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Abstract 

The aim of this work was the development of new ecofriendly metal-catalyzed reversible 

deactivation radical polymerization (RDRP) methods for monomers with potential to be 

applied in the biomedical field. It was also a goal to prepare new polymeric structures to 

act as bile acids sequestrants (BAS) using the RDRP developed methods, as a proof-of-

concept. 

There has been an intense debate on the literature regarding the metal-catalyzed RDRP 

mechanism, being the two proposed mechanisms the single electron transfer living radical 

polymerization (SET-LRP) and the supplemental activator and reducing agent atom 

transfer radical polymerization (SARA ATRP). Therefore, the initial part of the work 

intended to contribute to the understanding of the real polymerization mechanism, which 

is a key factor for the development of new catalytic systems. The ratio of ligand/soluble 

copper was evaluated during the Cu(0)-catalyzed RDRP of methyl acrylate (MA) and the 

results suggested that the polymerization is governed by the proposed SARA ATRP 

mechanism. 

One of the major limitations of the ATRP techniques is the use of metal catalyst, which 

can contaminate the final product or difficult the purification procedure. The strategy 

followed in this work aimed the reduction of the amount of soluble catalyst used to 

mediate the polymerizations as well as the use of alternative solvents that could be less 

harmful that the ones described in the literature for the monomers selected in this work. 

Several parameters, such as concentration of soluble catalyst, solvent mixture 

composition and polymerization temperature, among others were evaluated during the 

development of the new RDRP systems. 

The investigation of new catalytic systems started with the study of the 

Fe(0)/CuBr2/Me6TREN-catalyzed (Me6TREN: tris[2-(dimethylamino)ethyl]amine) 

SARA ATRP of the hydrophobic model monomer methyl acrylate (MA) in an 

ecofriendly solvent mixtures (ethanol/water) near room temperature (30 °C). The 

stringent control over both linear and star-shaped poly(methyl acrylate) (PMA) molecular 

weight was possible using only a residual amount of soluble copper catalyst (50 ppm). 

The Fe(0)/CuBr2/Me6TREN-catalyzed SARA ATRP method was also extended to the 
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polymerization of styrene (Sty), showing good results in respect to polymers dispersity (Ð 

≈ 1.2) and maximum monomer conversion achieved (≈ 75%). In addition, both azide and 

alkyne‒polystyrene (PS), which could participate in further reactions to produce complex 

polymeric structures, were prepared. 

The work continued with the selection of three cationic hydrophilic monomers ((3-

acrylamidopropyl)trimethylammonium chloride (AMPTMA), 2-aminoethyl methacrylate 

hydrochloride (AMA) and N-(3-acrylamidopropyl)methacrylamide hydrochloride) 

(APMA), with relevance considering the BAS application, and the development of 

different RDRP methods. The controlled polymerization of AMPTMA was achieved by 

Cu(0)/CuCl2/Me6TREN-catalyzed SARA ATRP in aqueous medium or ethanol/water 

mixtures, at room temperature, and the concentration of soluble copper used was ten 

times lower than the one reported in the literature using other ATRP systems. Poly-

APMTPMA-based hydrophilic block copolymers were also prepared to prove the 

“livingness” of the polymer and the possibility to create unique materials. A new 

activators regenerated by electron transfer (ARGET) ATRP method was developed for 

the polymerization of the AMA, which is a challenging monomer due to its acidic 

character. The polymerizations were catalyzed by CuBr2/TPMA complexes (TPMA: 

tris(2-pyridylmethyl)amine), in combination with small amounts of ascorbic acid fed into 

the system, and were conducted in aqueous medium or isopropanol/water mixtures near 

room temperature (35 °C). This new method allowed, for the first time, the preparation of 

poly-AMA with high chain-end functionality. This result was attributed to the residual 

occurrence of termination side reactions, due to the low concentration of soluble copper 

used. The last hydrophilic monomer investigated was the functional APMA. 

Unfortunately, due to the nature of monomer/radical it was not possible to develop a 

suitable ATRP-based system for the polymerization of this monomer, as every attempt 

resulted in uncontrolled reactions. Therefore, an alternative RDRP method, namely 

reversible addition-fragmentation chain transfer radical polymerization (RAFT) was 

investigated and used for the preparation of both alkyne-terminated and azide-terminated 

poly-APMA, which could participate in further “click” chemistry reactions. The reaction 

mixture composition was found to influence the control over the polymers dispersity, 

when using chain transfer agents with different aliphatic chain lengths.  
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The last part of the work was dedicated to the design of new macromolecules, with 

potential to act as BAS, using the previously developed Cu(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP method in ethanol/water mixtures. Controlled PAMPTMA-based 

hydrogels and amphiphilic PMA-b-PAMPMTA star block copolymers were prepared and 

tested in the equilibrium binding of sodium cholate (NaCA), used as bile salt model 

molecule. The results suggested that the interaction of the polymers with NaCA micelles 

is stronger than with NaCA unimers. It was also proved the possibility to fine-tune the 

binding parameters of the star block copolymers-based BAS through the control over the 

molecular weight and composition of the block copolymers. Finally, the PAMPTMA-

based hydrogels revealed to be promising materials for BAS applications, with binding 

parameters similar to the most effective commercial BAS available (Colesevelam 

hydrochloride). 
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Resumo 
 
O principal objectivo deste trabalho consistiu no desenvolvimento de novas técnicas de 

polimerização radicalar por desactivação reversivel (RDRP) catalisada por metais, mais 

ecológicos do que os existentes, para a polimerização de monómeros com interesse para 

aplicações biomédicas. Como prova de conceito, este trabalho teve também como 

objectivo a preparação de novas estruturas poliméricas, para utilização como 

sequestradores de ácidos biliares (BAS), recorrendo aos métodos RDRP desenvolvidos. 

O mecnaismo que rege a RDRP catalisada por metais tem sido alvo de um intenso debate 

na literatura, existindo a proposta de dois mecanismos distintos: polimerização radicalar 

viva por transferência de electrão (SET-LRP) e polimerização radicalar por transferência 

de átomo com activador suplementar e agente redutor (SARA ATRP). Na fase inicial do 

trabalho pretendeu-se contribuir para a compreensão do mecanismo da polimerização 

referida, por ser um factor crucial para o desenvolvimento de novos sistemas catalíticos. 

O rácio ligante/cobre solúvel foi avaliado durante a polimerização do acrilato de metilo 

(MA) por RDRP catalisada por Cu(0) e os resultados sugeriram que a polimerização é 

governada pelo mecanismo de SARA ATRP proposto. 

Uma das maiores limitações da técnica de ATRP prende-se com o uso de catalisadores 

metálicos, que podem contaminar o produto final ou dificultar o processo de purificação 

do mesmo. A estratégia seguida neste trabalho visou a redução da quantidade de 

catalisador solúvel usada para a mediação da polimerização, bem como a utilização de 

solventes menos nocivos que os actualmente descritos na literatura para os monómeros 

seleccionados neste projecto. Parâmetros como, por exemplo, a concentração de 

catalisador solúvel, a composição do solvente de reacção e a temperatura de 

polimerização, foram avaliados durante o desenvolvimento dos novos sistemas RDRP. 

A investigação de novos sistemas catalíticos teve início com o estudo da polimerização 

do monómero hidrofóbico modelo MA por SARA ATRP, catalisada por 

Fe(0)/CuBr2/Me6TREN (Me6TREN: tris[2-(dimetilamino)etil]amina), usando uma 

mistura de solventes verdes (água/etanol) a 30 °C. O sistema permitiu controlar o peso 

molecular do poli(acrilato de metilo) (PMA), linear e estrela, usando apenas uma 

concentração residual de cobre solúvel (50 ppm) como catalisador. A gama de aplicação 

do referido sistema de polimerização foi posteriormente extendida à polimerização do 



Resumo 

• XVI • 

 

estireno (Sty), demonstrando bons resultados relativamente à distribuição de pesos 

moleculares (Ð ≈ 1.2) e à conversão máxima de monómero atingida (≈ 75%). 

Adicionamelmente, o sistema de SARA ATRP permitiu preparar poliestireno com 

terminais azida ou alcino, que podem ser usados em reacções de pós-polimerização para a 

criação de estruturas poliméricas complexas. 

O trabalho prosseguiu com a selecção de três monómeros hidrofílicos catiónicos com 

relevância para a aplicação como BAS (cloreto de (3-acrilamidopropil)trimetil amónio 

(AMPTMA); hidrocloreto de 2-aminoetil metacrilato (AMA) e hidrocloreto de N-(3-

acrilamidopropil)metacrilamida (APMA)), bem como com o desenvolvimento de 

diferentes métodos de RDRP para a polimerização dos mesmos. A polimerização 

controlada do AMPTMA foi conseguida através de SARA ATRP, catalisada por 

Cu(0)/CuCl2/Me6TREN, em água ou misturas etanol/água. As recções foram realizadas à 

temperatura ambiente e a concentração de cobre solúvel usada foi dez vezes menor do 

que a reportada na literatura para a polimerização do AMPTMA utilizando outros 

sistemas de ATRP. O “carácter vivo” do polímero, bem como a possibilidade de criar 

materiais com características únicas, foram demontrados através da síntese de 

copolímeros de bloco hidrofílicos. Um novo sistema de activadores regenerados por 

transferência de electrão (ARGET) ATRP foi desenvolvido para a polimerização do 

AMA, o qual é considerado um monómero difícil de polimerizar por ATRP devido ao seu 

carácter ácido. As polimerizações foram catalisadas por complexos CuBr2/TPMA 

(TPMA: tris(2-piridilmetil)amina), em combinação com uma pequena quantidade de 

ácido ascórbico adicionado de forma controlada à reacção, e realizadas em água ou 

misturas isopropanol/água a 35 °C. Este novo método permitiu, pela primeira vez, a 

preparação de PAMA com elevada funcionalidade. Este resultado foi explicado pela 

diminuição da ocorrência de reacções secundárias de terminação, devido à baixa 

concentração de cobre utilizado. O último monómero hidrofílico estudado foi o APMA. 

Infelizmente, devido à natureza do monómero/radical, não foi possível desenvolver um 

sistema de ATRP apropriado para a sua polimerização. Todas as tentativas realizadas 

deram origem a reacções não controladas. Em alternativa, a técnica RDRP polimerização 

radicalar por transferência de cadeia reversível por adição-fragmentação (RAFT) foi 

utilizada para a preparação de poli-APMA com terminais azida e alcino, capazes de 

participar em reacções de “click chemistry”. Foi demonstrado que o peso molecular dos 
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polímeros foi influenciado pela composição da mistura de solventes, quando foram 

utilizados agentes de transferência de cadeia com segmentos alifáticos de diferentes 

comprimentos.  

A última parte do trabalho centrou-se na síntese de novos candidatos a BAS usando o 

método de SARA ATRP desenvolvido anteriormente, catalisado por 

Cu(0)/CuBr2/Me6TREN, em misturas etanol/água. Hidrogéis de base PAMPTMA e 

copolímeros anfifílicos de bloco PMA-b-PAMPMTA em forma de estrela foram 

sintetizados e testados na ligação ao sal de sódio do ácido cólico (NaCA), utilizado como 

molécula modelo de sal biliar. Os resultados sugeriram que a interacção entre o polímero 

e micelas de NaCA é mais forte do que a ligação com NaCA em forma de unímeros. Foi 

também demonstrada a possibilidade de ajustar as propriedades dos BAS baseados nos 

copolímeros em estrela, através do controlo do peso molecular e composição dos 

mesmos. Finalmente, os parâmetros de ligação obtidos para os hidrogéis de base 

PAMPTMA foram semelhantes aos do BAS comercial mais eficiente (Colesevelam 

hydrochloride), revelando-se assim, materiais bastante promissores para a referida 

aplicação. 
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Thesis outline 

This project was designed based on the encouraging results obtained during my Master 

program in Industrial Applications of Polymers, in which a new supplemental activator 

and reducing agent atom transfer radical polymerization (SARA ATRP) technique was 

developed for the controlled polymerization of methyl acrylate (MA), methyl 

methacrylate (MMA) and styrene (Sty). From there, the logical pathway to follow was the 

understanding of the mechanism behind the polymerization, which remains a subject of 

intense debate in the literature, as well as to develop new ecofriendly ATRP systems for 

the polymerization of different monomer families. Additionally, to prove the potential of 

the ATRP systems developed in this work, new polymeric bile acid sequestrants (BAS) 

were prepared. Concerning the goals described, the Chapter 1 of this document provides a 

literature review covering both the reversible deactivation radical polymerization (RDRP) 

field, with especial focus on metal-catalyzed techniques, and the methods available for 

the synthesis of polymeric BAS.  

The first part of the experimental work (Chapter 2) was dedicated to the kinetic studies 

performed on the metallic Cu(0)-catalyzed RDRP model polymerization of MA in 

dimethylsulfoxide (DMSO) at 30 °C, as a tool to provide insights about the 

polymerization mechanism. By determining the copper (I)/ligand (catalytic complex) 

ratio during the polymerization, it was possible to conclude that the polymerization was 

governed by the SARA ATRP proposed mechanism.  

Current research trend in ATRP methods is focused on the development of ecofriendly 

systems, meaning the use of smaller amounts of toxic metal catalyst and less harmful 

solvents. This is critically important considering the preparation of polymers for 

biomedical applications. In this work, MA (Chapter 3) and Sty (Chapter 4) were used as 

hydrophobic model monomers for the development of new SARA ATRP systems that 

allowed the synthesis of functional polymers using low concentrations of soluble copper 

catalyst in combination with the biocompatible iron catalyst. Notable improvements were 

achieved in the controlled polymerization of MA with the use of ecofriendly 

ethanol/water mixtures as the reaction solvent, instead of the traditional DMSO, near 

room temperature. The SARA ATRP technique was also extended to the polymerization 

of hydrophilic cationic (3-acrylamidopropyl)trimethylammonium chloride (AMPTMA) 
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and to the preparation of AMPTMA-based block copolymers at room temperature 

(Chapter 5). Very promising results were obtained for controlled polymerizations in 

water, which is often a problematic solvent for ATRP systems.  

Continuing the development of ecofriendly ATRP systems for different monomer 

families, the challenging acidic monomer 2-aminoethyl methacrylate hydrochloride 

(AMA) was studied. Chapter 6 describes a new activators regenerated by electron transfer 

(ARGET) ATRP system for the synthesis of poly-AMA in aqueous medium or 

alcohol/water mixtures near room temperature. For the first time, it was possible to 

prepare well-defined AMA-based block copolymers using AMA as the first block, by 

using ATRP techniques, due to the low concentration of catalyst used. Willing to expand 

range of application of ATRP to other acidic monomers, the controlled polymerization of 

the biorelevant N-(3-acrylamidopropyl)methacrylamide hydrochloride) (APMA) was 

investigated. Several attempts of implementing ATRP-based systems to the 

polymerization of APMA failed to control both the molecular weight and dispersity (Ð). 

Alternatively, new functional poly-APMA homopolymers (azide and alkyne 

functionalities) were polymerized using reversible addition-fragmentation chain transfer 

radical polymerization (RAFT) (Chapter 7). The synthesized polymers proved to be able 

to participate in “click” chemistry reactions and thus, can be useful for the preparation of 

complex polymeric structures for biomedical applications. 

Chapter 8 describes the preparation of a new generation of polymeric BAS, based on 

amphiphilic PMA-b-PAMPTMA star block copolymers and PAMPTMA-based cationic 

hydrogels, by the previously developed ecofriendly SARA ATRP method. These 

controlled materials revealed to be promising BAS candidates in the binding of sodium 

cholate used as the bile salt model molecule. 

