and solubility ex-

tended also to aqueous environment (Scheme 1.5). 

Scheme 1.5. Structures of common nitroxide compounds used as trapping agents 

(T•) in NMP 
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TEMPO and its derivatives form alkoxyamines with relatively strong covalent bonds, 

resulting in very low equilibrium constants (KNMP = kact/kdeact = 2.0×10-11 at 120 °C for 

polystyrene, PS),12 and therefore require high polymerization temperatures. Alkoxy-

amines derived from nitroxide radicals containing a H atom in the α-C, such as SG1 and 

TIPNO, are much more labile than those of TEMPO, undergoing fast decomposition to 

alkyl and nitroxide radicals (KNMP = 6×10-9 at 120 °C for PS). Also, compounds like SG1 

have good solubility in aqueous media, and were used for the polymerization of acryla-

mide13 and 2-(diethylamino)ethyl methacrylate14 in water. 

Typically, nitroxide radicals in NMP are employed together with common radical 

initiators, used at nearly stoichiometric amounts. Alternatively, alkoxyamines can be used 

as both initiators and control agents. 

The range of monomers polymerizable by NMP includes styrene, various acrylates, 

acrylamides, dienes, and acrylonitrile. Monomers forming less stable radicals such as vi-

nyl acetate have not yet been successfully polymerized via NMP because of too low equi-

librium constant. In addition, disubstituted alkenes such as methacrylates that form more 

sterically hindered tertiary radicals show difficulties in control by NMP owing to very 

slow deactivation and/or a tendency to heterolytic dissociation.15 

1.2.2 Reversible-addition-fragmentation chain-transfer polymerization (RAFT) 

In 1998, Rizzardo et al. patented reversible addition-fragmentation chain transfer 

polymerization (RAFT).16 An unsaturated compound acts as a chain transfer agent (CTA) 

through a two-step addition-fragmentation mechanism (Scheme 1.6). A traditional radical 

initiator (e.g. azobisisobutyronitrile) provides radicals. In the RAFT pre-equilibrium, an 

exchange reaction between a propagating radical chain and a chain transfer agent releases 

a second radical R•, which continues the propagation reaction. During the main RAFT 

equilibrium, two different polymer chains, Pn and Pm, undergo exchange. 

RAFT polymerization, carried out by thiocarbonylthio (or similar) chain transfer 

agents is one of the most versatile methods of controlled radical polymerization, because 

it is tolerant of a very wide range of functionalities in the monomer and solvent, including 

aqueous solutions. Monomers include (meth)acrylates, (meth)acrylamides, meth(acrylic) 

acids, acid chlorides, acrylonitrile, styrene and derivatives, butadiene, vinyl acetate and 

N-vinylpyrrolidone. 
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Scheme 1.6. Pre-equilibrium in reversible addition-fragmentation chain transfer 

polymerization (in the main equilibrium, R = Pm). 

 

Generally, a CTA molecule is characterized by the presence of three groups: X, A 

and Z. Usually, both X and A are sulfur atoms. The Z group affects the stability of the 

S=C bond and the radical adduct (Pn-S-C•(Z)-S-R). This in turn affects equilibrium posi-

tion and rates of the elementary reactions in the pre- and main-equilibrium. R• should be 

more stable than Pn
•, so that it can be readily formed from the radical intermediate and 

efficiently initiate the polymerization (pre-equilibrium should be shifted toward the right, 

in order to ensure a fast activation). However, R• should be unstable enough to effectively 

add monomers and initiate growth of a new polymer chain (ideally faster than Pn
•). As 

such, a RAFT agent must be designed with consideration of the monomer and tempera-

ture, since both these parameters strongly influence the kinetics and thermodynamics of 

the equilibrium. For example, strongly stabilizing Z groups such as Ph are efficient for 

the polymerization of styrene and methacrylates, whereas they retard polymerization of 

acrylates and inhibit reaction of vinyl esters. On the other hand, very weakly stabilizing 

groups, such as –NR2 in dithiocarbamates or –OR in xanthates, are good for vinyl esters 

but less efficient for styrene. Thus, the proper choice of the Z substituent can dramatically 

enhance the reactivity of the CTA compounds. 

1.2.3 Organometallic-mediated radical polymerization (OMRP) 

Organometallic-mediated radical polymerization (OMRP) is the most recent of the RDRP 

techniques here discussed. In OMRP, the deactivation of the radicals involves reversible 

homolytic cleavage of a weak bond between an alkyl group and a transition metal. OMRP 

can proceed either via radical trapping, RT, or via degenerative transfer, DT (Scheme 

1.7). 

RT OMRP is initiated by using conventional radical initiators (e.g. peroxides or az-

obenzenes) with a redox-active metal compound, or by utilizing a complex containing a 

pre-formed metal–carbon bond. The growing radical-terminated chain exists in equilib-

rium with the dormant species,  which in the case of  RT OMRP  is metal-terminated.  A  
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Scheme 1.7. Radical trapping and Degenerative transfer in OMRP. 

 

low concentration of radical species present at any one time allows control over the mo-

lecular weight and molecular-weight dispersity. The free radical initiator decomposes ho-

molytically to release carbon-based radicals, which can either enter the propagation stage 

or react reversibly with the transition metal complex to form new dormant species with a 

weak metal–carbon bond. 

OMRP may also proceed through a degenerative transfer process. In this case, the 

rate of polymerization is negligible until the amount of produced radicals exceeds the 

concentration of the initial metal species, because radicals formed from the initiation pro-

cess firstly react with the metal complex to form the dormant organometallic species, (i, 

Scheme 1.7). For this reason, DT OMRP reactions are often characterized by long induc-

tion periods. An associative exchange then takes place, with an active radical, R•, replac-

ing the metal-bound radical of the dormant species, starting the main reaction equilibrium, 

(ii). Reactions are often quenched by the addition of a protic solvent such as methanol, 

which can hydrolyze the metal–carbon bonds and yield polymer chains with saturated 

end-groups. 

With judicious choice of metal center and careful ligand design, metal–carbon bond 

strengths possess great tunability. By exploiting the steric effects of the ligand coordina-

tion sphere, it should be possible to adjust the metal–carbon bond strengths to suit any 

monomer. This will allow the controlled polymerization of a wide variety of monomers 

and promote the production of copolymers and advanced polymer architectures. 
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1.3 Comparison of the most relevant RDRPs 

ATRP, RAFT and NMP are the most widely used techniques in the field of CRP. As 

qualitatively outlined in Figure 1.1, each technique has advantages and drawbacks in 

comparison to the others, as applied to the synthesis of low molecular weight (LMW) and 

high molecular weight polymers (HMW), range of polymerizable monomers (Mon. 

Range), preparation of block copolymers (Blocks), end-functional polymers (End Funct.), 

Hybrids, aqueous systems (Water) and some environmental issues (Env.).17 

 ATRP
 RAFT
 NMP

Hybrids

Env.

Water Mon. Range

HMW

Blocks

End Funct.

LMW

 

Figure 1.1. Comparative advantages of ATRP, RAFT and NMP. 

ATRP is a catalytic process, whereas NMP and RAFT require stoichiometric 

amounts of the mediator to the macromolecular chains. All three methods require purifi-

cation of the final polymer; however, ATRP and RAFT are more sensitive to this issue 

due to toxicity and colors of the mediators, and even unpleasant odor in the case of dithi-

oesters. RAFT and NMP agents are often time consuming to synthetize, and each agent 

is typically useful only for a limited number of monomers. On the other hand, most of 

ATRP catalysts and initiators are commercially available. 

Contrary to ATRP, RAFT and NMP do not require use of transition metals. Recently, 

the development of metal-free ATRP catalysis opened a new avenue to reduce environ-

mental impact of this technique, especially for applications in fine electronic or biomed-

ical systems. The definition of the mechanism of metal-free ATRP is a topic of this thesis, 

and this technique is presented in the next chapter. 

Chain end functionality is a key feature of controlled radical polymerizations. The 

possibility to introduce specific functionality through post-polymerization reactions de-

pends on the chemistry of the macromolecular chain end, i.e. the alkoxyamine function 

for NMP, the C−X bond for ATRP and the C−S bond for RAFT. From this standpoint, 
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ATRP has undoubtedly many advantages due to the well-known C−X chemistry, provid-

ing several routes for the halogen displacement like electrophilic or nucleophilic substi-

tutions, and radical reactions. 

Regarding the capability to polymerize various types of monomers, RAFT seems to 

be the best methodology. Indeed, NMP has some limitations with disubstituted alkenes 

such as methacrylates, whereas ATRP currently cannot polymerize non-activated mono-

mers such as vinyl acetate and N-vinylpyrrolidone, because of poor reactivity of the cor-

responding dormant species. Coordinating monomers would require the development of 

new catalysts that can strongly bond halide ions. In addition, ATRP has some problems 

in the polymerization of acidic monomers (e.g. protonation of the ligand). The first suc-

cessful atom transfer radical polymerization of both acrylic and methacrylic acid was ob-

tain during this thesis work, and is described in chapter 5. 

RDRP in water has traditionally been a challenge. Relatively few examples exist of 

NMP in water or protic media. In water, solubility and hydrolysis of RAFT dithiocarbonyl 

agents are a concern. Chain transfer agents are also incompatible with primary and sec-

ondary amines, thiols and reducing agents. ATRP in water typically requires high con-

centration of catalyst (ca. 10,000 ppm). Up to now, a general lack of understanding of the 

detailed ATRP mechanism in water prevented precise and rational optimization of reac-

tion conditions. This is an important topic of this thesis and is discussed in more depth in 

Chapter 2 (Section 2.1.2).
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Chapter 2  

Atom Transfer Radical Polymerization  
Equation Chapter 2 Section 1 

Atom transfer radical polymerization (ATRP) is the most often used technique in the field 

of controlled radical polymerization. This method is used in both academia and industry 

to design complex and rationally engineered macromolecules. Synthetic polymers can be 

prepared with chains displaying unrivaled uniformity (Ð < 1.5), predefined molecular 

weight, controlled topology, and precisely selected end groups (Figure 2.1). Individual 

macromolecules can be prepared in the shapes of stars, combs, bottlebrushes, and rings 

or as networks with well-defined mesh size. The composition of individual copolymer 

chains can follow certain statistics, or change periodically, in a smooth gradient fashion 

or abruptly, as in block copolymers that can spontaneously phase-separate into various 

predefined nanostructured morphologies. Useful functionalities can be precisely incorpo-

rated into macromolecules by modifying either the end group, or reactive moieties at the 

center, or other specifically selected positions, to provide targeted properties. The recent 

improvements in the ATRP catalysts system, summarized in this chapter, helped moving  

 

Figure 2.1. From top to bottom, examples of polymers with controlled topology, composition and 

position of the functional groups. 
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this polymerization technique to commercialization, as several polymers produced by this 

technique found applications in fields as diverse as coatings and adhesives, electronics, 

medicine and cosmetics, environment, and countless others. 

2.1 The mechanism of copper-based ATRP 

ATRP is usually catalyzed by a copper-amine complex, through a reversible equilibrium 

that involves the activator complex [CuIL]+ (L = amine ligand) and the deactivator [X-

CuIIL]+ (X = Cl, Br; Scheme 2.1).1 Usually, KATRP << 1, so that the concentration of 

propagating species in the dormant state  (Pn–X)  is  significantly  higher  than  the  con-

centration of active radicals ( •
nP

C  between 10-9 and 10-7 M), in order to minimize the 

occurrence of termination reactions and promote concurrent growth of all polymer chains. 

Once a radical is generated, it typically adds only few monomer units before being quickly 

deactivated. 

Scheme 2.1. General Mechanism of ATRP 

 

The rate of an ATRP depends on the rate constant of radical propagation (kp) and on 

the concentrations of monomer and growing radicals. The radical concentration depends 

on the ATRP equilibrium constant and the concentration of dormant species, activators, 

and deactivators, as shown in eq. 2.1. 

I

II

[Cu L]act
p p M p M RXR

deact [X-Cu L]

Ck
R k C C k C C

k C







   (2.1) 

The structure of the ligand and monomer/dormant species as well as reaction condi-

tions (solvent, temperature, and pressure) can strongly influence the values of the rate 

constants, kact and kdeact, and their ratio, KATRP (see Section 2.1.2).2 Generally, the overall 

rate of ATRP increases with catalyst activity (KATRP), although under certain conditions 

it may decrease because of radical termination leading to a decrease of the 

[CuIL]+/[X−CuII/L]+ ratio as a consequence of a buildup of the concentration of deactiva-

tor via the persistent radical effect.3 
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2.1.1 ISET vs. OSET 

ATRP is a radical-based process and radicals can be formed from dormant species by 

several pathways. Mechanistically, halogen atom transfer from an alkyl halide to a CuI 

complex can occur via either outer-sphere electron transfer (OSET) or inner-sphere elec-

tron transfer (ISET), i.e., atom transfer passing through a Cu−X−C transition state, which 

is formally also a single electron transfer process. According to Marcus analysis of elec-

tron transfer processes, OSET has an energy barrier ∼15 kcal/mol higher than what is 

experimentally measured, i.e., OSET is ∼1010 times slower than ISET.4 The differences 

are much greater than any computational or experimental errors, and consequently, it 

must be concluded that a copper-catalyzed ATRP occurs via concerted homolytic disso-

ciation of the alkyl halide via ISET, i.e., an atom transfer process. 

2.1.2 ATRP catalytic system 

Equilibrium constants in ATRP depend on the structure of the catalysts and alkyl halides 

(i.e., initiators and monomer) and on the reaction medium. Generally, ATRP equilibrium 

(KATRP) and activation (kact) constants increase strongly with solvent polarity, by stabili-

zation of more polar CuII species, and with temperature. Deactivation rate constants are 

usually very high and may approach diffusion-controlled limits (kdeact > 106 M−1 s−1). They 

are less influenced by the structure of the involved reagents than the activation rate con-

stants.2b Figure 2.2 illustrates variation of the values of kact with the ligand and alkyl halide 

structure, and variation of KATRP with solvent. 

Cu/L Complexes. The range of activity of ATRP catalyst complexes covers over 6 

orders of magnitude. The general order of Cu complex activity in ATRP for ligands is 

tetradentate (cyclic-bridged) > tetradentate (branched) > tetradentate (cyclic) > tridentate 

> tetradentate (linear) > bidentate ligands; i.e., complexes with tris(2-dimethylami-

noethyl)-amine (Me6TREN), and tris(2-pyridylmethyl)amine (TPMA) are among the 

most active, whereas 2,2′-bipyridine (bpy) forms the least active catalyst. The nature of 

nitrogen atoms in the ligands also plays a role in the activity of the Cu complexes and 

follows the order pyridine ≈ aliphatic amine > imine < aromatic amine. A two-carbon 

bridge between N atoms generates the most active complexes. The least active Cu com-

plexes (especially those based on bpy) show excellent control for the polymerization of 

highly reactive monomers that form stabilized propagating radicals. Instead, ligands that 

give more active complexes are suitable for less reactive monomers, or for ATRP with 
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low catalyst loadings5 (see Section 2.2). In ATRP, the dynamics of the exchange reactions 

may be even more important than the overall values of the equilibrium constants: radicals 

must be very quickly deactivated, and values of kdeact should be as large as possible. 

Figure 2.2. ATRP activation rate constants in CH3CN at 35 °C: (a) for ethyl 2-bromoisobutyrate 

with CuIBr in the presence of various ligands;2a (b-d) for various initiators with CuIX/PMDETA 

(X = Br or Cl).6 (e) ATRP equilibrium constants for the reaction between methyl 2-bromopropi-

onate and [CuIHMTETA]+. 7 Values underlined by a dashed line were extrapolated. 

Alkyl Halides. Reactivities of alkyl halides in ATRP depend on the structure of the 

alkyl group and transferable halogen. It is important to select a sufficiently reactive spe-

cies for an efficient ATRP initiation for polymerization of the selected monomer. Reac-

tivity of alkyl halides follows the order of 3° > 2° > 1°, in agreement with bond dissocia-

tion energy needed for homolytic bond cleavage. In addition, the values of KATRP increase 

with the addition of strong radical-stabilizing groups (aryl, carbonyl, ester, cyano) at-

tached to the carbon forming the C−X bond (Figure 2.2c). This is related to resonance 

stabilization as well as to polar and steric effects. The most active initiator is ethyl α-

bromophenylacetate, with combined activation effect of both benzyl and ester species. 

Alkyl halide reactivities follow the order I > Br > Cl. 
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Solvents. ATRP has been successfully carried out in a broad range of solvents, in-

cluding both common organic solvents and “greener” ones such as protic solvents (alco-

hols, water), supercritical CO2, ionic liquids. The properties of copper complexes in ionic 

liquids are discussed in Chapter 3 (Section 3.4). Solvents have much smaller effects on 

radical polymerization than on ionic polymerization. Nevertheless, ATRP equilibrium 

and rate constants are strongly influenced by the choice of the polymerization medium. 

The main reason is the less polar character of CuI complexes (which can be considered 

neutral if weakly coordinated by a halide ion) with respect to the cationic CuII complexes, 

which are strongly stabilized in more polar solvents. The difference is exacerbated in 

water, which is characterized by very large equilibrium constants, 10,000 times larger 

than in CH3CN. Too high KATRP can lead to excessive radical concentration and difficul-

ties in controlling the polymerization. Consequently, Cu mediated polymerizations in wa-

ter and protic media have traditionally been a challenge. Controlling ATRP in water is 

highly desirable because water is an inexpensive and environmentally friendly solvent, 

with high thermal capacity. In particular, any relevant polymerization involving a bio-

compatible moiety, such as formation of protein−polymer conjugates1 or other biohy-

brids,2 requires conducting the polymerization in an aqueous environment with a very 

limited monomer content. The design of optimized reaction conditions requires the 

knowledge of thermodynamic and kinetic information on the catalytic system, which cur-

rently are impossible to obtain for the most frequently used systems (very active Cu/L-

RX couples, or common polar solvents like water and DMSO; for example, all values 

underlined by a dashed line in Figure 2.2 were not directly measured). Chapter 3 describes 

a set of electrochemical methods for the determination of fast and very fast ATRP acti-

vation rate constants in water. 

Conditions should be adjusted from those applied in traditional organic solvents to 

account for higher kact and KATRP, lower complex stability that may lead to disproportion-

ation and potential hydrolysis of CuII−X and Pn−X bonds. The detailed mechanism of 

aqueous ATRP and the relative importance of potential side reactions are still unknown. 

For this reason, extensive application of ATRP in water is so far limited and, as a conse-

quence, no relevant commercial applications of aqueous ATRP are available. Detailed 

investigation of the catalytic system in water and the strategies implemented to overcome 

some of the challenges of aqueous ATRP are described in Chapter 4. 
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2.2 ATRP with low catalyst loadings 

In traditional ATRP, relatively large amounts of catalyst were used, often comparable to 

the amount of the initiator. Although very active ATRP catalysts were developed, they 

could not be used at very low concentrations because in ATRP, as in any other radical 

polymerization, radical termination occurs, leading to irreversible accumulation of the 

deactivator, [X-CuIIL]+, at the expense of the activating complex, [CuIL]+, due to the per-

sistent radical effect. Consequently, when all the activator is irreversibly transformed to 

deactivator, which can happen at low monomer conversion, the reaction stops. However, 

the rate of ATRP depends only upon the ratio of activator and deactivator concentrations 

but not upon their absolute concentrations (eq. 2.1). If that ratio could be kept constant 

throughout the polymerization, the ATRP rate should remain high. To reach this goal, an 

additional redox cycle was employed that converted the higher-oxidation-state deactiva-

tor complex, formed during termination events, to the lower-oxidation-state activator 

(Scheme 2.2). In the presence of reducing agents (or of a reduction process), ATRP could 

be successfully conducted to high monomer conversion at very low (often single-digit 

ppm) amounts of catalyst. 

Scheme 2.2. ATRP with low catalyst loadings. 

 

2.2.1 ARGET, SARA and ICAR ATRP systems 

In activator regenerated by electron transfer (ARGET) ATRP, a small amount of catalyst 

is continuously regenerated by a reducing agent. ARGET is a “green” procedure that uses 

ppm amounts of the catalyst in the presence of appropriate reducing agents such as tin(II) 

2-ethylhexanoate (Sn(EH)2), glucose, ascorbic acid, phenol, hydrazine, phenylhydrazine, 

excess inexpensive ligands, nitrogen-containing monomers, or zerovalent metals. Typi-

cally, highly active copper complexes are employed to account for the lower amount of 

catalyst. To provide the required reduction rate and appropriate concentration of radicals, 
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mild reducing agents or controlled continuous dosing of more active agents are used. 

Since the reducing agents allow starting an ATRP with the oxidatively stable CuII species, 

the reducing/reactivating cycle can be also employed to eliminate air, or other radical 

traps, from the system. For example, styrene was polymerized with only 5 ppm of 

CuCl2/Me6TREN catalyst, and by adding 500 ppm of Sn(EH)2 to the reaction mixture, 

resulting in preparation of a polystyrene with Mn = 12 500 (Mn,th = 12 600) and Mw/Mn = 

1.28 without removal of inhibitors or deoxygenation.8 An additional advantage of AR-

GET ATRP is that catalyst induced side reactions are reduced (as for example catalytic 

termination).9 Therefore, it is possible to prepare copolymers with higher molecular 

weight while retaining chain end functionality. 

Metals such as Cu, Fe, Mg, or Zn can also be used as the reducing agent for [X-

CuIIL]+ species.10 In addition to acting as a reducing agent, they can act as supplemental 

activators by a direct reaction with alkyl halides, therefore in this case the process is 

termed SARA ATRP (supplemental activators and reducing agent ATRP). However, 

transition metal complexes other than Cu or Fe are generally relatively poor deactivators. 

ATRP with Cu0 can be considered as a special case because, in the presence of ligand, it 

produces in situ the efficient activating/deactivating species (CuI/CuII). 

In ICAR ATRP, a source of organic free radicals is employed to continuously regen-

erate the CuI activator, which would otherwise be consumed in termination reactions, 

when catalysts are used at very low concentrations. Therefore, the reaction is driven to 

completion with addition of low concentrations of standard free radical initiators (e.g. 

azobisisobutyronitrile). ICAR can be seen as ARGET ATRP with reducing agents that 

are radicals. With this technique, controlled synthesis of polystyrene and poly(meth)acry-

lates (Mw/Mn < 1.2) can be conducted with catalyst concentrations between 5 and 50 ppm, 

levels at which removal or recycling of the catalyst complex could be avoided for some 

applications. The rate of ICAR ATRP is governed by the rate of decomposition of the 

added free radical initiator, as in RAFT, while the degree of control and the rate of deac-

tivation are controlled by KATRP, as in ATRP. Since the radical initiator could potentially 

lead to the initiation of new polymer chains, some applications of this technique are lim-

ited. 

A discussed in the next two sections, active catalyst regeneration can be also accom-

plished by physical means such as electrical current or light. The advantage of both of 



30  |  Chapter 2 – Atom Transfer Radical Polymerization 

these systems is that they can be fine-tuned by external stimuli (changing electrical po-

tential/current or light intensity/wavelength) and they usually produce less undesired side 

products. 

2.2.2 Electrochemically mediated ATRP 

In all ARGET, SARA and ICAR processes, reducing agents are oxidized, generating 

some side products: new chains in ICAR, metal halides in SARA, dehydroascorbic acid, 

and tin(IV) species, etc., in ARGET. These oxidized species might be more harmful than 

the original reducing agents. Therefore, it would be of interest to avoid using chemicals 

as reducing agents and replace them by electrons, specifically electrical current. This is 

the concept of the latest developed low-ppm technique, electrochemically mediated 

ATRP (eATRP), in which the ratio of the concentrations of activator and deactivator is 

controlled by the potential applied at the working electrode (Eapp).11 

      

Figure 2.3. (a) Mechanism of electrochemically mediated ATRP. (b) Conversion (solid circles) 

and applied potential (dashed line) with respect to time, in methyl acrylate polymerization. 

Several parameters, such as applied current, potential, and total charge passed, can be 

controlled in eATRP to allow selection of the desired concentration of the redox-active 

catalytic species. The mechanism of ATRP mediated through electrochemical control 

over the ratio of CuI/CuII and (re)generation of activator is shown in Figure 2.3a. A tar-

geted amount of the air-stable CuII/L catalyst complex can be electrochemically reduced 

to CuI/L activator to start a controlled polymerization. The rate of eATRP can be con-

trolled by changing the applied potential (Eapp). In proximity of the electrode surface, the 

Nernst equation is usually considered valid: 

II

I

Cu
app 1/2

Cu

ln
CRT

E E
nF C

   
(2.2) 
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where E1/2 is the half-wave potential of the copper catalyst. In the absence of mass 

transport limitations, the rate of reduction is directly dictated by the applied potential 

(Eapp), enabling fine-tuning the polymerization rate by the generated ratio of CCuI/CCuII (a 

more negative potential induces an increase in the CCuI/CCuII ratio, resulting in a faster rate 

of polymerization). 

Exploiting the same principle, electrochemistry also permits a lower oxidation state 

catalyst (CuI/L) to be reverted back to its original higher oxidation state by simply shifting 

Eapp to more positive values. Therefore, the procedure provides a means to rapidly deac-

tivate an ongoing polymerization, essentially quickly changing between “on” and “off” 

polymerization states (Figure 2.3b). Monomer conversion quickly stops when an appro-

priate positive potential is applied. The polymerization is started again when Eapp is 

shifted to more negative values. Usually, no change in the “livingness” of the formed 

polymer is observed during the enforced dormant state. 

One of the limits of eATRP is that it usually requires working electrodes made of Pt, 

an expensive, rare and non-functionalizable metal. The use of alternative cathodic mate-

rials (based on carbon or non-noble metals and alloys) in eATRP was investigated as 

presented in Chapter 6. 

2.2.3 Photochemically mediated ATRP 

Cu-based systems. Light has been used to mediate copper ATRP under various condi-

tions, in the presence of radical photoinitiators, by direct breaking of the alkyl-halogen 

bond and also by photoreduction of the CuII/L species. This latter case is of special inter-

est. In Cu-based ATRP, several species can absorb in the UV-visible region. Such species 

can participate in a photoreduction process (with generation of radicals) alone or in a 

combination with other reagents.12 The dominant mode of CuI/L activator (re)generation 

(>90%) is the photochemically mediated reduction of CuII complexes by electron donors. 

Simple addition of triethylamine or an excess of Me6TREN or TPMA ligand provides 

free amines that can serve as electron donors. CuII/L species absorb strongly in UV/VIS 

and the excited species are reduced to CuI/L species and, concurrently, free amines are 

oxidized to the corresponding radical cation, which can initiate a new chain after proton 

transfer (Scheme 2.2). 

Photoredox systems. In 2012, Hawker et al. reported an ATRP process mediated by 

photoredox catalysts13 (Scheme 2.3), not requiring traditional Cu-based catalysts. In this 
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case, the excited Cat* would reduce an alkyl bromide initiator to give the desired alkyl 

radical, which could initiate polymerization of the monomer. In particular, the use of the 

photocatalyst 10-phenylphenothiazine (Cat = Ph-PTZ) allowed overcoming the challenge 

of metal contamination in traditional ATRP systems, which was limiting some applica-

tions in microelectronics or biomaterials.14 The process retained many characteristics of 

traditional ATRP procedures, including accurate control over molecular weight, low dis-

persity, and high retention of C–X chain end functionality. This allowed a variety of block 

copolymers to be prepared in a sequential manner as well as in combination with other 

ATRP processes. 

Scheme 2.3. Proposed simplified mechanism of photo-mediated ATRP with fac-

[Ir(ppy)3] or 10-phenylphenothiazine as catalyst. 

             

N

S

N

Ir
NN

fac-[Ir(ppy)3] Ph-PTZ
 

The most advantageous aspect of these systems, which also distinguishes them from 

traditional Cu-mediated ATRP methods, is the ability to reversibly activate or deactivate 

the polymerization with visible light. Specifically, when light is removed from this reac-

tion no Cat* will be present, and the polymerization will rest at the dormant, and stable, 

bromine chain-terminated species. Nevertheless, the detailed mechanism of this process 

is still unknown, especially regarding the deactivation of the growing radicals, and studies 

about these aspects are explained in Chapter 7. 

2.3 Scope and organization of the Ph.D. thesis 

The aim of this Ph.D. project is to investigate some of the current most important issues 

of ATRP, with the purpose of expanding the limits of control. Electrochemical methods 

are the principal tools used. They are well suitable for the investigation of the ATRP 

catalytic system, which involves an electron transfer between copper species (or organic 

photocatalysts) and alkyl halides. Fundamental kinetic and thermodynamic aspects were 

investigated, with particular attention paid to the reaction in water. The obtained results 
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had some important implications from both mechanistic and synthetic standpoints, and 

overall allowed to expand the scope of ATRP polymerization. 

The Ph.D. project is presented as follows: 

- Chapter 3 introduces a set of electrochemical methods developed to determine 

ATRP activation rate constants of fast reactions in water (and organic solvents). 

In addition, the effect of the presence of monomer on the kinetics is analyzed. 

Correlations between ATRP kinetics (kact) and thermodynamics (KATRP) are pre-

sented. 

- In Chapter 4, the effect of pH on the redox properties of Cu/L complexes and the 

stability of the Cu-X bond are investigated in water. The obtained results allowed 

defining the limits of control of aqueous ATRP. Several well-controlled eATRPs 

were conducted, with the model monomer oligo(ethyleneoxide) methylether 

methacrylate (OEOMA). Conditions were optimized for the use of inexpensive 

PMDETA or very active Me6TREN ligands. The effect of the concentration and 

of the type (Cl–, Br–) of added halide ion is discussed. 

- Chapter 5 describes the ATRP of (meth)acrylic acid in water. First, the reason 

preventing the polymerization was investigated. The principle cause was found 

in cyclization of the chain end with the active halogen atom as leaving group. 

This allowed to introduce several simple but innovative approaches that led to 

successfully controlled polymerization of acid monomers by both eATRP and 

SARA ATRP. 

- In Chapter 6, the use of a set of different working electrodes in aqueous eATRP 

is described (carbon material and non-noble metals). Several challenges had to 

be faced, especially regarding the reactivity of the metals in water (e.g. corrosion, 

side reaction with initiator RX). 

- In Chapter 7, several metal-free ATRP catalysts were investigated by cyclic volt-

ammetry, which proved to be a reliable technique for the screening of organic 

molecules as potential useful photoredox catalysts. Moreover, a detailed kinetic 

investigation by means of Marcus theory for electron transfer (and its successive 

developments) allowed to understand the mechanism of both metal-free ATRP 

activation and deactivation processes. 
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Chapter 3  

Electrochemical Determination of ATRP 

Activation Rate Constants 

Considering the ATRP equilibrium constant, defined as KATRP = kact/kdeact, it has been 

shown that the deactivation rate constant, kdeact, is much less sensitive to the molecular 

structures of both catalyst and initiator (RX) than the activation rate constant, kact.1 Con-

sequently, kact is the main indicator of the activity of the catalyst/initiator couple and can 

be used alone to obtain a rough estimate of the order of magnitude of KATRP. The equilib-

rium constant can be used to relate the rate of polymerization, Rp, to the concentration of 

the propagating radicals: 

I

II

Cu
p p M p ATRP M RXR

Cu

C
R k C C k K C C

C
   (3.1) 

Therefore, information on kact values is important to understand the ATRP process 

and for easy choice of the most appropriate experimental conditions. For example, 

knowledge of kact values permits the construction of structure-reactivity relationships al-

lowing a rational choice of the best catalyst/initiator couple for a specific polymerization 

system. Indeed, since some initiators mimic the dormant chain ends (e.g. PhCH2X for 

polystyrene, CH3CH(X)CO2CH3 for methyl acrylate, CH3CH(X)CN for acrylonitrile, 

etc.), these data are relevant for the characterization of the activation step during the 

whole course of the polymerization. In this context, the effect of the chain length is con-

sidered to be rather weak as previously shown by Fukuda and Goto.2 

Recently, several efficient methods have been developed for the generation and re-

generation of the active CuI catalyst. Knowledge of kact allows the choice of the best 

methodology for any polymerization system. Catalytic systems with low to moderate ac-

tivity are suitable for the direct ATRP method, where CuI is directly injected in the reac-

tion mixture. More active systems can be employed at a low catalyst concentration, pro-

vided that the active CuI species are efficiently generated (and regenerated).3 
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It has to be noted that a considerable number of activation rate constants have been 

already reported in the literature. However, the employed methodologies (GC or LC chro-

matography,4 spectrophotometry,5 NMR6) were suitable only for the characterization of 

slow reactions. Therefore, most of the published data for the most active and successful 

catalysts (namely, [CuIPMDETA]+, [CuITPMA]+ and [CuIMe6TREN]+) were estimated 

with predictive correlations that have never been verified. More precisely, these correla-

tions are based on the assumption that the kact ratio of two different alkyl halides (e.g. 

1 2act,RX act,RX/k k ) is maintained by changing the nature of the CuI complex, which is hardly 

sustainable considering the inner-sphere nature of the ATRP mechanism.7 Current avail-

able methodologies are not suitable for kinetic investigations on reactions involving the 

most used and/or newly developed active catalysts such as copper ligated by Me6TREN, 

TPMA* and analogues8, Me4Cyclam and bridged Cyclam9, etc., and several very reactive 

initiators. Moreover, polar solvents, such as DMSO and water, which are recently draw-

ing a feverish interest in the field of ATRP, present extremely high activation rate con-

stants10 that cannot be measured by the traditional techniques. 

Scheme 3.1. Structures of the investigated copper ligands, initiators and monomers. 

  

A collection of electrochemical methods suitable for the determination of a wide 

range of kact values, including rate constants of extremely fast reactions with kact even 

approaching the diffusion-controlled limit is described in this chapter. Although applica-

tion of some of these methods to kinetic analysis of ATRP systems has already appeared 

in the literature,10,11 we provide here a brief description of all methods and show their 

application for the determination of kact of an extensive set of reactions involving three 
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[CuIL]+ complexes (L = Me6TREN, TPMA and PMDETA, Scheme 3.1) and three initia-

tors in aqueous solutions (Scheme 2c). Moreover, the effect of the presence of monomer 

in water was investigated. The data collected for each catalyst/initiators were then used 

to build structure-reactivity correlations. 

3.1 Electrochemical techniques for kact determination 

3.1.1 Hydrodynamic chronoamperometry at a rotating disk electrode 

Determination of kact by monitoring the rate of disappearance of CuI by applying a fixed 

potential at a rotating disc electrode has already been described.12,13 Therefore, for the 

sake of completeness, we include in this section only a brief description of the method. 

Scheme 3.2 Mechanism of activation of RX by CuI in the presence of a nitroxyl 

radical, R′NO. 

 

To extract kinetic information from the ATRP equilibrium, the reaction must be made 

irreversible by conducting all experiments in the presence of a good radical scavenger 

such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), in a large excess with respect to 

[CuIL]+.14 The overall reaction is shown in Scheme 3.2. It is known that nitroxyl free 

radicals such as TEMPO rapidly react with alkyl radicals (kc ≈ 109 M-1s-1)15,16,17 to give 

relatively stable alkoxyamines.18 Since in these conditions reaction of the radical R with 

TEMPO is much faster than deactivation, the whole reaction becomes irreversible with 

the initial radical generation as rate-determining step. It is therefore possible to measure 

kact by monitoring the decrease of [CuIL]+ concentration with time. 

Since [CuIL]+ exhibits a well-defined anodic wave at the RDE (Figure 3.1a), the lim-

iting current, IL, due to oxidation of CuI can be used to monitor L][CuIC during the reaction 

of an initiator RX with a CuI complex. The limiting current is related to L][CuIC  by the 

Levich equation:19 
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L][Cu

6/12/13/2
L I62.0 CnFADI   (3.2) 

where n is the number of exchanged electrons, F is the faraday constant, D is the diffusion 

coefficient of [CuIL]+, A is the area of the electrode and  is the kinematic viscosity.  

