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Preface

During my PhD period, I mainly worked on two different research projects. Both of

these projects involve atom transfer radical reactions. The thesis is therefore divided

into two parts.

In Part I, the mechanistic aspects of an anomalous gelation during the synthesis

of PS via ATRP were investigated. I dedicated the majority of my time to this

project, under the guidance of Prof. Franco Ghelfi and Dr. Francesca Parenti.

In Part II, it is described the ATRA-L, a new type of organic reaction. The

ATRA-L project was conceived and developed during my six-month period within the

Matyjaszewski Polymer Group (Carnegie Mellon University, Pittsburgh PA, USA),

under the supervision of Prof. Krzysztof Matyjaszewski.

The abstracts of this thesis and the publications that have been made during my

PhD period are reported hereafter.

Abstracts

English

Atom transfer radical polymerization (ATRP) is a powerful technique for the synthe-

sis of controlled macromolecular structures. In this work, an activator regenerated

by electron transfer (ARGET) ATRP system is used as a new green system for the

synthesis of polystyrene (PS). This ARGET ATRP system is Cu-catalyzed and the

reducing system is composed of ascorbic acid and Na2CO3. The solvent mixture is

made up of EtOAc and EtOH. Surprisingly, in specific ARGET ATRP conditions,

the PS gelled. The gelation is surprising since no branching nor crosslinking agents

were added to the reaction mixture and their formation in situ was excluded. The

experimental results led to the hypothesis that a polycatenane network with interpen-
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etrating macrocycles is formed. Furthermore, a patent was filed with the surprising

discovery. In this thesis, it is studied the mechanism of the anomalous gelation with

the supporting evidence to the polycatenane hypothesis.

Besides, atom transfer radical addition (ATRA) was also studied to synthesize

γ-halocarboxylic acids, starting from α-halocarboxylic acids and alkenes. The γ-

halocarboxylic acids can rapidly cyclize to form γ-lactones, following a substitution

reaction of the halogenated moiety by the carboxylic acid. A new acronym is then

proposed for the combination of ATRA with the subsequent lactonization (ATRA-L).

Since the halogenated moiety is rapidly lost, the ATRA-L allows the use of alkenes

that are generally prohibited in ATRA. In fact, following an ATRA reaction, the

halogen of the product is required to be inactive toward a second ATRA, otherwise

an oligomer is obtained. In ATRA-L, the halogen is lost and there are no restrictions

on the choice of the alkene. An in-depth study of the literature was done to find the

reactions related to ATRA-L and to connect them from a common point of view.

A Cu-catalyzed ATRA-L system in H2O is then studied, focusing on the effect of

the pH on the reaction, on how the variables affect the system, and on the reaction

mechanism.

Italian

La polimerizzazione radicalica a trasferimento di atomo (ATRP) è una tecnica

versatile per la sintesi controllata di strutture macromolecolari. In questo lavoro, un

sistema ATRP ad attivatore rigenerato mediante trasferimento elettronico (ARGET)

viene utilizzato come un nuovo sistema green per la sintesi del polistirene (PS). Tale

processo ARGET ATRP è catalizzato da Cu e il sistema riducente è composto da

acido ascorbico e Na2CO3. La miscela di solventi è composta da EtOAc e EtOH.

Sorprendentemente, in specifiche condizioni ARGET ATRP, il PS è gelificato. La

gelificazione è sorprendente poiché non sono stati aggiunti agenti ramificanti o

reticolanti alla miscela di reazione e la loro formazione in situ è stata esclusa. I

risultati sperimentali portano all’ipotesi che si formi una rete di policatenani con

macrocicli compenetranti. Questa innovativa scoperta è stata inoltre oggetto di un

brevetto depositato. In questa tesi viene studiato il meccanismo della gelificazione

anomala con le prove a supporto dell’ipotesi della rete di policatenani.
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Inoltre, è stata studiata anche l’addizione radicalica a trasferimento di atomo

(ATRA) per sintetizzare acidi γ-alocarbossilici, partedo da da acidi α-alocarbossilici

e alcheni. Gli acidi γ-alocarbossilici possono ciclizzare rapidamente per formare

γ-lattoni, a seguito di una reazione di sostituzione della funzione alogenata da parte

dell’acido carbossilico. Viene quindi proposto un nuovo acronimo per l’accoppiamento

dell’ATRA con la successiva lattonizzazione (ATRA-L). Poiché la frazione alogenata

viene persa rapidamente, l’ATRA-L consente l’uso di alcheni generalmente proibiti in

ATRA. Infatti, a seguito di una reazione ATRA, l’alogeno del prodotto deve essere

inattivo nei confronti di una seconda ATRA, altrimenti si otterrebbe un oligomero.

In ATRA-L, l’alogeno viene perso e non ci sono restrizioni sulla scelta dell’alchene.

È stato condotto uno studio approfondito della letteratura per trovare le reazioni

correlate all’ATRA-L e per collegarle da un punto di vista comune. Viene quindi

studiato un sistema ATRA-L catalizzato da Cu in H2O, concentrandosi sull’effetto

del pH sulla reazione, su come le variabili influenzano il sistema e sul meccanismo di

reazione.

Publications

1. M. Caselli, D. Vanossi, M. Buffagni, M. Imperato, L. Pigani, A. Mucci,

and F. Parenti, Optoelectronic properties of A-π-D-π-A thiophene-based ma-

terials with a dithienosilole core: An experimental and theoretical study,

ChemPlusChem 84(9), 1314–1323 (2019), DOI: 10.1002/cplu.201900092.

2. F. Ghelfi, A. Ferrando, A. Longo, and M. Buffagni, Polymerization process

for the synthesis of vinyl aromatic polymers with a controlled structure, 2019,

Patent number WO2019215626.

3. N. Braidi, M. Buffagni, F. Ghelfi, M. Imperato, A. Menabue, F. Parenti, A.

Gennaro, A. A. Isse, E. Bedogni, L. Bonifaci, G. Cavalca, A. Ferrando, A. Longo,

and I. Morandini, Copper-catalysed “activators regenerated by electron transfer”

“atom transfer radical polymerisation” of styrene from a bifunctional initiator

in ethyl acetate/ethanol, using ascorbic acid/sodium carbonate as reducing

system, Macromolecular Research 28(8), 751–761 (2020), DOI: 10.1007/s13233-

020-8091-3.
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The first published article is about a research that has been done during my

master thesis and it does not concern atom transfer radical reactions. The third and

fourth publications relate to initial studies on the ARGET ATRP system developed

by my research group. The fourth entry was accepted for publication and the DOI

was generated, but to date it lacks other journal information (volume, issue, and
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Chapter 1

Introduction to atom transfer radical

polymerization

1.1 Reversible-deactivation radical polymerization

Reversible-deactivation radical polymerization (RDRP) is a class of RP processes

that allow the synthesis of polymers with controlled molecular architecture and low

dispersity (Ð). [1] For a long time, the control of molecular architecture was thought to

be impossible in radical polymerization (RP) since the reaction between two radicals

is very fast. In fact, radical–radical coupling is a diffusion-controlled termination

reaction. RDRP techniques exploit an equilibrium between dormant and active

species and only the active species can react with monomers and propagate. The

RDRP equilibrium is shifted toward the dormant species to prevent radical–radical

coupling. In the ideal case, polymer chains grow with uniform molecular weights

and in a predictable way. Furthermore, a chain-end functionality is preserved in the

dormant species, which can be used for post-functionalization reactions.

Various RDRP have been developed, such as atom transfer radical polymeriza-

tion (ATRP), [2] reversible addition-fragmentation chain transfer (RAFT) polymer-

ization, [3] nitroxide-mediated radical polymerization (NMP), [4] and organometallic-

mediated radical polymerization (OMRP). [5] Among them, ATRP is the most popular

and widespread. [6,7] ARTP was first independently developed in 1995 by Sawamoto [8]

and Matyjaszewski, [9] and can be described as a particular case of atom transfer

radical addition (ATRA). Differently from ATRA, ATRP performs multiple additions
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of unsaturated compounds (i.e. monomers), instead of a single one.

1.2 Mechanism of ATRP

ATRP is controlled by the equilibrium between dormant halogenated species (Pn X)

and propagating radicals (Pn · ) (Scheme 1.1). [2] The equilibrium is catalyzed by the

complex MtmL, where Mtm is the transition metal with the oxidation state m and

L is a ligand. The complex in its lower oxidation state (MtmL) is called activator,

while the higher oxidation state (X Mtm+1L) is named deactivator. The activator

periodically reacts with the dormant species by abstracting a halogen with rate

constant k a, to give the propagating radicals and the deactivator. In their turn, the

propagating radicals and the deactivator react with the deactivation rate constant

kd to give back the dormant species and the activator. The rate constant of ATRP

(KATRP) is the defined as the ratio between k a and kd.

In their lifetime, the radical species can propagate adding a monomer (M) with

rate constant kp, or they can terminate by radical–radical coupling with constant

rate k t. The termination reaction gives the completely inactive species Pn Pn. Its

inactivity is due to the loss of the halogenated functions. The control of ATRP

is ensured by keeping low the concentration of propagating radicals, minimizing

termination reactions. Therefore, the deactivation rate constant (kd) should be

higher than the activation one (k a), shifting the equilibrium toward the dormant

species.

Pn X + MtmL X Mtm+1L + Pn

ka

kd

M

Pn Pn

kp

kt

Scheme 1.1: ATRP equilibrium.

ATRP initiators (Pn X with n = 0) are chosen in a way that their activation rate

is higher than the one of the other halogenated species which have added at least

one monomer (n > 0). In this way, a slow initiation is avoided and the Ð is kept

as small as possible. In other words, in the ideal case, the monoaddition products

(n = 1) start reacting only after the initiator is completely consumed.

18



Typically, the monomers employed in ATRP have a vinyl moiety. Nevertheless,

there is a limitation in the monomers that can be used. This limitation is related

to the activation of the dormant species, for which an active halogen is required.

It is therefore necessary an α-stabilizing substituent adjacent to the transferable

halogen. Otherwise, the activator would not be able to reactivate the dormant species.

This does not exclude that in the future there will be more active catalysts able

to activate some of the less activated halogens. [10] However, simple alkenes (which

are not suitable for the ATRP equilibrium) can be copolymerized, principally with

acrylates. [11]

In ATRP, the polymerization rate Rp is directly proportional to the growing

radicals Pn · and to the concentration of the monomer [M], through the rate constant

kp (Equation 1.1). [7,12–14] When the equilibrium is reached, Pn · is constant and

the KATRP is expressed by Equation 1.2. Equation 1.3 is obtained by solving the

differential Equation 1.1. In the solution, the differential ∂[M] is integrated within

the initial and the current concentration of monomer ([M]0 and [M] respectively).

On the other side, the integration limits of ∂t are 0 and t. The value [R · ] represents

the concentration of radicals, which is equivalent to [Pn · ]. Equation 1.3 is used in

kinetic analysis to determine whether or not a process is controlled. If it is controlled,

[R · ] is constant and, therefore, there is a linear dependence between ln
[M]0
[M] and t.

The kp is constant for a specific monomer at a constant temperature.

Rp = −∂[M]
∂t

= kp · [M] · [Pn · ] (1.1)

KATRP =
ka
kd

=
[Pn · ] · [X Mtm+1L]
[Pn X] · [MtmL]

(1.2)

ln
[M]0
[M]

= kp · [R · ] · t (1.3)

1.3 Catalyst regeneration

The most employed transition metal for ATRP catalysis is Cu. [2] Other transition

metals used in ATRP include Fe, [15–17] Ti, [18] Ni, [19–21] Co, [22] Pd, [23] Ru, [8,24,25]
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Mo, [26–28] Rh, [29,30] Os, [31] and Re. [32,33] The metals are usually complexed with

polydentate N-based ligands.

As already stated, termination reactions are strongly suppressed in an ATRP

system. However, the process is not ideal and a few termination reactions are

occurring. This causes an increase in the concentration of the deactivator, slowing

down the polymerization until it stops. To avoid the stoppage, a high amount of

activator can be used. Nevertheless, increasing the concentration of the catalyst

prejudices the atom efficiency of the process and raises the problem of metal removal

from the final polymeric material. [34–36] To avoid these problems, catalyst regeneration

techniques were developed, coupling a reducing agent with the catalytic system.

The catalyst regeneration has three main advantages. (i) As already mentioned, it

quenches the accumulation of the deactivator, which is a consequence of termination

reactions. (ii) It allows the usage of small amounts of metal catalyst, down to ppm

levels. (iii) The metal can be added to the reaction mixture in its higher oxidation

state (the deactivator), which is generally stable in air. Following this last advantage,

the activator is not only regenerated but also generated in situ. [37–39] The addition

of the metal in its higher oxidation state defines what is known as “reverse” ATRP.

Various methods have been developed with different reducing agents as catalyst

regeneration techniques:

• Initiators for continuous activator regeneration (ICAR) ATRP. Free

radicals are slowly and constantly added to the polymerizing mixture to reduce

the deactivator. Free radicals are obtained by decomposition of conventional

radical initiators like azobisisobutyronitrile (AIBN). [40–42]

• Activators regenerated by electron transfer (ARGET) ATRP. Non-

radical reducing agents are employed, such as tin(II) 2-ethylhexanoate

(Sn(EH)2), [43–46] ascorbic acid (AsAc), [47–50] or aliphatic tertiary amines. [51–53]

• Supplemental activator and reducing agent (SARA) ATRP. A zerova-

lent metal is used to regenerate the activator and as additional activator,

following a comproportionation reaction with the deactivator. [54–57] This type

of regeneration method was rationalized also as single-electron transfer living

radical polymerization (SET-LRP). [58,59]
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• Electrochemically mediated ATRP (eATRP). The reduction is per-

formed and controlled using electrochemical methods. [60–63]

• Photoinduced ATRP (photo-ATRP). The activator regeneration by the

reducing agent is made possible by irradiation with visible or UV light. [64–66]

• Mechanically induced ATRP (mechano-ATRP). Piezoelectric nanopar-

ticles under ultrasonication are exploited for the electron transfer. [67,68]

Furthermore, metal-free ATRP systems have been studied. These systems exploit

uncatalyzed iodine atom transfer or organic redox carriers. [69–74]

1.4 Polymer architecture

ATRP allows the synthesis of (co)polymers with controlled architectures. Other than

homopolymers, it is possible to prepare statistical, block, alternating, periodic, and

gradient copolymers (Figure 1.1a). As already mentioned in section 1.2, the synthesis

of copolymers allows the usage of monomers that are generally forbidden in ATRP.

Furthermore, it is possible to build more complex architectures than simple

linear polymer chains. Several methods allow the construction of graft and comb-

shaped copolymers, (hyper)branched, stars, rings, and even network structures

(Figure 1.1b). [75]

Figure 1.1: Composition (a) and topology (b) of polymers prepared by ATRP.

1.4.1 Synthesis of branched (co)polymers by ATRP

Hyperbranched polymer architectures can lead to the formation of macroscopic gels.

To obtain a branched structure, a crosslinker is generally required. The molecular
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weight of branched polymers is exponentially increased by the level of crosslinking. [76]

In general, four strategies are exploited to obtain a branched architecture. (i) Grafting

onto, grafting from, and grafting through are two-step processes used to insert

branching points. (ii) Divinyl comonomers are also employed as crosslinkers. If

the molar amount of the divinyl compound is lower than the one of the initiator,

a branched copolymer is generally obtained. Otherwise, if the amount of divinyl

compound is greater than the initiator, a gel is achieved. [77] (iii) Multifunctional

initiators (at least trifunctional) can add a branching point, generating a star. [78]

(iv) The last strategy involves the usage of inimers, which are particular compounds

that have both an alkyl halide to initiate and a double bond to polymerize. If an

inimer is used in a copolymerization, then a relatively loosely branched polymer is

obtained. The homopolymerization of an inimer gives a hyperbranched structure

instead. [79]

RDRP techniques (ATRP included) offer important differences in the ability

to manipulate the structures of branched polymers and gels. [77] Such techniques

provide more homogeneous incorporation of branching points in branched copolymers

and more regular network structures in gels, compared to polymers produced by

conventional FRP. [80]

1.5 The ARGET ATRP process developed by our

research group

Recently, our research group reported the synthesis of γ-lactams from N -substituted

N -allyl-2,2-dichloroamides via ARGET atom transfer radical cyclization

(ATRC). [81–83] The process was Cu-catalyzed and tris(2-pyridylmethyl)amine (TPMA)

was used as ligand. The reducing agent was AsAc, coupled with Na2CO3 as neutraliz-

ing agent. The solvent was a mixture of EtOAc and EtOH. Following a collaboration

with the “Claudio Buonerba” research center of Versalis (Eni) S.p.A. in Mantua

(Italy), the ARGET ATRC was adapted to the ARGET ATRP of styrene (St). The

high versatility of the ATRP process is indeed well suited for the preparation of

precisely tailored and valuable St-based materials, such as surface-active polymers,

electrolyte gels, functional membranes, and various hybrid materials. [84–88]
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The ARGET ATRP system derived from the ATRC process is highlighted in

Scheme 1.2. Ethyl 2,2-dichloropropionate (EDCP) was chosen as bifunctional initiator

since it retains a functionality (CCl2C O) similar to the N -substituted N -allyl-2,2-

dichloroamides. This type of initiators can be synthesized by simple esterification of

2,2-dichlorocarboxylic acids or of the corresponding acyl chlorides, substrates that

are easily obtainable on a large scale with simple procedures. [89–91] In particular,

EDCP was chosen because it is a derivative of 2,2-dichloropropionic acid, which is

a cheap industrial product, mostly used as herbicide. In addition, the activation

of both chlorinated functions of EDCP is faster than the activation of the benzylic

halide from the polystyrene (PS) chain end. [92] Ideally, the addition of St monomers

on the PS chain end occurs only after both the chlorinated functions of EDCP

reacted. Lastly, an ethyl ester was chosen as initiator to cancel the effect of the

transesterification reaction with the EtOH from the solvent mixture. The basic

conditions of the reaction mixture (due to the presence of Na2CO3) can indeed

promote transesterification reactions. [93]

O

Cl Cl

O

+ n Ph

CuCl2/TPMA

AsAc/Na2CO3

EtOAc/EtOH Cl Cl

Ph Ph

O O

m l

EDCP

Scheme 1.2: ARGET ATRP from EDCP to synthesize α,ω-telechelic PS.

Cu-catalyzed ARGET ATRP with AsAc is a well-known practice. [49,50,94–97]

However, we were unable to find examples where AsAc and Na2CO3 are coupled.

The addition of catalytic amounts of a base (NaOH) to AsAc was studied only in one

example of Fe-catalyzed bulk polymerization of St. [98] The combination of inorganic

bases (including Na2CO3) with AsAc was also reported for a few polymerizations of

methyl methacrylate by ARGET ATRP. [99–102] These examples, however, are always

catalyzed by Fe and never in the presence of protic solvents.

Scheme 1.3 shows the ARGET ATRP mechanism with AsAc and Na2CO3. AsAc

reacts with the deactivator, giving dehydroascorbic acid (DHAs), the activator, and

a halogenic acid (HX). The acidity of the halogenic acid is then quenched by Na2CO3

in an acid–base reaction, releasing NaX, CO2, and H2O. For simplicity of the scheme,

the reaction is not balanced. One mole of AsAc is able to reduce two moles of

activator and to produce two moles of halogenic acid. The two moles of halogenic
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Pn X + CuIL X CuIIL + Pn
M

AsAcDHAsHX +

Na2CO3

NaX + CO2 H2O+

Scheme 1.3: ARGET ATRP process with AsAc and Na2CO3.

acid can be neutralized by only one mole of Na2CO3.

The use of the EtOAc/EtOH solvent mixture appears to have never been used in

ATRP as well. This solvent mixture is interesting because it is a green choice and

the two components derive from renewable resources. [103] Furthermore, the change

in the ratio between EtOAc and EtOH can be exploited to modulate the electric and

the solvent properties of the medium. In fact, EtOAc is a moderately polar aprotic

solvent able to dissolve PS. On the other side, EtOH is a polar protic component, in

which PS is not soluble. This solvent mixture is more versatile and cheaper than

ethyl lactate, which was recently proposed as a green solvent for ARGET ATRP and

SET-LRP processes. [103,104]

TPMA is a suitable ligand for various reasons. (i) Its complex with Cu is proved

to be quite robust and efficient in our reaction system. [81–83] (ii) TPMA is one of

the most used ligands for the Cu-catalyzed ATRA. [105,106] (iii) Its good chelating

properties allow to work with low concentrations of Cu. [107] (iv) TPMA is known to

prevent the disproportionation between CuI species, even in H2O, with the consequent

release of Cu0 in the reaction system. [108] (v) Being solid, TPMA is foreseeably fit

for process scale-up. [109]

Usually, atom transfer radical reactions are performed with an excess of the ligand

(compared to the amount of transition metal). However, the ARGET ATRP that we

developed uses only a stoichiometric amount of TPMA. The molar amount of TPMA

is 1:1 relative to Cu. The aim is to make the process more practical and economic.
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Chapter 2

Materials and methods

Unless differently stated, the molar ratio (MR) of St is always set to 100. Therefore,

the MR of other reagents is equivalent to their mol%.

2.1 Experimental section

2.1.1 Chemicals

St (stabilized with 10–15 ppm of 4-tert-butylcatechol, TBC) is supplied by Versalis

(Eni) S.p.A. and used without purification. Ethyl methacrylate (EMA) (Sigma-

Aldrich, 99%), ethyl acrylate (EA) (Sigma-Aldrich, 99%), St-d8 (Sigma-Aldrich,

98%), methyl 2-chloroactylate (MCA) (Sigma-Aldrich, 98%), benzal chloride (BC)

(Sigma-Aldrich, 95%), benzal bromide (BB) (Sigma-Aldrich, 95%), CuCl2 (Riedel-de

Haën, 97%), CuCl (Fluka, 97.0%), CuBr2 (Acros Organics, 99%), TPMA (TCI

Europe, 98%), N,N,N ′,N ′′,N ′′-pentamethyldiethylenetriamine (PMDETA) (TCI

Europe, 99.0%), 4,4′-dinonyl-2,2′-bipyridine (dNbpy) (TCI Europe, 98%), AsAc

(Sigma-Aldrich, 99.5%), Na2CO3 (Carlo Erba, 99.5%), Sn(EH)2 (TCI Europe, 85.0%),

TBC (Sigma-Aldrich, 99%), 5,6-O,O-isopropylidene-ascorbic acid (IPIAA) (Sigma-

Aldrich, 98%), EtOH (98%), EtOAc (98%), and toluene (Tol) (Carlo Erba, 99.5%)

are used without purification. EDCP (99%, determined via gas chromatogra-

phy, GC) is prepared by esterification of 2,2-dichloropropanoyl chloride acid with

EtOH; 2,2-dichloropropanoyl chloride is synthesized following a literature method. [89]

Methyl 2,2-dichlorobutanoate (MDCB) (GC purity 99%) is obtained in an anal-

ogous way as EDCP. Ethyl 2-chloroisobutyrate (ECiB) is synthesized from ethyl
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2-hydroxyisobutyrate by adaptation of literature procedures. [110,111] CH2Cl2 and

MeOH, used for the reaction work-up, are recycled products purified by fractional

distillation.

2.1.2 General procedure

Entry P018 of Table 3.3 is described as a typical experiment. 23.0mg of AsAc

(0.130mmol) and 41.5mg of Na2CO3 (0.391mmol) are transferred to a 25mL Schlenk

tube. After 3 cycles of vacuum/Ar, the reagents are added in the following order: 3mL

of St (26.1mmol), 2mL of EtOAc, 1mL of 0.276mol L−1 EDCP stock solution in

EtOAc (0.276mmol), 0.75mL of EtOH, and 0.25mL of 0.0520mol L−1 CuCl2/TPMA

stock solution in EtOH (0.0130mmol of CuCl2 and 0.0130mmol of TPMA). The

Schlenk tube is sealed and submerged in an oil bath thermostated at 70 ◦C and

the reaction mixture is stirred for 18 h at 400 rpm (oval stirring bar: l = 20mm,

d = 10mm). Afterward, the Schlenk is allowed to cool to room temperature. The

recovery of the gel is made easier by the addition of MeOH. The gel is extracted in

Soxhlet with MeOH for 7 days and then dried in a vacuum oven till constant weight

(T = 60 ◦C, P = 1–2mbar). 2.25 g of crosslinked PS are obtained (83% yield).

When the final reaction mixture does not gel, it is diluted with CH2Cl2. The

PS is then precipitated in 300mL of MeOH, dropping the diluted reaction mixture

under adequate stirring. To improve the coagulation, HClaq 10% (2mL) is added.

The PS is then filtered with a filter funnel (porosity P4) and washed two times with

MeOH. The funnel with the PS is first dried under vacuum (P = 1–2mbar) for

1–2 h, then under aspiration for 15–20 h till constant weight. The conversion (conv)

is calculated by subtracting the contribution of the initiator from the measured mass

of the isolated material. Gravimetry is an easy and common method for conversion

measurement. The only error is due to the fractionation of PS chains with a very

low molecular weight (MW) during the reaction work-up. However, this error is

negligible for conversions which yield PS with Mn > 3000Da. [112] Since MeOH is a

good solvent for the CuCl2/TPMA complex, the typical filtration over basic Al2O3 is

avoided. The recovered PS is indeed white.
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2.2 Characterizations

2.2.1 Gel permeation chromatography

The MW distributions, molar mass averages (Mn and Mw) and Ð are obtained

using a conventional gel permeation chromatography (GPC). The GPC is equipped

with only a concentration detector and is calibrated with standards of monodisperse

polymers matching those subsequently analyzed. In order to study the branching

of some samples, a GPC-VISCO-MALLS is used instead, which is equipped with

a multiangle laser light scattering (MALLS) detector and a viscometer (VISCO)

detector. For details about the MALLS analysis, see subsection 2.2.2.

In the conventional GPC, the MW distributions are determined using a Waters

GPC system composed of a Waters Alliance 2695 separation module and a Waters

2414 differential refractometer detector. Empower 2 (Waters) is used as chromato-

graphic analysis software. The system is calibrated with 20 narrow distribution

standards of PS with MW ranging from 1.3 kDa to 7000 kDa. Four GPC Phenogel

(Phenomenex) columns (size 300× 7.6mm, particle size 5 µm, porosity 106, 105, 104,

and 103Å) are connected and housed in an oven at 30 ◦C. Tetrahydrofuran (THF) is

used as the mobile phase for the high-performance liquid chromatography (HPLC).

The elution conditions are: flow rate 1mLmin−1, injection volume 200µL, sample

concentration 2.5mgmL−1, and Tol is used as internal standard.

2.2.2 Multiangle laser light scattering

GPC-VISCO-MALLS analyses are performed using the same GPC system addi-

tionally equipped with a DAWN EOS MALLS (Wyatt Technology) and a Viscotek

T50 as light scattering and VISCO detectors. The analytical conditions are the

same used in conventional GPC but the sample concentration is 1.0mgmL−1. Two

different samples of PS with broad distribution are used for comparison: a linear

one (commercial product) and a branched one. The branched PS is synthesized by

free-radical polymerization (FRP) between St and divinylbenzene.

The ∆Mw% (Equation 2.6 of section 2.3) is used to roughly evaluate the degree

of branching. The ∆Mw% shows the difference between the real MMALLS
w and the

estimated MGPC
w . The comparison of the ∆Mw% values between a specific sample

27



and the branched PS allowed us to understand which samples are branched. The

arbitrary limit between a linear and a branched sample is set as 60% of the ∆Mw%

value of the branched PS (second entry of Table 2.1). Thus, this limit is equal to

10.9% (= 18.2 · 60). Briefly, every PS sample with a ∆Mw% value above 10.9% is

considered branched.

Table 2.1 reports the ∆Mw% values of the reactions of chapter 3.

Entry Table MMALLS
w [kDa] MGPC

w [kDa] MMALLS
w /MGPC

w ∆Mw%

Linear PS — 288.9 288.0 1.00 0.3

Branched PS — 387.2 316.8 1.22 18.2

P010 3.2 244.9 174.2 1.41 28.9

P027 3.5 60.3 47.5 1.27 21.2

P035 3.7 31.5 29.1 1.08 7.6

P044 3.8 28.2 27.4 1.03 2.8

P048 3.10 19.5 18.9 1.03 3.1

P050 3.10 384.7 198.9 1.93 48.3

P051 3.10 377.2 228.5 1.65 39.4

P065 3.13 126.8 73.6 1.72 42.0

P067 3.13 415.5 204.6 2.03 50.8

P068 3.13 131.8 92.1 1.43 30.1

P069 3.13 10.3 10.3 1.00 0.0

P070 3.14 481.0 173.2 2.78 64.0

P071 3.14 169.5 116.7 1.45 31.2

P072 3.14 61.3 51.8 0.30 15.5

P073 3.15 193.2 124.0 1.56 35.8

P074 3.15 76.0 61.7 1.23 18.8

P075 3.15 47.1 41.9 1.12 11.0

P109 3.24 249.3 159.0 1.57 36.2

P108 3.24 293.5 196.7 1.49 33.0

Table 2.1: Results of the MALLS analyses. Samples are considered branched if ∆Mw% > 10.9%.

2.2.3 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra are recorded with a Bruker AV-400

spectrometer (resonance frequency 400.13MHz), equipped with a 5mm PABBO

BB/19F-1H/D x,y,z-field gradient probe-head. The spectra are analyzed with

Topspin 3.6 software package, operating in Fourier transform. Typical acquisition
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parameters: 512 transients, spectral width 7.5 kHz, and delay time of 7.0 s. Chemical

shifts are referred to solvent peak. All the spectra are acquired using CDCl3 as

solvent at 25 ◦C.

2.2.4 Scanning electron microscope

Images of the crosslinked PS are obtained with a scanning electron microscope (SEM)

field emission gun (FEG) TESCAN MIRA II (TESCAN). The sample is prepared by

cutting a small amount of material that was then sputtered with Au (thickness ≈

20 nm).

2.3 Equations

The number average molar mass (Mn) and the mass average molar mass Mw are

defined by Equations 2.1 and 2.2, respectively. They represent the weighted mean

taken with the mole fraction (Mn) and with the weight fraction (Mw). These two

values are determined via GPC. The Ð is calculated as the ratio between Mw and

Mn, as shown in Equation 2.3.

Mn =

∑
MiNi∑
Ni

(2.1)

Mw =

∑
M2

i Ni∑
MiNi

(2.2)

Ð =
Mw

Mn
(2.3)

The theoretical number average molar mass (M th
n ) is calculated with Equation 2.4.

The moles of St and initiator are nSt and nIni respectively. The molar mass of St and

initiator are MSt and MIni. The conversion (conv) is the mass of the final recovered

PS without the contribution of the initiator (assuming a 100% yield of the initiator).

Equation 2.5 is used to calculate the ∆Mn%, i.e. the percentage difference between

the experimental Mn and the theoretical M th
n .