Finally, Chapter 9 presents the main conclusions from this work, along with suggestions 

for future work. 
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AMA 2-Aminoethyl methacrylate hydrochloride 

APMA N-(3-Aminopropyl)methacrylamide hydrochloride 

AMPTMA (3-Acrylamidopropyl)trimethylammonium chloride 

AGET Activators generated by electron transfer 

ARGET Activators regenerated by electron transfer 

AscA Ascorbic acid 

ATRA Atom transfer radical addition 

ATRP Atom transfer radical polymerization 

tBA tert-Butyl acrylate  

BAS Bile acids sequestrants 

BDDA 1,4 Butanediol diacrylate 

bpy 2,2’-Bipyridine 
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6f-BiB Dipentaerythritol hexakis(2-bromoisobutyrate)  

dn/dc  Refractive Index Increment 
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HPLC High performance liquid chromatography 

ICAR Initiators for continuous activator regeneration 

IUPAC International Union of Pure and Applied Chemistry 

IPA Isopropanol 

LALLS Low-angle laser-light scattering  

LRP Living radical polymerization 

MALDI-TOF Matrix assisted laser desorption/ionization time-of-flight mass 

MA Methyl acrylate 

MMA Methyl methacrylate 

Me6TREN Tris[2-(dimethylamino)ethyl]amine) 

NaCA Cholic acid sodium salt (sodium cholate) 

NIPAAm N-isopropylacrylamide  

NMP Nitroxide mediated polymerization 

NMR Nuclear magnetic resonance 

OEOA Oligo(ethylene oxide) methyl ether acrylate 

OEOMA Oligo(ethylene oxide) methyl ether methacrylate 

OSET outer sphere electron transfer process  

PRE Persistent radical effect 

PMA Poly(methyl acrylate) 

PAMA Poly(2-aminoethyl methacrylate hydrochloride) 

PAPMA Poly(N-(3-aminopropyl)methacrylamide hydrochloride) 

PAMPTMA Poly((3-acrylamidopropyl)trimethylammonium chloride) 
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PEG Poly(ethylene glycol) 

PVC Poly(vinyl chloride) 

PgBiB Propargyl α-bromoisobutyrate  

PgOH Propargyl alcohol 

PNIPAAm Poly(N-isopropylacrylamide) 

PMDETA N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 

POEOA Poly(ethylene glycol) methyl ether acrylate 

POEOMA Poly(ethylene glycol) methyl ether methacrylate 

ppm Parts per million 

PS Polystyrene 

PTFE Polytetrafluoroethylene  

RALLS Right-angle laser-light scattering 

RAFT Reversible addition-fragmentation chain transfer 

RDRP Reversible deactivation radical polymerization 

RI Refractive index 

SARA Supplemental activator and reducing agent 

SET Single-electron transfer 

SEC Size exclusion chromatography 

SFRP Stable free radical polymerization 

SGF Simulated gastric fluid 

SIF Simulated intestinal fluid 

Sty  Styrene 

UV-Vis Ultraviolet-visible 

TEA Triethylamine  

TEMPO 2,2,6,6-Tetramethylpiperidinyl-1-oxy 

TEGDA Tetra(ethylene glycol) diacrylate 

THF Tetrahydrofuran 

TMS Tetramethylsilane  
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TPMA Tris(pyridin-2-ylmethyl)amine 

TREN Tris(2-aminoethyl)amine 
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Ð Dispersity 

Mn
NMR Number-average molecular mass determined by NMR spectroscopy 

Mn
SEC Number-average molecular mass determined by SEC 

Mn
th Theoretical number-average molecular mass 

Mw Theoretical mass-average molecular mass 

kp
app Apparent rate constant of propagation 

ka Activation rate constant  

kd Deactivation rate constant  

kdisp Disproportionation rate constante 

kcomp Comproportionation rate constante 

KATRP ATRP equilibrium constant 

T Temperature 
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Motivation, targets and research significance  

The strong need for polymers with well-defined architecture, composition, molecular 

weight and chain-end functionality has definitively shifted the attention of the scientific 

community to the use of reversible deactivation radical polymerization (RDRP) methods. 

Metal-catalyzed RDRP, covering both single electron transfer living radical 

polymerization (SET-LRP) and atom transfer radical polymerization (ATRP) techniques, 

is considered one of the most robust and versatile available methods, considering the 

range of polymerizable monomers and relatively mild conditions required for 

polymerizations. However, the use of a metal catalyst, which can contaminate the final 

product, is one of the limitations of this method. This issue, along with the possible use of 

harmful organic solvents can hamper the implementation of metal-catalyzed RDRP 

processes at a large scale. Considering both environmental issues and the industrial 

viability of metal-catalyzed RDRP, this project aimed the development of new catalytic 

systems, able to employ “green” solvents and low concentration of metal catalysts, for the 

polymerization of different monomer families. At the same time, it was intended to 

contribute to the understanding of the metal-catalyzed RDRP reaction mechanism, which 

has been the subject of intense debate in the literature during the past decade. It was 

expected that the goals set for this project could potentiate the expansion of the range of 

application of the metal-catalyzed RDRP as well as enhance the possibility of future large 

scale implementation. 

The main feature of RDRP methods is the ability to allow the control over the structure, 

morphology and functionality of polymers. As a proof-of-concept, this project aimed the 

preparation of new polymeric bile acids sequestrants (BAS) candidates that can be used 

for hypercholesteremia treatment. High blood cholesterol level is the leading cause of 

coronary heart disease, which is a health problem that affects millions of people around 

the world, especially in industrialized countries. Usually this disorder is controlled by 

statins, which act directly in the cholesterol synthesis process, or by BAS with action 

limited to the gastrointestinal (GI) tract. For this reason BAS administration is preferable 

over statins, since it can prevent systemic toxicity and long-term complications associated 

to the later, such as liver dysfunction. However, currently the main disadvantages of BAS 

are their low efficiency and poor patient compliance in comparison with statins. The use 
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of RDRP to synthesize tailor-made polymeric drugs could lead to materials with 

improved properties, which is of outstanding relevance since they will be able to compete 

in the pharmaceutical market. Therefore, it is expected that this work could have an 

important social impact, contributing to enhance the patient’s life quality.  
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1.1. Fundamentals on free radical polymerization  - commercial limitations 

and new way towards "controlled" polymers 

Polymeric materials, usually known as plastics, are present in almost every areas of 

human life, such as: electronics, automobile, packaging, construction and medicine. The 

most used polymers are low density polyethylene, poly(vinyl chloride) (PVC), 

polystyrene (PS), polyacrylates and polyacrylamides, being 50% of their consumption 

produced by free radical polymerization (FRP).1 This technique have been largely used in 

the industry due to several important features, such as: tolerance to impurities and 

monomer functionality; relatively easy implementation at industrial scale; compatibility 

with aqueous systems; possibility to carry the polymerizations using different 

technologies (e.g., solution, emulsion and bulk)2, 3 and good reproducibility of the 

products properties.4 

Regarding the reaction mechanism, FRP proceeds via three basic steps:2, 5 initiation; 

propagation and termination. In a first stage, the conventional initiator is decomposed 

(e.g., thermal decomposition, photochemical homolytic cleavage of covalent bonds or 

decomposition by a redox process)6 leading to the formation of species known as radicals. 

Subsequently, monomer units are added to the propagating chains every 1 ms of 

reaction.5 Propagation follows a first-order kinetics, with respect to propagating radicals 

concentration, and the lifetime of an active polymer chain is in average near 1 s.5 In the 

final stage of the polymerization, propagating radical chains terminate via combination or 

disproportionation, forming polymers with dead chain-ends. In FRP there is no possibility 

of controlling the polymers structure or molecular weight due to both the short time 

between each monomer addition and the existence of termination reactions. In addition to 

these aspects, during the polymerization, some chain transfer reactions between a 

propagating radical chain and other chemical species (monomer, polymer or transfer 

agent) may occur due to the high reactivity of radicals.3  As a result, polymers produced 

by FRP present high dispersity values (Ð = Mw/Mn), typically Ð > 2, and the preparation 

of copolymers with controlled compositions is almost impossible.2 Also, it is not possible 

to control the architecture or functionality of the polymers, which are known to have great 

influence on the properties of the final products. These limitations restrict the increase of 
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the commercial applications of some materials prepared by FRP, since there are 

specialized areas that require, for instance, tailor-made polymers with specific 

architectures and functionalities, such as the biomedical field (e.g., drug delivery 

systems).  

Over the decades, many research efforts have been made to achieve control over the 

polymer structures and molecular weight aiming to create new materials with advanced 

properties. On this matter, the concept of “living polymerization” came up for the first 

time in 1956 by Michel Szwarc’s research group with an anionic polymerization process 

that allowed the preparation of copolymers with controlled compositions.7, 8 Despite the 

absence of termination reactions, which enabled the control over the polymerization, the 

experimental conditions were very severe (e.g., very low temperature) and not easily 

scaled for industrial production, as FRP processes.9 Other limitations of this technique 

were associated to its intolerance to some monomer functionalities, to the presence of 

impurities or oxygen3 and the need for high purity monomers and solvents.4 Due to the 

interesting properties exhibited by the different polymer architectures (e.g., star shaped) 

synthesized by anionic polymerization, other different techniques have been developed in 

an attempt to adequate living polymerization to industrial processes, namely:  cationic 

polymerization; ring opening metathesis polymerization; Ziegler-Natta polymerization 

and reversible deactivation radical polymerization (RDRP).5 From the above mentioned 

techniques, RDRP has received a remarkable attention by the scientific community, as it 

combines the flexibility and mild experimental conditions, similar to those of FRP, with 

the precise control over polymers characteristics, comparable to ionic polymerization.10 

Despite of being produced at a low scale, commercial materials prepared by RDRP are 

already a reality in different areas like automotive paints, health care, coatings and 

electronics  among others.4  

1.2. Fundamentals on reversible deactivation radical polymerization  

RDRP is a group of polymerization techniques that rely on the same basic principle: keep 

the radicals concentration very low during the polymerization by means of an equilibrium 

between active (propagating radicals) and dormant species that have no activity (Scheme 

1.1).3 In opposition to FRP, in RDRP systems the initiation is very fast compared to 



Literature review 

• 5 • 

 

propagation. Therefore, the initiator species are activated at low monomer conversions 

and the polymer chains start to grow roughly at the same time.5, 11 The propagation step is 

similar to that of FRP, with addition of monomer units to the propagating radicals. 

However, due to the equilibrium between active and dormant species, the life of a 

propagating radical in RDRP can be extended to hours, in opposition to FRP (lifetime of 

propagating radical ≈ 1 s).3 Every 0.1-10 ms, propagating radicals are reversibly 

deactivated, which decreases about 90% the probability of radical termination reactions in 

comparison with FRP systems and opens the possibility of controlling the polymers 

molecular weight. Nevertheless, termination reactions may also occur in RDRP systems. 

However, since the total number of chains is much greater than in FRP, the effect of 

termination could be negligible. Additionally, the rate of termination per chain and the 

rate of chain transfer to monomer per chain are much lower in RDRP. As the result of the 

simultaneous growth of all chains and the absence of chain transfer reactions, the number 

of propagating polymer chains during the polymerization is constant. Therefore, a linear 

increase of the polymers molecular weight with monomer conversion is expected. In 

addition, polymers prepared by RDRP present active chain-ends (“livingness”), which 

can be reinitiated with further monomer supply to form, for instance, block copolymers. 

 

Scheme 1.1. General dormant-active species equilibrium in RDRP. 

The terminology of the concept behind RDRP has been changing during the past decade. 

Firstly, due to the so-called “living” character of the polymers obtained by RDRP, the 

method was first coined as living radical polymerization (LRP). However, with further 

developments in the area, not only “living” polymers could be prepared, but controlled 

polymeric structures and narrow molecular weight distributions could be achieved (Ð < 

1.5). Due to this fact, a new term was proposed to describe the LRP method - 

controlled/living radical polymerization (CLRP). However, the term “controlled” did not 

address which phenomenon was being controlled (e.g., transfer, termination, end groups, 

etc.)12 and, for that reason, some authors did not adopted the CLRP concept. A discussion 

about the right nomenclature of “living” radical systems was opened in 2000, on a special 
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issue of the Journal of Polymer Science, Part A: Polymer Chemistry.13 According to the 

International Union of Pure and Applied Chemistry (IUPAC) recommendation, a living 

polymerization was “a chain polymerization from which irreversible chain transfer and 

irreversible chain termination (deactivation) are absent”.12 This fact did not imply control 

over, for instance, molecular weight and molecular weight distribution. Control over such 

parameters is only possible if the initiator is completely consumed in the beginning of the 

reaction and the exchange reactions between dormant species and active species are at 

least as fast as propagation.9 The most recent update from the IUPAC concerning this 

issue was reported in 2010 and it recommends the use of the term “reversible deactivation 

radical polymerization” (RDRP) to describe polymerizations “in which certain additives 

react reversibly with the radicals, thus enabling the reactions to take on much of the 

character of living polymerizations, even though some termination inevitably takes 

place”.14 

To sum up, RDRP systems can be identified by four main key criteria:11 

o Internal first-order kinetics with respect to monomer;  

o Linear growth of the degree of polymerization (DP = [M]0/[I]0; M: monomer; I: 

initiator) with monomer conversion; 

o Narrow molecular weight distribution (1 < Ð < 1.5); 

o Long-lived polymer chains. 

Nevertheless, the evaluation of the system has to be done carefully since the verification 

of an isolated criterion could lead to wrong interpretations. For instance, constant number 

of propagating radicals (first criterion in the list above) can also be observed for FRP, 

under steady-state conditions. This feature by itself does not guarantee the living 

character of the system. It is always necessary to ensure the presence of active chain-ends, 

which can be done by nuclear magnetic resonance (NMR) analysis, and prove the 

“livingness” of the chains, by doing a reinitiating experiment.  
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1.3. Description of the reversible deactivation radical polymerization  

techniques 

As referred in the previous section, one of the RDRP bases is the dynamic equilibrium 

between active and dormant species (Scheme 1.1), which maintains the concentration of 

radicals very low during the polymerization. To accomplish that, there are two main 

strategies available: (i) reversible activation/deactivation of radicals or (ii) reversible 

chain transfer (degenerative transfer process).5 Several RDRP techniques based on 

different strategies have been developed over the years, being the three main ones the 

atom transfer radical polymerization (ATRP), the stable free radical polymerization 

(SFRP) and the reversible addition-fragmentation chain transfer (RAFT). 

In processes based on reversible activation/deactivation of radicals, such as ATRP or 

SFRP, the propagating radicals are formed by an atom exchange in the activation step. 

For this reason, the use of a conventional radical initiator is not required in this type of 

RDRP systems. During polymerization, the dynamic equilibrium is maintained by a 

kinetic phenomenon called “persistent radical effect” (PRE), which strongly induces a 

shift towards dormant species. In the first stages of polymerization some radical-radical 

termination occurs leading to the accumulation of deactivator species over the reaction 

time (can be radical or metal complex in higher valence state depending on the system),5 

which cannot propagate or self-terminate.15 By this mean, the amount of propagating 

radicals will be very low in comparison to the deactivator species, which will be 

“persistent” during the polymerization. Therefore, the equilibrium is shifted towards 

dormant species since radicals will most likely react with persistent species forming 

dormant species than react with themselves terminating (see Scheme 1.2 for example). 

In what concerns techniques like RAFT or (reverse) iodine transfer polymerization 

ITP/RITP, the equilibrium between active and dormant species is regulated by a 

reversible exchange of an unstable end-group between the two species. This degenerative 

chain transfer mechanism can be done by direct end-group (or atom) exchange or 

addition-fragmentation with unsaturated methacrylate oligomers or dithioesters (see 

Scheme 1.4 for example).5, 11 In this type of polymerization, the radicals are formed by 

the decomposition of conventional free radical initiators like in FRP. Therefore, the 
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reaction proceeds with slow initiation and fast termination with a steady state of 

propagating radicals. However, as a regular RDRP system, control over molecular weight 

and polymer structure can be achieved since the constant rate of chain transfer between 

the active radicals and dormant species is higher than the constant rate of propagation 

(kex/kp > 1).5 The quality of the control achieved in the degenerative processes is strongly 

dependent on the chain transfer agent structure and its suitability to the monomer that is 

being polymerized. 

1.3.1. Atom transfer radical polymerization 

The ATRP method involves the use of an alkyl halide initiator and a metal catalyst/ligand 

complex which mediates the dynamic equilibrium (Scheme 1.2). The polymerization 

starts with fast initiation via abstraction of the halogen atom (X) from the initiator by the 

metal catalyst/ligand complex in the lower oxidation state (Mt
nXm/L). The radicals 

formed in this stage can propagate by monomer addition and/or be deactivated by the 

higher valence state metal/ligand complex (also formed in the initiation step) leading to 

dormant species (Pn‒X). The dynamic equilibrium is regulated by a redox equilibrium, in 

which the halogen atom is transferred between the transition metal catalyst/ligand 

complex (Mt
nXm/L or Mt

n+1Xm+1/L) and the propagating radicals (Pn
•).10 The 

accumulation of the higher valence state metal/ligand complex during polymerization (see 

PRE in section 1.3) shifts the equilibrium towards the dormant species, providing good 

control over polymers molecular weight.16 

 

Scheme 1.2. General mechanism of ATRP. 