If equimolar quantities of CuI and RX are used, i.e., 0
L][Cu I C = 0

RXC , the kinetic anal-

ysis of the system under second-order conditions leads to: 

tk
CC act0

L][CuL][Cu II

11




 (3.3) 

If on the other hand o
RXC  >> I

o
[Cu L]C  , pseudo-first order conditions are established and 

the rate law becomes: 

tkCC 'lnln 0
L]Cu[L]Cu[ II    (3.4) 

where k = kactC0
RX. 

From the experimental point of view, a solution of [CuIL]+ is prepared in an electro-

chemical cell complete with all electrodes, background electrolyte and a radical scaven-

ger, e.g., TEMPO. Then a constant potential in the plateau region of the oxidation wave 

of CuI is applied with recording of IL and immediately the initiator is injected. The output 

of the experiment is a decay curve for the oxidation current of CuI, but since IL is propor-

tional to L][CuIC , the curve represents the rate of disappearance of [CuIL]+. Elaboration 

of the data according to eq. 3.3 or eq. 3.4, depending on the experimental conditions, 

provides the rate constant, kact. Examples of linear plots based on eqs. 3.3 and 3.4 are 

reported in Figure 3.1. 

This technique is applicable in both water and organic solvents as long as Eapp is 

significantly more positive than E1/2 of all the relevant copper complexes present in solu-

tion. The application of hydrodynamic voltammetry is limited to the measurement of kact 

values below 5×103 M-1 s-1. If kact = 5×103 M-1 s-1 and C0
[CuIL]+ = C0

RX = 5×10-4 M, the 

half-life time of [CuIL]+ is 0.4 s, which is comparable with the mixing time under the best 

conditions, therefore preventing the possibility of obtaining reliable results. Thus, the up-

per limit of the RDE technique is typically kact < 2×103  5×103 M-1 s-1, depending on the 

particular conditions chosen or imposed by the system (e.g. CuI concentration, angular 

velocity ω, diffusion coefficients, solvent, viscosity, etc.). 
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Figure 3.1. a) Linear sweep voltammogram of 10-3 M [CuITPMA]+ in H2O + 0.1 M Et4NBF4 at 

RDE (ω = 2500 rpm). b) Variation of IL with time recorded at E = -0.2 V on RDE (ω = 2500 rpm) 

for the oxidation of 2.5×10-4 M [CuIL]+ in the presence of 2.5×10-4 M and 5×10-3 M TEMPO; 

inset: kinetic analysis according to a second-order rate law. 

3.1.2 Homogeneous redox catalysis in water 

Activation rate constants in aqueous media are very high with values well beyond the 

limit of the RDE technique. Fast reactions can be studied by transient voltammetric tech-

niques. The possibility of employing electrogenerated CuI species is easily achievable and 

allows to study fast reactions with rate constants even approaching the diffusion-con-

trolled limit. In homogeneous redox catalysis (HRC)20,21 the active form of a catalyst (e.g. 

CuI) is generated at the electrode. This species then reacts with the substrate (e.g. alkyl 

halide initiator) in a thin reaction layer adjacent to the electrode surface, whereby the 
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starting inactive form of the catalyst is regenerated. Diffusion of the latter back to the 

electrode and electron transfer to regenerate the active form of the catalyst start a new 

catalytic cycle, which produces a catalytic current in cyclic voltammetry. This catalytic 

current enhancement is a source of kinetic information on the reaction between the cata-

lyst and substrate (e.g. activation of RX by CuI). 

It has been recently shown that voltammetric reduction of CuII complexes in water, 

under ATRP conditions, triggers a catalytic process with remarkable current enhance-

ments for the reduction peak of CuII,10,22 suggesting that these systems are amenable to 

kinetic analysis according to the HRC approach. The reason for the establishment of re-

dox catalysis with peak current enhancement in aqueous ATRP is that all CuII species 

generated in the system are reducible at the reduction potential of the starting [CuIIL]2+ 

complex. In other words, Eo
[X˗CuIIL]+/[X˗CuIL] ≥ Eo

[CuIIL]2+/[CuIL]+ so that the deactivator is re-

duced to CuI as soon as it reaches the electrode. During the voltammetric reduction of 

[CuIIL]2+ to [CuIL]+ in water in the presence of RX, a series of reactions including acti-

vation of the alkyl halide and regeneration of [CuIL]+ by reduction of the ensuing deacti-

vator, [X˗CuIIL]+, should be considered. The following reactions occur: 

[CuIIL]2+  +  e‒      [CuIL]+ (3.5) 

[CuIL]+  +  RX      [X˗CuIIL]+  +  R (3.6) 

[X˗CuIIL]+     [CuIIL]2+  +  X‒ (3.7) 

[X˗CuIIL]+  +  e‒      [X˗CuIL] (3.8) 

[X˗CuIIL]+  +  [CuIL]+      [X˗CuIL]  +  [CuIIL]2+ (3.9) 

[X˗CuIL]      [CuIL]+  +  X‒ (3.10) 

R  +  R      R‒R (3.11) 

R  +  R′NO      R‒ONR′ (3.12) 

These reactions represent a catalytic cycle where [CuIL]+, the only species capable 

of activating RX,12 is continuously regenerated at the electrode. This catalytic cycle is 

better illustrated in Scheme 3.3 for electrochemically mediated activation of RBr by 

[CuIL]+. The [Br˗CuIIL]+ species arising from the activation reaction between RBr and 

[CuIL]+ has two possibilities. Since in water Eo
[CuIIL]2+/[CuIL]+ < Eo

[Br˗CuIIL]+/[Br˗CuIL],22b one 

possibility is fast reduction at the electrode (lower cycle in Scheme 3.3) or in solution by 

[CuIL]+ (for simplicity, not shown in Scheme 3.3). This will generate [Br˗CuIL] in equi-
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librium with [CuIL]+, which readily starts another cycle. The second possibility is disso-

ciation of [Br˗CuIIL]+ to [CuIIL]2+ and Br‒. The binding constant of Br‒ to [CuIIL]2+ is 

quite low (KBr ≈ 10),22b therefore only a small fraction of CuII is present in solution as 

[Br˗CuIIL]+, unless a large excess of Br‒ is used. 

Scheme 3.3. Mechanism of electrocatalytic activation of alkyl bromide by [CuIL]+ in 

aqueous media. 

 

Figure 3.2 shows cyclic voltammetry of [CuIITPMA]2+ in H2O + 0.1 M Et4NBF4, 

recorded in the absence and presence of oligoethyleneoxide bromopropionate (OEOBP). 

In the absence of RBr, the voltammetric response shows a peak couple at E1/2 = -0.348 V 

vs. SCE corresponding to a reversible 1e- reduction of [CuIITPMA]2+ to [CuITPMA]+ (eq. 

3.5). As RBr is added, a remarkable enhancement of the cathodic peak and a decrease up 

to disappearance of the anodic peak are observed, as expected for a catalytic system.23 

The effects of CRBr and scan rate (v) on the cyclic voltammetry of [CuIITPMA]2+ are 

shown in Figure 3.2. The peak current for the reduction of [CuIIL]2+ is enhanced by the 

homogenous catalytic cycle, therefore increasing CRBr enhances the catalytic effect, 

whereas increasing v has the opposite effect. Faster scan rates tend to suppress the con-

tribution of catalysis as the amount of catalyst regenerated through reactions in Scheme 

3.3 during the CV decreases with increasing v. As shown in Figure 3.2b, an increase of v 

leads to a decrease of the degree of catalysis, defined as Ip/Ip
0, where Ip

0 and Ip stand for 

the peak current of [CuIIL]2+ reduction measured in the absence and presence of initiator, 

respectively. 

The degree of catalysis Ip/Ip
0 is related to the ratio between the concentrations of 

initiator and catalyst,  = CRX/C[CuIIL]2+, and to a dimensionless kinetic parameter λ, de-

fined as: 
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Figure 3.2. Background subtracted CVs of 10-3 M [CuIITPMA]2+ in H2O + 0.1 M Et4NBF4, rec-

orded at a glassy carbon electrode: (a) in the absence and presence of OEOBP at different con-

centrations at v = 0.5 V s-1; (b) in the absence (dotted line) and presence (solid lines) of 5×10-3 M 

OEOBP at different scan rates. 

vF

CRTk 


2IIL][Cuact

λ  (3.13) 

Theoretical working curves relating the degree of catalysis with  can be constructed 

by digital simulation of the reaction sequence shown in eqs. 3.5-3.12. Digital simulation 

requires various thermodynamic and kinetic parameters, such as KATRP, association con-

stants of [CuIIL]2+ and [CuIL]+ with Br-, standard reduction potentials of copper catalysts, 

standard electron transfer rate constants, k°, and diffusion coefficients, D. Some of these 

parameters were measured during the Ph.D. work, whereas others were taken from the 

literature or estimated on the basis of literature data. For all radicals, coupling reactions 

(eqs 3.11 and 3.12) were considered to be very fast with rate constants k3.11 = 2.7×108 M-

1s-1 and k3.12 = 108 M-1 s˗1.15,16,17,22b The equilibrium constants of Br– association with 

[CuIIL]2+ and [CuIL]+ in water have recently been reported.22b We used these values for 

both pure water and aqueous solutions containing 18% monomer (w/w). Additionally, we 

assumed that the association/dissociation equilibria are fast so that they constitute condi-

tions of pre-equilibrium for the activation step. Therefore, we used a rate constant, kBr, of 

104 M-1s-1 for the reaction of Br- with both [CuIIL]2+ and [CuIL]+. Higher values of kBr did 

not affect the degree of catalysis. KATRP for the reaction between CuI complexes and 

HEBiB in water is in the range 0.05 – 0.80.22b KATRP values in water/monomer mixtures 

are not known, but are expected to be smaller than in pure water. The role of KATRP on 

the simulation was investigated and it was found that simulated CV responses are unaf-

fected provided that KATRP > 10-4. Since this limit is much smaller than the typical KATRP 
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values in aqueous media,22b the values reported for pure water were used in all aqueous 

solutions. 

Eo and k° of the complexes [CuIIL]2+ as well as the diffusion coefficients of all species 

were determined by cyclic voltammetry. Eo was measured as the half-sum of the anodic 

and cathodic peak potentials. The standard reduction potentials of the ternary complexes 

[X˗CuIIL]+ could not be measured, but since Eo
[X˗CuIIL]+/[X˗CuIL] ≥ Eo

[CuIIL]2+/[CuIL]+ the same 

values have been used for [CuIIL]2+ and [X-CuIIL]+. Diffusion coefficients of the com-

plexes were obtained from the cathodic peak current, Ipc, according to the following equa-

tion valid for a reversible electrode process: 

1/21/23/25
pc )10×(2.69 = vCADnI  (3.14) 

where n is the number of exchanged electrons, A is the area of the electrode and C is the 

bulk concentration of the CuII complex. The initiators HEBiB, OEOBP and NiPBPA give 

a single irreversible reduction peak in cyclic voltammetry (Figure 3) corresponding to 2e- 

reduction of the carbon-bromine bond to RH and Br-. The peak current can be used also 

in this case to calculate D from the following equation: 

1/21/21/25
pc )10×(2.99 = vCnADI   (3.15) 

where C is the bulk concentration of RX and  is the transfer coefficient, which also was 

determined from the peak characteristics according to known procedures.24 Table 3.1 

summarizes all thermodynamic and kinetic data determined from cyclic voltammetry for 

Cu complexes and initiators. 
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Figure 3.3. CVs of 10-3 M RX in H2O + 0.1 M Et4NBF4, recorded at a glassy carbon electrode at 

v = 0.2 V s-1. 
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Table 3.1. Data from cyclic voltammetry of [CuIIL]2+ and RX in H2O and in H2O + 

18 wt% monomer (OEOA or NiPAM). a 

Species Water Water/OEOA Water/NiPAM 

Eo b 

(V) 

106D 

(cm2/s) 

103k0  

(cm/s) 

Eo b 

(V) 

106D 

(cm2/s) 

103k0  

(cm/s) 

Eo b 

(V) 

106D 

(cm2/s) 

103k0  

(cm/s) 

[CuIITPMA]2+ -0.35 4.6 18 -0.18 0.98 3.1 -0.17 1.1 2.0 

[CuIIMe6TREN]2+ -0.40 2.0 10 -0.34 0.58 1.5 -0.33 0.91 1.0 

[CuIIPMDETA]2+ -0.37 2.0 10 -0.34 0.58 1.5 -0.33 0.91 1.0 

HEBiB -0.73c 6.0  -1.23 2.0     

OEOBP -0.81c 3.1  -1.11 0.58     

NiPBPA -1.34c 8.3     -1.57 3.2  
aData obtained at 25 °C, using 0.1 M Et4NBF4 as supporting electrolyte. bVersus saturated calomel 

electrode (SCE). cCathodic peak potential at v = 0.2 Vs-1. 

 

Figure 3.4. Fitting of the experimental values of Ip/Ip
0 (black dots) on the theoretical curves (red 

lines), for the system [CuIITPMA]2+/OEOBP in water at various II 2RX Cu ][ L
/C C   ratios. 

Theoretical curves were built specifically for every [CuIL]+/RX system at fixed ini-

tiator to catalyst ratios (γ), each γ value providing a single working curve relating the 

degree of catalysis to a kinetic parameter λ. An example for the system [CuIIT-

PMA]2+/OEOBP is presented in Figure 3.4, where experimental data obtained at different 

 values are compared with the corresponding theoretical curves to determine kact. 

The above described method, based on the occurrence of a homogeneous redox ca-

talysis in the presence of electrogenerated [CuIL]+, is applicable to a wide range of sys-

tems, including moderately fast to very fast reactions. Moreover, only one parameter, Ipc, 

is utilized from the CV. This technique is not very demanding in terms of quality of the 
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voltammetric response: systems characterized by noisy or not perfectly reversible CV 

give reproducible results, with kact values in good agreement with values determined by 

other techniques (within the experimental error, see later). On the other hand, this method 

is quite time-demanding as precise determination of kact requires the independent deter-

mination or estimation of a large number of thermodynamic and kinetic parameters nec-

essary for the digital simulation of cyclic voltammetry. The presence of a scavenger, such 

as TEMPO, is not necessary for very fast kinetics, where radical-radical termination is 

sufficient to obtain an irreversible activation reaction. 

3.1.3 CV under total catalysis 

In cyclic voltammetry, systems with homogenous catalysis sometimes exhibit unusual 

voltammetric pattern with splitting of the cathodic peak of the catalyst into two peaks. 

This occurs under particular conditions of extremely fast reaction between catalyst and 

substrate, combined with low substrate to catalyst ratio (low ) and low to moderate v, 

and is known as “total catalysis”.23 An example of a catalytic system with this peculiar 

behavior is [CuIITPMA]2+/HEBiB and its voltammetric pattern is shown in Figure 3.5. 

Peak splitting occurs because the reaction is very fast and since CRBr < C[CuIIL]2+, only a 

small fraction of the catalyst suffices for the complete catalytic reduction of RBr, giving 

a first irreversible peak at E > o

L][Cu/L][Cu I2II E  due to the extremely fast catalytic reduction 

of HEBiB. Since only a small fraction of the copper complex is involved in the catalytic 

process at the pre-peak, the remaining [CuIIL]2+ gives its reversible peak couple at its 

usual redox potential. Note that no radical scavenger was added to the system. The overall 

catalytic reduction of RX by CuI is made irreversible by radical-radical coupling (eq. 

3.11), which is very fast because all RX is converted to R in a thin reaction layer adjacent 

to the electrode. 

When a catalytic process is so efficient as to present a peak splitting, the position of the 

pre-peak can be used to determine the rate constant of the chemical reaction, according 

to the following equation relating the potential of the pre-peak, Ep, to a kinetic parame-

ter:25 




















vRBr

2

L]Cu[acto
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Figure 3.5. Cyclic voltammetry of 10-3 M [CuIITPMA]2+ recorded in H2O + 0.1 M Et4NBF4 at: 

(a) 0.05 V s-1 in the absence and presence of HEBiB with CHEBiB from 2×10-4 to 7×10-4 M; (b) 

different scan rates from 0.01 V s-1 to 0.1 V s-1 in the presence of 5×10-4 M HEBiB. Insets: varia-

tion of pre-peak potential, Ep, with logCHEBiB or logv. 

This equation allows to determine kact directly by cyclic voltammetry using Ep values 

measured at different initiator concentrations, CRBr, and/or different scan rates. The ef-

fects of CRBr and v on the voltammetric response of [CuIITPMA]2+ in the presence of 

HEBiB are illustrated in Figure 3.5. An increase of either CRBr or v results in an increase 

of the pre-peak, which also shifts to more negative potentials. As long as the total catalysis 

conditions are maintained, a plot of Ep vs log CRBr or log v should give a straight line with 

a slope of -30 mV decade-1. Straight lines with slopes -34 to -37 mV decade-1, which are 

only slightly more negative than the theoretical values predicted for a reversible electron 

transfer involved in a fast catalytic system, were found for the [CuIIL]2+/HEBiB system. 

Considering that the experimental Ep/logCRBr and Ep/logv slopes reasonably agree 

with the theoretical values, we used equation 3.16 to calculate kact, working at conditions 

that keep the system under the kinetic regime of total catalysis, that is, very low scan rates 

and low II 2+RBr [Cu L]
/C C . This yielded kact = 5.4×106 M-1 s-1. 

This voltammetric method is easy and fast to apply, but is quite stringent in that it 

demands quite clear and stable voltammetric responses of the complex. In addition, the 

aqueous system should be under the kinetic regime of total catalysis, which is the case 

only for kact > 106 and slow scan rates. On the other hand, this procedure can be straight-

forwardly applied to measure extremely high kact values, up to the diffusion controlled 

limit (~108–109 M-1 s-1). 
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3.1.4 Cyclic voltammetry with digital simulation 

Equation 3.16 is valid for a catalytic system involving a fast or nernstian electron transfer, 

followed by an irreversible chemical reaction. Strictly speaking neither of these condi-

tions apparently holds for the system discussed above, which involves a quasi-reversible 

electron transfer (k0 = 0.018 cm s-1) and a reversible activation reaction (KATRP = 0.18).22b 

Therefore, we decided to confirm the results by analyzing the whole voltammetric re-

sponse of the catalytic system [CuIITPMA]2+/HEBiB through digital simulation. Com-

paring experimental CVs with voltammograms obtained by digital simulation is a more 

rigorous method that allows to extract the kinetic parameter of interest (kact) without as-

sumptions on electron transfer kinetics and irreversibility of the activation step. The re-

action mechanism was set in agreement with equations 3.5-3.11 and CV was simulated 

using the previously defined thermodynamic and kinetic parameters. A comparison of 

some simulated cyclic voltammograms with experimental CVs is shown in Figure 3.6. 
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Figure 3.6. Comparison between experimental (lines) and simulated (circles) CVs of 10˗3 M 

[CuIITPMA]2+ in H2O + 0.1 M Et4NBF4 in the presence of HEBiB (a) 2×10-4 M or (b) 5×10˗4 M. 

The best agreement between simulation and experiment for the system [CuIIT-

PMA]2+/HEBiB in water was obtained using the value 5.4×106 M-1 s-1, previously deter-

mined from the potential of the pre-peak under total catalysis conditions. This is a very 

interesting result showing that kinetic data can be easily obtained from voltammetric peak 

potential measurements even for ATRP systems, which, unlike many irreversible chemi-

cal reactions triggered by electron transfer, are characterized by a reversible activation 

step. In this case, the overall sequence of reactions following electrochemical reduction 

of CuII to CuI behaves as an irreversible chemical reaction by virtue of the fast ATRP 

activation step and the successive diffusion-controlled radical-radical coupling step (eq. 
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3.11). Simulation of the CV to measure kact was also applied to the reaction between OE-

OBP and [CuITPMA]+ in water. Again a good agreement between simulated and experi-

mental CVs allowed to determine kact = 1.3×105 M-1s-1. 

3.2 Activation rate constants, structure-reactivity correlations and effect 

of monomer in water 

The series of methods described in the previous sections allowed the determination of a 

vast range of kact values in water and water/monomer mixtures. In particular, extremely 

high kact values that are hardly accessible via other techniques were determined. The 

whole set of data are reported in Table 3.2. To check the reliability of the different meth-

ods, most of the systems were investigated with two different techniques, which in each 

case gave the same kact value within experimental error. 

Table 3.2. Activation rate constants, kact, measured at 25 °C in aqueous solutions 

containing 0.1 M Et4NBF4 as supporting electrolyte. 

Entry L RBr Solvent kact (M-1 s-1) Methoda 

1 Me6TREN HEBiB water (2.6±0.5)×107 total catalysis 

2 Me6TREN HEBiB water (2.6±0.7)×107 b HRC 

3 TPMA HEBiB water (5.4±1.5)×106 total catalysis 

4 TPMA HEBiB water (5.4±1.5)×106 CV simulation 

5 PMDETA HEBiB water (3.2±0.8)×105 HRC 

6 Me6TREN OEOBP water (3.2±0.6)×105 b HRC 

7 TPMA OEOBP water (1.2±0.2)×105 HRC 

8 TPMA OEOBP water (1.3±0.3)×105 CV simulation 

9 Me6TREN NiPBPA water (2.9±0.6)×105 HRC 

10 TPMA NiPBPA water (1.2±0.1)×104 HRC 

11 Me6TREN HEBiB water/OEOA (82:18) (2.9±0.6)×106 b HRC 

12 Me6TREN OEOBP water/OEOA (82:18) (2.5±0.6)×104 b HRC 

13 TPMA OEOBP water/OEOA (82:18) (1.2±0.2)×103 HRC 

14 TPMA OEOBP water/OEOA (82:18) (1.3±0.1)×103 RDE 

15 Me6TREN NiPBPA water/NiPAM (82:18) (7.7±0.5)×102 HRC 

16 TPMA NiPBPA water/NiPAM (82:18) 10.1±2.3 HRC 

17 TPMA NiPBPA water/NiPAM (82:18) 9.3±0.9 RDE 
aHRC: comparison of experimental data with a theoretical working curve in conditions of homo-

geneous redox catalysis; RDE: kinetics followed by monitoring the decay of CuI on a rotating 

disk electrode. bFrom reference 10. 
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The order of reactivity (kact) of the catalyst is [CuIMe6TREN]+ > [CuITPMA]+ > 

[CuIPMDETA]+, which matches the order of ATRP equilibrium constant, KATRP. The ac-

tivation rate constant is also affected by the structure of RX, which shows the following 

order of reactivity: tertiary ester > secondary ester > secondary amide. Both these trends 

have already been observed for the activation of ATRP initiators by copper-amine com-

plexes.26 Interestingly, in water activity of the catalyst does not follow the trend of 

Eo
[CuIIL]2+/[CuIL]+. This result has two important implications: (i) it is not possible to directly 

correlate the catalyst activity to its reduction potential, instead KATRP should be used; (ii) 

kact is largely influenced by the molecular structure of Cu complex and initiator, while the 

redox potential of the catalyst appears to play a subordinate role. This is a clear demon-

stration that the activation-driving force relationship of the process differs from that of an 

outer-sphere electron transfer; it is considerably affected by inner-sphere, specific inter-

actions between RX and CuI. 

The investigation of ATRP catalytic systems was carried out also in the presence of 

the monomer, which is always present in considerable quantities in typical ATRP reaction 

media, thus extending the kinetic analysis to an environment that matches the polymeri-

zation conditions as closely as possible. The vastly used oligo(ethyleneoxide) acrylate 

(OEOA) and N-isopropylacrylamide (NiPAM) were investigated. The effect of the pres-

ence of a monomer is a general suppression of catalytic activity from both kinetic and 

thermodynamic points of view. Table 3.2 shows that [CuITPMA]+ and [CuIMe6TREN]+ 

activation rates are reduced by a factor of at least 102 and 10, respectively. This is in 

agreement with data reported in Table 3.1, which shows that [CuIL]+ becomes a weaker 

(less active) reducing agent in water/monomer mixtures. On the other hand, the reduction 

potential of RBr becomes more negative in passing from pure water to water/monomer 

mixtures (Table 1). Therefore, the presence of a monomer in the reaction medium makes 

reduction of RBr by CuI or by any other means less favorable than in water. The huge 

effect of monomer in [CuIL]+ activity may be explained by invoking significant interac-

tions between monomer and copper.27 The incomplete reversibility observed in the volt-

ammetric response of [CuIIL]2+ in the presence of monomer supports this assumption. 

The measured kact values can be used together with KATRP to calculate the deactivation 

rate constant, kdeact = kact/ KATRP. KATRP data are available for the reaction of HEBiB and 

OEOBP with [CuIL]+ only in pure water and the calculated values of kdeact are reported in 

Table 3.3.  KATRP and kact values,  recently reported by Smolne and Buback,28  for the acti- 
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Table 3.3. ATRP equilibrium constants (KATRP), activation rate constant (kact) and 

deactivation rate constant (kdeact). 

Entry Catalyst Initiator KATRP kact (M-1 s-1) kdeact (M-1 s-1) 

1 [CuIMe6TREN]+ HEBiB 8.0×10-1 2.6×107 3.2×107 

2 [CuITPMA]+ HEBiB 1.8×10-1 5.4×106 2.9×107 

3 [CuIPMDETA]+ HEBiB 4.6×10-2 3.2×105 7.0×106 

4a [CuI(bpy)2]+ HEBiB 2.5×10-5 6.6×101 2.6×106 

5 [CuIMe6TREN]+ OEOBP 2.4×10-2 3.2×105 1.3×107 

6 [CuITPMA]+ OEOBP 5.5×10-3 1.2×105 2.2×107 
aFrom ref. 28. 

 

Figure 3.7. Correlation of kact and kdeact with KATRP for various [CuIL]+ catalysts with HEBiB and 

OEOBP in water at 25°C. 

vation of HEBiB by [CuI(bpy)2]+ in water are also reported in the table (entry 4). It is 

interesting to note that while both KATRP and kact vary by about 5 orders of magnitude, 

kdeact values are scattered in a very narrow range from 2.6×106 to 3.2×107. This suggests 

that, unlike the activation reaction, deactivation is little affected by the chemical structure 

of RX and copper catalyst. This is better evidenced by Figure 3.7, which shows plots of 

log kact and log kdeact as a function log KATRP. Both kact and kdeact show good linear corre-

lations with KATRP. However, while kact shows a remarkable dependence on KATRP, kdeact 

only slightly increases with KATRP, A similar strong dependence of kact on KATRP was ob-

served in acetonitrile (ref. 1a and next section). On the other hand, in acetonitrile kdeact is 

less affected by, or only slightly decreases with, KATRP. The high deactivation efficiency 

observed in water, especially for the more active solvents, suggests that controlled 

polymerization is possible with low catalyst loading. On the other hand, the high kact ne-

cessitates methods to slowly regenerate CuI species in order to keep CuI/CuII ratio as low 

as possible. 



Ph.D. Thesis – Marco Fantin  |  51  
 

3.3 Structure-reactivity correlations in acetonitrile 

The good correlations observed for kact and kdeact in water with KATRP prompted us to an-

alyze literature data on the activation of RX by CuI complexes in other solvents. A large 

set of rate constants of the reaction between [CuIL]+ (L= PMDETA, TPMA and 

Me6TREN) and an extended series of alkyl halides (Scheme 3.4), commonly used as ini-

tiators in ATRP, have recently been determined by electrochemical techniques in 

CH3CN.29 These values together with deactivation rate constants, calculated as kdeact = 

kact/KATRP using previously reported KATRP values,26 are summarized in Table 3.4. 

Scheme 3.4. Molecular structures of ATRP initiators investigated in CH3CN. 

 

Table 3.4. Activation and deactivation rate constants of the reaction between alkyl 

halides and CuI complexes in CH3CN + 0.1 M Et4NBF4 at 25 °C. 

RX L = Me6TREN L = TPMA L = PMDETA 

 kact 

(M-1 s-1) 

kdeact 

(M-1 s-1)a 

kact 

(M-1 s-1) 

kdeact 

(M-1 s-1)a 

kact 

(M-1 s-1) 

kdeact 

(M-1 s-1)a 

MCP 1.7×101 5.6×105 1.4 3.4×107 6.8×10-2 2.1×108 

BC 1.9 1.4×105 7.8×10-1 1.7×106 7.3×10-3 2.1×106 

PEC 7.7  3.5 4.0×106 1.0×10-2 1.5×106 

ECA 0.47 8.5×106 5.5×10-2 1.3×105 4.3×10-4 1.3×105 

CAN 2.3×102 5.1×105 3.8×101 1.2×106 4.0×10-2 1.7×105 

CPN 8.1×102  1.1×102 4.9×106 9.0×10-2 5.3×105 

MBP 2.1×103 7.2×108 2.2×102 6.9×108 1.7×10-1 4.3×107 

BB 4.1×102 4.9×108 1.6×102 2.4×108 3.4×10-2 6.4×106 

PEB 1.9×103 7.3×106 7.7×102 1.7×108 1.4×10-1 4.2×106 

EBA 2.2×101 1.0×106 2.0 6.3×106 3.2×10-3 1.3×106 

BAN 2.1×104 2.4×107 2.7×103 4.8×107 3.4 3.9×105 

EBiB 1.2×104 8.0×107 4.5×103 4.7×108 2.0 2.7×107 

AB 3.3×102 1.2×106 1.2×102 7.1×106 3.7×10-2 2.9×105 
aDetermined as kact/KATRP. KATRP values at T = 22°C from reference 4a. 
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The standard reduction potentials of [CuIIL]2+ complexes are -0.120, -0.015 and 0.063 

V vs SCE for L = Me6TREN, TPMA and PMDETA, respectively.30 The reactivity of the 

CuI complexes for a given RX roughly follows their reducing power. For example, 

[CuIPMDETA]+ is ca. 180 mV less reducing than [CuIMe6TREN]+ and this is reflected in 

its reactivity, which is some orders of magnitude lower than that of [CuIMe6TREN]+. The 

difference of reactivity between the complexes strongly depends on the structure of RX 

and on the type of halogen atom. The rate constants measured with [CuIMe6TREN]+ and 

[CuITPMA]+ were normalized with respect to kact values obtained with [CuIPMDETA]+ 

and this ratio, denoted as kact/kact,CuPMDETA, is reported in Figure 3.8. In the chloride series, 

kact/kact,CuPMDETA varies from 2.5×102 to 9.0×103 for [CuIMe6TREN]+ and 2.1×101 to 

1.2×103 for [CuITPMA]+. A similar trend is observed for the bromide series. Again both 

[CuIMe6TREN]+ and [CuITPMA]+ are much more reactive than [CuIPMDETA]+.  

It is important to note that while the observed reactivity trend [CuIPMDETA]+ << 

[CuITPMA]+ < [CuIMe6TREN]+ does not disagree with the Eo of the complexes, which 

decreases in the order [CuIPMDETA]+ > [CuITPMA]+ > [CuIMe6TREN]+, the two trends 

do not perfectly match. Comparing [CuITPMA]+ and [CuIPMDETA]+, a difference of 78 

mV in their standard potentials produces kact enhancement of ca. 101103 for chlorides 

and ca. 6×1023×103 for bromides. In contrast, a comparison between [CuITPMA]+ and 

[CuIMe6TREN]+ shows that although the difference between their standard potentials 

(105 mV) is significantly higher than that between [CuIPMDETA]+ and [CuITPMA]+, kact 

 

Figure 3.8. Comparison between rate constants of RX activation by different CuI complexes in 

CH3CN + 0.1 M Et4NBF4 at 25 °C. 
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increases less than 10 times for both alkyl halide series when passing from [CuITPMA]+ 

to [CuIMe6TREN]+. Similarly to what was observed for copper complexes in water, the 

strong dependence of kact ratio on both molecular structure, Cu complex and halogen atom 

is a clear demonstration that the activation-driving force relationship of the process is not 

compatible with outer-sphere electron transfer, as it is considerably affected by specific 

interactions between RX and CuI. 

Other interesting observations come from the analysis of the reactivity order of RX for 

any given catalyst. As expected, alkyl chlorides are always less reactive than the corre-

sponding bromides, kact of RCl being more than 10 times smaller than that of RBr. As 

previously reported,31 kact values for tertiary, secondary, and primary ester initiators fol-

low the order 3° > 2° > 1° (e.g. EBiB > MBP > EBA). Furthermore, within a fixed set of 

tertiary, secondary and primary chlorides or bromides, the order of reactivity follows the 

ability of the substituent to stabilize the radical. Thus, the general order is -CN > -Ph > -

COOR (e.g. CAN > BC > ECA and BAN > BB > EBA). 

In a well-controlled ATRP the overall propagation rate depends on KATRP (eq. 3.1). On 

the other hand, the control on ATRP, in terms of molecular weight distribution (Mw/Mn), 

is strongly dependent on the deactivation constant (kdeact). In the ideal case of fast activa-

tion and no termination Mw/Mn is expressed as:32 

n

II

p P Xw

n deact [XCu L]

1 2
1 1

DP

k CM

M k C p

 
    

 
 (3.17) 

where DP is the average degree of polymerization, XPn
C  is the concentration of dormant 

species, kp is the rate constant of propagation and p is monomer conversion. Therefore, a 

good control in ATRP requires very fast deactivation of radicals, which means kdeact 

should be as high as possible. Figure 3.9 shows correlations of kact and kdeact with KATRP. 

Both kact and KATRP depend on the structure of RX and amine ligand and particularly on 

the nature of the halogen atom. Two separate plots were therefore constructed for the 

chloride and bromide series. As shown for each series, log kact increases with log KATRP 

and the whole set of data obtained on different complexes can be roughly fit to a straight 

line. In contrast, kdeact is very high for all investigated systems, as required by ATRP, and 

is little affected by the molecular structure of RX or amine ligand. Although kdeact of the 

chloride series shows a slight tendency to decrease with increasing KATRP, on average 

kdeact of each series can be fairly considered to be constant with log kdeact = 6.2±0.9 for 
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RCl and log kdeact = 7.3±1.1 for RBr. It is important to stress that each set of data covers 

a wide range of kact (4.3×10-48.1×102 M-1s-1 for RCl and 3.2×10-32.1×104 M-1s-1 for 

RBr) and KATRP (ca. 6 orders of magnitude) values, which makes particularly significant 

the observed trends. 

 

Figure 3.9. Correlation of kact and kdeact with KATRP for the reaction of various alkyl chlorides (RCl) 

and bromides (RBr) with [CuIL]+ complexes in CH3CN: L = Me6TREN (circles), TPMA (squares) 

and PMDETA (triangles). KATRP values were taken from ref. 4a. The broken lines were drawn to 

show the trends. 

Scheme 3.5. Splitting the activation equilibrium into separate reactions. 

 [CuIL]+      [CuIIL]2+  +  e‒ (3.18) 

 RX      R  +  X (3.19) 

 X  +  e–      X‒ (3.20) 

 X–  +  [CuIIL]+      [X˗CuIIL]+ (3.21) 

 [CuIL]+  +  RX      [X˗CuIIL]+  +  R (3.6) 

The log kact vs log KATRP plots shown inFigure 3.9 represent an important result ena-

bling the estimation of kact from experimental KATRP and vice versa. Since the mechanism 

of ATRP activation involves the transfer of a halogen atom from RX to a CuI complex, it 

is likely that the reaction kinetics are related to the bond energy. Indeed, the overall acti-

vation reaction (eq. 3.6) can be split into four steps as shown in Scheme 3.5. The sum of 
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the free energies of reactions 3.18-3.21 corresponds to the Gibbs free energy of reaction 

3.6, rGo. If one considers a particular copper complex and a series of chlorides or bro-

mides, reactions 3.18, 3.20 and 3.21 will be the same for the whole series with a fixed 

contribution to rGo. Therefore, kact is expected to correlate with the bond dissociation 

free energy, BDFE, of RX. Experimental data on BDFE of alkyl halides used as initiators 

of ATRP are not available. However, reliable BDFE values can be obtained by computa-

tional methods and indeed, data for a large set of initiators have recently been reported in 

CH3CN.33 Fairly linear correlations were found for all three investigated complexes (Fig-

ure 3.10). In each data set, kact decreases with increasing BDFE. Activation of allyl bro-

mide is a clear exception to this trend: with all three Cu complexes kact for this halide is 

ca. 2 orders of magnitude lower than the value predicted on the basis of the correlations. 