M th
n =

nSt

nIni

·MSt · conv +MIni (2.4)
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∆Mn% =
Mn −M th

n

Mn
· 100% (2.5)

The percentage difference between the two Mw values, one determined via MALLS

(MMALLS
w ) and one via GPC (MGPC

w ), is calculated with Equation 2.6. This value is

used to discriminate linear from branched PS chains, as described in subsection 2.2.2.

∆Mw% =
MMALLS

w −MGPC
w

MMALLS
w

· 100% (2.6)
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Chapter 3

Results and discussion

3.1 Anomalous gelation

The ARGET ATRP of St was studied in the temperature range 25–100 ◦C, as

reported in Table 3.1. [92] The targeted degree of polymerization (TDP) is ∼100 and

the reaction time was kept constant at 18 h. As expected, conversions decreased

while lowering the reaction temperature. The reactions went from full conversion

at 100 ◦C to 23% at 25 ◦C (entries P006 and P001, respectively). Surprisingly, the

control of the polymerization deteriorated below 90 ◦C, as can be seen from the values

of ∆Mn% and Ð.

Entry T [◦C] Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P001 25 23 7.2 2.4 67 1.76

P002 43 44 21.8 4.4 80 3.48

P003 60 gel — — — —

P004 80 87 32.2 8.7 73 3.14

P005 90 88 15.0 8.8 41 1.54

P006 100 101 22.4 10.0 55 1.87

Table 3.1: Effect of the temperature on the ARGET ATRP of St. Conditions:

St:EDCP:CuCl2/TPMA:AsAc:Na2CO3 = 100:1.06:0.2:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH

= 1mL, t = 18 h.

The loss of control was probably due to an unexpected branching. However, no

crosslinking agent was added to the reaction mixture. At 60 ◦C, the phenomenon

was so accentuated that the reaction mixture even gelled. The gel is insoluble in

CH2Cl2 and Tol, two good solvents for PS. [113] Figure 3.1 shows how the GPC traces
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Figure 3.1: GPC analyses of the PSs obtained at different temperatures (entries of Table 3.1).

of the polymers are polymodal. Obviously, the PS gel obtained at 60 ◦C could not

be analyzed via GPC.

As far as we are aware, no one ever reported this type of anomalous gelation

during the polymerization of St. The discovery was therefore patented. [114] The

preparation of branched or crosslinked polymers by ATRP is known and widely

employed. [77,115] Nevertheless, the branching and crosslinking occur through the

addition of specific reagents to the reaction mixture, like inimers. The inimer

is a particular compound containing both a polymerizable vinyl moiety and an

initiator function. Most commonly, branching is obtained by copolymerization of

a vinyl monomer with an adequate low amount of divinyl compound (known as

crosslinker) [116,117] or polymerization of the same crosslinker via deactivation enhanced

ATRP. [118–120] When no particular precaution is adopted, the use of crosslinkers

leads to the formation of insoluble networks instead. [121,122] Another path to obtain

polymeric gels exploits coupling between radical centers through atom transfer radical

coupling of multifunctional initiators (at least trifunctional). [123–125]

3.2 Effect of the reagent ratios on gelation

Initial efforts to understand the causes of the atypical gelation examined the influence

of reagent ratios (Table 3.2). The first experiments aimed to decrease the load of

catalyst from 0.2mol% to 0.1mol% and 0.05mol% (entries P003, P007, and P008).

The reaction mixture gelled even using these lower amounts of catalyst. The lowest
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Entry EDCP Cata AsAc Na2CO3 Conv Mn M th
n ∆Mn% Ð

[MR] [MR] [MR] [MR] [%] [kDa] [kDa]

P003 1.06 0.2 0.5 1.5 gel — — — —

P007 1.06 0.1 0.5 1.5 gel — — — —

P008 1.06 0.05 0.5 1.5 gel — — — —

P009 0.53 0.05 0.5 1.5 31 44.6 6.3 86 9.11

P010b 0.53 0.025 0.25 0.75 68 52.1 13.6 74 3.22

P011 1.06 0.05 0.25 1.5 51 11.1 5.2 53 1.61

P012 1.06 0.05 0.25 0.75 50 9.1 5.1 44 1.47

P013 1.06 0.05 0.5 1.0 56 26.1 5.7 78 3.39

P014 1.06 0.05 0.75 1.5 gel — — — —

Table 3.2: Effect of the reagent ratios on gelation. Conditions: V St = 3mL, V EtOAc = 3mL,

V EtOH = 1mL, T = 60 ◦C, t = 18 h. aCatalyst (i.e CuCl2/TPMA). bV St = 6mL.

amount (0.05mol%) was considered adequate and was adopted as the standard

for all the following experiments. A further decrease in the catalyst load will be

discussed in subsection 3.14.3.

The amount of EDCP was then halved from 1.06mol% to 0.53mol% (entries

P008 and P009, Table 3.2), bringing the TDP to ∼200. No gelation occurred by

halving the quantity of EDCP. However, the very high values of ∆Mn% and Ð

suggested that branching is occurring. The probable branching is also confirmed by

the polimodality of the GPC trace (Figure 3.2).

In entry P009, the St:EDCP = 100:0.53 ratio was obtained by having the amount

103 104 105 106 107

MW [Da]

P009
P010

Figure 3.2: GPC analyses of ARGET ATRPs with TDP of ∼200 (entries P009 and P010 of

Table 3.2).
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of EDCP. Similarly in entry P010, the same ratio was obtained by doubling the

amount of St. Even if the GPC trace of entry P010 is still polymodal (Figure 3.2),

the control over polymerization appeared to be better. However, ∆Mn% and Ð of

entry P010 are still quite high. The MALLS analysis (subsection 2.2.2) confirmed

that the PS from entry P010 is branched.

Entry P010 is more controlled than P009 for reasons related to the polarity of the

medium. The higher amount of St of entry P010 decreases the polarity of the reaction

mixture. As previously observed by our research group, [92] the lower polarity makes

the reduction by AsAc and Na2CO3 on the Cu catalyst milder. This allows a higher

concentration of CuII in solution. Following Equation 1.2, a higher concentration of

CuII corresponds to a lower concentration of radicals, which improves the control by

slowing down the process.

Gelation is also greatly influenced by the amount of AsAc used. In fact, gelation

did not occur either in its absence, [126] or lowering its amount from 0.5mol% to

0.25mol% (entries P003 and P011, Table 3.2). Even halving both AsAc and Na2CO3

(entry P012, Table 3.2) yielded a quite controlled PS, as evidenced by the values of

∆Mn% and Ð, and by the GPC (Figure 3.3). As already stated, the improvement in

control is likely due to a higher amount of CuII in the reaction mixture.

103 104 105

MW [Da]

Figure 3.3: GPC analysis halving the loads of AsAc and Na2CO3, compared to a typical gelation

reaction (entry P012 of Table 3.2).

In entry P013 (Table 3.2), the AsAc:Na2CO3 ratio was increased from 1:3 to 1:2

by decreasing the amount of Na2CO3. Even if the gelation did not occur in this case,

the PS was likely branched, considering the large values of ∆Mn% and Ð. Contrarily,
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raising the amount of AsAc to 0.75mol% gave gelation, even if the AsAc:Na2CO3

was 1:2 (entry P014, Table 3.2). However, the less consistency in the morphology of

the obtained gel suggested that the PS was less crosslinked than the one obtained

from entry P008.

3.3 Effect of the reaction medium and temperature

on gelation

Entry EtOAc EtOH T t Conv Mn M th
n ∆Mn% Ð

[mL] [mL] [◦C] [h] [%] [kDa] [kDa]

P008 3 1 60 18 gel — — — —

P015 3.5 0.5 60 18 64 17.4 6.5 63 2.11

P016 6 2 60 18 46 34.7 4.7 86 5.80

P017 3 1 50 18 49 28.2 5.0 82 4.67

P018 3 1 70 18 gel — — — —

P019 3 1 60 4.5 41 17.5 4.2 76 2.79

P020 3 1 70 4.5 52 25.8 5.2 80 3.69

Table 3.3: Effect of the reaction medium and temperature on the gelation process. Conditions:

St:EDCP:CuCl2/TPMA:AsAc:Na2CO3 = 100:1.06:0.05:0.5:1.5, V St = 3mL.

The polymerization in a less polar environment (entry P015 compared to entry

P008, Table 3.3) was more controlled, with a relatively low Ð. This result resembles

the one already discussed after doubling the amount of St (entry P010, Table 3.2 of

section 3.2). Likely, the reason for the recovered control is the same: a less polar en-

vironment corresponds to a more controlled polymerization system. The GPC traces

of entries P015 (with increased EtOAc/EtOH ratio) and P010 (increased amount of

St) are depicted in Figure 3.4. Surprisingly, their outlines are similar. Furthermore in

section 3.15, the study of the polarity of the solvent mixture is deepened, confirming

that the increase in polarity stimulates the branching phenomenon.

In addition, the dilution of the reaction mixture prevented the gelation (entry

P016, Table 3.3). Reasonably, all the processes became slower. The polymodality of

the GPC trace (Figure 3.5) and the high values of ∆Mn% and Ð clearly indicate

that the recovered PS was probably branched.

All the observations that have been made so far in this section and in section 3.2

35



103 104 105 106

MW [Da]

P010
P015

Figure 3.4: GPC analyses of ARGET ATRPs with lower polarity of the medium (entries P010 and

P015 of Tables 3.2 and 3.3, respectively).
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Figure 3.5: GPC analysis of a PS obtained in a more diluted ARGET ATRP system (entry P016

Table 3.3).

agree with the mechanistic frame that our research group defined for the controlled

ARGET ATRP process with AsAc and Na2CO3 at 100 ◦C. [92] Generally, the reaction

conditions which yield a better control over the polymerization are the ones that

promote higher concentrations of CuII. The better control suppresses the branching

phenomenon and, thus, the gelation of the reaction mixture.

Temperatures around 60 ◦C were then explored. No gelation occurred at 50 ◦C

(entry P017, Table 3.3). However, the relatively high ∆Mn% and Ð indicate that

the PS is branched and that the lower temperature maybe slowed down the process.

The higher temperature of 70 ◦C was also explored (entry P018, Table 3.3) and the

reaction mixture gelled. The obtained gel was more consistent and less sticky than
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the one obtained at 60 ◦C. Apparently, at 70 ◦C, the crosslinking process meets more

favorable conditions. As already discussed in section 3.1 however, a further increase

of the reaction temperature discourages the gelation phenomenon, rerouting the

polymerization toward a more typical ATRP behavior.

An SEM image of the gel obtained from entry P018 is reported in Figure 3.6.

The image shows that the material is composed of cavities with different dimensions.

Curiously, in some of these cavities, single cubic crystals can be found. From the

X-ray analysis (Figure 3.7), the elemental composition of the cubic crystals revealed

that they are composed of NaCl. In fact, NaCl is a by-product of the catalyst

reactivation by AsAc and Na2CO3, as showed in Scheme 1.3.

Figure 3.6: SEM image of a slice of the gel obtained in entry P018 (Table 3.3). Magnifications from

top left to bottom right: 70×, 500×, 2000×, and 10 000×.

To better characterize via GPC the gels obtained at 60 ◦C and 70 ◦C (entries P008

and P018, Table 3.3), the reaction time was shortened to 4.5 h (entries P019 and

P020, Table 3.3). The quite large values of ∆Mn% and Ð suggest that the branching

phenomenon even starts at the early stages of the polymerization. Moreover, the

GPC analyses show polymodal traces (Figure 3.8).

37



Figure 3.7: X-ray spectrum of the cubic crystals inside the cavities of the gel.
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2.12, 60 ◦C
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Figure 3.8: GPC analyses of reactions that go toward gelation in comparison with reactions where

EDCP was doubled (entries P019 and P020 of Table 3.3, and entries P021 and P022 of Table 3.4).

3.4 Effect of the initiator concentration on gelation

Aiming for a more crosslinked material, the amount of EDCP was increased from

1.06mol% to 2.12mol% in the two reaction systems that previously gave gelation

at 60 ◦C and at 70 ◦C (entries P008 and P018 of Table 3.3). Unexpectedly, after

4.5 h (entries P021 and P022, Table 3.4), the recovered PSs presented low Ð (< 1.4)

and monomodal GPC traces (Figure 3.8). Even extending the reaction time to 18 h

(entry P023, Table 3.4), the polymerization at 70 ◦C appeared to be controlled with

relatively low values of Ð. However, the not so low values of ∆Mn% may mean that

part of the initiator was consumed by radical coupling processes.

The gelation phenomenon is discouraged by the increase of the EDCP concen-
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Entry AsAc Na2CO3 T t Conv Mn M th
n ∆Mn% Ð

[MR] [MR] [◦C] [h] [%] [kDa] [kDa]

P021 0.5 1.5 60 4.5 31 3.1 1.7 46 1.30

P022 0.5 1.5 70 4.5 48 4.1 2.5 39 1.39

P023 0.5 1.5 70 18 75 6.8 3.8 44 1.54

P024 1.0 3.0 70 18 gel — — — —

Table 3.4: Gelation with 2.12mol% of EDCP. Conditions: St:EDCP:CuCl2/TPMA = 100:2.12:0.05,

V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL.

tration. This result can be explained by the consequent increase of CuII. In fact,

following the ATRP equilibrium (Scheme 1.1), increasing the concentration of the

initiator increases also the concentration of CuII. However, gelation was recovered

when the amounts of AsAc and Na2CO3 were also doubled (entry P024, Table 3.4).

The more reductive environment decreases the concentration of CuII, re-establishing

the gelation phenomenon.

3.5 Kinetic analysis

To have a better understanding of the mechanism of the gelation process, a kinetic

analysis of entry P018 (Table 3.3) was carried out. As shown in Table 3.5, the time

of the reaction was kept below 6.5 h to prevent the gelation of the reaction mixture.

Entry t [h] Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P025 1.0 16 3.5 1.7 50 1.35

P026 2.0 32 10.0 3.3 67 2.00

P027 3.3 41 18.3 4.2 77 2.90

P028 4.5 46 24.1 4.7 80 3.62

P029 6.5 53 32.2 5.4 83 7.47

Table 3.5: Kinetics of the gelation phenomenon. Conditions: St:EDCP:CuCl2/TPMA:AsAc:Na2CO3

= 100:1.06:0.05:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C.

The results of the kinetics are reported in Figure 3.9. The plot of ln [M]0
[M] is linear

until about 2 h, meaning that the [R · ] is approximately constant within this interval.

Above 2 h, the [R · ] is decreasing, suggesting that there is an annihilation of the C Cl

functions by termination reactions. On the right of Figure 3.9, Ð and Mn are instead

increasing with the increasing of the conversion. It is clear that the polymerization
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proceeds progressively losing control. The GPCs of the isolated PSs are reported in

Figure 3.10 and they show how the polymodality is increasing with reaction time.

Furthermore, the MALLS analysis of the PS from entry P027 (subsection 2.2.2)

revealed that the branching phenomenon was already present at 3.3 h.
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Figure 3.9: Kinetics of the gelation (entries of Table 3.5). Left: The red line shows the linear

regression of the data in the interval 0–2 h, forcing the intercept at 0 (R2 = 0.998). Right: The

blue line shows the trend of the M th
n .
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Figure 3.10: GPC analyses of the kinetics (entries of Table 3.5).

To note that the remarkable increase of Mn is not related to monomer conversion,

but it is related to coupling between different PS chains. This increase is therefore

associated with a drop of the polymerization rate, which is a consequence of the

consumption of the C Cl chain-end functions. This suggests that the gelation may

be a consequence of the coupling phenomenon between the PS chains. The loss of

the C Cl functions was also supported by the 1H NMR spectra of the isolated PS

after 1 h and 6.5 h (Figure 3.11). The NMR shows a significant drop of the integral

related to the C Cl chain end (signal at 4.2–4.5 ppm).
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Figure 3.11: 1H NMR of the kinetic analysis after 1 h (top) and 6.5 h (bottom) (entries P025 and

P029 of Table 3.5, respectively).

3.6 Change of monomer

The anomalous gelation was also tested with two different monomers from St: a

methacrylate (EMA) and an acrylate (EA) (Figure 3.12). Ethyl esters were chosen in

order to cancel any transesterification reaction with the solvent (EtOH). The reaction

conditions are the ones that led to gelation with only St (entry P008, Table 3.6).

In entry P030 (Table 3.6), St was completely substituted with EMA and no

O

O

O

O

St EMA EA

Figure 3.12: Tested monomers.
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Entry St EA EMA Conv Mn M th
n ∆Mn% Ð

[MR] [MR] [MR] [%] [kDa] [kDa]

P008 100 — — gel — — — —

P030 — — 100 95 20.4 10.4 49 1.52

P031 90 10 — gel — — — —

P032 50 50 — no gel — — — —

Table 3.6: Effect of the monomer on the gelation process. Conditions:

EDCP:CuCl2/TPMA:AsAc:Na2CO3 = 1.06:0.05:0.5:1.5, V EtOAc = 3mL, V EtOH = 1mL,

T = 60 ◦C, t = 18 h. An MR of 100 corresponds to 26.1mmol of monomer.

gelation was observed. The recovered poly(ethyl methacrylate) (PEMA) was not

branched due to the relatively low Ð and the bimodal GPC trace (Figure 3.13). The

∆Mn% value is not particularly low, but this is probably due to the high conversion

and the bimodality of the GPC.

Compared to St, EMA has a higher kp/k t ratio and preferentially terminates by

disproportionation. [127] In fact, the bimodality of the GPC is probably a consequence

of the disproportionation (two populations of PEMA are present, one with two living

chain ends and the other with only one). The failed gelation is consistent with the

fact that radical coupling is at the base of the anomalous branching phenomenon.

103 104 105
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Figure 3.13: GPC analysis of PEMA (entry P030 of Table 3.6).

The ARGET ATRP with EA was instead investigated in copolymerization with

St (entries P031 and P032, Table 3.6). In entry P031, the load of EA and St were

10% and 90%, respectively. In entry P032 instead, the two loads were 50%. As a

result, gelation was achieved only with the higher load of St (90% of entry P031).
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With a 50% load, a very viscous solution was obtained, but the copolymer was not

recovered and analyzed. These results confirm the importance of St in the anomalous

branching and consequent gelation.

3.7 The role of the reducing agent

To better understand the role of the reducing agent regarding the gelation, AsAc was

substituted with other reducing agents, like Sn(EH)2, TBC, and IPIAA (Figure 3.14).

O

O Sn2+

2

OH

OH

TBC

O
O

OHHO

HO

HO

AsAc

O
O

OHHO

IPIAA

O

O

Sn(EH)2

Figure 3.14: Tested reducing agents.

Entry RAa Na2CO3 t Conv Mn M th
n ∆Mn% Ð

[MR] [h] [%] [kDa] [kDa]

P020 AsAc 1.5 4.5 52 25.8 5.2 80 3.69

P018 AsAc 1.5 18 gel — — — —

P033 AsAc — 4.5 0 — — — —

P034 Sn(EH)2 1.5 4.5 30 5.2 3.1 40 1.65

P035 Sn(EH)2 1.5 18 64 12.6 6.4 49 2.32

P036 Sn(EH)2 — 4.5 0 — — — —

P037 TBC 1.5 4.5 2 2.3 0.4 82 1.11

P038 TBC 1.5 18 43 6.0 4.4 27 1.43

P039 TBC — 4.5 0 — — — —

P040b AsAc 1.5 18 gel — — — —

Table 3.7: Change of the reducing agent. Conditions: St:EDCP:CuCl2/TPMA:RA =

100:1.06:0.05:0.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C. aReducing agent.
bNon-stabilized St is used.

In Table 3.7, entries P034, P035, and P036 with Sn(EH)2 should be compared with

entries P020, P018, and P033 with AsAc. Surprisingly, crosslinking with Sn(EH)2

failed. Entry P018 with AsAc gave a gel, while the same reaction conditions with

Sn(EH)2 (entry P035) did not. A MALLS analysis (subsection 2.2.2) confirmed the

not branched nature of the PS obtained with Sn(EH)2. In addition, the GPC analysis
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of the two reactions with Sn(EH)2 and Na2CO3 (entries P034 and P035) showed two

monomodal curves (Figure 3.15). It seems that the role of AsAc is more complex

than just a simple reducing agent.
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P034, 4.5 h
P035, 18 h

Figure 3.15: GPC analyses of ARGET ATRPs with Sn(EH)2 as reducing agent (entries P034 and

P035 of Table 3.7).

As observed by my research group, the ARGET ATRP system here described is

not working in the absence of Na2CO3. [92] No polymerization was therefore observed

without Na2CO3, both using AsAc or Sn(EH)2 as reducing agent (entries P033 and

P036 of Table 3.7, respectively).

Since St is not purified from TBC before every experiment (as described in

subsection 2.1.1), it was thought that TBC could be involved in the branching

process. In entry P040 (Table 3.7), St was passed through basic alumina to remove

TBC. However, the reaction mixture gelled even in the absence of TBC. Thus, TBC

is not involved in the branching process.

Furthermore, the structure of TBC has a vicinal diol like AsAc. This means that

TBC could work like AsAc and could potentially regenerate the catalyst following a

redox reaction. Therefore, in entries P037–P039 of Table 3.7, AsAc was substituted

with TBC (compared to entries P020, P018, and P033). The gelation was not

observed while using TBC as catalyst regenerator. In addition, the relative low

Ð values of entries P037 and P038 (4.5 h and 18 h, respectively) suggest that the

branching phenomenon is not occurring. However, the yields obtained with TBC are

lower than the one obtained with AsAc and Sn(EH)2. In 4.5 h, AsAc reached 52%

conversion, Sn(EH)2 reached 30%, and TBC only reached 4% (entries P020, P034,
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and P037 respectively). The lower yield with TBC is probably due to its property of

radical inhibitor. Finally, without Na2CO3, no polymerization was again observed

even using TBC as reducing agent (entry P039, Table 3.7).

Afterward, IPIAA was tested as reducing agent. IPIAA has the same structure

as AsAc, but the vicinal diol on the side chain has been protected as acetonide.

On the contrary, the vicinal diol of AsAc bound to the ring and involved in the

redox processes is kept the same. Therefore, the reactivity of IPIAA toward the

regeneration of the complex is expected to be similar to AsAc. However, there is an

important difference between AsAc and IPIAA. AsAc, like Na2CO3, is poorly soluble

in the reaction mixture composed of EtOAc, EtOH, and St. On the contrary, IPIAA

was found to be very soluble in systems with a modest amount of EtOH. As previously

reported by our research group, a more polar reaction mixture increases the solubility

of AsAc and, consequently, the regeneration of the catalyst. [92] IPIAA, being more

soluble, should increase the amount of CuI, increasing also the polymerization rate.

Table 3.8 reports the results of two different ARGET ATRP systems, studied

both with AsAc and IPIAA. The initiator is not EDCP but BC, which is another

bifunctional initiator. As it will be discussed in subsection 3.11.1, the two initiators

are equivalent in our ARGET ATRP system.

Entry RA Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P041a AsAc 46 9.5 9.5 0.1 1.23

P042a IPIAA 67 23.0 13.6 41 1.66

P043b AsAc — — — — —

P044b IPIAA 65 15.6 6.7 57 1.75

Table 3.8: Comparison between AsAc and IPIAA as reducing agents. aConditions:

St:BC:CuCl2/TPMA:RA:Na2CO3 = 100:0.52:0.025:0.25:0.75, V St = 6mL, V EtOAc = 3.5mL,

V EtOH = 0.5mL, T = 100 ◦C, t = 4 h. bConditions: St:BC:CuCl2/TPMA:RA:Na2CO3 =

100:1.04:0.05:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C, t = 18 h.

Entries P041 and P042 belong to a controlled ARGET ATRP which never showed

the branching phenomenon. [92] Entry P041 with AsAc yielded a very controlled PS

with low Ð and a perfectly predicted Mn (∆Mn% is close to zero). Entry P042 with

IPIAA has not a particularly high Ð, but the ∆Mn% value is quite high. As can

be seen from the GPC traces (Figure 3.16), a bimodality is obtained if IPIAA is

used. For this reason the value of ∆Mn% is quite high. As already stated, IPIAA
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Figure 3.16: GPC analyses of ARGET ATRP with AsAc and with IPIAA (entries P041 and P042

of Table 3.8).

is more soluble and therefore more active as a reducing agent. This higher activity

increases the concentration of CuI and, consequently, the concentration of radicals.

More radicals increase termination reactions and, as a result, the bimodality appears.

Moreover, entry P042 with IPIAA returned a 67% conversion, while entry P041 with

AsAc only reached 46% conversion. As previously observed by our research group,

the bimodality of these systems with AsAc usually appears above 50% conversion. [92]

Anyway, the higher conversion with IPIAA is proof of its higher activity related to

its higher solubility.

The reaction conditions of entries P043 and P044 of Table 3.8 are the ones that

lead to gelation. Entry P043 with AsAc returned a gel, but entry P044 with IPIAA

did not gel. However, even with IPIAA, the polymerization system did not show a

good control: the ∆Mn% is quite high and the Ð is not particularly low. Nevertheless,

the system with IPIAA seems to be far from gelation. The poor control is a direct

consequence of the long reaction time (18 h) and the higher activity of IPIAA. Also,

a MALLS analysis (subsection 2.2.2) confirmed the non-branched nature of the PS

with IPIAA from entry P044.

In conclusion, gelation was never observed with reducing agents different from

AsAc. This probably depends on the different reducing activity on the Cu catalyst.

Termination reactions were indeed proved to be important for the gelation to take

place (section 3.5) and they can be highly influenced by the relative quantities of

CuI and CuII. Anyhow, AsAc may have a different role from a simple reducing agent,
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since gelation was never observed without it. Could AsAc be included in the polymer

backbone and act as a crosslinker? To answer this question, a reaction that goes

toward gelation was stopped after 2 h and the recovered PS was analyzed via 1H

NMR (Figure 3.17). As can be seen, the typical signals of AsAc are missing, like the

H bonded to the ring, whose chemical shift should be found at 4.5–5.0 ppm. [128–131]

Furthermore, as it will be discussed in section 3.11, no branching was observed with a

monofunctional initiator like ECiB, even if AsAc was present in the reaction mixture.

This definitely excludes any involvement of AsAc in the branching phenomenon.

Figure 3.17: 1H NMR of an ARGET ATRP system that goes toward gelation but stopped after 2 h

(entry P052 of Table 3.11.

3.8 Inimer hypothesis

Gelation could be caused by the formation of an inimer. The inimer is a species that

can react both as initiator and as monomer, generating a branching point with three

arms. Following termination reactions, a polymer network can be formed and the

result is a gel. In our system, an inimer can be formed by dehydrohalogenation of

EDCP to ethyl 2-chloroactylate (ECA) (Scheme 3.1). Dehydrohalogenation is indeed

stimulated by a base, and Na2CO3 is present in our reaction mixture.

However, two experimental pieces of evidence disproved the formation of ECA or

its involvement in the branching process. The first is the 1H NMR integral analysis
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Scheme 3.1: Dehydrohalogenation of EDCP to ECA.

of the signals from EDCP. In fact, EDCP has a CH3:CH2 ratio of 6:2, while ECA

has a ratio of 3:2. Both EDCP and ECA have the CH2CH3 group bound to the

ester O atom, but EDCP has an additional CH3. ECA has a CH2 instead, which

should react and end in the polymer backbone.

To analyze the 1H NMR integrals of EDCP (or ECA), St-d8 is used to synthesize

a deuterated PS. The usage of St-d8 leads to easier discrimination between the signals

from EDCP (or ECA) and the signals from the polymer backbone. Apart from the

use of St-d8, the reaction conditions are the same as entry P025 (Table 3.5). In other

words, it is a reaction which is going toward gelation, but stopped after 1 h. Anyhow,

all the initiator should be depleted within 1 h. The resulting 1H NMR analysis is

reported in Figure 3.18 and shows a CH3:CH2 ratio of 6:2. This result confirms the

presence of EDCP in the PS and disproves the formation of the inimer ECA.

Figure 3.18: 1H NMR of a gelation reaction with St-d8 stopped after 1 h.

The second experimental evidence to confirm the non-formation of ECA is the

intentional addition of an inimer. MCA (a commercial inimer, analogous to ECA)

was deliberately added in variable amounts to an ARGET ATRP system with only

Na2CO3 as catalyst regenerator. With only Na2CO3, any form of branching has never
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been observed. [126] The experiments are summarized in Table 3.9. MCA was added

in 25mol% and 50mol% compared to EDCP (entries P046 and P047, respectively).

As can be seen from the results, the control was not affected by the addition of MCA.

Furthermore, as it will be discussed in section 3.11, gelation was also observed

with initiators unable to dehydrohalogenate to inimers, like BC. This is a third

proof against the inimer hypothesis. At this point, the inimer hypothesis should be

considered completely disproved.

Entry MCA [MR] Conv [%] Mn [kDa] M th
n [kDa] Ð

P045 — 48 6.5 4.9 1.33

P046 0.265 43 6.0 — 1.34

P047 0.53 44 5.5 — 1.36

Table 3.9: ARGET ATRP in the presence of MCA. Conditions: St:EDCP:CuCl2/TPMA:Na2CO3

= 100:1.06:0.05:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 60 ◦C, t = 18 h.

3.9 Unsaturation of PS chain ends hypothesis

In section 3.8, the dehydrohalogenation of the EDCP has been proved to be a false

hypothesis. However, dehydrohalogenation could take place in the PS chain ends,

forming a double bond which could generate branching points.

Sarbu et al. studied the ATRP reaction of α,ω-dibromopolystyrene (DBPS) in

a monomer-free system. [132] Without monomer, they observed a step-growth poly-

merization due to radical coupling. Interestingly, they also obtained hyperbranched

materials, like in our case. They suggested that the branching phenomenon was

probably due to the formation of unsaturated chain ends through dehydrohalogena-

tion reactions (Scheme 3.2). The resulting PSs with unsaturated chain ends are

macroinimers and, therefore, they are possible branching points. Since the CuII-

catalyzed elimination can be virtually excluded in ARGET ATRP systems, [133,134]

they suggested the intervention of the N-based ligand. [132]

In our ARGET ATRP system, the explanation of Sarbu et al. is unsatisfactory

for several reasons.

(i) Dehydrohalogenation should be boosted by increasing the reaction temper-

ature. [135] However, as discussed in section 3.1, the opposite was observed. As a
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Scheme 3.2: Single and double dehydrohalogenation of DBPS from reference [132].

matter of fact, we observed the disappearance of the gelation phenomenon at higher

temperatures.

(ii) Dehydrohalogenation is also influenced by the bond-dissociation energy (BDE)

and, therefore, by the involved halogen atom. [135] Sarbu et al. were working with Br,

while we are working with Cl. The phenomenon observed by Sarbu et al. should be

less effective in our case due to the higher BDE of Cl (compared to Br). Furthermore,

the dehydrohalogenation should be further discouraged in the case of deuterated PS.

In fact, due to the kinetic isotope effect, the rate of a reaction involving a C D bond

is 6–10 times slower than the corresponding C H bond. [136] As already discussed in

section 3.8, normal St and St-d8 yielded the same gel in specific reaction conditions.