ATRP has been the most extensively studied and applied RDRP technique for the 

polymerization of different monomer families, such as acrylonitrile, (meth)acrylates, 

styrenes and water soluble monomers,2, 11 due to its versatility and an easy access to the 

required reagents (usually commercially available).15 For the precise control over the 

polymerization it is necessary to adjust the metal catalyst/ligand complex nature to a 
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given monomer.5 The ligand plays an important role since it regulates the activity of the 

metal catalyst through stabilization and its solubility in the reaction solvent. Transition 

metal catalysts, such as copper, iron or ruthenium have been employed in ATRP systems 

in conjugation with nitrogen-containing ligands.10 The main disadvantages of this 

technique are associated with the need of catalyst removal after the polymerization and 

the fact that most acidic monomers have to be protected, to avoid catalyst poisoning, in 

order to be polymerized.5 ATRP belongs to the class of metal-catalyzed RDRP 

techniques, which is the subject of this work. Therefore, more details about the technique 

are provided in section 1.4.  

1.3.2. Stable free radical polymerization 

In SFRP, a stable radical (X•) is used to activate dormant species and reversibly couple 

with active propagating radicals (Pn
•) (Scheme 1.3). The stable radical plays the role of 

persistent radical deactivator, in a similar way as the metal/ligand complex in the higher 

valence state does in ATRP.  Therefore, in order to properly mediate the polymerization, 

the stable radical should not react with itself neither with monomer, to avoid the 

formation of new chains, and should not contribute to other side reactions.5 By contrast 

with ARTP, in SFRP the initiation is induced by a synthesized unimolecular alkoxyamine 

initiator or, alternatively, by a conventional initiator combined with a nitroxide radical.10 

 

Scheme 1.3. General mechanism of SFRP. 

Usually, SFRP reactions require higher temperatures than other RDRP techniques, which 

turns very difficult the use of this method for the polymerization of non-conjugated 

monomers.10 The use of SFRP started with the polymerization of styrene in the presence 

of 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) at 120 °C.17 Despite the good control 

over the PS molecular weight, the method proved to be inefficient for the 

homopolymerization of other monomers due to the low equilibrium constant (Keq = ka/kd) 

that shifted the equilibrium towards dormant species.9  In the case of PS, the reaction 
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could be controlled due to thermal self-initiating events (at the reaction temperature) of 

styrene forming radicals and thus, lowering the amount of TEMPO in the system.5 In 

order to expand the range of polymerizable monomers, different derivatives of TEMPO 

were designed and synthesized (Figure 1.1) showing successful results on the 

polymerization of acrylamides, dienes and acrylates, at lower temperature than the 

original nitroxide mediator.11  

 

Figure 1.1. TEMPO and TEMPO derivatives commonly used in SFRP reactions. 

Due to their high efficacy, nitroxide radicals are often employed in SFRP reactions and, 

for that reason, the technique is commonly referred in the literature as nitroxide mediated 

polymerization (NMP).11 However, other stable radicals such as dithiocarbamates, 

organometallic species, acyclic nitroxides, trityl and benzhydryl derivatives and 

triazolinyl radicals are effectively used in SFRP.9 This area of research has been focused 

on the synthesis of styrenic and acrylic polymers and on the development of new 

nitroxides that can be both used at lower reaction temperature and provide faster 

reactions.2, 18  

1.3.3. Reversible addition-fragmentation chain transfer 

RAFT polymerizations are regulated by a reversibly degenerative transfer of a leaving 

group (R) between a propagating polymer chain and a chain transfer agent, via addition-

fragmentation. Mechanistically, the RAFT polymerization proceeds in three different 

steps. In the initiation, a conventional radical initiator (e.g., azobisisobutyronitrile) is 

decomposed and reacted with monomer units to give the primary propagating radicals 

(Scheme 1.4 (a)). These primary propagating radicals will then react with the chain 

transfer agent in a pre-polymerization equilibrium forming a polymeric transfer agent 

(Scheme 1.4 (b)).9 Subsequently, the leaving group (R) of the polymeric transfer agent, 
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which is a radical specie, forms new chains that will add monomer units or reversible 

exchange with dormant species (polymeric transfer agent) (Scheme 1.4 (c)), in the main 

RAFT equilibrium.11 Due to the nature of the mechanism, it is clear that RAFT 

polymerizations produce some amount of dead polymer chains. However, these can be 

neglected when compared to the number of “living” polymer chain. Therefore, well-

controlled polymerizations can also be achieved by RAFT polymerization. 

 

Scheme 1.4. General mechanism of the RAFT polymerization: (a) initiation; (b) pre-equilibrium and 

(c) main RAFT equilibrium. 

The selection of the chain transfer agent is the most critical aspect to allow the control 

over the polymers molecular weight, molecular weight distribution and molecular 

architecture.  On this matter, the leaving group must present good capacity to hemolytic 

cleavage from the transfer agent and must be able to be reinitiated in the radical form. In 

addition, the chain transfer agent must be quickly consumed and the rate of exchange 

must be higher than the rate of propagation (kex > kp).
19 Common transfer agents used in 

RAFT  include dithioesters, dithiocarbamates, trithiocarbonates, xanthates and 

thiocarbonylthio compounds.5 Information about the nature of both R and Z groups most 

adequate for the polymerization of different monomers can be found in review articles.5, 

19 

RAFT is one of the most successful RDRP techniques since it enables the polymerization 

of a broad range of monomers and, in many cases, using relatively mild reaction 

conditions.9 However, the main disadvantages of this technique include a significant 

retardation in polymerizations of low molecular weight polymers, the complexity of the 
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synthesis of some RAFT agents, the high cost of the commercially available RAFT agents 

and the gel effect observed at high monomer conversion. The research trend on RAFT 

systems is mainly focused on temperature decrease, preparation of new materials and 

understanding of the effect of the RAFT agent structure on the living features of the 

polymerization.19  

1.4. Metal-catalyzed reversible deactivation radical polymerization – brief 

history 

The term “metal-catalyzed RDRP” can be used to identify the RDRP methods that use 

metal catalysts to mediate the polymerization (e.g., ATRP). The first reports on this 

method were published independently by two research groups, Sawamoto´s and 

Matyjaszewski´s, in 1995.16, 20 Sawamoto and co-workers used organometallic complexes 

of Ru(II) as effective catalysts to mediate controlled polymerizations and coined this 

method as “transition metal-catalyzed living radical polymerization”,20 while 

Matyjaszewski was able to obtain living polymers using Cu(I) as catalyst. Despite using a 

transition metal catalyst, the author named the technique as “Atom Transfer Radical 

Polymerization”, assuming that the reaction mechanism was similar to the well-known 

organic chemistry reaction “atom transfer radical addition” (ATRA).5 After these two 

pioneer reports, important scientific research efforts were made in order to expand the 

range of application of the ATRP reactions. The research was based on the development 

of new metal catalyst/ligand complexes and initiators, synthesis of well-defined and 

complex polymers architectures and the application of the technique in aqueous-phase 

systems.21 An important milestone was achieved in 1997 with the use of the industrially 

attractive metallic copper (Cu(0)), as an efficient reducing agent for ATRP reactions.22 

Later, in 2006, Percec’s group reinvestigated the use of Cu(0) as catalyst in the controlled 

polymerization of acrylates, methacrylates and vinyl chloride at room temperature.23 

However, the authors proposed a new term for the technique, named “single-electron 

transfer living radical polymerization” (SET-LRP), believing that the reaction mechanism 

was different from the initial proposed for ATRP. This work presented a crucial point in 

the history of metal-catalyzed RDRP techniques since it started a vast discussion aiming 

to address the real reaction mechanism behind the technique. Some authors adopted the 
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nomenclature ATRP or SET-LRP to define copper-catalyzed RDRP reactions, while 

others chose to simple call them metal-catalyzed RDRP meaning, as mentioned before, 

that the polymerization is catalyzed by metal compounds and presents “living” features. 

Fundamental studies on this field are very important since they will certainly lead to the 

development of powerful catalysts for a vast range of monomers and to the adaptation of 

the reaction conditions for large scale production.  

1.4.1. Atom transfer radical polymerization fundamentals 

ATRA is an organic chemistry reaction widely used for the addition of an alkyl halide 

(RX) to an alkene (Y) forming a 1:1 adduct (RXY), which can be catalyzed by metal 

species (Scheme 1.5).24 Mechanistically, the reaction starts with the abstraction of the 

halogen atom (X) from the alkyl halide species by a metal catalyst in a lower oxidation 

state, forming an active radical (R•) and a metal in a higher oxidation state, which is 

coordinated with appropriate ligands. This step is conducted by an inner sphere process, 

involving the homolytic dissociation of the C-X bond.25 Then the alkene molecule reacts 

with the active radical, which is subsequently deactivated leading to the adduct and the 

initial higher oxidation state transition metal complex.9 Usually, a stable adduct can be 

produced in high yield with proper selection of alkyl halide and alkene molecules.26 

 

Scheme 1.5. General mechanism of ATRA. 

Based on the ATRA mechanism, the ATRP concept was developed by selecting 

halogenated initiators which could react with vinyl monomer units (multiple additions of 

units) in the presence of suitable metal catalyst complexes. This process lead to a 

polymerization where the polymers molecular weight increased linearly with monomer 

conversion and the polymers molecular weight distribution was narrow.24 One 
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requirement is that ideally the activation-addition-deactivation cycle should only be 

repeated until monomer is vanished, if radical species formed before and after monomer 

addition have similar reactivity.26 Taking into account the mechanism of ATRA, it is 

known that the rate of ATRP reactions could be enhanced by the increasing of the 

reaction temperature since the inner sphere electron transfer mechanism is based on the 

covalent linkage between the two redox species. It is also expected that the catalyst has to 

be employed in high amounts (typically 0.1-1 mol% relative to the monomer)27 to 

compensate the higher valence state complex (Mt
n+1Xm+1/L) irreversible accumulation in 

the system, due to the occurrence of radical termination reactions (see PRE in section 

1.3). These conditions represent important drawbacks of the original ATRP technique 

since they turn very difficult the implementation of an industrial scale process due to the 

high cost of the catalytic systems and the need to remove the metal from the polymer 

matrix after the polymerization. Another mechanistic limitation of ATRP reported by 

Matyjaszewski28 is that the technique could not be used to polymerize non-conjugated 

monomers. The dynamic equilibrium could not be achieved since those monomers have a 

very low KATRP (KATRP = ka/kd) and thus generate very stable dormant species (see 

Scheme 1.2). This assumption was supported by the comparison of KATRP values for 

conjugated and non-conjugated monomers, using different catalytic systems.28 

As previously mentioned, the equilibrium between the activation process and the 

deactivation process is the key factor to achieve controlled polymerizations. Therefore, 

the value of the rate constants of activation (ka), deactivation (kd) and their ratio (KARTP) 

play a critical role in the control over the polymers dispersity and in the rate of 

polymerization (Equations 1.1 and 1.2).  

 RX 2p0w= =1+ -1
n+1 conv.M X /Ln t m+1d
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Ideally, both ka and kd values should be high enough to afford a reasonable 

polymerization rate and a good control, while KATRP should be as low as possible (ka ≪ 

kd) to keep a low concentration of radicals, diminishing bimolecular termination. 

Therefore, in order to successfully polymerize different monomers by ATRP, it is 

necessary to consider several reaction parameters, such as reaction temperature, initiator 

structure, solvent, ligand and metal catalyst, which have influence on both ka
29 and kd

30, 31 

values.   

Initiator structure 

Alkyl halides (RX), where X is a (pseudo)halogen, are commonly used as initiators for 

ATRP (Figure 1.2). The reactivity of the initiator, which depends on both the structure of 

the alkyl chain and the halogen atom, is an important parameter that must be considered 

according the choice of monomer to polymerize.32 In ideal conditions, the rate of 

activation should be at least as high as the rate of propagation. In addition, to perform 

successful ATRP reactions, the halide (X) must be transferred between the catalytic 

complex and the growing polymer chains in a fast and selective way. Initiators containing 

either bromine or chlorine have proved to allow for better control over the polymers 

dispersity.33 Information on the influence of several initiators on the rate of activation 

during ATRP is available in the literature.31, 34  

 

Figure 1.2. Examples of initiators used in ATRP reactions. 

There is a vast library of initiators that can be used for ATRP. Interestingly, it is possible 

to prepare functional polymers by simply using an ATRP initiator with the desired 

functionality (e.g., azide). In addition, commercially available polymers such as 

poly(ethylene glycol) (PEG) can be modified and used as macroinitiators for ATRP, in 

order to prepare unique block copolymers.35  
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Solvents 

There is a wide range of both polar and non-polar solvents that can be used for ATRP. 

When choosing the solvent for homogenous polymerizations, it is usually necessary to 

ensure that the monomer, the polymer and the catalytic complex are soluble, in order to 

achieve controlled polymerizations. In addition, one has to be aware that the control of 

the reaction can be also affected by the polarity of the solvent, as this parameter 

influences both ka and kd.
30, 36-38 Typically, more polar solvents provide faster and less 

controlled polymerizations, due to the increase of ka and decrease of kd. Despite this 

available information, systematic studies on the effect of the solvent on the ATRP control 

are scarce.39 

Considering both environmental issues and industrial viability of ATRP, “green” solvents 

are the preferable ones to be used. On this matter, it is commonly accepted that the most 

environmentally friendly and inexpensive solvent is water. Controlled ATRP in aqueous 

heterogeneous medium, by emulsion, miniemulsion or suspension, has already been 

reported.11 However, homogeneous ATRP using water as the solvent, has been proven 

very challenging due to the occurrence of side reactions that lead to partial catalyst 

deactivation and ultimately, poor control over the polymers molecular weight. In the past 

few years, remarkable achievements were made with aqueous controlled polymerizations 

of different hydrophilic monomers by ATRP variations techniques40-42 (see details of the 

techniques in section 1.4.2). Successful ATRP reactions using other “green” solvents, 

such as supercritical carbon dioxide43 and ionic liquids,44 have also been reported. 

Transition metal complexes 

As already pointed out, metal catalysts mediate ATRP reactions through electron transfer 

by changing their oxidation state. In the activation of alkyl halides, the metal catalyst is 

oxidized by abstraction of the halogen atom, whereas in the deactivation of propagating 

radicals the metal catalyst is reduced by releasing the capping agent. Therefore, efficient 

metal catalysts must have high association constant to halide ions (halidophilicity), should 

be able to form two valence states with one valence difference and the coordination 

sphere of the metal should be able to embrace the halogen atom.21, 24 Considering these 

features, the most suitable catalysts to be used are the transition metals such as copper, 
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iron, ruthenium, nickel and cobalt among others. In the majority of the cases the metal 

catalyst has to be coordinated with an appropriated ligand in order to enhance its 

reactivity and selectivity.45 Cocatalysts that accelerate the catalytic cycle 

(activation/deactivation) are often used as additives. Some of these species include 

reducing agents, free radical initiators, halogen sources and amines.20 Fundamental 

studies on catalyst complexes design are based on the combination of metals and ligands 

for the polymerization of selected monomer structures, taking into account several 

catalyst requirements: should control the polymerization at low concentration; should be 

easily removed from the reaction medium (or recycled); should provide good control over 

the polymer molecular weight; should be applicable to a wide range of monomers and 

functionalities and preference is given to abundant, safe and inexpensive metals.20, 21 

Information on the influence of the activity of different metal catalysts on the 

polymerization kinetics of different monomers can be found in several publications.29, 31, 

46, 47 

Due to its properties such as high activity, easily handling and accessible price, copper 

has been one of the most extensively studied catalysts for ATRP.20 Usually, to achieve 

high catalytic efficiency, copper should be coordinated with nitrogen-based ligands 

(Figure 1.3).33 The major drawbacks associated are the toxicity of the copper complexes, 

their intense color and sometimes the high amount required to achieve well controlled 

polymerizations.16 Iron is another relevant metal that has been largely investigated, in 

combination with different types of ligands, such as both nitrogen-based and phosphorus-

based ones among others, for the mediation of ATRP reactions.  

 

Figure 1.3. Examples of nitrogen-based ligands used in ATRP reactions. 
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Regarding the current concerns with the environment, iron is a preferable catalyst for 

ATRP since it is inexpensive, abundant, biocompatible and non-toxic. However, iron 

complexes present some limitations when compared with copper, namely sensitivity to 

functional groups, lower control efficiency in block copolymerization and narrower range 

of polymerizable monomers. Besides copper and iron, other metal catalyst such as, 

ruthenium and nickel among others, have been successfully employed in ATRP reactions. 