The lowered reactivity of CuI with allyl bromide might be due to stabilization of the metal 

by complexation with the initiator thorough -interaction of the C=C double bond. It has 

been shown that olefins can form complexes with [CuIPMDETA]+.27 

 

Figure 3.10. Correlation of kact with bond dissociation free energy of RX for the reaction of var-

ious alkyl chlorides (RCl) and bromides (RBr) with [CuIL]+ complexes in CH3CN: L = Me6TREN 

(circles), TPMA (squares) and PMDETA (triangles). BDFE values were taken from ref. 33. 
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3.4 Activation rate constants and structure-reactivity correlations in an 

ionic liquid 

Ionic liquids are gaining great importance as green solvents for many polymerization pro-

cesses. These materials are salts with melting point below 100°C, low toxicity and good 

conductivity. They are non-volatile, generally non-flammable, and easily recyclable.34 

Room temperature ionic liquids, RTILs, are liquid at ambient temperature. Despite being 

quite viscous solvents, conductivity of RTILs is high enough to avoid the need of a sup-

porting electrolyte in an electrochemical cell. A great advantage of RTILs is their wide 

electrochemical stability window (from 4,5 to 7 V).35 Indeed, the electrochemical stability 

of traditional solvents is often limited by the presence of supporting electrolyte. Purity of 

ionic liquids is often an issue. For this purpose, a careful purification procedure was devel-

oped, as described in Appendix A. 

RTILs, especially based on the 1-butyl-3-methylimidazolium cation, have been exten-

sively used in ATRP.36 Despite the presence of a large number of reports in the literature, 

properties and reactivity of the ATRP catalytic system in an ionic liquid have never been 

studied. Such information is fundamental to compare RTILs to water and traditional organic 

solvents. 

3.4.1 Electrochemical characterization of the catalytic system 

Addition of an equimolar amount of ligand and Cu (OTf)  in 1-butyl-3-methylimidazo-

lium triflate ([BMIm][OTf]) generates the binary complex [CuIIL]+ (L = Me6TREN, 

TPMA, or PMDETA). Cyclic voltammetry in Figure 3.11a shows the reversible signal of 

the [CuIIL]2+/[CuIL]+ redox couple and a less intense irreversible peak at a more negative 

potential. This is a different behavior with respect to what is typically observed in both 

water and traditional organic solvents, where only one reversible peak couple is observed 

(Figure 3.2). The irreversible peak was assigned to the irreversible reduction of a CuII com-

plex with different stoichiometry, indicated as [CuIILn]2+, with n > 1. As expected, intensity 

of the peak associated with [CuIILn]2+ increased with increasing CL (Figure 3.11b). In the 

reverse scan, oxidation of [CuIL]+ was predominant, regardless of the / ( )  ratio. 

CuII generally has 5 coordination sites, whereas CuI has only 4 coordination sites, 

which are completely saturated by tetradentate amine ligands such as Me6TREN and 

TPMA. Therefore, only CuII may accommodate more than one ligand molecule in its coor-

dination sphere. The higher affinity of CuII for L with respect to CuI was already reported.37 
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Figure 3.11. Cyclic voltammetry of CuII complexes in [BMIm][OTf], recorded on a glassy carbon 

electrode at v = 0.2 Vs-1 and T = 50 °C: (a) 10-2 M CuII(OTf)2 + 10-2 M L; (b) 10-2 M CuII(OTf)2 

+ Me6TREN with / ( )  = 0.5 – 2.5. 
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Figure 3.12. CVs of CuII(OTf)2/Me6TREN = 1/1, CCu = 10 mM, registered on GC disk in 

[BMIm][OTf], T = 50 °C, with the addiction of different concentrations of (a) Et4NCl and (b) 

Et4NBr. 

Ternary CuI complexes, [X-CuIIL]+, were formed in situ by mixing CuII(OTf)2, a lig-

and, and Et4NCl or Et4NBr. When equimolar amounts of CuII(OTf)2, L and X- were 

mixed, a reversible peak couple was observed at potentials more negative than Eo of the 

[CuIIL]2+/[CuIL]+ redox couple (Figure 3.12). This signal was associated to the well-de-

fined 1e- reduction of [X-CuIIL]+. In this case, the coordination sites of CuII were filled 

by the tetradentate amine and by the halide ion, preventing formation of species with 

different stoichiometry. Varying the /  ratio showed that an equimolar amount of 

Cl– was necessary for the quantitative formation of [ClˉCuIIL]+ (the signal did not change 

with further Et4NCl additions, Figure 3.12a). Conversely, a /  ratio of 2 was 

necessary to obtain a stable [Br˗CuIIL]+ signal (Figure 3.12b). The presence of a well-

defined [X-CuIIL]+ species allowed studying the kinetics of RX activation, as explained 

in the next section. 
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3.4.2 Determination of activation rate constants in [BMIm][OTf] 

In the presence of [X-CuIIL]+ and RX, homogenous redox catalysis was observed, as ev-

idenced from the catalytic current in Figure 3.13. kact determination was carried out using 

the ratio between the reduction current in the presence and absence of RX (Ip/Ip
0), as 

explained in Section 3.1.2. Experimental Ip/Ip
0 values were compared to theoretical work-

ing curves obtained through simulation of the cyclic voltammetry response. Construction 

of reliable working curves requires knowledge of several chemico-physical parameters of 

the system. Relevant parameters regarding the binary [CuIIL]+ and ternary [X-CuIIL]+ 

complexes, determined as explained in the previous sections, are presented in Table 3.5. 

Moreover, both stability and formation rate constants of the [X-CuIIL]+ must be known. 

The values reported for [Br˗CuIIMe6TREN]+ in CH3CN were used (KX = 1000 and kX = 

104 M-1 s-1). This approximation might introduce a non-negligible error in kact determina-

tion. 

Diffusion coefficients of alkyl bromides were calculated from cyclic voltammetry ex-

periments according to eq. 3.15. This requires knowledge of the transfer coefficients, α, 

which was measured by cyclic voltammetry according to two different equations (the two 

results were averaged to obtain a more reliable value): 
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where Ep is the reduction peak potential and Ep/2 is the half-peak potential (i.e. the poten-

tial when reduction current is half of the peak value). 
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Figure 3.13. Cyclic voltammetry of 10 mM [Br-CuIITPMA]+, in the absence (black lines) and 

presence (red lines) of MBrP, registered on GC disk, in [BMIm][OTf], T = 50 °C. γ = CRX/CCu. 
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Table 3.5. Redox properties of copper binary and ternary complexes in 

[BMIm][OTf], T = 50 °C. 

Entry Complex D×108 (cm2 s-1) k0×103 (cm s-1) Eo (V vs. Fc+/Fc) 

1 [CuIIMe6TREN]2+ 4.63 1.0 -0.57 

2 [Cl-CuIIMe6TREN]+ 12.9 1.3 -0.82 

3 [Br-CuIIMe6TREN]+ 10.2 0.88 -0.76 

4 [CuIITPMA]2+ 4.5 0.44 -0.42 

5 [Cl-CuIITPMA]+ 15.0 1.8 -0.71 

6 [Br-CuIITPMA]+ 10.7 0.94 -0.66 

7 [CuIIPMDETA]2+ 5.8 0.18 -0.48 

8 [Cl-CuIIPMDETA]+ 10.9 1.1 -0.71 

9 [Br-CuIIPMDETA]+ 10.8 1.8 -0.66 

Table 3.6. Redox and physical parameters of alkyl halides in [BMIm][OTf], T = 50 °C. 

En-

try 

RX Ep (V vs. Fc+/Fc)a r (nm) D×108 (cm2s-1) αb αc αm
d 

1 EBA -1.84 0.302 5.4 0.40 0.32 0.36 

2 MBP -1.81 0.353 7.0 0.41 0.31 0.36 

3 EBiB -1.79 0.378 4.7 0.38 0.30 0.34 

4 BB -1.94 0.361 4.9 0.26 0.32 0.29 

5 PEB -1.86 0.354 4.3 0.23 0.30 0.27 

6 BAN -1.66 0.388 12.1 0.27 0.32 0.30 

7 CAN -2.26 0.375 12.8 e 0.24 0.31 0.28 

8 CPN -2.30 0.293 8.9 e 0.23 0.32 0.28 

9 PEC -2.39 0.327 4.7 e 0.36 0.28 0.32 

10 MCP -2.38 0.356 6.2 e 0.27 0.29 0.28 
a Measured whit v = 0.2 Vs-1. b Calculated according eq. 3.22. c Calculated according eq. 3.23. d 

Average α value. e Estimated on the basis of D vs 1/r correlation (eq. 3.24). 

This procedure could not be applied to alkyl chlorides, because their reduction po-

tential was too close to the reduction of [BMIm][OTf] and this prevented reliable deter-

mination of peak currents. Therefore, D was estimated on the basis of its linear depend-

ence on the inverse molecular hydrodynamic radius, r-1. First, the dependence of D on r 

was determined for the investigated set of alkyl bromides, which showed a fairly linear 

correlation of D with r-1 (Figure 3.14). The linear regression gave the following equation: 
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where r in nm is the hard-sphere molecular radius obtained from the density () and mo-

lecular mass (M) of each alkyl halide , according to the equation: 
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Values of D measured for alkyl bromides as well as those estimated for the chloride 

series are summarized in Table 3.6. As expected, the diffusion coefficients of both copper 

complexes and alkyl halide initiators were more than one order of magnitude lower than 

the values determined in traditional organic solvents. This is due to the high viscosity of 

the ionic liquid. From a viewpoint of synthesis, a low D value may be convenient as it 

reduces the probability of undesired termination processes, which are essentially under 

diffusion control. 

Figure 3.15 and 3.16 show the best fit of experimental Ip/Ip
0 data on working curves 

calculated for two different alkyl halides. Good fittings of the experimental data on ap-

propriate working curves were found for all investigated systems and the measured kact 

values are reported in Table 3.7. In addition, the dependence of the degree of catalysis on 

KATRP was investigated in [BMIm][OTf]. When KATRP was set below a certain limit, ex-

perimental Ip/Ip
0 values did not fit any theoretical working curves. On the other hand, 

KATRP did not affect the theoretical working curves if it was set > 10-5 (Figure 3.16). This 

allowed estimation of a lower limit for KATRP, which reported in Table 3.7 for each sys-

tem. 
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Figure 3.14. Correlation between diffusion coefficients and molecular radii of analyzed alkyl 

bromides, in [BMIm][OTf], T = 50 °C. 
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Table 3.7. Kinetic and thermodynamic parameters for the activation reactions of 

RX by CuI/TPMA in [BMIm][OTf], T = 50 °C.a 

 RX γ KATRP kact (M-1s-1) kdeact (M-1s-1) kact (M-1s-1)b BDE (kJ mol-1)c 

1 EBiB  1/2 ≥ 10-5 2.4×104 ≤2.4×109 4.5×103 258.4 

2 BAN  1/2 ≥ 10-5 7.5×103 ≤7.5×108 2.7×103 246.3 

3 PEB 1/2 ≥ 10-6 4.4×103 ≤4.4×109 7.7×102 240.1 

4 BB 1/2 ≥ 10-6 9.1×102 ≤9.1×108 1.6×102 239.3 

5 MBP 2/5 ≥ 10-6 7.1×102 ≤7.1×108 2.2×102 262.9 

6 EBA 20 - 6 - 2.0 267.6 

7 CAN 1/2 ≥ 10-6 2.1×103 ≤2.1×109 3.8×101 299.5 

8 CPN 1/2 ≥ 10-5 6.0×103 ≤6.0×108 1.1×102 301.9 

9 PEC 5/20 ≥ 10-6 1.8×102 ≤1.8×108 3.5 292.4 

10 MCP 5/20 ≥ 10-6 1.2×102 ≤1.2×108 1.4 316.7 
a In the presence of a twofold amount of Et4NX with respect to CCu. b From ref. 29, in CH3CN, T 

= 25 °C. c Literature data. 
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Figure 3.15. Fitting of experimental data on theoretical working curves for the determination of 

kact of (a) MBrP and (b) ClPn by [CuITPMA]+ in [BMIm][OTf] at 50 °C. The experimental were 

data obtained through cyclic voltammetry on a GC disk for 10-2 M CuBr2 + 10-2 M TPMA + RX 

with γ = CRX/Ccat = 1, 2 or 5. Working curves were calculated using KATRP = 10-6 for MBrP and 

KATRP = 10-5 for ClPn. 

kact values increased with decreasing bond dissociation energy, thanks to the easier C-X 

bond cleavage. Consequently, alkyl bromides are more active than chlorides. Moreover, 

for the same halogen, kact increased by switching from primary to tertiary compounds. 

For comparison with data obtained in the ionic liquid, Table 3.7 also reports the activation 

rate constants determined in CH3CN for the same RX. However, there are some signifi-

cant experimental differences between the two systems. While kact values in CH3CN were 
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Figure 3.16. Experimental data fitted on theoretical working curves for CuX2/TPMA/RX; exper-

imental data obtained by cyclic voltammetry on a GC disk for 10-2 M CuBr2 + 10-2 M TPMA + 

210-2 M RX. 

measured at 25 °C, all kinetic analysis in [BMIm][OTf] were carried out at50°C. In addi-

tion, the catalyst prepared in situ was [CuIIL]2+ in CH3CN, whereas [X˗CuIIL]+ was used 

in [BMIm][OTf]. It is known that halide anions are able to reduce the concentration of 

the active catalyst species [CuIL]+, thus diminishing kact by about 70% in CH3CN.12 In-

creasing the temperature, on the other hand, enhances the rate constant. These two oppo-

site effects tend to cancel each other. Therefore, it can be concluded that ATRP catalytic 

systems in [BMIm][OTf] are around one order of magnitude more active than in CH3CN. 

3.5 Conclusions 

Electrochemical techniques based on direct monitoring of CuI species (RDE) or on the 

generation of transient reactive species near the electrode, can be used to accurately de-

termine ATRP rate constant in the range 10-4 < kact < 108 M-1 s-1. Figure 3.17 displays the 

applied techniques together with their respective kact range. In every case, adequate accu-

racy and reliability were observed. These methodologies greatly enhance the possibility 

to study and predict the behavior of the newly developed, most active ATRP systems. 

 

Figure 3.17. Summary of the electrochemical techniques used to determine activation rate con-

stants. 



Ph.D. Thesis – Marco Fantin  |  63  
 

Cyclic voltammetry under kinetic regime of “total catalysis” was applied for the first 

time to determine extremely high ATRP activation rate constants. Although this is a very 

simple method based on the easy measurement of a peak potential, care should be exer-

cised in its application because the validity of the equation relating Ep with kact is limited 

to the conditions of “total catalysis”. Another powerful method exploits the so-called ho-

mogeneous redox catalysis involving generation of CuI at the electrode combined with 

RX activation in the homogeneous phase: the comparison of current enhancements in CV 

with theoretical working curves allows extraction of the kinetic constant kact. This tech-

nique, however, is more demanding as it requires knowledge of kinetic and thermody-

namic parameters pertaining to all reactions as well as some physical properties of rea-

gents and products. kact can also be obtained by digital simulation of the entire CV, which 

requires both perfectly reproducible CV responses and the complete chemico-physical 

characterization of the catalyst-initiator system. 

The measured values of kact for the aqueous [CuIL]+/RX systems are several orders of 

magnitude greater than kact values reported in acetonitrile.26,29 The extremely high activity 

of CuI in water contributes to the very fast ATRP reactions and the difficulty of control 

in aqueous media. kact steeply decreases upon addition of the monomer, reducing the re-

activity difference observed between water and organic solvent. 

Analysis of the data in both water and acetonitrile shows that kact strongly depends on 

KATRP, whereas kdeact is roughly constant in CH3CN and slightly increases with increasing 

KATRP in water. Additionally, kdeact is very high (> 105 M-1s-1) in both solvents, indicating 

that deactivation limitations observed in aqueous media are not due to low reactivity of 

CuII deactivator complexes but rather to their limited stabilities. In both solvents kact gives 

satisfactory correlations with KATRP. This makes possible prediction of kact provided that 

KATRP is known and vice versa. Estimation of kact in CH3CN is also possible with 

knowledge of bond dissociation free energy (BDFE) of RX, which can be reliably ob-

tained by computational methods. 

[BMIm][OTf] proved to be a suitable solvent for ATRP catalyzed with copper com-

plexes. Cyclic voltammetry showed the signal of the active [CuIL]+ binary complex. A 

stable [X-CuIIL]+ deactivator was formed by addition of a small amount of halide ions. 

Activity of the catalyst was found to be slightly higher than that in acetonitrile. Overall, 

ATRP catalytic systems in [BMIm][OTf] behaves similarly to common organic solvents. 
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Chapter 4  

From Mechanism to Better Control of 

Aqueous ATRP 
Equation Chapter (Next) Section 1 

Aqueous controlled radical polymerization is a powerful technique for the preparation of 

water-soluble polymers for biomedical and pharmaceutical applications. In particular, 

any relevant polymerization involving a biocompatible moiety, such as formation of pro-

tein-polymer conjugates1 or other biohybrids,2 requires conducting the polymerization in 

an aqueous environment with a very limited monomer content. Presently however, full 

application of atom transfer radical polymerization (ATRP) in water has not been 

achieved because of a limited level of control over polymer growth.3 Conducting an 

ATRP in water provides several intriguing challenges. In order to attain a deeper under-

standing of the mechanism of aqueous ATRP, with particular attention to the reasons for 

the potential loss of control, a systematic investigation was carried out with three copper-

amine catalysts ([CuIIL]2+, L = PMDETA, TPMA and Me6TREN). In particular, we set 

out to determine as accurately as possible all relevant kinetic and thermodynamic param-

eters that contribute to the process. Once this goal was achieved, the next step was to 

explore the limits of control of aqueous ATRP with different catalyst complexes and de-

fine a set of guidelines for conducting efficient, controlled polymerizations in water. 

4.1 Characterization of the Cu/L complexes in water 

Effect of pH and monomer concentration on the redox properties of copper 

In water, pH is an important variable that may drastically affect the properties of the cat-

alyst system and the polymerization process in general. Both the copper complexes and 

their amine ligands can be involved in proton transfer reactions. Before we discuss the 

effect of pH on copper complexes, it is instructive to recall that, in copper-amine com-

plexes, the preferred coordination numbers of CuII and CuI are 5 and 4, respectively.1 

Considering that the examined amines are tetradentate (Me6TREN, TPMA) or tridentate 

(PMDETA) ligands, at least one molecule of H2O is required to complete the coordination 
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sphere of [CuIIL]2+ in water. On the other hand, these ligands can complete the coordina-

tion sphere of CuI, except in the case of [CuIPMDETA]+, which requires one molecule of 

H2O. Indeed, similar situations prevail in all coordinating solvents, but in general solvent 

molecules are omitted and the complexes are simply written as [CuIIL]2+ and [CuIL]+. 

This formalism will be adopted in this and in the following chapters with the tacit under-

standing that any coordination site remaining after amine coordination is occupied by 

H2O. 

The main direct effect of increasing pH is the formation of a new complex 

[HO˗CuIIL]+ with an OH‒ ligand, which is a much stronger ligand than H2O and any of 

the halide ions. A decrease of pH, on the other hand, favors protonation of the amine 

ligand, decreasing its ability to coordinate the metal center, resulting in a dissociation of 

the complex. These considerations are valid also for CuI, which easily undergoes dispro-

portionation in the absence of stabilizing ligands. The following acid-base reactions may 

occur at high and low pH, eqs. 4.1 and 4.2 respectively: 

[CuIIL]2+ + OH–    [HO-CuIIL]+ (4.1) 

L  +  H3O+      LH+  +  H2O (4.2) 

Side reactions involving acidic or basic species are also represented in Scheme 4.1 (bot-

tom). 

Scheme 4.1. ATRP equilibrium and relevant side reactions in water. 

 

The effect of both reaction 4.1 and 4.2 can be observed by cyclic voltammetry (CV) 

of [CuIIL]2+ at different pHs. In general, CuII in these complexes undergoes a quasi-re-

versible one electron transfer to the corresponding CuI complex, but the voltammetric 

pattern is strongly affected by pH. Examples of voltammograms recorded at a scan rate 

(v) of 0.2 V s-1 for all complexes are reported in Figure 4.1. Except in the case of TPMA, 

which shows two closely separated peak couples at pH 7-9, a single peak couple is ob-

served in the range of pH from 5 to 10. This voltammetric pattern remains substantially 
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unaffected by changing the scan rate. The redox potentials of the CuII/CuI redox couples 

were obtained as the midpoint between the cathodic, Epc, and anodic, Epa, peak potentials, 

(Epc + Epa)/2 = E1/2 ≈ Eo. Values of E1/2 measured at pH 5-6 and pH > 9.5 are reported in 

Table 4.1, while the dependence of E1/2 on pH is illustrated in Figure 4.2 for complexes 

with Me6TREN and PMDETA. 
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Figure 4.1. CV curves of (a) 1 mM [CuIITPMA]2+, (b) 1 mM [CuIIMe6TREN]2+ and (c) 1 mM 

[CuIIPMDETA]2+, recorded at 0.2 V s-1 in H2O + 0.1 M Et4NBF4 at different pHs (values labelled 

on the curves). 
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Figure 4.2. Dependence of E1/2 of [CuIIMe6TREN]2+ and [CuIIPMDETA]2+ on pH. 

E1/2 strongly depends on pH, shifting to more negative potentials upon increasing pH. 

A similar trend was already observed for other amine ligands in water.2 This variation 

indicates that CuII becomes relatively more stable than CuI as the pH becomes higher. 

All three CuII complexes behave as very weak acids, with pKa values in the range of 

7.4 to 8.6 (Table 4.1). Consequently, the protonated and dissociated forms dominate at 

pH < 7 and pH > 8.6, respectively. Both species are important at intermediate pH, with 

E1/2 depending on pH because of the dynamic equilibrium relating the two species, eq. 

4.1. As shown by Figure 4.2, E1/2 tends to a constant value both at low and high pH. These 

two limiting values can be assigned to the standard reduction potentials of the two forms 

of CuII, i.e., [CuIIL]2+ at low pH and [HO-CuIIL]+ at high pH. 
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[CuIIL]2+  +  e‒      [CuIL]+ (4.3) 

[HO-CuIIL]+  +  e‒      [HO-CuIL] (4.4) 

The measured standard potentials of the redox reactions 4.3 (pH 5-6) and 4.4 (pH > 

9.5) are reported in Table 4.1. These values were obtained in the two limiting pH domains 

when the voltammetric response does not vary with continued change in pH. A situation 

of this type could not be realized in the case of TPMA in the region of high pH, as E1/2 

continued to shift with increasing pH. For this reason the Eo value of [HO-CuIIT-

PMA]+/[HO-CuITPMA] redox couple was not measured. 

Table 4.1. Standard reduction potentials and stability constants of binary complexes 

[CuIIL]2+. 

L pKa  pKa  Eo b Eo b Eo b logβII c logβI c 

 (CuIIL)a (L)a (pH 5-6)d (pH >9.5)d (H2O/OEOMA)e   

TPMA 7.4f 6.2g -0.348 - -0.260 17.59g 13.6 

Me6TREN 8.1f 10.1f -0.400 -0.600 -0.420 15.7f 10.7 

PMDETA 8.6h 9.2i -0.370 -0.440 -0.290 12.2i 7.8 

aKa (CuIIL) and Ka (L) refer to the acid dissociation reactions of [CuIIL(H2O)]2+ ([CuIIL(H2O)2]2+ in 

the case L = PMDETA) and LH+, respectively. bIn V vs. SCE; Eo obtained as the average of values 

measured at different scan rates and/or different experiments, with estimated uncertainty of 0.005 

V. cI and II are the stability constants of [CuIL]+ and [CuIIL]2+, respectively: Cuz+ + L = [CuL]z+; 

estimated uncertainty < 10%. dIn H2O + 0.1 M Et4NBF4. eIn unbuffered H2O/oligoethyleneoxide 

methylether methacrylate (OEOMA) 10%, v/v + 0.1 M Et4NBr. fFrom reference 3. gFrom refer-

ence 4. hFrom reference 5. iFrom reference 6. 

Some deformations of the typical quasi-reversible voltammetric pattern, such as pres-

ence of a shoulder, peak broadening, and loss of reversibility, appear at both high and low 

pH (Figure 4.1). Decreasing the pH below a certain value causes protonation of the ligand, 

and hence modification, or even dissociation, of the original complex. Some data on pKa 

of the ligands are reported in Table 4.1. Although polydentate amine ligands can undergo 

several proton transfer reactions, for simplicity we only consider the first acid dissociation 

constant, pKa1. Cyclic voltammetry at low pH shows symptoms that can be attributed to 

instability of the complexes. First, the anodic peak (due to the re-oxidation of CuI to CuII) 

decreases indicating decreased stability of [CuIL]+. Second, a new oxidation peak at-
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tributed to anodic stripping of Cu0 was observed at ca 0.1 V. Metallic copper on the elec-

trode surface was probably generated by the reduction of free Cu2+ and/or by fast dispro-

portionation of free Cu+. Both possibilities point to the dissociation of copper complexes 

with release of free solvated copper ions. Protonation of the ligand occurs earlier for the 

more basic tertiary amines, Me6TREN and PMDETA, whose complexes already show 

some instability at about pH 6.5, as compared to the less basic aromatic amine, TPMA, 

whose copper complex continues to provide a stable redox pattern below pH 4. 

Even though [HO-CuIL] is a stronger reducing agent than [CuIL]+ (see Table 4.1), 

the presence of OH‒ is expected to decrease the catalytic efficiency of the controlled 

polymerization system, since both the activation and deactivation reactions will be ham-

pered. The real catalyst in the reversible activation/deactivation of ATRP is the 

[CuIL]+/[X-CuIIL]+ couple, with a “free” coordination site on the metal center for the in-

coming halide ion in the case of the activator. In general, the presence of a strong ligand 

in solution decreases the rate of the activation reaction, and if the ligand is different and 

much stronger than X‒, it tends to suppress the deactivation reaction as CuII will be mainly 

present as [HO-CuIIL]+ instead of II[X-Cu L]  (eqs. 4.5-4.7). Indeed, a trend confirming 

the difficulty of retaining control with an increase of pH was experimentally observed.7 

[HO-CuIL]       [CuIL]+  +  OH- (4.5) 

[CuIL]+  +  RX      [X-CuIIL]+  +  R (4.6) 

[X-CuIIL]  +  OH-      [HO-CuIIL]+  +  X- (4.7) 

An acid environment would also not be expected to be favorable for the polymeriza-

tion process as the catalyst is prone to ligand protonation, complex dissociation and CuI 

disproportionation, all leading to inefficient ATRP catalysis. This behavior may well ac-

count for some problems reported for ATRP reactions conducted with acidic monomers 

and/or in unbuffered solutions.8 

The redox properties of the CuII/CuI couple were also investigated under typical con-

ditions of an eATRP, i.e., in H2O + 10% OEOMA (v/v) + 0.1 M Et4NBr and the measured 

E1/2 values are included in Table 4.1 (column 6). These values were measured in unbuff-

ered solutions with neutral to slightly acidic pH; they should be compared with the values 

measured at pH 5-6 (Table 4.1, column 4). Both OEOMA and Br– are expected to affect 

E1/2 and the combined effects of these species is a positive shift of 80-90 mV for TPMA 

and PMDETA and a slight negative shift for Me6TREN. 
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Stability constants of copper-amine complexes 

The redox potentials of [CuIIL]2+/[CuIL]+ are negatively shifted by about 0.3 V with re-

spect to 2+ +

o

Cu /Cu
E  (-0.11 V vs. SCE),9 indicating that the ligands induce more stabilization 

for the higher oxidation state of the metal. The relative stability of the complexes, that is, 

the ratio of the stability constants, can be calculated from the redox potentials according 

to eq. 4.8, which has been derived on the basis of a thermochemical cycle based on the 

relevant redox and complexation reactions: 

II

I
o

/CuCu

o

L]/[CuL][Cu β

β
ln2I2II

F

RT
EE  

 
(4.8) 

where R is the universal gas constant, F is the Faraday constant and βII and βI are the 

stability constants of [CuIIL]2+ and [CuIL]+, respectively. The stability constants of CuII 

complexes have been previously reported. These values, together with the measured 

standard reduction potentials of [CuIIL]2+ and the known Eo
Cu2+/Cu+ value of -0.11 V vs. 

SCE, were used to calculate βI. The results are reported in Table 4.1, last column. The 

data show that both CuI and CuII form very stable binary complexes with amine ligands. 

The stability constants for both oxidation states of Cu depend on the type of amine (aro-

matic vs. aliphatic) and the number of donor atoms present in the ligand. The aromatic 

amine TPMA shows higher  values than the aliphatic amines PMDETA and Me6TREN. 

The stability constants of the aliphatic amines increase by about 3 orders of magnitude 

on changing from the tridentate ligand, PMDETA, to the tetradentate one, Me6TREN. A 

similar trend was previously reported in acetonitrile.10 

Binding constants of X- and OH- with copper-amine complexes 

One of the biggest limits of aqueous ATRP is the instability of ternary [X-CuIIL]+ deac-

tivators, which may easily dissociate (reaction 4.9) or form inactive complexes with the 

hydroxide ion, [HO-CuIIL]+ (reaction 4.7). Such side reactions are also represented in the 

upper part of Scheme 4.1. 

[CuIIL]2+ + X–    [X-CuIIL]+ (4.9) 

[X-CuIIL]  +  OH-      [HO-CuIIL]+  +  X- (4.7) 

The stability of CuII complexes can usually be directly assessed by spectrophotometric 

titrations. However, the absorbance spectra of halogenated complexes [X-CuIIL]+ (X = 

Cl, Br) were very similar to those of [CuIIL]2+, which precluded direct spectrophotometric 
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titration of [CuIIL]2+ with X- to determine KX. Hence, an indirect method based on the 

competition between X- and N3
- for CuII was adopted.11 Addition of NaN3 to a solution 

of [CuIIL]2+ results in the formation of a nitride-copper complex ([N3-CuIIL]+) with a 

characteristic absorption band at ca. 380 nm (Figure 4.3). 

[CuIIL]2+ + N3
-    [N3-CuIIL]+ (4.10) 

Considering equilibrium 4.10, the mass balance and Lambert-Beer law, leads to the 

following relationship (detailed derivation in Appendix B): 

Az

*

Cu
Az

*
Az

II1
K

A

lC
K

l
A

C






  

(4.11) 

where A is absorbance, ε the molar absorptivity, l the optical path length, KAz the azide 

binding constant and the starred parameters denote the total concentrations of the sub-

script species, N3
- and CuII, in solution. 

A plot of 1/(C*Az - A/l) vs. C*Cul/A gives a straight line with an intercept and slope 

equal to -KAz and KAz, respectively. An example of spectrophotometric titration of 

[CuIIL]2+ with N3
-, together with plots of 1/(C*Az - A/l) vs. C*Cul/A for all complexes, 

is reported in Figure 4.3. Regression analysis of each set of data gave similar values of 

slope and intercept (absolute value). However, the uncertainty of the intercept was always 

significantly greater than that of the slope. Therefore, KAz was only calculated from the 

slope and the results together with some characteristic spectrophotometric data of [N3-

CuIIL]+ are collected in Table 4.2. The molar absorptivity  was determined from the 

limiting maximum absorbance of II +
3[N -Cu L]  observed during spectrophotometric titra-

tion of [CuIIL]2+ with N3
-. 
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Figure 4.3. (a) UV-Vis spectra of 0.4 mM [CuIITPMA]2+ in the presence of increasing amounts 

of NaN3 (C*
Az = 0 – 83.8 mM) at pH 6. (b) Experimental data with the best fit lines for all [N3-

CuIIL]+ complexes. 
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Table 4.2. Binding constants of azide, halide and hydroxide ions with [CuIIL]2+.a 

L max (nm) b ε (M-1cm-1) b KII
Az

c KII
Cl

c KII
Br

c KII
OH 

TPMA 387 2550 7.95102 9.04 8.05 7.08105 

Me6TREN 388 2938 1.93103 

(1.73103)d 

12.6 4.26 

(4.4)d 

5.0105 d 

PMDETA 371 2485 5.53102 3.70 0.84 1.4105 e 

aUncertainty on K ≤ 5%; ionic strength 0.1 M Et4NBF4; T = 25 ± 2 °C. bWavelength () of maxi-

mum absorbance and extinction coefficient () of [N3-CuIIL]+. cpH 6. dFrom reference 11. eFrom 

reference 6. 

In the presence of both azide and halide ions, formation of [X-CuIIL]+ (eq. 4.12) 

should be considered to be in competition with reaction 4.10. 

[CuIIL]2+ + X–    [X-CuIIL]+ (4.12) 

Taking into account both reactions 4.12 and 4.10, and mass balances leads to the 

following equation (see Appendix B): 

  X
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AzAz

*

Cu

X

Az

*
Az

*

X 1II

K

K

lACKA

lC

K

K

l

A
C

C






















  

(4.13) 

where KX is the halidophilicity constant and C*X- is the total halide ion concentration. Eq. 

4.13 can be rewritten in a more compact form: 

X

Az

X

Az

K

K
x

K

K
y 

 
(4.14) 

where y = C*X-/(C*Az – A/l) and x = (C*CuII l/A) -1/KAz(C*Az – A/l). 

A plot of y vs. x should give a straight line with slope KAz/KX and intercept -KAz/KX. 

An example of the application of this approach is reported in Figure 4.4 for the association 

of [CuIIPMDETA]2+ with Br-. Similar results were obtained for all other reactions of 

[CuIIL]2+ with X- and the association constants, calculated from the slope, are reported in 

Table 4.2. 

Table 4.2 also reports the binding constants, KOH, of OH- with CuII complexes. In the 

case of TPMA, KOH was measured using the same approach described for the determina-

tion of KX, whereas the binding constants for CuII complexes of Me6TREN and PMDETA 

were  taken  from  the  literature.  To  determine  KOH,  a  buffered  solution  of  410-4 M 
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Figure 4.4. (a) UV-Vis spectra of 0.4 mM [CuIIPMDETA]2+ + 0.096 M Et4NBr in the presence 

of different amounts of NaN3 (CAz = 0 – 20 mM) at pH 6. (b) Linear plots of the data (according 

to eq. 4.14) with the best fit lines. 

[CuIITPMA]2+, pH 9.06, with a fixed ionic strength (0.1 M Et4NBF4) was titrated with 

NaN3. At pH 9.06, copper is almost exclusively present as [HO-CuIITPMA]+, so during 

titration, substitution of OH- by N3
- occurs, producing [N3-CuIITPMA]+. Measuring the 

concentration of the azide complex from its absorbance at 380 nm and fitting the data to 

eq. 4.14 yields the value of KOH reported in Table 4.2. This value is in good agreement 

with the KOH values previously reported for the other two copper-amine complexes, and 

all of them are about 4 orders of magnitude greater than KX.6,11 This means that under 

basic conditions CuII will be predominantly present as [HO-CuIIL]+ rather than [X-CuIIL]+ 

with dramatic consequences for control over polymer growth due to the lack of deactiva-

tor. Therefore, basic conditions should be avoided in order to attain an efficient and well-

controlled aqueous ATRP. 

The halidophilicity of [CuITPMA]+ complexes was evaluated with equation 4.15, 

derived from a thermochemical cycle involving [CuIIL]2+ and [X-CuIIL]+ reduction, and 

formation of the ternary complexes [X-CuIIL]+ and [X-CuIL]. Eq. 4.15 relates the ratio of 

the association constants with the standard reduction potentials: 

II I II 2 I

I
o o X

II[X-Cu L] /[X-Cu L] [Cu L] /[Cu L]
X

ln
KRT

E E
F K

     (4.15) 

where II
XK  and I

XK  are the association constants of X- with [CuIIL]2+ and [CuIL]+, respec-

tively. Using the II I

o

[X-Cu L] /[X-Cu L]
E   values measured for the ternary [X-CuIITPMA]+ com-

plexes (Table 4.1) and the II
XK  values reported in Table 4.2, gave I

XK  = 31 ± 5 and 155 ± 

25 for the association of [CuITPMA]+ with Cl- and Br-, respectively. Comparison of II
ClK  

with II
BrK  on one hand and I

ClK  with I
BrK  on the other hand, indicates that the affinity of 
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the metal for the halide ions is inverted in the two oxidation states: [CuIITPMA]2+ binds 

slightly better with Cl- than Br-, whereas the opposite is true for [CuITPMA]+. This pecu-

liar trend, and the general greater affinity of CuI for halide ions, have already been re-

ported for free copper ions in water.12 

Typically, in aqueous ATRP experiments with regeneration of the active catalyst, the 

overall concentration of CuII hardly exceeds 510-4 M. According to the KX values re-

ported in Table 4.2, the fraction of CuII present as [X-CuIIL]+ in a solution containing 

510-4 M CuIIX2 and 510-4 M amine ligand should be less than 2%. Figure 4.5 shows 

distribution diagrams of ternary systems Cu/L/X, with C*CuII = C*L = 510-4 M and vari-

able concentration of X-. It is clear that for all systems a large excess of X- is required to 

obtain deactivator concentrations high enough to guarantee efficient deactivation of Pn
. 