(iii) As shown in Scheme 3.2, the dehydrohalogenation would yield a β-substituted

double bond. This newly generated double bond is sterically hindered and thus less

reactive than the vinyl moiety of the St monomer. [137] As reported in section 3.5, the

unreacted St was still ∼50% when the reaction mixture was close to gel and branching

was already present. It is therefore unlikely that any double bond generated from

dehydrohalogenation could give radical addition with consequent branching.

(iv) The 1H NMR spectra of the kinetic analysis after 1 h and 6.5 h (Figure 3.11)

did not show the typical signals at 6.05 ppm and 6.05 ppm of unsaturated chain

ends. [138]

(v) A dehydrohalogenation experiment of linear α,ω-dichloropolystyrene (DCPS)

was also carried out. DCPS was synthesized via an ARGET ATRP system with only

Na2CO3 as reducing agent. [126] Reaction reagents and conditions were

St:EDCP:CuCl2/TPMA:Na2CO3 = 100:1.06:0.1:0.5, with V St = 9mL, V EtOAc =

9mL, V EtOH = 3mL, T = 100 ◦C, and t = 4.5 h. The resulting conversion was 47%,

with Mn = 5.0 kDa, M th
n = 4.8 kDa, ∆Mn% = 6, and Ð = 1.19. The 1H NMR is

depicted in Figure 3.19.

The synthesized DCPS was used in a gelation reaction with the same conditions

50



Figure 3.19: 1H NMR of the DCPS used in the dehydrohalogenation experiment.

of entry P028 of Table 3.5. The only differences were that St was replaced with

Tol and CuCl2/TPMA was not added. The 1H NMR of Figure 3.20 shows that

dehydrohalogenation did not occur in the resulting PS. The experiment was repeated

even with the addition of TPMA in the same quantity as entry P028. Even in this

case, the dehydrohalogenation was not observed (Figure 3.21).

With all this evidence, it can be stated that the dehydrohalogenation of the PS

chain ends is not occurring and that is not involved in the branching phenomenon.

Figure 3.20: 1H NMR of the DCPS after the dehydrohalogenation experiment.
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Figure 3.21: 1H NMR of the DCPS after the dehydrohalogenation experiment in the presence of

TPMA.

3.10 Chain transfer hypothesis

A radical chain transfer process may be the cause of branching. A radical can be

formed along the polymer backbone chain and it can react with a radical chain end,

generating a branching point (Scheme 3.3). Following termination reactions, a gel

may be formed.
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Scheme 3.3: Chain transfer to PS.

The radical along the polymer backbone can be formed as a result of the homolytic

cleavage of a C H bond. To prove or disprove the chain transfer hypothesis, a reaction

leading to gelation (entry P008 of Table 3.2, section 3.2) was repeated with St-d8.

As already stated in section 3.9, the reaction rate of a C D bond is 6–10 times

slower (compared to the corresponding C H bond). [136] Therefore, using St-d8 should

slow down the branching process if it comes from chain transfer processes. However,

gelation was observed even with St-d8. Clearly, gelation cannot be attributed to

radical chain transfer processes.
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This result also rules out the intervention of intrachain migrations of the apical

radical center and relative β-scission [139,140] as the cause of gelation, confirming that

St has difficulty to branch in the absence of a crosslinking agent. [141]

3.11 The importance of a bifunctional initiator

The role of the initiator on the branching phenomenon was then investigated. The aim

is to better understand the role of EDCP and if the bifunctionality is a fundamental

prerequisite for gelation. In addition to EDCP, the initiators of Figure 3.22 were also

tested in reaction conditions which usually lead to gelation.

O

Cl Cl

O

EDCP

O

Cl

O

ECiB

Cl Cl

Ph Ph

O O

n m

DCPS

Cl Cl

BC

O

Cl Cl

O

MDCB

Figure 3.22: Tested initiators.

Entry Inia (MR) Catb T Conv Mn M th
n ∆Mn% Ð

[◦C] [%] [kDa] [kDa]

P018 EDCP (1.06) 0.05 70 gel — — — —

P048 ECiB (1.04) 0.05 70 33 7.9 3.5 55 2.25

P049 ECiB (2.08) 0.05 70 63 7.9 3.3 58 2.38

P043 BC (1.04) 0.05 70 gel — — — —

P003 EDCP (1.06) 0.2 60 gel — — — —

P050 MDCB (1.09) 0.2 60 58 36.9 5.7 85 5.64

P051 DCPSc (1.11) 0.05 70 87 46.4 13.9 70 4.56

Table 3.10: Effect of the initiator on the gelation process. Conditions: St:AsAc:Na2CO3 = 100:0.5:1.5,

V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C, t = 18 h. aInitiator. bCuCl2/TPMA.
cDCPS with Mn = 5.3 kDa and Ð = 1.34 prepared with a controlled ARGET ATRP, conditions:

St:EDCP:CuCl2/TPMA:AsAc:Na2CO3 = 100:0.53:0.025:0.25:0.75, V St = 6mL, V EtOAc = 3.5mL,

V EtOH = 0.5mL, T = 100 ◦C, t = 2 h.

As reported in Table 3.10, ECiB was used in two experiments (entries P049 and

P048), which should be compared to the one with EDCP that gelled (entry P018).

ECiB is the isosteric analogous of EDCP, but monofunctional. ECiB was added to

the reaction mixture in two amounts, one isomolar to EDCP (entry P048) and one
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isoequivalent to EDCP (entry P049). In both cases, no gelation was observed. Even

if the ∆Mn% and the Ð are not particularly low, the GPC traces are monomodal

(Figure 3.23). The MALLS analysis (subsection 2.2.2) confirmed that the PS obtained

from entry P048 was not branched.

103 104 105

ECiB [MR]

MW [Da]
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Figure 3.23: GPC analyses of ARGET ATRPs with ECiB as initiator (entries P048 and P049 of

Table 3.10).

The results with ECiB tells us an important thing. The branching phenomenon

is not originating from any crosslinking agent generated by any side reaction between

St, Cu complexes, AsAc, or Na2CO3. If not, gelling should have been observed also in

this case where only the initiator was changed. It seems that EDCP is the protagonist

of the branching phenomenon. However, branching was also observed with other

initiators. EDCP was substituted with BC (entry P043, Table 3.10) and the system

gelled. Even MDCB of entry P050 (Table 3.10) yielded a branched PS with a high

Ð. Entry P050 with MDCB should be compared to entry P003 (Table 3.10) with

EDCP, which gelled.

From the results of Table 3.10, it is clear that bifunctionality is a prerequisite

for gelation. The PSs obtained from the monofunctional ECiB resulted to be linear.

On the contrary, the PSs obtained from bifunctional initiators (EDCP, BC, and

MDCB) were branched and some of them even gelled. However, all the bifunctional

initiators were geminal (i.e. with the two Cl atoms bonded to the same C atom).

To verify if the bifunctional initiator has to be geminal in order to have gelation, a

linear DCPS was synthesized and used as macroinitiator in entry P051 of Table 3.10.

The final high Ð of entry P051 tells us that branching is occurring even without a
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geminal initiator. In addition, the GPC of the DCPS used as macroinitiator and

the resulting PS after the reaction are reported in Figure 3.24. The GPC trace went

from monomodal for the DCPS to polymodal after reaction P051. The MALLS

analysis (subsection 2.2.2) confirmed the branched nature of the PS obtained from

entry P051.

103 104 105 106
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Figure 3.24: GPC analyses of the DCPS before and after its usage as macroinitiator (entry P051 of

Table 3.10).

As discussed in section 3.8, the inimer hypothesis for the branching phenomenon

was disproved and the dehydrohalogenation of EDCP with the formation of ECA is

not occurring. ECA is an inimer and could form a branching point in the polymer

backbone. The fact that branching and gelation took place even with BC and MDCB

(entries P043 and P050 respectively) is another proof that dehydrohalogenation

of the initiator is not at the origin of the branching phenomenon. In fact, BC

cannot give dehydrohalogenation for the lack of β-H atoms. Differently, MDCB

could give dehydrohalogenation, but the resulting alkene would be sterically hindered

and, consequently, less reactive than the vinyl moiety of St. [137] Therefore, the

dehydrohalogenation product of MDCB probably cannot be considered an inimer.

3.11.1 Change of initiator

As reported in Table 3.10, BC as initiator gave the same result ad EDCP in the same

reaction conditions (entries P043 and P018 of Table 3.10). As a consequence, the

idea of replacing EDCP with BC for future experiments was considered. BC has the

advantages to be the homolog of St, less expensive, and more commercially available.
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Eight experiments were thus performed to compare the obtained PSs with both

EDCP and BC. The experiments and their results are reported in Table 3.11, where

each pair of lines denotes the same reaction conditions. Obviously, the only difference

in each pair is the used initiator (EDCP or BC). The small difference in the MRs

between EDCP and BC depends on experimental laboratory necessities, but it should

not be particularly significant.

Entry Ini (MR) t Conv Mn M th
n ∆Mn% Ð

[h] [%] [kDa] [kDa]

P026a EDCP (1.06) 2 32 10.0 3.3 67 2.00

P052a BC (1.04) 2 33 14.5 3.5 76 2.52

P053b EDCP (0.53) 4 53 11.8 10.5 11 1.31

P041b BC (0.52) 4 46 9.5 9.5 0.1 1.23

P054c EDCP (0.53) 1 20 4.3 4.2 2.1 1.27

P055c BC (0.52) 1 23 4.9 4.9 0.2 1.27

P056c EDCP (0.53) 4 47 9.7 9.5 2.2 1.27

P057c BC (0.52) 4 43 9.5 8.9 7.2 1.25

Table 3.11: Comparison between EDCP and BC as initiators. aConditions:

St:CuCl2/TPMA:AsAc:Na2CO3 = 100:0.05:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH

= 1mL, T = 70 ◦C. bConditions: St:CuCl2/TPMA:AsAc:Na2CO3 = 100:0.025:0.25:0.75, V St =

6mL, V EtOAc = 3.5mL, V EtOH = 0.5mL, T = 100 ◦C. cConditions: St:CuCl2/TPMA:Na2CO3 =

100:0.05:0.25, V St = 6mL, V EtOAc = 3mL, V EtOH = 1mL, T = 100 ◦C.

The first pair of reactions (P026 and P052 of Table 3.11) are performed under

conditions that gave gelation, but shortened to 2 h. As expected, both these reactions

resulted in an uncontrolled polymerization. However, a small gap is present between

the values of ∆Mn% and Ð, even if the yields are very close to each other. GPC

traces also appear slightly different (Figure 3.25a), but they are both polymodal.

However, the results of these two reactions are not very different if it is taken into

account the uncontrolled nature of the reaction conditions. Indeed, the important

result is that they both give rise to the branching phenomenon.

Entries P053 and P041 of Table 3.11 were performed in reaction conditions that

never showed any signs of branching. [92] Unfortunately, the results show a greater

∆Mn% and Ð when EDCP is used. The reason for the higher values of ∆Mn%

and Ð can be found in the GPC analyses (Figure 3.25b). In fact, when EDCP is

used, a bimodality is reached, and the bimodality is much less present with BC.
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Figure 3.25: GPC analyses of the comparison between EDCP and BC as initiators (entries P026

and P052 (a), P053 and P041 (b), P054 and P055 (c), P056 and P057 (d) of Table 3.11).

However, the more pronounced bimodality with EDCP is a direct consequence of

the higher yield. In fact, the system with EDCP had a 53% conversion, while BC

only had 46%. As already observed by our research group, the bimodality arises just

at ∼50% conversion. [92] Thus, all the differences between reactions P053 and P041

are consequences of the different yields. If the two reactions had returned the same

conversion, their final results probably would have matched. Then why entry P053

with EDCP returned a higher conversion? There are two possible explanations. The

first is that BC could give a slightly slower initiation than EDCP. The other one is

that this result lies within the experimental error. In fact, experimentally, the two

reactions were not performed consecutively, but a certain amount of time passed

between the two. The second explanation is more likely since BC returned higher

yields than EDCP only in half of the reactions of Table 3.11.

A third type of polymerization was then used to evaluate the differences between

EDCP and BC as initiators. In entries P054–P057 of Table 3.11, a controlled ARGET

ATRP with only Na2CO3 as catalyst regenerator was used. [126] Two reactions (entries

P054 and P055) were stopped after 1 h and the other two (entries P056 and P057)

after 4 h. As can be observed from the GPC analyses (Figures 3.25c and 3.25d),
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EDCP and BC yielded the same PS with the same characteristics. There are small

differences in the conversion and in the ∆Mn%, but the values of the Ð match.

Overall, no particular differences can be reported by using EDPC or BC. The

only significant difference can be found in the system that undergoes gelation (entries

P026 and P052), but the result is expected since this ATRP system is not controlled.

Therefore, BC is used from now on for the following experiments instead of EDCP.

It is also possible to compare together reactions with BC and with EDCP.

3.12 Polycatenane hypothesis

As reported so far by the experimental results, the gelation starts with a controlled

ATRP, which is soon joined by step-growth polymerization. This leads to a decrease

of the number of growing chains and free radicals in the reaction mixture, making

more probable the intramolecular coupling between the C Cl end functions. [142]

This should produce macrocycles, which are interpenetrated and form a network

(Figure 3.26). The generated network clearly lacks crosslinking points and it is

supported only by mechanical bonds instead of chemical bonds. This type of

polymer architecture is named polycatenane. [143] Reasonably, polycatenanes have a

morphology very similar to a gel.

Figure 3.26: Formation of a polycatenane from bifunctional polymer chains.

The formation of a polycatenane network starting from bifunctional polymer

chains is certainly an unusual phenomenon, but it was reported before. Rigby and

Mark obtained an insoluble product while studying the chain extension of dihydroxy-

terminated polydimethylsiloxane with dimethyldiethoxysilane. The insoluble product

was rationalized as a polycatenane. [144] Recently, concatenated polysiloxane rings from

heterotelechelic oligomers were prepared and actively studied. [145,146] A similar net-

work of macrocycles was also prepared by thermal polymerization of 1,2-dithiane. [147]

Interestingly, Vollmert and Huang hypothesized the formation of entangled rings dur-
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ing the polymerization of St, with the final generation of microgels. [148] Furthermore,

various studies stressed that in the course of irreversible polycondensations, to which

our system is strictly analogous, end-to-end cyclization competes with chain-growth

at any stage and at any monomer concentration. [149]

So far, the polycatenane hypothesis was never disproved and it seems to be the

most reasonable explanation of the anomalous gelation.

3.13 Gelation of linear telechelic PS in the absence

of monomer

The kinetic analysis (section 3.5) revealed that termination reactions are involved in

the anomalous branching and, as formulated in section 3.12, they are fundamental

to the formation of a polycatenane network. To better understand the role of

termination reactions, they were promoted between linear DCPS chains in reaction

systems without St monomer and without any other initiator. In this way, the DCPS

chains are forced to react inter- and intra-molecularly.

3.13.1 Linear telechelic PS synthesis

The synthesis of the DCPSs is described in Table 3.12 and it is performed via

the ARGET ATRP with only Na2CO3 as reducing system, which never showed the

branching phenomenon. [126] DCPSs with Mn in the range 2.3–10.5 kDa were prepared.

For entries P055 and P059–P063, the targeted Mn was ∼5 kDa and the reaction

time was 60min, except for reaction P063 which took 120min to reach the same Mn.

P063 was scaled up 4 times and thus required a different reaction time to reach the

same result. In fact, all the GPC traces of entries P055 and P059–P063 are very

similar to each other (Figure 3.27). Only entry P060 returned a DCPS with a smaller

Mn, but the results obtained from it as macroinitiator were in agreement with the

others (subsection 3.13.3). Therefore, the DCPS from entry P060 was used anyway,

even if its Mn is slightly smaller than the others.
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Entry t [min] Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P058 20 6 2.3 1.4 38 1.14

P055 60 23 4.9 4.9 0.2 1.27

P059 60 25 5.2 5.2 −0.9 1.27

P060 60 19 3.8 3.9 −0.7 1.21

P061 60 25 4.8 5.1 −5 1.33

P062 60 24 4.6 4.9 −7 1.31

P063a 120 22 5.2 4.6 11 1.21

P064 240 48 10.5 9.7 8 1.25

Table 3.12: Synthesis of linear DCPSs. Conditions: St:BC:CuCl2/TPMA:Na2CO3 =

100:0.52:0.05:0.25, V St = 6mL, V EtOAc = 3mL, V EtOH = 1mL, T = 100 ◦C. aReaction scaled up

4 times.
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Figure 3.27: GPC analyses of the linear DCPSs (entries P055 and P059–P063 of Table 3.12).

3.13.2 Gelation of linear telechelic PS

The results of first set of the forced termination reactions are reported in Table 3.13.

The M i
n indicates the initial molar mass of the DCPS, while the M f

n indicates the final

molar mass. The same thing is applied to initial Ð i and final Ð f. St is substituted

with the same volume of Tol to ensure the same properties of the solvent mixture.

Entries P065–P067 of Table 3.13 were conducted under conditions that lead to

gelation, but with DCPS as macroinitiators and without St monomer. The only

difference between these 3 reactions were the M i
n of the starting DCPS: ∼2.5, ∼5,

and ∼10 kDa. Interestingly, gelation of the reaction mixture was observed only with

a DCPS with ∼5 kDa (entry P066). However, the obtained gel was deformable and

sticky. Also P065 and P067 yielded branched polymers due to their high Ð values
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Entry DCPSa AsAc [MR] T [◦C] M i
n [kDa] Ð i M f

n [kDa] Ð f

P065 P058 0.5 70 2.3 1.14 16.3 7.74

P066 P059 0.5 70 5.2 1.27 gel —

P067 P064 0.5 70 10.5 1.25 40.3 5.69

P068 P063 0.5 100 5.2 1.21 25.9 4.38

P069 P063 — 70 5.2 1.21 6.7 1.48

Table 3.13: Gelation of DCPS in the absence of St. Conditions: DCPS:CuCl2/TPMA:Na2CO3 =

1.04:0.05:1.5b, V Tol = 3mL, V EtOAc = 3mL, V EtOH = 1mL, t = 18 h. aThe origin of the DCPSs,

which are synthesized in Table 3.12. bFor convenience, MRs are referred to 3mL of St (which has

MR = 100), even if St is not present.

and their MALLS results (subsection 2.2.2). Hence, branching was observed for all

these three reaction systems.

For the other reactions (entries P068 and P069, Table 3.13), it was chosen a

starting DCPS with a M i
n of ∼5 kDa like entry P066 (the one that gelled). Entry

P068 differs from entry P066 only for the reaction temperature, which was raised

from 70 ◦C to 100 ◦C. At 100 ◦C, no gelation was observed, but a quite high value of

Ð was obtained. Even in this case, a MALLS analysis (subsection 2.2.2) confirmed

that the final PS is branched. This can be a significant result because branching was

not observed for temperatures higher than 90 ◦C (section 3.1). So far, it seemed that

the branching phenomenon was only present in a specific temperature range.

Lastly in entry P069, AsAc was not added, making this system one of those with

only Na2CO3 as reducing agent. [126] The only difference between P069 and P066

is indeed the presence of AsAc. Without AsAc, no gelation was observed and the

reaction did not proceed a lot. The higher values of M f
n and Ð from the original

DCPS are only due to the onset of bimodality (Figure 3.28).

3.13.3 Dilution of the reaction system

As formulated in section 3.12, the branching phenomenon seems to be based on

the formation of macrocycles via an intramolecular reaction between the two chain

ends. The competition between intra- and inter-molecular reaction is primarily

influenced by the concentration of the substrate. It was therefore studied the effect

of the dilution on the reaction with DCPS and without St which yielded a gel

(P066, Table 3.13). Furthermore, if non-concatenated macrocycles are formed due to
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Figure 3.28: GPC analyses of DCPS before and after a reaction without St to promote termination

reactions (entries P063 and P069 of Table 3.13).

dilution, they may be identified from GPC. In fact, linear and cyclic PSs with the

same MW have different retention times in GPC analysis. [150,151]

In Table 3.14 are reported three different levels of dilution of entry P066. The

result is a progressive decrease of Mn and Ð by increasing the dilution factor (DF).

Interestingly, as shown in Figure 3.29, the progressive decrease is linearly related to

the logarithm of the DF. Figure 3.29 shows also the GPC analysis: as expected, the

polymodality is more pronounced for lower DFs. A MALLS analysis (subsection 2.2.2)

reported that all the PS obtained from Table 3.14 are branched. Unfortunately,

it was not possible to identify single macrocycles from GPC, based on different

retention times of linear and cyclic PSs. This because it is difficult to separate the

peaks by deconvolution from the GPC eluogram.

Entry DCPSa DF M i
n [kDa] Ð i M f

n [kDa] Ð f

P066 P059 1 5.2 1.27 gel —

P070 P055 2 4.9 1.27 28.4 7.76

P071 P060 4 3.8 1.21 23.3 5.37

P072 P061 8 4.8 1.33 18.5 2.80

Table 3.14: Effect of the dilution on the gelation of DCPS in the absence of St. Condi-

tions: DCPS:CuCl2/TPMA:AsAc:Na2CO3 = 1.04:0.05:0.5:1.5b, V Tol = (3×DF)mL, V EtOAc

= (3×DF)mL, V EtOH = (1×DF)mL, T = 70 ◦C, t = 18 h. aThe origin of the DCPSs, which

are synthesized in Table 3.12. bFor convenience, MRs are referred to 3mL of St (which has MR =

100), even if St is not present.
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Figure 3.29: Effect of the dilution on the gelation of DCPS in the absence of St: Mn and Ð versus

DF (left), and GPC analysis (right) (entries P070–P072 of Table 3.14). The two straight lines on

the left show the linear regressions (R2
Mn

= 0.9996, R2
Ð = 0.9996).

3.13.4 Decreasing the linear telechelic PS concentration

A similar strategy to the dilution of subsection 3.13.3 is decreasing the concentration

of DCPS, leaving unchanged the concentrations of other reagents. Differently from

dilution, decreasing the concentration of DCPS changes the ATRP equilibrium,

increasing the ratio between propagating radicals and dormant species. In Table 3.15,

the concentration of DCPS is progressively halved until it reaches an eighth of the

concentration of reaction P066, which yielded a gel.

Entry DCPSa (MR) M i
n [kDa] Ð i M f

n [kDa] Ð f

P066 P059 (1.04) 5.2 1.27 gel —

P073 P062 (0.52) 4.6 1.31 26.3 5.50

P074 P062 (0.26) 4.6 1.31 21.1 3.05

P075 P062 (0.13) 4.6 1.31 17.8 2.44

Table 3.15: Effect of the DCPS concentration on the gelation of DCPS in the absence of St.

Conditions: CuCl2/TPMA:AsAc:Na2CO3 = 0.05:0.5:1.5b, V Tol = 3mL, V EtOAc = 3mL, V EtOH

= 1mL, T = 70 ◦C, t = 18 h. aThe origin of the DCPSs, which are synthesized in Table 3.12. bFor

convenience, MRs are referred to 3mL of St (which has MR = 100), even if St is not present.

As expected, the decrease of DCPS concentration is followed by a decrease in

M f
n and Ð f. Figure 3.30 shows the trend of M f

n and Ð f and the GPC analysis with

respect to the concentration of DCPS. All the GPC traces appear polymodal, except

for entry P075 with the lowest MR of DCPS which appears bimodal. The MALLS

analysis (subsection 2.2.2) revealed the branched nature of all the PS obtained from

Table 3.15, even if the one obtained from entry P075 was just above the boundary

between branched and linear.
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Figure 3.30: Effect of the DCPS concentration on the gelation of DCPS in the absence of St: Mn

and Ð versus DCPS MR (left), and GPC analysis (right) (entries P073–P075 of Table 3.15). The

two straight lines on the left show the linear regression (R2
Mn

= 0.996, R2
Ð = 0.979).

In conclusion, gelation was also observed for ARGET ATRP systems with DCPS

as macroinitiator and without St monomer. Also dilution of the system or decreasing

the concentration of DCPS yielded branched polymers. For the first time, branching

was observed for a temperature greater than 90 ◦C. These results underline the

importance of termination reactions in the branching phenomenon.

3.14 Catalytic radical termination

To have the formation of a macrocycle from a DCPS chain, both chain ends must

be active (i.e. radicals, and not halogenated). However, in an ATRP system, the

concentration of radicals is much lower than the concentration of halogenated chain

ends. For that reason, the probability of having both radical chain ends on the

same polymer is extremely low. The probability is calculated in the following

subsection 3.14.1.

3.14.1 Probability of having two radicals on the same bifunc-

tional polymer chain

With the following formulas, it can be estimated the probability of having three types

of bifunctional polymer chains: (i) with two radical ends, (ii) with two halogenated

ends, and (iii) with two different ends (i.e. one radical and one halogenated). Then,

the population of the three polymer chain types is derived from the probability

formulas. The formulas are then applied to the kinetic analysis (section 3.5) to
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convert the formulas into numbers.

Equations 3.1, 3.2, and 3.3 are used to calculate the probability of finding a

bifunctional polymer with two radical ends, two halogenated ends, or two different

ends, respectively. The number of radical chain ends is expressed by r, while x is

the number of halogenated chain ends. The approximations are based on the fact

that, in ATRP, the number of halogenated ends is much greater than the number of

radical ends and that both of them are significantly greater than 1 (x � r � 1).

Prr =
r

x+ r
· r − 1

x+ r − 1
≈
( r
x

)2
(3.1)

Pxx =
x

x+ r
· x− 1

x+ r − 1
≈ 1 (3.2)

Prx+xr =
r

x+ r
· x

x+ r − 1
+

x

x+ r
· r

x+ r − 1
≈ 2r

x
(3.3)

By multiplying the probabilities of Equations 3.1–3.3 with the number of the

total polymer chains in the system, it is possible to calculate the number of chains

with two radical ends, two halogenated ends, and two different ends (Equations 3.4,

3.5, and 3.6, respectively). The total number of bifunctional polymer chains is the

half of the total number of chain ends (x+r
2
), which is approximated to x

2
.

Nrr ≈
( r
x

)2
· x
2
=

r2

2x
(3.4)

Nxx ≈ 1 · x
2
=

x

2
(3.5)

Nrx+xr ≈
2r

x
· x
2
= r (3.6)

As shown in Equation 3.7, the number of radical ends can be determined by

multiplying together the concentration of radicals (R · ), the volume of the reaction

mixture (V ), and the Avogadro constant (NA). The number of halogenated ends is

instead expressed in Equation 3.8 and can be approximated to the total number of

chain ends, i.e. two times the number of polymer chains. The total number of chains
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depends only on the moles of initiator (nIni). The radical concentration of an ATRP

system can be calculated with the Equation 1.3 of section 1.2. By plotting the values

of ln [M]0
[M] against the time (t) (Figure 3.31), it is possible to calculate the radical

concentration from the slope of the linear regression (m) (Equation 3.9). Since kp of

St is known and constant at constant temperature (Equation 3.10), [152] the radical

concentration can be easily calculated. The linear regression of Figure 3.31 is based

only on the first four points (including the origin) because after the 3.3 h the linearity

is lost due to a decrease in the radical concentration.

r = [R · ] · V ·NA (3.7)

x ≈ 2 · nIni ·NA (3.8)

m = kp · [R · ] (3.9)

kp = 107.630 · e
−32.51
R·T (3.10)
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Figure 3.31: Semi-logarithmic plot of the kinetic analysis: monomer concentration versus time

(entries of Table 3.5). The line shows the linear regression of the data in the interval 0–3.3 h, forcing

the intercept at the origin (R2 = 0.994).

Finally, all the experimental data and the values calculated with Equations

3.1–3.10 are shown hereafter. As a result, the probability of finding a chain with two

radical chain ends is extremely small, near to 10−10%. Instead, the probability of

finding a chain with two different ends is close to 10−4%. The remaining 99.9998%

of the system is composed of chains completely inactive with two halogenated ends.
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V = 7.0 · 10−3 L [R · ] = 1.00 · 10−7 mol L−1 Nrx+xr ≈ 4.2 · 1014 chains

nIni = 2.76 · 10−4 mol r = 4.2 · 1014 molecules Prr ≈ 1.6 · 10−10 %

T = 70 ◦C x ≈ 3.3 · 1020 molecules Pxx ≈ 100%

m = 4.80 · 10−5 s−1 Nrr ≈ 2.7 · 108 chains Prx+xr ≈ 2.5 · 10−4 %

kp = 480Lmol−1 s−1 Nxx ≈ 1.7 · 1020 chains

3.14.2 Catalytic radical termination mechanism

The formation of macrocycles due to the presence of two radical chain ends appears

to be discouraged from a statistical point of view. A catalytic radical termination

(CRT) mechanism involving the catalyst was therefore formulated. [153] Even if in

the literature are reported cases of CRT reactions only with acrylates, [154–156] the

statistical analysis suggests that a more complex reaction mechanism underlies the

branching phenomenon.

A CRT mechanism is highlighted in Scheme 3.4. The CuIL should be able to

bond to the radical end of a polymer chain (Pn · ), forming a stable organometallic

compound (Pn CuIIL). The stable organometal can then react with another radical

chain end ( ·Pm) with two different paths. In the path above, a radical reaction

expels the CuIL and a new covalent bond between two C atoms is formed. In the

path below, a high-valent organometal is formed (Pn CuIIIL Pm), which quickly

follows a reductive elimination. In both pathways, the result is a dead polymer chain

(Pn Pm). If Pn · and ·Pm are part of the same bifunctional polymer chain, then the

formed Pn Pm species is a macrocycle.

Pn + CuIL Pn CuIIL

Pn CuIIIL

Pn Pm
+ CuIL

Pm

reductive

elimination

Pm

Pm

Scheme 3.4: Proposed CRT mechanisms.

It is however important to highlight that, using a bifunctional initiator, a termina-

tion reaction between two different polymer chains generates a still living bifunctional

chain and not a dead polymer, as shown in the following reaction.

X Pn X + X Pm X
termination
reaction X Pn Pm X

As a result, termination reactions decrease the number of chain ends, but do not
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generate dead polymer chains. The only exception is an intramolecular termination

reaction, which yields a cyclic polymer without any reactive chain end.

3.14.3 Decreasing the load of catalyst

To understand if CRT reactions are occurring, a decrease in the load of Cu was

studied in a system that gives gelation. As reported in Table 3.16, the MR of the

Cu catalyst was progressively halved from 0.05 up to 0.00313 (entries P076–P080).