There are numerous research works dealing with the use of different catalysts for ATRP 

reactions, which are covered by extensive reviews.20, 33 

The contamination of the final product with the catalysts is a serious concern when 

producing polymers via ATRP. The homogeneous metal catalysts can co-precipitate with 

the polymers, affecting their function and being toxic depending on the concentration.48 

Therefore, research efforts are focused on the discovery of more active species, as well as 

on the removing/recycling or reducing the catalyst amounts used in ATRP reactions in 

order to decrease/avoid post-polymerization purification processes, which can increase 

the cost of the polymers production. On this matter, several approaches have been used to 

easily remove catalysts namely: (i) supported catalysts,49 in which the metals are attached 

to an insoluble supporting material in order to facilitate the catalyst removal; (ii) use of 

ligands to precipitate,50 which consists of isomerized compounds that have different 

solubility in the reaction solvent, depending on the isomerized form, and thus can be 

precipitated after the reaction and (iii) use of fluorous biphasic systems51 or ionic liquids44 

as the reaction solvents. A review about the catalyst separation in metal-catalyzed RDRP 

is available.48 Alternatively, several ATRP variation techniques that allow the use of low 

concentrations of metal catalyst have been developed, and those will be presented in the 

upcoming section. 

1.4.2. Atom transfer radical polymerization variations 

Matyjaszewski’s group has been extensively investigating the ATRP technique in order to 

develop new systems that could provide mild reaction conditions and use low amounts of 

metal catalyst, while maintaining a precise control over the polymers dispersity. This 

strategy aims to extend the range of application of the ATRP as well as to potentiate the 

implementation of the technique at an industrial scale. On this matter, great efforts have 
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been made by developing several ATRP variation techniques (Scheme 1.6), which could 

be effective in the presence of very low concentration of metal catalyst (1-100 parts per 

million (ppm) relative to the monomer concentration). The first approach was based on 

the activators generated by electron transfer (AGET) technique, which employed 

reducing agents in combination with Cu(II) species to prepare in situ the Cu(I) activator 

species.52 Considering that in ATRP the rate of polymerization is not regulated by the 

total amount of catalyst used but by the ratio of activator to deactivator species (see 

Equation 1.2 in section 1.4.1), it was possible to adjust the AGET procedure in order to 

continuously regenerate the Cu(I) activator species during the reaction. This was 

accomplished by the creation of the activators regenerated by electron transfer (ARGET) 

technique,53, 54 in which the copper catalyst could be used in very low concentration since 

the accumulated deactivating species (Cu(II)X2/L) were continuously being reduced to 

regenerate the Cu(I)X/L activator species.20, 27 The direct use of Cu(II) is another 

advantage of ARGET, since the metal in this valence state is more stable and more 

preferable in catalyst handling than Cu(I) used in normal ATRP systems.20 

 

Scheme 1.6. Scheme of the different ATRP variation techniques. 

Besides reducing agents, common radical initiators (e.g., azo compounds) can be used to 

continuously generate free radicals, which will also reduce the accumulated Cu(II)X2/L 

species, in the initiators for continuous activator regeneration (ICAR) technique.53 

However, the main drawback of this technique is the generation of new chains during the 

process, that is not appropriate for the synthesis of well-defined block copolymers.5 

Electrochemically mediated ATRP (eATRP) is one of the most recent and ecofriendly 
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ATRP variations, which operates via ellectrochemical (re)generation of the activator 

species.55, 56 In this case, several parameters, such as applied current or potential, can be 

used to mediate the polymerization by manipulating the valence state of the metal 

catalysts. Recent research lead to the development of the later ATRP variation, named 

supplemental activator and reducing agent (SARA) ATRP, in which multiple compounds 

can be used to act not only as reducing agents, to regenerate the Cu(I)X/L activator 

species, but can also participate in a supplemental activation of the dormant species.57, 58 

This method has gained increasing attention since it can employ zerovalent metals to 

mediate the polymerization, which can be easily removed from the reaction medium.58-60 

In addition, Food and Drug Administration (FDA) approved inorganic sulfites can be also 

effectively used as SARA agents.61-63  

As previously mentioned, along with the decrease of the catalyst concentration, the use of 

less harmful reaction solvents and lower reaction temperatures has been also a research 

trend on the ATRP field. The work presented in this thesis aimed to contribute to the 

development of new ecofriendly ATRP systems as well as for the expansion of the 

technique to different monomer families (Chapters 3 to 6). 

1.4.3. Single electron transfer living radical polymerization fundamentals 

The SET-LRP technique was developed by Percec´s research group.23, 64-68 The discovery 

of the LRP of vinyl chloride initiated by iodoform and catalyzed by Cu(0)/TREN (TREN: 

tris(2-aminoethyl)amine), lead to the suggestion of a putative mechanism for that 

polymerization (Scheme 1.7),65 that later became known as SET-LRP. However, further 

investigations on the reaction mechanism revealed that Cu(II)(TREN)X2 (X = Cl, Br or I) 

did not terminate either reversibly or irreversibly the polymer chain growth. Additionally, 

the reversible termination step occurred only via degenerative iodine-exchange between 

the growing PVC-radical and iodoform or dormant PVC-I species.69 Thus, the copper-

catalyst was not regenerated completely due to the stability of Cu(II)(TREN)X2.  

 

Scheme 1.7. Putative mechanism for the polymerization of vinyl chloride initiated by iodoform and 

catalyzed by Cu(0)/TREN. 
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As evident from Scheme 1.7, only half of Cu(0)-catalyst was regenerated after each SET-

oxidation and TREN-mediated disproportionation steps. Control over the polymers 

molecular weight was provided by degenerative transfer. Therefore, Cu(0)/TREN-

catalyzed LRP of vinyl chloride occurred via a competitive mechanism,66 which was later 

called (outer sphere) single electron transfer/degenerative transfer-mediated living radical 

polymerization (SETDT-LRP). Understanding that the reversible termination step was not 

Cu(II)-mediated but included only degenerative iodine transfer had led to the 

development of the non-transition metal-catalyzed SETDT-LRP of vinyl chloride and 

acrylates initiated by iodo-derivatives and catalyzed by one-electron reductants (Na2S2O4 

or thiourea dioxide).70-75 To regenerate copper-catalyst quantitatively instead of TREN 

ligand, which forms too stable inactive complexes with Cu(II)X2, its permethylated 

derivative Me6TREN (Me6TREN: tris[2-(dimethylamino)ethyl]amine) was applied. 

Cu(II)X2/Me6TREN complex can be distorted, reacting with growing polymer chains and 

thus providing reversible termination. On the other hand, the use of bromo-initiators 

instead of iodo-ones, allowed to avoid degenerative transfer and formation of probable 

chemically unstable Cu(II)X2/Me6TREN, which can evolve free iodine. This technique 

was called SET-LRP (Scheme 1.8) and was successfully applied for the controlled 

polymerization of vinyl chloride and (meth)acrylates at room temperature.23 

 

Scheme 1.8. SET-LRP proposed mechanism. 

According to the authors assumptions, the proposed SET-LRP mechanism relies on an 

outer sphere electron transfer, in which Cu(0) acts as electron donor and the halide 

initiator and dormant species act as the electron acceptors (Scheme 1.8).23 This process 

involves the formation of a radical-anion intermediate from the alkyl halide initiator and 

its stepwise decomposition via “heterolytic” cleavage of C-X (X: halogen) bond. The 

generated Cu(I)X/L species instantaneously disproportionate into Cu(0) and Cu(II)X2/L, 
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in the presence of specific ligand and solvent in certain conditions,76 leading to the 

regeneration of the Cu(0) activator and the generation of the Cu(II)X2/L deactivator 

complex (autocatalytic system). In this case, the polymerization mechanism does not rely 

on the PRE as ATRP does, since the deactivator (Cu(II)X2/L) is assumed to be formed by 

the decomposition of Cu(I)X/L species and does not accumulate in the system. In 

addition, the Cu(I)X/L complex (activator in ATRP ) is considered to be just a precursor, 

since the disproportionation reaction is believed to be instantaneous. The so-called 

“nascent” Cu(0) is used to generate propagating radicals and, due to its high reactivity, 

very small amounts (ppm) of catalyst lead to fast and controlled reactions. 

SET-LRP has been applied with great success since it is compatible with a broad range of 

functional monomers, both conjugated and non-conjugated monomers, homogenous and 

heterogeneous conditions, promotes fast reactions with very low occurrence of 

termination reactions and enables the preparation of very high molecular weight polymers 

(Mn > 1 000 000) at room temperature.23, 77, 78 

1.4.4. Debate on the Cu(0)-catalyzed RDRP mechanism: SET-LRP vs SARA ATRP 

As mentioned in the previous sections, SARA ATRP and SET-LRP are two metal-

catalyzed RDRP techniques in which Cu(0) can be used in the beginning of the 

polymerization, to mediate the RDRP equilibrium, however governed by distinct 

mechanistic assumptions. Scheme 1.9 summarizes the main differences between the two 

polymerization mechanisms, which are essentially based on the activation, deactivation, 

comproportionation and disproportionation reactions.  

 

Scheme 1.9. Main differences between SET-LRP and SARA ATRP reaction mechanisms. Bold lines 

represent dominating reactions, thin solid lines represent contributing reactions and dashed lines 

represent negligible reactions.  
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In the SET-LRP it is assumed that the activation of alkyl halides (dormant species) is 

exclusively performed by Cu(0), through an outer-sphere process, whereas the Cu(I)X/L 

complex produced during the activation step instantly disproportionates.23 Alternatively, 

the SARA ATRP mechanism is based on the activation of alkyl halides mainly by 

Cu(I)X/L complexes, through an inner-sphere process.79 In addition, there are 

contributing reactions, such as the slow activation of alkyl halides by Cu(0) and 

comproportionation of Cu(II)X2/L with Cu(0), which compensates the loss of Cu(I)X/L 

complexes due to the low occurrence of termination reaction.40 Both techniques 

acknowledge that the deactivation is done by Cu(II)X2/L complexes. These two different 

standpoints have aroused many discussion topics in the scientific community, mainly 

centered in the role of Cu(0) during the reaction, the mechanism of activation of alkyl 

halides and the extent of disproportionation of the in situ formed Cu(I)X/L species.80, 81  

Arguments opposing ATRP 

Percec has been the main opponent of the ATRP theory and thus, many of the studies are 

intended to prove that the formation of radicals species on copper-catalyzed RDRP is 

achieved by extremely active Cu(0) species. The reported work on Cu(0)-catalyzed 

polymerization of vinyl chloride at room temperature in water brought the first evidences 

that the reaction could not be mediated by inner-sphere electron transfer.23 Some 

experimental conditions used were not in agreement with those proposed for the ATRP 

mechanism, namely the polymerization of non-conjugated monomers such as vinyl 

chloride and the use of non-stoichiometric amounts of metal catalyst (case of normal 

ATRP).28 In addition, Percec proved that the polarity of the solvent has great impact on 

the polymerization rate which can be expected from an outer sphere transfer based 

process, due to the formation of an anion-radical intermediate, as the author proposed for 

the SET-LRP mechanism.23  

Arguments opposing SET-LRP 

The proposed mechanism of SET-LRP is based on the disproportionation of Cu(I)X/L, 

which is known to be dependent on the polarity of the polymerization media and on the 

ligand concentration.82 Percec and co-workers reported studies on the disproportionation 

of Cu(I)Br coordinated with Me6TREN complexes in different solvents and showed that 
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when the [Me6TREN]/[Cu(I)Br] ratio is lower than the unit, there is an extent of 

disproportionation leading to the formation of Cu(0).82 However, the results obtained 

using dimethylsulfoxide (DMSO) as a solvent were measured after 60 min, period time 

during which a regular SET-LRP of MA in the same conditions could lead to complete 

monomer conversion.23 Therefore, the presence of Cu(I)Br/ Me6TREN complex during 

those 60 min could not be ruled out.  In addition, for [Me6TREN]/[Cu(I)Br] ratios equal 

or greater than 2, the diproportionation was suppressed allowing Cu(I)Br/Me6TREN 

complex to exist in the solvent.82 

The equilibrium between Cu(0)-Cu(I)X/L-Cu(II)X2/L-RX was also studied by 

Matyjaszewski’s group.80 The authors determined the activation barriers of 

activation/deactivation and disproportionation/comproportionation (Scheme 1.10) and 

found that comproportionation of Cu(0) with Cu(II)X2/L to form Cu(I)X/L was slow but 

dominant in all solvents tested. As result of this study, Matyjaszewski suggested that the 

mechanism of polymerization using Cu(0) as a catalyst was similar to the ARGET ATRP 

process*, with dormant species being activated by the inner sphere transfer process. 

Theoretical and experimental work about the mechanism of C-Br bond reductive cleavage 

in alkyl halide species, commonly used as SET-LRP and ATRP initiators, were reported 

by Isse and co-workers.25 The results suggested that the “heterolytic” decomposition 

mode is not possible for the studied initiators under outer sphere electron transfer 

conditions, rejecting the proposed SET-LRP mechanism for the activation of dormant 

species. 

 

Scheme 1.10. Cu(0)-Cu(I)X/L-Cu(II)X2/L-RX equilibrium steps. 

                                                 
* The concept of SARA ATRP was later introduced when the authors recognized the direct activation of 

alkyl halides by Cu(0) (supplemental activator) as well as the comproportionation (reducing agent) events 

during the polymerization.58  
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Due to the importance of the subject, during the course of this PhD project, many 

advances were made regarding the study of the metal-catalyzed RDRP mechanism.78, 83-90 

In addition, Chapter 2 of this thesis presents relevant work on the determination of the 

extent of disproportionation under real polymerization conditions. The debate on the 

Cu(0)-catalyzed RDRP was recently covered in two comprehensive reviews which 

suggested that the polymerization is ruled by the proposed SARA ATRP mechanism.81, 83 

Nevertheless, some authors still adopt the SET-LRP terminology. Taking into account the 

results obtained in this project, as well as the literature available, the metal-catalyzed 

RDRP method will be referred as ATRP (including ATRP variations) in the subsequent 

chapters. 

1.5. Controlled polymer structures/functionalities by RDRP and their 

applications 

With the appearance of the RDRP techniques, many different polymeric materials with 

complex architectures were developed.10 As the “living” polymers present active chain-

ends, a wide range of well-defined block copolymers with several compositions can be 

easily synthesized (Figure 1.4). The preparation of different polymeric structures could be 

accomplish by using only RDRP techniques, the combination of the later with other 

chemical synthesis methods, such as “click” chemistry,91 or by the modification of 

commercially available polymers (e.g., PEG) that can be turned into RDRP 

macroinitiators/macro-chain transfer agents.92 Using these strategies, it is possible to 

tailor the properties of some materials in order to expand their range of application. Graft 

copolymers can nowadays be synthesized by RDRP with a controlled number of branches 

per branch point and defined branch point spacing.93 Besides the control over the 

copolymers composition, RDRP is useful to prepare functionalized polymers with 

branched architectures, such as: star-shaped, denditric/hyperbranched and networks 

among others (Figure 1.4). Branched polymers can be prepared by recurring to multivinyl 

crosslinkers, multifunctional initiators or coupling agents. These approaches avoid 

multistep reactions required to prepare those polymer structures by stepwise organic 

chemistry methods. Due to the “infinite” number of possible combinations of the 

mentioned agents, it is possible to obtain materials with the same polymers but 
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completely different properties by simply changing the order of monomer addition during 

the polymerization. Moreover, desired functionalities can be introduced in telechelic† 

polymers, which are commonly used as block units for the preparation of branched 

polymers.94 More information on functional polymers by RDRP can be found in an 

extensive review by Matyjaszewski.95 

 

Figure 1.4. General topology and composition of polymers produced by RDRP.  