The low halidophilicity constants in water have severe consequences on the deacti-

vation process, which requires the presence of a sufficient amount of a stable halide com-

plex, II +[X-Cu L] , that can rapidly react with the propagating radicals. A large excess of 

halide ions in the solution significantly improves control.13 

It has been shown that the real activator in ATRP is a tetracoordinate CuI species 

possessing a free coordination site on the metal center for the incoming halogen atom in 

the atom transfer (or inner-sphere electron transfer) activation step.14 Therefore, the effect 

of the halide ions on the activation step is to decrease its rate by binding to [CuIL]+ and 

hence subtracting some activator from the ATRP equilibrium. In addition, the presence 

of excess X- shifts the equilibrium of reaction 4.12 in favor of [X-CuIIL]+, thus increasing 

the concentration of the deactivator. The combined overall effect on the polymerizing 

system is a decrease of the propagating radical concentration, which is beneficial for ob-

taining a well-controlled polymerization. 
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Figure 4.5. Distribution diagrams of CuII in water + 0.1 M Et4NBF4 in the presence of amine 

ligand, L,  and halide ion, X-: C*CuII = C*L = 510-4 M; pX = -logCX-. 
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4.2 Defining the limits of control of aqueous eATRP 

To examine the effect of the previously described parameters and define guidelines for a 

controlled aqueous ATRP, the electrochemically mediated polymerization of OEOMA 

(molecular weight, Mw = 500) was studied in a catalytic system composed of 

[CuIIL]2+/HEBiB 1:2 in H2O + 10% OEOMA (v/v). Initially, the catalyst was present only 

as [CuIIL]2+ (or [CuIIL]2+ + [X-CuIIL]+) and polymerization was triggered by application 

of a potential (Eapp) equal to, or more negative than, the onset potential of CuII reduction. 

As already seen, [CuIIL]2+ exhibits a reversible peak couple in cyclic voltammetry (CV). 

When the initiator HEBiB is added, the CV response drastically changes: the cathodic 

peak greatly increases, while the anodic one decreases, clearly indicating that the CuI 

species generated at the electrode reacts with the initiator (Figure 4.6). All electrolysis 

experiments were therefore carried out at an applied potential inside the reduction wave 

of [CuIIL]2+. In the following sections, the effect of various parameters such as Eapp, halide 

ion concentration, and pH is reported with the aim of defining the optimal values of each 

parameter. 
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Figure 4.6. Cyclic voltammograms of 1 mM [CuIITPMA]2+ in H2O + 10% OEOMA (v/v) + 0.1 

M Et4NBF4, recorded at v = 0.2 V s-1, in the absence (dashed line) and presence (solid line) of 2 

mM HEBiB; the two dots on the CV correspond to the Eapp values used in the polymerization 

experiments. E = Eapp – E1/2. 

Effect of Eapp and Br– concentration 

In the first series of experiments, with [CuIITPMA]2+ as the catalyst, the effects of both 

applied potential and excess bromide ions were studied (Table 4.3). Electrogeneration of 

the active catalyst was carried out under potentiostatic conditions, whereby the magnitude 

of Eapp can be chosen to control the CuII to CuI ratio at the electrode surface. It depends 

on ΔE = Eapp – E1/2 and is dictated by the Nernst equation. Considering only binary com-

plexes, for simplicity, the CuII to CuI ratio can be expressed as: 
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(4.16) 

In a first experiment at Eapp = -0.55 V (Table 4.3, entry 1), 71% conversion was 

achieved within 30 min. The process was very fast, but the control was not exceptionally 

good (Ð = 1.48). At Eapp = -0.20 V (Eapp – E1/2 = 0.06 V), the C[CuIIL]2+/C[CuIL]+ at the elec-

trode is ~ 10. A continuous regeneration of a small quantity of [CuIL]+ is achieved, and 

consequently the concentration of R is remarkably lower. Therefore, this applied poten-

tial decreased the rate of the radical-radical termination reactions and hence enhanced the 

average life-time of the propagating polymer chains. Under these conditions (Table 4.3, 

entry 2), active polymer chains lived roughly 5 times longer than in the previous experi-

ment, resulting in higher conversion and polymers with a much better dispersity. 

Table 4.3. Electrochemically mediated aqueous ATRP of OEOMA at 25 °C with 

[CuIITPMA]2+.a 

En. Electrolyte pH E1/2
b

 

(V) 

Eapp
b
 

(V) 

Ec 

(V) 

t 

(h) 

Q 

(C) 

Conv. 

(%) 

Mn,th Mn,app Mw/Mn 

1 Et4NBF4 5-6 -0.26 -0.55 -0.29 0.5 4.8 71 38000 115000 1.48 

2 Et4NBF4
 5-6 -0.26 -0.20 0.06 2.5 1.9 96 52000 67000 1.24 

3 Et4NBr 5-6 -0.26 -0.55 -0.29 1.2 6.0 74 40000 55000 1.30 

4 Et4NBr 5-6 -0.26 -0.20 0.06 4 3.1 95 51000 63000 1.17 
aAll experiments were carried out in H2O + OEOMA (10%, v/v) in the presence of 0.1 M electro-

lyte and 1 mM [CuIITPMA]2+; COEOMA/CHEBiB/C[CuIITPMA]2+ = 216:2:1. bvs. SCE. cE = Eapp – E1/2. 
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Figure 4.7. Effect of Eapp on eATRP of OEOMA (10%, v/v) in H2O + 0.1 M Et4NBr + 1 mM 

[CuIITPMA]2+ at 25 °C; COEOMA/CHEBiB/C[CuIITPMA]2+ = 216:2:1: Eapp – E1/2 = -0.29 V (●); Eapp – E1/2 

= 0.06 V (■). (a) Conversion and first-order kinetic plot; (b) evolution of molecular weight and 

molecular weight distribution with conversion. 
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Another way to improve control of the process is to add an excess of bromide ions to 

the solution. This affects both the concentration of the activator and deactivator: [CuIL]+ 

is partially converted to inactive [X-CuIL], while [X-CuIIL]+ is preserved. For example, 

in the case of TPMA, addition of 0.1 M Br- results in at least 40% of CuII present as the 

deactivator II +[Br-Cu L] , whereas about 94% of CuI is converted to [Br-CuIL]. Both fac-

tors favor deactivation over activation, thereby increasing the polymerization control. Us-

ing Eapp – E1/2 = -0.29 V with 0.1 M Et4NBr (Table 4.3, entry 3), results in a significant 

improvement of control as compared to the first run (entry 1). However, a comparison of 

these first three experiments indicates that the effect of adding an excess of Br- is less 

pronounced than the effect of changing Eapp to a more positive potential. It is also clear 

that a well-controlled reaction can be obtained when these two synergistic effects, excess 

Br- and Eapp > E1/2, are appropriately combined. This is well illustrated in Figure 4.7 and 

Table 4.3, entry 4, when Eapp – E1/2 = 0.06 V and 0.1 M Br- were used. 

Effect of pH 

The polymerization experiments discussed so far were conducted in a slightly acidic en-

vironment (pH 5-6), due to a dissociation of the catalyst itself, which acts as a weak acid 

(see Table 4.1 for pKa). Under these conditions, only a small amount of CuII is present as  

[HO˗CuIITPMA]+ and, as shown in Table 4.3, this does not represent a serious problem 

for the deactivation reaction and the overall molecular weight control. In a second series 

of experiments, the role of pH on electrochemically mediated ATRP was investigated 

(Table 4.3). Since both the standard reduction potential of the complex and its catalytic 

activity change with pH, it was necessary to adjust the applied potential for each experi-

ment. Eapp was chosen based on the voltammetric response of [CuIITPMA]2+ in the pres-

ence of HEBiB, in order to obtain a roughly fixed catalytic current, Figure 4.8b. 

The voltammetric analysis of the system described in the previous sections indicated 

that the reaction could be hampered at either extremely high or low pH, due to the for-

mation of inactive [HO-CuIITPMA]+ and [HO-CuITPMA] at high pH, and protonation of 

the ligand with partial dissociation of the catalyst at low pH. These predictions were con-

firmed by the CV curves reported in Figure 4.8b. The remarkable catalytic current en-

hancement observed at pH 5.5 decreases significantly both at higher and lower pH. The 

eATRP experiments confirmed the same trend. As the pH was increased above the pKa 

value of [CuIITPMA]2+ (pKa = 7.4), a decrease of efficiency in terms both of degree of  
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Table 4.3. Electrochemically mediated aqueous ATRP of OEOMA at 25 °C with 

[CuIITPMA]2+ at different pH values.a 

 pH E1/2
b
 

(V) 

Eapp
b 

(V) 

Ec 

(V) 

CCuI/CCuII
d t 

(h) 

Q 

(C) 

Conv.

(%) 

Mn,th Mn,app Mw/Mn 

1 11 -0.41 -0.35 0.06 0.1 1.6 1.6 78 42000 89000 1.50 

2 8.5 -0.31 -0.26 0.06 0.1 4 2.3 80 43000 118000 1.20 

3 5.5 -0.26 -0.20 0.06 0.1 4 3.1 95 51000 63000 1.17 

4 2.5 -0.20 -0.18 0.02 0.5 4 1.7 98 53000 47000 1.15 

5 1.5 -0.12e -0.18 -0.04 2 4 4.5 >99 54000 47000 1.19 

6 0.5 - -0.18 - - 4 1.5 0 - - - 
aAll experiments were carried out in H2O + OEOMA (10%, v/v) in the presence of 0.1 M Et4NBF4 

and 1 mM [CuIITPMA]2+; COEOMA/CHEBiB/C[CuIITPMA]2+ = 216:2:1. bvs. SCE. cE = Eapp – E1/2. dAc-

cording to eq. 4.16. eAt pH 1.5, cyclic voltammetry shows an irreversible peak; E1/2 was roughly 

estimated by the anodic shift of the reduction peak of [CuIITPMA]2+. 
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Figure 4.8. Cyclic voltammetry of 1 mM [CuIITPMA]2+ (a) in the absence and (b) in the presence 

of 2 mM HEBiB in 10% OEOMA (v/v) in H2O + 0.1 M Et4NBF4 at various pH values, v = 0.2 V 

s-1; the dots on the CV curves correspond to the Eapp values used in the polymerization experi-

ments. (c) Conversion () and molecular weight dispersity () of the eATRP experiments as a 

function of pH. A reasonable pH interval of stability of the catalyst is highlighted inside the circle. 

conversion and dispersity was observed (Table 4.3, entries 1-2 and Figure 4.8c). The cat-

alytic efficiency of [CuIITPMA]2+ was better preserved at low pH than at high pH. In spite 

of the decrease in catalytic current below pH 5.5, [CuIITPMA]2+ produced perfectly con-

trolled polymers with quantitative conversion down to pH 1.5 (Table 4.3, entries 3-5, 

Figure 4.8). However, complete dissociation of the catalyst occurred in strongly acidic 

conditions, pH 0.5, resulting in no detectable polymerization within 4 h of reaction. 
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ATRP with other ligands 

A third series of experiments involved the investigation of catalytic systems based on 

[CuIIMe6TREN]2+ and [CuIIPMDETA]2+. The electrolyses were performed in H2O + 10 

% OEOMA (v/v) containing Et4NBr as background electrolyte and the results are sum-

marized in Table 4.4. In the case of Me6TREN, experiments under typical working con-

ditions (0.1 M Br-, Eapp – E1/2 = 0.06 V,  L][CuL][Cu I2II /CC   10 at the electrode) did not 

give satisfactory results within a pH range from 6 to 9 (entries 1-2). High conversion 

could be achieved after 6 h of electrolysis, but the dispersity of the polymer (> 1.8) indi-

cated poor control. This is probably due to the relatively high KATRP and high concentra-

tion of propagating radicals in the system [CuIMe6TREN]+/HEBiB. To mitigate this ef-

fect, Eapp was positively shifted to Eapp – E1/2 = 0.12 V to impose  L][CuL][Cu I2II /CC   100 

at the electrode surface. This increased the degree of control by decreasing the rate of 

activation, while enhancing the rate of deactivation. As shown in Table 4.4 (entry 3) and 

Figure 4.9, shifting Eapp to more positive potentials gives the expected result: a well-con-

trolled polymerization with > 99% conversion. 

Table 4.4. Electrochemically mediated aqueous ATRP of OEOMA at 25 °C with 

[CuIIMe6TREN]2+ and [CuIIPMDETA]2+.a 

En. Ligand pH E1/2
b
 

(V) 

Eapp
b

 

(V) 

Ec 

(V) 

t  

(h) 

Q 

(C) 

Conv. 

(%) 

Mn,th Mn,app  Mw/Mn 

1 Me6TREN 9.0 -0.50 -0.44 0.06 6 3.5 97 53000 144000 1.81 

2 Me6TREN 6-7 -0.42 -0.36 0.06 6 1.7 83 45000 110000 1.80 

3 Me6TREN 6-7 -0.42 -0.30 0.12 2.5 2.2 >99 54000 58000 1.28 

4 PMDETA 10 -0.29 -0.23 0.06 2 1.9 >99 54000 73000 1.50 

5 PMDETA 7-8 -0.29 -0.23 0.06 2 2.1 >99 54000 59000 1.32 

6 PMDETA 6.3 -0.26 -0.20 0.06 2 1.8 >99 54000 56000 1.30 

7 PMDETA 5.2 -0.26 -0.20 0.06 2 2.4 90 49000 97000 1.45 

8 PMDETA 4.3 -0.06d -0.00 0.06 2 2.0 0 - - - 

9 PMDETAe 7-8 -0.26 -0.23 0.06 2 3.0 >99 54000 54000 1.23 
aAll experiments were carried out in H2O + OEOMA (10%, v/v) containing, unless otherwise 

stated, 0.1 M Et4NBr used as background electrolyte; COEOMA/CHEBiB/C[CuIITPMA]2+ = 216:2:1; 2 mM 

HEBiB. bvs. SCE. cE = Eapp – E1/2. dAt pH 4.3 cyclic voltammetry shows an irreversible peak; 

E1/2 was roughly estimated by the anodic shift of the reduction peak of [CuIIPMDETA]2+. 

e[Et4NBr] = 0.3 M. 
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Figure 4.9. eATRP of OEOMA performed at 25 °C in H2O + OEOMA (10%, v/v), using the 

catalytic systems [CuIIMe6TREN]2+ + 0.1 M Et4NBr at Eapp – E1/2 = 0.12 V (■) and [CuIIP-

MDETA]2+ + 0.3 M Et4NBr at Eapp – E1/2 = 0.06 V (●): (a) conversion and first-order kinetic plot; 

(b) evolution of molecular weight and molecular weight distribution with conversion. 

Conversely, when [CuIIPMDETA]2+ was used as catalyst, the process produced quite 

well-controlled polymers and resulted in total conversion of the monomer within 2 h. 

However, due to the higher basicity of PMDETA and the lower stability constants of Cu 

complexes of PMDETA, with respect to complexes of both TPMA and Me6TREN, the 

pH range of stability of [CuIPMDETA]+ is much narrower than that of [CuITPMA]+ (Ta-

ble 4.4, entries 4-7). This is particularly evident under acidic conditions in which [CuIT-

PMA]+ is an efficient catalyst down to pH 1.5, while [CuIPMDETA]+ loses catalytic ac-

tivity when pH is below 5. 

As shown in Table 4.4 (entries 4-7) Mw/Mn ≥ 1.30 was observed for Cu/PMDETA, 

even in the presence of 0.1 M Br-. This is because [Br-CuIIPMDETA]+ is not very stable 

with KBr = 0.81. Therefore, to further decrease Mw/Mn, a synthesis with 0.3 M Et4NBr 

was performed, to increase roughly three times the concentration of the deactivator [Br-

CuIIPMDETA]+. This resulted in an improvement in polymer control in terms both of 

Mw/Mn and molecular weight, which perfectly matched the theoretical value, without ap-

preciably sacrificing the reaction rate (Table 4.4, entry 9 and red circles in Figure 4.9). 

Effect of type of halide ion (Cl, Br) 

Effect of switching the supporting electrolyte from Et4NBr to Et4NCl was investigated, 

and results are reported in Table 4.5. In the presence of high Cl– concentration, halogen 

exchange from the starting HEBiB initiator is achieved in the first stage of the reaction;15 

in other words, chains grew with a C-Cl chain end. The absence of bromine atoms is 

desirable for certain biological applications. Polymerizations in the presence of Et4NCl 

were slightly slower but better controlled when using TPMA or Me6TREN as ligand. 
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ATRP with C-Cl chain ends is characterized by significantly lower ATRP equilibrium 

constants with respect to C-Br, due to the higher C-Cl bond strength.16 The effect is a 

lower radical concentration, which accounts for the observed lower rate and better con-

trol. 

Table 4.5. Electrochemically mediated aqueous ATRP of OEOMA at 25 °C with 

different halide ions as supporting electrolytes.a 

 Ligand X pH E1/2
b
 

(V) 

Eapp
b
 

(V) 

Ec 

(V) 

t  

(h) 

Q 

(C) 

Conv. 

(%) 

Mn,th Mn,app  Mw/Mn 

1 TPMA Br 5-6 -0.26 -0.20 0.06 4 3.1 95 51000 63000 1.17 

2  Cl 5-6 -0.29 -0.23 0.06 4 1.8 94 51000 54000 1.11 

3 Me6TREN Br 6-7 -0.42 -0.30 0.12 2.5 2.2 >99 54000 58000 1.28 

4  Cl 6-7 -0.44 -0.32 0.12 3 2.6 >99 54000 64000 1.26 
aAll experiments were carried out in H2O + OEOMA (10%, v/v) containing 0.1 M Et4NX used as 

background electrolyte; COEOMA/CHEBiB/C[CuIITPMA]2+ = 216:2:1; 2 mM HEBiB. bvs. SCE. cE = 

Eapp – E1/2. 

Table 4.6. Electrochemically mediated aqueous ATRP of OEOA at 25 °C with 

[CuTPMA]2+.a 

En. CCl- 

(M) 

pH E1/2
b
 

(V) 

Eapp
b
 

(V) 

Ec 

(V) 

t  

(h) 

Conv. 

(%) 

Mn,th Mn,app  Mw/Mn 

1 0 5-6 -0.18 -0.55 -0.37 3 57 84000 98000 1.47 

2 0 5-6 -0.18 -0.18 0 5 38 68000 65900 1.24 

3 0.1 5-6 -0.22 -0.22 0 8 48 26500 27700 1.23 

4 0.1 5-6 -0.22 -0.16 0.06 8 28 15800 17100 1.08 

aAll experiments were carried out in H2O + OEOA (10%, v/v) containing Et4NCl used as back-

ground electrolyte; COEOA/CHEBiB/C[CuIITPMA]2+ = 228:2:1; 2 mM HEBiB. bvs. SCE. cE = Eapp – 

E1/2. 

Effect of nature of the monomer 

Besides the chain end functionality, the nature of the monomer has profound implications 

on ATRP equilibrium constant. In particular, KATRP is much lower for acrylates than 

methacrylates, due to the lower stability of a secondary radical than a tertiary one.16 For 

this reason, polymerization of oligo(ethyleneoxide) methylether acrylate (OEOA) was 

significantly slower than polymerization of OEOMA, and only moderate conversion was 
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observed after several hours (Table 4.6). Modulating Eapp had similar results in the 

polymerization of both OEOA and OEOMA, with control improving with more positive 

Eapp (entries 1-2). Addition of Et4NCl supporting electrolyte provided polymers with 

lower dispersities, but significantly slowed reaction rates, because of formation of the 

inactive [Cl-CuIL]+ species (entries 3-4).14 

Rate of polymerization as a function of pH 

The overall rate, Rp, of polymerization in a controlled ATRP is given by:17 

I
n

II +

P X M[Cu L]app
p p M p ATRP

[X-Cu L]

C C C
R k C k K

C

 
  
 
 

 (4.17) 

where kp is the propagation rate constant of the radicals and CPnX is the concentration of 

the growing chains. kp
app is the apparent rate constant of polymerization, which can be 

determined from the slope of the linear plot of  ln([M]0/[M]) vs. time. The role of pH on 

the polymerization rate was investigated for [CuIITPMA]2+ and [CuIIPMDETA]2+ and 

Figure 4.10 shows the dependence of kp
app on pH. The two catalyst systems show a similar 

dependence of kp
app on pH. The polymerization rate increases, in a relatively strong alka-

line environment (pH ≥ 10), probably because the deactivator [Br-CuIIL]+ is completely 

absent as it is replaced by the inactive [HO-CuIIL]+ complex. This is reflected in both an 

increase of kp
app and a decrease in polymerization control. 
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Figure 4.10. Dependence on pH of kp

app measured for the polymerization of OEOMA, catalyzed 

by (●) [CuIITPMA]2+ and (▲) [CuIIPMDETA]2+. 

At low pH, despite the sharp decrease in the catalytic activity of the complex (lower 

currents in Figure 4.8b), there is an increase in the polymerization rates. Table 4.3 shows 

that a relatively more negative potential was applied at acidic pH (< 2.5), which imposed 

a higher CCuI/CCuII ratio, and hence accounted for the increased kp
app, according to eq. 4.17. 

It is noteworthy, however, that in the case of [CuIITPMA]2+, despite a significant increase 
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in kp
app at low pH, control over polymer growth was not compromised (high conversion 

and low Mw/Mn). 

At similar pH and Eapp – E1/2, [CuIITPMA]2+ provided lower kp
app and better control 

(Mw/Mn = 1.2-1.15 vs. ≥ 1.3) than [CuIIPMDETA]2+. This may be rationalized by a sig-

nificantly higher KX for [CuIITPMA]2+, which results in a higher deactivator ([Br-CuIIL]+) 

concentration and consequently higher deactivation rate. The increase in deactivation rate 

can explain both the decrease in kp
app and the superior control over polymer growth. 

Conditions of good control in aqueous eATRP 

A thorough examination of all the factors that can explain the peculiar reactivity of ATRP 

catalysts in water was carried out, with particular attention directed to understanding the 

limits of control. This study allowed the determination of a pH range where copper cata-

lysts are stable: the range of catalyst stability is limited by ligand protonation at low pH 

and formation of hydroxy complexes at high pH. Evaluation of halidophilicity constants 

shows that CuI has higher affinity for halide ions than CuII and that, in general, the deac-

tivator complexes II +[X-Cu L]  readily dissociate. An excess of halide ions in solution af-

fects both activator and deactivator concentration. [CuIL]+ is partially converted to inac-

tive [X-CuIL], while II +[X-Cu L]  is preserved; both factors favor deactivation over acti-

vation, thus increasing the chances of gaining control over molecular weight distribution. 

Overall, the results obtained in this study allow some guidelines to be set for the effi-

cient aqueous ATRP of OEOMA. In general, the catalyst must exhibit sufficiently low  

 

Figure 4.11. Schematic representation of the optimal conditions for a well-controlled aqueous 

eATRP. Controlled polymerizations (Mw/Mn < 1.3 and Mn in good agreement with theoretical 

values) were found for the experimental conditions that are inside the colored zones. 
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KATRP and kdisp, and high KX. Figure 4.11 displays the necessary conditions to achieve a 

well-controlled electrochemically mediated polymerization for each of the three investi-

gated complexes; experimental conditions should be inside the colored zones. It is imme-

diately clear that Cu/TPMA is the best and most versatile catalyst in water: it is charac-

terized by adequately low KATRP, high KX, and a greater tolerance to acidic media (pH 

down to 1.5). For each complex, control is possible within a well-defined pH range. More-

over, for the best control over polymer growth, E =Eapp – E1/2 ≥ 0 and a sizeable excess 

of halide ions must be used. It must be stressed that E cannot be increased without any 

limit because Eapp should also be near the reduction potential of CuII. 

Contrary to what was believed until now, ATRP of OEOMA can be controlled under 

strongly acidic conditions, while high pH should be avoided. This series of experiments 

opened a new avenue for the polymerization of acidic monomers, a class of building 

blocks that was considered to be problematic, or even impossible, to be polymerized by 

ATRP (see the next chapter). 
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Chapter 5  

Aqueous ATRP of Acidic Monomers 
Equation Chapter 5 Section 1 

One of the advantages of ATRP is the tolerance towards a large array of monomers, ex-

cept those without radical stabilizing substituents and acidic monomers. For the latter 

case, several reasons were hypothesized for this lack of success, including ligand proto-

nation at low pH,1,2 competitive complexation of the carboxylate moieties to copper,1 or 

displacement of the halide anion from the CuII deactivating complex.2 The controlled syn-

thesis of (co)polymers containing carboxylic acid groups, like methacrylic acid (MAA), 

can lead to a plethora of applications. Such polymers are hydrophilic, often pH respon-

sive, and generally well biocompatible. They have also unique complexing properties. 

Thus, ATRP of MAA is highly desirable for various applications. 

Unfortunately, until now ATRP allowed to synthetize only well-controlled (Mw/Mn < 

1.5) random copolymers with a quite low (≤ 20%) MAA content. They were prepared 

either by SARA ATRP3 or photoinduced ATRP catalyzed by 10-phenyl phenothiazine4 

or iridium complexes.5 For the synthesis of well-defined (meth)acrylic acid (MAA or AA) 

homopolymers, ATRP of protected monomers in organic solvents has been employed. 

Usually, tert-butyl methacrylate is polymerized in an organic solvent, and then depro-

tected and purified.6 

Armes and coworkers polymerized the sodium salt of MAA, obtained by titration of 

the monomer with NaOH to pH 9. Despite obtaining good control by ATRP, their syn-

thesis required high concentration of the catalyst CuBr2/bipyridine (> 10,000 ppm, calcu-

lated as the mole ratio of copper catalyst to monomer, (nCu/nM)×106), high temperature 

(90 °C), and long reaction times (up to 21 h). The polymerization was limited to low 

molecular weights due to the build-up of anionic charge density on the polymer back-

bone.7 

Although both RAFT8 and NMP9 can be used for the direct polymerization of AA 

and MAA, the synthesis of controlled acidic polymers is still a challenge for ATRP. The 
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direct polymerization of MAA in its acidic (non-ionized) form presents several ad-

vantages: (i) the propagation rate constant, kp, of MAA is 10 times higher than that of 

sodium methacrylate;10 (ii) polymerization is not inhibited by the build-up of polyanionic 

charge on the polymer backbone;7 (iii) carboxylic acids are weaker nucleophiles and 

weaker complexing agents than carboxylates (they may not compete for copper ions with 

ATRP amine ligands or halide ions); (iv) polymerization does not require neutraliza-

tion/titration of the monomer. 

eATRP of MAA under typical aqueous conditions. It was shown in the previous chap-

ter that electrochemically mediated ATRP of 10% v/v OEOMA in water provided excel-

lent control under acidic conditions. In particular, with [Br-CuIITPMA]+ as catalyst at pH 

2.5, 98% conversion was achieved within 4 h in a well-controlled process yielding poly-

mers with Mw/Mn = 1.15 (Table 4.4). Therefore, considering that a 10% v/v solution of 

MAA has pH ~2.3, an eATRP of this monomer was performed, replicating the experi-

mental conditions that were successful for OEOMA (Table 5.1, entry 1). Unfortunately, 

only 7% of MAA was converted after 60 minutes, when the reaction completely stopped. 

Such a dramatic difference demonstrated that it was impossible to extrapolate to MAA 

the experimental settings that worked well for OEOMA.  

Scheme 5.1. Structures of the investigated initiators and ligands. 

 

Developing a successful, well-controlled ATRP of MAA requires understanding first 

the reasons leading to the difficulties in controlling, or even obtaining, the polymeriza-

tion. To this end, the ATRP system composed of the catalyst CuIIX2/TPMA and the initi-

ator 2-hydroxyethyl bromoisobutyrate (HEBiB) or 2-bromoisobutyric acid (BiBA) was 

investigated in 10% MAA in water. The ligand TPMA was selected because it was al-

ready used in acidic environments.2 In addition, besides forming a copper complex with 
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a very high stability constant and sufficient halidophilicity, it suppresses CuI dispropor-

tionation. 

5.1 Investigation of the catalytic system 

Stability of catalyst and initiator. Cyclic voltammetry (CV) of [CuIITPMA]2+ in 10% 

v/v MAA in water + 0.1 M NaBr exhibits a reversible peak couple, with Eo = -0.20 V vs. 

SCE (solid line in Figure 5.1a). Eo was obtained as the midpoint between the cathodic, 

Epc, and anodic, Epa, peak potentials, (Epc + Epa)/2 = E1/2 ≈ Eo. For comparison, Eo of 

[CuIITPMA]2+ in 10% OEOMA in water + 0.1 M Et4NBr is -0.26 V vs. SCE (Table 4.1). 

This difference in the redox potentials (0.06 V) suggests that the complex is a slightly less 

active and weaker reducing agent in the presence of MAA than in the presence of OE-

OMA, but is still a suitable catalyst. To check the stability of [CuIITPMA]+ during elec-

trolysis, the typical conditions of a polymerization experiment were simulated by keeping 

a cell with all components needed for eATRP under intense stirring for 2 h and then a CV 

was recorded. The shape of the voltammetric curve of [CuIITPMA]2+ was unchanged 

(dashed line in Figure 5.1a). Since no other peak appeared in the CV, the initial complex 

did not dissociate, or, in other words, MAA does not compete with TPMA for Cu2+ ions. 
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Figure 5.1. CV of 10-3 M [CuIITPMA]2+ in 10% v/v MAA in water + 0.1 M NaBr (a) in the 

absence and (b) in the presence of 5×10-3 HEBiB. CV were recorded immediately after addition 

of the reagents (solid line), after two hour of stirring (dashed line). (c) CV of 10-3 M [CuIITPMA]2+ 

in 10% v/v MAA in water + 0.1 M NaBr in the absence of HEBiB (solid line), and in the presence 

of HEBiB after application of Eapp = -0.18 V vs. SCE for 2.5 h, which triggered the polymerization 

of MAA oligomers (dotted line). 

A similar situation was observed in the presence of the initiator HEBiB (Figure 5.1b). 

As expected, in this case, the CV was irreversible, confirming the catalytic behavior of 

the system. According to the catalytic cycle in Scheme 5.2, the electrogenerated [CuIL]+ 
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quickly disappears by reaction with the initiator, RX. This reaction regenerates CuII com-

plexes, which are subsequently further reduced at the electrode, causing the increased 

cathodic current (Ipc). As in the previous case, the voltammetric pattern was essentially 

unchanged after two hours of stirring in the presence of MAA. This indicated that the 

initiator was stable and did not undergo hydrolysis, while its catalytic activity remained 

unchanged. 

Scheme 5.2. Catalytic cycle involving heterogeneous electron transfer to CuII. 

 

In the presence of PMAA oligomers, obtained from the eATRP of MAA under stand-

ard aqueous conditions (7% of MAA conversion), a signal corresponding to the original 

[CuIITPMA]2+ was observed (Figure 5.1c). This proved that the complex was stable also 

in the presence of PMAA, which could act as a stronger polydentate ligand, using multiple 

carboxylic groups to bind Cu ions. On the other hand, the absence of any catalytic current 

implied the absence of active C-Br bonds. 

Halide ions have remarkably lower association constants with [CuIITPMA]2+ in pure 

water as compared to organic solvents (reaction 5.1, equilibrium constant, KX < 13, Table 

4.2). 

[CuIITPMA]2+  +  X–    
XK     [X-CuIITPMA]+ (5.1) 

The equilibrium constant of reaction 5.1, for X = Cl, was determined by spectropho-

tometric titration in 20% v/v MAA in water at 0.1 M ionic strength (Figure 5.2). The 

obtained value, KCl = 38, was higher than the value in pure water. This result showed that 

the monomer did not compete with the halide ions; conversely, MAA acted as an organic 

solvent, reducing the polarity of the environment and facilitating the formation of the 

ternary [X-CuIITPMA]+ deactivator complex. A similar behavior was observed when 

MeOH was added to water.11 



Ph.D. Thesis – Marco Fantin  |  93  
 

600 800 1000 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

910 930

0.50

0.51

0.52

0 5 10 15
0.30

0.35

0.40

0.45

0.50

[Cl-CuIIL]+

(b)(a)

A 

 

A

  /  nm

Increasing

      C
Cl-

[CuIIL]2+

 

 

790 nm

810 nm

 

 

C
Cl- / CTPMA

830 nm

 

Figure 5.2. (a) Vis-NIR spectra of 3×10-3 M [CuIITPMA]2+ solutions at 25 °C in 20% v/v MAA 

in water + 0.1 M Et4NBF4, V0 = 2 mL, C0 = 3×10-3 M; step additions of a 20% v/v MAA aqueous 

solution containing 3×10-3 M [CuIITPMA]2+ and 9.98×10-2 M Et4NCl. (b) Absorbance values at 

three selected wavelengths and best-fit curves. 

Evaluation of the role of radical-radical termination. Having proved the stability of 

both catalyst and initiator, the stability of the growing polymer was then studied. Exces-

sive radical-radical termination could be the cause of low conversion and lack of control. 

Electrochemically mediated ATRP allows a clear insight into radical chain-termination 

reactions: Scheme 5.2 shows that one [X-CuIIL]+ should accumulate in solution for each 

terminated radical. To allow the further activation of C-Br bonds, CuII species must be 

reduced back to CuI at the working electrode. Therefore, each termination event is ac-

companied by the consecutive mono-electronic reduction of a CuII complex, with the con-

sumption of one elementary charge. By recording the total consumed charge during an 

eATRP experiment, the number of active chains lost by radical-radical termination could 

be evaluated by equation 2 (chronoamperometry curve used for the determination of the 

consumed charge is reported in Figure 5.3). Total charge Q is the sum of two contribu-

tions: the initial reduction of CuII species to CuI, IICu /L
Q , and the reduction of CuII species 

accumulated after radical-radical termination reactions, RQ . 

 II IIR RCu /L Cu /L
Q Q Q n n F     (5.2) 

where IICu /L
n  is the number of moles of CuII species initially converted to CuI, Rn  is the 

number of moles of chain terminated by radical-radical reactions, and F is the Faraday 

constant. IICu /L
n  was estimated by using the Nernst equation; the CuII to CuI ratio can be 

expressed as: 
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where R is the gas constant. At Eapp = E1/2 = -0.20 V, the IICu /L
C / ICu /L

C  at the electrode is 

~1, therefore half of the CuII species are converted to CuI. This corresponds to IICu /L
n  = 

5.9×10-6 mol and IICu /L
Q = 0.57 C. Using the determined Q = 1.6 C, it follows that nR = 

1.1×10-5 mol. The number of growing chains is equal to the number of moles of initiator, 

nRX = 1.2×10-4 mol. It follows that the fraction of radical-radical terminated chains, 

nR/nRX, is only 9% of the total number of chains. Such a value is compatible with a con-

trolled radical polymerization.12 Therefore, the chain end functionality was not lost 

mainly through radical-radical termination, but rather through a different pathway. 
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Figure 5.3. Chronoamperometry recorded during the eATRP of 10% v/v MAA in water + 0.1 M 

NaBr at Eapp = -0.18 V vs. SCE. Conditions: CMAA:CHEBiB:CCu(OTf)2
:CTPMA = 200:1:0.1:0.1. 

Analysis of the chain end structure. To analyze the chain end via NMR spectroscopy, 

a synthesis with a low degree of polymerization (DP) PMAA was carried out by SARA 

ATRP ( MC : R XC :
2Cu(OTf)C : T P M AC : N a B rC  = 10:1:0.0001:0.03:5 in 5% v/v MAA in D2O, 

total V = 5 mL, 10 cm Cu wire with diameter d = 1 mm, RX = α-bromoisobutyric acid). 