Surprisingly, the gelation occurred with all the different amounts of catalyst. In

the case of entry P080 with the lowest amount of catalyst, the reaction time was

extended to 90 h because after 18 h the reaction mixture did not gel, but appeared

very viscous. Therefore, the gel point (GP) is probably increasing by decreasing the

amount of catalyst but, unfortunately, the GP was not recorded for this series of

reactions. However, the conversions were estimated after treating the gels in Soxhlet

with MeOH, as described in subsection 2.1.2. Even if the conversions are probably

overestimated due to residues inside the gels, they are interestingly increasing as the

amount of catalyst is decreased. In Figure 3.32, it is reported the conversion versus

the logarithm of the catalyst MR. It seems that there is a linear dependence between

the two. The increase in conversion after the decrease in the catalyst amount may

seem strange, but it is expected behavior. [92] By decreasing the load of CuCl2/TPMA

and not the load of AsAc, it is increased the ratio between CuI and CuII. The overall

amount of Cu is decreased, but the relative amount of CuI is increased if compared

to CuII. This speeds up the ATRP process.
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Figure 3.32: Conversion versus the logarithm of the catalyst amount (entries P076–P080 of

Table 3.16). The line shows the linear regression with R2 = 0.986.
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Entry Cata [MR] t [h] Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P076 0.05 18 69 (gel) — — — —

P077 0.025 18 73 (gel) — — — —

P078 0.0125 18 84 (gel) — — — —

P079 0.00625 18 90 (gel) — — — —

P080 0.00313 90 97 (gel) — — — —

P081 — 90 13 107.8 1.5 99 2.76

P082b — 18 72 12.3 3.6 71 1.78

P083c 0.05 18 32 4.4 3.4 24 1.53

Table 3.16: Effect of the catalyst load on gelation. Conditions: St:BC:AsAc:Na2CO3 =

100:1.04:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C. aCuCl2/TPMA. bAIBN

is used instead of BC, same MR. c“Normal” ATRP with transition metal in the lower oxidation

state and without reducing agent: St:BC:CuCl/TPMA:AsAc:Na2CO3 = 100:1.04:0.05:0:1.5.

A reaction without any amount of catalyst was also performed (entry P081 of

Table 3.16). In this case, no gelation was observed, but the conversion was particularly

low, even if the reaction time was extended to 90 h. The low conversion and the

large ∆Mn% suggest that the recovered PS is the product of self-initiation reactions.

An FRP experiment was also set up without catalyst (entry P082 of Table 3.16).

The absence of any halogen in the system prevents the establishment of an ATRP-

like mechanism. [154,157] This FRP system did not return any gelation of the system.

Moreover, the branching phenomenon seems to be completely absent, due to the low

value of Ð and the monomodal GPC trace (Figure 3.33).

Lastly, a normal ATRP system was set up, with CuI and without any reducing

agent (entry P083 of Table 3.16). Even if a reducing agent like AsAc was not added,

Na2CO3 and TPMA can both act as reducing agents under specific conditions. [126]

However, no gelation was observed. The relatively low values of ∆Mn% and Ð,

and the monomodal GPC trace (Figure 3.33) suggest that the recovered PS is not

branched.

Summarizing the results of Table 3.16, gelation was observed even with very low

amounts of CuCl2/TPMA. The gelation of the system seems to be unaffected by the

amount of catalyst. However, decreasing the load of CuCl2/TPMA should increase

the relative amount of CuI compared to CuII and, consequently, it should increase the

radical concentration and the termination reactions, which are fundamental for the

gelation process. Therefore, it is not so unexpected that by decreasing the catalyst
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Figure 3.33: GPC analyses of an FRP (left) and a normal ATRP (right) (entries P082 and P083 of

Table 3.16, respectively).

load there is still a gelation. Conversely, a more controlled ARGET ATRP process

should be achieved by increasing the load of CuCl2/TPMA. On the other hand, the

CuCl2/TPMA load had a more tangible effect on the conversion. Eventually, the

gelation and the branching phenomenon were not observed without catalyst, or when

the system was converted to an FRP, or with a normal ATRP.

Furthermore, the decrease in the quantity of catalyst makes the process more

affordable and leaves less metallic impurities in the final gel. These two aspects

are important for possible future applications and from an industrial point of view.

For these reasons, several following experiments will use an MR of catalyst equal to

0.0125 (instead of 0.05).

3.14.4 Change of ligand

To better understand the role of the catalyst toward the gelation phenomenon and

the CRT reactions, PMDETA and dNbpy were also tested as ligands. The ligands

structures are reported in Figure 3.34 and the reactions are listed in Table 3.17. The

reaction conditions are the ones that lead toward gelation but with an MR of the

catalyst of 0.0125.

Differently from TPMA, no gelation was observed with PMDETA or dNbpy as

ligands (entries P084 and P085 of Table 3.17, respectively). ∆Mn% and Ð values

may be quite high (especially the Ð of entry P085), but there does not seem to

be any branching phenomenon. In fact, GPC analyses do not appear polymodal

(Figure 3.35). The reason for the relatively high values of ∆Mn% and Ð is only

due to the initial tail of both GPC traces. Probably, the tail is due to termination
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Figure 3.34: Tested ligands.

Entry Ligand Conv [%] Mn [kDa] M th
n [kDa] ∆Mn% Ð

P078 TPMA 84 (gel) — — — —

P084 PMDETA 67 17.2 6.9 60 3.23

P085 dNbpy 75 15.4 7.7 50 1.89

Table 3.17: Effect of the ligand on gelation. Conditions: St:BC:CuCl2/Ligand:AsAc:Na2CO3 =

100:1.04:0.0125a:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C. aThe MR of

dNbpy is doubled (MR = 0.025), in accordance with the stoichiometry of the complex.

103 104 105 106
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103 104 105
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Figure 3.35: GPC analyses of ARGET ATRPs with PMDETA (left) and with dNbpy (right) (entries

P084 and P085 of Table 3.17, respectively).

reactions that were consuming the halogenated chain end.

The ligand can regulate the activity of the Cu-catalyst by modulating its redox

potential and by changing the coordination geometry. As a consequence, the overall

ATRP process can be influenced. In this case, the anomalous gelation was not

observed with PMDETA and dNbpy, but this does not mean that TPMA is necessarily

involved in some way in the branching phenomenon. The conditions that lead toward

gelation are so narrow that a change in the ligand (i.e. change in the catalytic activity)

results in a missed gelation. Likely, reaction conditions can be tuned in order to

reach gelation even with a ligand different from TPMA.

In conclusion, the results of this section cannot rule out the presence of CRT
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mechanisms. However, the gelation seems unaffected by the quantity of CuCl2/TPMA

and, in literature, CRT processes were never observed during the polymerization of

St. Therefore, CRT reactions appear to be unlikely. A further investigation may be

needed to definitely rule out the presence of CRT processes.

3.15 Effect of the solvent mixture on gelation

The effect of the solvent mixture on gelation was then investigated. First, it was

increased the amount of St (subsection 3.15.1). St is the monomer, but it has also

an important solvent effect. Then, it was investigated the effect of the ratio between

EtOAc and EtOH on the gelation process (subsection 3.15.2).

3.15.1 Increasing the amount of styrene

Increasing the concentration of St should increase the rate of polymerization and

decrease the rate of termination. At the same time, it should attenuate the catalyst

regeneration and hence slow down the entire ATRP process. In fact, a less polar

environment decreases the solubility of AsAc and Na2CO3, resulting in a smaller rate

of catalyst regeneration. [92]

In the reactions of Table 3.18, the amount of St is simply progressively doubled for

every reaction. The starting point is entry P086 with 3mL of St, which is performed

in the conditions that gave gelation. For reasons related to laboratory equipment, if

the volume of St was not doubled, then all other reagents (including solvents) were

halved (reactions conditions are listed in Table 3.19).

Doubling the amount of St (entry P087 of Table 3.18) returned a gel, like entry

P086, but with higher conversion. The higher conversion is in agreement with the

expected higher propagation over termination rate. The GP was also affected and

was increased due to dilution with St. The fact that a gel was obtained was not

particularly unexpected since doubling the volume of St did not significantly increase

its V/V%.

A four times higher volume of St (entry P088 of Table 3.18, compared with

entry P086) returned a gel too. However, the gel was completely dissolved in Tol,

meaning that a polymer network was not present. GPC or MALLS analyses were
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Entry St GP Conv Mn M th
n ∆Mn% Ð

[V/V%] [h] [%] [kDa] [kDa]

P086 43 5.9 64 (gel) — — — —

P087 60 8.1 89 (gel) — — — —

P088 75 11.5 100 (gel) — — — —

P089 86 — 17 11.6 13.4 −16 1.38

Table 3.18: Increasing the amount of St. The conditions are reported in Table 3.19.

Entry St BC Cata AsAc Na2CO3 EtOAc EtOH St

[mL] [MR] [MR] [MR] [MR] [mL] [mL] [V/V%]

P086 3 1.04 0.05 0.5 1.5 3 1 43

P087 6 0.52 0.025 0.25 0.75 3 1 60

P088 6 0.26 0.0125 0.125 0.375 1.5 0.5 75

P089 6 0.13 0.0063 0.063 0.019 0.75 0.25 86

Table 3.19: Conditions of the reactions of Table 3.18: T = 70 ◦C, t = 18 h. aCuCl2/TPMA.

not performed on this PS sample. It is again important to stress that the gel does

not come from the anomalous branching phenomenon.

In entry P089 (Table 3.18), the relative volume of St is increased by eight times

and no gelation was observed. The conversion was quite small even after 18 h of

reaction time, meaning that the concentration of reagents was too low at this point.

The low Ð and the monomodal GPC trace (Figure 3.36) demonstrate the non-

branched nature of the recovered PS. As already observed, [92] a less polar reaction

mixture (i.e. increasing the amount of St) attenuates the branching phenomenon.

103 104 105
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Figure 3.36: GPC analysis of ARGET ATRP with 86% (V/V ) of St (entry P089 of Table 3.18).
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3.15.2 Changing the ratio between EtOAc and EtOH

The polarity of the medium affects the reaction system and the gelation phenomenon.

As already stated, a less polar environment decreases the solubility of AsAc and

Na2CO3, decreasing the catalyst regeneration rate. This decreases the ratio between

CuI and CuII, slowing down the process and preventing the branching phenomenon. [92]

In Table 3.20 are studied different reaction mixtures with different ratios between

EtOAc and EtOH. Their total volume is always the same (4mL). Different from the

other reactions discussed in this section, EDCP is the initiator, not BC. However, it

was previously discussed how EDCP and BC are equivalent in the ARGET ATRP

system we developed (subsection 3.11.1). All the results are therefore comparable,

regardless of the employed initiator. Even the hypotheses on the mechanism of

the branching phenomenon are the same with any bifunctional initiator. Moreover,

the reaction temperature is 60 ◦C and not 70 ◦C like the other reactions in this

section. Again, this does not change the conclusions that are drawn for the series of

reactions of Table 3.20. In addition, differently from the general procedure described

in subsection 2.1.2, the obtained gels were dried in a vacuum oven skipping the

Soxhlet extraction. Consequently, the conversions of gels are a bit overestimated (for

entry P092 it even exceeds 100%). However, the conversions can still be compared

within this series of reactions since all the gels were treated with the same procedure.

Entry EtOAc EtOH GP Conv Mn M th
n ∆Mn% Ð

[mL] [mL] [h] [%] [kDa] [kDa]

P015 3.5 0.5 — 64 17.4 6.5 63 2.11

P090 3 1 13 72 (gel) — — — —

P091 2 2 8.2 94 (gel) — — — —

P092 1 3 4.8 104 (gel) — — — —

P093 0 4 0.8 5 (gel) — — — —

Table 3.20: Effect of the composition of the solvent mixture on gelation. Conditions:

St:EDCP:CuCl2/TPMA:AsAc:Na2CO3 = 100:1.06:0.05:0.5:1.5, V St = 3mL, T = 60 ◦C, t =

18 h.

The overall result of Table 3.20 is gelation for each volume of EtOH greater than

1mL (i.e. 25% V/V with respect to the total volume of EtOAc and EtOH). For

entries P090–P093, GP is also linearly decreasing by increasing the relative amount

of EtOH, as depicted in Figure 3.37. This suggests that the branching phenomenon
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is accelerated by a higher quantity of EtOH. As expected, a greater amount of EtOH

accelerates also the ARGET ATRP process and, as a consequence, the conversion

is increased. The only exception is for entry P093 with only EtOH: in less than an

hour, a small gel ball was separated from the reaction mixture and it did not grow

further. Probably, termination reactions completely deteriorated the halogenated

chain ends. When gelling occurs, the entire reaction mixture gels. In the case of

entry P093 however, the event was more related to the precipitation of a gel with

phase separation. Curiously, phase separation was also observed for entry P091 and

two layers of very similar gels were formed (Figure 3.38).

EtOH is a poor solvent for PS and increasing its amount results in more contracted

polymer chains in solution. The more the EtOH, the more affinity the PS chains
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Figure 3.37: GP versus solvent mixture composition (entries P090–P093 of Table 3.20). The line

shows the linear regression (R2 = 0.996).

Figure 3.38: Phase separation and formation of two gel layers (entry P091 of Table 3.20). The

arrow points out the interphase between the two gels.
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have for themselves rather than for the solvent. Chemically speaking, the mixing

∆G between the PS and the solvent becomes greater than zero. In Figure 3.39 is

represented the effect of the solvent on the polymer coil dimension. In θ conditions,

the ∆G is equal to zero and the polymer coils behave like ideal chains. The outcome

of a poor solvent is contracted coils, which can separate themselves from the solvent

and can be bound together by termination reactions, even forming macrocycles in

our case. In fact, in a relatively poor solvent, the polymer chains are led to a collapse,

which increases the probability of ring closure. [158] However, the composition of the

solvent mixture (i.e. the relative amounts of EtOAc and EtOH) is not the only

parameter that is affecting the polymer coil dimension. Clearly, the chain length and

the temperature are also influencing the solubility of the PS chains and the ∆G. [159]

Figure 3.39: Schematic representation of polymer coils in solvents of different quality.

In conclusion, increasing the polarity of the reaction mixture has two effects.

First, it increases the radical concentration by boosting the catalytic activity. Second,

it pushes the PS chains toward a more globular conformation. These two effects

enhance the gelation by formation of a polycatenane network. In fact, a decrease in

GP was observed for an increased polarity of the reaction mixture.

3.16 Study of gel point

3.16.1 Effect of temperature and catalyst load

In section 3.1, it was discussed how the gelation phenomenon was only observed

around 60 ◦C in specific reaction conditions. In this section, it is studied the tem-

perature effect on gelation by measuring the GP. As reported in Table 3.21, the
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Entry Cata [MR] T [◦C] GP [h] Conv [%]

P094 0.05 50 10.8 59

P095 0.05 60 7.2 64

P086 0.05 70 5.9 64

P096 0.0125 50 20.7 82

P097 0.0125 60 10.8 81

P078 0.0125 70 6.1 84

Table 3.21: Effect of temperature and catalyst concentration on GP. Conditions:

St:BC:AsAc:Na2CO3 = 100:1.04:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, t = 18 h

(except for entry P096, where t = 48 h). aCuCl2/TPMA.

temperature windows is 50–70 ◦C and two concentrations of CuCl2/TPMA are chosen.

In this way, the effect of the catalyst concentration on GP can also be evaluated.

The result is that GP is decreased by temperatures closer to 70 ◦C and by greater

amounts of CuCl2/TPMA (Figure 3.40). However, the difference in GP between

the two series with different CuCl2/TPMA concentrations becomes smaller as the

temperature is increased. At 70 ◦C in fact, the GP is almost the same with the two

different quantities of CuCl2/TPMA.

Furthermore, as already observed in subsection 3.14.3, the conversions are higher

when the load of CuCl2/TPMA is lower. The temperature does not seem to have a

particular effect on conversion.
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Figure 3.40: Effect of temperature and catalyst concentration on GP (entries of Table 3.21).

3.16.2 Effect of reagents quantities and their ratios

In entries P098–P101 of Table 3.22, it is studied the effect of the load of BC on

the gelation phenomenon. The amount of BC is progressively doubled and the
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Entry BC [MR] AsAc [MR] Na2CO3 [MR] GP [h] Conv [%]

P098 0.52 0.25 0.75 8.0 68

P099 1.04 0.5 1.5 6.3 83

P100 2.09 1 3 6.5 98

P101 4.18 2 6 10.6 103

P102a 1.04 1 1 — 77

P103 1.04 1 1.5 7.3 —

Table 3.22: Effect of BC amount and ratio between AsAc and Na2CO3 on gelation. Conditions:

St:CuCl2/TPMA = 100:0.0125, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL, T = 70 ◦C, t = 18 h.
aMn = 16.0 kDa, M th

n = 7.9 kDa, ∆Mn% = 51, Ð = 1.77.

ratios between BC, AsAc, and Na2CO3 are kept constant. These ratios are the

ones that have always led to gelation (BC:AsAc:Na2CO3 = ∼1:0.5:1.5). The MR of

CuCl2/TPMA is 0.0125.

The GP is the lowest when an MR of BC of ∼1 or ∼2 is used. For lower or higher

amounts, the GP is increased. Apparently, the concentration of radical chain ends is

influencing the termination reactions. As already stated, termination reactions are

at the basis of the anomalous branching phenomenon (section 3.5).

Moreover, increasing the amount of BC increased conversion. This probably

depends on the propagation rate due to the higher concentration of radicals. However,

a higher amount of insoluble species (i.e. AsAc and Na2CO3) leads to a greater quantity

of impurities in the final gel. In fact, the conversion of entry P101 exceeds 100%.

In entry P102 of Table 3.22, the stoichiometry between BC, AsAc, and Na2CO3

was re-established. As can be seen from the three reactions below, the stoichiometric

ratio between BC, AsAc, and Na2CO3 is 1:1:1 (1BC = 2Pn X). Termination reaction

accumulate CuII, which is regenerated by AsAc. Na2CO3 quenches the acidity released

by the regeneration. For a deeper insight into the reactions involving BC, AsAc, and

Na2CO3, see Scheme 1.3.

2Pn X + 2CuI Pn Pn + 2CuII + 2X–

2CuII + AsAc 2CuI + DHAs + 2H+

2H+ + Na2CO3 2Na+ + H2O + CO2

The net result of these reactions which makes more explicit the stoichiometry between

BC, AsAc, and Na2CO3 is reported in the reaction hereafter.
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2Pn X + AsAc + Na2CO3 Pn Pn + DHAs + 2Na+X– + H2O + CO2

The result of entry P102 with the re-established stoichiometry is a missed gelation.

The only difference between the conditions of the re-established stoichiometry and

the general conditions that lead to gelation is that the quantity of AsAc is doubled

and the load of Na2CO3 is decreased by a third. Moreover, the recovered PS seems

not to show the branching phenomenon due to the low Ð and the bimodal GPC

(Figure 3.41). The long reaction time and the quite high conversion are responsible

for the onset of bimodality.
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Figure 3.41: GPC analysis of ARGET ATRP with a re-established stoichiometry between BC,

AsAc, and Na2CO3 (entry P102 of Table 3.22).

Since in entry P102 increasing the amount of AsAc and decreasing the load of

Na2CO3 (compared to P099) led to a missed gelation, in entry P103 (Table 3.22),

only AsAc is increased and Na2CO3 is kept constant. The result is gelation with a

slightly higher GP (in comparison to P099). Apparently, the Na2CO3 needs to be

in excess. However, it has to be taken into account the poor solubility of Na2CO3

in our reaction system. The Na2CO3 has three main roles in this reaction system.

(i) It quenches the acidity released during the redox reaction between CuII and AsAc.

(ii) Na2CO3 activates AsAc through deprotonation. (iii) Na2CO3 can also directly

reduce CuII when combined with EtOH. [126] The importance of these three roles is

underlined by the fact that polymerization was not observed without Na2CO3. [92]

Thus, decreasing the load of Na2CO3 slows down these three effects and, consequently,

the regeneration of CuII to CuI. This diminishes the concentration of radicals, the

rate of propagation reaction, and termination by radical–radical coupling. As already
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stated, termination reactions seem to play a crucial role in the anomalous branching

phenomenon.

It was then studied the effect that the amount of AsAc and Na2CO3 has on GP,

but with a constant ratio between them (AsAc:Na2CO3 = 1:3). In Table 3.23, the

usual loads of AsAc and Na2CO3 of entry P086 are slightly increased in entry P104,

doubled in entry P105, and tripled in entry P106.

As expected, the overall result is a steep decrease in the GP by increasing the load

of AsAc and Na2CO3. A higher amount of AsAc and Na2CO3 increases the catalyst

regeneration rate and, consequently, the concentration of CuI and radical species.

With more radicals, termination reactions are favored. The anomalous branching

phenomenon was indeed associated with termination reactions. Furthermore, the

small decrease in conversion after increasing the loads of AsAc and Na2CO3 could

mean that the ratio between the rates of termination reactions and propagation

reactions is increasing.

Entry AsAc [MR] Na2CO3 [MR] GP [h] Conv [%]

P086 0.5 1.5 5.9 64

P104 0.55 1.65 4.3 66

P105 1 3 3.0 58

P106 1.5 4.5 2.8 54

Table 3.23: Effect of the AsAc and Na2CO3 amount on GP, with constant AsAc:Na2CO3 ratio of

1:3. Conditions: St:BC:CuCl2/TPMA = 100:1.04:0.05, V St = 3mL, V EtOAc = 3mL, V EtOH =

1mL, T = 70 ◦C, t = 18 h.

In conclusion, the temperature has a strong influence on the GP. A temperature

closer to 70 ◦C is related to a lower GP. However, the investigated temperature

window is narrow because gelation was not observed for temperatures greater than

90 ◦C (section 3.1). The catalyst concentration affects also the GP, but to a lesser

extent. A higher concentration of catalyst corresponds to a lower GP. Furthermore,

the AsAc/Na2CO3 ratio and the absolute amount of Na2CO3 seem to be fundamental

for the gelation to occur. Increasing the load of AsAc and Na2CO3 and keeping

constant the load of BC strongly decreases the GP.
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3.17 Effect of the halogen on gelation

In this section, it is studied the effect that the halogen can have on the anomalous

gelation. In addition to Cl, Br was the only other halogen tested, since these two

are the most efficient halogens for ATRP. The nature of the halogen changes the

reactivity of the halogenated chain end and the reactivity of the catalyst. [160] Clearly,

the halogenated species in an ATRP system are two: the initiator and the catalyst.

While BC and CuCl2 were used in the Cl-ATRP, BB and CuBr2 were used in the

Br-ATRP.

In Table 3.24, three different gelation systems at 50, 60, and 70 ◦C are studied

with both Cl and Br. All the reaction systems with Cl returned a gel. At 50 ◦C, the

reactions times were extended from 18 h to 48 h, because for Cl it was observed a

GP of 20.7 h (entry P096 of Table 3.24).

Entry X T t GP Conv Mn M th
n ∆Mn% Ð

[◦C] [h] [h] [%] [kDa] [kDa]

P078 Cl 70 18 6.1 84 — — — —

P107 Br 70 18 9.7 87 — — — —

P097 Cl 60 18 10.8 81 — — — —

P108 Br 60 18 — 78 39.3 8.0 80 4.79

P096 Cl 50 48 20.7 82 — — — —

P109 Br 50 48 — 84 38.7 8.6 78 4.18

Table 3.24: Effect of the halogen on the gelation. Conditions: St:BXa:CuX2/TPMA:AsAc:Na2CO3

= 100:1.04:0.0125:0.5:1.5, V St = 3mL, V EtOAc = 3mL, V EtOH = 1mL. aBC when X = Cl, BB

when X = Br.

103 104 105 106 107

MW [Da]
103 104 105 106

MW [Da]

Figure 3.42: GPC analyses of ARGET Br-ATRP systems at 60 ◦C (left) and 50 ◦C (right) (entries

P108 and P109 of Table 3.24, respectively).
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Interestingly, Br was able to return a gel, but only at 70 ◦C (entry P107, Ta-

ble 3.24). At 60 ◦C and 50 ◦C (entries P108 and P109 of Table 3.24, respectively),

two branched PSs were recovered. The branched nature of these PSs is shown by

the high values of ∆Mn% and Ð, by the polymodal GPC traces (Figure 3.42), and

by the MALLS analysis (subsection 2.2.2). Furthermore, the traces of the two GPCs

of Figure 3.42 are very similar.

The anomalous branching phenomenon is hence present even with a halogen

different from Cl, like Br. However, the ATRP equilibrium is affected by the different

reactivity of Br. For this reason, in some cases a gel was obtained from Cl, but not

from Br. In any case, the PSs obtained from the Br-ATRP systems were branched.
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Chapter 4

Conclusion

The anomalous gelation during the ARGET ATRP of St was studied. The ARGET

ATRP is using a bifunctional initiator and is catalyzed by CuCl2/TPMA, which is

regenerated by a combination of AsAc and Na2CO3. The solvent is composed of a

mixture of EtOAc and EtOH. This work investigated various critical variables that

stimulate the branching phenomenon which leads to gelation.

Various aspects of the gelation were studied in order to understand the mechanism

of the anomalous branching. The phenomenon was influenced by the following factors.

• Temperature. The increase in temperature caused the phenomenon to disap-

pear (section 3.1 and subsection 3.16.1).

• Relative quantities of initiator, AsAc, and Na2CO3. Their ratio should

be close to Ini:AsAc:Na2CO3 = 2:1:3 (sections 3.2, 3.4, and subsection 3.16.2).

• Polarity of the medium. Decreasing the polarity (by increasing the content

of EtOAc or St) decreases the solubility of AsAc and Na2CO3. In this way, the

rate of reactivation of the catalyst is slowed down and the concentration of

radicals is lower (sections 3.3 and 3.15).

• Reducing agent. Branching was observed only with AsAc, because of its

activity as reducing agent (section 3.7).

• Type of initiator. The bifunctionality of the initiator is a fundamental

requirement (section 3.11).
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• Termination reactions. The kinetic analysis revealed that a decrease in

radical concentration and a steep increase in the Mn is associated with the

gelation phenomenon. Both these events indicate a high number of termination

reactions (section 3.5). In fact, different monomers that have the tendency

to terminate by disproportionation rather than coupling did not show the

branching phenomenon (section 3.6). Furthermore, gelation was also achieved

by forcing termination reactions in an ARGET ATRP system with DCPS and

without St (section 3.13).

On the other hand, branching does not seem to be affected by the type of halogen.

Gelation and branching were achieved both with Cl and Br (section 3.17). Even

the load of CuCl2/TPMA seems not to affect the gelation phenomenon. However,

the branching phenomenon disappeared when the ligand was changed, but this is

probably due to a change in the catalytic activity (section 3.14).

Various hypotheses have been formulated for the reasons behind the branching

phenomenon: the inimer, the chain transfer, the unsaturation of PS chain ends,

and the polycatenane (sections 3.8, 3.10, 3.9, and 3.12, respectively). However,

the first three hypotheses were disproved by several experimental evidence and the

polycatenane hypothesis seems to be the most plausible.

All the experimental data and the study of the polycatenane hypothesis allowed

the formulation of the mechanistic framework about the reaction conditions that

give the anomalous branching, depicted in Scheme 4.1.

The gelation depends on two things. First, the polymer chains are needed to

collapse on themselves, with the two chain ends approaching each other. Then the

two chain ends can react forming a bond following a termination reaction.

The collapse of the chains in solution mainly depends on the solubility of the

chains. Therefore, it depends on the polarity of the medium. In fact, increasing the

relative amount of EtOH (compared to EtOAc) makes the PS chains less soluble.

Furthermore, the polarity of the medium is also influenced by the amount of St,

which is present in not negligible volumes.

The collapse of the chains depends on the temperature as well, because the

temperature affects the solubility. Lastly, it depends on the chain length: the longer

the polymer, the less soluble it is.
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Scheme 4.1: Mechanistic framework of the branching phenomenon.

In its turn, the chain length depends on the quantity of initiator, because the

amount of initiator determines the number of polymer chains that are growing

together. The chain length depends also on the propagation rate, i.e. how quickly

new St monomers are incorporated in the polymer backbone. The propagation rate

is clearly influenced by the temperature, [152] but it is also increased by increasing

the concentration of St (the more St in the system, the faster the radical addition).

On the other side, termination reactions depend on the chain length too. In

fact, the probability of ring closure is related to the distance between two chain

ends. However, the opposite is also true: the chain length depends on termination

reactions. With a bifunctional initiator, a termination reaction between two different

chains gives back a longer single chain with still two reactive chain ends, with the

effect of increasing the chain length. Furthermore, termination reactions are related

to the concentration of the radicals. In its turn, the radical concentration depends

on the ATRP equilibrium and, therefore, it depends on the concentrations of the

initiator and on the relative amounts of CuI and CuII.

The relative amounts of CuI and CuII depend on: the redox potential, the reducing

system, and the initial load of Cu. The redox potential is influenced by the stability

of the complex (or better, on its formation constant) and it depends therefore on the

polarity of the medium for the same ligand. Next, the reducing system is composed
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of AsAc and Na2CO3, which are not completely soluble in our reaction mixture.

Therefore, their activity depends on their solubility and therefore on the polarity of

the medium too.

This scheme summarizes all the levers that can be pulled to drive the system

toward a gelation or a controlled ATRP. By slightly changing one parameter, a gel or

a perfectly controlled PS can be obtained. For example, a process that leads toward

a controlled polymer can be pushed to gelation by simply increasing the amount of

EtOH in the reaction mixture. More EtOH increases the polarity of the medium,

which increases the collapse of the chains. It also increases the catalyst activity by

better solubilizing the reducing system. Therefore, increasing the amount of EtOH

increases the radical concentration and the termination reactions, which are the two

key factors of the anomalous branching phenomenon.

4.1 Future perspectives

4.1.1 Labile initiator

To prove the polycatenane hypothesis, macrocycles with degradable bonds should

be synthesized. If the macrocycles can be opened, then linear polymer chains are

obtained (Scheme 4.2). In this way, the gel can be transformed into solubilizable

linear PS chains, which are analyzable via GPC. Scheme 4.2 shows an example where

the macrocycles are open by breaking a disulfide bond through a reduction. The

disulfide bond could in fact be the most suitable bond for this purpose.

S S

HS SH

reduction

Scheme 4.2: Reduction of a disulfide bond to transform a macrocycle into a linear chain.

Nevertheless, other labile bonds may be considered to be inserted on the macro-

cycles. Esters, for example, can be easily broken by hydrolysis. Unfortunately, esters

are probably too weak and they can give transesterification in our ARGET ATRP

system, where an alcohol and a base are present (EtOH and Na2CO3). On the other

hand, amide bonds are much stronger than ester bonds. However, hydrolysis of
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amides can require extreme conditions due to their high bond strength. Furthermore,

hemiacetals can also be easily degraded. However, hemiacetals can form acetals in

the presence of an alcohol like EtOH. Another possibility is to have an alkene as a

degradable bond. The alkene needs to be substituted to prevent radical reactions,

but it can be broken by ozonolysis. Nonetheless, the generation or the supply of

ozone can be a problem from a laboratory procedure point of view. Moreover, ozone

is a strong oxidant and it could also degrade the aromatic rings contained in the PS.

Lastly, the retro-Diels–Alder can be exploited to open a ring by breaking two σ-bonds.

However, very high temperatures may be required to make the retro-Diels–Alder

process thermodynamically favorable. For all these reasons, the disulfide bond seems

the most appropriate labile bond.

The disulfide bond can be reduced (and broken) after the gelation to disrupt the

polymer network. Someone could argue that the ARGET ATRP process that gives

gelation is a reducing environment and the disulfide bond could be broken during

the polymerization. However, initiators and monomers with disulfide bonds were

previously used in ATRP, [124,161] even in ARGET ATRP systems with AsAc. [162–164]

The easiest way to add a disulfide bond in the middle of the polymer chain is to

incorporate it in the initiator. Since the anomalous branching occurs only with a

generic bifunctional initiator, the disulfide bond should be placed between the two

initiating sites. Therefore, the general structure of the required labile bifunctional

non-geminal initiator is Cl R1 S S R2 Cl. The chosen halogen is Cl, as in most

of this study.