The modifications of both polymer structure and functionality allow the design of a 

myriad of new materials with targeted properties for specific applications. Therefore, high 

performance materials produced by RDRP can be applied in a wide range of segments, 

such as surfactants, lubricants, dispersants, coatings, paints, adhesives, thermoplastic 

elastomers, biomaterials, membranes and electronic materials among others.2, 3, 10 

Especially, the use of RDRP to prepare tailor-made materials for biomedical applications 

has been extensively investigated,96 mainly for the development of both delivery 

systems97, 98 and polymer-protein conjugates (bioconjugates).99 There is also a less-

explored but very interesting class of polymers, polymers with intrinsic therapeutic 

activity (polymer drugs), which have been showing promising results for the treatment of 

several health conditions.100-102 However, the main limitations concerning the use of these 

polymers as effective therapeutics are based on the lack of control over their properties 

due to the use of conventional polymerization techniques and/or problems related to the 

proper functionalization of the synthesized polymers. In order to prepare reliable and 

effective therapeutic products, it is necessary to ensure, among other aspects, that the 

                                                 
† A polymer can be considered to be telechelic if it contains end-groups that react selectively to give a bond 

with another molecule.94  
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materials present homogenous properties. Therefore, the use of RDRP techniques could 

provide an excellent basis for the design of new polymer drugs, with enhanced 

performance. 

1.6. Introduction on polymeric bile acids sequestrants  

The use of polymeric materials in both the pharmaceutical and the medical fields has 

received great attention during recent years due to their distinctive physico-chemical 

characteristics, such as their biocompatibility and their appropriate mechanical properties. 

Polymers have been used for a wide range of applications in the biomedical area, namely 

in drug delivery systems, as components of artificial organs, in the delivery of antibodies 

and in medical devices, among others.100 

Recent progress in this field has led to the development of a new class of drugs, namely 

polymer therapeutics,101 which can be divided in two major types according to the 

polymer function. These include polymers used as vehicles for targeted drug delivery and 

polymers with intrinsic therapeutic activity.103 Examples of polymer therapeutics are 

polymer-drug combinations (pro-drugs), bioconjugates and polymers with sequestration 

properties.104  

The use of polymers that act as active pharmaceutical ingredients is of great interest and 

offers considerable potential since they present some advantages in comparison to small 

molecule drugs. These advantages include long-term safety profiles, lower toxicity, the 

capacity to recognize and to bind molecular components and their polyvalence (raising 

the possibility of multiple interactions with the disease species).103 Furthermore, the 

structure of the polymers can be designed and functionalized with many different pendant 

molecules, leading to materials with different biological activities than those of 

conventional drugs. In addition, the action of these polymers can be limited to the 

gastrointestinal (GI) tract, since their high molecular weight prevents their absorption  

into the systemic circulation.100 Therefore, polymers can be used to selectively bind and 

remove detrimental molecules from the GI tract as well as to eliminate viruses, toxins and 

bacteria. These polymers properties constitute an advantage in treatments in which 

systemic exposure of the drug is undesirable.105 Through the manipulation of the polymer 
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structure and the incorporation of appropriate functional groups, it is possible to  develop 

polymer therapeutics with high selectivity and potency towards specific molecules, also 

known as polymer sequestrants.102 In recent years, different polymer sequestrants have 

been developed to bind and to remove species that cause diseases, such as phosphate ions 

(renal diseases), potassium ions (hyperkalemia), iron salts/complexes (iron overload 

disorders) and toxins,106 among others.100, 103 Some of these polymer therapeutics are 

currently available, exhibiting and providing healing benefits at acceptable therapeutic 

doses.104 Particular interest is devoted to the use of this approach to create materials that 

have the ability to sequester bile acid molecules, the so-called bile acids sequestrants 

(BAS).  

BAS have an important application in the control of the blood cholesterol level, a major 

cardiovascular disease risk factor, which is a leading cause of death, an increasing source 

of morbidity and a major factor in disability and ill-health, especially in the industrialized 

countries.107 Commonly, cholesterol lowering drugs are based on statins or cholesterol 

absorption inhibitors, which rely on a different treatment strategy than BAS.105, 108 Statins 

act directly on the cholesterol synthesis by inhibiting the HMG-CoA reductase (rate-

controlling enzyme in the cholesterol production process), while cholesterol absorption 

inhibitors have the ability to reduce the intestinal absorption of dietary and biliary 

cholesterol at the level of the brush border of the intestine. On the other hand, BAS 

operate in an indirect way by capturing bile acids in the small intestine, which causes an 

organism response that leads to cholesterol consumption and, ultimately, to the reduction 

of the blood-cholesterol level. Due to their mechanism of action, BAS present some 

advantages in comparison to other therapies. For instance, statins therapy (the first line of 

treatment) is not advised for pregnant women, nursing mothers and patients with 

significant hepatic dysfunction.100, 109 Moreover, in about 10% of patients, long-term 

complications can arise such as liver dysfunction and musculoskeletal symptoms.109 

These are the most common reasons for statins discontinuation.100 Thus, it is of utmost 

importance that new and more efficient BAS are developed for patients that cannot use 

statins or must take high statin doses. However, the presence of such polymeric 

therapeutics in the market is very limited at present.  
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1.7. Bile acids and cholesterol homeostasis  

Bile acids are cholesterol based amphiphilic molecules produced in the liver. They act as 

biological surfactants aiding food digestion and absorption of lipids in the GI tract.104 In 

addition, bile acids control several metabolic processes such as the breakdown of both 

glucose and triglycerides and, principally, the control of cholesterol homeostasis.110 

Cholesterol is excreted from the body through the bile as free cholesterol or in the form of 

bile acids, after a conversion process.111 Nearly 50% of the cholesterol catabolism is 

governed by its conversion into bile acids.110, 112 The first reaction of this process is 

catalyzed by the hepatic microsomal cholesterol 7α-hydroxylase, leading to the formation 

of the primary bile acids, (cholic acid and chenodeoxycholic acid in humans). The second 

step is based on the conversion of the primary bile acids into deoxycholic acid and 

lithocholic acid (secondary bile acids), by the action of the intestinal bacteria flora.110, 111 

The bile acids present in the bile consist largely of 30-40% of cholic acid, 30-40% of 

chenodeoxycholic acid, 20-25% of deoxycholic acid and 1-2% of lithocholic acid (Figure 

1.5).111 Bile acids are synthesized in the parenchymal cells (hepatocytes) of the liver  and 

are stored in the gall bladder, that releases the bile through the bile duct into the GI 

lumen, upon ingestion of a meal.105 Subsequently, the bile acids enter into the intestine 

lumen, to aid food digestion, being the most part, further reabsorbed by the distal ileum, 

returning to the liver via portal circulation. This process is known as the enterohepatic 

cycle (Figure 1.6).110  

 

Figure 1.5. Chemical structures of bile acids.  
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In this cycle, there is a small amount (nearly 5%) of bile acids that can be lost through 

feces excretion. This loss is compensated by the synthesis of new bile acids in the liver. 

The mixture of bile acids present in the body is very complex since they are commonly 

conjugated with the amino acids taurine or glycine, (ratio of taurine/glycine = 1/3).113, 114 

The pKa of bile acids is between 2 and 5 and so, under the conditions that prevail in the 

small intestine (pH = 7.0-9.0), these molecules are in their ionized form (also called bile 

salts).115 

 

Figure 1.6. Illustration of the enterohepatic cycle. 

1.8. Bile acid sequestrants – features and mechanism of action 

Hypercholesteremia is one of the most important risk factors for coronary heart disease, a 

health issue that affects millions of people around the world, especially in the developed 

countries. As previously mentioned, BAS can be used as cholesterol reducing agents 

without having the problems associated with the long-term systemic exposure like statins.  

Usually, BAS are cationic polymeric hydrogels that bind the negatively charged bile salts 

in the small intestine, avoiding their reabsorption, and causing fecal bile acid excretion. 

This loss of bile salts induces the conversion of cholesterol into bile within the liver, 

which promotes an increase in low density lipoprotein receptors and the increased 

clearance of low density lipoprotein cholesterol from the circulation system.116 BAS bind 

bile salts mainly by both electrostatic interactions and hydrophobic interactions.104, 117 

The chemical structure of bile acids is represented by a hydrophobic core (steroid 

skeleton) and a hydrophilic anionic segment. For this reason, an efficient BAS must have 
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positive charges within its structure and a maximized hydrophobicity, while maintaining 

sufficient hydrophilicity to provide appropriate swelling characteristics in physiologic 

environment. Also, an appropriate density of cationic charges is required to ensure the 

occurrence of electrostatic interactions (the primary interactions of the binding process) 

with anionic bile salts.118 For this purpose, the use of synthetic methods that result in the 

creation of polymers that possess appropriate controlled structure, architecture and 

functionality is of extreme importance. 

Additionally, BAS have shown benefits beyond controlling high cholesterol levels. One 

of the most significant is the ability to reduce the fasting blood glucose and to decrease 

hemoglobin A1c in diabetic patients. Although the mechanism of action is not completely 

clear,108 it is expected that these polymer therapeutics may also have a very important role 

in the treatment of hypercholesterolemic patients that present type II diabetes.  

1.9. Commercial bile acid sequestrants available  

BAS have been used for about thirty years116 to decrease cholesterol blood levels in 

humans. Scientific research has led to the development of several products,119-122 however 

exhibiting lower clinical efficacy compared to statins. Three examples that are approved 

by FDA for hypercholesterolemia treatment and are on the US market are (a) 

Cholestyramine, (b) Colestipol and (c) Colesevelam hydrochloride (Table 1.1 and Figure 

1.7).112, 123 Two other BAS compositions are commercially available, including (d) 

Colextran in Spain and Italy and (e) Colestilan (also known as Colestimide) in Japan124, 

125 (Table 1.1 and Figure 1.7).  

Cholestyramine and Colestipol are the two first generation products of BAS. In the case 

of Cholestyramine, the binding capacity towards bile acid molecules was recognized only 

after its commercialization as an anion exchange resin.117 Cholestyramine is a cationic 

hydrogel based on PS, partly crosslinked with divinylbenzene (2%), with molecular 

weights greater than 106 and swelling ratios of approximately 2.5 g/g (amount of water 

uptake per gram of dry polymer).117, 126 This product can be prepared by the 

chloromethylation of the polymer, followed by quaternization of the hydrogel with 

trimethylamine, (4 meq of cationic groups per gram of dry polymer).127 Colestipol is a 
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condensation polymer produced by the step-growth polymerization of diethylenetriamine 

and epichlorohydrin and is commercialized as its hydrochloride salt (Figure 1.7 (b)). Due 

to the type of functional groups present in the Colestipol structure (secondary and tertiary 

amines), the efficacy of this BAS is more dependent on the pH of the medium than is the 

Cholestyramine, which has a permanent positively charged quaternary ammonium ion. 

However, with regard to the pH of the small intestine, most of the secondary amines and 

tertiary amines that have a pKa value in the range from 9-10128 should be ionized.  

 

Figure 1.7. Chemical structures of the commercially available BAS: (a) Cholestyramine; (b) 

Colestipol; (c) Colesevelam hydrochloride; (d) Colextran and (e) Colestilan. 
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Despite the differences in their molecular structures, Cholestyramine and Colestipol 

present the same order of clinical efficacy. As an example, the Cholestyramine binding 

capacity has been reported as being 1.8-2.2 g of sodium glycocholate per gram of dry 

polymer (Table 1.1).125 Cholestyramine and Colestipol bind and remove preferentially 

dihydroxy bile acids from the GI tract.116 Since the liver produces a mixture of dihydroxy 

and trihydroxy bile acids and only the dihydroxy ones are removed significantly, the 

trihydroxy acids content in the bile acids pool increases over the time. This fact leads 

inevitably to a decrease in both the Cholestyramine and Colestipol efficacy. In fact, the 

low binding capacity towards trihydroxy acids is the main reason for the low efficacy of 

both Cholestyramine and Colestipol.129 Adverse effects that have been reported involving 

these two BAS are related to their complexation with fat-soluble vitamins, a decrease in 

the absorption of some other drugs and to GI distress (e.g., dyspepsia, nausea and 

constipation).116 In addition, these BAS present poor patient compliance and the need to 

be administered in high doses; usually it is necessary to take 16-24 g/day to reduce the 

cholesterol level by 20%.118  Part of this inefficiency is also due to the competition 

between the BAS and the active bile acids reuptake transporter system of the GI tract.105 

In order to overcome this limitation, it was necessary to create BAS molecules with a 

greater binding strength and affinity towards bile acids.  

Colextran, a modified dextran, is an ion exchange resin that exhibits some efficacy in 

reducing total cholesterol blood levels as well as reducing triglyceridemia in patients 

presenting with type II and type IV hypercholesterolemia.117  

The second generation of BAS, represented by both Colesevelam hydrochloride and 

Colestilan, was specifically designed to have a greater affinity for the binding of bile 

acids leading to fewer side effects.118, 130 Colesevelam was approved by the FDA in 2000 

for the treatment of hypercholesterolemia, either as a monotherapy, or in combination 

with statins. Since then, Colesevelam has been approved by the FDA for treatments, as an 

adjunct to diet, exercise, and other antidiabetic drugs, to improve glycemic control in 

patients with type II diabetes. Another clinical indication is the treatment of familial 

hypercholesterolemia in boys and in postmenarchal girls, in the age ranging from 10 to 17 

years, as a monotherapy or in combination with a statin.   
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The chemical structure of Colesevelam is substantially different from those of the first 

generation BAS since it includes spaced long hydrophobic chains, with protonated 

primary amines. At the intestine environment pH, these structures establish electrostatic 

interactions with the bile acids molecules and the quaternary amines stabilize the 

hydrogel.116, 132 Additionally, the crosslinked epichlorohydrin-based structure reduces the 

possibility of systemic absorption while decreasing the interactions with the GI tract 

lining. In comparison with Cholestyramine and Colestipol, Colesevelam hydrochloride 

exhibits less side effects, these mainly being minimal constipation and GI irritation,133, 134 

due to its improved water retaining characteristics that create a soft, gelatinous-like 

material.132 Another important feature is related to the dose decrease to 2-16 g/day.116 In 

vivo experiments (using hamsters) have shown that Colesevelam is three times more 

efficient than conventional BAS in the sequestration of bile acids. Due to its structure, 

Colesevelam has affinity to both dihydroxy and trihydroxy bile acids which enhances the 

clinical efficacy in long-term treatments.132  

Colestilan (Figure 1.7 (e)) is a BAS that has imidazolium salt units, derived from the 

crosslinking reaction between poly(2-methylimidazole) and epichlorohydrin. Its clinical 

pharmacological effects are similar to those exhibited by Cholestyramine, at 

approximately one quarter of the dose.131 In vitro adsorption studies have been used to 

demonstrate the superior binding capacity of Colestilan when compared with 

Cholestyramine, probably related to the 1.6 times greater ion exchange capacity131 and a 

higher swelling capacity in water, making the binding sites more accessible to the bile 

salts. It has also been shown that in comparison with Cholestyramine, Colestilan has a 

lower rate of adsorption to other drugs.135 Even though, Colestilan exhibits a greater 

affinity towards bile salts than cholesthyramine, a steric hindrance effect that is due to the 

hydroxyl group on the steroid ring, seems to be a serious limiting factor for the adsorption 

of bile salts by this polymeric therapeutic molecular system. 

Despite the advantages of the second generation of BAS that have been identified, such as 

improved efficacy, better tolerance, reduced side effects and reduced drug interactions, 

further developments in the BAS synthesis field are still needed in order to enhance the 

specificity of the polymers towards bile salts. By this means, it should be possible to 

reduce common undesirable side effects (e.g., stomach distress), to enhance the 
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therapeutic efficacy of the polymer therapeutics, to reduce the therapeutic dose and to 

improve the patient compliance. 

1.10. Bile acid sequestrants functional ‒ polymers and synthesis routes 

Over the last decade, different materials have been tested, both in vivo and in vitro, for 

their binding of bile salts. These include dietary fibers, anti-acids, charcoal and various 

polymers.136 Due to their properties (e.g., their high molecular weight and their multiple 

functionalities) polymeric materials are the most widely studied materials for this 

application. Cationic hydrogels (with epichlorohydrin as the crosslinking agent) based on 

(meth)acrylates, vinyl polymers, allyl polymers, poly(meth)acrylamides and polyethers 

are the most common used polymeric structures. Also, polymers based on PS backbones 

(as a hydrophobic segment), containing amine/ammonium pendant groups (as a cationic, 

hydrophilic segment) have been employed (Figure 1.8).100, 104, 105 The cationic groups 

ensure the occurrence of electrostatic interactions with the ionized bile salts, the more 

efficient being usually based on the ammonium group.113, 137 Other cationic groups, such 

as guanidinium have been tested showing poorer results.137 The polymers hydrophobic 

segments are used to attract the steroid skeleton of bile salts.  