The 1H-NMR and 2D-Heteronuclear Multiple Bond Coherence (HMBC) spectrum of the 

products (Figure 5.4) showed the presence of a lactone (structure A in Scheme 5.3). First, 

the broad signals in the proton spectrum, centered at δ(1H) = 1.05 and 1.95 ppm, were 

assigned to the protons 3 and 4, respectively, of the bulk polymer chain (structure B). In 

structure A, protons 3a and 3b have different chemical shifts (δ(1H) = 2.60 and 2.21) and 

show J coupling, representing an AB system, typical of a cyclic structure (AB quartet, 

2H, JAB = 13.9 Hz). Relevant chemical shift associations are reported in Figure 3. The 

HMBC spectrum shows that protons 3a and 3b correlate (being at a distance of 2-3 bonds) 
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to carbons 1, 2, 3, 4, 5, 7 and 8. Protons 7 correlate to carbons 3, 4 and 8. The peak of 

carbon 4, δ(13C) = 82.3, was unambiguously assigned to the lactone quaternary carbon. 

This is in fair agreement with the 13C NMR spectrum of γ-valerolactone (carbon 4 of 

structure C, δ(13C) = 77.3),13 which has molecular structure similar to that of A. Scheme 

5.3 also displays a set of chain end configurations (structures D and E) typical of a poly-

mer obtained by ATRP. Such structures are not compatible with a peak at δ(13C) = 82.3 

ppm. Carbon 2 of the active chain end (Structure D) should have a chemical shift in the 

interval 55 < δ(13C) < 70,14 in agreement with the spectrum of α-bromoisobutyric acid 

(BiBA).13 Conversely, radical-radical termination (by disproportionation) would produce 

tertiary carbon atoms as chain end with δ(13C) < 50, (carbon 2 in structure E). 

Scheme 5.3. Cyclization reaction, chain end lactone and PMAA chain ends, R = H 

or oligomer chain. 

 

 

Figure 5.4. HMBC of the products of a SARA ATRP of MAA with target DP = 10, in D2O. 

Relevant atoms are labeled in agreement with structure A in Scheme 4 (with R = H). 
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Figure 5.5. Detail of ROESY spectrum of the SARA ATRP mixture. 

Additionally, connectivity in the ROESY spectrum (Figure 5.5) suggested the pres-

ence of a lactone. The two doublets at  = 2.60 and  2.21 (f1 axis), were attributed to 

the two protons in position 3 in structure A, for their shape and their coupling constant 

3J(H,H) = 13.9 Hz. In the ROESY spectrum, they correlate (therefore they are “close” in 

space, below 4 Å) to the singlets at (1H) = 1.16 [(13C) = 24.6] and (1H) = 1.24 [(13C 

= 24.7)], respectively. From their shape and chemical shift, the two singlets were at-

tributed to C5 and C6 (with R = H). Each of the two methylene protons in 3 is “close” 

only to the protons of one methyl (C5 or C6). This situation is possible only in a well-

defined cyclic structure (lactone, A) and not in an open structure (B or C). In an open 

structure, the rotation around sigma bonds would put both methylene protons close to 

both methyl groups (C5 and C6), resulting in cross ROESY correlations. 

FT-IR of the dried polymerization mixture was consistent with the presence of a lac-

tone (Figure 5.6). The shoulder at  = 1770 cm-1 was assigned to the stretching of the 

lactone carbonyl. 

A close inspection of the NMR data showed several slightly different AX systems, 

indicating the presence of multiple slightly different lactone structures. These signals 

were associated to lactones at the chain end of polymers with different lengths. In any 

case, the most relevant signals were associated to structure A, with R = H. This indicated 

that the majority of the cyclization occurred immediately after the first monomer addition 

to the initiator BiBA, and that most of the polymerization was prevented from the begin-

ning of the reaction. 
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Figure 5.6. FT-IR of the dried polymerization mixture. The shoulder at 1770 cm-1 was associated 

to the lactone carbonyl stretching. Inset: close up of the carbonyl-stretching region of the spec-

trum. 

Once the main cause of termination was identified, three solutions were applied to 

reduce the effect of this SN-type reaction. As will be discussed in the next sections, first, 

the Br chain end was switched to a Cl chain end. Then, the pH was lowered to reduce the 

concentration of carboxylate anions. Finally, conditions were selected to accelerate the 

ATRP synthesis, in order to diminish the extent of the cyclization side reaction. 

5.2 Electrochemically mediated ATRP of MAA 

5.2.1 Effect of halide ions  

ATRP in water is performed with a relatively high concentration (0.1–0.3 M) of halide 

ions to prevent the dissociation of the ternary deactivator complex [X-CuIIL]+. When 

switching from 0.1 M NaBr to 0.1 M NaCl as supporting electrolyte, a remarkable im-

provement in the eATRP of MAA was observed, with conversion that increased from 7% 

to 43% (Table 5.1). A further increase in conversion (65%) was obtained with 0.3 M 

NaCl. The lifetime of growing chains was increased, so that polymerization could proceed 

for longer time (from less than 1 h to about 3 h). After this time, the reaction stopped, 

suggesting the loss of chain end functionality. 

Chloride anions are worse leaving groups than bromide ones, therefore they are dis-

placed less effectively from the chain end. With high Cl– concentration, halogen exchange 

from the starting HEBiB initiator was achieved in the first stage of the reaction;15 in other 

words, chains grew with a C-Cl chain end. Changing the halide ions and their concentra-

tion can also affect other important ATRP parameters, such as [X-CuIIL]+ association 
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constant and ATRP equilibrium constants (see Figure 2.2). Nevertheless, this dramatic 

improvement in conversion can be attributed mostly to the better stability of the C-Cl 

chain end functionality. 

The positive results obtained on moving from NaBr to NaCl supporting electrolyte 

prompted to test NaF. However, only a small conversion was observed (Table 5.1, entry 

4). The use of alkyl fluorides as ATRP initiators is still challenging, even in aqueous 

environment. 

Table 5.1. eATRP of 10 % v/v MAA in water at Eapp = -0.18 V vs. SCE and T = 25 °C.a 

Entry Supporting 

electrolyte 

t 

(h) 

Q  

(C) 

Conv. 

(%) 

kp
app 

(min-1) 

Mn,th Mn,app Ieff
b Mw/Mn 

1 0.1 M NaBr 3 1.6 7 0.0007 1300 - - - 

2 0.1 M NaCl 3 3.2 43 0.0042 8000 15.6 0.53 2.5 

3 0.3 M NaCl 3 1.7 65 0.0070 13500 16.3 0.82 2.2 

4 0.03 M NaF +  

0.1 M NaClO4 

3 5.9 3 0.0001 800 - - - 

a Measured pH = 2.2. Conditions: 
MC :

R XC :
2Cu(OTf)C :

T PM AC  = 200:1:0.1:0.1. 2+Cu
C  = 5.9×10-4 M.                                

b Initiation efficiency Ieff = Mn,th/Mn,app. 

5.2.2 Effect of pH 

As already seen in the previous chapter, cyclic voltammetry in Figure 5.7a confirmed that 

thermodynamic and electrochemical properties of the catalyst change drastically with pH. 

Eo of the complex in 10% MAA in water + 0.3 M NaCl changed from -0.20 V vs. SCE at 

pH 2.2, to -0.06 V vs. SCE at pH 0.9. Moreover, the CV recorded at pH 0.9 was almost 

completely irreversible. In this case Eo was estimated as (Epc + Epc/2)/2, the midpoint be-

tween the peak potential, Epc, and the half-peak potential, Epc/2 (the potential at half-peak 

current). 16 This is a very rough estimate as the effect of any chemical reaction following 

electron transfer to CuII was not taken into account. In fact, the irreversibility of the volt-

ammetric response could be caused by [CuIL]+ protonation and consequent dissociation, 

occurring during the timescale of the CV experiment (seconds). [CuIL]+ stability constant 

is significantly lower than that of [CuIIL]2+ (in pure water, log βI = 13.6, log βII = 17.59, 

Table 4.1). Nevertheless, [CuIL]+ activated the C-X bond faster than it dissociated, owing 

to the extremely high activation rate constant of CuI amine complexes in water (Table 

3.2). 
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Figure 5.7. Cyclic voltammetry of 5.9×10-4 M [CuIITPMA]2+ in pure water (solid line), 10% v/v 

MAA in water (dashed line), and 10% v/v MAA in water + 0.126 M HCl (dotted line). CVs were 

recorded in the absence (a) and presence (b) of 5.9×10-4 M α-bromophenylacetic acid. NaCl was 

added to have a total 
Cl

C    = 0.3 M, T = 25 °C; measured pH values are labeled on the curves. The 

dashed line represents Eapp = -0.18 V vs.SCE (vertical dotted line). 

Linear correlations between KATRP and II 2+ I +

o

[Cu L] /[Cu L]
E  have been experimentally ob-

served.17 On the basis of these correlations, it can be estimated that a 0.14 V drop in the 

reduction potential of the complex (from pH 2.2 to 0.9) is accompanied by a decrease in 

KATRP of 2 to 3 orders of magnitude. Therefore, the activity of the complex at pH 0.9 is 

expected to be similar to that in polar organic solvents (e. g. DMSO or DMF, where KATRP 

is 2 and 3 orders of magnitude smaller than in water, respectively17c). A lower KATRP leads 

to lower radical concentration, which could be beneficial, since problems in controlling 

aqueous ATRP are linked to a too high radical concentration. 

Figure 5.7b confirms the predicted large decrease of [CuIITPMA]2+ catalytic activity 

when switching from water to acidic environments. In the presence of α-bromophenyla-

cetic acid (BPAA), the cathodic current drastically dropped when MAA, or MAA + HCl, 

were added to water. Nevertheless, in the most unfavorable conditions, i.e., at pH 0.9, a 

cathodic current of 35 μA was recorded. This value is more 3 times greater than Ipc of the 

catalyst alone (compare the red traces in Figure 5.6), clearly indicating that, even at pH 

0.9, CuI could still activate the C-X bonds. 

Lowering the pH by addition of HCl had a strong effect on the electrochemical 

ATRPs (Table 5.2, entries 1-7), in particular, allowing to drastically reduce the extent of 

the chain end cyclization reaction. In the series of reactions reported in Table 5.2, de-

creasing the pH from 2.2 (the pH of 10% v/v MAA in water) to 0.9 allowed to increase 

conversion to 96%, while dispersity decreased from 2.18 to 1.49. Good linearity of the 
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first-order kinetic plot (Figure 5.7) and good agreement between experimental and theo-

retical molecular weights proved the occurrence of a controlled polymerization. Figure 

5.8 shows conversions and molecular-weight distributions as a function of pH. Both pa-

rameters rapidly improved while lowering pH, the best results being observed around pH 

0.9. In fact, further decreasing pH to 0.6 caused a slower polymerization without any 

decrease in molecular-weight dispersity. The kinetic plot in Figure 5.8b for the experi-

ment at pH 0.9 indicates that the polymerization slightly slowed down after 2–3 hours, 

possibly due to some radical-radical termination or cyclization of the chain end. However, 

this happened only when conversion was >90%. 

In a solution of 10% v/v MAA in water, with pH = 2.2, 5.3×10-3 M (0.45%) of MAA 

is present in its ionized form, as carboxylate anions. Lowering pH allowed to decrease 

the concentration of carboxylate, which is a stronger nucleophile than the carboxylic acid, 

and to decrease the negative impact of the lactone formation at the chain end. Another 

possibility is that CuI complexes catalyze not only the desired ATRP process, but also the 

chain end cyclization. In this scenario, decreasing pH significantly altered the reactivity 

of the CuI complex, which may be less efficient in catalyzing the cyclization side reaction. 

Table 5.2. eATRP of 10% v/v MAA in water at different pH and T = 25 °C.a 

 pH Eapp 

(V vs. SCE) 

t 

(h) 

Q 

(C)  

Conv. 

(%) 

kp
app 

(min-1) 

Mn,th Mn,app Ieff
 Mw/Mn 

1b 2.2c -0.18 3 1.7 66 0.007 13600 16300 0.83 2.18 

2b 1.4 -0.18 3 3.4 82 0.010 14300 20100 0.71 1.88 

3 1.4 -0.18 3 3.0 83 0.011 14500 21800 0.67 1.72 

4 1.1 -0.18 5 4.6 97 0.013 16900 21300 0.79 1.54 

5 0.9 -0.18 4 4.7 96 0.015 16800 21800 0.77 1.49 

6 0.6 -0.18 4 3.4 90 0.011 15800 19900 0.79 1.50 

7 0.9 -0.10 4 2.3 74 0.006 15900 38000 0.34 1.43 

8d 0.9 -0.18 4 3.2 96 0.014 16800 18000 0.93 1.42 

9e 0.9 -0.18 4 3.2 86 0.012 14900 19900 0.75 1.45 

a pH was set by addition of HCl; NaCl was added to have a constant total 0.3 M 
Cl

C  . Conditions: 

MC : R XC :
2CuClC : T PM AC : CNaCl = 200:1:0.1:0.1:29. 2+Cu

C  = 5.9×10-4 M.  b HEBiB was used as 

initiator. ccpH of 10% v/v MAA in water. d 
2CuClC : T PM AC  = 0.1:0.4. e terpy used as ligand. 
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Figure 5.8. First-order kinetic plots (a, b), evolution of molecular weight and molecular-weight 

distribution (c, d), and GPC traces (e, f) as a function of conversion for eATRP of 10% v/v MAA 

in H2O at Eapp = -0.18 V vs. SCE at pH 2.2 (a, c, e) or at pH 0.9 (b, d, f); NaCl was added to have 

a total 0.3 M 
Cl

C  . Conditions: MC : RXC :
2CuClC : TPMAC  = 200:1:0.1:0.1, 2+Cu

C  = 5.9×10-4 M, T 

= 25 °C. 
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Figure 5.9. Conversion (■) and molecular weight dispersity (▼) of eATRP experiments 

as a function of pH. 

Below pH 1.4, the initiator 2-bromoisobutyric acid (BiBA) was used instead of 

HEBiB. BiBA is an activated tertiary bromide that better mimics the PMAA chain end. 

Two experiments performed at pH 1.4 showed that BiBA performed similarly, or slightly 

better, than HEBiB in terms of control over molecular weights and dispersity (Table 5.2, 

entries 2-3). 
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TPMA was not the only ligand able to polymerize MAA in such acidic conditions: 

eATRP catalyzed by [CuIIterpy]2+ (terpy = 2,2’;6’,2’’-terpyridine) at pH 0.9 produced 

overall similar results (Table 5.2, entry 9). This confirmed the peculiar stability of aro-

matic amine ligands in acidic environments, compared to aliphatic amine ligands. For 

example, N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) was unable to pro-

vide controlled polymers below pH 5. 

5.2.3 Modulating polymerization rates 

Modulating Eapp is an easy way to modify the overall rate of eATRP reactions. For exam-

ple, when Eapp – E1/2 ≈ -0.12 V the reaction rate reached its maximum value in 50% v/v 

BA in DMF.18 This rate limit is dictated by the mass transport of reagents to and from the 

electrode surface. 

In the eATRP of MAA at pH 0.9, Eapp – E1/2 = (-0.18 + 0.06) V = -0.12 V, therefore 

CuII reduction was limited by mass transport and polymerization was proceeding with the 

highest possible rate. Consequently, the contribution of lactone formation to chain termi-

nation was minimized. An experiment was performed at Eapp – E1/2 = -0.04 V (Table 5.2, 

entry 7), where the reaction rate was not limited by the mass transport. The synthesis was 

2.5 times slower, with Mn values not matching the theoretical ones. Nevertheless, molec-

ular-weight distribution (1.43) was slightly lower than eATRP at Eapp – E1/2 = -0.12 V. 

Using an excess of ligand was more efficient than Eapp modulation to reduce disper-

sity. A TPMA to copper ratio of 4/1 provided better control, both in terms of initiation 

efficiency and dispersity, with respect to a 1/1 ratio (Table 5.2, entries 5 and 8). Therefore, 

L/Cu ratio of 4/1 was used in all the succeeding experiments. Another aqueous acidic 

system, ARGET ATRP of OEOMA promoted by ascorbic acid feeding, showed the same 

behavior.19 

A modification of Cu/TPMA structure could cause the shift in the complex standard 

reduction potential from pure water to pH 0.9 (Figure 5.7). At acidic pH partial protona-

tion of the ligand may occur, which can result in the dissociation of one or more arms of 

the tetradentate TPMA ligand. Excess TPMA can assist complex formation by binding to 

vacant coordination sites. 

5.2.4 Confirming the “livingness” of the synthesis by using an electrochemical switch 

Repetitively stepping Eapp from –0.2 V to +0.8 V vs. SCE created an electrochemical 

switch that allowed to activate or deactivate the polymerization in situ. The negative po-

tential favors formation of CuI at the electrode and hence triggers an active state, whereas 
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the positive potential favors the quick oxidation of CuI to CuII and leads to a dormant state 

(Figure 2.3a). In the first 20 minutes of the experiment, no potential was applied and as a 

result no monomer conversion occurred (Figure 5.9a). Upon switching the potential to -

0.2 V vs. SCE, 22% monomer conversion was observed after ~10 min, at which point the 

potential was switched to +0.8 V vs. SCE. Once this potential change occurred, CuI was 

quickly oxidized and the polymerization halted, achieving negligible monomer conver-

sion over the following 20 min. 
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Figure 5.10. (a) Conversion (solid circles) and applied potential (dashed line) with respect to 

time. (b) Evolution of molecular weight with monomer conversion, after each step at Eapp = -0.2 

V vs. SCE; measured by gel permeation chromatography. Conditions: MC : RXC :
2CuClC : TPMAC

:CNaCl = 200:1:0.1:0.4:29, T = 25 °C. pH 0.9 was set by addition of HCl. 

This electrochemical switch cycle was then repeated for three additional cycles, resulting 

in an increased monomer conversion to 40, 49, and then to 59% during active periods. 

Throughout the cycling process, clear shifts to higher molecular weight were observed by 

GPC ( Figure 5.9b) without any detectable lower molecular weight fraction.This behavior 

is characteristic of a living polymerization: efficient reinitiation of chain ends resulted 

from preservation of chain end functionality. 

5.2.5 High molecular weight PMAA 

Syntheses of high molecular weight PMAA were carried out by lowering the initiator 

concentration. The selected experimental conditions (Table 5.3) allowed to easily obtain 

polymers with tunable and high Mn: Figure 5.11 shows that molecular weights increased 

fairly linearly with conversion and that final Mn closely matched the theoretical value 

(with Mw/Mn ≤ 1.42). When targeting DP 2000, a polymer with DP > 1000 and Mw/Mn = 

1.33 was synthetized in 3 h. 
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Table 5.3. eATRP of 10% v/v MAA in water targeting different DP, at pH 0.9 and T 

= 25 °C.a 

 Target DP t 

(h) 

Q 

(C) 

Conversion 

(%) 

kp
app  

(min-1) 

Mn,th Mn,app Ieff
 Mw/Mn 

1 200 4 3.2 96 0.014 16800 18000 0.93 1.42 

2 500 3 5.9 87 0.010 37600 36500 1.03 1.37 

3 1000 3 4.2 66 0.06 57900 60000 0.97 1.33 

4 2000 3 3.4 53 0.05 91400 87600 1.04 1.33 
a pH was set by addition of HCl; NaCl was added to have a constant total 0.3 M 

Cl
C  . Eapp = -0.18 

V vs. SCE. Conditions: MC :
2CuClC : TPMAC :CNaCl = 200:0.1:0.4:29. 2+Cu

C  = 5.9×10-4 M. CBiBA was 

changed to target DP from 200 to 2000. 
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Figure 5.11. Evolution of molecular-weight distributions (a) and molecular weights (b) as a func-

tion of conversion for eATRP of 10% v/v MAA in H2O at Eapp = -0.18 V vs. SCE at pH 0.9. 

Conditions: MC :
2CuClC : TPMAC :CNaCl = 200:0.1:0.4:29. 2+Cu

C  = 5.9×10-4 M. CBiBA was changed to 

target DP from 200 to 2000. The solid lines represent theoretical Mn. 

5.2.6 Different initiators and polymer architectures 

Besides BiBA, several other simple and inexpensive organic acids were used as initiators 

for the synthesis of PMAA (Table 5.4). 

Chloroisobutyric acid (CiBA), perfectly matched the chain end and allowed to com-

pletely avoid the presence of Br. Unfortunately, CiBA was a slow and inefficient initiator. 

Figure 5.12 shows that when CiBA was used in place of BiBA, polymerization was much 

slower and molecular weights diverged from the theoretical values. Isobutyrates were 

reported to be poor initiators for the synthesis of polymethacrylates, due to penultimate 

effect.20 Nevertheless, final Mw/Mn = 1.34 was good, pointing out that polymerization was 
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well-controlled, but initiation efficiency was very low because activation of Pn-Cl was 

faster than activation of CiBA. This problem was circumvented when using the more 

active bromo-initiator, BiBA. 

The initiator α-chlorophenylacetic acid (CPAA) was tested to increase initiation ef-

ficiency (CPAA structure is similar to that of the extremely active ethyl α-chloro-

phenylacetate.21 In this case, Mn closely matched the theoretical value, confirming the 

simultaneous initiation of all chains. However, the produced polymer had broader disper-

sity (Table 5.4, entries 1-2). 

Table 5.4. eATRP of 10% v/v MAA in water with various initiators, at pH 0.9 and T 

= 25 °C.a 

 Initiator t  

(h) 

Q  

(C) 

Conv. 

(%) 

kp
app  

(min-1) 

Mn,th×10-3 Mn,app×10-3 Ieff
 Mw/Mn 

1 CiBA 4 2.2 67 0.005 11.8 53.8 0.22 1.34 

2 CPAA 4 4.1 94 0.012 16.4 17.4 0.95 1.64 

3 DCPA 4 5.2 98 0.017 17.1 20.5 0.83 1.37 

4 TCAA 4 6.4 99 0.020 17.0 17.6 0.98 1.38 

5b TCAA 3 5.8 95 0.017 49.2 42.9 1.15 1.32 

6c TCAA 4 5.3 97 0.016 17.0 18.0 0.94 1.41 

7d TCAA 4 5.8 98 0.016 17.0 17.5 0.97 1.46 
a pH was set by addition of HCl; NaCl was added to have a total 0.3 M 

Cl
C  . Eapp = -0.18 V vs. 

SCE. Conditions: MC : RXC :
2CuClC : TPMAC :CNaCl = 200:1:0.1:0.4:29. 2+Cu

C  = 5.9×10-4 M. bCM : 

CTCAA = 200:0.333 (target DP = 600). c 
2CuClC : TPMAC  = 0.1:0.2. d 

2CuClC : TPMAC  = 0.1:0.1. 
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Figure 5.12. (a) First-order kinetic plots and (b) evolution of molecular-weight distributions and 

(c) molecular weights as a function of conversion for eATRP of 10% v/v MAA in H2O at Eapp = 

-0.18 V vs. SCE at pH 0.9; NaCl was added to have a total 0.3 M 
Cl

C  ; conditions: MC : RXC :

2CuClC : TPMAC : CNaCl = 200:1:0.1:0.4:29, T = 25 °C. Polymerization initiators are listed in legend. 

The black solid line represents theoretical Mn. 
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Scheme 5.4. From left to right, DCPA initiator and PMAA with degree of polymer-

ization 1 and 2. 

 

Polychlorinated initiators were used to produce different polymer architectures. 2,2-

dichlropropionic acid (DCPA) generated two chains per initiator molecule, producing 

therefore telechelic polymers. Symmetry of the growing chain guarantees the generation 

of telechelic polymers: the dormant species are perfectly symmetrical and must conse-

quently grow from both sides (Scheme 5.4). 

Trichloroacetic acid (TCAA) allowed to quickly produce polymers with high con-

version and low dispersity. As observed when using BiBA as initiator, control improved 

for higher L/Cu ratios, up to a ratio of 4/1 (Table 5.4). In this case, the growing polymer 

is not exactly symmetrical and the activation of all three C-Cl bonds of TCAA may be 

impeded by steric repulsion. Nevertheless, several considerations and experimental evi-

dences suggest that all three C-Cl bonds in TCAA are reactive, therefore allowing the 

synthesis of well-defined three-arm star polymers. (i) Initiator activity increases with the 

number of halogen atoms, therefore TCAA is more active than both DCPA and BiBA.14 

(ii) After activation of the first two C-Cl bonds in TCAA, the remaining C-Cl bond is 

predicted to be significantly more active than the chain end because is subjected twice to 

the penultimate effect.20 (iii) Figure 5.12a, Table 5.4 and Table 5.5 show that, in both 

eATRP and SARA-ATRP, the apparent rate of polymerization, kp
app sharply increased  

 

Figure 5.13. 13C NMR of the polymerization mixture, obtained with TCAA initiator. Conditions: 

MC : RXC :
2Cu(OTf)C : TPMAC : CNaCl : HClC  = 20:1:0.0001: 0.03:3:2, in 10% v/v MAA in D2O, total 

V = 5 mL, 10 cm Cu wire with diameter d = 1 mm). 
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with the number of halogen atoms in the initiator (BiBA (1 halogen atom) < DCPA (2) < 

TCAA(3)). In other words, DCPA and TCAA behave as if the concentration of active 

halogen atoms was two or three times higher, respectively, than in the case of BiBA. (iv) 

A SARA ATRP targeting DP 20 was carried out for relatively long times (2 h), allowing 

all chains to terminate (conditions: MC : R XC :
2Cu(OTf)C : T PM AC : N a C lC : H C lC  = 

20:1:0.0001:0.03:3:2, in 10% v/v MAA in D2O, total V = 5 mL, 10 cm Cu wire with 

diameter d = 1 mm). 13C NMR of the polymerization mixture (Figure 5.13) did not show 

any peak in the range typical of C-Cl bonds, 55 < δ(13C) < 70.14 This indicates that all 

three chlorine atoms of TCAA reacted with [CuIL]+. 

5.2.7 SARA ATRP 

With the aim of testing a different ATRP method, a series of experiments was conducted 

(re)generating the active CuI complex through comproportionation, in the presence of a 

Cu wire (SARA ATRP). Cu0 was both a reducing agent of CuII and a supplemental acti-

vator of the C-X bond. SARA ATRP setup is simpler than eATRP, which requires elec-

trochemical instrumentation. It has to be considered that water typically promotes fast 

disproportionation, not comproportionation, of CuI. However, both the presence of a high 

X
C   and the higher reduction potential of the catalyst favor the fast comproportionation 

of Cu0 and CuII species. 

Table 5.5. SARA ATRP of 10% v/v MAA in water with various initiators, at pH 0.9 

and T = 25 °C.a 

En. Initiator t  

(h) 

Conv.  

(%) 

kp
app 

(min-1) 

Mn,th×10-3 Mn,app×10-3 Ieff
 Mw/Mn 

1 BiBA 1.7 79 0.017 14.9 19.5 0.76 1.44 

2 DCPA 2.5 96 0.023 16.8 23.7 0.71 1.25 

3 TCAA 1.2 94 0.043 16.3 18.9 0.87 1.33 

a pH was set by addition of HCl. Conditions: MC : RXC :
2CuClC : TPMAC : CNaCl = 

200:1:0.01:0.3:29; 10 cm Cu wire (d = 1 mm). Total V = 5 mL. 

Copper wire (10 cm, d = 1 mm) was able to promote a fast and sufficiently controlled 

ATRP of 10% v/v MAA in water with three different initiators (Table 5.5). With the 

initiators DCPA and TCAA, good levels of control over molecular-weight distributions 

(Mw/Mn ≤ 1.33) were observed. SARA ATRPs were faster than the corresponding 

eATRPs, and reached high to very high conversions in only about two hours. Agreement 
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between experimental and theoretical Mn values was satisfactory. This result proved that 

synthesis of PMAA in acidic conditions is flexible and versatile, because similar success-

ful results were obtained using different low-ppm polymerization methods (eATRP and 

SARA-ATRP). 

5.3 Electrochemically mediated ATRP of acrylic acid 

Electrochemical polymerization with NaCl supporting electrolyte under acidic conditions 

was successfully applied to acrylic acid (AA), by using the bifunctional DCPA initiator 

(Table 5.6). In this case, no HCl was added, but the polymerization rate was lower because 

of lower activity of the secondary C-Cl chain end of AA, compared to the tertiary chain 

end of MAA. To increase reaction rate, relatively negative Eapp = -0.30 V vs. SCE was 

applied. In addition, a larger electrode area was used (15 cm2 for AA vs. 6 cm2 for MAA 

polymerization). Put together, these two expedients led to a reasonable reaction time (4-

5 h), but considerably increased the charge consumption (>10 C), mainly because of a 

concurrent H+ reduction. 

Table 5.6. eATRP of 10% v/v AA in water with different CNaCl, T = 25 °C.a 

En. RX CRX/CCl- Eapp
 t Q Conv 

app
pk

 
Mn,th Mn,app Ieff

 Ð 

   (V vs. SCE) (h) (C) (%) (h-1)     

1 DCPA 1/12 -0.30 5 16.2 55 0.15 7000 13000 0.54 1.50 

2 DCPA 1/4 -0.30 5 14.6 80 0.31 10200 15700 0.65 1.43 

3 DCPA 1/1.2b -0.30 4 10.2 91 0.57 11500 20300 0.57 1.45 
a measured pH was 2.0. Conditions: MC : DCPAC :

2CuClC : TPMAC  = 175:1:0.1:0.4; CCu = 8.3×10-4 

M; geometrical electrode area 15 cm2. b 0.09 M Et4NBF4 was added. 
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Figure 5.14. (a) First-order kinetic plots and (b) evolution of molecular-weight distributions and 

(c) molecular weights as a function of conversion for eATRP of 10% v/v AA in H2O at Eapp = -

0.30 V vs. SCE at pH 0.9, with different NaCl concentrations.; conditions: MC : DCPAC :
2CuClC :

TPMAC  = 175:1:0.1:0.4, T = 25 °C. 
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The effect of NaCl concentration was investigated (Table 5.6, entries 1-3). A clear 

increase in polymerization rate was observed with decreasing CCl-, because of decreasing 

formation of the inactive [Cl˗CuIL] species. A 0.03 M NaCl concentration provided better 

control in terms of narrow dispersity, molecular weight close to the theoretical value, and 

linear kinetics of monomer consumption (Figure 5.14). 

5.4 Conclusions 

To understand why ATRP of acidic monomers is problematic, the catalytic system com-

posed of the complex Cu/TPMA and the initiator HEBiB was investigated in aqueous 

methacrylic acid (MAA). Simple electrochemical methods (cyclic voltammetry) and 

spectroscopic techniques (vis-NIR titration) confirmed the stability of both the copper 

complex and initiator in the presence of MAA and PMAA. Analysis of the consumed 

charge during eATRP electrolysis proved that radical-radical termination did not stop the 

polymerization. Detailed 2D NMR of the chain end showed that early termination of the 

growing polymers was caused by an intramolecular cyclization reaction with the terminal 

halogen as leaving group. 

Once the main cause of termination was determined, three approaches allowed to 

exceptionally increase conversion and improve control over PMAA growth: (i) using Cl 

as chain end halogen, (ii) lowering the pH to 0.9, (iii) increasing the polymerization rate. 

MAA was polymerized by relatively low ppm (500 ppm) copper ATRP with adequate 

control over molecular weight dispersity (Mw/Mn < 1.5) and Mn in very good agreement 

with theoretical values. Both eATRP and SARA ATRP could efficiently control the re-

action, which proceeded with fast kinetics at ambient temperature (up to 99% conversion 

in 4 h), and required inexpensive and relatively non-toxic reagents (NaCl, diluted HCl 

and water). The living and controlled nature of the process was demonstrated by linear 

first-order kinetics, linear increase in polymer molecular weight with monomer conver-

sion, and the possibility to completely reactivate the polymerization by stepping the ap-

plied potential.  

A variety of simple and inexpensive carboxylic acids were used as initiators. Bro-

moisobutyric acid (BiBA), 2,2-dichloropropionic acid (DCPA) and trichloroacetic acid 

(TCAA) were found to be excellent initiators, yielding linear, telechelic and three-arm 

stars PMAA, respectively. The bifunctional DCPA initiator was also successfully applied 

to the electrochemically mediated ATRP of acrylic acid. 
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RAFT polymerization is currently the most often used technique for the controlled 

polymerization of methacrylic acid. In comparison to the obtained results, RAFT is char-

acterized by somewhat superior livingness and control over molecular-weight dispersity 

(Ð < 1.3 vs. ≤ 1.4). On the other hand, ATRP proceeded at significantly lower temperature 

(25 °C vs. ≥ 60 °C) and required commercially available reagents, while most of RAFT 

chain transfer agents must be synthetized. Overall, the successful direct synthesis of an 

acidic polymer allowed to overcome one of the biggest limitations of ATRP, and proved 

that water is an excellent solvent for the atom transfer radical polymerization of polar 

monomers. 
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Chapter 6  

Role of the Cathodic Material in Aqueous 

eATRP 
Equation Chapter 6 Section 1 

One of the drawbacks of electrochemically mediated ATRP, in its current state of devel-

opment, is the requirement that both the working and counter electrodes are made of plat-

inum, a noble, expensive, rare and non-functionalizable metal. In eATRP, the working 

electrode (WE) acts only as a source of electrons for the reduction of the deactivating [X-

CuIIL]+ species to the active [CuIL]+ complex. Since the WE is not directly involved in 

the polymerization process, Pt can be replaced with any other material able to offer a 

working potential window wide enough for the reduction of all CuII species to be achieved 

without interference from other reduction/oxidation processes. As a proof of concept of 

the viability of efficient eATRP without Pt electrodes, controlled polymerizations of 10% 

(v/v) OEOMA in water, catalyzed by Cu/TPMA, were investigated employing different 

cathodic materials such as glassy carbon, graphite, gold, nickel, nickel-chromium, stain-

less steel, and titanium. Potential side reactions in water, such as electrode oxidation/cor-

rosion, release of metals in solution and direct CuII reduction by the metal electrodes, 

were taken into account. 

6.1 Evaluation of working electrode properties 

Voltammetric behavior of the electrodes in the polymerization medium. Electrode 

materials were tested to check their compatibility with the polymerization environment. 

In particular, a good electrode material should not undergo oxidation or corrosion at the 

applied potential during eATRP. Figure 6.1 shows linear sweep voltammetry of all tested 

electrodes in a typical polymerization medium (OEOMA/HEBiB/TPMA/Et4NBr = 

216/2/1/1/100, CCu = 10-3 M, Vtot = 15 mL, T = 25 °C). Each electrode material was ini-

tially polished with 1000, 2500, 4000 grit sandpapers, and then with 3, 1 and 0.25 μm 

diamond pastes (with ultrasonic rinsing between each step). Before each experiment, 

cleaning with the diamond pastes was repeated. As shown in the figure the onset potential 
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of the anodic discharge limit strongly depends on the nature of the electrode material. The 

observed anodic current is due to oxidation of the electrode itself, except in the case of 

Pt, Au and carbon-based electrodes, which do not easily undergo oxidation. The anodic 

wave on these electrodes is attributed to oxidation of the electrolyte. Whatever the nature 

of the oxidation process, the anodic wave is indicative of the stability of the system to-

wards oxidation and defines the working potential window offered by each electrode ma-

terial. The onset potential of the anodic wave at each electrode in Figure 6.1 should be 

compared to the typical applied potential (Eapp) during eATRP. Eapp in aqueous media is 

typically ~ -0.2 V vs. SCE, a value slightly more positive than E1/2 of the copper complex. 