Among all possible R1 and R2 groups, one of the feasible initiator structures is

highlighted in Scheme 4.3, together with its retrosynthetic pathway. This type of

initiator is one of the best choices in terms of synthetic ease, availability of synthons,

dangerousness of the reactants, and costs. In this initiator, the disulfide bond is

found between two benzene rings and the initiating sites are secondary chlorides,

which are sufficiently activated.

The retrosynthesis starts from 4′-iodoacetophenone. The first reaction (R1)

should be the substitution of the aromatic iodide to obtain the thiophenol. Then,

the ketone can be reduced to alcohol (R2) and substituted with a chloride (R3). The

final step is the formation of the disulfide bond by oxidation (R4).
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Cl
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S

Cl

Cl

SH

HO
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R1 R2

R3

R4

Scheme 4.3: Retrosynthesis of the target bifunctional initiator containing a disulfide bond.

The first aromatic substitution R1 can be easily performed with Na2S [165] or

S powder. [166] Alternatively, it can be performed with 1,2-ethanedithiol or 1,4-

butanedithiol. [167] The mercapto group can be inserted on the benzene ring even

using thiourea. [168] Generally, these reactions are Cu-catalyzed and performed in

dimethyl sulfoxide (DMSO) or N,N -dimethylformamide (DMF), in the presence of a

base.

The reaction R2 is a pretty straightforward reduction reaction. It can be performed

with a simple reducing agent like NaBH4. [169] Otherwise, the Meerwein–Ponndorf–

Verley reduction could be a good alternative, which uses an alcohol as hydride

donor as is catalyzed by an Al alkoxide (Scheme 4.4). If the sacrificial alcohol is

isopropyl alcohol (IPA), the resulting acetone can be continuously removed from the

reaction mixture by distillation, shifting the equilibrium toward the desired product.

Interestingly, a reaction similar to the Meerwein–Ponndorf–Verley was performed

even without any metal catalyst. [170]

R1 R2

O OH
+

R1 R2

OH O
+

Al(OR)3

Scheme 4.4: Meerwein–Ponndorf–Verley reduction with IPA as hydride donor.

The nucleophilic substitution R3 can be performed with SOCl2 [171] or with

POCl3. [172] A more environmentally friendly process concerns the usage of HCl in

H2O. [173] An interesting alternative is the deoxygenative chlorination, which could

execute R2 and R3 in a single reaction. The deoxygenative chlorination is a one-pot

reaction and can be performed with MeSiHCl2 and with FeCl3 as catalyst [174] or with

Me2SiHCl and In(OH)3. [175]

Finally, the formation of the dimer and the disulfide bond by oxidation (R4) can

be accomplished with a simple oxidizing agent and the possibilities are many. [176]
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There is a possibility that this reaction also occurs spontaneously when the reaction

mixture is exposed to air. Furthermore, the disulfide bond could also be formed in

all of the previous synthetic steps, which could make easier the purification of the

product. In fact, the dimers should have higher melting temperatures and should be

purified more easily by crystallization.

4.1.2 Analytical study of gels

In this work, if a system did not return a gel, the recovered PS was analyzed via

GPC and MALLS. However, if a gel was obtained, no particular analyses were

performed and limited amount of data about the PS gels have been collected. The

only parameter to evaluate the quality of the gel was the GP. From a macroscopic

point of view, the morphology was also roughly evaluated based on the consistency

and the rubberiness of the gel, but this does not provide an objective parameter on

which to make any inferences.

Therefore, a deeper study of the obtained PS gels should be done. In our research

group, we have already started studying some aspects, such as the gel content and

the swelling degree. Other analyses should be conducted on gels obtained in different

reaction systems, such as thermogravimetric analysis (TGA), differential scanning

calorimetry (DSC), and shear stress-strain tests. Besides, other SEM images of

different gels (in different spots) could be collected.

Furthermore, particular attention should be directed to the physical properties of

the gels. The polycatenane network could show interesting mechanical properties. In

fact, a recently published article by Hu et al. investigates the elastomeric properties

of cyclic polydimethylsiloxane. [146]

4.1.3 Gelation in dispersed media

Even though anomalous gelation is an interesting reaction, it has few applications,

especially from an industrial point of view. The gelation of an entire reactor is not of

particular interest. For this reason, it might be interesting to transfer the anomalous

gelation into dispersed media.

With dispersion polymerization or oil-in-water emulsion polymerization, small

droplets can be gelled, forming small spherical particles. These small spheres
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can be used as chromatographic packing materials, spacers in large liquid crystal

displays, and colloid crystals. They can also be used as calibration standards in

various instruments, like light scattering devices, electron microscopes, and particle

size counters. They also find other applications such as controlled drug release

vehicles, immunoassays, cell separation and cultivating, synthetic receptors, carriers

for reagents, catalysts, and enzymes. [177]
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Part II

Atom Transfer Radical Addition and

Lactonization
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Chapter 5

Introduction to atom transfer radical

addition

ATRA is a powerful synthetic tool for the formation of C C bonds. [178] It was first

described in 1945 by Kharasch et al. as a free radical addition of CCl4 and CHCl3 to

alkenes in an anti-Markovnikov way. [179] A modern ATRA process is usually catalyzed

by a transition metal complex, generally formed by Cu and a N-based ligand. As

shown in Scheme 5.1, in the activation step, the reduced form of the complex [CuIL]+

can abstract a halogen atom from an alkyl halide (R1 X). The result is the generation

the corresponding oxidized [X CuIIL]+ and the organic radical ·R1. The radical can

then react with the double bond of the alkene, generating the radical monoadduct.

In the deactivation step, the [X CuIIL]+ species quenches the radical, giving the

desired halogenated monoadduct and completing the catalytic cycle.

R1 X R1

R2

R2

R1
R2

R1

X

[CuIL]+ [X–CuIIL]+

Activation

Deactivation

Scheme 5.1: Cu-catalyzed ATRA mechanism.

To achieve a high selectivity in an ATRA process, it is necessary to follow

two rules. (i) It is important to avoid any further halogen abstraction from the

product. Therefore, the substrates are usually chosen in a way that the radical
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monoadduct is much less stabilized than the initial radical. (ii) The avoidance of

oligomerization/polymerization is also a significant concern. This can be achieved

with a fast deactivation rate to give the halogenated monoadduct. [37]

These two rules, however, strongly limit the range of substrates that can undergo

the ATRA. This study aims to break these rules by joining the ATRA with a

subsequent lactonization reaction. A new type of reaction (called atom transfer

radical addition and lactonization, ATRA-L) is then defined, which should drastically

expand the use of ATRA.

5.1 The advantages of atom transfer radical addi-

tion and lactonization

ATRA-L is a new acronym that we are proposing to describe a class of reactions.

The ATRA-L reaction (Scheme 5.2) generally occurs between an α-haloester and an

alkene. After the addition takes place, the newly formed monoadduct undergoes a

lactonization. Overall, two new bonds are formed: a C C bond following the ATRA,

and a C O bond following the lactonization. ATRA-L can overcome the ATRA

rules, which represent two significant limitations. If the lactonization is fast enough,

the halogenated monoadduct cannot go through a further activation with halogen

abstraction, breaking the (i) rule. Furthermore, if the lactonization occurs before the

deactivation step, then there is no concern on any oligomerization/polymerization,

breaking the (ii) rule. In this case, the lactonization occurs before the final deactiva-

tion step of ATRA and the halogenated monoadduct form is never reached. However,

the cyclization mechanism is not fully understood yet and it is discussed in more

detail in chapter 7.

Furthermore, ATRA-L can be applied for the preparation of inert or biologi-

cally relevant materials. As discussed in chapter 1, ATRP is a powerful technique

R7

O

O
R1

R6R3R2

R4 R5

X
LactonizationATRA

X

O

O
R1

R3R2

+ R7

R4

R5

R6

O

O

R6
R7

R5
R4

R3

R2

+ R1X

Scheme 5.2: ATRA-L reaction with the formation of γ-lactones.
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used to create polymers with narrow molecular weight distributions and a post-

functionalizable halogenated chain end. The halogen on the chain end is nevertheless

unwanted for some biological applications and, with ATRA-L, it could be transformed

into the relatively inert lactone.
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Chapter 6

Literature review on atom transfer

radical addition and lactonization

Various ATRA-L processes that are present in the scientific literature are investigated

in this chapter. A meticulous investigation was done to gather all the information

about this topic from the literature. However, the ATRA-L was never defined before

as a topic for this type of chemical reaction. Consequently, the literature lacks a

complete overview of this subject. This chapter aims to gather and link all the

scientific information attributable to the ATRA-L reaction. Moreover, some of the

examples described in this chapter cannot be considered ATRA-L reactions in the

strictest sense, but they are still closely related to its definition. For that reason,

these examples are important to be mentioned. Chapter 7 is also based only on the

published scientific literature, but it was separated from this chapter because it is

entirely focused on the mechanism. The topic of the mechanism is broad enough to

deserve a whole chapter of its own.

6.1 First examples of ATRA-L

ATRA coupled with a lactonization was first described in 1948 by Kharash et al. [180]

First, they performed an ATRA initiated by Ac2O2 (Scheme 6.1). Afterward, they

observed the lactonization of the γ-brominated monoadduct during its distillation at

high temperatures, with the loss of bromoethane. In esters and carboxylic acids, the

carbonyl group can displace a γ- or δ-halogen to form γ- or δ-lactones, respectively.
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However, this example can be considered a two-step process and it does not have the

advantages of ATRA-L discussed in section 5.1. Other notable examples of two-step

processes were achieved by other research groups, where the lactonization is only

achieved in a second step after the ATRA reaction. [181–183]

O
Br

O

R+
O

R

O

Br

90 °C

Distillation

160-180 °C

O

O

R

Ac2O2

Scheme 6.1: Two-step ATRA-L from reference [180] (R = n-hexyl).

The very first single-step ATRA-L reaction was described by Freidlina et al.

in 1967 during the telomerization of ethylene [184] and their work is described in

subsection 6.9.1. The following year (1968), three research papers described proper

ATRA-L reactions initiated by Pb(OAc)4 [185] or Mn(OAc)3. [186,187] The usage of

acetate salts in this reaction is discussed in section 6.3.

6.2 Catalysis

Various transition metal catalysts have been used in ATRA-L systems, like

Fe, [184,188,189] Cr, [184] Mo, [188] V, [190] Ru, [191,192] Cu, [193,194] Ni, [195] Co, [196] and Mn. [197]

Wei et al. were the first to employ a photocatalyst, based on Ir. [198] More recently,

Triandafilli et al. not only used Ru and Ir as photocatalyst, but also thioxanthone, a

metal-free one. [199] Acetate salts of Mn, [186,187,190,200,201] Pb, [185] and Ce [190] were also

employed, but as initiators. Therefore, these acetate salts play the role of reagents

and not catalysts, but the metal could have also been involved in some catalytic

activities.

6.3 Acetate salts as initiators

Some of the first examples in the history of ATRA-L reported the use of Mn(OAc)3

as reagent (Scheme 6.2). [186,187,190,200,201] Generally, these reactions are conducted

in AcOH or Ac2O or a mixture of the two. KOAc is used to increase the boiling

point of the reaction mixture. High temperatures are required for the Mn(OAc)3

to generate carboxymethyl radicals ( ·CH2COOH), which can give addition to an
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Mn(OAc)3 +
AcOH/Ac2O

KOAc

∆

O

O

R2
R1

R3
R4

R3

R4R2

R1

Scheme 6.2: ATRA-L initiated by Mn(OAc)3.

alkene. The mechanism of lactonization of the radical monoadduct is discussed in

subsection 7.3.1.

Mn(OAc)3 is composed by trinuclear complexes with octahedral metal centers

(Figure 6.1). [202] Three MnIII ions are conjoined by oxo and acetate bridging ligands.

An α-deprotonation of these acetates is facilitated by the electron deficiency of MnIII

and the outcome is a stable complex with a delocalized electron. As a result, this

deprotonation can generate the equivalent of the reactive intermediate ·CH2COO–,

starting the reaction.

O

Mn

O

Mn

O

Mn

O

O

O O

OO

O

O

O

O

OR

ORRO

Figure 6.1: Structure of Mn(OAc)3. OR groups are bridging AcO– or AcOH.

A notable example of Mn(OAc)3 usage is a double annulation able to generate

polycyclic lactones. [200] In this system, Mn(OAc)3 is only used to generate the radicals

and the product originates from two intramolecular reactions of the substrate. An

example of one of these reactions is depicted in Scheme 6.3.

In addition to Mn(OAc)3, other metal acetates were used in an analogous way,

like Pb(OAc)4 [185] and Ce(OAc)4. [190] However, Mn(OAc)3 is the most used due to its

ready availability and high solubility. Moreover, Pb(OAc)4 has a different structure

compared to Mn(OAc)3 and Ce(OAc)3, and therefore a different mechanism of radical

generation. Pb(OAc)4 is believed to generate radicals through a decarboxylative

pathway.
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Mn(OAc)3

AcOH
O
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Scheme 6.3: Example of double annulation from reference [200].

6.4 Addition of Ac2O to an alkene and lactonization

Huang et al. reported an interesting synthesis method for γ-lactones from alkenes

involving O2. [203] The reaction is highlighted in Scheme 6.4 and it is an oxidation

catalyzed by Cu(OTf)2 and LiBr. This type of oxidation is generally used for

dihydroxylation reactions, where an alkene is converted to a vicinal diol. [204] Dihy-

droxylation reactions can usually go through acetylation of the double bond first,

and then hydrolyzation. In this case however, the addition of Ac2O to an alkene gave

a γ-lactone. The authors proved that the mechanism is not radical by carrying out

control experiments with radical quenching agents and observing no impact on the

reaction. Therefore, the addition of Ac2O on the alkene is not an ATRA process in

this case. In fact, the authors proposed a non-radical addition mechanism, involving

the nucleophilic attack by the enol of Ac2O on the alkene.

O

O

O

R

O2 (1 atm) 120 °C

Cu(OTf)2 LiBr

O

O

R

+

Scheme 6.4: Oxidation of an alkene to γ-lactone by Ac2O from reference [203].

6.5 Sm-induced radical addition of ketones to
alkenes and lactonization

γ-Lactones were also synthesized from a carbonyl and an alkene by Sm-induced

radical addition. [205,206] SmII is a strong one-electron transfer reducing agent, able to

generate a ketyl from a carbonyl and an allylic radical from an alkene (Scheme 6.5).

Both these radical species can react with each other in a radical coupling, forming a

monoadduct. Together with the radical coupling, a proton is incorporated on the

α-C of the ester group. As a consequence, a protic species is needed to complete

the reaction. The monoadduct can then cyclize into a γ-lactone. 2 equiv of SmII
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are required for this reaction, one for the reduction of the carbonyl and one for the

reduction of the alkene. Since SmII is consumed, it is not considered a catalyst, but

a reagent.

R1

O

R2

+

SmII (2 equiv)
O

O

R2
R1

R3

R4

R1

O

R2

+ R3

R4

O

OEt
+H+

O

R1

R2

R3

R4

H

OEt

O

SmII SmII

-OEt

R3 OEt

O

R4

Scheme 6.5: Possible mechanism of formation of γ-lactones from a carbonyl and an alkene with

SmII, from reference [205].

6.6 ATRA-L of stannyl and silyl esters

ATRA-L is generally initiated by an α-halo-alkyl ester or -carboxylic acid (Scheme 5.2).

Differently, some examples in the literature report the usage of tributylstannyl

esters [207–210] and one of trimethylsilyl ester. [192] The general reaction is depicted in

Scheme 6.6 and tributyltin or trimethylsilyl halides (R1X) are by-products of the

lactonization reaction. The liability of O Sn and O Si bonds can promote the

intramolecular lactonization of the monoadduct. For the reaction mechanism, see

subsection 7.1.1.

O
R1

O

X +
R4 R5

∆
O

O

R5R4

R1X

R2 R3

R3

R2

+

Scheme 6.6: ATRA-L between an alkene and a stannyl or silyl ester (R1 = SnBu3 or SiMe3).

6.7 Electroreductive ATRA-L

Shono et al. proposed an ATRA-L initiated by electrochemical methods. [211] As shown

in Scheme 6.7, they performed an electroreductive crossed hydrocoupling of α,β-
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unsaturated esters with aldehydes or ketones in the presence of Me3SiCl, obtaining

γ-lactones. They proposed that the first radical is formed on the double bond of

the α,β-unsaturated ester, following an electroreduction and leaving a radical anion.

The radical can give addition to the aldehyde or the ketone because its carbonyl

group is activated by coordination of the silicon from Me3SiCl. After the addition,

the SiMe3 remains attached to the O atom from the aldehyde or the ketone in the

monoadduct, but it is rapidly expelled by the attack of the ester group, giving a

γ-lactone. The mechanism, however, is not entirely clear and the addition may not

be a radical one. Nevertheless, the peculiarities of this study are that the addition

starts from the alkene and that the reaction is initiated by electrochemical methods.
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Scheme 6.7: Electroreductive crossed hydrocoupling of α,β-unsaturated esters with aldehydes or

ketones from reference [211].

Another interesting study that is worth mentioning was proposed by Ihara et

al. [195] They performed a Ni-catalyzed electroreductive cyclization of halogenated

α,β-unsaturated esters, obtaining δ-lactones. Both the halogenated initiating site

and the alkene reside on the same molecule, but an ester group is located between

them on the backbone. This type of reactions is already discussed in section 6.13,

but in this example, the reaction is performed with electrochemical procedures.

6.8 Addition of α-hydroxy radicals to an alkene and

lactonization

Iwahama et al. reported an interesting ATRA-L example in the presence of O2,

highlighted in Scheme 6.8. [196] The initial radical is generated from a reaction between

an alcohol and phthalimide N -oxyl (PINO), generating an α-hydroxy radical and

N -hydroxyphthalimide (NHPI), respectively. NHPI is regenerated to PINO with

the aid of a Co-based catalyst and O2. The newly-formed α-hydroxy radical gives

radical addition on an α,β-unsaturated ester to give the radical monoadduct. The

radical of the monoadduct is then trapped by O2 and converted into an alcohol,

102



giving an α,γ-diol monoadduct. A lactonization with the elimination of MeOH yields

the final lactone. The interesting aspects of this ATRA-L system are two. First, the

carboxylate is located on the alkene, not on the initiator as usual. There is only

one other example (discussed in subsection 6.9.2) where the carboxylate involved in

the lactonization is located on the alkene monomer. Second, prior to lactonization,

the γ-C is not halogenated, rather hydroxylated. Two other examples suggested a

hydroxylation of the γ-C after addition and are discussed in section 7.2.
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Scheme 6.8: Example of ATRA-L between an α-hydroxy radical and a (meth)acrylate ester from

reference [196].

6.9 Lactonization during radical polymerization

In two examples, an ATRA-L reaction was reported during the radical polymerization

of vinyl monomers. In the first case (subsection 6.9.1), the lactonization occurs as

usual: after one addition, the ester group of the initiator can substitute the halogen

in γ-position. In the second case instead (subsection 6.9.2), lactonization can happen

at any time during the polymerization because every monomer possesses a carboxylic

group and the chain end is always halogenated. In fact, the halogen is in the favorable

γ-position compared to the carboxylic group of the penultimate monomer of the

polymer chain.

6.9.1 Telomerization of ethylene

Freidlina et al. [184] reported an example of ATRA-L as a side reaction during the

telomerization of ethylene with esters of trichloroacetic acid. The reaction is initiated
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by Fe(CO)5 or Cr(CO)6, and it is conducted at 140 ◦C and 100–150 atm. As shown

in Scheme 6.9, they reported the formation of two different γ-lactones, depending

on the number of reacted halogens of the initiator. Interestingly, no lactones were

observed when using a peroxide initiator instead of a metal carbonyl.
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Cl Cl
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n = 1
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Scheme 6.9: Example of ATRA-L during the polymerization of ethylene from reference [184].

6.9.2 ATRP of methacrylic acid

Recently, Fantin et al. [212] observed a chain-end lactonization as a side reaction during

the eATRP and SARA ATRP of methacrylic acid (MAA) with α-bromoisobutyric

acid (BiBA) as initiator (Scheme 6.10). The carboxylate of the penultimate MAA

monomer unit can substitute the Br of the last monomer unit, giving a γ-lactone at

the poly(methacrylic acid) (PMAA) chain end. Since the reaction is carried out in

H2O, the deprotonation of BiBA and the consequent rate of lactonization are directly

dependent on the pH. This study is interesting because it shows that ATRA-L can be

a new and interesting method for the defunctionalization of the halogenated polymer

chain end obtained by ATRP. As discussed in section 5.1, the defunctionalization is

a prerequisite for some biological applications.

6.10 ATRA-L during thermolysis

Maillard et al. studied the thermolysis of tert-butyl-4-peroxypentenoate (TBPP) at

120 ◦C in the presence of cyclohexane as solvent. [213] The thermal initiation step of

TBPP and the propagation step are highlighted in Scheme 6.11. In the propagation

step, t-BuO· can abstract a hydrogen from the cyclohexane, leaving a cyclohexyl
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Scheme 6.10: PMAA chain-end lactonization during the ATRP of MAA from reference [212].

radical. The cyclohexyl radical can give radical addition to the TBPP double bond,

which can lactonize, regenerating the t-BuO· and restarting the cycle. The authors

reported several products generating from several radical reactions, but the final

lactone of Scheme 6.11b was the major product obtained in 35% yield. Needless

to say, t-BuOH was the other major product of the thermolysis with ∼100% yield.

γ-Valerolactone was also obtained via radical cyclization of the pentenoate radical

generated in Scheme 6.11a, but only in ∼1% yield. The reason why in Scheme 6.11b

the t-BuO· seems to react preferentially with the cyclohexane and not other species

is due to the high concentration of cyclohexane (TBPP:cyclohexane = 1:50).

t-BuO
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Scheme 6.11: Initiation (a) and propagation (b) steps of the thermolysis of TBPP from reference

[213].
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6.11 ATRA and iminolactonization or lactamization

If an amide replaces the ester in an ATRA-L with an alkene, the product is an

iminolactone or a lactam, not a lactone. However, iminolactones can be easily

hydrolyzed to lactones in mild acidic reaction conditions. [214] In the literature there

are a few examples of iminolactones and lactams synthesis that exploit the ATRA-L

protocol, [215–218] and one of them is highlighted in Scheme 6.12. The reaction is

carried out between an α-bromoamide and an alkene bearing an electron withdrawing

group (EWG) in the presence of a base and BnBu3NBr, and it is catalyzed by

[CuITPMA]+. Interestingly, the product was an iminolactone or a lactam depending

on the employed reaction conditions. The polarity of the system influenced the

mechanism of cyclization and consequently the product. Indeed, it was observed that

stronger basic conditions and protic polar solvents preferably lead to lactams, whereas

weak basic conditions and aprotic nonpolar solvents mainly yielded iminolactones.

R2
Br

O

N
H

R1 +

[CuITPMA]+, Base

BnBu3NBr

80-100 °C, 20 h

NR2

O

EWG

OR2

N

EWG

R1

R1

EWG

Scheme 6.12: ATRA and iminolactonization or lactamization from reference [216].

6.12 Atom transfer radical cyclization and lacton-

ization

ATRC is an intramolecular ATRA and the product is a cyclic compound. [219] Both

the generated radical and the alkene are on the same molecule and react with

each other. Atom transfer radical cyclization and lactonization (ATRC-L) was

developed by coupling ATRC with a subsequent lactonization. [210] ATRC-L can

generate bicyclic structures, one from ATRC and the other from lactonization. In

Scheme 6.13 is shown an example where ATRC is initiated by AIBN and the obtained
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Scheme 6.13: Example of ATRC-L from reference [210].

5-exo product can lactonize. The mechanism of lactonization is probably the same

as other tributylstannyl compounds, discussed in subsection 7.1.1.

A similar reaction was carried by Curran et al. [220] to obtain the same bicyclic

lactone as the one of Scheme 6.13, but in a different way. The only difference is

that the substrate was not a tributylstannyl ester, but a methyl ester. Anyhow, the

reaction was initiated by organotin compounds, like Bu3SnSnBu3, and AIBN.

6.13 Radical cyclization of α-haloesters

ATRC or free-radical cyclization can also be used to generate lactones. However, the

substrate molecule is required to have an ester group between the alkene moiety and

the generated radical (Scheme 6.14a). [195,221–225] Coincidentally, esters groups are

usually exploited because they can generate a radical from an α-halogen following

an activation. Instead of esters, acetals can also be used to generate the radicals

(Scheme 6.14b), but after the cyclization, they have to be oxidized to obtain a

lactone. [195,226,227]

R1

O
X

O

R1

O

O

or

X

O

R1

O

X

R1

O
X

OR2

R1

O

OR2

or

X

O

R1

OR2

X

ox

(a)

(b)

exo endo

Scheme 6.14: Exo and endo ATRC or free-radical cyclization of ester (a) or acetal (b) substrates to

give lactones.
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6.14 Sequential atom transfer radical reactions

ATRA can be used in combination with ATRC to synthesize complex molecular

structures. Like ATRA-L, this tandem ATRA-ATRC protocol exploits a cyclization

reaction immediately after the ATRA. Some examples of ATRA-ATRC reactions are

reported in literature [228–232] and one of them is highlighted in Scheme 6.15, where the

ATRA and then the ATRC are able to generate interesting tricyclic structures. [233]

Regarding the mechanism, the photo-generation of an alkyl radical occurs, which

can give radical addition to the maleimide. The radical monoadduct is then able to

give cyclization by attacking the benzene ring, resulting in a tricyclic structure. The

aromaticity of the benzene ring is re-established by SET and loss of a proton.

Reversing the order, a tandem ATRC-ATRA was also developed taking advantage

of a faster ATRC, which occurs before the ATRA. [234] Another type of tandem

process is the succession of two cyclizations, namely ATRC-ATRC. [234–237]
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Scheme 6.15: Example of tandem ATRA-ATRC from reference [233] (Z = O, S).

6.15 Green ATRA-L

The development of green chemistry is fundamental to build more sustainable

industrial processes in the future. For this reason, it is important to evaluate the

ATRA-L research also from a green point of view.

Solvents are a major concern in green chemistry, due to their use in large quantities.

As described in section 6.3, some of the first studies in the ATRA-L field employed

acetate salts as initiators. Most of these reaction systems involved the usage of
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AcOH as solvent, [185,187,190,200] which is generally considered a green choice. Other

green solvents historically used are MeOH, [188,199,238,239] EtOH, [238,239] EtOAc, [218]

and acetone alone [218] or acetone in combination with H2O. [198] H2O is undoubtedly

the preferred solvent, but only a few studies performed the ATRA-L reaction in

H2O only. [212,238,239] However, the best solvent is no solvent at all. The possibility

to operate a chemical reaction without solvents highly depends on the physical

nature of the reagents, but some studies were able to develop solvent-free ATRA-L

systems. [183,184,193] Lastly, Dupont et al. [181] described a system that does not belong

to the categories just described regarding the solvent, but that is still interesting

from a green point of view. They accomplished an ATRA without any solvent and a

lactonization only in a second step, using just aqueous KOH.

ATRA-L systems, similar to ATRA, usually make use of transition metal catalysts.

The efficient separation of reaction products from the catalyst and other substances

present in the reaction mixture plays a major role in the green synthesis. It is

thus important to keep the amount of catalyst and other additives as small as

possible. Various pioneering studies on ATRA did not use any metal catalyst

because they did not recognize how much transition metal complexes are efficient

as halogen atom transfer agents. Similarly, some of the first ATRA-L processes did

not use any metal catalyst, but only thermal radical initiators. [238–241] Interestingly,

Triandafilli et al. recently developed a metal-free ATRA-L system, using thioxanthone

as photocatalyst. [199] Noteworthy, some studies were able to reach less than 1% of

catalyst load (compared to the alkene species). [188,191,192,196,198] Furthermore in ATRA

and ATRP, different methods of catalyst regeneration allowed a strong decrease in the

amount of required catalyst. These catalyst regeneration methods are nowadays very

popular [37] and in a couple of examples, they were applied to ATRA-L systems. [199,212]

For further information about these regeneration methods and how they work, see

section 1.3. Finally, Iwasaki et al. recently described a simple ATRA-L process

without ligands or other additives: just the two reagents, the solvent, and the

catalyst. [189] Usually, simpler means also greener.

One of the principles of green chemistry concerns energy efficiency. Practically

speaking, it means that temperatures and pressures of reactions should be as close as

possible to the ambient ones. Various examples of ATRA-L at room temperature (and
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pressure) are present [200,212,217] and, as it usually is, some of them are electro- [195,211]

or photo-catalyzed. [198,199]
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Chapter 7

Lactonization mechanism

The mechanism of ATRA is well-established and discussed in chapter 5. The

mechanism of the subsequent lactonization, on the other hand, is discussed in this

chapter based on the published literature. As shown in Scheme 7.1, there are three

possible mechanisms of lactonization:

• Intramolecular nucleophilic substitution (SNi). Lactonization occurs

following an intramolecular nucleophilic attack on the halogen of the proper

ATRA monoadduct.

• Oxidative radical-polar crossover (ORPC). A transition metal catalyst is

generally required for this mechanism to occur. The radical C of the monoadduct

is oxidized to a carbocation intermediate by the transition metal catalyst. Then,

the carboxylate intramolecularly attacks the carbocation, giving the lactone.

• Intramolecular homolytic substitution (SHi). The radical monoadduct

can directly undergo a cyclization without any other intermediate step.

The three mechanisms are all equally possible, but the prevalence of one over

the others depends on the substrates used and the reaction conditions. However,

Scheme 7.1 does not represent all the variants and the possibilities, but it only aims

to summarize the main mechanisms. For the full discussion of SNi, ORPC, and SHi

mechanisms, see sections 7.1, 7.2, and 7.3, respectively.
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Scheme 7.1: Three main possible mechanisms for the lactonization after radical addition: SNi,

ORPC, and SHi. For simplicity, only three substituents are shown (R1–3), although the haloester

could have one more and the alkene could have three more.

7.1 Intramolecular nucleophilic substitution

Some studies proposed the SNi to be the mechanism of lactonization, but without

hard evidence. [212,241] On the other hand, Triandafillidi et al. recently brought solid

evidence about the SNi mechanism taking place in their reaction system. [199] As

shown in Scheme 7.2, the two reactants are an iodoacetic acid derivative and a

3,3-disubstituted propene. The reaction is performed in MeOH:MeCN (1:1) with a

Ru photocatalyst regenerated by sodium ascorbate (NaAs). They collected evidence

with high-resolution mass spectroscopy (HRMS) and NMR spectroscopy of the

existence of the proper γ-iodinated ATRA product during the reaction. Therefore,

they supposed that the ATRA product was converted to lactone via SNi by the attack

of the carboxylic group to the γ-C bearing the iodine.
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Scheme 7.2: Example of SNi mechanism from reference [199].
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In their study, not only carboxylic acids but also esters gave lactonization, even if

with slightly lower yields. If a carboxylate is required for the nucleophilic attack and

the consequent lactonization, then a carboxylic acid just needs to be deprotonated,

while an ester needs to be hydrolyzed. Therefore, the authors proposed that the

basic conditions of their system could easily hydrolyze the ester. In fact, they used

an equimolar amount of NaAs compared to the ester.