 

Figure 1.8. Chemical structures of representative BAS reported in the literature: (a) PS-b-

poly(N,N,N-trimethylammoniumethylene acrylamide chloride); 138 (b) N-alkyl-N-

methyldiallylammonium salt ;118 (c) quaternized amino methylan.113 

The design and synthesis strategies of BAS are based on these two types of interactions 

(electrostatic and hydrophobic), requiring a balance between the charged groups and the 

hydrophobic segments in order to achieve the maximum binding capacity. It is also 

necessary to take into account the competing desorbing forces that are present in the GI 

tract and the time limiting factor for the bile salts binding (the small intestine transit time 
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for pharmaceutical dosages is 3 ± 1h).113 Therefore, an efficient polymeric BAS must 

exhibit a high binding capacity (number of binding sites) and a high binding strength 

(force required to separate the bile salts from the BAS) as well as selectivity towards bile 

acid molecules.118 Other key factors in the design of BAS are the polymers backbone 

flexibility (needed to provide the appropriate swelling properties) and the relative position 

of the cationic groups (needed to prevent intra-polymeric interactions).139  

In vitro studies that are related to monitoring binding mechanisms are usually performed 

through the use of isotherms of sorption.117 BAS polymer samples are kept in contact 

with bile salts (individual or combination) solutions at a constant temperature and a 

constant pH. In general, the equilibrium concentration of bile salts is measured by high 

performance liquid chromatography (HPLC)-related techniques that allow the rapid 

separation and quantification of the compounds.114 In vivo studies, normally with 

hamsters as the animal model, are also used and can give more realistic results, since it is 

difficult to mimic intestinal physiological conditions in the laboratory. The results 

obtained from the binding experiments are of extreme importance since they can provide 

relevant information with respect to the design of molecular structures with suitable 

properties that are essential to afford efficient BAS materials. 

1.10.1. Biopolymeric materials 

Fibers constitute an important part of the daily diet of humans, corresponding to polymer-

based carbohydrate materials that are resistant to the digestion process, including both 

soluble fibers and insoluble fibers.140, 141 These biopolymeric materials have been shown 

to be capable of binding bile salts both in vitro140-146 and in vivo.147-149 The advantages of 

its consumption to human health are amply claimed.150, 151 However, studies in humans 

have shown that the extent of cholesterol level reduction that is due to fiber consumption, 

can be very limited.152, 153 Several studies have been used to prove the ability of different 

types of food to bind bile acids, these foods having a binding capacity that is substantially 

lower than that of Cholestyramine.154-157 Moreover, the binding activity of dietary fiber 

products has also been determined for bile acids that are in a glycoconjugated form.158 

The enzymatic modification of dietary fibers and/or their chemical modification can lead 

to an improvement of the binding capacity,159 as can a simple transformation of food, 
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such as the steam cooking.160, 161 The bile acids binding capacity of both water soluble 

and water insoluble dietary fibers can be predicted by a simplified model developed by 

Zacherl and co-authors. This model correlates the binding capacity with the fiber 

viscosity after digestion.162 It was shown that an increased viscosity of the fiber-

containing medium leads to an increase of the binding capacity towards bile salts. 

However, this correlation was not verified when the viscosity of oat fiber-based slurries 

was intentionally diminished, showing that the binding mechanism could also be 

regulated by other interactions, such as hydrophobic interactions. Besides bile acids 

removal, other effects such as the inhibition of the intestinal absorption163 or the increased 

excretion164-166 of cholesterol can be also promoted by these fibers. 

Other types of biopolymers, including polysaccharides, have been used as starting 

materials to produce BAS due to their biocompatibility, low toxicity, hydrophilicity126 

and the presence of hydroxyl groups that can be easily functionalized. β-Cyclodextrin is 

an oligosaccharide composed by seven glucose units linked in a cyclic structure and it has 

been reported to produce  hypolipidemic and hypocholesterolemic effects in animals.112 

The mechanism of action of these polymers involves the absorption of lipids and the 

increase of fecal excretion. Zhu’s research group has synthesized crosslinked aminated β-

cyclodextrin polymers with a degree of crosslinking ranging from 14 to 20%.167 Both the 

hydrophobic cavity and the hydrophilic exterior segments available in the polymer 

structure facilitated the binding of the bile salts, by the creation of inclusion complexes. 

The size of the cavity was found to be an important parameter since the binding capacity 

was lower towards more hydrophilic bile acids (higher content of hydroxyl groups in the 

structure) due to steric hindrance. Functionalization of the polymers was achieved by 

introducing alkylammonium groups through tosylation, followed by treatment with 

trimethylamine. However, the reaction presented low efficiencies (1 functional group per 

5 units of β-cyclodextrin). The binding capacity of the prepared materials was evaluated 

in the presence of bile salts with different hydrophobic characters, in a temperature range 

of 10-50 °C. Despite the low degree of functionalization, the authors found that the 

presence of the quaternary ammonium groups in the polymer structure enhanced their 

binding capacity, suggesting that electrostatic interactions play an important role in the 

complexation process. However, this component became of less relevance when the 

temperature increased.167 Also, an increase in the degree of crosslinking of the hydrogels 
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led to a decrease in their binding capacity, since the β-cyclodextrin cavity was less 

available for the interactions. The maximum binding capacity of the functionalized β-

cyclodextrin was close to 0.3 mmol/g (mmol of bile salt/g of dry polymer). 

Dextran hydrogels modified with alkylammonium groups have been used to study the 

extent of correlation between the hydrophobic character of BAS networks and their 

binding capacity.126, 139, 168 In the study, dextran spherical particles (molecular weight of 

70 000) or linear dextran (molecular weight of 30 000) were crosslinked with 

epichlorohydrin and functionalized with N,N-dimethyl-N-alkyl ammonium chloride 

groups, with an extent of functionalization of approximately 20%. This value corresponds 

to a defined balance between the repulsive electrostatic forces and the hydrophobic 

interactions. The degree of crosslinking was optimized to afford hydrogels that were able 

to take up 3-4 g of water, at equilibrium, per gram of dry polymer.169 By varying the alkyl 

chain length, the authors showed that the binding process could be regulated by different 

mechanisms depending on the hydrophobic character of the BAS network.139 For alkyl 

chains longer than the equivalent of a C4 chain sequence, the sequestration of bile salts 

took place by mixed micelle formation, with predominance of the hydrophobic 

interactions between the polymer and the steroid skeleton of the bile salts. For shorter 

chain lengths, the binding process was found to be regulated by the electrostatic 

interactions between the ammonium groups and the anionic bile salts. In these hydrogels, 

hydrophobic interactions seem to play a very important role in the bile salts sequestration, 

originating materials with higher binding capacity than that shown by the commercial 

Cholestyramine. 

Lee and co-workers investigated the competitive binding of bile salts by modified 

methylans (polysaccharides with molecular weight higher than 100 000),113 in order to 

simulate the intestinal environment. The polymers exhibited higher binding capacities 

than the commercial Cholestyramine. However, these materials presented the same 

limitation exhibited by conventional BAS, which is the poor affinity towards trihydroxy 

bile salts in comparison to the more hydrophobic dihydroxy ones. This result emphasizes 

the importance of hydrophobic interactions in the bile salts sequestration process.  
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Chitosan is a glucosamine-based polymer derived from the deacetylation of chitin and it 

can be considered an interesting starting polymer for the preparation of BAS. This 

biopolymer is not digestible by humans and presents good biocompatibility and safety. 

Chitosan was first tried in the deacetylated form in animal studies and proved to have 

good hypocholesterolemic action, to an extent that was comparable with that of 

Cholestyramine.170-174 Zhou and co-authors studied several samples of chitosan with 

different molecular weights and degrees of deacetylation in order to establish a possible 

correlation between the properties of the polymers and their binding capacity.174 

However, under the experimental conditions used, it was not possible to establish any 

relationship that could predict the polymers efficiency as BAS. In comparison to the 

Cholestyramine binding capacity, chitosan hydrolysates (molecular weight between 5 000 

and 20 000)175 as well as chitosan modified by quaternization of the amino groups,176 

provided materials with greater efficiency. This biopolymer was also modified so that it 

contained diethylaminoethyl groups in its structure, giving rise to a material that 

possessed higher sequestration capacity, especially for deoxycholate.177 Another 

interesting and successful approach is the use of organic acid salts of chitosan.178, 179 In 

this case, the absorption of bile salts occurred by ionic exchange with the displacement of 

the anion of the acid. 

1.10.2. Synthetic polymers  

In an attempt to design the appropriate polymer structure for an efficient BAS and to 

understand their binding mechanism with bile salts, many authors have used synthetic 

polymers with different functionalities and structures.138, 180, 181 

One strategy that is commonly followed for the preparation of polymeric BAS is the 

modification of commercial BAS polymer backbones, such as polyamines (similar 

structures of Colestipol and Colesevelam).168 Figuly and co-workers have reported the 

synthesis of 61 different poly(alkylamine)-based polymer networks, prepared by the 

reaction of several (di)amines with dihalo compounds or diepoxides, in different 

solvents/mixtures.182 The swelling capacity of the hydrogels increased with the increase 

of both polarity and polymers flexibility and with the decrease of the degree of 

crosslinking. Preliminary in vitro binding experiments with methyl cholate were used to 
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demonstrate that the hydrogels formed by diamines and α,ω-dibromoalkanes were more 

efficient than Cholestyramine. Considering the main structure of Cholestyramine (PS 

crosslinked with divinylbenzene), Zhang and colleagues reported an innovative approach 

to the BAS synthesis. The new methodology was based on the bio-conjugation of the 

polymer with the bile acid molecules.181 Bile acids have been either attached to polymer 

backbones or chemically modified in order to produce polymerizable compounds for 

different biomedical applications.183 Particles of PS crosslinked with divinylbenzene, with 

several diameters, were synthesized with 0-15% of the chloromethylene groups being 

quaternized by the aminated derivatives of cholic acid. The rest were quaternized as 

ammonium groups using triethylamine. Despite the low degree of functionalization, the 

authors suggested that the use of bile acid molecules as part of the polymer structure 

would lead to an enhanced binding capacity due to van der Waals interactions and/or 

hydrogen bonding interactions between the nearest-neighbors (Figure 1.9).181  

 

Figure 1.9. Binding mechanism between bioconjugated based BAS and bile salts (blue), proposed by 

Zhang and co-workers.181 

Both the binding capacity of the prepared BAS and the rate of release of bile salts were 

evaluated in the presence of sodium taurocholate by ultraviolet (UV) spectroscopy. The 

capacity to bind taurocholate ions increased as the content of the tertiary amine derivative 

of cholic acid in the polymer matrix increased. The kinetics of the taurocholate ions 
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release process indicated that, besides the film diffusion process, the diffusion of ions 

within the polymer matrix (particle diffusion) played an important role in the kinetic 

behavior.181 

As an alternative structure to BAS networks, Cameron and co-workers prepared new 

amphiphilic diblock copolymers.138, 184 These polymers contained both hydrophobic 

segments and hydrophilic segments and could self-assemble in the presence of selective 

solvents, creating diverse nanostructures. Such structures present a great surface area, 

which is able to provide a large number of binding sites for the bile salts. Also, the 

solutions of these amphiphilic structures, in comparison with those of the common 

polymer networks, possess lower viscosities which can be seen as an advantage 

considering the patient compliance (fewer side effects such as constipation). The polymer 

studied was based on PS (hydrophobic segment) and polyacrylamide (hydrophilic 

segment), functionalized with trimethylammonium methylene chloride.138 The size and 

morphology of the micelles was influenced by several parameters, such as the molecular 

weight distribution of the block copolymers, the temperature, the ionic strength and the 

pH. By varying the degree of polymerization of the block copolymers segments, the 

authors were able to prepare BAS with different structures such as small spheres (≈ 20 

nm), large micelles (> 100 nm), vesicles and lamellae shapes, each one confirmed by 

scanning electron microscopy and transmission electron microscopy analyses. The 

molecular weight of the polymers was controlled using anionic polymerization, which 

enabled the synthesis of well-defined block copolymers with Ð ≈ 1.1.138 The authors 

obtained promising results, with micelles showing good stability and an ability to bind 

sodium glycocholate in sorption experiments. However, the experimental steps involved 

in the polymerization and purification of the amphiphilic block copolymers required 

complex and time-consuming procedures. Another important issue is the functionalization 

(amidation) step that required optimized. The major advantages and disadvantages of the 

functionalization (amidation) step were explored using three different strategies: (i) direct 

reaction between the ester group and an amine or an aluminium amide; (ii) hydrolysis of 

the ester groups to form carboxylic acids, followed by conversion into the corresponding 

acid chloride and reaction with an amine and (iii) hydrolysis of the ester groups to form 

carboxylic acids, followed by carbodiimide coupling to an amine.184 Considering the 

complexity of the experimental conditions, the degree of functionalization achieved and 
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the solubility of the produced polymers, together with issues related to reactivity and 

steric hindrance, the carbodiimide coupling route was the pathway that showed the 

greatest potential. The same research group prepared a series of amine-functionalized 

polymers, based on polyether backbones, in different solvents.185 Poly(epichlorohydrin) 

with molecular weight of 700 000 was chemically modified with different low molecular 

weight amines, followed by crosslinking and alkylation to produce amphiphilic 

hydrogels. In a similar way, poly(2-chloroethyl vinyl ether) was produced by cationic 

polymerization and used as a backbone to create the final amine-functionalized cationic 

hydrogel. The introduction of desired functionalities in the polymers structure allowed the 

preparation of BAS with higher binding capacities towards bile salts compared to those of 

both commercially available Cholestyramine and Colestipol. However, the synthetic 

routes used required demanding experimental conditions, such as either a very high 

temperature or a very low temperature (e.g., -70 °C in cationic polymerization), long 

reaction times and the need for careful optimization of the poly(epichlorohydrin) 

modification step.185 

Some of the polymer modifications described so far require time-consuming and complex 

experimental steps113 and present a low efficiency of functionalization.167 However for 

the proper design of new BAS one must consider not only the final properties of the 

polymer, but also the method of synthesis. There is a need to establish relatively simple, 

but highly efficient and less expensive ways to prepare these materials. This is a critical 

issue in the development of new products that could have commercial impact and 

relevance. An easier and somewhat novel strategy was developed for the preparation of 

BAS based on ammonium cyclic structures along the polymer backbone.118 Such cationic 

hydrogels were prepared by cyclopolymerization using N-substituted diallylammonium 

monomers (modified methyl diallylamine) followed by the reaction with crosslinking 

monomers. A series of BAS with distinct hydrophilic properties were obtained by using 

different alkyl substituent groups in the methyl diallylamine modification step, as well as 

several crosslinking monomers in the final step of the reaction process (Figure 1.10). The 

performance of these materials was monitored and evaluated by studying their aqueous 

swelling properties and by the use of in vivo bile salts sequestration experiments. Their 

strong binding capacity and their enhanced swelling properties were attributed to the 

more flexible hydrogels based on hydrophilic crosslinkers. Concerning the hydrophobic 
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interactions, the authors proved that the BAS efficacy is not linearly dependent on the 

number of hydrophobic chains.118 Therefore, an optimum density of hydrophobic 

segments is required in order to maximize the binding capacity of the hydrogels. 

 

Figure 1.10. Representative crosslinkers used in the BAS synthesis.118 

Besides the chemical modification of polymer backbones, new strategies based on 

molecular imprinting have been proposed, showing interesting results with respect to the 

preparation of more effective BAS.186-188 Using this technique, functional monomers are 

connected to a polymer backbone in the presence of template molecules. The functional 

groups or chemical structures present in the monomer must be able to interact with the 

template molecules in order to create a pre-polymerization complex.189 The type of 

interactions (covalent or non-covalent interactions) established in the formation of the 

pre-polymerization complex is the main difference between the two different molecular 

imprinting techniques, as reported in the literature189 (Figure 1.11). Subsequently, after 

the polymerization in the presence of a crosslinking monomer and a solvent, the template 

molecules are removed from the polymer, leaving specific cavities. This step can occur 

by chemical cleavage, in the case of covalent interaction with the pre-polymerization 

complex, or by solvent extraction via diffusion, when the template molecules are non-

covalently bonded to the functional monomer. For this reason, non-covalent systems are 

the most widely used, even though their efficacy is less than that of covalent systems. 