Such Eapp allowed performing fast polymerization of OEOMA with good control on mo-

lecular weights (Chapter 4). Figure 6.1 shows that, in correspondence of typical Eapp (ver-

tical dotted line in Fig. 6.1), Fe is quickly oxidized and therefore is not suitable for eATRP 

in aqueous systems. Cu is only slowly oxidized, while all other electrodes are stable. A 

passivating oxide layer protects the non-noble metals Ni, NiCr, Ti and 304 stainless steel 

(304SS). 
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Figure 6.1. Linear sweep voltammetry at v = 0.2 V s-1 recorded on various working electrodes, 

labeled on the curves, in 10% v/v OEOMA in water + 0.1 M Et4NBr (solid lines). Electrode area 

= 0.03 - 0.1 cm2. Cyclic voltammetry of 10-3 M [CuIITPMA]2+ in the same solvent (red dashed 

line). Typical Eapp of aqueous eATRP (-0.2 V vs. SCE, vertical red dotted line). T = 25 °C. Gr = 

graphite, GC = glassy carbon. 

Blank tests: ARGET ATRP catalyzed by zerovalent metals. Blank tests were carried 

out to determine if the metal electrodes could reduce [CuIIL]2+ to the active [CuIL]+ and 

start the ATRP reaction without any applied potential, according to the so-called ARGET 

ATRP procedure.1 Conditions were: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 

216/2/1/1/100, CCu = 10-3 M, Vtot = 15 mL, T = 25 °C, in the presence of a polished metal. 
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All metals were tested, except Fe that was considered not suitable because of its very low 

oxidation potential. For all tested metals, except Cu, very limited monomer conversion 

(≤ 5%) was observed after 4 h. Therefore, they could be used in eATRP without signifi-

cant interference of reactions involving the WE material. Conversely, Cu wire was able 

to effectively start the polymerization, by the formation of [CuIL]+ through compropor-

tionation with CuII species (this process is called SARA ATRP).2 Usually, SARA ATRP 

reactions are conducted in the presence of excess amine ligand, to push the compropor-

tionation equilibrium (eq. 6.1) toward CuI formation.3 In this case, the reaction was car-

ried out in the absence of excess amine ligand (CCu = CTPMA), so that comproportionation 

through reaction 6.1 was impeded. Nevertheless, Br– could also act as ligand4 and pro-

mote the comproportionation reactions in eqs. 6.2 and 6.3. 

  0 II 2+ I +Cu  + [Cu L]  + L  2[Cu L]       (6.1) 

  0 II 2+ I + I
2Cu  + [Cu L]  + 2Br   [Cu L] + Cu Br       (6.2) 

  0 II 2+ I + I
2Cu  + [Br-Cu L]  + Br   [Cu L] + Cu Br      (6.3) 

The polymerization in the presence of Cu wire was fast and well-controlled, reaching 

96% conversion with a dispersity around 1.2 (entry 9 in Table 6.1). This result pointed 

out that a Cu electrode cannot be used in eATRP without also triggering a SARA ATRP 

reaction. On the other hand, this proved that SARA ATRP can be carried out in the ab-

sence of excess amine ligand, exploiting the presence of bromide anions as CuI ligands. 

This is a substantial improvement of SARA ATRP, since amine ligands usually are by far 

the most expensive reagent of ATRP reactions. 

6.2 Potentiostatic eATRP 

eATRP experiments were carried out with all tested metals as working electrodes, except 

Fe and Cu (Table 6.1). Eapp was chosen from cyclic voltammetry (CV) of the copper 

complex (Figure 6.2a).5 On a 3-mm diameter GC disk (routinely used for CV analysis) 

as well as on bulky electrodes (used for the bulk electrolysis), CV of [CuIITPMA]2+ pre-

sents a quasi-reversible peak couple, with ΔEp = Epc - Epa = 0.072 V and 0.109 V respec-

tively. A similar behavior was observed on noble metal electrodes, Pt and Au (both small 

disks and bulky electrodes). Therefore, in these cases the same fixed potential (potenti-

ostatic condition, Eapp = -0.2 V vs. SCE) was applied during the polymerization.  



116   |  Chapter 6 – Role of the Cathodic Material in Aqueous ATRP 
 

On graphite, silver and other non-noble metals, the voltammetric response of the cat-

alyst was electrochemically much less reversible, with ΔEp > 0.250 V. The thin layer of 

non-conductive oxides present on the surface of non-noble metals increases the distance 

at which electron transfer can occur, thus reducing the heterogeneous electron transfer 

rate.6 Figure 6.2b shows cyclic voltammograms of [CuIITPMA]2+ recorded on bulky GC 

and Ni electrodes. Electron transfer to [CuIITPMA]2+ is much faster on GC than on Ni 

and this is reflected on cyclic voltammetry of the system both in the absence and presence 

of the initiator HEBiB. When there is no initiator, the effect of the reduced rate of electron 

transfer is manifested as a large separation between the cathodic and anodic peaks, 

whereas in the presence of initiator, the effect is a shift of the catalytic reduction wave to 

more negative potentials. To take into account the less reversible behavior of CuII reduc-

tion on non-noble metals, silver and graphite, Eapp was chosen to obtain roughly the same 

cathodic current (in the presence of 2 mM HEBiB) observed on the GC electrode. This is 

shown in Figure 6.2b for the Ni electrode. Table 6.1 reports Eapp values and results of the 

electrochemical polymerizations under potentiostatic conditions of 10% v/v OEOMA in 

water for each WE. 

Pt, Au and GC could efficiently reduce [CuIITPMA]2+ to the active [CuITPMA]+, 

triggering a fast and well-controlled polymerization of OEOMA (Figure 6.3). Polymer 

Mn was close to the theoretical values and dispersity was narrow. As expected, the reac-

tion rate increased with increasing electrode area. Mechanical cleaning of the working 

electrodes was important: when an unpolished, new GC plate was used, the current 

dropped to ~ 0 A after few minutes and no polymer was produced. 
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Figure 6.2. Cyclic voltammetry of 10-3 M [CuIITPMA]2+ in 10% v/v OEOMA in water + 0.1 M 

Et4NBr on a GC disk electrode (a) or on bulky GC (b, red lines) and Ni (b, blue lines) electrodes. 

The CVs were recorded in the absence (solid lines) and presence (dashed lines) of 2×10-3 M 

HEBiB. 
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Table 6.1. Potentiostatic eATRP of 10% v/v OEOMA in H2O with different WE.a 

 WE Ab 

(cm2) 

Eapp
c t 

(h) 

Q 

(C) 

Conv 

(%)c 

Mn,th Mn,app
  app

pk ×102 

(min-1)d 

Ð  Ieff
e 

(%) 

1 Pt 6 -0.20 4 3.2 95 51500 62000 1.28 1.17 0.83 

2 Au 5 -0.20 4 3.8 89 48200 62000 0.90 1.25 0.78 

3 GC 4 -0.20 5.5 2.0 92 50100 63600 0.75 1.15 0.79 

4 Ti 5 -0.20 6 0.2 56 30500 53800 0.15 1.17 0.57 

5 Ni 9 -0.32 1.5 3.4 87 46200 58200 0.02 1.56 0.79 

6 NiCr 5 -0.32 5.5 0.6 64 35300 63900 0.22 1.08 0.55 

7 304SS 5 -0.32 6 3.2 90 48600 137100 0.68 1.76 0.35 

8 Ag 4 -0.32 2 0.4 6 - - - - - 

9 Gr 4 -0.32 2 0.4 8 - - - - - 

10 Cu 6 -f 4 - 96 52100 49700 1.50 1.18 1.05 
a Polymerization conditions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 

10-3 M, Vtot = 15 mL, T = 25 °C. b Estimated electrode geometric surface area. c V vs. SCE. d The 

slope of the linear plot of ln( M/ ) vs. time. e Mn,th/Mn,app ratio. f SARA ATRP conditions: OE-

OMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 10-3 M, Vtot = 15 mL, T = 25 °C. 
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Figure 6.3. Potentiostatic eATRP of OEOMA 10% v/v in H2O, (a) monomer consumption versus 

time, and (b) molecular weight increment and change in dispersity with conversion. Other condi-

tions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 10-3 M, Vtot = 15 mL, T 

= 25 °C. 

All non-noble metals could also trigger OEOMA polymerization. When WE = Ti or 

NiCr, the dispersity of POEOMA was very narrow, but an induction period of ca. 2 hours 

was observed, during which no polymerization occurred. Conversion after 6 h reached 

only 56% with Ti and 64% (after 5.5 h) with NiCr, and the polymerization rates were 

about one order of magnitude lower than with Pt working electrode. Moreover, the initi-
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ator efficiency, which accounts for the number of chains effectively started by RX initia-

tor molecules, was only about 0.5. It is possible that generated radicals interacted with 

the electrode metal instead of propagating by addition to the monomer. 

When WE = Ni or 304SS, chronoamperometry curves recorded during eATRP 

showed increasing current in the first ~20 minutes of electrolysis, instead of the typically 

observed decrease in current due to [CuIIL]2+ consumption (Figure 6.4a). A possible ex-

planation for this unusual behavior is that initially the oxide layers are consumed by re-

duction at the applied potential, which significantly modifies the surface properties of the 

electrode (e.g. by “activation”, increase of surface roughness, etc.). A faster electron 

transfer may take into account for the observed increase in the current. Because of the 

high current, the polymerization was very fast, but poorly controlled. 

Silver and graphite could not effectively trigger a controlled polymerization; less than 

10% monomer conversion was observed after 2 hours. Deposition of a layer of poly-

mer/oligomer on the graphite surface occurred during electrolysis. 

Overall, these results pointed out that most of the tested electrode materials could 

reduce selectively CuII species and trigger the polymerization under potentiostatic condi-

tions (fixed Eapp). When non-noble metals were used as WE, control over reaction param-

eters was difficult, and slow reaction rates or uncontrolled polymerization were observed. 

These problems could be solved by reducing CuII under galvanostatic conditions (fixed 

current), as explained in the next section. 
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Figure 6.4. (a) Chronoamperometry recorded during eATRP of OEOMA 10% v/v in H2O, using 

Pt at -0.2 V vs. SCE (blue solid line) or Ni at -0.32 V vs. SCE (red dashed line) as working 

electrode. (b) Splitting of the Pt chronoamperometry curve in two galvanostatic steps. (c) 

Chronopotentiometry recorded during a galvanostatic eATRP of OEOMA 10% v/v in H2O at a 

Ni working electrode: at point i) the initial current of -0.45 mA was changed to -0.15 mA. Other 

eATRP conditions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 10-3 M, 

Vtot = 15 mL, T = 25 °C. 
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6.3 Galvanostatic eATRP 

Switching from potentiostatic (fixed potential) to galvanostatic (fixed current) experi-

ments solved several problems: i) it was not necessary to choose Eapp through a prelimi-

nary cyclic voltammetry experiment; ii) electrolysis was less susceptible to changes in 

electrode surface properties, iii) the syntheses were less influenced by WE area. Moreo-

ver, in comparison to a potentiostatic system, a galvanostatic electrolysis process requires 

a much simpler two-electrode system and can be performed with a current generator (in-

stead of a three-electrode system and a potentiostat). On the other hand, galvanostatic 

experiments required careful selection of the applied current (or current steps). This was 

done by using the chronoamperometry response obtained during a well-controlled eATRP 

with Pt working electrode (Figure 6.4b). The curve was split in two parts, an initial one 

at higher current, to allow the initial quick reduction of CuII to CuI, and a second one at 

lower current, to slowly regenerate CuI by reduction of any [X-CuIIL]+ arising from radi-

cal-radical termination reactions. Figure 6.4c shows a chronopotentiometry recorded dur-

ing a galvanostatic experiment with a Ni working electrode. The working potential (E) 

initially became less negative, but, after a certain time, a turning point beyond which E 

shifted back toward the negative direction was observed. A similar behavior was observed 

also for 304SS. These findings are in line with the unusual trends of the current previously 

observed during controlled-potential electrolysis at both electrodes. In the initial stages 

of electrolysis, under both potentiostatic and galvanostatic conditions, reduction of the 

surface oxide films takes place, resulting in activation of the electrode. Since a more ac-

tive electrode surface requires smaller overpotential to maintain the fixed applied current, 

the working potential shifts to less negative values. Once the surface has been fully acti-

vated, the concentration overpotential arising from consumption of [CuIITPMA]2+ be-

comes more important and the potential shifts to more negative values. 

Galvanostatic eATRP with Ag as working electrode showed excellent results (Table 

6.2, entry 1). Conversion of 90% was reached in 3 hours, with good control over molec-

ular weights and dispersities. 

For the other metals (Ni, NiCr, 304SS), galvanostatic conditions provided higher 

conversions (Table 6.2), but broad dispersities and low initiator efficiency. Moreover, 

induction periods were observed (see as example the 1-2 h induction period in Figure 

6.5a,c, WE = NiCr). A successful approach to avoid these problems is presented in the 

next section. 
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Table 6.2 Galvanostatic eATRP of 10% v/v OEOMA in H2O with different WE.a 

 WE t 

(h) 

Q 

(C) 

Conv 

(%) 

Mn,th Mn,app app
pk ×102 b 

(min-1) 

Ð  Ieff 
c 

(%) 
1 Ag 3 2.7 90 48.5 59.7 1.01 1.32 0.81 

2 Ni 4 3.2 83 45.2 91.8 0.84 1.29 0.48 

3 NiCr 5 3.8 93 50.7 86.8 1.02 1.16 0.58 

4 304SS 4 3.2 79 42.7 130 0.50 1.18 0.33 

a Polymerization conditions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 

10-3 M, Vtot = 15 mL, T = 25 °C. Current steps: 0.45, 0.15 mA for 1, 3 h.b The slope of the linear 

plot of ln( / ) vs. time. c Ratio Mn,th / Mn,app. 
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Figure 6.5. First-order kinetic plots (a, c, e, g) and evolution of molecular weight and molecular-

weight distribution (b, d, f, h) for the eATRP of OEOMA 10% v in H2O, WE = NiCr. (a, b) 

Potentiostatic conditions, Eapp = -0.320 V vs. SCE. (c, d) Galvanostatic conditions with 2 current 

steps (0.45, 0.15 mA for 60, 240 min). (e, f) Galvanostatic conditions with 2 current steps (0.45, 

0.15 mA for 35, 215 min; pre-electrolysis: 0.45 mA for 25 min). (g, h) Galvanostatic conditions 

4 current steps (0.52, 0.35, 0.2, 0.12 mA for 8, 45, 60, 130 min; pre-electrolysis: 0.52 mA for 22 

min). Conditions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 10-3 M, Vtot 

= 15 mL, T = 25 °C. 
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6.3.1 Galvanostatic eATRP with pre-electrolysis of CuII 

In general, eATRP with metal electrodes showed long induction periods after which 

polymerization starts but often with low initiator efficiency (i.e. a significant portion of 

the initiator RX was consumed, without reacting with the monomer, in the initial part of 

the electrolysis). This suggested that, at the beginning of the experiment, side reactions 

may occur between the working metal electrode and RX (or radicals generated from RX 

reduction). A well-controlled ATRP started only after a certain period of time (1-3 h), 

when a significant quantity of CuII was reduced to CuI. It should be noted that many re-

actions in competition with ATRP can occur in the presence of transition metals, for ex-

ample organometallic mediated polymerization and other reactions involving direct in-

teraction between radical and the metal center.7 Our approach to solve this problem was 

to produce in solution a significant amount of the active complex [CuIL]+ before adding 

the initiator. In this way, the initiator would be immediately involved in the ATRP equi-

librium, and side reactions occurring with the transition metal would be minimized. More-

over, starting with a large quantity of the active complex, the initiator will be quickly 

converted to growing radicals, increasing the likelihood of complete initiation. 

Experimentally, [CuIITPMA]2+ was reduced in the absence of initiator HEBiB, which 

was added from a degassed stock solution after 25 minutes (Table 6.3). The consumed 

charge corresponded to the reduction of 47% of CuII to CuI. Polymerization conducted 

with pre-electrolysis of CuII did not show an induction period. Additionally, significantly 

better linear kinetics and molecular weights much closer to theoretical values were ob-

served (see as example Figure 6.5f, WE = NiCr). The reactions were fast, with conversion 

> 90% in 3 to 4 h. Figure 6.6a shows an example of chronopotentiometry recorded during 

a two-step galvanostatic eATRP with WE = 304SS. 
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Figure 6.6. (a) Chronopotentiometry at 304SS working electrode: i) initiator was added (25 min 

pre-electrolysis, I = 0.45 mA); ii) current was changed (0.45, 0.15 mA for 35, 180 min). (b) 

Chronopotentiometry at Ti working electrode: i) initiator was added (22 min pre-electrolysis, I = 

0.52 mA); ii), iii) and iv) current was changed (0.52, 0.35, 0.2, 0.12 mA for 8, 45, 60, 130 min). 
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Table 6.3. Galvanostatic eATRP of 10% v/v OEOMA in H2O, with pre-electrolysis.a 

 Current 

Steps 

WE t 

(h) 

Q 

(C) 

Conv 

(%) 

Mn,th Mn,app app
pk ×102 b 

(min-1) 

Ð Ieff c 

(%) 

1 2 Ti 4d 2.97 92 50100 68000 1.26 1.32 0.76 

2 2 NiCr 3 2.0 98 53100 71700 2.14 1.31 0.74 

3 2 304SS 3.5 2.3 96 51800 64800 1.41 1.26 0.80 

4 4 NiCr 2 2.0 92 49800 58500 2.21 1.18 0.85 

5 4 304SS 1.5 1.6 98 53100 67700 4.18 1.25 0.78 

6e 4 NiCr 1.5 1.6 92 49800 76100 2.79 1.21 0.65 

7g 4 304SS 2 2.0 89 48300 92500 1.52 1.39 0.52 
a Polymerization conditions: OEOMA/HEBiB/Cu(OTf)2/TPMA/Et4NBr = 216/2/1/1/100, CCu = 

10-3 M, Vtot = 15 mL, T = 25 °C. 2 current steps (0.45, 0.15 mA for 35, 215 min; pre-electrolysis: 

0.45 mA for 25 min) or 4 current steps(0.52, 0.35, 0.2, 0.12 mA for 8, 45, 60, 130 min; pre-

electrolysis: 0.52 mA for 22 min). b The slope of the linear plot of ln( / ) vs. time. c Ratio 

Mn,th / Mn,app.  d Pre electrolysis for 10 min. eAl as counter electrode, directly immersed in the 

polymerization medium. 

It was recently shown that increasing the number of current steps in galvanostatic 

eATRP helped improving the control over the polymerizations.8 Current steps were cho-

sen emulating the chronoamperometry obtained with a Pt working electrode, as shown in 

Figure 6.4b for the two-step process. Entries 4-6 of Table 3 show that, when the number 

of current steps was raised from 2 to 4, polymerization rates were greatly enhanced and 

dispersities diminished (for NiCr and 304SS electrodes). Figure 6.6b shows an example 

of a four-step chronopotentiometry recorded with WE = 304SS. In this case, variation of 

the working potential is significantly lower than in the two-step electrolysis. This allowed 

avoiding undesired reactions occurring at very negative potentials, which could decrease 

both polymerization rate and control (i.e. Cu0 deposition on the electrode or excessive 

generation of CuI species). Figure 6.5 shows kinetic plots, molecular weight, and disper-

sity trends of eATRP of 10% OEOMA in water with WE = NiCr, under the following 

operative conditions (top to bottom): potentiostatic, two-step galvanostatic, two-step gal-

vanostatic with pre-electrolysis of CuII, four-step galvanostatic with pre-electrolysis of 

CuII. 

6.3.2 Simplified eATRP with sacrificial Al counter electrode 

Park et al. recently reported the use of a sacrificial anode in electrochemically mediated 

ATRP, thus avoiding the necessity of a separated compartment for the counter electrode.8 
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An Al wire, directly immersed in the polymerization media, was used as counter elec-

trode. In this case, a twofold excess of ligand with respect to CCu was needed to complex 

Al3+ ions released from CE oxidation. Otherwise, Al3+ can compete with copper for the 

amine ligand, reducing the effective concentration of active catalyst species.9 Results of 

galvanostatic eATRP with WE = NiCr or 304SS and CE = Al are reported in Table 6.3, 

entries 6, 7. With respect to eATRP with separated anodic/cathodic compartments, con-

trol was slightly worse, but still satisfactory. Moreover, both polymerization rate and con-

version were high. 

Analysis of polymerization mixtures and electrode surfaces. ICP-MS analysis of the 

polymerization mixtures showed that only small to negligible amounts of potentially 

harmful metals were released from the electrodes. NiCr electrode released 4×10-6 M of 

Cr ions (as Cr3+), Ni released 1.4×10-4 M of Ni ions, and 304SS released 8.6×10-4 M of 

Fe ions. Interestingly, high reaction rates were constantly observed with WE = 304SS. 

This suggested that the relatively large amount Fe ions released from 304SS was did not 

compete with Cu ions for the ligand TPMA. 

Scanning electrode microscopy of Ti and NiCr electrodes did not show any signifi-

cant modification in the surface morphology during the eATRP process (Figure 6.7). In 

particular, no signs of corrosion or pitting were observed. This was in agreement with the 

 

Figure 6.5. Scanning electron microspy images of 304SS (a, b) and Ti (c, d) electrode surfaces. 

Images were taken before (a, c) and after eATRP of 10% OEOMA in water (b,d). 
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ICP-MS data, which indicated only a small release of ions from the metal electrodes. 

These results point out that the tested WE can be used without substantial contamination 

of the polymerization mixture, avoiding the need of complex purification procedures. 

Moreover, the negligible modification or corrosion of the surface suggests that the same 

WE material can be reused several times without the need of long and complex mechan-

ical activation. 

6.4 Conclusions 

eATRP of OEOMA in water was successfully conducted by using various noble and non-

noble cathodic materials, with fast kinetics, high conversions (> 90%) and good control 

over molecular weights and molecular-weights distributions. Noble metals and glassy 

carbon could work under potentiostatic (fixed applied potential) conditions. Non-noble 

metals provided better performances under galvanostatic (fixed current) conditions and 

pre-electrolysis to produce the active CuI complex before addition of the initiator. The 

polymerizations did not require the use of organic solvents or expensive/rare materials as 

working electrode. Moreover, setup was simplified by directly introducing an Al counter 

electrode in the reaction mixture, without separation of cathodic and anodic compart-

ments. Further simplification was achieved by using a two-electrode system under gal-

vanostatic conditions, which does not require the use of expensive electrochemical instru-

mentation. 

Overall, these results are a substantial simplification and economization of the 

eATRP setup, which can make this technique significantly more attractive in both aca-

demia and industry. We believe that the introduced improvements are a necessary step 

toward the scale-up and commercialization of this powerful polymerization technique. 
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Chapter 7  

Mechanism of Metal-Free ATRP 
Equation Chapter 7 Section 1 

Photoredox catalysis recently emerged as a powerful tool in both organic synthesis and 

polymerization. Generally, photoredox catalysts behave as strong oxidants and/or reduct-

ants upon irradiation, but they are poor oxidants and reductants in the ground state. There-

fore, photoredox reactions can be precisely controlled by light. 

A photoinduced ATRP was successfully catalyzed by fac-[Ir(ppy)3] (1, ppy = 2-pyri-

dylphenyl, in Figure 7.1).1 Upon irradiation with visible light, excited fac-[Ir(ppy)3]* 

(1*), a very strong reductant, oE +1 /1*
 = - 1.73 V vs. SCE, can reduce an alkyl bromide to 

generate an IrIV complex and an organic radical which initiates polymerization. The IrIV 

complex is a strong oxidant ( oE +1 /1
 = 0.77 V vs. SCE in CH3CN), which can react with the 

propagating radical to provide the ground state catalyst 1 and polymer chain with a bro-

mine at a chain end. Well-defined poly(methyl methacrylate) (PMMA, Mn = 22,900, 

Mw/Mn = 1.25) was obtained using low ppm amounts of 1 under visible light irradiation. 

A metal-free ATRP process was subsequently developed by using 10-phenylphenothia-

zine (2, Ph-PTZ, in Figure 7.1) as an organic-based photoredox catalyst to synthesize 

well-defined polymethacrylates and polyacrylonitrile.2 Analogous to 1, Ph-PTZ 2 is also 

excited to form a very strong reductant Ph-PTZ* ( oE +2 /2*
 = - 2.10 V vs. SCE in CH3CN). 

The oxidized radical cation Ph-PTZ•+, formed upon reaction of Ph-PTZ* with the alkyl 

 
Figure 7.1. Structures of photoredox catalysts 1, 2 and a traditional Cu-based ATRP catalyst 3. 
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halide, is a strong oxidant ( oE +2 /2
 = 0.68 V vs. SCE in CH3CN), able to deactivate the prop-

agating alkyl radicals, generate a ω-halide polymer chain and regenerate the ground state 

catalyst 2. 

While it was proved that activation in Cu-based ATRP occurs via inner sphere electron 

transfer (ISET) only,3 it is likely that photoinduced ATRP catalyzed by 1 or 2 occurs via an 

outer sphere electron transfer (OSET). The ISET process occurs via a Cu-X-R transition 

state that drastically lowers the activation energy. fac-[Ir(ppy)3] 1 is a coordinatively satu-

rated metal complex, therefore it cannot form any additional bond with the metal center, 

and thus RX reduction most likely takes place via an OSET. Similarly, the activator in 

metal-free ATRP is an aromatic organic molecule that is not likely to react strongly with 

X–. In addition, there is a significant difference between the redox properties of Cu-based 

and photoredox catalysts. The most active Cu-based ATRP catalyst reported so far is 

[CuI(TPMA*3)]+ (3, TPMA*3 = tris((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)-

amine)) which has Eo = -0.18 V vs. SCE.4 Compared to these values, both 1* and 2* have 

much more negative redox potentials (Figure 7.1), indicating much greater reactivity in the 

reduction of alkyl halides. They are so active that they can participate in OSET processes. 

The mechanism of the deactivation process also plays an important role in controlling 

an ATRP reaction. In atom transfer radical addition (ATRA) reactions by photoredox cat-

alysts such as 1, it was proposed that R is first oxidized to a carbocation,5 which subse-

quently traps a nucleophilic halide anion to yield the product. However, in the polymeriza-

tion of methyl methacrylate (MMA) and acrylonitrile (AN), the derived carbocations 

should be unstable and would be involved in side reactions with residual water or elimina-

tion to form short oligomers rather than polymers. No such products were observed in pho-

toinduced metal-free ATRP, indicating that the deactivation step might not involve a car-

bocation as a key intermediate. 

This chapter presents a detailed mechanistic study on photoinduced metal-free ATRP. 

Structure-reactivity relationships were established, using cyclic voltammetry (CV) and 

spectroscopic techniques. Kinetic analysis of both activation and deactivation steps, accord-

ing to Marcus theory and further developments,6 elucidated the following questions: 1) 

Does the activation step follow ISET or OSET mechanism? 2) What is the mechanism of 

the deactivation process during the controlled polymerization? 3) What are the key inter-

mediates in these reactions? 4) How does this photoinduced metal-free ATRP system com-

pare to classic Cu-catalyzed ATRP? 
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7.1 Polymerization reactions 

Polymerization of MMA with Ph-PTZ 2. The results of photoinduced metal-free ATRP 

of MMA with Ph-PTZ 2 under different conditions, in dimethylacetamide (DMA), under 

different light intensities, and in the presence of different ATRP initiators, are summa-

rized in Table 7.1. The standard polymerization under conditions: [MMA]0:[EBPA]0:[2]0 

= 100:1:0.1, MMA/DMA = 1/1 (v/v), (EBPA: ethyl α-bromophenylacetate), at room tem-

perature with irradiation at 365 nm (2.1 mW/cm2) reached 16% conversion of MMA after 

4 h, yielding PMMA with Mn = 2070, and Mw/Mn
 = 1.50 (Table 7.1, entry 1) which is 

close to the theoretical value Mn,th (predicted for a transfer-less process with a quantitative 

initiation). Polymerizations with stronger light intensity source (4.9 mW/cm2 at 365 nm) 

were faster, reaching 45 % conversion after 4 h (entry 2). 

With ethyl α-bromoisobutyrate (EBiB) as ATRP initiator instead of EBPA, the Mn = 

3840 of PMMA was higher than Mn,th with broader distribution (Mw/Mn
 = 1.79, entry 3). 

Indeed, activation of EBiB in ATRP is slower than activation of PMMA-Br, due to pe-

nultimate unit effect.7 The polymerization using ethyl α-chlorophenylacetate (ECPA) was 

not controlled at all, resulting in 55% conversion after 4 h with the formation of a polymer 

with bimodal distribution Mn = 16000, Mw/Mn
 = 3.44, (entry 4), indicating that a chloride-

based initiator was not suitable in this photoinduced metal-free system. 

Table 7.1. Selected results of metal-free ATRP of MMA under different conditions.a 

Entry Conditions Irradiation Conv.b Mn,th
c Mn,GPC

c Mw/Mn
d 

  (mW/cm2)     

1 [MMA]:[EBPA]:[2] = 100:1:0.1 2.1 16% 1,800 2,070 1.50 

2 [MMA]:[EBPA]:[2] = 100:1:0.1 4.9 45% 4,700 5,440 1.44 

3 [MMA]:[EBiB]:[2] = 100:1:0.1 2.1 20% 2,200 3,840 1.79 

4 [MMA]:[ECPA]:[2] = 100:1:0.1 4.9 55% 5,700 16,000 3.44 

5 [MMA]:[EBPA]:[2] = 100:1:0 2.1 27% 2,900 28,700 2.25 

6 [MMA]:[ECPA]:[2] = 100:1:0 4.9 15% 1,700 17,900 2.02 

7 [MMA]:[ECPA]:[2]:[n-Bu4NBr] = 

100:1:0.1:1 

4.9 79% 8,100 10,800 2.47 

a Reaction conditions: MMA/DMA = 1/1 (v/v), under room temperature irradiation at 2.1 

mW/cm2 or 4.9 mW/cm2, 365 nm. b Determined by 1H NMR. c Calculated on the basis of conver-

sion obtained by 1H NMR (i.e. Mn,th
 = MEBPA + 100 × conversion × MMMA). d Determined by GPC 

in THF, based on linear PMMA as calibration standards. 
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Figure 7.2. (a) Semilogarithmic kinetic plots of polymerization of MMA with or without 2; (b) 

Number-average molecular weight (Mn, filled symbols), and dispersity (Mw/Mn, open symbols) 

versus conversion. 

Background reactions. The activation step should involve the reaction between ex-

cited state of metal-free photoredox catalyst and alkyl bromide. Nevertheless, under 

strong irradiation, radicals could also be formed by homolytic cleavage of the C-Br bond 

in the initiator EBPA or in the polymer-Br chain end. Polymerizations of MMA were 

conducted with EBPA both in the absence and presence of Ph-PTZ 2 under the following 

conditions: [MMA]0:[EBPA]0:[2]0 = 100:1:0 or 100:1:0.1, MMA/DMA = 1/1 (v/v), and 

irradiation with 365 nm at 2.1 or 4.9 mW/cm2. Polymerization of MMA without 2 pro-

vided PMMA with much higher Mn than the theoretical value and Mw/Mn values as high 

as 2.2 (Table 7.1, entry 7 and Figure 7.2b), suggesting an uncontrolled free radical 

polymerization. These reactions also provide a clear indication that a radical could be 

formed from EBPA under irradiation. 

The rates of polymerization with 2 under both irradiation intensities were slower than 

the one without 2 (Figure 7.2a), indicating that the concentration of radicals was de-

creased and a radical deactivation process was involved in the presence of 2. The metal-

free ATRP of MMA with 2 gave PMMA with predictable Mn, growing with conversion 

and low dispersity, suggesting that the process is well controlled (Table 7.1, entries 1 and 

2).  

Similarly, the background reaction for polymerization of MMA with ECPA in the 

absence of 2 reached only 15% conversion after 4 h of irradiation with 365 nm at 4.9 

mW/cm2, providing PMMA with Mn = 17900, and Mw/Mn = 2.02 (entry 6, Table 7.1). 

However, the same reaction with 2 was much faster (entry 6 vs. 4, Table 7.1, 15% vs. 

55% conversion at 4 h), though with the same poor control, indicating that the Ph-PTZ-

catalyzed system is efficient to activate alkyl chloride but inefficient to deactivate the 

propagating radicals. 
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Salt effects. Similarly as metal-catalyzed ATRP, one possible deactivation mecha-

nism is the transfer of a halogen atom from the radical cation-anion ion pair Cat+X– (X 

= Br or Cl) formed in the activation step to the propagating radical (eq. 7.1-7.2).  

ACTIVATION Cat*  +  RX     Cat+X–  +  R (7.1) 

DEACTIVATION Cat+X–  +  R     Cat  +  RX (7.2) 

In a polar solvent such as DMA, the ion pair Cat+X– would dissociate to the free 

radical cation (Cat+) and a halide anion (Br- or Cl-) and could reach an equilibrium state. 

Therefore, if deactivation occurs according to eq. 7.2, the overall rate of polymerization 

and control over molecular weight distribution would be strongly influenced by the dis-

sociation equilibrium Cat+X– = Cat+ + X–, which can be shifted to the left if a large 

excess of halide ions is added. Additionally, it must be noted that halide anions, whether 

linked to Cat•+ or free in solution, are a fundamental reagent of the deactivation step, for 

the production of halogen-capped dormant chains. Therefore, excess tetra-n-butylammo-

nium bromide (n-Bu4NBr) was added to improve deactivation in the polymerization of 

MMA when using Ph-PTZ 2 as a catalyst. However, the polymerization of MMA with 

added n-Bu4NBr under reaction conditions [MMA]0:[EBPA]0:[2]0:[n-Bu4NBr]0= 

100:1:0.1:x, x = 0.2, 1 or 2, 50% DMA, irradiation with 365 nm, did not give any observ-

able difference in polymerization rates and dispersities. 

On the other hand, when an excess n-Bu4NBr was added to the reaction using ECPA, 

the Mn (10,800) of obtained PMMA was close to the theoretical value (Mn,th = 8,100), 

although the dispersity was still high (Mw/Mn = 2.47, entry 7, Table 7.1). The polymeri-

zation with ECPA and n-Bu4NBr showed better deactivation of the growing chains, indi-

cating that deactivation was more efficient in the presence of bromide ions. 

Polymerization with different catalysts. The set of compounds shown in Figure 7.3 

was chosen to study the effect of key structural features on their properties and reactivity. 

Compounds 2 and 4-6 are N-aryl phenothiazine derivatives, 7 and 8 contain a naphtalene 

ring in different positions. 8 and 9 are simpler, commercially available phenothiazine de-

rivatives. 9-Phenylcarbazole 11 and thianthrene 12 were selected due to the structural 

similarity to phenothiazine, and compounds 13 and 14 were selected due to similar pho-

tosensitivities (HOMO-LUMO gap).8  
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Figure 7.3. Structures of catalysts studied in metal-free ATRP. 

All catalysts were investigated for photoinduced metal-free ATRP of MMA with 

EBPA as initiator under standard conditions and the results are summarized in Figure 7.4. 

The reaction conditions were [MMA]0:[EBPA]0:[Cat]0 = 100:1:0.1, in MMA/DMA = 1/1 

(v/v), at room temperature with irradiation of 365 nm at 2.1 mW/cm2. The reactions with 

all phenothiazine-based compounds, 2 and 4-10, were all slower than the background 

reaction, indicating that some deactivation was involved. Overall, the polymerization re-

sults allowed us to divide the investigated compounds into three categories according to 

their performance. (i) The metal-free ATRP with all N-aryl phenothiazines 2, 4-7 and 

benzo[b]phenothiazine 10 provided well-defined PMMA with predetermined Mn and dis-

persities Đ = 1.4-1.5. (ii) Catalysts 8 (Me-PTZ) and 9 (H-PTZ) only provided limited 

control. The obtained Mn were close to the theoretical values at low conversion of MMA 

(<30 %), but they became significantly higher at higher conversion. This observation in-

dicates that both 8 and 9 decomposed during the later stage of the reaction and could not 

deactivate the radicals (9 decomposed faster and showed poorer control from the begin-

ning of the polymerization). (iii) The polymerizations with 11-14 provided faster reac-

tions than the background reaction, indicating that these catalysts efficiently activated the 

C-Br bond but could not deactivate the propagating radical efficiently. This is further 

supported by the evidence that the Mn of synthesized PMMA using these catalysts was 

always much higher than theoretical Mn (Figure 7.4b). 