The fact that the hydrolysis can happen was proved by Iwasaki et al. [189] They

performed an Fe-catalyzed ATRA-L in DMF, with 2 equiv of H2O (compared to the

alkene) and at 80 ◦C. As shown in Scheme 7.3, both the carboxylic acid (R = H)

and the ester (R = Et) gave lactonization. However, 18O from H 18
2 O was included in

the lactone structure only when the ester was used (and not the carboxylic acid).

Therefore, the ester requires hydrolysis in order to lactonize. They formulated

an interesting mechanism, where the carbonyl O atom attacks the γ-C, forming

a cyclic oxonium intermediate. Only at this point, the hydrolysis occurs and the
18O consequently occupies the carbonyl position in the end. However, the authors

were not sure about the nature of the γ-C of the addition monoadduct, if it was

halogenated or if it was a carbocation intermediate. Consequently, in this study, it

is undefined if the mechanism is a SNi or an ORPC. Anyhow, it is defined that the

ester needs to be hydrolyzed to give lactonization.

Br
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RO
+

O

O

Ph

O

O

Ph

H2
18O

18

R = H

R = Et

Ph

Scheme 7.3: Isotopic labeling experiment of ATRA-L from reference [189].

Furthermore, the experiment of Scheme 7.3 implicitly suggested that two SNi are

mechanisms possible, depending on which O atom is attacking the γ-C (carbonyl

or ethereal O). In the case of a deprotonated carboxylic acid however, the negative

charge is delocalized between the two O atoms and they are equivalent towards the

nucleophilic attack.
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7.1.1 The case of tributylstannyl esters

The lactonization mechanism of tributylstannyl ester monoadducts was discussed by

Kraus and Landgrebe whether it was SNi or SHi. [207,208] As depicted in Scheme 7.4, the

SNi requires the deactivation step that brings the halogen back on the monoadduct,

quenching the radical. Degueil-Castaing et al. showed in one experiment that the

SHi is, in general, a slower process than the halogen abstraction by the radical

monoadduct. [209] In other words, the radical monoadduct seems to preferably fol-

low the halogen abstraction path of Scheme 7.4, not the SHi. Therefore, for the

halogenated tributylstannyl ester monoadduct, the only possible mechanism of lac-

tonization is the SNi.
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Scheme 7.4: Two possible ways of lactonization of tributylstannyl ester radical monoadducts from

references [207–209].

7.2 Oxidative radical-polar crossover

Two different studies on ATRA-L reaction proposed the ORPC to be the mechanism

of formation of a carbocation intermediate, which is then intramolecularly attacked

by an O atom of the carboxylic group. [194,198] Both these studies perform a reaction

in MeCN in the presence of H2O, but one has an Ir photocatalyst, [198] while the other

one has a Cu catalyst. [194] Besides this and other small differences, they propose

two very similar mechanisms from isotopic labeling experiments, summarized in

Scheme 7.5. The C Br bond of the ester is homolytically broken by oxidation of
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the metal catalyst. Then, radical addition on the alkene double bond occurs. The

newly generated radical monoadduct is oxidized by the metal catalyst, giving the

carbocation. The nucleophilic attack on the carbocation by H 18
2 O results in the

γ-hydroxybutyrate ester, able to lactonize. Overall, the metal catalyst is regenerated,

because in one step is oxidized and in the other is reduced. The net result of this

ATRA-L process is the elimination of HBr and R1OH. Furthermore, a third study

suggested the formation of a γ-hydroxy ester, but as a consequence of the oxidation

of the radical γ-C by O2, without involving carbocations and H2O. [196] This third

study is discussed in section 6.8.
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Scheme 7.5: Mechanism of isotopic labeling experiment of ATRA-L from references [194,198]

(M = transition metal catalyst). For simplicity, only three substituents are shown (R1–3), although

the haloester could have one more and the alkene could have three more.

Someone could argue that a carbocation can also be formed as intermediate of a

SN1, as well as ORPC. Therefore, if the SNi mechanism described in section 7.1 reflects

a SN1 rather than a SN2, then SNi and ORPC mechanisms are crossed. However, no

published papers proposed that the carbocation is formed as SN1 intermediate. It

should only be kept in mind that the carbocation can be formed in both ways, but

no evidence for SN1 mechanisms was found in the literature.

7.3 Intramolecular homolytic substitution

The SHi can occur in two different ways, depending on the involved O atom, as

shown in Scheme 7.6. The orange arrows describe the lactonization involving the

ethereal O atom and the final product is obtained in a single step. The green arrows
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describe the attack of the radical to the carbonyl double bond, leading to a radical

acetal which, in a second step, fragments into the final lactone. In the end, the two

SHi mechanisms lead to the same product, but the positions of the two O atoms are

inverted. To the best of my knowledge, no published papers proved the existence of

one mechanism rather than the other in the field of ATRA-L reactions.
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Scheme 7.6: Two possible mechanisms of SHi. For simplicity, only three substituents are shown

(R1–3), although the haloester could have one more and the alkene could have three more.

7.3.1 The case of Mn(OAc)3

The ATRA-L with Mn(OAc)3 discussed in section 6.3 can follow only the ORPC or

the SHi mechanism, but not the SNi due to the absence of halogens. As shown in

Scheme 7.7, Mn(OAc)3 is able to generate carboxymethyl radicals when heated, which

can give addition to an alkene, generating a radical monoadduct. Heiba et al. proposed

the ORPC pathway, following electron transfer to MnIII. [187,190] A carbocation is

then obtained and it is intramolecularly attacked by the carboxylic O atom to give

the γ-lactone. Nevertheless, the formation of the carbocation was disproved by

Fristad and Peterson. [201] They used norbornene as alkene, obtaining the expected

γ-lactone. However, 2-norbornyl cation is known to give rapid rearrangement, [242]

while 2-norbornyl radical does not. [243] Therefore, the radical monoadduct can give

lactonization without the intervention of carbocations, probably following a SHi

mechanism.
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Scheme 7.7: Two possible mechanisms of ATRA-L with Mn(OAc)3. The ORPC path was conceived

in references [187,190], while the SHi one in reference [201].

7.4 Conclusion

Reagents and reaction conditions can play a crucial role in the selected reaction

pathway, but the three main mechanisms (SNi, ORPC, and SHi) are all possible

according to the published literature. Each one of these mechanisms is not rigid and

can have some variations.

The SNi reaction pathway requires the completion of the ATRA reaction with

the generation of the proper ATRA product. If the monoadduct is a carboxylic

acid (or a carboxylate), the intramolecular nucleophilic attack is straightforward. If

the monoadduct is an ester, the nucleophilic attack seems to be performed by the

carbonyl O atom to form a cyclic oxonium intermediate, which is then hydrolyzed

to a lactone. However, it is not possible to exclude other two SNi mechanisms

of γ-haloester monoadducts. One is the hydrolysis to carboxylic acid before the

nucleophilic attack. The other is the nucleophilic attack by the ethereal O atom.

Regarding the ORPC mechanism, two different pathways are possible. The first

is the direct intramolecular nucleophilic attack of the carboxylic acid or the carbonyl

group to the carbocation. The other one is the nucleophilic attack from an external

H2O molecule to the carbocation, giving a γ-hydroxybutyrate ester able to lactonize.

Although there are only examples of the latter mechanism, the former also seems

plausible.

The SHi mechanism can occur in two different ways, depending on the involved

O atom. The result is the same lactone, but the O atoms are inverted. Nevertheless,
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the SHi seems to be a slower reaction than the SNi. Therefore, the only case where

this mechanism should be considered is when no halogens are present in the reaction

system.
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Chapter 8

Materials and methods

Unless differently stated, the MR of a reactant is always referred to the absolute

quantity of the alkene species.

8.1 Experimental section

8.1.1 Chemicals

BiBA (TCI, 98%), 2-hydroxyethyl 2-bromoisobutyrate (HEBiB) (Sigma-Aldrich,

95%), NaOH (Sigma-Aldrich, 97.0%), triethylamine (TEA) (Sigma-Aldrich, 99.5%),

Na2CO3 (Sigma-Aldrich, 99%), Cs2CO3 (Sigma-Aldrich, 99%), CuBr2 (Sigma-Aldrich,

99%), Cu(MeCN)4BF4 (TCI, 98%), TPMA (Ambeed, 97%), 2,2′-bipyridine (bpy)

(Sigma-Aldrich, 99%), NaBr (Fisher Scientific, 99.0%), DMF (Sigma-Aldrich, 99.8%),

DMSO (Sigma-Aldrich, 99.5%), phosphate-buffered saline (PBS) solution (Fisher

Scientific), and 37% HCl aqueous solution (Fisher Scientific, ACS grade) are used

without purification. The PBS solution (pH = 7.4) is an aqueous solution of KH2PO4

(10.6mmol L−1), Na2HPO4 · 7H2O (29.7mmol L−1) and NaCl (1.55mol L−1). CuBr

(Sigma-Aldrich, 98%) is purified under N2 by washing three times with glacial AcOH,

two times with EtOH, two times with Et2O, and then dried overnight under N2 flow.

Acrylic acid (AA) (Sigma-Aldrich, 99%) and MAA (Sigma-Aldrich, 99%) are distilled

under vacuum to remove polymerization inhibitors and are stored in a refrigerator

under N2 atmosphere. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) (Sigma-

Aldrich, 98%), 2-hydroxyethyl methacrylate (HEMA) (Sigma-Aldrich, 99%), and

N -[3-(dimethylamino)propyl]methacrylamide (DMAPMAm) (Sigma-Aldrich, 99%)
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are passed through basic alumina before use to remove inhibitors. Cu wire (Alfa

Aesar, 99.9%) is washed for 30min in MeOH/HCl (3:1, V/V ) before use, then rinsed

with MeOH and dried under N2.

8.1.2 General procedures

Normal ATRA-L

Entry A01 of Table 8.2 is described as a typical experiment. 100µL of MAA (101.5 g,

1.18mmol), 1400µL of H2O, 500µL of 1.18mol L−1 NaBr stock solution (0.590mmol),

62.1 µL of 19.0mol L−1 NaOH stock solution (1.18mmol), and DMF (9.13 µL) or

DMSO (8.38 µL) as internal standard are added to a sealed vial for degassing

(bubbling N2 for 30min). This solution is then transferred to the 4mL reaction vial

containing 197.0mg of BiBA (1.18mmol), 16.9mg of CuBr (0.118mmol), 68.5mg

of TPMA (0.236mmol), a N2 atmosphere, and a magnetic stirrer. The reaction

vial is submerged in a water bath thermostated at 25 ◦C with a fast stirring. Small

withdrawals from the reaction mixture are made to study the evolving of the reaction

over time via 1H NMR and to stop the reaction when the initiator or the alkene are

completely consumed.

SARA ATRA-L

Entry A04 of Table 8.2 is described as a typical experiment. 100µL of MAA (101.5 g,

1.18mmol), 1300µL of H2O, 500µL of 1.18mol L−1 NaBr stock solution (0.590mmol),

62.1 µL of 19.0mol L−1 NaOH stock solution (1.18mmol), 100µL of 11.8mmol L−1

CuBr2 stock solution (1.18mmol), and DMF (9.13 µL) or DMSO (8.38 µL) as internal

standard are added to a sealed vial for degassing (bubbling N2 for 30min). This

solution is then transferred to the 4mL reaction vial containing 197.0mg of BiBA

(1.18mmol), 6.8mg of TPMA (24mmol), a N2 atmosphere, and Cu wire (d = 1mm,

l = 10 cm) wrapped around a magnetic stirrer. The reaction vial is submerged in

a water bath thermostated at 25 ◦C with a fast stirring. Small withdrawals from

the reaction mixture are made to study the evolving of the reaction over time via
1H NMR and to stop the reaction when the initiator or the alkene are completely

consumed.
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Yield determination and kinetics

The yield is calculated based on 1H NMR integrals and DMF or DMSO is used as

internal standard. The mol% of DMF or DMSO is constant and it is defined at

t = 0 compared to 100mol% of the alkene monomer. If the reaction is so fast that

at t = 0 a small amount of the lactone is already present, both the alkene monomer

and the lactone contribute to the 100mol%.

Various NMR spectra are collected during an experiment to perform a kinetic

evaluation of the reaction. The values of NMR integrals are used to determine the

relative amounts of all the species that are present at a certain time inside the

reaction mixture. A reaction is stopped when one of the reagents is completely

consumed or when no change is observed in the reaction mixture for a relatively

long period. In this way, it is very difficult to know exactly when a reaction reached

completion. This would require an unnecessary big number of withdrawal from the

reaction mixture and NMR analyses. On the other hand, the kinetic evaluation can

give a clear idea of how fast the reaction was.

pH measurement

The instrument is calibrated with a pH = 4 buffer solution before use. The tem-

perature of the laboratory and the solution is (25± 2) ◦C for every measurement.

The mixtures used to determine the pH are prepared as described in the general

procedures (subsection 8.1.2), but scaled up three times. Regarding the normal

procedure, CuBr is substituted with CuBr2 and NaBr is decreased accordingly to

the higher amount of Br– coming from CuBr2. Regarding the SARA procedure, Cu

wire is the only reagent that is not added to the mixture. The pH is measured as

soon as a base (NaOH or DMAEMA) is added, because over time the pH has the

tendency to decrease due to initiator hydrolysis.

8.1.3 Instrumentation

1H NMR spectra are obtained with an Avance III 500MHz (Bruker) spectrometer.
13C, HSQC, and HMBC NMR are obtained with an Avance Neo 500MHz (Bruker)

spectrometer. Deionized H2O is further purified with the Barnstead Nanopure (Fisher
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Scientific). pH is measured with an Orion Versa Star Pro (Fisher Scientific) and an

Orion ROSS Ultra (8157BNUMD) (Fisher Scientific) electrode.

8.2 pH determination

The pH is a fundamental parameter for the reaction system of this study. Both

the rate of activation of the ATRA and the rate of lactonization are pH-dependent,

influencing the entire ATRA-L process. The hydrolysis side reaction is also highly

influenced by the pH. Therefore, it is important to evaluate the pH for every reaction.

However, there are three different problems in experimentally measuring the

pH of an ATRA-L reaction. (i) The hydrolysis of the initiator decreases the pH

over time. As shown in the equilibrium below, the hydrolysis generates hydrogen

halides, which are doubtless acidic. Hydrogen halides are formed in the time between

mixing the reagents and receiving a response from the pH meter, resulting in an

error in the measurement. The pH meter can take indeed a few minutes to perform

a measurement, because the pH is not stable, but decreasing. In one experiment

with a theoretical pH of 4.0, it was observed a pH decrease of 0.1 within the first

three minutes and another 0.1 in the next seven minutes. It is difficult to avoid this

systematic error.

R X + H2O R OH + HX

(ii) All the reactions of this study are performed in a non-oxidizing environment

with an inert gas, where CuI is stable. Unfortunately, the measurement of the pH

is open to the air and the O2 can affect the reagents. This is not a problem since

the only involved reaction should be the oxidation of CuI to CuII, which does not

significantly interfere with the pH. However, this difference in the presence of O2

could result in another systematic error.

(iii) A relatively large volume of the reaction mixture is required to measure

the pH, resulting in a big waste. For instance, TPMA is one of the most expensive

reagents used in this study, and one pH determination experiment could waste more

than 200mg of it. As a result, measuring the pH of every experiment can be a big

waste of the research group resources.
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For all these reasons, it was considered to determine the pH theoretically. However,

the theoretical pH determination accepts some assumptions and approximations.

The first one is that only the free ligand that is not bound to Cu is considered to

influence the pH. When binding the Cu, the N atoms from the ligand do not have a

free electron pair to accept any H+. In other words, it is assumed that the ligand

influences the pH, but its complex does not. For example, if in a system the ratio of

Cu:TPMA is 1:2, then only half of the TPMA affects the pH because the other half

is bound to Cu. Moreover, only one pK a is used for the ligands (TPMA and bpy)

because no other data were found in the literature. Another assumption is about the

use of theoretical pK a values. As reported in Table 8.1, half of the used pK a values

are calculated. It is assumed that these values are correct or at least very close to the

real ones. Finally, the second acidic dissociation of DMAPMAm is not considered

because its pK a2 value is relatively large (15.01± 0.46, theoretical and calculated

like the other theoretical values of Table 8.1). The equilibrium is strongly shifted

toward the undissociated form and this approximation is absolutely not significant.

Substance pK a Reference

MAA 4.66 [244]

AA 4.25 [245]

DMAEMA 8.18± 0.28 calca

DMAPMAm 9.39± 0.28 calca

BiBA 2.91± 0.10 calca

TPMA 4.96± 0.12 calca

bpy 4.35 [246]

TEA 10.75 [245]

Table 8.1: pK a values for the used weak acids and bases. aCalculated using Advanced Chemistry

Development (ACD/Labs) software v11.02 (© 1994–2021 ACD/Labs).

8.2.1 Example of pH calculation

Entry A01 of Table 8.2 is used as example of the method used for the theoretical

determination of the pH. The conditions are MAA:BiBA:NaOH:NaBr:CuBr:TPMA =

1:1:1:0.5:0.1:0.2 with CMAA = 0.590mol L−1. Since NaBr and CuI(TPMA)Br complex

are not affecting the pH, the system can be simplified to MAA:BiBA:NaOH:TPMA

= 1:1:1:0.1. Furthermore, it can be considered the quantitative reaction between
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NaOH and one of the acids, like BiBA. Since BiBA and NaOH are present in

equimolar amounts, all the BiBA is simply converted to α-bromoisobutyrate anion

(BiB–) and the system is further simplified to MAA:BiB–:TPMA = 1:1:0.1. It is now

possible to write the three equilibria below at t = 0 and at t = equilibrium, where

MAA is deprotonated to methacrylate anion (MA–) and TPMA is protonated to

tris(2-pyridylmethyl)ammonium cation (TPMAH+).

t MAA MA– + H+

0 0.590 0 ∼ 0

eq 0.590− x x x

BiBA BiB– + H+

0 0 0.590 ∼ 0

eq y 0.590− y −y

TPMAH+ TPMA + H+

0 0 0.059 ∼ 0

eq z 0.059− z −z

From the definition of pK a ( [A
–][H+]
[AH]

= 10−pKa), it is possible to formulate the

System of Equations 8.1. Being H+ a common ion for the three equilibria, its

concentration is equal to x− y − z. The system has a unique solution for positive x,

y, and z. Sparing all the calculations, the pH is evaluated with Equation 8.2 and it

is equal to approximately 4.0.


x(x−y−z)
0.590−x = 10−4.66

(0.590−y)(x−y−z)
y

= 10−2.91

(0.059−z)(x−y−z)
z

= 10−4.96

(8.1)

pH = −log10[H+] = −log10(x− y − z) ≈ 4.0 (8.2)

8.2.2 Comparison between experimental and theoretical pH

values

How accurate is the model for the determination of the theoretical pH? The answer

to this question can be found in Table 8.2, where are reported both experimental
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and theoretical pH values from seven different reaction systems.

The difference between the two pH values (experimental and theoretical) is always

smaller than 0.3. This is not true for entry A13 of Table 8.2, where the pH is so high

and close to the neutrality that it is rapidly decreased by the fast BiBA hydrolysis.

As a result, the experimental pH of entry A13 is highly underestimated.

Entry Monomer Base (MR) pHexp pHth

A01 MAA NaOH (1) 3.8 4.0

A06 MAA NaOH (0.5) 3.2 3.0

A07 MAA — 1.9 2.0

A23 AA NaOH (1) 3.7 3.7

A13 DMAEMA — 5.0 6.1

A17a MAA NaOH (1) 3.8 4.1

A04b MAA NaOH (1) 3.7 3.8

Table 8.2: Experimental versus theoretical pH. Conditions: monomer:BiBA:CuBr:TPMA:NaBr

= 1:1:0.1:0.2:0.5, Cmonomer = 0.590mol L−1. abpy (with MR of 0.4) was used instead of TPMA.
bConditions (SARA): MAA:BiBA:CuBr2:TPMA:NaBr = 1:1:0.001:0.02:0.5 and Cu wire 10 cm.

Since the hydrolysis of BiBA is decreasing the pH, the experimental values should

be lower than the theoretical ones. Satisfyingly, this is true for all the entries of

Table 8.2, except for entry A06, but there is a simple explanation for it. BiBA is

not completely soluble in the reaction system of entry A06 because it is missing

an equimolar amount of NaOH, which is generally required to completely solubilize

BiBA in H2O. As a result, the experimental pH of reaction A06 is higher because

not all the BiBA can be solubilized.

From the satisfying results of Table 8.2, it is safe to assume that the model for the

determination of the theoretical pH values is accurate and that it solves the problems

encountered during the experimental determination of the pH values. The model

is accurate enough to evaluate the difference in the pH between various reaction

systems. Therefore, all the pH data reported in chapter 9 are theoretical and valid

only at the beginning of the reaction. In fact, after the start of the reaction, the

hydrolysis of the initiator can decrease the pH value.
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8.3 Nuclear magnetic resonance characterization

In this section are shown the most significant examples of NMR spectra. The 1H

NMR spectra of the BiBA-initiated ATRA-L reactions with MAA, AA, HEMA,

DMAEMA, and DMAPMAm are highlighted in Figures 8.1, 8.2, 8.3, 8.4, and 8.5,

respectively. Figure 8.6 shows the NMR progression over time of a normal ATRA-L

reaction between MAA and BiBA.1H, 13C, HSQC, and HMBC NMR were collected

of a SARA ATRA-L reaction in order to fully characterize the lactone (Figures 8.7

and 8.8).

Figure 8.1: 1H NMR spectrum of normal ATRA-L with MAA (entry A01 of Table 9.9 after 19 h).
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Figure 8.2: 1H NMR spectrum of normal ATRA-L with AA (entry A23 of Table 9.9 after 22 h).

Figure 8.3: 1H NMR spectrum of normal ATRA-L with HEMA (entry A08 of Table 9.9 after 3.5 h).

HEMA was completely hydrolyzed into MAA and ethylene glycol (EG).
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Figure 8.4: 1H NMR spectrum of normal ATRA-L with DMAEMA (entry A13 of Table 9.9 after

5 h).

Figure 8.5: 1H NMR spectrum of normal ATRA-L with DMAPMAm (entry A24 of Table 9.9 after

16 h).
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Figure 8.6: 1H NMR spectra of normal ATRA-L with MAA versus time (entry A06 of Table 9.2)

(top) and its expansion (bottom).

129



Figure 8.7: 1H (top) and 13C (bottom) NMR spectra of SARA ATRA-L with MAA (entry A05 of

Table 9.1 after 6.3 h). HSQC and HMBC spectra are reported in Figure 8.8.
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Figure 8.8: HSQC (top) and HMBC (bottom) NMR spectra of SARA ATRA-L with MAA (entry

A05 of Table 9.1 after 6.3 h). 1H and 13C spectra are reported in Figure 8.7.
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Chapter 9

Results and discussion

9.1 The aim of the study

As discussed in subsection 6.9.2, Fantin et al. observed a chain-end lactonization

during the SARA ATRP of MAA in H2O. [212] The lactonization occurs between

the carboxylic acid of the penultimate monomer unit and the brominated C of the

last monomer unit. The result is a PMAA ending with a γ-lactone. However, the

chain-end lactonization was an unwanted side reaction for them. Contrarily, our

study aims to exploit this lactonization to define a new type of organic reaction, the

ATRA-L.

To better characterize the chain-end lactonization via NMR, Fantin et al. pushed

the TDP as low as 10 in one experiment. The reaction conditions were the following:

MAA:BiBA:Cu(OTf)2:TPMA:NaBr = 10:1:0.001:0.03:5, Cu wire 10 cm, CMAA =

0.590mol L−1, 25 ◦C, and the resulting pH of 2.2. These conditions are used to define

the starting point of our study, but with some differences. The most significant

difference is the ratio between MAA and BiBA, which should be close to 1 in

an ATRA reaction. The consequence is that the carboxyl group required for the

lactonization comes from the initiator and not from the penultimate monomer unit.

Moreover, it is important to avoid any polymerization by increasing the lactonization

rate. This can be achieved by increasing the pH, and we decided to use a base in

an equivalent amount to BiBA in order to deprotonate the carboxylic acid. MAA

has a carboxylic acid too, but the pK a of BiBA is lower (as reported in Table 8.1)

and therefore BiBA should be the preferred species to be deprotonated. Finally, the
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SARA regeneration method is removed and it is substituted by a normal ATRA.

This implies the replacement of CuII with CuI and a strong increase in its amount.

Grouping all these considerations, the reaction conditions of entry A01 of Table 9.1

were defined. The reaction has an equimolar amount of MAA, BiBA, and NaOH

with a resulting pH of 4.0. The catalyst is composed of a modest 10mol% of CuBr

and by a 20mol% of TPMA. Lastly, the concentrations of NaBr and MAA were

chosen to be very close to the ones used by Fantin et al. The reaction is highlighted

in Scheme 9.1.

BiBA

+

MAA

O

O

O

HO
HBr+

NaOH NaBr

H2O 25 °C

CuI(TPMA)Br

HO

O

Br

O

OH

Scheme 9.1: Main ATRA-L reaction of this study.

In the following sections of this chapter, various reaction parameters are discussed:

the amount of catalyst, the effect of the pH, the concentration of the reaction mixture,

and the ratio between the alkene and BiBA. A SARA ATRA-L system similar to the

one of Fantin et al. is also examined to have the regeneration of CuII. In a control

experiment, it was also studied the BiBA side reactions, depending on the pH and on

its addition method to the reaction mixture. A change of ligand, base, alkene, and

solvent was also studied to expand the field of application of the ATRA-L process.

Finally, a change of initiator proved the importance of a carboxylic acid on the

initiator.

9.2 Effect of the catalyst amount

As discussed in section 9.1, reaction conditions of entry A01 of Table 9.1 were

defined starting from the conditions of Fantin et al. [212] The result was a satisfying

75% lactone yield. From the NMR, multiple additions of MAA (telomerization) or

unlactonized monoadduct were not observed. As a matter of fact, after the addition,

one CH2 is formed with two enantiotopic H atoms, which should give a singlet

signal at the NMR. However, the CH2 NMR signal is entirely split in two, meaning

that it arises from two diastereotopic H atoms of a cycle. The only cycle that can
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be reasonably formed is a γ-lactone. Similarly, the same can be said for the two

methyl groups from BiBA, which become diastereotopic after lactonization. In short,

telomerization is not occurring and the monoadduct is quickly transformed into

a lactone in this environment. Unless a few exceptions, telomerization was never

observed in the ATRA-L study proposed here. Unlactonized monoadducts were also

never observed, with the exception discussed in section 9.8, where HEBiB is used as

the initiator. With HEBiB, the monoadduct cannot lactonize due to the absence of

a carboxylic acid on the initiator.

Entry Type Cu source (MR) pH Yield [%]

A01 normala CuBr (0.1) 4.0 75

A02 normala CuBr (0.05) 3.9 49

A03 normala — 3.8 0

A04 SARAb CuBr2 (0.001) 3.8 47

A05 SARAb CuBr2 (0.0001) 3.8 32

Table 9.1: Effect of the catalyst load. Conditions: MAA:BiBA:NaOH:NaBr = 1:1:1:0.5, CMAA =

0.590mol L−1. aCu:TPMA = 1:2. bCu:TPMA = 1:20 and Cu wire 10 cm.

Unfortunately, at the end of reaction A01, a 21% of unreacted MAA was still

present in the reaction mixture, while BiBA was completely consumed. A side

reaction is clearly occurring and it is consuming BiBA before it can give radical

addition, probably by removing its brominated function. From this observation

and the NMR, the side reaction was identified to be the hydrolysis of BiBA into

2-hydroxyisobutyric acid (HiBA) (Scheme 9.2). The consumption of BiBA was what

prevented the reaction to reach higher yields. For further information about BiBA

hydrolysis, see section 9.3.

HO

O

Br + H2O
HO

O

OH + HBr

BiBA HiBA

Scheme 9.2: Hydrolysis of BiBA into HiBA.

The first parameter we decided to evaluate is the load of the CuI. From a 10mol%

load of entry A01, we decreased it to 5mol% and 0mol%, entries A02 and A03 of

Table 9.1 respectively. Entry A03 is clearly a control experiment without catalyst

and, as expected, no lactonization was observed. Decreasing instead the CuI load
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from 10mol% to 5mol%, furnished a substantial decrease in the yield, from 75%

to 49%. This is again due to the BiBA hydrolysis. While BiBA was completely

consumed at the end of the reaction, 48% of unreacted MAA was still present. Nearly

half of the BiBA was consumed by hydrolysis to HiBA.

The C Br bond of BiBA is disputed between a homolytic cleavage (ATRA path)

and a nucleophilic substitution (hydrolysis path). If the CuI load is decreased, then

only the rate of the ATRA is slowed down and the hydrolysis can prevail. By

decreasing the amount of CuI to 5% (entry A02), the two reaction pathways are

almost perfectly balanced. In fact, half of the BiBA is giving the desired lactone

(49% yield) and the other half is hydrolyzed to HiBA. Therefore, to counteract

the hydrolysis, the load of CuI should be increased above 10%. However, even if

metal-catalyzed ATRA can require a catalyst amount as high as 30mol%, [37] we

decided not to increase it further than 10mol% for two reasons. First, we did not

want to decrease the atom efficiency of the process. Second, we preferred to study

other strategies to decrease the hydrolysis without increasing the load of the catalyst.

A good strategy to decrease the amount of the catalyst is to use a catalyst

regeneration technique, like the ones discussed in section 1.3 for ATRP. In general,

ATRA and ATRP share the same catalyst regeneration methods. Always following

the experimental studies by Fantin et al. about the SARA ATRP, [212] we decided

to test a SARA ATRA-L. In entries A04 and A05 (Table 9.1), only 0.1mol% and

0.01mol% of CuBr2 were added respectively. However, the actual concentration

of Cu ions in solution is higher due to the additional Cu wire, which provides a

supplementary amount of catalyst. On the other hand, TPMA is as low as 2mol%

and 0.2mol% (entries A04 and A05 respectively).

Satisfyingly, the SARA system worked. However, the yield was not as high as

expected, but comparable to the normal reactions. The normal system of entry A02

with 5mol% of Cu gave almost the same yield as entry A04, a SARA system with

0.1mol% of Cu. As before, the main adverse effect that kept the yield from reaching

a high value was the BiBA hydrolysis. BiBA hydrolysis had more time to take place

in entry A05, because the reaction was slower than the one of entry A04, due to the

lower amount of Cu. In fact, entry 5 took 21 hours to reach 94% BiBA conversion,

while entry A04 took only 4 hours to reach 91% BiBA conversion.
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In the SARA systems, after BiBA complete consumption, a good amount of

unreacted MAA was still present in the reaction mixture, even if its amount was

lower than expected. The expectation is based on the fact that the sum of the

relative amounts of unreacted MAA and lactone should be close to the initial load of

MAA, like it was observed for the normal conditions (entries A01 and A02). With

the SARA system instead, the final unreacted MAA was only 18mol% and 24mol%

for entries A04 and A05, respectively. The final lack of MAA could be explained by

a telomerization, but multiple addition products were not observed via NMR.