Molecular imprinting has been used in other biomedical applications for the preparation 

of appropriate polymer structures, in trying to mimic natural recognition systems,189, 190 

and for the synthesis of hydrogel matrixes for drug delivery systems. Imprinted 

hydrogels, with their highly flexible polymer chains, which were believed to produce less 
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efficient imprinted materials due to the high mobility of the created cavities, have been 

developed showing promising results.191 Concerning these features, molecular imprinting 

could be also attractive for the preparation of BAS. In addition, the process provides a 

tailor-made component (the desired receptor), it is not expensive and does not require 

complex syntheses.192 The use of bile acids as template molecules creates artificial 

recognition cavities in the BAS hydrogel. These could contribute to the enhancement of 

the binding forces during the bile salts sequestration process. This is the key factor to 

allow the BAS polymers to be able to compete with the desorbing forces present in the GI 

tract and, at the same time, preserve the bile salts that are entrapped in the hydrogels 

matrix. Huval and co-workers proposed for the first time the synthesis of BAS by the 

non-covalent molecular imprinting technique (Figure 1.11).180 This strategy was intended 

to enhance the BAS binding capacity by creating complementary binding sites for both 

the bile salts shape and the carboxylic groups present in the structure. Different polymer 

networks based on poly(allylammonium chloride) crosslinked with epichlorohydrin, were 

prepared in the presence of the sodium cholate as the template. The sequestration capacity 

of the materials was tested in both in vitro experiments and in vivo experiments. Cholic 

acid-imprinted polymer networks showed a higher binding capacity towards bile salts, in 

both tests, in comparison to a control polymer hydrogel without template.180 Moreover, 

the binding capacity increased with the increase in the cholic acid template content used 

for the imprinting, reaching 1.97 mmol/g (mmol bile salt/g dry polymer). These results 

show that the molecular imprinting technique could be useful for the preparation of BAS 

with enhanced binding capacity, since all of the polymer networks were prepared with the 

same cationic charge density (equivalent electrostatic interactions) and degree of 

crosslinking. These additional pieces of evidence to support the binding mechanism 

suggest that, besides being influenced by both electrostatic interactions and hydrophobic 

interactions, the binding process can also be influenced by the shape-selective fitting of 

steroidal skeletons into complementary cavities, at least in the initial stage. After an initial 

binding of small amounts of the bile salts by the imprinted BAS, the hydrophobic 

character of the aggregates increases, leading to stable structures that provide more 

affinity towards new bile salts molecules.180 Similar results were obtained by Wang and 

colleagues187 using a hybrid molecular imprinting approach. This hybrid method joins the 

major advantage of covalent molecular imprinting, which is the clear structure of the 
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guest-binding site, with fast guest binding, that is characteristic of the non-covalent 

molecular imprinting method. The polymers were synthesized by covalent molecular 

imprinting, while the guest binding occurred by non-covalent interactions, which is 

characteristic of the non-covalent molecular imprinting technique.192  

 

Figure 1.11. Polymer molecular imprinting strategies. 

Imprinted polymer networks have been synthesized by the free radical polymerization of 

a cholic acid-containing monomer, followed by crosslinking with ethylene glycol 

dimethacrylate.187 The cholic acid complementary cavities were created by polymer 

hydrolysis (template cleavage), achieving only 45% of template removal efficiency. This 

step of chemical cleavage is somehow limiting since it is not possible to achieve high 

degrees of hydrolysis in crosslinked polymers because of the steric hindrance,187 which 

restricts the number of specific interaction sites presented in the imprinted BAS. 

Nevertheless, the imprinted polymer networks prepared exhibited a nearly seven fold 

higher binding capacity towards both cholic acid and deoxycholic acid, in comparison to 

the binding capacity of the control sample (without the template). Besides the 

complementary cavities created in the hydrogel matrix, it was assumed that the entrapped 

molecules favored the binding process, since the binding capacity of the hydrogels was 

higher than the number of cavity sites. This observation arises from the cooperative effect 

of the bile salts molecules,  that have a tendency to self-aggregate in aqueous media at 

high concentrations.180 This result is extremely important and could provide useful 

information for further BAS developments. In the same work,187 different polar solvents 

and non-polar solvents were tested as imprinting solvent. It was found that this self-

aggregating parameter influenced the properties of the final hydrogels and ultimately 

influenced their binding capacity, showing that the use of non-polar solvents was 
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preferable. Imprinted materials showed better results when their polymerization took 

place in solvents that could mimic the final medium of the application.193 BAS are 

intended to work in aqueous media, such as the intestine environment. However, this 

solvent was not tested in the identified study. Water has some limitations when used for 

the imprinting strategy, since it can prevent hydrogen bonding between the template and 

the monomer. By this means, the capacity of recognition of the hydrogels could be 

compromised. Despite the good results indicated by early reports on molecular 

imprinting, recent studies on the application of this technique to the synthesis of new 

BAS have shown that this approach could not be useful in some circumstances. Yañez 

and co-workers188 have reported a computational modeling study of imprinted polymer 

networks based on different functional acrylic monomers that possessed affinity towards 

cholic acid, with a cholic acid/functional monomer molar ratio of 1/4. Several monomers 

commonly used in the preparation of BAS polymers were chosen and their binding 

energy with cholic acid molecules was estimated using computational modeling. After 

this screening, the authors selected three monomers, each one with a different binding 

affinity towards cholic acid, to assess experimentally their results with respect to the 

preparation of BAS imprinted hydrogels and their binding capacity towards sodium 

cholate. The results were in agreement with the theoretical predictions and suggested that 

the molecular imprinting technique is not so effective for polymers that already present 

high affinity towards the template molecules. It seems that in polymeric BAS, this 

technique can only provide initial affinity towards bile salts molecules, being the main 

binding mechanism regulated by both electrostatic interactions and hydrophobic 

interactions. This information is very relevant since it helps one to rule out some 

alternative possible synthetic approaches to the development of new BAS materials. 

Another parameter studied by the authors188 was the influence of the polymer degree of 

crosslinking on the binding capacity. The results are consistent with the findings of 

reports presented in the literature,169 suggesting that there is an optimal degree of 

crosslinking that allows the targeted molecules to diffuse through the polymer matrix and 

reach the binding sites, while maintaining the polymer swelling characteristics. The ideal 

level of crosslinking with respect to maximizing the BAS efficacy is dependent on the 

polymer structure and on the molecular size of the targeted bile salts molecules. This 

study showed that computational modeling can be a very helpful tool in the design of new 
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BAS, since it enables the screening of potential monomers to be used, taking into to 

account their ability to bind bile salts. This reduces the need to rely on time-consuming 

synthesis procedures and characterization tests in the search for new monomers that 

would be suitable for the preparation of new BAS. 

Despite the recent progress in the synthesis of polymeric BAS, only a few products have 

been able to enter pre-clinical development stages and subsequent human clinical trials. 

More research is required to create ideal structures that can be more selective towards bile 

salts, especially the more hydrophilic examples as the case of the trihydroxy bile salts. 

However, the studies reported in the literature provide important information concerning 

the variables that have to be taken into account for the BAS design: 

o Cationic groups: positive charges along the polymer structure ensure the 

occurrence of electrostatic interactions, which are the primary mechanism of the 

binding process involving ionized bile acids;  

o Hydrophobic chain length: longer aliphatic chains ensure the occurrence of 

hydrophobic interactions with the steroid skeletons of bile salts during the binding 

process; 

o Degree of crosslinking and polymer backbone flexibility:  lower crosslinking 

densities and flexible polymer backbones lead to enhanced swelling properties and 

typically higher binding capacity; 

o Polymers shape: the use of appropriate polymer structures that can complement 

the bile salts architecture can favor the binding process. 

It is noteworthy that these variables have to be adjusted on the basis of the nature of the 

polymers used in the synthesis of the BAS. 
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2.1. Abstract 

The field of transition-metal-mediated reversible deactivation radical polymerization 

(RDRP) has become the subject of intense discussion regarding the mechanism of this 

widely-used and versatile process. Most mechanistic analyses (atom transfer radical 

polymerization (ATRP) vs. single electron transfer-living radical polymerization (SET-

LRP)) have been based on model experiments, which cannot correctly mimic the true 

reaction conditions. In this work it is presented, for the first time, a determination of the 

[CuBr]/[L] (L: nitrogen-based chelating ligand) ratio and the extent of CuBr/L 

disproportionation during the RDRP of methyl acrylate (MA) in dimethyl sulfoxide 

(DMSO) with Cu(0) wire as a transition-metal catalyst source. The results revealed that 

Cu(0) acts as a supplemental activator and reducing agent of CuBr2/L to CuBr/L. More 

importantly, the CuBr/L species seem to be responsible for the activation of alkyl halides 

in SET-LRP.  

2.2. Introduction 

In 1995, the groups of Matyjaszewski1 and Sawamoto2 independently discovered the 

RDRP of vinyl monomers mediated by transition-metal catalysts. Since then, this method 

has become the most versatile technique for the controlled synthesis of complex 

macromolecular architectures with predetermined molecular weight, narrow molecular 

weight distribution and useful chain-end functionality.3-5 In the original publication1 the 

authors coined the name for this new polymerization methodology as ATRP since it 

resembled the well-known atom transfer radical addition (ATRA) reaction.6-11 

Mechanistically, ATRP is based on the transition metal complex mediated fast 

equilibrium between dormant species (initiator and/or macroinitiator, P-X, X: halide or 

pseudohalide) and active species (radical and/or macroradical, P•).  Homolytic cleavage 

of the C-X bond of the dormant species (P-X) is catalyzed by the lower oxidation state 

transition metal complex (activator - Mt
nXm/L). The generated macroradical (P•) reacts 

with the higher oxidation state transition metal complex (deactivator - Mt
n+1Xm+1/L) 

forming dormant species and regenerating the activator (Scheme 2.1). In ATRP the 

radical-radical termination (recombination and/or disproportionation) and radical chain 
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transfer reactions are significantly suppressed due to the so-called persistent radical 

effect.12 To ensure the “controlled/living” characteristics (control over molecular weight, 

dispersity (Ð), chain-end functionality, and so on) of ATRP, the equilibrium shown in 

Scheme 2.1 the must be shifted towards dormant species (ka << kd).  

 

Scheme 2.1. General mechanism of ATRP (X = Cl, Br, I, SCN;  L = N, P, Cp based ligands; Mt = Cu, 

Ru, Fe, Os, Ni, etc.; n = 0, 1, 2, etc.; m = 0, 1, 2, etc).  

Among various transition metal catalysts, the copper-based complexes are the most 

widely used in ATRP3-5, 13 as well as in related advanced developments such as activators 

regenerated by electron transfer (ARGET) ATRP,14-16 initiators for continuous activator 

regeneration (ICAR) ATRP,17 supplemental activator and reducing agent (SARA) 

ATRP18, 19 and the so-called SET-LRP.20-22 In the above-mentioned subclasses14-22 the 

total amount of Cu catalyst present in the polymerization mixture is significantly 

diminished to ppm levels. Nevertheless, SET-LRP is also of particular interest because it 

offers very mild reaction conditions such as low temperatures, trace amount of catalyst 

(ppm) and the use of copper (powder or wire form) as the initial catalyst. These particular 

reaction conditions enable the synthesis of very high molar mass polymers using activated 

and non-activated monomers.20 The SET-LRP was originally proposed to proceed via 

different mechanism than the classical ATRP.20 In the classical ATRP, both the activation 

and the deactivation steps are based on the inner sphere (bonded) electron transfer (ISET) 

processe between R-X (dormant species) and transition metal catalyst in the lower 

oxidation state (Mt
nXm/L activator). It is generally assumed that during the activation step 

of ATRP a complex between dormant species (R-X) and transition metal centre 

(Mt
nXm/L) is formed via the halogen atom bridge (dormant species act as a “ligand” for 

transition metal complex). The ISET from transition metal complex to the dormant 

species and homolytic cleavage of C-X (X = Cl, Br) bond occurs in a concerted manner. 

By contrast, in the seminal SET-LRP paper from Percec’s group20 the authors proposed 

that the activation of dormant species (R-X) occurs exclusively by “nascent” Cu(0) 

species via outer sphere (non-bonded) electron transfer process (OSET). In addition, it 
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was postulated that the activation of dormant species under SET-LRP conditions involves 

the formation of radical-anion intermediates from an alkyl halide initiator and its stepwise 

decomposition via “heterolytic” cleavage of C-X bond. In SET-LRP it was also proposed 

that in situ generated complex CuX/L disproportionates “spontaneously” into Cu(0) and 

CuX2/L species (regeneration of the activator and generation of the deactivator 

respectively, Scheme 2.2), thus assuming that the SET-LRP process is not based on the 

persistent radical effect (which means accumulation of an excess of deactivator species 

through the bimolecular termination of propagating radicals). The different mechanistic 

proposal for SET-LRP initiated an intense debate in the field of transition-metal-mediated 

RDRP.23, 24 Understanding the real mechanism of SET-LRP is very important for further 

development of more powerful catalysts as well as to achieve successful RDRP of other 

monomer families.  

In 2007, Matyjaszewski’s research group reported extensive experimental studies24  about 

the role of Cu(0) during SET-LRP and concluded that the mentioned process is based on 

the ARGET ATRP mechanism, where the main role of Cu(0) is the reduction of CuBr2/L 

deactivator into Cu(I)Br/L activator (L: Me6TREN: tris[2-(dimethylamino)ethyl]amine). 

Later, after the recognition of the activation of alkyl halides by Cu(0), the authors termed 

the method as SARA ATRP19 (Scheme 2.2). In the same work,24 it was also emphasized 

that the initial activator in SET-LRP must be Cu(0) species since in the absence of 

externally added CuBr2/L there is no other mechanism available to activate initiator and 

produce CuBr/L catalyst. Based on the principle of microscopic reversibility it was 

postulated that in the solvents that favor disproportionation (Kdisp >> 1, Scheme 2.3), the 

CuBr/L species must be more powerful activator than Cu(0) species. However in the real 

system, the preferable activation of dormant species with either CuBr/L or with Cu(0) 

depends, not only on the absolute rate constants (ka
CuBr and ka

Cu(0)), but also on the relative 

concentrations of the above species present during SET-LRP. In other words, without 

knowing the degree of disproportionation of CuBr/L species it is impossible to determine 

the relative concentrations of CuBr/L vs. Cu(0) under real SET-LRP conditions, and 

hence to identify the real activator. Although the Kdisp values obtained in DMSO were 

also reported in the same work,24 it is of little help to estimate the extent of 

disproportionation of CuBr/L during the SET-LRP unless the [L]/[CuBr] value is known. 
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No experimental data about the extent of disproportionation of CuBr/L is currently 

available for real SET-LRP conditions.  

Although the degree of CuBr/L disproportionation and identification of the real catalyst 

during SET-LRP is still under debate, the heterogeneous reduction of alkyl halides at an 

inert electrode was recently reported.23 This comprehensive theoretical and experimental 

work on the mechanism of C-Br bond reductive cleavage in alkyl halide (activated) 

initiators relevant to SET-LRP demonstrated that no “heterolytic” decomposition 

occurred for the studied alkyl halides under OSET conditions. It was also shown that 

there is no radical-anion intermediate formation possible during the activation step under 

the OSET mechanism, and that the reductive cleavage of alkyl bromides occurs in a 

concerted manner with a significant activation barrier. This is in sharp contrast with the 

mechanism described in earlier computational work about the activation of dormant 

species with Cu(0) catalyst via OSET pathway (formation and decomposition of 

intermediate radical anions from dormant species).25, 26  

 

Scheme 2.2. Detailed mechanism of copper-catalyzed SET-LRP and SARA ATRP (in SARA ATRP 

various zerovalent transition metals can be used in place of Cu (0), such as Fe (0), etc., while SET-

LRP is only postulated to occur exclusively with Cu(0)).  

The role of Cu(0) during the SET-LRP of vinyl monomers  in  polar solvents and the 

extent of disproportionation of the in situ formed CuBr/L species are two main points of 

debate about the mechanism of this hypothetical process (Scheme 2.2).23, 24 Most of the 

studies devoted to the clarification of the SET-LRP mechanism are based on model 

experiments, which in some important cases are not able to correctly mimic the true SET-
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LRP conditions.20, 23, 24, 27 Most importantly, the degree of disproportionation of CuX/L, 

which is the key requirement for SET-LRP mechanism, was only measured in pure 

solvents and/or solvent mixtures in a wide range of ligand concentrations. The degree of 

disproportionation of CuX/L depends on the nature of X, solvent and ligand, as well as on 

their concentrations relative to Cu(0). 

 

Scheme 2.3. Disproportionation of CuBr/L into Cu(0) and CuBr2/L in DMSO; L: Me6TREN or other 

chelating N ligands.  