Since the background reaction using EBPA as initiator was a fast process, it was not 

possible to determine whether all catalysts were involved in the activation step. Therefore, 

EBiB was used as initiator rather than EBPA under metal-free ATRP conditions. All the  
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Figure 7.4. (a) Semilogarithmic kinetic plots for the polymerization of MMA with catalysts 

shown in Figure 7.3, conditions: [MMA]0:[EBPA]0:[Cat]0 = 100:1:0.1, in MMA/DMA = 1/1 

(v/v), at room temperature with irradiation of 365 nm (2.1 mW/cm2); red dotted line: linear fit for 

standard polymerization with 2, black dotted line: linear fit for background polymerization; (b) 

number-average molecular weight (Mn, filled symbols), and dispersity (Mw/Mn, open symbols) 

versus conversion. 

 

Figure 7.5. Semilogarithmic kinetic plots for the polymerization of MMA with catalysts shown 

in Figure 7.3, conditions: [MMA]0:[EBiB]0:[Cat]0 = 100:1:0.1, in MMA/DMA = 1/1 (v/v), at 

room temperature with irradiation of 365 nm (2.1 mW/cm2); black dotted line: linear fit for back-

ground polymerization. 

polymerizations with any of the catalysts shown in Figure 7.3 were faster than the back-

ground reaction using only EBiB, strongly indicating that all the catalysts efficiently pho-

toactivated alkyl halides (Figure 7.5). 

7.2 Electrochemical characterization of the catalysts 

Cyclic voltammetry (CV) was used to measure the oxidation potentials of the catalysts 

and to assess the stability of their radical cations (Cat•+). All CVs were recorded in DMA 

in the presence of 0.1 M Et4NClO4 and some examples are reported in Figure 7.6. Com-

prehensive results about electrochemical properties and catalytic activity of the catalyst 

are reported in Table 7.2. Within the electrochemical potential window of the solvent, all 



134   |  Chapter 7 – Mechanism of Metal-Free ATRP 

compounds, except 13, could be oxidized to form a radical cation (Cat = Cat•+ + e–). The 

reversibility of the voltammetric pattern is a direct indication of the stability of the radical 

cations. All substituted phenothiazines (2, 4-8, 10) showed a reversible oxidation wave 

(Figure 7.6a), indicating that the electrogenerated radical cation was a stable species. The 

CV of unsubstituted phenothiazine 9 had limited chemical reversibility: the radical cation 

quickly decomposed to form a product that was reduced at a lower potential (Figure 7.6b). 

From cyclic voltammetry conducted at different scan rates (Figure 7.6c), a lifetime in the 

order of 10 s was estimated for the radical cation 9•+ (in the CV conducted at 0.02 V s-1 

roughly half of 9•+ has decomposed; at this slow scan rate, the reverse scan reached the 

cathodic peak potential ca 8 s after the potential was inverted). Also 12 showed a similar 

behavior with a faster decay rate, with a lifetime < 5 ms. Other tested carbazole deriva-

tives (11 and 14) exhibited an irreversible oxidation peak, indicating that their specific 

radical cations were not stable in DMA. 

A stable radical cation is necessary for the efficient deactivation of the growing rad-

icals, thus only the compounds with a reversible redox behavior should efficiently control 

the polymerization. The experimental results confirmed this conclusion, as effective de-

activation was observed only for compounds with reversible redox properties. Moreover,  
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Figure 7.6. Selected cyclic voltammograms for compounds characterized by (a) reversible and 

(b) partially reversible or irreversible oxidation, C = 2×10-3 M, in DMA + 0.1 M Et4NClO4 at 25 

°C. (a) v = 0.2 V s-1; (b) v = 0.05 V s-1. Cyclic voltammetry of 2×10-3 M (a) 9 and (b) 12 at various 

scan rates (current intensity was normalized by v1/2). 
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CV analysis confirmed the limited stability of 9•+, which indeed could efficiently deacti-

vate the growing radicals only at the beginning of the experiment, since a fraction of 9•+ 

decomposed by side reactions leading to the progressive consumption of the catalyst. 

Therefore, cyclic voltammetry was a reliable technique that allowed a rapid screening of 

the analyzed photoactive molecules as candidates for radical deactivation and control of 

photoATRP experiments. CV experiments also demonstrated that stable radical cations 

Cat•+ should be involved in the deactivation reaction mechanism. 

For the compounds exhibiting a reversible redox behavior, the oxidation potential of 

the catalyst in the excited state ( •

o

Cat /Cat*
E  ) could be estimated from the excitation energy 

of the photocatalysts (Ehν), according to the following equation:9 

Table 7.2. Characterizations and reactivities of catalysts studied in metal-free 

ATRP. 

Catalyst •

o

Cat /Cat
E   λmax

 •

o

Cat /Cat*
E   

Lifetime 
       

       CV         
reversibility Actc Deactd 

 (V vs. SCE) (nm)a (V vs. SCE)b (ns)    

2, Ph-PTZ 0.815e 445 -1.97 4.5 + + + 

4, MeOPh- 0.797 445 -1.99 6.0 + + + 

5, ClPh-PTZ 0.830 445 -1.96 3.0 + + + 

6, Py-PTZ 0.903 510 -1.53 7.4 + + + 

7, Nap-PTZ 0.833 405 -2.23 7.6 + + + 

8, Me-PTZ 0.826 445 -1.97 2.3 + + +/– 

9, H-PTZ 0.606 450 -2.15 2.1 +/– + +/– 

9, Ph-ben- 0.902 440 -1.92 12.9 + + + 

11, Ph-CBZ 1.423f 365 -2.03 4.7 – + – 

12, TH 1.393g 445 -1.36 4.9 – + – 

13, TIPS-AN >1.5h 445 - 2.1 – + – 

14, (CBZ-Ph-)2 1.392f 410 - 3.4 – + – 
a Obtained from ref. 10. bFrom eq. 7.3.c Activation based on whether polymerization was faster 

than the background reaction with EBiB as ATRP initiator (cf. Figure 7.5). d Deactivation evalu-

ation based on whether Mn,GPC was close to Mn,th (cf. Figure 7.4). e For comparison, values in 

CH3CN are oE •+2 /2
  = 0.68 V vs. SCE and o

*
E •+2 /2

 = -2.10 V vs. SCE.2b f Potential of the anodic 

peak at v = 0.2 V s-1. g •+

o

Cat /Cat
E  was estimated at high scan rates (v > 10 V s-1), where partial 

reversibility in CV could be achieved (Figure 7.6c-d). h No oxidation wave was observed inside 

the potential range of DMA. 
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• • •
o o o

Cat /Cat* Cat /Cat Cat /Cat
max

 
λh

hc
E E E E       (7.3) 

where h is the Planck constant, c is the speed of light, •

o

Cat /Cat
E   is the standard reduction 

potential of Cat+ in the ground state and λmax is the wavelength of maximum emission 

intensity of the excited state (obtained from ref. 10). •

o

Cat /Cat
E   was obtained from cyclic 

voltammetry as the half sum of anodic and cathodic peak potentials, •

o

Cat /Cat
E   ≈ E1/2 = (Epa 

+ Epc)/2. 

7.3 Kinetic analysis of metal-free ATRP activation 

The strongly negative values for •

o

Cat /Cat*
E   suggested the viability of an OSET (eq. 7.4). 

This reaction involves a concerted dissociative electron transfer (DET) to RX, as consol-

idated in the literature for the reductive cleavage of alkyl halides.11 Therefore, assessment 

of ET kinetics cannot be made by a straightforward application of the well-known Marcus 

theory for electron-transfer processes. A modified model of Marcus theory, developed by 

Savéant, is available and is currently used to analyze the dynamics of DET processes.6b-d 

Cat  +  RX  actk   Cat+  +  R  +X– (7.4) 

According to the DET theory, a quadratic activation-driving force relationship simi-

lar to that of Marcus theory of OSET exists also for DET processes (eq. 7.5). 

o
r

0 1
G

G G


   ‡ ‡

2

04 G

 
  

‡  (7.5) 

where ‡
0G  is the intrinsic barrier of the reaction, i.e. the activation free energy when 

o
rG  = 0. The intrinsic barrier is given by  ‡

0 o RX 4λ /G D    , where o is the solvent 

reorganization energy and DRX is the R-X bond energy. The principal difference between 

OSET and DET is that the intrinsic barrier of the latter mainly comes from the energy of 

the breaking bond. When the two fragments of DET, R and X, are able to give rise to 

ion-dipole interactions in the solvent cage, the dynamics of ET is significantly affected 

and eq. 7.5 does not correctly predict the activation free energy. The “sticky” model of 

DET takes into account formation of the ion-dipole adduct by introducing an interaction 

energy, Dp, into eq. 7.5: 
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(7.6) 

Although Dp is of electrostatic nature and is often very small,37d it decreases signifi-

cantly the intrinsic barrier, now given by ‡ 1/2 1/2
0 o R

2
X p[ ( / 4) ]G D D    , resulting in en-

hanced rate of electron transfer. 

Eq. 7.6 was used to calculate G‡ of reaction 7.4 for a series of catalysts and alkyl 

halide initiators. The activation free energy was then used to calculate the activation rate 

constant, kact, according to eq. 7.7: 

ET act exp
G

k k Z
RT

 
   

 

‡

 
(7.7) 

where Z is the pre-exponential factor. The results are presented in Table 7.3, whereas 

details of the calculations as well as all parameters used in eqs. 7.6 and 7.7 are reported 

in Appendix C. In the examined cases, Cat can be an organic molecule in the excited state 

(e.g. 2*), the same organic molecule in the ground state (2), or the excited state metal 

complex 1*. RX is either the initiator α-bromophenylacetate (EBPA) or methyl 2-bro-

moisobutyrate (MBiB), which mimics the PMMA growing chain end. The driving force 

for the photoinduced electron transfer ( o
rG ) is estimated from the standard potentials 

of the redox couples of the donor ( •

o

Cat /Cat
E  ) and acceptor ( •

o

RX/R +X
E  ), and the energy to 

excite the catalyst, Ehv, by using the Weller equation:12 

 • •

2
o o o A

r Cat /Cat RX/R X
04hv

N e
G F E E E

r 
 

      (7.8) 

where NA is the Avogadro constant, e is the elementary charge, ε0 is the permittivity of 

vacuum and ε the relative permittivity of the solvent at 25 °C. The last term is the Colum-

bic energy experienced by the radical ion pair at distance r. 

Unfortunately, not all the data required for estimating the frequency factor Z, 0G ‡

and DP in DMA are available; therefore, it was assumed that the thermodynamic data for 

RX reduction and bond dissociation were similar in DMF and in DMA. Also, the “sticky” 

interaction energy between methyl isobutyrate radical (MiB•) and Br– is unknown in 

DMA, but this interaction, for activated alkyl bromides, like MBiB, is always small in 

polar solvents like DMF and CH3CN (0.24–0.50 kcal mol-1).13 Radical–anion interactions 
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depend on the dielectric constant, which are very similar for CH3CN, DMF and DMA. 

Therefore, we considered that this contribution to the activation energy should be similar 

to the one reported for the methyl propionate radical (MP•) and Br– in CH3CN (0.24 kcal 

mol-1). 

All excited catalysts show high reactivity towards RX reduction, with kact values in 

the 106-1010 M-1s˗1 range. For the DET reaction between EBPA and 2*, kact = 7.0×109 M-

1 s-1 was experimentally determined in DMA,10 whereas the calculated value is 2.0×1010 

M-1 s-1. Considering that a series of approximations had been forcefully introduced into 

the calculation, the agreement between experiment and theory can be considered satisfac-

tory. Therefore, unlike transition-metal catalyzed ATRP, which involves activation via 

an atom transfer (or ISET) mechanism, activation in photoinduced ATRP follows a con-

certed dissociative electron transfer mechanism (an OSET mechanism). 

Table 7.3. Activation rate constants and relevant thermodynamic parameters for 

reaction 7.4 in DMA.a 

Donor RX •

o

Cat /Cat*
E   •

o

RX/R X
E 

b 

o
rG  0G ‡

 
G ‡

 kact φact
c 

1*, Ir(ppy)3* MBiB -1.73d -0.52 -28.9 16.4 5.1 5.8×107 0.4 

2*, Ph-PTZ* MBiB -1.97 -0.52 -34.6 16.5 3.7 5.8×108 1.3×10-3 

2*, Ph-PTZ* EBPA -1.97 -0.22e -41.5 15.3 1.6 2.0×1010 4.6×10-2 

2*, Ph-PTZ* MCiB -1.97 -0.76 -29.1 19.2 7.2 1.5×106 3.5×10-6 

2, Ph-PTZ MBiB   0.82f -0.52 29.6 16.5 34.5 1.0×10-14 - 

8*, Me-PTZ* MBiB -1.96 -0.52 -34.4 16.6 3.8 4.3×108 5.0×10-4 

11*, Ph-CBZ* MBiB -1.91 -0.52 -33.3 15.5 4.0 3.3×108 7.7×10-4 
a Potentials in V vs. SCE; energies in kcal mol-1 b In DMF.14 c Calculated from eq. 7.9 or 7.10. CRX 

= 5·10-2 M; τ0 from Table 7.2; ΦF was determined to be roughly constant and on average 0.01 for 

a large set of phenothiazine derivatives,15 therefore ΦF = 0.01 was used for 2*, 8* and 11*; ΦF = 

0.40 for 1*.41 c In CH3CN.20g e in DMF, calculated as in Ref. 14, using thermodynamic data from 

Ref. 3 f •

o

Cat /Cat
E  . 

All the analyzed phenothiazine derivatives have redox properties that are relatively 

similar to each other. Table 7.3 shows that 2* (Ph-PTZ*) and 8* (Me-PTZ*) should react 

with MBiB with similar high rate constants (5.8×108 and 4.3×108 M-1s-1, respectively). 

Such values are higher than kact for extremely active Cu-based ATRP systems (e.g. acti-

vation of tertiary RBr initiators by [CuIMe6TREN]+ in water, see chapter 3, or DMSO, 
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see ref. 16), and are typical of fast polymerizations that are often difficult to control. Nev-

ertheless, these values cannot be directly compared to the kact of a traditional ATRP, be-

cause reactions that occur from an excited state are usually less than 100% efficient. 

ATRP activation by Cat* must compete with all decay pathways (radiative and non-radi-

ative) that can bring the molecules back to their ground state. The quantum yield for a 

first-order reaction from a given excited state is:17 

F F 0 F
0 0

' '
'

'

k k
k

k k k
      


 (7.9) 

where k is the rate constant of the first-order reaction that occurs from the excited state, 

ΦF is the quantum efficiency for the formation of the excited state, k0 is the rate constant 

of radiative decay, and τ0 = 1/k0 is the lifetime of the excited state. ATRP activation can 

be considered a pseudo-first-order reaction, with rate constant k, if we take into account 

that the polymerization is living and that therefore RX concentration is roughly constant 

during the reaction (k = kact[RX]). Therefore, eq. 7.9 can be written as 

act act 0 F[RX]k    (7.10) 

Quantum yields for metal-free ATRP activation are reported in Table 7.3. For exam-

ple, with φact = 1.3×10-3, only 1 out of ca. 103 molecules of 2* survives for a sufficiently 

long time in the excited state to be able to activate MBiB. In other words, even if 2* is 

able to react with MBiB with a rate constant of 5.8×108 M s-1, the actual rate of activation 

is significantly decreased by the low lifetime τ0 of the excited state and the fluorescence 

quantum efficiency ΦF. Since the rate of activation is also the rate of formation of the 

deactivator, these parameters affect also the deactivation steps. In particular, deactivation 

can occur only if the rate of activation by Cat* is higher than the background reaction, 

which is the case for all analyzed compounds, as shown in Figure 7.5. 

A further insight into the efficiency of activation (eqs. 7.9 and 7.10) can indicate why 

the photoinduced ATRP of MMA required only 50-100 ppm of 1,2a but 1000 ppm of 2. 

When comparing 1* with 2*, one has to consider that the former has both longer lifetime 

(1900 vs. 4.5 ns) and higher quantum efficiency (0.40 vs. 0.01). As shown in Table 7.3, 

1* can activate the RX bond much more efficiently than 2*. Therefore, a much higher 

portion of the Ir complex will be part of the activation/deactivation process, while under 

the same conditions most of 2* will quickly decay back to the ground state, thereby being 

unable to participate in any activation/deactivation process. 
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The standard reduction potential of PMMA• is expected to be similar to (or only 

slightly more negative than) that of MiB•, -0.70 V vs. SCE.18 Moreover, the activation 

energy of this reaction is low, because the reduction of the radicals does not require the 

scission of any bond. As a result, radicals can be quickly reduced to carbanions by Cat*, 

with a diffusion-controlled rate constant. However, in a controlled ATRP process, like 

that under investigation, the concentration of R• is very small, and hardly ever exceeds 

10-6 M. Therefore, the rate of radical reduction, which is proportional to both Cat* and R• 

concentrations, is essentially too slow to compete with other radical reactions such as 

propagation and deactivation back to the dormant state. The preserved chain end func-

tionality is high, as confirmed by several successful chain extension tests.2 

From Table 7.3, it is clear that the standard potential of the 2+/2 couple in the ground 

state is too positive to effectively reduce RX and generate radicals. Therefore, the reaction 

cannot proceed in the absence of light. When the light source is switched off, activation 

stops almost instantly because of the very fast decay of Cat* to its ground state. 

7.4 Kinetic analysis of metal-free ATRP deactivation 

Deactivation mechanisms. DFT calculations showed that in DMA both the catalyst rad-

ical cation 2•+ and the ion pair complex 2•+Br− exist in equilibrium, with ΔrG = 0.2 kcal 

mol-1: 10 

2+  +  Br–  


rG   2+Br– (7.11) 

Five possible deactivation mechanisms of MiB• with 2•+ or with 2•+Br− were evaluated 

(Scheme 7.1): (a) inner-sphere electron transfer (ISET) mechanism through a concerted 

Br atom transfer from 2•+Br− to MiB• via transition state TS1; (b) dissociative electron 

transfer (DET) from MiB• to 2•+Br− to form MiB+, 2 and Br−, followed by recombination 

of MiB+ and Br- to generate MBiB; (c) outer-sphere electron transfer (OSET-I) from MiB• 

to 2•+Br− to form an anionic 2 Br− complex and MiB+, followed by dissociation to the 

catalyst 2 and Br−, and counteriaons recombination; (d) outer-sphere electron transfer 

from MiB• to the dissociated radical cation 2•+ (OSET-II); and (e) associative electron 

transfer from 2•+ to MiB• and Br− to form the ground-state catalyst 2 and MBiB, involving 

a termolecular encounter (AET-ter). 

ISET and AET-ter pathways produce RX without the formation of any intermediate, 

while all other ET pathways (DET, OSET-I, and OSET-II) generate the R+ cation, which 

then rapidly recombines with the halide anion to form RX. All reaction free energies  
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Scheme 7.1. Possible deactivation mechanisms in photoinduced metal-free ATRP. 

ISET (concerted atom
 transfer)

O
SET-

I

OSET-
II

 

(ΔrGo) and the energy of the transition state for the concerted Br atom transfer (ISET) 

were obtained from DFT optimizations.10 The barriers for the outer-sphere electron trans-

fer pathways (OSET-I, OSET-II) were calculated using the Marcus theory, whereas the 

activation free energy of the DET pathway was calculated by eq. 7.6. The AET-ter path-

way (eq. 7.12) is the exact reverse process of DET of the activation step with the catalyst 

at the ground state (eq. 7.4).19 

Cat•+  +  R•  +  X–   AET-terk    Cat  +  RX (7.12) 

Since the intrinsic barrier is defined as the activation free energy at zero driving force, 

reactions 7.4 and 7.12 have the same ‡
0G  value. ‡

0G  and ΔG‡ were already calculated 

for Ph-PTZ + MBiB (Table 7.3). Nevertheless, in this case ΔG‡ was recalculated using 

DFT data for a better comparison of this reaction route with the other reaction pathways, 

for which only DFT data were available.10 Detailed calculations on the determination of 

‡
0G  and ΔG‡ for each pathway are reported in Appendix C. ΔG‡ was obtained using 

either eq. 7.5 or 7.6. The computed reaction energy profiles of the five pathways are sum-

marized in Figure 7.7 and Table 7.4. 

Activation energy for deactivation pathways. The ISET pathway requires 10.5 kcal/mol 

of activation free energy with respect to the ion pair complex 2•+Br−. Among the other 

four outer-sphere electron transfer pathways, AET-ter pathway involving 2•+, MiB• and 

Br− to form 2 and MBiB has the lowest activation energy, 3.9 kcal/mol. The electron trans- 
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Figure 7.7. Reaction energy profiles for the reaction of 2•+Br− with MiB•. Magenta: associative 

electron transfer involving a termolecular encounter (AET-ter). Black: inner-sphere electron 

transfer (ISET) (i.e. concerted atom transfer); Green: dissociative electron transfer from MiB• to 

2•+Br− (DET); Red: stepwise outer-sphere electron transfer from MiB• to 2•+Br− to form 2 Br− 

(OSET-I); Blue: outer-sphere electron transfer from MiB• to the dissociated radical cation 2•+ 

(OSET-II). Reaction free energies and energy of TS1 were obtained through DFT calculations.10 

fer from MiB• to the dissociated radical cation 2•+ (OSET-II) requires 9.2 kcal/mol of 

activation free energy, which is close to the activation energy of ISET pathway (10.5 

kcal/mol). The other two reaction pathways, OSET˗I and DET, have higher barriers of 

13.6 and 13.4 kcal/mol, respectively. 

These calculations suggest AET-ter to be the most favored pathway. Additionally, 

some experimental observations are in contrast with OSET-I, OSET-II and DET. First, 

the reaction of 2 with ECPA (alkyl chloride) was not as controlled as the reaction between 

2 and EBPA (alkyl bromide). The effects of the halide (better control with RBr than RCl) 

rule out the possibility of OSET-II, which should not be affected by the nature of X−. 

Also, the lack of oligomer formation during the polymerization provides further evidence 

against the formation of MiB+, thus ruling out not only OSET-II pathway but also DET 

and OSET-I pathways. 

The effects of halides on the barriers of ISET and all other four deactivation pathways 

were then explored. When MCiB is used in place of MBiB as the initiator in the reaction  
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Table 7.4. Activation energy for deactivation pathways ΔG‡ (ΔH‡) in kcal mol-1. 

Entry Catalyst Initiator 
Deactivation pathway 

ISETa AET-terb DETa OSET-Ia OSET-IIb 

1 

2 

2, Ph-PTZ 

2, Ph-PTZ 

MBiB 

MCiB 

10.5 (−3.3) 

12.5 (−2.4) 

3.9 

6.1 

13.4 

16.5 

13.6 

11.2 

9.2 

9.2 

a Activation energies with respect to the ion pair complex Cat•+X−; b Activation energies with 

respect to separated ions Cat•+ and X−. 

with catalyst 2 (entry 2, Table 7.4), the barriers of the ISET, AET-ter and DET pathways 

increase, whereas that of OSET-I decreases. As expected, the halide has no effect on the 

barrier of the OSET-II pathway. While the most preferred pathway with MCiB is still 

AET-ter, the activation free energy is 2.2 kcal/mol higher than the reaction with MBiB. 

In summary, the computed activation energies indicate that the AET-ter pathway is 

preferred in the deactivation process. The poor control of polymerization of MMA with 

alkyl chloride as ATRP initiator provides a further support for the AET-ter deactivation 

mechanism. With 2 as catalyst, G‡ of AET-ter increases by 2.2 kcal/mol when Cl− is 

used in place of Br−. This will result in a considerable lowering of the deactivation rate, 

which might not be able to outrun radical-radical termination reactions (see next section). 

7.4.1 Comparison of rates of deactivation pathways 

In a controlled radical polymerization, the deactivation reaction should be faster than rad-

ical-radical termination to maintain the living character. Therefore, the rate constants and 

reaction rates for different deactivation pathways were calculated for catalyst 2*, and the 

results are summarized in Table 7.5. The rate of radical termination could be obtained 

from • 2
t t[R ]R k , where kt is the rate constant of radical-radical termination and [R•] is 

the concentration of the propagating radical. [R•]  4.6 ×10-8 M could be estimated from 

kp
app = kp[R•], where the propagation rate constant, kp = 103 M-1 s-1 20and kp

app, the apparent 

rate constant of propagation, was obtained from the polymerization of MMA with 2 under 

4.9 mW/cm2 irradiation (Figure 7.2a). 

For a termolecular reaction pathway AET-ter, the frequency factor Zter is calculated 

following Tolman’s approach:21 

1/21/21/2
2 2 2 2B CA B

ter A A B B C
A B B C

2
8

m mm mRT
Z N d d

m m m m
 

  

           
         

(7.13) 
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where A, B and C are the three species involved in the reaction, d is the distance between 

the centers of the spheres equivalent to the subscript particles, and δ is the distance be-

tween the first two spheres when hit by the third. Usually δ is taken to be between 0.3 Å19 

and 1 Å.21c The smaller value of 0.3 Å was used to avoid overestimating ZTER. The hard 

sphere diameters of the species involved in the reaction were estimated from their com-

puted volumes or taken from the literature (see detailed calculations in Appendix C). 

Then, using G‡
AET-ter = 3.9 kcal mol-1 (Table 7.4), the rate constant was calculated from 

eq. 7.14 as kAET-ter = 4.6×107 M˗2 s-1. This deactivation rate constant is slightly higher than 

kdeact in typical Cu-based ATRP (chapter 3 and ref. 22). 

AET-ter

AET-ter ter

G

RTk Z e



‡

 (7.14) 

The rate of termolecular deactivation is given by: 

AET-ter AET-ter[2 ][Br ][R ]R k     (7.15) 

However, both 2•+ and Br− concentration need to be estimated. Considering around 

10% of termination, [Br−] should be ca. 5×10-3 M. Moreover, current intensity of Br– 

oxidation in the CV registered during a metal-free ATRP confirmed that around 5–10×10-

3 M of Br− was generated after a few hours (Figure 7.8). The radical cation 2•+ could not 

be directly detected during the electrochemical measurements, and it slowly decomposed 

by the reaction with Br−.23 Therefore, a low value of 5×10-4 M was chosen for the con-

centration of 2•+. Using these concentrations together with [R•]  4.6 ×10-8 M gives RAET-

ter = 5.3×10-6 M s-1. 
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Figure 7.8. Cyclic voltammetry during photo-mediated experiment. Initial [2] = 5.9×10-3 M. 
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Table 7.5. Rate constants and rates of proposed deactivation pathways. 

Reaction Rate law 
k 

(M-1 s-1) 

R 

(M s-1) 

R/Rt 

Termination 2R• → R-R 2
t t[R ]R k   107 2.1×10-8 1 

AET,ter 2•+ + R• + Br– → RBr + 2 +
AET-ter AET-ter[ ][Br ][R ]R k    2 3.4×107 

a 

3.9×10-6 1.9×102 

 2•+ + R• + Cl– → RCl + 2 +
AET-ter AET-ter[ ][Cl ][R ]R k    2 7.8×105 

a 

<9.0×10-8 <4.3 

ISET 2•+Br– + R• → RBr + 2 
ISET ISET[ ][R ]R k   •+2 Br  6.1×103 5.0×10-10 2.4×10-2 

OSET-II 2•+ + R• → R+ + 2 +
OSET-II OSET-II[ ][R ]R k   2  3.5×103 7.7×10-8 3.7 

DET 2•+Br– + R• → 2 + Br– + 

R+ 

+
DET DET[ ][R ]R k    2 Br  45 3.7×10-12 1.8×10-4 

OSET-I 2•+Br– + R• → 2-Br– + R+ +
OSET-I OSET-I[ ][R ]R k   -2 Br 32.4 <2.7×10-

12 

<1.3×10-

4 a Unit: M-2 s-1.b Activation of MCiB is much slower than activation of MBiB, kact,MCiB/kact,MBiB = 

2.6×10-3. This implies that [2+] is much smaller with MCiB than with MBiB. For the same reason 

[Cl-] < [Br-]. Therefore, RAET-ter and RAET-ter/Rt are overestimated. 

A similar approach was used to calculate the rate constants and rates of all other deacti-

vation pathways (see Appendix C for the detailed calculations). Although the concentra-

tion of 2•+ has a high uncertainty, the ratio of deactivation rates is independent of [2•+] 

and [R•]. To single out the effective deactivation pathway, the rate of all deactivation 

reactions must be first compared to Rt and then to each other. R/Rt values calculated for 

all deactivation pathways are reported in Table 7.5 (last column). ISET, DET and OSET-

I are to be discarded as possible deactivation pathways as they are at least 2 orders of 

magnitude slower than termination. The rate of OSET-II is comparable with Rt, but 

clearly this deactivation pathway cannot provide good control. This leaves AET-ter, 

which is more than 2 orders of magnitude faster than radical-radical termination when 

RBr is used as initiator or bromide ions are added, as the only possible deactivation path-

way. 

The same conclusion is reached if RAET-ter is calculated on the basis of experimental 

data. In this case, using Go = 29.6 kcal mol-1 (Table 7.3) gives ΔG‡
AET-ter = 5.0 kcal/mol. 

It follows that kAET-ter = 5.8×106 M-2 s-1, RAET-ter = 6.8×10-7 M s-1 and RAET-ter/Rt = 32. It is 

clear that AET-ter is the fastest deactivation pathway and, in particular, at least one order 

of magnitude faster than all other deactivation reactions. When RCl is used as initiator, 

AET-ter is only four times faster than termination, which explains why control is lost with 

a chloride as polymerization initiator (ECPA). 
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Scheme 7.2. Proposed overall mechanism for photoinduced metal-free ATRP. 

 

Overall Mechanism. A possible overall mechanism was constructed in Scheme 7.2 by 

combining all the information from experimental data and calculations based on electron 

transfer theories (Marcus and further developments). After Ph-PTZ 2 is excited to the 

excited state 2*, a dissociative electron transfer occurs from 2* to the conventional ATRP 

initiator (alkyl bromide, MBiB), forming the alkyl radical required to initiate the polymer-

ization. In this process, 2 is oxidized to the radical cation, 2•+, which exists in equilibrium 

with 2•+Br-. The associative electron transfer (AET-ter) from 2•+ to the propagating radical 

and bromide anion finishes the catalytic cycle to regenerate ground-state catalyst 2 and 

polymer chain with bromine as chain-end fidelity. 

7.5 Conclusions 

The mechanism of photoinduced metal-free ATRP was investigated via a combination of 

different types of investigation involving polymerization, kinetics, cyclic voltammetry, 

and dissociative electron transfer theories. A controlled radical polymerization needs to 

meet two criteria: fast initiation/activation and efficient deactivation. All selected 

catalysts are involved in the activation process, and generate alkyl radicals upon 

irradiation, but not all are efficient deactivators. All phenothiazine derivatives participate 

in the deactivation process; however, only N-aryl phenothiazine derivatives are stable 

enough to survive until the later stages of the polymerization. Alkyl chlorides could not 

be successfully used as ATRP initiators and provide an uncontrolled radical 

polymerization. 

Photoinduced metal-free ATRP provides a fascinating avenue to synthesize well-

defined polymers in the absence of residual transition metals. For the analyzed 

phenothiazine-based photocatalysts, activation involves a dissociative electron transfer to 

RX. Activation rate constants are higher than for classic Cu-based ATRP systems. 

However, due to a short lifetime of the excited states, activation of RX is quite slow and 
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relatively large amounts of catalyst should be used. Comparison of all reasonable 

deactivation pathways showed that the most favored reaction route is the termolecular 

reaction of 2•+, R• and Br–. Similarly to activation reaction, deactivation rate constants are 

at least as high as that reported for copper complexes, but in this case the rate is severely 

reduced by the low likelihood of three-center encounters. Therefore, precise control over 

macromolecular architecture by metal-free ATRP appears to be limited by the 

establishment of a fairly slow activation/deactivation process. 

In order to obtain a well-controlled metal-free ATRP, the catalyst should efficiently 

absorb photons, and therefore must be excited at the proper wavelength. In addition, 

photoexcitation should produce a strongly reducing excited state ( •

o

Cat /Cat*
E   ≈ -2 V vs. 

SCE), with a sufficiently long lifetime (τ0 ≥ 5 ns) and high quantum efficiency (ΦF ≥ 0.01) 

to ensure efficient activation of the R-X bond. The generated radical cation should also 

be stable (lifetime >> 10 s) and have a high reduction potential ( •

o

Cat /Cat
E   ≈ 0.8 V vs. SCE) 

to ensure the quick oxidative trapping of R• and Br–. 
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Conclusions and Future Perspectives 
Equation Chapter 2 Section 1 

ATRP in water has peculiar differences with respect to the same reaction in traditional 

organic solvents. It is characterized by extreme reactivity of the active [CuIL]+ catalyst 

and low stability of the tertiary deactivator [X-CuIIL]+. Controlled electrochemically me-

diated ATRP is possible by modulating the rate of (re)generation of the active [CuIL]+ 

complex and hence the ratio between CuI and CuII concentrations during polymerization. 

In the case of methacrylic monomers, successful results can be achieved by applying po-

tentials slightly more positive than Eo of the catalyst. Also, a large excess of halide ions 

should be added to the system, which increases II +X-Cu[ L]
C  and decreases I +[Cu L]

C . pH should 

be appropriately selected: efficacy of the catalyst is limited by formation of inactive 

[HO˗CuIIL]+ at high pH, and by protonation of the ligand at low pH. Pyridinic ligands 

(e.g. TPMA) are stable down to pH 1, while aliphatic amine ligands (e.g. Me6TREN) are 

stable only at pH ≥ 5. 

In order to study the peculiar reactivity of [CuIL]+ in water, electrochemical tech-

niques based on direct monitoring of CuI species or on the generation of transient reactive 

species near the electrode were used to accurately determine ATRP activation rate con-

stants both in water and organic solvents. Electrochemical techniques proved to be pow-

erful, enabling determination of a very broad range of kact values (10-4 < kact < 108 M-1 s˗1). 

In water, the reactivity of [CuIL]+ decreases 10-100 times in the presence of typical mon-

omer concentrations (10-20%). In general, kact strongly depends on KATRP both in water 

and in organic solvents, whereas kdeact is roughly constant in CH3CN but slightly increases 

with increasing KATRP in water. Good linear correlations of kact with KATRP and bond dis-

sociation free energy of the initiator were observed for several catalysts and extensive 

series of alkyl halide initiators including both chlorides and bromides. This sets the basis 

for easy prediction of the reactivity of [CuIL]+/RX initiation systems. 

Investigation of the ATRP catalytic system in the ionic liquid 1-butyl-3-methylimid-

azolium trifluoromethanesulfonate showed that this solvent is similar to conventional or-

ganic solvents, in terms of speciation of the catalyst, redox potentials of the catalytic 

complex, reactivity of [CuIL]+, and stability of [X-CuIIL]+. 
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ATRP of acid monomers (acrylic and methacrylic acid) is hampered by a side reaction 

involving the active chain end (an intramolecular cyclization with the terminal halide 

atom as leaving group). Conducting the reaction with the more stable C-Cl end function-

ality and lowering pH allowed us to obtain controlled polymers with linear, telechelic and 

three-arm star architectures. A relatively negative Eapp was necessary to compensate for 

the lower activity of [CuITPMA]+ in the acidic environment. Fast, controlled reactions up 

to high degree of polymerization were obtained by regenerating the CuI species by either 

electric current (eATRP) or comproportionation with a copper wire (SARA ATRP). 

eATRP conventional setup–which requires expensive, rare and non-functionalizable 

platinum working and counter electrodes–was expanded by using carbon materials and 

inexpensive metals and alloys, which are appealing for the successful scale-up commer-

cialization of the electrochemical process. Methacrylic monomers were polymerized in 

water with satisfactory control by using a simple two-electrode setup (without Pt) under 

galvanostatic conditions (fixed current). A sacrificial Al counter electrode allowed avoid-

ing separation of anodic and cathodic compartments. 