Moreover, HiBA was observed from NMR in the SARA systems, but only at t = 0.

After that, the HiBA signal disappeared from NMR and a broad signal appeared

instead. In addition, the chemical shift of the broad signal was also not defined, it

was easily shifting inside the alkyl region between NMR spectra of different reaction

times. It was later discovered that the broad signal is probably generated by a

complex between HiBA and Cu. In the SARA system, in fact, the concentration

of Cu could be higher than the concentration of TPMA, forcing the Cu to form a

complex with a new ligand. Since the broad signal was never observed in a normal

ATRA-L, it is assumed that the stability constant of the Cu/TPMA complex is

higher than the one of the Cu/HiBA complex, which is in accordance with the hard

and soft acids and bases (HSAB) theory. [247–249] For further information on how the

broad signal was assigned to the Cu/HiBA complex, see section 9.3.

Considering the problems that arose with the SARA system, we decided to

focus on the simpler normal system to have a better understanding of the reaction

mechanisms.

9.3 Hydrolysis of α-bromoisobutyric acid

The hydrolysis of BiBA (Scheme 9.2) turned out to be the weakness of the system

of our studies from the beginning. We decided to deeply investigate the hydrolytic

process in order to have an idea of how fast the hydrolysis can be.

We first studied the change of the relative amounts of BiBA and HiBA via NMR,

by comparison of the CH3 signals. The NMR tube was prepared with about 600

µL of 0.3mol L−1 solution of BiBA in D2O (pH = 1.7). The results are depicted in
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Figure 9.1. In the charts, the mol% of BiBA and HiBA are relative to each other,

meaning that their sum at a certain time is always 100mol%. From the left chart,

it is immediately clear that the equilibrium is shifted towards the hydrolyzed form

(HiBA). However, the hydrolysis is particularly slow at a pH of 1.7, taking about

16 days to reach the same concentration of BiBA and HiBA. From a reaction point

of view however, only the first hours of hydrolysis are important. For this reason,

the right chart of Figure 9.1 shows only the first 50 hours of BiBA decrease. We

theorized that, at this pH, the ATRA-L reaction could be much faster than the BiBA

hydrolysis.
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Figure 9.1: BiBA hydrolysis over time. Left: Relative amounts of BiBA and HiBA within 45 days.

Right: Decrease of BiBA within 50 h (i.e. a magnification of the left top corner of the left chart).

The rate of BiBA hydrolysis is pH-dependent. The effect of the pH was then

studied by preparing five BiBA solutions with five different amounts of TEA. The

amounts of TEA were 0, 0.55, 0.92, 1.00, and 1.18 (as the ratios with respect to

BiBA). The corresponding theoretical pH values were 1.6, 3.0, 4.0, 6.8, and 10.0.

The results are shown in Figure 9.2 and, as expected, a lower pH corresponds to a

greater hydrolysis rate. However, while the hydrolysis rate is highly increased by

jumping from a pH of 1.6 to 4.0, the same cannot be said of the jump from 4.0 to

10.0. In any case, there is still room to achieve slower hydrolysis and faster ATRA

reaction, aiming to increase the final lactone yield.

One of the products of the hydrolysis is HBr. This is true for BiBA, but also for

any other brominated initiator. Since HBr is a strong acid, it is almost completely

dissociated in solution and it can be found as H+ and Br–. If other species that
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Figure 9.2: Effect of the pH on the decrease of concentration of BiBA in H2O due to hydrolysis.

Initial CBiBA = 0.590mol L−1.

release Br– are added to the reaction mixture, then the hydrolysis should be slowed

down. As a matter of fact, in the reaction system of our studies, Br– is added to the

reaction mixture as NaBr and CuBr or CuBr2. Therefore, it became also important

to study the effect of other reagents on the hydrolysis of BiBA. We then studied

the hydrolysis in one of the more common reaction systems (similar to entry A01

of Table 9.1, but with CuBr2 instead of CuBr and without TPMA). Five reaction

mixtures were prepared by adding one of these reagents at a time, as shown in

Figure 9.3. Again, most of the responsibility for the BiBA hydrolysis goes to the pH.

The addition of MAA to BiBA slightly slowed down the hydrolysis because MAA

marginally decreases the pH. The theoretical pH of both systems (BiBA alone and

BiBA, MAA) is the same and it is equal to 1.6 because MAA is a weaker acid than

BiBA. The addition of NaOH pushes the pH of the last three systems to 3.8 and the

hydrolysis is therefore much faster. By adding NaBr in the penultimate system, no

significant difference was observed in the hydrolysis rate. On the other hand, the

addition of CuBr2 in the latest system had the effect to decrease the hydrolysis, even

if not significantly. This could be due to the increase of the concentration of Br–, but

only 0.2 equiv were added with CuBr2, the other 0.5 equiv came from NaBr. The

presence of Cu may have an unexpected effect on the hydrolysis.

Furthermore, the addition of CuBr2 had a big impact on the NMR spectra. As

shown in Figure 9.4, HiBA has a normal sharp signal as expected, unless CuBr2 is

present. With CuBr2, the HiBA signal disappears and a broad signal arises. The

only plausible hypothesis is that a Cu/HiBA complex is formed. HiBA should be
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able to chelate Cu, forming a stable 5-membered ring. The broad signal was already

observed in section 9.2 during SARA reactions, where the concentration of Cu could

be higher than the concentration of TPMA, forcing the HiBA to bind to Cu. As

already discussed, TPMA has a greater affinity for Cu than HiBA, therefore the

Cu/HiBA complex is formed only when the concentration of TPMA is not as high

as the concentration of Cu.

Figure 9.4: 1H NMR spectra of HiBA generated by the complete hydrolyzation of BiBA, with (top)

and without (bottom) CuBr2. The expansion shows the broad signal which, unfortunately, has the

same chemical shift as DMSO (the internal standard).
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In conclusion, the hydrolysis of BiBA is mainly dependent on the pH. The

hydrolysis is a very fast competitive reaction, but the ATRA-L can be very fast too.

In fact, entry A01 of Table 9.1 furnished a relative high yield (75%). In order to

achieve higher yields, some strategies about the reaction conditions can be adopted

to boost the ATRA over the hydrolysis. To determine these strategies, it is important

to know the effect of the reaction conditions on the reaction itself.

9.4 Side reactions of α-bromoisobutyric acid

As just discussed in section 9.3, BiBA is mainly hydrolyzed to HiBA. There are

however other minor side reactions that are occurring. A control experiment with

SARA conditions was set up with only BiBA and without any alkene. At first,

this control experiment aimed to better characterize the broad signal. As already

discussed, the broad signal appeared in the alkyl region of 1H NMR only during

SARA experiments and it was later assigned to the Cu/HiBA complex. In normal

reaction conditions, the broad signal was not observed because Cu was complexed

only by TPMA. The concentration of TPMA was in fact always higher than the

concentration of Cu, and the Cu/TPMA complex has greater stability constant than

the Cu/HiBA complex.

The reagents of the control experiment are BiBA:NaOH:NaBr:CuBr:TPMA =

1:0.725:0.5:0.001:0.002 with 10 cm of Cu wire. The reaction is carried out in H2O and

the resulting pH is 3.3. 1H, 1
3C, HSQC, and HMBC NMR spectra were collected after

24 h and they are reported in Figures 9.5 and 9.6. From the NMR characterization,

it was possible to identify several products from BiBA side reactions, as highlighted

in Scheme 9.3. After 24 h, the relative amount of BiBA was found to be 38%, with

54% of HiBA, 3.3% of MAA, 1.7% of 2-methylpropanoic acid (MPA), and 0.6%

of 2,2,3,3-tetramethylsuccinic acid (TMSA). Furthermore, a 3.0% of lactone was

identified, formed by the ATRA-L reaction between BiBA and the generated MAA.

Unfortunately, the percentage value of MAA may have been overestimated due to

NMR signal overlapping. In short, HiBA is by far the main by-product, with only

small amounts of other substances.

As previously discussed, HiBA is generated by BiBA hydrolysis (Scheme 9.2).
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Figure 9.5: 1H (top) and 13C (bottom) NMR spectra of the control experiment without any alkene

after 24 h. HSQC and HMBC spectra are reported in Figure 9.6.

MAA, on the other hand, is probably generated by a dehydrohalogenation reaction,

releasing HBr. MPA may be formed by a termination reaction after activation

of BiBA with the homolytic cleavage of the C Br bond. TMSA is probably the

product of a radical–radical termination after BiBA radical activation. However,

the formation of MPA and TMSA may be suppressed in a regular ATRA-L with an
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Figure 9.6: HSQC (top) and HMBC (bottom) NMR spectra of the control experiment without any

alkene after 24 h. 1H and 13C spectra are reported in Figure 9.5.

alkene. In fact, the termination reactions (which are supposed to generate MPA and

TMSA) have to compete with the ATRA reaction in the presence of an alkene.

In conclusion, no significant side reactions are consuming BiBA in our ATRA-L

environment, with the only exception of hydrolysis. A small amount of MAA may
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also be generated from BiBA, but MAA or other (meth)acrylates are generally

already present in the reaction mixture.

HO
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HO

O

HO
OH

O
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MPAMAA TMSA
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OH

HiBA

HO
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Br

BiBA

Scheme 9.3: Identified products from BiBA side reactions.

9.5 Effect of the pH

The pH was found to be the main responsible for the hydrolysis of BiBA, as analyzed

in section 9.3. The aim of Table 9.2 is to study the effect of the pH on the final yield

of our ATRA-L reaction system. The quantity of NaOH is changed to adjust the pH

and two monomers are used: MAA (entries A01, A06, and A07) and HEMA (entries

A08–A10). HEMA was studied as a monomer because, unlike MAA, it is not an acid

and it should not interfere with the pH.

Entry Alkene Base (MR) pH Yield [%]

A01 MAA NaOH (1) 4.0 75

A06 MAA NaOH (0.5) 3.0 83

A07 MAA — 2.0 63

A08 HEMA NaOH (1) 8.9 82

A09 HEMA NaOH (0.8) 3.8 82

A10 HEMA — 2.0 55

Table 9.2: Effect of the pH of the reaction mixture. Conditions: alkene:BiBA:CuBr:TPMA:NaBr =

1:1:0.1:0.2:0.5, CMAA = 0.590mol L−1.

The decrease in the pH did not have the expected boost in the yield. For MAA,

lowering the pH from 4.0 to 3.0 (entries A01 and A06, respectively) only slightly

increased the yield. On the contrary, decreasing the pH further to 2.0 without adding

any base (entry A07) registered the lowest yield. The same result was observed using

HEMA as an alkene. While the two reactions with pH values of 8.9 and 3.9 (entries
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A08 and A09, respectively) did not furnish different yields, entry A10 without any

base saw a decrease in the yield from 82% to 55%. As discussed in section 9.3,

the hydrolysis rates of BiBA at pH values of 8.9 and 3.9 (entries A08 and A09,

respectively) should not be very different, but at 2.0 (entry A10) it should be highly

discouraged. However and unexpectedly, the yield is decreasing when the BiBA

hydrolysis should be slowed down.

The reason for this unexpected lower yield is because the pH has two effects on

the reaction system. The first is the desired effect, or rather the decrease of BiBA

hydrolysis. The second one is the unwanted decrease in the activation rate of the

CuI(TPMA)Br catalyst. In other words, reducing the pH decreases the rates of both

hydrolysis and ATRA. An effect of the pH on the activation rates of Cu/TPMA

catalysts in H2O was already observed. [250] Furthermore, if the concentration of H+ or

OH– is too high, a generic CuI(TPMA)X catalyst can stop working, respectively for

the protonation of the ligand or for the formation of the inactive CuI(TPMA)(OH)

species. Moreover, the solubility rate of BiBA is pH-dependent too. If BiBA is not

completely solubilized, then its lower concentration decreases the ATRA rate.

Figure 9.7 shows the lactone yield increasing over time for the three reactions

with HEMA with different pH values. The rate of the ATRA-L reaction is clearly

lower when the pH is 2.0, rather than 3.8 or 8.9. While reactions with pH values of

3.8 and 8.9 were complete in a few hours with total BiBA conversion, reaction with

pH of 2.0 came to a stop after 5 days with 55% yield and only 85% BiBA conversion.

Moreover, it should not be forgotten that both the hydrolysis and the lactonization

reactions release HBr, a strong acid. The acidity of the reaction is therefore increasing

over time. The pH values of the various reaction systems are calculated before any

hydrolysis or lactonization can take place. If BiBA is completely consumed and

generates 1 equiv of HBr, then the pH of entries A07 and A10 can be as low as 0.3.

As reported in the literature during an eATRP, [250] the [Cu(TPMA)]2+ catalyst was

working at a pH of 1.5, but not at 0.5.

However, it is necessary to consider another reaction taking place. In these

conditions, HEMA is easily hydrolyzed to MAA and EG, making little difference

in the use of one alkene rather than the other. Two different lactones are therefore

formed, as shown in Scheme 9.4. The hydrolysis of HEMA can occur before or
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Figure 9.7: Increase in the lactone yield over time at different pH values (entries of Table 9.2).

after the formation of the lactone. Over time, the reaction system converges to the

hydrolyzed lactone. After approximately one day of reaction, entry A09 (pH = 3.8)

showed a ratio of about 4:1 between the two lactones, the hydrolyzed form being

the majority. At the same time, entry A10 (pH = 2.0) showed a ratio of 1:9, with

a minority of the hydrolyzed lactone instead. The ratio between the two lactones

at the equilibrium was not evaluated, but probably it is highly shifted toward the

hydrolyzed form. It is important to specify that all the lactone yields presented

in this section are the sum of the two lactone products. No distinction was made

between the two lactone forms for the calculation of the yield.

At the pH level of 2.0 (entries A07 and A10), telomerization may also be occurring.
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Scheme 9.4: Hydrolysis of HEMA and corresponding lactone. Hydrolysis reactions are generally

equilibria, but highly shifted toward the hydrolyzed form in this case.
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The lactonization of the monoadduct can be discouraged by the non-deprotonation of

the carboxylic acid derived from BiBA, resulting in multiple additions. As a matter

of fact, at the end of the reactions, the unreacted amount of BiBA was higher than

the unreacted amount of the alkene (even if their starting ratio was 1:1). In entry

A07, the amounts of unreacted MAA and BiBA were 10% and 11% respectively (both

starting from 100%), with a 7% of HiBA generated by BiBA hydrolysis. The reaction

of entry A10 stopped with 15% of unreacted BiBA and only 2% of unreacted HEMA,

with 10% of HiBA. In both cases the alkene is consumed more than BiBA, especially

taking into account the BiBA hydrolysis to HiBA. The excessive consumption of the

alkene is probably due to multiple additions products. Multiple addition products of

BiBA and MAA can still give lactones, as it was described in Scheme 6.10. On the

other hand, multiple addition products of BiBA and HEMA can give γ-lactonization

only when the ester group derived from HEMA is hydrolyzed to the carboxylic acid.

For this reason, HEMA in entry A10 was consumed more than MAA in entry A07

(relative to BiBA), because the multiple addition product of HEMA needs to be

hydrolyzed first in order to give lactonization. Once the lactonization occurs, no

more additions can take place, because the Br atom is lost.

To summarize, changing the pH can decrease the hydrolysis of BiBA, but the

rate of the ATRA reaction is also affected. The two effects are counterbalanced:

reducing the pH decreases the yield, but also slows down the ATRA. The final result

is that a small yield is observed. If the ATRA takes too long, then the hydrolysis

has time to take place instead. It may be necessary to adopt another strategy to

boost the yield by boosting the ATRA, but not the hydrolysis.

Importantly, the ATRA-L reaction was successfully performed with HEMA as

an alkene, but the ester groups from HEMA and its generated lactone are easily

hydrolyzed in the reaction conditions.

Moreover, if the pH is too low, multiple addition products can be formed. This

may be due to the non-deprotonation of the carboxylic acid derived from BiBA,

which is involved in the lactonization of the monoadduct. Multiple addition products

of MAA or hydrolyzed HEMA can still give lactonization, but the final γ-lactones

have clearly a different substituent from the one obtained by the monoadduct.
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9.6 Addition method of α-bromoisobutyric acid to

the reaction mixture

In sections 9.3 and 9.5, it was observed that a pH higher than 3.0 is required for the

ATRA-L reaction to be fast, but these conditions greatly promote also the BiBA

hydrolysis. All the BiBA is generally added to the reaction mixture at the beginning

of the reaction (see subsection 8.1.2 for the general procedures), but a slow addition

of it could stop its hydrolysis. If the concentration of BiBA in the reaction mixture is

small compared to the Cu catalyst, BiBA may be rapidly intercepted and activated

for the ATRA before the hydrolysis can occur.

In the experiment of entry A12 of Table 9.3, BiBA was slowly added within an

hour to the reaction mixture. For the slow addition, BiBA was solubilized in H2O

and, as discussed in section 9.3, the BiBA hydrolysis is very little in a solution of

BiBA alone with these concentrations. However, compared to the reaction model

of entry A01 (Table 9.1), the concentration of reactions of section 9.3 is halved

(0.295mol L−1). This is necessary to completely solubilize BiBA in H2O without the

addition of a base. The effect of the concentration of the reaction mixture is better

discussed in section 9.7.

Entry BiBA addition method Yield [%]

A11 solid, at t = 0 71

A12 in solution, dropwise 69

Table 9.3: Effect of the BiBA addition method. Conditions: MAA:BiBA:NaOH:CuBr:TPMA:NaBr

= 1:1:1:0.1:0.2:0.5, CMAA = 0.295mol L−1, pH = 4.0.

Unfortunately, there is a very small difference in the yield between the two

reactions of Table 9.3. Apparently, the competition between ATRA-L and hydrolysis

is independent of the concentration of BiBA in the reaction mixture.

There is however another extremely important fact about the experiment of entry

A12. During the slow addition of BiBA, the concentration of MAA is always greater

than the one of BiBA. In these conditions, polymerization can occur. However,

from NMR, it was not observed the presence of any product coming from multiple

additions. This is significant evidence that the lactonization reaction is faster than a

second addition. The relevant consequence of this is that, in ATRA-L, it is possible to
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use alkenes that are generally forbidden in normal ATRA reactions. In ATRA in fact,

to avoid polymerization, alkenes are chosen in a way that their monoadduct cannot

be further activated. Therefore, ATRA is forced to exclude the use of (meth)acrylates

and other alkenes that are typically used as monomers in ATRP. The goal of ATRP

is indeed the opposite, or rather to obtain adducts that are still activated.

9.7 Concentration of the reaction mixture

The aim of Table 9.4 is to study the effect of the concentration of the reaction

mixture on the yield and the BiBA hydrolysis. As expected, a more diluted system

resulted in a lower yield and higher BiBA consumption by hydrolysis. Entry A01

with MAA furnished 75% yield, while halving the concentration yielded 69% (entry

A11, Table 9.4).

Importantly, DMAEMA was also tested as alkene (entries A13 and A14 of

Table 9.4). DMAEMA has a tertiary basic amine and fully satisfies the necessity of

a base in the reaction mixture. With the double role of DMAEMA, it is possible

to avoid the addition of NaOH to the system. Even with DMAEMA, a dilution of

the system decreased the yield by increasing the BiBA hydrolysis. Compared to

the reactions with MAA (entries A01 and A11) however, the yield difference with

DMAEMA is higher by halving the concentration of the monomer. From entry A13

to A14, the concentration of DMAEMA was halved and the yield dropped from 74%

to 60%. The higher decrease in the yield with DAMEMA may be due to the higher

pH, making the reaction more sensitive to a change in reagents concentrations.

Entry Alkene C alkene [mol L−1] NaOH [MR] pH Yield [%]

A01 MAA 0.590 1 4.0 75

A11 MAA 0.295 1 4.0 69

A13 DMAEMA 0.590 — 6.1 74

A14 DMAEMA 0.295 — 6.1 60

Table 9.4: Effect of the concentration of the reaction mixture. Conditions:

alkene:BiBA:CuBr:TPMA:NaBr = 1:1:0.1:0.2:0.5.
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9.8 The importance of a carboxylic acid on the ini-

tiator

A carboxylic acid is thought to be required on the initiator to have lactonization

after addition. To test this hypothesis and to have a better understanding of the

reaction mechanism, an initiator without a carboxylic acid like HEBiB was tested.

If the lactonization mechanism requires a carboxylic acid, then HEBiB should only

give addition products.

BiBA and HEBiB (entries A01 and A15 of Table 9.5, respectively) share the

same structure, with the exception that HEBiB is the ester of BiBA. Because of the

loss of the carboxylic acid from BiBA to HEBiB, a base like NaOH was not added

when HEBiB is used. Nevertheless, the two pH values are relatively close to each

other (4.0 with BiBA and 3.7 with HEBiB).

Entry Initiator NaOH [MR] pH Yield [%]

A01 BiBA 1 4.0 75

A15 HEBiB — 3.7 4

Table 9.5: Comparison between a carboxylic acid (BiBA) and an ester (HEBiB) as initiators.

Conditions: MAA:initiator:CuBr:TPMA:NaBr = 1:1:0.1:0.2:0.5, CMAA = 0.590mol L−1.

BiBA and HEBiB furnished two very different lactone yields, 75% and 4%

respectively. With HEBiB, the drastic drop in the yield is probably due to the

absence of a carboxylic acid on the initiator. However, a small amount of lactone

was present in the reaction mixture. There are three possible ways for the lactone

to be formed from HEBiB and MAA (Scheme 9.5). One is the multiple additions

with the formation of a telomer. If two or more MAA units are added, then there

can be lactonization between the two last units of the chain. The same reaction was

observed by Fantin et al. during the SARA ATRP in H2O of MAA, [212] as discussed

in subsection 6.9.2. A more plausible explanation for the formation of the lactone is

the hydrolysis of HEBiB to BiBA, releasing EG. The hydrolysis can occur before or

after the addition of MAA, splitting the hydrolysis hypothesis into two pathways.

However, the resulting lactone is the same and it is identical to the one formed with

BiBA.

From NMR, it was observed consumption of HEBiB and MAA close to 1:1,
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Scheme 9.5: Possible ways of lactone formation using HEBiB as initiator (n ≥ 2).

weakening the multiple addition hypothesis. However, there is the possibility that

HEBiB was partially consumed by side reactions and that some telomers could be

consequently formed. Generally in these reactions, the initiator is consumed by

hydrolysis of the brominated function and, in the end, there is a good amount of

residual alkene. For example, entry A01 reached complete BiBA consumption with

only 79% of MAA conversion. The same did not happen for entry A15, where HEBiB

and MAA reached 92% and 96% conversion, respectively. Reasonably, multiple

additions occurred. Unfortunately, it was difficult to prove the hydrolysis of the

C Br bond of HEBiB from 1H NMR due to peaks overlapping, but its hydrolysis is

highly probable.

An increasing amount of EG was however present inside the reaction mixture.

This is evidence of the hydrolysis of HEBiB into BiBA, before or after any addition

reaction. The lactone yield was increasing over time, going from the tabulated 4%

after 7 h to 14% after 23 h. However during this time, HEBiB and MAA have been

consumed by only an additional 1mol% and 3mol%, respectively. EG was also

increased during this time from 4mol% to only 5mol%. This means that hydrolysis

of HEBiB was occurring, but it can explain only a 5% lactone yield, not 14%. The

rest may be a lactonization of the last two monomer units of a multiple addition

product.
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In conclusion, a carboxylic acid on the initiator is required to give lactonization.

When the carboxylic acid was made quiescent by esterification (turning BiBA to

HEBiB), the lactonization was highly suppressed. However, a small amount of lactone

was forming inside the reaction mixture, even when HEBiB and MAA were not

reacting anymore. The lactone could have been formed by hydrolysis of the HEBiB

ester to the corresponding carboxylic acid. Another hypothesis is the lactonization

between the last MAA units of a multiple additions product. In both cases, a

carboxylic acid is required for the lactonization.

9.9 Ratio between alkene and initiator

In general, the main problem of our ATRA-L system is the hydrolysis of the initiator.

The hydrolysis keeps the yield from reaching values close to 100%. A good strategy is

to increase the quantity of the initiator relative to the alkene in order to counterbalance

side reactions involving the initiator. Furthermore, the initiator is generally in excess

in ATRA systems to prevent telomerization.

During our ATRA-L studies, the ratio between alkene and initiator is always 1:1,

like in entry A01 of Table 9.6, where MAA and BiBA are used. To increase the

yield, we decided to increase the MR of BiBA from 1 to 1.3. Consequently, NaOH

was increased accordingly for BiBA deprotonation and solubilization. In entry A01,

21mol% of BiBA were consumed by hydrolysis, therefore it seemed reasonable to

increase BiBA by 30mol%. As a result, increasing the MR of BiBA from 1 to 1.3

increased the yield from 75% to 85%. However, the expectation was to reach a

higher yield, but hydrolysis consumed a good part of BiBA. Indeed in entry A16 of

Table 9.6, 36mol% of BiBA (compared to MAA) were hydrolyzed, opposite to the

21mol% of entry A01.

Faced with a yield increase of 10%, it is necessary to consider also the loss in

Entry BiBA [MR] NaOH [MR] Yield [%]

A01 1 1 75

A16 1.3 1.3 85

Table 9.6: Effect of the ratio between alkene and initiator. Conditions: MAA:CuBr:TPMA:NaBr =

1:0.1:0.2:0.5, CMAA = 0.590mol L−1, pH = 4.0.
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atom efficiency of the process. Both BiBA and NaOH were increased by 30mol%

for a not so significant increase in the yield. The result was a bit disappointing and

it was decided to keep the 1:1 ratio between the alkene and the initiator.

9.10 Change of ligand

TPMA can build very active catalysts, suitable for a large number of atom trans-

fer radical reactions. However, TPMA is expensive if compared to other ligands.

Furthermore, an ATRA system like the one of our studies can require a quite good

amount of catalyst. In order to develop a more affordable process for our ATRA-L

system, we decided to test bpy as ligand instead of TPMA.

Usually, an excess of TPMA is used to bind all the Cu. In this study, a Cu:TPMA

ratio of 1:2 is therefore used, even if only 1mol of TPMA is necessary to bind to Cu.

Differently, 2mol of bpy should be required to form the complex with Cu. [251,252]

Since TPMA is doubled to have an excess of it, we decided to double bpy too,

reaching a Cu:bpy ratio of 1:4. In Table 9.7 are reported a reaction with TPMA,

one with bpy and one without any ligand (entries A01, A17, and A18 respectively).

Entry Ligand (MR) pH Yield [%]

A01 TPMA (0.2) 4.0 75

A17 bpy (0.4) 4.1 65

A18 — 3.8 0

Table 9.7: Change of ligand. Conditions: MAA:BiBA:NaOH:CuBr:NaBr = 1:1:1:0.1:0.5, CMAA =

0.590mol L−1.

Surprisingly, bpy yielded 65%, a value not too far from 75% with TPMA. TPMA

is not only more expensive, but it is nearly one thousand times more active than

bpy. [253] The reaction with bpy was however fast enough to generate the desired

lactone before BiBA hydrolysis. As usual, a lower yield means a slower process and

more time for the hydrolysis to occur.

Unfortunately, entry A17 with bpy showed overconsumption of MAA, which did

not happen in entry A01 with TPMA. At the end of entry A17, BiBA reached full

conversion, but it was partially (18%) hydrolyzed into HiBA. On the other side,

MAA reached 99% conversion. Since the MAA:BiBA ratio is 1:1 and since BiBA
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did not fully react with MAA, probably some multiple additions occurred. On the

contrary, with TPMA (entry A01), MAA reached only 79% when BiBA conversion

was full. Even in this case, 15% of BiBA was hydrolyzed into HiBA. This suggests

that the Cu complex may be involved in the lactonization mechanism. Unfortunately,

no time was left to prove or disprove this idea.

The comparable results with both bpy and TPMA may indicate that the ligand is

not that significant in the activation step of ATRA. However, entry A18 demonstrated

that a proper ligand is required for Cu to activate the initiator. Indeed, no lactone

formation was observed with CuBr alone, without any ligand.

9.11 Change of base

A base is generally required by the ATRA-L system of our research. The base has

two main functions. First, it deprotonates and, consequently, it completely solubilizes

BiBA. Second, the base keeps the environment from being too acidic, which would

break the catalytic system by protonation of the ligand. So far, NaOH was mainly

used as a base, but it can have some disadvantages. For instance, NaOH needs to

be used in solution, but, even if stored in a closed vial, it is slowly neutralized by

the CO2 from the air. A saturated NaOH solution was therefore titrated and used,

but, due to its high concentration, a small error in its withdrawal could result in

a big change of pH in the reaction mixture. Fortunately, the reactions proved to

be reproducible even if such a concentrated NaOH solution was used. However, it

could be appropriate to study other bases, which can be weighted or withdrawn

with bigger volumes. As reported in Table 9.8, TEA (entries A19 and A21), Na2CO3

(entry A20) and PBS (entry A22) were studied besides NaOH (entries A01 and A06).

PBS is an aqueous buffer solution with a pH of 7.4 composed of KH2PO4, Na2HPO4

and NaCl (see subsection 8.1.1 for further information).

As a result, the change of the base does not make a big difference in the pH

and thus in the lactone yield. Entries A01, A19, and A20 with 1 equiv of NaOH,

TEA, and Na2CO3 respectively gave yields close to each other (75%, 82%, and 76%

respectively). The pH of these three reactions was calculated to be 4.0 for all of them.

The same can be said for entries A6 and A21 with half the amount of base from
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Entry Base (MR) pH Yield [%]

A01 NaOH (1) 4.0 75

A19 TEA (1) 4.0 82

A20 Na2CO3 (0.5) 4.0 76

A06 NaOH (0.5) 3.0 83

A21 TEA (0.5) 3.0 84

A22 PBS 2.3 83

Table 9.8: Change of base. Conditions: MAA:BiBA:CuBr:TPMA:NaBr = 1:1:0.1:0.2:0.5, CMAA =

0.590mol L−1.

previous entries and with a pH of 3.0. Respectively, the bases are NaOH and TEA

and the yields are 83% and 84%. As already discussed in section 9.5, pH has both

effects of slowing down the hydrolysis and also the ATRA reaction. For comparison,

entry A19 with 1 equiv of TEA reached 83% BiBA conversion after 3 h, but it was

probably complete in a few hours. Differently, entry A21 with 0.5 equiv of TEA took

23 h to reach 94% BiBA conversion and it was complete in less than 30 h.

Substituting NaOH with TEA is a good achievement for one reason in particular.

It proves that tertiary amines can perfectly work as bases in our ATRA-L reaction

system. As anticipated in section 9.7 and better discussed in section 9.12, alkenes

containing a tertiary amine can be used to substitute NaOH. For instance, DMAEMA

or DMAPMAm can act both as alkenes and as bases.

PBS (entry A22) was also tested as a solvent and no other base was added.

The reaction yielded a good 83%, but its pH as low as 2.3 greatly slowed down

the reaction. After 3 days, it reached 93% BiBA conversion and it was interrupted

after 7 days with 95% BiBA conversion. The small concentration of phosphates

inside PBS could not handle the high concentration of the weak acids like BiBA and

MAA. Moreover, PBS contains NaCl, which can be dangerous for an atom transfer

radical reaction based on another halogen like Br. The concentration of Cl– in the

PBS solution is more than four times higher than the concentration of Br– in our

system. Therefore, both chlorinated and brominated monoadducts could be formed.

As previously observed, it should be more difficult for chlorinated monoadducts

to lactonize if compared to brominated ones, in agreement with their BDEs. [212]

Fortunately, no free monoadducts were observed from NMR and it was deduced that

all the addition product were rapidly lactonized.
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In short, the nature of the base is not important if the pH is maintained the same.

This opens the door to a wide range of bases and in particular to alkenes with basic

moieties.

9.12 Change of alkene

In order to have lactonization, the initiator is required to have a carboxylic acid.

Furthermore, the active halogen of the initiator should be relatively close to the

carboxyl group. In fact, the final lactone ring size depends on the distance between

the active halogen and the carboxyl group (Scheme 9.6). For instance, an α-halogen

and a β-halogen generate a γ-lactone and a δ-lactone, respectively. As known, γ-

and δ-lactones are the most stable because of the number of members on the ring (5

and 6 respectively). However, the halogen needs to be in α position to be activated,

limiting the obtainable lactones to only the γ-ones. For δ-lactone, a more complex

structure of the initiator would be required to make the β-halogen active. Thus,

there is not a wide range in the choice of the initiator and only two α-substituents

can be changed. For this reason, different initiators from BiBA were not particularly

studied.

HO R1

O

X

R3

R2

ATRA-L
R1O

O

R2
R3

+

Scheme 9.6: ATRA-L generating different lactone ring sizes. The distance between the active

halogen and the carboxylic acid (i.e. the length of R1) determines the final size of the ring.

On the other hand, the choice of the alkene is less strict in our ATRA-L system.

Anyway, vinyls were chosen for their fast addition. A fast addition can overcome

the problem of the hydrolysis of the initiator. In addition, one of the main goals of

this study is to use very active alkenes, which are usually forbidden in ATRA. As

discussed in chapter 5, the fast lactonization of the monoadducts does not force the

synthesis to only products with less active halogens. As displayed in Figure 9.8 and

Table 9.9 in fact, (meth)acrylates and acrylamides were studied, which are so active

that are generally used as monomers in radical polymerization processes, like ATRP.

Fantin et al. suggested that the mechanism of the lactonization could be a
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Figure 9.8: Studied alkenes.

Entry Alkene NaOH [MR] pH Yield [%]

A01 MAA 1 4.0 75

A23 AA 1 3.7 78

A08 HEMA 1 8.9 82

A13 DMAEMA — 6.1 74

A24 DMAPMAm — 6.7 49

Table 9.9: Testing different alkenes. Conditions: alkene:BiBA:CuBr:TPMA:NaBr = 1:1:0.1:0.2:0.5,

C alkene = 0.590mol L−1.

nucleophilic substitution. They observed the lactonization between the last two

monomer units of the polymer chain during the SARA ATRP of MAA in H2O. [212]

The lactonization mechanism of our system with BiBA and MAA could be the same

and, in this case, it is a SN1 or a SN2 type? Four aspects should be considered about

the halogenated C of the monoadduct (Scheme 9.7). (i) The SN1 is very likely on a

tertiary C due to steric hindrance. (ii) Furthermore, H2O as solvent should stabilize

the carbocation, promoting the SN1 type. (iii) However, the carboxylate is a good

nucleophile, leading to think that a SN2 is more plausible. (iv) Lastly and most

importantly, a SN1 would take place via a carbenium ion intermediate, which would

be extremely destabilized by the adjacent carboxyl group, a strong EWG. Therefore,

the most plausible nucleophilic substitution mechanism is the SN2.

If AA is used instead of MAA, the halogenated C involved in the lactonization

changes from tertiary to secondary (Scheme 9.7). This difference can change the

mechanism of the lactonization and the result of the reaction. A comparison between

two reactions, one with MAA and one with AA (entries A01 and A23 of Table 9.9

respectively), can add a clue to understanding the mechanism. However, no big

difference was found between the two reactions. In fact, the two final yields are

very close to each other, 75% with MAA and 78% with AA. Unfortunately, this
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Scheme 9.7: ATRA-L via nucleophilic substitution of AA (R = H) or MAA (R = Me).

same result did not increase our understanding of the type of mechanism. On the

other hand, our ATRA-L system is satisfyingly robust that can work both with

methacrylates and acrylates.

Other methacrylates were also tested, like HEMA and DMAEMA (entries A08

and A13, respectively). The results with these two methacrylates are comparable

with the ones with MAA and AA: HEMA and DMAEMA yielded 82% and 74%

respectively. As discussed in section 9.5 however, HEMA and its generated lactone

were hydrolyzed to MAA and its corresponding lactone. The same was observed

for DMAEMA, which is hydrolyzed into MAA and 2-(dimethylamino)ethanol. A

methacrylamide like DMAPMAm was therefore tested (entry A24, Table 9.9), which

is highly less prone to hydrolysis. As expected, hydrolysis with DMAPMAm was not

observed, but the yield dropped to 49%. Unfortunately, entry A24 was not repeated

to confirm the result for a matter of time. As usual, a lower yield is symptomatic of

a higher BiBA hydrolysis. However, the good result is that the ATRA-L system of

our studies is working even with (meth)acrylamides, which are hardly hydrolyzable.

Importantly, DMAEMA and DMAPMAm (entries A13 and A24 respectively) can

act both as alkenes and as bases, thanks to their amine groups. In fact, the addition

of 1 equiv of NaOH is not necessary when this type of alkenes are used, simplifying

the system.

In addition, DMAPMAm, DMAEMA, and HEMA do not have a carboxylic acid.

This could be an advantage from a purification point of view of the final lactone.

As a matter of fact, purification by chromatography can be quite inefficient when a

carboxylic acid is present. However, DMAEMA and HEMA could be hydrolyzed to

MAA, restoring the carboxylic acid. On the other hand, the amide of DMAPMAm

hardly hydrolyzes.

In conclusion, various vinyls usually forbidden in ATRA were successfully tested

in the ATRA-L system we developed. Methacrylates are easily hydrolyzed to MAA,

therefore a methacrylamide was studied with encouraging results. A comparison
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between MAA and AA did not bring extraordinary new clues to the lactonization

mechanism, which is thought to be a nucleophilic substitution. Lastly, alkenes with

a tertiary amine group were proved to be an interesting replacement of NaOH, since

1 equiv of a base is required by the reaction system.

9.13 DMSO as solvent

One of the strengths of our ATRA-L system is the use of H2O as a solvent. H2O is

inexpensive and the best solvent choice from a green point of view. However, other

organic solvents are often a better choice for the synthesis of small organic molecules.

Moreover, hydrolysis of the initiator is the main weakness of our reaction system

and it is undoubtedly accelerated by the fact that H2O is the solvent. Therefore,

we decided to perform a few reactions with a polar aprotic solvent like DMSO. In

the reactions of Table 9.10, DMSO-d6 is used instead of normal DMSO for reasons

related to the NMR analysis.

Entry Type Initiator Solvent Yield [%]

A14 normala BiBA H2Ob 60

A25 normala BiBA DMSO-d6 40

A26 SARAc BPAA DMSO-d6 0

A27 SARAc BiBA DMSO-d6 0

Table 9.10: Testing DMSO as solvent. aConditions: DMAEMA:BiBA:CuBr:TPMA

= 1:1:0.1:0.2, CDMAEMA = 0.295mol L−1. bAdded NaBr (MR = 0.5). cConditions:

St:initiator:Cs2CO3:CuBr2:TPMA = 1:1:1:0.0002:0.002, Cu wire 6 cm, C St = 0.218mol L−1.

We decided to directly transfer the reaction system of entry A14 straight from

H2O to DMSO. Aside from the solvent, the only other difference is the usage of

NaBr, which is not necessary in DMSO. In ATRP, the addition of halide salts in

protic solvents is considered a good practice as it avoids the reversible dissociation

of the halide from the Cu complex, sharpening the molecular weight distribution

of the obtained polymer. [254,255] Entry A14 in H2O with DMAEMA as alkene and

base yielded 60%. Surprisingly, the same system transferred to DMSO (entry A25,

Table 9.10) worked, but the yield was decreased to 40%. In both these reactions,

BiBA was completely consumed in the end and the only side reaction observed from

NMR was the hydrolysis of BiBA. Hydrolysis was possible also in DMSO due to the
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presence of H2O as an impurity.

We hence designed a completely new reaction system in DMSO from scratch (entry

A26, Table 9.10). St is the alkene, α-bromophenylacetic acid (BPAA) the initiator,

and Cs2CO3 the base. CuBr2/TPMA is the catalyst with a SARA regeneration

method, letting the load of CuBr2 to be as low as 200 ppm (plus 2000 ppm of TPMA

and a Cu wire). Unfortunately, this SARA ATRA-L in DMSO never worked and

the formation of any lactone was not observed. BPAA was rapidly consumed by

other side reactions and the by-products were not thoroughly investigated. The

reaction was repeated with BiBA as the initiator (entry A27, Table 9.10), but the

same was observed. BiBA was only converted to a series of by-products and the

alkene was nearly not consumed, as with BPAA. The BiBA side reaction products

were probably HiBA, TMSA, and (α-bromopropionic acid) BPA, as discussed in

section 9.4. If TMSA was formed, then the radical activation of BiBA was working

even with the low load of the catalyst, but the generated radical did not react as

expected. Moreover, H2O was present in the reaction mixture due to impurities in

the DMSO and to the acid–base reaction between BPAA/BiBA and Cs2CO3.

Given the poor results of the reaction systems in DMSO, we decided not to

investigate this further. Apparently, the initiator is rapidly consumed into various

side reactions into various by-products. In H2O instead, hydrolysis of the initiator is

by far the major side reaction. Moreover, DMSO is not as inexpensive and green as

H2O is. In literature, it was also pointed out that H2O is required for some ATRA-L

systems to work. [189,194,198,239]

9.14 Change of CuI source

When the reproducibility of the ATRA-L of this study was tested, no particular

problems were found. Meticulous attention to detail let us develop an experimental

procedure that minimizes experimental errors. Reproducibility has never been a

problem. However, it was unfortunately discovered that the change of CuBr source

could lead to very different results.

In Table 9.11 are reported six reactions with six different CuBr sources, including

entry A01 which is generally taken as an example for comparisons in almost every
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section of this chapter. As can be seen from the Table 9.11, a wide range of lactone

yields came out from the same reaction, ranging from 92% to 8%. However, the

different sources of CuBr are not different vendors, but instead different chemists

working in the same laboratory that used slightly different processes to purify the

CuBr. Mipha, Daruk, Revali, and Urbosa are fantasy names for these chemists. The

numbers following some of these names (1 and 2) indicate two different CuBr samples

with two separate purification processes (but prepared with the same procedure by

the same chemist).

Entry CuI source Yield [%]

A01 CuBr (Mipha-1) 75

A28 CuBr (Mipha-2) 92

A29 CuBr (Daruk) 27

A30 CuBr (Revali) 22

A31 CuBr (Urbosa-1) 10

A32 CuBr (Urbosa-2) 8

A33 Cu(MeCN)4BF4 0

Table 9.11: Effect of the CuI source. Conditions: MAA:BiBA:CuI:TPMA:NaBr = 1:1:0.1:0.2:0.5,

CMAA = 0.590mol L−1, pH = 4.0.

The purification procedure of CuBr was the same for all the chemists, but

with small differences. As reported in subsection 8.1.1, CuBr was washed several

times with glacial AcOH, then with EtOH, and finally with Et2O. Anyhow, some

differences in the procedure are present: the number of times the CuBr was washed,

the duration of the washings, the used solvent volumes, the drying method, and

the chosen atmosphere during the washings (air or N2). Independently on these

small differences, however, all the CuBr prepared with this method were nearly pure

with only small traces of CuII. CuBr from entry A32 (Table 9.11) furnished the

lowest lactone yield and was therefore analyzed spectrophotometrically to determine

the relative contents of CuI and CuII. Precisely, CuBr from Urbosa-2 was dissolved

in DMF and a UV–Vis spectra was collected. From the absorbance and from the

application of the Beer–Lambert law, the mole percent of CuI was found to be 95.8%,

with only 4.2% of CuII. After this result, it would be logically incorrect to attribute

the low 8% lactone yield of entry A32 to the CuII impurities inside the CuBr. In fact

in section 9.2, a decrease in the quantity of the Cu/TPMA catalyst was studied, but
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the yield never dropped so significantly. There must be something else related to

CuBr responsible for the poor efficiency of the system.

Another responsible for the poor efficiency of these reactions could be some

residues of AcOH from the first washing of the CuBr. AcOH is undoubtedly acidic

and the pH is one of the main concerns in our ATRA-L system. However, an NMR

analysis of CuBr from Urbosa-2 revealed the absence of AcOH or any other organic

impurity. The hypothesis of AcOH contamination was therefore discarded. So

far, UV–Vis and NMR did not find anything wrong with the CuBr from Urbosa-2,

nevertheless there is still a problem with it.

No problems were found with the CuBr sources and no hypothesis was confirmed

about the strong impact of the CuBr sources on the yield. Actually, only one

unverified hypothesis remained as a possible explanation. Small differences in the

purification and drying process could have led to small differences in the morphology

of the CuBr grains forming the powder. Any difference in the morphology of the

CuBr powder could have consequences on the solubility of it and, as a result, on the

rate of the ATRA process. As mentioned before, if the ATRA is not fast enough, the

hydrolysis of the initiator compromises the reaction from reaching a satisfying yield.

As a matter of fact, phase separation was observed at the beginning of the reactions

that yielded the lowest values (entries A29, A30, A31, and A32 of Table 9.11). In

these reactions, a small volume of a dark green liquid phase was initially formed.

The dark green color may indicate that this phase was subtracting Cu catalyst from

the other reaction mixture, slowing down the process.

In order to avoid the problems encountered with different CuBr sources, a reaction

with Cu(MeCN)4BF4 was therefore studied (entry A33, Table 9.11). In addition,

Cu(MeCN)4BF4 was added as a solution to have all the CuI ready at the beginning

of the reaction. Unexpectedly, Cu(MeCN)4BF4 was completely unable to trigger the

ATRA reaction. The reason is unknown and, unfortunately, no time was left to let

me investigate why it did not work. The reaction was also repeated paying particular

attention to the possible oxidation of CuI, but the same result was obtained and no

lactone was observed from NMR. The reason for the non-functioning of the system

with Cu(MeCN)4BF4 is unknown. Other studies successfully used Cu(MeCN)4BF4

as transition metal catalyst in atom transfer radical reactions. [250,256–260]
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In conclusion, the morphology of the CuBr powder could alter its rate of solubi-

lization in the first moments of the reaction. Subsequently, the rate of the ATRA

is negatively affected and the hydrolysis can take over. However, this hypothesis

is absolutely not confirmed. The explanation for the different yields from different

CuBr sources could be another one. Interestingly, the Mipha-2 from entry A28

(Table 9.11) yielded 92%. This means that working on the CuBr source could boost

the reaction system to relatively high yields.
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Chapter 10

Conclusion

The SARA ATRP in H2O of Fantin et al. [212] was successfully adapted to develop an

efficient ATRA-L system (Scheme 10.1). Both a normal and a SARA ATRA-L were

developed, depending on the catalytic system. A γ-lactone with two substituents

is obtained from the process. Satisfyingly, it was possible to use alkenes that are

generally forbidden in ATRA, like (meth)acrylates and methacrylamides. As a matter

of fact, the fast lactonization prevents any reactivation of the obtained monoadduct.

Furthermore, the ATRA-L reaction is carried out in H2O and at 25 ◦C, making the

process interesting from a green point of view.

+
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Br+
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Scheme 10.1: Developed ATRA-L reaction. The catalytic system is CuI(TPMA)Br complex in

normal conditions or [CuII(TPMA)Br][Br] coupled with Cu0 in SARA conditions. NaBr is also

added to increase the stability of the catalytic complex. R1 and R2 define the alkenes shown in

Figure 9.8.

The biggest drawback of the studied ATRA-L process is the hydrolysis of the

initiator. If the ATRA is not fast enough, the final lactone yield is compromised by

the hydrolysis of the initiator. The pH resulted to be the main condition affecting

the hydrolysis and lowering it decreases the hydrolysis rate. However, a lower pH

decreases also the ATRA rate and these two effects almost cancel each other out. In

order to reach higher yields, the concentration of CuI(TPMA)Br can be increased,

accelerating the ATRA reaction. However, we wanted to avoid concentrations of Cu
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above 10mol% for a principle of atom efficiency. In addition, the concentration of the

solution can have a moderate effect in increasing the yield. A higher concentration

of the reagents resulted in a decreased hydrolysis and therefore in higher yields.

Lastly, increasing the amount of initiator relative to the alkene was proved to be

a possible solution to the hydrolysis problem. In this way, the yield was increased,

but it should be kept in mind that the atom efficiency of the process was actually

decreased. Besides hydrolysis, other small side reactions are occurring. In the case

of BiBA, HiBA from the hydrolysis is the major by-product, but also MPA, MAA,

and TMSA were identified from NMR as minor by-products.

While pH is very important for the fate of the reaction, the type of base is not.

Various organic and inorganic bases were tested, and they all returned similar results

when the pH was the same. Interestingly, DMAEMA and DMAPMAm were used as

both alkenes and bases. They are individually capable of both giving radical addition

and quenching the acidity of an initiator like BiBA.

Apart from TPMA, bpy was found to be a good ligand for this ATRA-L system in

H2O. The yield with TPMA was higher than with bpy, but TPMA is a more expensive

chemical substance. As a future development, other ligands can be tested and they

can be chosen based on their activity and economical availability. Furthermore, a

system without any ligand but with only CuI did not result in any radical addition

reaction.

We successfully transferred the normal ATRA-L from H2O to DMSO. However,

the best results were obtained in H2O. Probably, a deeper study of the ATRA-L in

DMSO could return better results with higher yields, but H2O should be preferred

as solvent for its availability and greenness.

Some problems were encountered while changing the CuI source. Perhaps for

solubility reasons, using slightly different purification methods of CuBr resulted in

very different yields. This is clearly a disadvantage of the system, but developing a

better understanding of the problem can be used to boost the ATRA and therefore

to reach higher yields.

The more plausible mechanism of the lactonization is the SNi. In this case,

it probably follows a SN2 mechanism. Indeed, the SN1 would require the highly

unstable formation of a carbenium ion in α-position to a carboxylic group. However,
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other mechanisms found in literature like SHi and ORPC (Scheme 7.1) could not

be totally excluded. Furthermore, the Cu catalyst may be involved in the lacton-

ization mechanism. In fact, during the ATRP of MAA in H2O, it was observed the

lactonization of the last two monomer units with Cu/TPMA as catalyst, [212] but not

with Fe/porphyrin. [261] This suggests that Cu/TPMA may have an active role on the

lactonization mechanism. In addition, the usage of Cu/bpy instead of Cu/TPMA

as catalyst (section 9.10) showed the formation of multiple addition products and

therefore a slower lactonization rate.

10.1 Future perspectives

One of the most important aspects of this ATRA-L system that should be monitored

is the hydrolysis of the initiator. However, only brominated initiators like BiBA were

studied. Different halogens (Cl, Br, and I) can have important effects on ATRA,

lactonization, and hydrolysis. Compared to Br, a chlorinated monoadduct should

lactonize more slowly, [212] but the chlorinated initiator is less prone to hydrolysis.

If the ATRA and the lactonization are fast even in a chlorinated system, then the

hydrolysis could be highly suppressed. An iodinated system should also be studied

in order to have a complete picture of the behaviors of the three halogens toward

the three reactions (ATRA, lactonization, and hydrolysis). Obviously, changing the

halogen on the initiator means changing the halogen of the entire system accordingly,

taking into account all the other halogenated reagents. In the case of our ATRA-L

system, BiBA was combined with CuBr and NaBr.

α-Haloamides can also be taken into consideration as initiators, instead of

haloesters. The halogen from α-haloamides should be less prone to hydrolysis

if compared to the one from α-haloesters. Therefore, the reactivity of haloamides

toward hydrolysis and ATRA in our system should be studied. However, the forma-

tion of a lactone is only possible when a carboxyl group is present on the initiator.

An amide could instead lead to the formation of a lactam or an iminolactone, as

reported in the literature. [215–218] In any case, iminolactones are easily hydrolyzed to

lactones in mild acidic conditions. [214]

The concentration of Br– should also be investigated. The Br– ions that are present
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in the reaction mixture come from four different sources: NaBr, CuBr, hydrolysis of

the initiator, and lactonization of the monoadduct. Indeed, concentrations of Br–

affects the rate of hydrolysis and lactonization because these two reactions release

Br–. Furthermore, NaBr is generally added to increase the stability of the catalytic

complex. A change in Br– concentration could consequently alter the rate of the

ATRA reaction. For these reasons, the effects of the Br– concentration should be

explored and also a control experiment without the addition of NaBr should be

carried out.

In our ATRA-L study, BiBA was almost always used as the initiator. However,

it would be interesting to study other initiators in order to have a comparison

between the α-substituents. A simple example is shown in Scheme 10.2, where the

α-substituents are methyl groups (two for BiBA, one for BPA, and no substituents

for BAA). The ATRA activation rate constant should decrease as the number of

methyl groups is decreasing. A less active initiator like BAA is generally forbidden

in an ATRA with MAA, because the halogen of the generated monoadduct is more

active than the initial BAA. In ATRA, the bad result of an initiator less active than

the monoadduct is the telomerization. However, ATRA-L could possibly prevent

this side effect typical of ATRA. If the lactonization is fast enough, then there is no

concern on the relative activation rate constants of initiator and monoadduct. Lastly,

it should be also taken into account the Thorpe–Ingold effect that the substituents

have on the lactonization. [262]

HO

O

Br

BiBA

HO

O

Br

BPA

HO

O

Br

BAA

Scheme 10.2: Example of substituents change on the initiator.

By changing the two substituents on the initiator, it is possible to synthesize

different lactones with a different couple of α-substituents. However, there are four

more substituents than can be chosen that originate from the alkene, as shown in

Scheme 5.2. A deeper study on substituents can open the doors to a wide range of

γ-lactones. However, the rate of radical addition strongly depends on the alkene

structure. Moreover, also the reactivity of the halogen of the monoadduct toward the

lactonization depends on the structure of the alkene. So far, only (meth)acrylates
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and methacrylamides were tested, which are very reactive alkenes that lead to

monoadducts with very reactive halogens. Therefore, the behavior of less reactive

alkenes should be studied in our ATRA-L system.

The regeneration of the catalyst is a powerful method that allows the usage of

small quantities of transition metal catalyst. Furthermore, the metal can be added

to the reaction mixture in its higher oxidation state, which is more stable in air and

less expensive. Alongside a normal ATRA-L in fact, also a SARA ATRA-L with

catalyst regeneration was set up. As a future development, the SARA system should

be studied more thoroughly in order to let it reach the same results as the normal

system. Furthermore, other catalyst regeneration techniques should be tested for

the same advantages described above. For example, since the reaction is carried out

in H2O, AsAc can be used in an ARGET system. Additionally, another strategy

can be adopted to decrease one of the two components of the catalyst. The catalyst

is a complex formed by a transition metal and a proper ligand. Throughout the

entire ATRA-L study of normal conditions, the ligand was always present in a double

amount compared to the stoichiometry of the complex. As a future perspective, the

ratio between the ligand and the transition metal could be driven to a value closer

to the stoichiometric one. The goal is to increase the atom efficiency of the process.

The solvent of the reaction is another point that can be expanded in the future.

So far, all the reactions were carried out in H2O, except only one good result in

DMSO. H2O is a great solvent since it is cheap and the best choice from a green point

of view. However, using different solvents from H2O could suppress the problem of

hydrolysis of the initiator. Other possible organic polar solvents are for example

DMF, THF, acetone, MeCN, and EtOAc. Alcohols as solvents may give esterification

of the carboxylic acid of the initiator, compromising the lactonization. Lastly, a

complete apolar system could be also tested, with apolar solvent and reagents.

The temperature is another aspect that was not explored. All the proposed reac-

tions of this study were performed at 25 ◦C. Therefore, the effect of the temperature

could be studied in the future.

In the ATRA-L study here presented, the lactonization is performed by the

carboxyl group of the initiator. However, the lactone ring closure could be performed

by any carboxyl group present on the monoadduct. The only requirement is the
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distance between the halogenated C and the carboxyl group, on which the final size

of the lactone ring depends. Therefore, the carboxyl group could be found on the

alkene instead of on the initiator. As shown in Scheme 10.3a, the monoadduct is

always a γ-halocarboxylic acid, but the carboxylic group comes from the alkene. The

distance between the halogenated C and the carboxyl group allows the formation of

the stable γ-lactone. Ideally, the 4-pentenoic acid could be replaced by a 5-hexenoic

acid and a δ-lactone should be obtained instead. The same principle is applied in

Scheme 10.3b for the synthesis of phthalides.

R X +

O

O

O

O

R

X

Lactonization

-X
O

O

R

ATRA

O

O

R X X

O

O

R

ATRA-L

(a)

(b)

Scheme 10.3: Examples of ATRA-L with the lactonization performed by a carboxyl group from

alkene.
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Acronyms and abbreviations

In square brackets are reported the CAS registry numbers of chemical substances.

AA Acrylic acid [79-10-7]

Ac Acetyl group C( O)CH3

AIBN Azobisisobutyronitrile [78-67-1]

ARGET Activator regenerated by electron transfer

AsAc Ascorbic acid [50-81-7]

ATRA Atom transfer radical addition

ATRA-L Atom transfer radical addition and lactonization

ATRC Atom transfer radical cyclization

ATRC-L Atom transfer radical cyclization and lactonization

ATRP Atom transfer radical polymerization

BB Benzal bromide [618-31-5]

BC Benzal chloride [98-87-3]

BDE Bond-dissociation energy

BiBA α-Bromoisobutyric acid [2052-01-9]

BiB– α-Bromoisobutyrate anion [18526-77-7]

Bn Benzyl group CH2C6H5

BPA α-Bromopropionic acid [598-72-1]

BPAA α-Bromophenylacetic acid [4870-65-9]
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bpy 2,2′-Bipyridine [366-18-7]

Bu Butyl group C4H9

Cat Catalyst

Conv Conversion

CRT Catalytic radical termination

Ð Dispersity

DBPS α,ω-Dibromopolystyrene [9003-53-6]

DCPS α,ω-Dichloropolystyrene [9003-53-6]

DF Dilution factor

DHAs Dehydroascorbic acid [490-83-5]

DMAEMA 2-(Dimethylamino)ethyl methacrylate [2867-47-2]

DMAPMAm N -[3-(Dimethylamino)propyl]methacrylamide [5205-93-6]

DMF N,N -Dimethylformamide [68-12-2]

DMSO Dimethyl sulfoxide [67-68-5]

dNbpy 4,4′-Dinonyl-2,2′-bipyridine [142646-58-0]

DSC Differential scanning calorimetry

EA Ethyl acrylate [140-88-5]

eATRP Electrochemically mediated ATRP

ECA Ethyl 2-chloroactylate [687-46-7]

ECiB Ethyl 2-chloroisobutyrate [62554-44-3]

EDCP Ethyl 2,2-dichloropropionate [17640-03-8]

EG Ethylene glycol [107-21-1]

EMA Ethyl methacrylate [97-63-2]

Et Ethyl group CH2CH3

EWG Electron withdrawing group

FEG Field emission gun
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FRP Free-radical polymerization

GC Gas chromatography

GP Gel point

GPC Gel permeation chromatography

HEBiB 2-Hydroxyethyl 2-bromoisobutyrate [189324-13-8]

HEMA 2-Hydroxyethyl methacrylate [868-77-9]

HiBA 2-Hydroxyisobutyric acid [594-61-6]

HPLC High-performance liquid chromatography

HRMS High-resolution mass spectroscopy

HSAB Hard and soft acids and bases

ICAR Initiators for continuous activator regeneration

Ini Initiator

IPA Isopropyl alcohol [67-63-0]

IPIAA 5,6-O,O-Isopropylidene-ascorbic acid [15042-01-0]

LRP Living radical polymerization

M Monomer

MAA Methacrylic acid [79-41-4]

MA– Methacrylate anion [18358-13-9]

MALLS Multiangle laser light scattering

MCA Methyl 2-chloroactylate [80-63-7]

MDCB Methyl 2,2-dichlorobutanoate [18545-44-3]

Me Methyl group CH3

Mechano-ATRP Mechanically induced ATRP

Mn Number average molar mass

M th
n Theoretical number average molar mass

MPA 2-Methylpropanoic acid [79-31-2]
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MR Molar ratio

Mt Transition metal

MW Molecular weight

Mw Mass average molar mass

MGPC
w Mass average molar mass (determined by GPC)

MMALLS
w Mass average molar mass (determined by MALLS)

NaAs Sodium ascorbate [134-03-2]

NHPI N -Hydroxyphthalimide [524-38-9]

NMP Nitroxide-mediated radical polymerization

NMR Nuclear magnetic resonance

OMRP Organometallic-mediated radical polymerization

ORPC Oxidative radical-polar crossover

OTf Triflate group OSO2CF3

PBS Phosphate-buffered saline

PEMA Poly(ethyl methacrylate) [9003-42-3]

Ph Phenyl group C6H5

Photo-ATRP Photoinduced ATRP

PINO Phthalimide N -oxyl [3229-40-1]

PMAA Poly(methacrylic acid) [25087-26-7]

PMDETA N,N,N ′,N ′′,N ′′-Pentamethyldiethylenetriamine [3030-47-5]

PS Polystyrene [9003-53-6]

RA Reducing agent

RAFT Reversible addition-fragmentation chain transfer

RDRP Reversible-deactivation radical polymerization

RP Radical polymerization

SARA Supplemental activator and reducing agent
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SEM Scanning electron microscope

SET Single-electron transfer

SHi Intramolecular homolytic substitution

SN1 Unimolecular nucleophilic substitution

SN2 Bimolecular nucleophilic substitution

Sn(EH)2 Tin(II) 2-ethylhexanoate [301-10-0]

SNi Intramolecular nucleophilic substitution

St Styrene [100-42-5]

TBC 4-tert-Butylcatechol [98-29-3]

TBPP tert-Butyl-4-peroxypentenoate [84210-61-7]

TDP Targeted degree of polymerization

TEA Triethylamine [121-44-8]

TGA Thermogravimetric analysis

THF Tetrahydrofuran [109-99-9]

TMSA 2,2,3,3-Tetramethylsuccinic acid [630-51-3]

Tol Toluene [108-88-3]

TPMA Tris(2-pyridylmethyl)amine [16858-01-8]

TPMAH+ Tris(2-pyridylmethyl)ammonium cation

VISCO Viscometer

X Halogen
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