The mechanism of metal-free ATRP differs from traditional, Cu-based ATRP. Acti-

vation of the C-X bond by excited state phenyl-phenothiazine is characterized by an ex-

tremely high rate constant, but the reaction rate is severely reduced by the low quantum 

efficiency and lifetime of the excited species. The most likely deactivation pathway in-

volves the simultaneous three-center encounter of a halide ion, a radical and the deacti-

vator (phenothiazonium radical cation). Although the low likelihood of this termolecular 

reaction somehow hinders deactivation, the rate of the deactivation reaction is fast enough 

to warrant satisfactory control over molecular weight distribution. The development of 

new metal-free catalysts should take into account that the ideal photoactive molecule is 

characterized by high absorption coefficient, elevated quantum efficiency, long excited 

state lifetime, very negative reduction potential of the excited state and positive reduction 

potential of the ground state. Moreover, it should not easily react with Br–. 

Thanks to the definition and quantification of the mechanism and potential side reac-

tions of aqueous ATRP, water should no longer be considered a problematic solvent. On 

the basis of the results reported in this thesis, a more confident and reliable design of 

experimental conditions is now possible (e.g. CuI regeneration rate, pH, type and concen-

tration of halide ions, nature of the ligand, etc.). New catalysts, initiating systems and 
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monomers should be tested, particularly those relevant for biological applications (such 

as grafting hydrophilic monomers from proteins, DNA, or nanogels). 

The polymerization of acidic monomers, once considered one of the biggest limita-

tions of ATRP, should be extended and applied to several systems in order to exploit the 

unique properties of acidic polymers (good complexing ability, charge, response to stim-

uli such as temperature, pH, and ionic strength).



152   |   

 



Ph.D.  Thesis – Marco Fantin  |  I  
 

Appendix A 

Experimental Section 

A.1 Chemicals 

Copper. Copper(II) trifluoromethanesulfonate (Cu(OTf)2, Alpha Aesar, 98%), copper(II) 

chloride (Sigma-Aldrich, 99%), copper(II) bromide (Sigma-Aldrich, 99%), 2,2';6',2"-

terpyridine (terpy, Alfa Aesar, 97%), and tetrakis(acetonitrile)copper(I) tetrafluoroborate 

(CuI(CH3CN)4BF4, Sigma-Aldrich, 97%) were used without further purification. Stock 

solutions of copper(I) in CH3CN were standardized by spectrophotometric analysis using 

2,9-dimethyl-1,10-phenantroline as a specific ligand, as described in the literature.1 

Copper wire was activated with 3:1 v/v MeOH/aqueous HCl, rinsed with MeOH and dried 

under N2. 

Amine ligands. tris(2-pyridylmethyl)amine (TPMA, ATRP Solutions, 98%), tris[2-

(dimethylamino)ethyl]amine (Me6TREN, Alfa Aesar 99+%) and N,N,N,N,N-

pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 98%) were used as received. 

Initiators. α -chloroisobutyric acid was synthetized according to a published procedure.2 

α-chlrophenylacetic acid (CPAA, 97%) was purchased from Combi-Blocks and used as 

received. All other initiators were purchased from Sigma-Aldrich or Alfa-Aesar with 

good purity and used without further purification. 

Supporting electrolytes and other salts. Tetraethylammonium chloride (Et4NCl, Sigma-

Aldrich, 99%), tetraethylammonium bromide (Et4NBr, Sigma-Aldrich, 99%) and 

tetraethylammonium tetrafluoroborate (Et4NBF4, Alfa Aesar, 99%) were purified by 

recrystallization from dichloromethane-acetone-hexane (2/2/1, v/v), ethanol-diethyl ether 

(1/2, v/v) and ethanol, respectively. They were then dried under vacuum for at least 48 h 

and stored over P2O5. Sodium chloride (Fisher Scientific, 99.0%) and sodium bromide 

(Fisher Scientific, 99.0%) were used as received. 

Monomers. Oligo(ethyleneoxide) methyl ether acrylate (OEOA, Sigma-Aldrich, average 

Mw 480) and oligo(ethyleneoxide) methyl ether methacrylate (OEOMA, Sigma-Aldrich, 

average Mw 500) were passed through a column filled with basic alumina to remove 

polymerization inhibitors. N-isopropylacrylamide (NiPAM, Sigma-Aldrich, 97%) was 

recrystallized from n-hexane. Methacrylic acid (MAA, Sigma-Aldrich, 99%) and acrylic 
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acid (AA, Sigma-Aldrich, 99%) were distilled through a 10 cm Vigreux column to 

remove the polymerization inhibitors. Copper turnings were added in the distillation flask 

and, only for AA distillation, copper wire was inserted in the bottom of the Vigreux 

column. 

Buffers. When necessary, pH was adjusted to the desired values with buffers prepared 

from the tertiary amines, diethylpiperazine, (DEPP), tetraethyl ethylenediamine (TEEN), 

and tetraethyl methylenediamine, (TEMN), all from Alfa Aesar with good purity (98%). 

These amines are sterically hindered and are not able to form complexes with hydrated 

metal ions in aqueous solutions (the formation of precipitates was observed only after 

days).3 Sodium hydrogen phosphate (Fisher Scientific, 99%) was used as received. 

Other chemicals. Metal-free ATRP photocatalysts were synthetized as described in ref-

erence 4. Deionized water was further purified by double distillation or by a Barnstead 

Nanopure system (Thermo Scientific). Sodium azide (NaN3, Sigma-Aldrich, 99%), 37% 

HCl aqueous solution (Fisher Scientific, ACS grade) were all used without purification. 

A.2 Instrumentation 

Cyclic Voltammetry (CV). CVs were performed either by an Autolab PGSTAT30 

potentiostat (Eco-Chimie, Utrecht, The Netherlands) interfaced to a PC running GPES 

4.9 software, or a PARC 173 potentiostat, equipped with a function generator PARC 175 

and a digital oscilloscope Le Croy Waverunner LT322. The experiments were carried out 

in a three electrode cell with a glassy carbon disc working electrode (3 mm diameter, 

Metrohm) and a Pt counter electrode. In aqueous solutions, the reference electrode was 

saturated calomel electrode (SCE, Schott Gerade), whereas Ag|AgI|0.1 M n-Bu4NI in 

DMF was used as reference electrode in non-aqueous solutions. The latter was calibrated 

after each experiment against the ferrocenium/ferrocene couple (Fc+/Fc), which allowed 

conversion of all potentials to the aqueous saturated calomel electrode (SCE) scale by 

using Eo
Fc+/Fc = 0.527 V vs. SCE in DMA. Chronoamperometry experiments were 

performed using a rotating disc electrode (RDE) with a glassy carbon tip of 3 mm 

diameter (Autolab, Eco-Chimie). Prior to each experiment, the working electrode surface 

was cleaned by polishing with 0.25-μm diamond paste, followed by ultrasonic rinsing in 

ethanol for 5 min. Digital simulation of voltammetric responses was performed with 

DigiSim 3.03 (Bioanalytical Systems, Inc.). 

UV-Vis absorbance spectra. Absorbance spectra were acquired with a UV-Vis Cary-5 

spectrometer, in a 1.00 cm quartz optical cell. Working solutions were prepared from a 
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stock solution of the examined complex at a buffered pH and a constant ionic strength of 

0.1 M. 

NMR. NMR was used to measure monomer conversion and Mn,th during polymerization 

reactions (Mn = MRX + (CM/CRX)MM×conversion). The signal of Et4NBF4, Et4NBr or 

solvent was used as internal standard to determine monomer conversion using a Bruker 

300 MHz instrument. 

Gel Permeation Chromoatography (GPC). GPC was used to measure relative Mw, 

Mw/Mn, of the polymer samples. OEOMA samples were filtered over neutral alumina, 

MgSO4 and 200 nm PTFE filters prior to injection. Analysis was carried out at 70 °C on 

two Agilent PLgel 5 μm MIXED-C, 300  7.5 mm columns, connected in series; the 

mobile phase was a mixture of DMF + 1% v/v acetic acid + 1% v/v trimethylamine. 

Calibration was performed with PMMA standards. PMAA and PAA samples were 

filtered with a 200 nm PTFE or PES filter. Analysis was performed using a Waters RI 

detector and PSS columns with a calibration based on sodium methacrylate standards 

(PSS) in 0.1 M Na2HPO4 as mobile phase, at 30 °C. 

A.3 General procedures 

Ionic liquid purification. 20 mL of [BMIm][OTf] were mixed with 80 mL of bidistilled 

water and the solution was titrated with aqueous KOH, until pH = 7. Water was removed 

through a rotating evaporator. The neutralized ionic liquid was dissolved in 40 mL of 

CH2Cl2 and the organic fraction was extracted 5 times, under vigorous stirring, with 30 

mL of bidistilled water. The aqueous fractions were combined and evaporated at a rotavap 

and then dried at 100 °C for 12 h under vacuum. Purified [BMIm][OTf] was stored under 

Ar. 

General procedure for the determination of KX. A stock solution containing 0.5 mM 

Cu(OTf)2, 1 mM amine ligand, 0.12 M Et4NX (X = Cl, Br) and 2.5 mM TEEN was 

prepared and then the pH was adjusted to 6 by addition of HClO4. 4 mL aliquots of this 

solution were placed into several 5 mL volumetric flasks, and a different amount of 

concentrated NaN3
 was added to each flask, then the flask was filled with distilled water. 

UV-Vis spectra of these solutions were recorded using a 1.00 cm cuvette. 

General eATRP procedure. A seven-necked, thermostated electrochemical cell was used 

for the polymerizations. In a typical experiment with [CuIITPMA]2+ as catalyst, 0.315 g 

of Et4NBr (1.50 mmol), 12.7 mL H2O, 1.5 mL OEOMA (1.62 g, 3.24 mmol), 0.73 mL of 

a 20.5 mM CuII(OTf)2 stock solution (1.50 μmol Cu) and 0.73 mL of 21.5 mM TPMA 
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stock solution were added to the cell. 4.35 μL of HEBiB (3.00 μmol) was added to this 

mixture. The cell was equipped with a Pt gauze working electrode (surface area ~ 6 cm2), 

a saturated calomel reference electrode (SCE) and a Pt plate counter electrode. The 

counter electrode was separated from the cathodic compartment by a glass frit and a 

methylcellulose gel saturated with Et4NBF4. The solution was thermostated at 25 °C and 

degassed with Ar for at least 15 min, then the reaction was performed under vigorous 

stirring (~2 cm stirring bar at ~1000 rpm), by applying the appropriate potential to the 

working electrode. Cyclic voltammetry measurements were taken on a glassy carbon or 

Pt disc working electrode (area ~ 0.07 cm2) before and after the polymerization. A similar 

setup was used in eATRP experiments with different cathode materials.  

General SARA ATRP procedure. 0.050 g of NaCl (8.56×10-4 mol), 0.5 mL of MAA 

(0.508 g, 5.9×10-3 mol), 2.6 mg TPMA (9.0×10-6 mol), 0.051 mL of a 0.05 M CuCl2 stock 

solution (3.0×10-6 mol Cu), 0.295 mL of a 0.100 M BiBA solution (2.95×10-5 mol), and 

0.65 mL of a 1.2 M HCl solution (6.3×10-4 mol) were added to 3.75 mL of H2O. The 

solution was degassed for at least 30 minutes and then transferred to a previously de-

gassed and sealed flask containing 10 cm Cu wire with diameter d = 1 mm. 

General metal-free ATRP procedure. Methyl methacrylate (2.1 mL, 20 mmol, 100 

equiv), 0.035 mL of ethyl α-bromophenylacetate (EBPA, 48.6 mg, 0.2 mmol, 1 equiv), 

5.5 mg of Ph-PTZ (2, 0.02 mmol, 0.1 equiv), and 2.1 mL of DMA were added into a 10 

mL Schlenk flask. The flask was tightly sealed and oxygen was removed by three cycles 

of freeze-pump-thaw. All the photoinduced ATRPs were conducted with one of two pho-

toreactors: a 2.1 mW/cm2 SHANY® UV (http://www.shanycosmetics.com/) or a 4.9 

mW/cm2 MelodySusie® UV (http://www.melodysusie.com/). 

Samples were periodically withdrawn from the reaction mixtures and analyzed by GPC 

and 1H NMR. 
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Appendix B 

Derivation of Formulas for KX Determination 
 

As NaN3 is added to a [CuIIL]2+ solution, the following equilibrium is established: 

II 2+ II +
3 3[Cu L]  + N   [N -Cu L]        

II +
3

3
II 2+

3

[N -Cu L]
N

[Cu L] N

C
K

C C 

   (B.1) 

Mass balance for CuII is 

II 2 II II
3

*

[Cu L] Cu [N -Cu L]
C C C            (B.2) 

where II

*

Cu
C  is the total CuII concentration present in solution. Considering this mass bal-

ance and rearranging eq. B.1, the following relation is obtained 

II

3 3
II +

3 3

*

Cu
N N

N [N -Cu L]

1 C
K K

C C

           (B.3) 

[CuIIL(N3)]+ concentration is obtained by spectrophotometry, and therefore can be ex-

pressed through the Lambert-Beer law as C = A/εl, where A is absorbance, ε is the extinc-

tion coefficient of [N3-CuIIL]+ and l is optical path length. Replacing II 2+
3[N -Cu L]

C  with A/εl 

and considering the following mass balance: 

II
3 3 3

*

N N [Cu L(N )]
C C C            (B.4) 

lead to the following equation: 

II

3 3

3

*

Cu
N N*

N

1

/

C l
K K

C A l A




 


       (B.5) 

where 
3

*

N
C   is the total concentration of azide ion. A plot of the left member of eq. B.5 vs. 

1/A gives a straight line with intercept 
3NK  and slope II

3

*
N Cu

K C l . 
3NK  can be obtained 

directly from the intercept and also from the slope, as 

3
II

N *

Cu

slope
K

C l
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3NK values obtained from both intercept and slope were always in good agreement, there-

fore the average of the two values was reported in Table 4.2. 

When a second complexing anion (X–) is introduced into the system, the following 

equilibrium must be taken into account 

II 2+ II +[Cu L]  + X   [X-Cu L]         
II 2+

3
II 2+

[X-Cu L]
N

[Cu L] X

C
K

C C 

   (B.6) 

Matching II 2[Cu L]
C   from eq. B.1 and B.6, and considering the new mass balance 

II II II 2 II

*

[X-Cu L] Cu [Cu L] [X-Cu L]
( )C C C C            (B.7) 

the following equation is obtained 

II
3 3

33 3

**
N NCuX

* *
X N XN N

1

/ ( / )

K KC lC

C A l K A K C A l K


 



 

 
   
   

    (B.8) 

where *

X
C   is the total concentration of the second complexing ion. Variation of X– con-

centration was always negligible because in the experimental conditions  

 when X– was a halide ion, *

X
C  > 200 II

*

Cu
C , therefore 

X
C   variations are 

negligible and 
X

C   ≈ *

X
C  . 

 when X– was the hydroxide ion, pH was buffered. 

Eq. B.8 can be written in a more compact form as 

3 3N N

X X

K K
y x

K K
           (B.9) 

where 
3

*

X
*

N
/

C
y

C A l







 and 
II

3 3

*

Cu
*

N N

1

( / )

C l
x

A K C A l




 


. A plot of x vs y gives a 

straight line with slope 
3N X/K K  and intercept 

3N X/K K . Again, KX is calculated as the 

average between the value obtained from the slope and that obtained from the intercept.
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Appendix C 

Detailed Calculations on Metal-Free ATRP Acti-

vation and Deactivation 

 

C.1. Kinetic analysis of photoinduced ATRP activation 

The reduction of MBiB by a series of electron donors (catalyst, Cat) was studied at 25 

°C. 

     (C.1) 

This reaction is an outer sphere electron transfer (OSET) from a donor (Cat) to an acceptor 

(RX), which undergoes a concerted bond breakage. It is a special case of outer sphere 

electron transfer, and it is known as dissociative electron transfer (DET). 

In the following description of kinetic analysis all equations refer to the general activation 

reaction (C.1), but the numerical calculations will be illustrated taking the reaction of the 

catalyst Ph-PTZ* (2*) with MBiB as an example. According to the sticky model of dis-

sociative electron transfer theory,1 the rate constant of reaction C.1 can be calculated by 
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where o
rG  is the reaction free energy, 0G ‡  is the intrinsic barrier (i.e. the activation free 

energy when o
rG  = 0) of reaction C.1, o is the solvent reorganization energy, DRX is 

the RX bond dissociation energy and Dp is the interaction energy between R• and X– in 

the solvent cage. 

For activated alkyl bromides like MBiB, Dp is always small in polar solvents like DMF 

and CH3CN, e.g. 0.24 – 0.50 kcal mol1.2 The radical–anion interactions depend on the 
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dielectric constant, which has very similar values for CH3CN, DMF and DMA. The in-

teraction energy between the methyl isobutyrate radical (MiB•) and X– in DMA is not 

known. We used the value reported for the methyl propionate radical and X– in CH3CN 

(0.24 and 0.69 kcal mol-1 for Br– and Cl–, respectively). The relevant thermodynamic, 

kinetic and geometric parameters used in the calculations are listed in Table C.1. 

Table C.1. Thermodynamic, kinetic and geometric parameters for the homogenous 

electron transfer to RX. 

Cat RX rCat rRX ra λo DRX •

o

RX/R +X
E 

b DP 

  Å Å Å kcal mol-1 kcal mol-1 V vs. SCE kcal mol-1 

1*, Ir(ppy)3
* MBiB 5.31c 3.42 2.80 14.21 58.7 -0.52 0.24 

2*, Ph-PTZ* MBiB 4.49 3.42 2.80 14.53 58.7 -0.52 0.24 

2*, Ph-PTZ* EBPA 4.49 3.64 2.86 14.24 53.9 -0.22 0.24 

2*, Ph-PTZ* MCiB 4.49 3.47 2.68 15.07 75.7 -0.76 0.69 

2, Ph-PTZ MBiB 4.21 3.42 2.80 14.71 58.7 -0.52 0.24 

8*, Me-PTZ* MBiB 3.94 3.42 2.80 14.94 58.7 -0.52 0.24 

11*, Ph-CBZ MBiB 4.37 3.42 2.80 14.60 58.7 -0.52 0.24 

Effective radius of DET products (R+X) calculated as RX X X RX(2 - ) /r r r r r . bStandard potential 

of the redox reaction •RX  +  e       R   +  X  . bCalculated from crystallographic data.  

o
rG of reaction C.1 was calculated from the standard potentials of the donor and acceptor 

redox couples in the ground state, •

o

Cat /Cat
E   and •

o

RX/R ,X
E  , and the energy of the excited 

reactant, , using the Weller equation:3 
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where e is the elementary charge, ε0 is the permittivity of vacuum and ε the relative per-

mittivity of the solvent at 25 °C.4 The last term is the Coulombic energy experienced by 

the ions Cat•+ and X– at a distance r (the distance was approximated to the sum of the radii 

of the two hitting molecules * R XCatr r r  ). The radii were obtained from the computed 
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volume of the molecules, based on an isoelectron density surface of 0.001 electrons/Bohr3 

using the DFT-optimized structures (see below for further details on the DFT optimiza-

tions). 

o
/CatCat E  and Ehv were experimentally determined in DMA (Table 7.2). Values of 

•

o

RX/R +X
E   for MBiB and MCiB were taken from the literature,5 whereas •

o

RX/R +X
E   of 

EBPA was calculated from published thermodynamic data6 as described previously, us-

ing the following equation:5 

•

o

RX/R +X
E    •

o o o o o
BD (g) s s s X /X

1
BDE (R ) (X ) (RX)T S G G G E

F


           (C.7) 

where BDE  and o
BD (g)S  are the bond dissociation enthalpy and entropy in gas phase, 

and o
sG  is the Gibbs free energy of solvation in DMF. Eq. C.7 can be written as 

•

o

RX/R +X
E    •

o o o
BD (g) s X /X

1
BDE T S G E

F
     

  -1
-1 -1

1
    228781 34016 4728 J mol 1.75 V = -0.22 V

96485 J mol  V
    

 (C.8) 

where o
sG  = o o o

s s s(R ) (X ) (RX)G G G      . 

The intrinsic barrier 0G ‡  of reaction C.1 was calculated as 

    11

2
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2

pRX

0 mol kcal 49.16mol kcal 
4

53.1424.07.58

4
 







DD
G‡

where DRX is RX bond energy, obtained through DFT calculation. 

The solvent reorganization energy oλ was determined by using an empirical equation ob-

tained on the basis of an extensive set of experimental data:7 

11
o mol kcal 5314mol kcal  

1

2

1

2

1
95

CatCat

 









 .
rrrr

 (C.9) 

where r is the effective radius of RX, which was calculated from the equation 

RX X X RX(2 - ) /r r r r r ,8 using rBr = 1.96 Å, rCl = 1.81 Å9 together with the rCat and rRX values 

reported in Table C.1. 
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kact estimate 

The rate constant of reaction C.1 can be calculated as follows: 










 


RT

G
Zk

‡
expDETact,  (C.2) 

 2

A Cat RX

8π

μ

RT
Z N r r   

In the case Cat = Ph-PTZ* (2*) (M = 275.38 g mol-1) and RX = MBiB (M = 181.03 g 

mol-1),  = 109.22 g mol-1 and Z = 2.85 1011 M-1 s-1.  

Using DP = 0.24 kcal mol-1 for Br– and 0.69 kcal mol-1 for Cl–, and calculating λo from 

eq. C.9, 0G ‡  was computed for all Cat/RX couples. The activation free energy of reaction 

C.1 was then calculated through eq. C.3. Finally, eq. C.2 provided kact. The results of all 

calculations are presented in Table 7.3. 

C.2. Examples of calculations of activation energies for deactivation pathways for 

Ph-PTZ 

Five possibilities were considered for the deactivation process: (a) inner-sphere electron 

transfer (ISET) mechanism; (b) dissociative electron transfer (DET); (c) outer-sphere 

electron transfer between Cat+X and R (OSET-I), followed by addition of X to R+; (d) 

outer-sphere electron transfer between Cat+ and R (OSET-II), followed by recombina-

tion of R+ and X; (e) the termolecular associative electron transfer (AET-ter). Geometric 

and thermodynamic parameters for the three catalysts 2, 8 and 11 and for the initiators 

MBiB and MCiB are provided in Table C.2. Detailed calculations are here reported for 

the 2 + MBiB catalytic system, while results for all investigated systems are presented in 

Table 7.5. 

Table C.2. Parameters used for the determination of energy barriers for the deacti-

vation pathways. 

Catalyst Com-

plex 

DRX  

(kcal mol-1) 

Radius 

(Å) 

ΔrGo  

(kcal mol-1) 

  MiB Cat+-X- Cat+ OSET-I OSET-II DET 

2●+Br- 20.9 3.0 4.6 4.1 13.6 8.7 8.4 

2●+Cl- 36.0 3.0 4.5 4.1 11.0 8.7 7.5 
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AET-ter deactivation 

The exact reverse process of metal-free ATRP activation, which is a dissociative electron 

transfer (DET), is an associative electron transfer involving a termolecular encounter 

(AET-ter): 

act

AET-ter

• • + RX   + X  + R
k

k

 2 2  

The activation free energy of the termolecular deactivation ( ‡
terAETG ) is 

2

0

p
o

0ter-AET
4

1 













 ‡

‡‡

G

DG
GG  

In the case RX = MBiB with 2 as the photocatalyst, 1
0 mol kcal 516  .G‡  and the DFT-

calculated reaction free energy is rGo = 33.6 kcal mol-1. In addition, Dp = 0.24 kcal mol˗1. 

Therefore, calculation of the activation free energy gives 1
terAET mol kcal 93 

  .G‡  as 

reported in Figure 7.7. 

When instead rGo = 29.6 kcal mol-1, obtained from experimental data, was used together 

with the above ‡
0G  and Dp values, a slight increase of ‡

terAETG  to 5.0 kcal mol-1 was 

observed. 

OSET-II deactivation 

2•+ + R•     2 + R+ 

In this case, no bond is being broken or formed during electron transfer, therefore: 

2

0

o
r

0II-OSET
4

1 











 ‡
‡‡

G

G
GG  

o
rG = 8.6 kcal mol-1 from DFT optimizations and   4oi0  ‡G . The inner reor-

ganization energy, λi, is fairly negligible for phenothiazines. This was observed by com-

paring the experimental barrier and the solvent reorganization energy of a series of phe-

nothiazines (H-PTZ, Me-PTZ,10 Bz-PTZ11). The rate constant of self-exchange, kex, is 

reported for a series of phenothiazines. The intrinsic barrier calculated is equal to λo/4 

within the experimental error, indicating that these compounds do not undergo apprecia-

ble internal rearrangement upon ET. Therefore, λi can be fairly neglected. It is also likely 

that there are no significant structural changes on passing from R• to R+, since both mol-

ecules have sp2 hybridization. Therefore, neglecting i contribution in the intrinsic barrier 

and calculating the solvent reorganization energy as follows: 
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 kcal mol-1 

lead to 1
0 mol kcal 563  .G ‡  and 

  1
2

1
II-OSET mol kcal 169

5634

68
1mol kcal 563  









 .

.
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.G‡  

OSET-I deactivation 

2•+Br–-C + R•     2-Br–-C + R+ 

As in the case of OSET-II, Marcus theory of outer-sphere electron transfer can be applied 

to the OSET-I deactivation pathway: 

2
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4
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‡‡

G

G
GG  

o
rG = 13.6 kcal mol-1 from DFT optimizations and, neglecting λi as in the case of OSET-

II mechanism, gives 1
0 mol kcal 473  .G ‡  with λo given by 

• •

1 1 1
o Cat CatR R

1 1 1
95[(2 ) (2 ) ( ) ] 95 13.87

2 4.56 2 2.95 4.56 2.95
r r r r                

kcal 

mol-1 

With these values ‡
I-OSETG  is calculated as 

  1
2

1
I-OSET mol kcal 613

4734

6613
1mol kcal 473  
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DET deactivation 

2•+Br–-C  +  R   →   2  +  Br–  +  R+ 

Sticky interaction does not occur here, because there is no interaction between Br- and a 

radical. The Gibbs free energy of activation is therefore given by 

2

0

o
r

0DET
4
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‡‡

G

G
GG  

o
rG = 8.4 kcal mol-1 from DFT optimizations, whereas ‡

0G  for a dissociative electron 

transfer can be calculated from the bond dissociation energy and solvent reorganization 

energy: 

• • • •

1 1 1
o R R

1 1 1
95[(2 ) (2 ) ( ) ] 95 14.23

2 4.08 2 2.95 4.08 2.95
r r r r  

               2 2
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o
0 4

D
G

  
 ‡ 2 Br  

Using the computed D  2 Br
 value of 20.9 kcal mol-1 and o calculated as 

• •

1 1 1
o Cat CatR R

1 1 1
95[(2 ) (2 ) ( ) ] 95 13.87

2 4.56 2 2.95 4.56 2.95
r r r r                

 kcal mol-1 

leads to  

  1
2

1
DET mol kcal 42.13

69.84

4.8
1mol kcal 69.8  









 ‡G  

C.3. Calculation of deactivation rates of the different pathways for Ph-PTZ 

Rate of radical termination 

The rate of radical termination was estimated from 

   18281172
tt s M 1012 M10624s  M10][R   ..kR  

[R] was calculated from kp
app = kp[R], using kp = 103 M-1s-1 and a value of kp

app of 

4.6210-5 s-1, determined for photoinduced ATRP, with 2 as catalyst and MBiB as initia-

tor, under 4.9 mW/cm2 irradiation (Figure 7.2). We then compared this termination rate 

to the deactivation rate, considering that, in a controlled process, deactivation must be 

faster than radical termination. 

Rate of termolecular AET deactivation pathway (AET-ter) 

As already seen, the exact reverse process of metal-free ATRP activation is the termolec-

ular AET deactivation reaction. 

AET-ter• • + X  + R   + RXk  2 2  

In the literature, the rate of termolecular reactions was often considered to be very slow 

because of the low likelihood of a three-center simultaneous encounter. Nevertheless, in 

rare cases the exact calculation was carried out. 

The frequency factor Zter for a termolecular reaction can be calculated following Tolman’s 

approach:12 

1/21/21/2
2 2 2 2B CA B

ter A A B B C
A B B C

2
8

m mm mRT
Z N d d

m m m m
 

  

            
       

= 2.6×1010 M-2 s-1 



XIV   |  Appendix C – Detailed Calculations on Metal-Free ATRP 
 

where A, B and C are the three species involved in the reaction. d is the center-to-center 

distance between the subscript particles. δ is the distance between the two first spheres 

when hit by the third. Usually δ is taken to be between 0.3 Å13 and 1 Å.14 The lower limit 

value, 0.3 Å, was used. 

If we define A = 2, B = Br– and C =R, then mA = 0.27537 kg mol-1, mB = 0.0799 kg mol-

1, mC = 0.101 kg mol-1. rA = 4.08 Å; rB = 1.96 Å; and rC = 2.95 Å. With these values, Zter 

= 2.61010 M-2s-1 was obtained. Using 1
ter-AET mol kcal 93  .G‡ , the deactivation rate 

constant was then calculated as 

  127K 15298Kmol cal9871

mol cal 3940

1210
terter-AET s M 1043s M 1062

11

1

ter-AET
























.e.eZk ..RT

G‡

The rate of the termolecular deactivation reaction is 

AET-ter AET-ter[2 ][Br ][R ]R k     

Therefore, estimates for both [2 ]  and [Br ]  are needed. Considering around 10% of 

termination, [Br ]  should be ca 510-3 M. Moreover, the CV registered during a metal-

free ATRP showed an oxidation current compatible with the presence of around 510-3 

M Br-, generated after a few hours of polymerization (Figure 7.8). 

2+ was not detected during the electrochemical measurements. Moreover, it is known 

that this cation slowly disappears by reaction with Br-.15 Therefore 510-4 M was chosen 

as a reasonable estimate of [2 ] . 

On the basis of these estimates it is finally possible to calculate the termolecular deacti-

vation rate as 

16
ter-AETter-AET s M 1093]][R][Br[2   .kR  

ter-AETk  and ter-AETR  were also calculated on the basis of the value of ‡
ter-AETG  of 5.0 

kcal mol-1 derived from the experimental data. Using the same values of Z, [2+], [R] and 

[Br-] used in the previous case gives 
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mol cal 5000
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17
ter-AETter-AET s M 1086]][R][Br[2   .kR  
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Rate of ISET deactivation pathway 

The rate of the bimolecular deactivation reaction 

2+Br–-C  +  R   →   RBr  +  2 

is given by  

ISET ISE
• •

T[ Br -C][R ]R k  2  

where 2•+Br–-C is the ion pair adduct with covalent bond. 

The deactivation rate constant, kISET, was calculated from the computed activation free 

energy ( ISETG   = 10.5 kcal mol-1) and the bimolecular collision frequency given by: 

  




RA

8
rr

RT
NZ

Br2
 

The reduced mass  of the reagents 2+Br and MiB is 0.07858 kg mol-1, whereas their 

respective radii are 4.5610-10 m and 2.9510-10 m. Thus, Z = 3.021011 M-1s-1. Using 

this value together with 1
ISET mol kcal 510  .G‡  gives  

  113 K15298Kmol cal9871

mol cal 10500

1111
ISET s  M1016s  M10023

11

1
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2•+Br–-C must be formed by the association of 2•+ with Br–. Therefore, its concentration 

can be obtained from the equilibrium constant of the reaction 

2•+  +  Br– = 2•+Br–-C 

ΔrGo of this reaction is 0.2 kcal mol-1, which allowed the calculation of the formation 

equilibrium constant of 2•+Br–-C: 

710 K15298Kmol cal9871

mol cal 200

f,

11

1
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.eeK ..RT
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 C-Br2
 

As in the case of the AET termolecular deactivation [2•+] = 5×10-4 M and [Br–] = 5×10-3 

M can be used. Inserting these concentration values into the expression 

]Br][[

C]-[
f, 




2

Br2
Br2

K  

provides a very low equilibrium concentration of 1.8×10-6 M for 2+Br-C. 

Therefore, the rate of deactivation was estimated as 

110
ISETISET s M 1005]][R[   .kR C-Br2  
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This is unreasonably low as a deactivation rate, being more than two orders of magnitude 

lower than the rate of radical-radical termination. 

Rate of OSET-II deactivation pathway 

This reaction pathway involves two consecutive reactions 

2+  +  R  OSET-II

b,OSET-II

k

k
   R+  +  2 

R+  +  Br    →    RBr 

From the activation free energy of 9.16 kcal mol-1, it is possible to calculate the rate con-

stant for the bimolecular deactivation reaction, OSET-IIk . The collision frequency Z was 

calculated using a reduced mass  of 0.07387 kg mol-1 for 2+ and MiB and 2
r = 

4.0810-10 m and R
r = 2.9510-10 m.  

  1111
RA s M10732

8 



  .rr
RT
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The rate constant is 

  114 K15298Kmol cal9871

mol cal 9160
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To calculate the overall rate of the OSET reaction, also the reverse reaction, i. e. the back 

electron transfer between R+ and 2 in the solvent cage, which is likely to be very fast, 

must be considered. The rate constant of the back electron transfer, kb,OSET-II, was calcu-

lated from kOSET-II and the equilibrium constant of the reaction, KOSET-II, derived from the 

reaction Gibbs free energy: 

7 K15298Kmol cal9871

mol cal 8600
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It follows that 

1111
7

114

II-OSET

II-OSET
II-OSETb, s M10061

10964

s M10265 








 .
.

.

K

k
k   

which confirms that the reaction between R+ and 2 is extremely fast. 

The carbocation R+ is also expected to react at a diffusion-controlled rate with Br– to 

generate RBr: 



Ph.D. Thesis – Marco Fantin  |  XVII  
 

diff+R Br RBrk   

kdiff for a bimolecular reaction can be estimated from the viscosity  of the solvent16 (for 

DMA,  = 9.2710-4 Pa s): 

119
diff s M10137

3

8 


 .
RT

k  

The reaction of R+ with Br– is about 15 times slower than the back electron transfer be-

tween 2 and R+. Therefore, the steady-state approximation can be applied to the interme-

diate R+, which is consumed by fast reactions with both 2 and Br–: 

0]][Br[R]][[R]][R[
d

]d[R
diffIIOSETb,IIOSET  
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t
22  

][Br][

]][R[
][R

diffIIOSETb,

IIOSET










kk
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2

2  

It is now possible to calculate the overall rate of OSET-II deactivation pathway. The re-

action rate can be conveniently defined as the rate of formation of RBr: 

][Br][

]][R[
][Br]][Br[R

d

d[RBr]

diffIIOSETb,

IIOSET
diffdiffIIOSET 










kk

k
kk

t
R

2

2  

Using [2+] = 510-4 M, [R] = 4.6210-8 M and [Br-] = 510-3 M, together with previously 

estimated values of kOSET, kb,OSET and kdiff gives ROSET-II = 7.610-8 M s-1. 

Rate of OSET-I deactivation pathway 

Deactivation through OSET-I occurs according to the following sequence of reactions: 

2+Br  +  R    ⇄   2-Br  +  R+ 

2-Br   →   2   +   Br 

R+  +  Br     →    RBr 

Both decomposition of 2-Br and combination of R+ with Br are much faster than elec-

tron transfer from 2+Br to R, which is considered to the rate-determining step of the 

whole sequence. The overall rate of the deactivation pathway is assumed to be equal to 

the rate of the electron transfer and is calculated as follows:  

  1111
RA s M10023

8 



  .rr
RT

NZ
Br2

 

for  = 0.07872 kg mol-1, 
C-Br2 r = 4.5610-10 m and R

r = 2.9510-10 m. 
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mol cal 13600
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112
I-OSETIOSET s M 102.69]][R[ 

  C-Br2kR  

with [R] = 4.6210-8 M and  M101.8]Br][[C]-[ 6
f,

   2Br2
Br2

K . 

Rate of DET deactivation pathway 

The rate of the deactivation through dissociative electron transfer was calculated as pre-

viously described after estimating Z and G‡. The relevant reactions are 

2+Br-C +  R      →    2  +  Br  +  R+ 

R+  +  Br     →    RBr 

and the rate-determining step is the DET reaction. As in the case of OSET-I,  = 0.07872 

kg mol-1, 
C-Br2 r = 4.5610-10 m and R

r = 2.9510-10 m, therefore Z = 3.021011 M-1s-

1. The rate constant and the deactivation rate are 

  11 K15.298Kmol cal987.1

mol cal 13420

1111
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1
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