Even when the solvent and ligand combination favors disproportionation, the ligand 

concentration determined the degree of disproportionation. Percec and co-workers 

reported27 that when [Me6TREN]/[CuBr] value is greater than 1, the disproportionation 

diminishes exponentially and, for example, when [Me6TREN]/[CuBr] ≥ ≈ 2, the 

disproportionation of CuBr/L is almost suppressed (less than ca. 15 %) in DMSO and 

other polar solvents. Thus, it is essential to know the [L]/[CuBr] ratio during the real 

SET-LRP conditions to estimate the degree of CuBr disproportionation and to identify  

the real catalyst. 

The aim of this work was to measure the [Me6TREN]/[CuBr] ratio and use this value to 

estimate the extent of Cu(I)Br/L disproportionation under the real SET-LRP conditions. 

For this purpose, a series of kinetic experiments of SET-LRP of MA in DMSO using 

Cu(0) wire (which is the most popular source of copper used for SET-LRP) as the catalyst 

were conducted and the consumption of Cu(0) was monitored. 

2.3. Experimental  

2.3.1. Materials 

MA (Acros, 99% stabilized) was passed over a sand/alumina column before use in order 

to remove the radical inhibitor. CuBr (Fluka, > 98%), CuBr2 (Acros, 99+% extra pure, 

anhydrous), deuterated chloroform (CDCl3) (Euriso-top, +1%TMS), DMSO (Acros, 
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99.8+% extra pure), ethyl α-bromoisobutyrate (EBiB) (Sigma-Aldrich, 98%) and 

polystyrene (PS) standards (Polymer Laboratories) were used as received.  

Zerovalent copper wire (Carlo Ebra; ≥ 99.9%, d = 0.1 cm) was washed with nitric acid 

and subsequently rinsed acetone and dried under a stream of nitrogen before use. 

Tetrahydrofuran (THF) (Panreac, HPLC grade) was filtered under reduced pressure 

before use.  

Me6TREN was synthesized according procedures described in the literature.28, 29 

2.3.2. Techniques 

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker 

Avance III 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in 

CDCl3 with tetramethylsilane (TMS) as an internal standard. Conversion of monomers 

was determined by integration of monomer and polymer peaks using MestRenova 

software version: 6.0.2-5475. 

The chromatography parameters of the samples were determined using high performance 

size exclusion chromatography HPSEC; Viscotek (Viscotek TDAmax) with a differential 

viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek); low-angle laser-

light scattering (LALLS, Viscotek) and refractive index (RI). The column set consisted of 

a PL 10 m guard column (50x7.5mm2) followed by one MIXED-E PL column (3 m) 

and two MIXED-C PL columns (5 m). HPLC dual piston pump was set with the flow 

rate of 1 mL/min. The eluent (THF) was previously filtered through a 0.2 m filter. The 

system was also equipped with an on-line degasser. The tests were done at 30 °C using an 

Elder CH-150 heater. Before the injection (100 µL), the samples were filtered through a 

polytetrafluoroethylene (PTFE) membrane with 0.2 mm pore. The system was calibrated 

with narrow PS standards. The dn/dc was determined as 0.063 for PMA. Molecular 

weights (Mn
SEC) and Ð values of the synthesized polymers were determined by 

multidetectors calibration using the OmniSEC software version: 4.6.1.354. 
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The ultraviolet-visible (UV-Vis) studies were performed with a Jasco V-530 

spectrophotometer. The analyses were carried in the 200 – 1100 nm range at room 

temperature. 

2.3.3. Procedures 

Typical procedure for the Cu wire/[CuBr2]0/[Me6TREN]0 = Cu wire/0.05/1 catalyzed 

RDRP of MA (DP = 222) 

MA (3.1 mL; 34.8 mmol) was purified in a sand/alumina column just before reaction. 

Copper wire (d = 0.1 cm; l = 5 cm) was weighted, wrapped around a magnetic stirrer bar 

and charged to a Schlenk reactor. A mixture of CuBr2 (1.8 mg, 0.008 mmol), Me6TREN 

(36.1 mg, 0.157 mmol) and DMSO (1.6 mL) (previously bubbled with nitrogen for about 

5 minutes) was placed in the reactor along with the monomer and EBiB (30.6 mg, 0.157 

mmol). The reactor was sealed, frozen in liquid nitrogen and the mixture was 

deoxygenated with four freeze-vacuum-thaw cycles and purged with nitrogen. The 

Schlenk reactor was placed in a water bath at 25 °C with stirring (700 rpm). Different 

reaction mixture samples were collected during the polymerization by using an airtight 

syringe and purging the side arm of the Schlenk reactor with nitrogen. The samples were 

analyzed by 1H NMR spectroscopy in order to determine the monomer conversion and 

theoretical molecular weight and by SEC, to determine molecular weight and Ð of the 

polymers. The reactions were done for different amounts of Me6TREN. By the end of the 

reaction, the copper wire was washed with acetone, dried and weighted, to determine the 

consumed amount. 

UV-Vis spectroscopic study of Cu(I) stabilization 

The catalyst(s) were placed in a quartz UV-Vis cuvette and purged with nitrogen. The 

DMSO and Me6TREN were mixed in a vial and bubbled with nitrogen, for about 15 

minutes, to remove oxygen. This solution was then added to the UV-Vis cuvette, which 

was sealed under nitrogen. After shaking, to dissolve all the catalyst(s), the cuvette was 

placed in the spectrometer for spectra acquisition. The absorbance was measured in 

different times, in the 200-1100 nm range, at room temperature.  
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2.4. Results and discussion 

The kinetic plots of Cu(0)-catalyzed RDRP of MA in DMSO are shown in Figure 2.1. 

Note that in experiments in which only Cu(0) wire was used (no additional CuBr2 or 

CuBr were added during the reaction), the polymerization showed some induction period 

(red and black symbols in Figure 2.1 (a)), which was also observed by other groups 

practicing SET-LRP.30  

 

Figure 2.1. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Cu(0)-catalyzed RDRP of 

MA in DMSO at 25 °C, using different metal catalyst/ligand ratios. Reaction conditions: 

[MA]0/[DMSO] = 2/1 (v/v); [MA]0/[EBiB]0 = 222. 

This observation was explained by some oxidation of the copper surface (contamination 

with CuO), which slowed down the initial activation.31 No induction period was found 

when mixtures of CuBr and Cu(0) or CuBr2 and Cu(0) wire were used (pink and green 

symbols in Figure 2.1 (a)), which may also indicate that CuBr is a much stronger 

activator than Cu(0) or CuO.  

The primary parameter evaluated during the kinetic experiments was the consumption of 

Cu(0) wire during the polymerization. Table 2.1 presents the data of the consumption of 

copper from the Cu(0) wire surface during the Cu(0)-catalyzed RDRP of MA in DMSO 

with different molar ratios of CuBr, CuBr2 and ligand (Me6TREN). The amount of copper 

consumed increased with monomer conversion, whereas the ratio 

[Me6TREN]/[Cuconsumed] decreased with monomer conversion (Figure 2.2). Under excess 
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ligand concentrations, the amount of copper consumed (Table 2.1) should be equal to the 

sum of [CuBr/Me6TREN] and [CuBr2/Me6TREN].  

Table 2.1. Consumption of copper from the Cu(0) wire surface during the Cu(0) wire-catalyzed 

RDRP of MA in DMSO, at 25 °C during 1.5 h. 

Entry [M]0/[I]0/[Cu(0) wire]0/[CuBr]0/[CuBr2]0/[L]0
a Conv. (%) [Cuconsumed]/[I]0

b [L]/[Cutotal]
c 

1 222/1/wire/0/0/0.3 77 0.17 ≈ 1.8 

2 222/1/wire/0/0/0.5 84 0.21 ≈ 2.4 

3 222/1/wire/0/0/1.0 74 0.25 ≈ 4.0 

4 222/1/wire/0/0.05/0.3 81 0.09 ≈ 2.7 

5 222/1/wire/0/0.05/0.5 74 0.16 ≈ 2.8 

6 222/1/wire/0/0.05/1.0 82 0.15 ≈ 6.3 

7 222/1/wire/0.05/0/1.0 81 0.15 ≈ 5.0 

8 222/1/wire/0.1/0/1.0 82 0.09 ≈ 5.2 

9 222/0/wire/0/0/0.5 0 ‒d ‒ 

a M: MA; I: EBiB; Cu(0) wire: d = 0.1 cm and l = 5 cm; L: Me6TREN 

b [Cu consumed] = ((Cu wire wt. before reaction) - (Cu wire wt. after reaction))/63.55 

c [Cu total] = [Cu consumed] + [CuBr externally added] + [CuBr2 externally added] 

d [Cu consumed] = 0 (control blank experiment) 

It is very important to notice that, in all experiments, the molar ratio of copper consumed 

was significantly lower than both initiator and ligand concentrations. In addition, it should 

be emphasized that regardless the ratios [CuBr]/[Me6TREN] and [CuBr2]/[Me6TREN] in 

the reaction mixture, the [Me6TREN]/[CuBr] ratio must be always higher than 

[Me6TREN]/[Cu consumed]. This observation directly indicates that under SET-LRP 

conditions the equilibrium shown in the Scheme 2.2 is always shifted towards the CuBr/L 

species. The stabilization of CuBr/L under excess ligand concentration was also 

supported by a model experiment shown in Figure 2.3 (quantitative comproportionation 

of CuBr2/Me6TREN deactivator complex with Cu(0) species under excess ligand 

concentration in DMSO).  

One might assume that in SET-LRP the Cu(0) species (copper wire and trace amount of 

nascent Cu(0) species formed by limited disproportionation) is a more active catalyst than 

CuBr/Me6TREN. However, it has been experimentally determined that in copper-
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mediated radical polymerizations, the soluble CuBr/Me6TREN is a much stronger 

activator than heterogeneous Cu(0)/Me6TREN. 

 

Figure 2.2. Consumption of copper during the Cu(0)-catalyzed RDRP of MA in DMSO at 25 °C. The 

molar ratio of copper consumed is relative to the initial amount of EBiB. Reaction conditions: 

[MA]0/[EBiB]0/[Cu(0) wire]0/[CuBr2]0/[Me6TREN]0 = 222/1/Cu(0) wire/0.05/0.3; [MA]0/[DMSO] = 2/1 

(v/v); Cu wire: d = 0.1 cm and l = 5 cm (entry 4 in Table 2.1).  

The ka of EBiB is approximately 1100 M-1·s-1 (measured at ambient temperature in 

acetonitrile (CH3CN) with CuBr/Me6TREN activator),32 whereas the ka of the same 

initiator under SET-LRP conditions was reported to be approximately 4.3 M-1·s-1 

(measured at ambient temperature in DMSO with Cu(0)/Me6TREN).33 It appears that in 

SET-LRP the CuBr/Me6TREN catalyst is the preferable activator by both thermodynamic 

([CuBr/Me6TREN] >> [Cu(0)nascent]) and kinetic (ka(CuBr/Me6TREN) >> 

ka(Cu(0)/Me6TREN)) factors. The possibility that Cu(0) acts as a supplemental activator, 

however, cannot be completely excluded, although this reaction would be very slow 

because of the low concentration of Cu(0) nascent species, the low value of 

ka(Cu(0)/Me6TREN),33 and the high barrier for activation of alkyl halide initiators under 

the proposed OSET conditions.23 The main role of the Cu(0) species seems to be the 

reduction of CuBr2/Me6TREN (comproportionation reaction), which is produced at a high 

rate due to the high reactivity of CuBr/Me6TREN with the (macro)initiator. Note that if 

MA polymerization is conducted with CuBr/Me6TREN in the absence of Cu(0), the 

reaction stops due to rapid accumulation of CuBr2/Me6TREN. Addition of Cu(0), 

however, allows the reaction to proceed towards higher monomer conversion due to the 

reduction of CuBr2/Me6TREN with Cu(0).  
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Finally, it has been clearly demonstrated that the SET-LRP of MA in DMSO is, in fact, 

based on the SARA ATRP mechanism. The structure of the CuBr/Me6TREN complex 

(mononuclear, binuclear, cationic, neutral, and so forth) is also strongly dependent on the 

value of [L]/[CuBr].33 It can be assumed that, because the [Me6TREN]/[CuBr] is 2.0-6.0, 

the most probable activator would be a cationic complex Cu(I)(+)/Me6TREN‒Br(-).34 

However, the determination of the exact structure of the CuBr/Me6TREN activator under 

Cu(0)-catalyzed RDRP conditions requires more complex experimental studies as 

outlined in the recent work by Gennaro et al.34 

 

Figure 2.3. Comproportionation of CuBr2/Me6TREN with Cu(0) in DMSO in the presence of ligand 

excess, [Cu wire]0/[CuBr2]0/[Me6TREN]0 = Cu wire/0.05/0.3 (conditions mimicking the experiment 

shown in  Table 2.1 entry 4).  

2.5. Conclusions 

On the basis of kinetic experiments, it was demonstrated that the most probable activator 

under the SET-LRP conditions is the CuBr/Me6TREN catalyst. The role of Cu(0) is to act 

as a supplemental activator of dormant species and also as a reducing agent (reduction of 

accumulated CuBr2/Me6TREN species into CuBr/Me6TREN). More experimental studies 

are needed to identify the structure of the CuBr/Me6TREN activator since it is known to 

be strongly dependent on the ligand concentration.34  Of course, the present work is not 

the final word on the mechanism of the SET-LRP process; however, it provides additional 

insights into the details of this process. Determination of full reaction mechanism for the 

SET-LRP process will, without doubt, lead to the development of more powerful catalytic 

systems for metal-mediated RDRP. 
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3.1. Abstract 

The current trend in developing the next generation of reversible deactivation radical 

polymerization (RDRP) methods and, in particular the atom transfer radical 

polymerization (ATRP) systems, involves reduction, elimination and/or replacement of 

toxic and highly expensive catalysts and solvents by environmentally friendly ones. Here, 

it is reported the accelerated ambient temperature supplemental activator and reducing 

agent (SARA) ATRP of methyl acrylate (MA) catalyzed by Fe(0)/CuBr2/Me6TREN 

(Me6TREN: tris[2-(dimethylamino)ethyl]amine) in inexpensive and more 

environmentally friendly alcohols (methanol, ethanol and 1-propanol) and their mixtures 

with water, using a low concentration of soluble copper (50 ppm). The linear kinetic plots 

suggested a controlled polymerization. In addition, the dispersity (Ð) of the obtained 

poly(methylacrylate) (PMA) was very low throughout the polymerization (Ð ≈ 1.1). 

Well-defined functional star-shaped PMA samples have also been prepared. A relatively 

low molecular weight PMA with active Br-chain-ends (functionality ≈ 100%) was 

successfully used as a macroinitiator in a reinitiation experiment affording high molecular 

weight PMA with very low Ð. The data presented opens up the possibility of using fast 

SARA ATRP catalyzed by a mixed transition metal catalyst system in solvents that are 

inexpensive, ecofriendly and have low boiling point. 

3.2. Introduction 

The last decade has witnessed a remarkable development on the RDRP field.1 This 

method allows the synthesis of tailor made polymers with controlled features (e.g., well-

defined compositions, architectures, low molecular weight distribution and chain-end 

functionalities) by using the radical mechanism, which affords polymerization of a wide 

range of monomer classes and it is tolerant to many different types of solvents and 

additives. Transition metal-mediated RDRP2 (also known as atom transfer radical 

polymerization or simply ATRP) is one of the most used methods to prepare a wide range 

of polymers with specified characteristics. The mechanism of ATRP is based on the metal 

complex mediated fast equilibrium between dormant (initiator and/or macroinitiator, P-X, 

where X = halide or pseudohalide) and active species (radical and/or macroradical, P•). 
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The dissociation of the C-X bond of dormant species (P-X) is catalyzed by a lower 

oxidation state transition metal complex (for example, the activator can be Cu(I)X/L), and 

the resulting macroradical (P•) reacts with a higher oxidation state transition metal 

complex (deactivator - Cu(II)X2/L) producing a halogen-terminated macroinitiator and 

regenerating the low oxidation state catalyst (Scheme 3.1). 

 

Scheme 3.1. Detailed mechanism of the copper-catalyzed ATRP and single electron transfer living 

radical polymerization (SET-LRP). 

Several transition metal complexes can be used in ATRP, such as Cu, Ru, Fe, Ni, Os 

based ones,2-4 in combination with different types of ligands, such as amines, phosphines, 

etc. The copper based catalyst, namely copper chloride or bromide in conjunction with 

nitrogen-based ligands, are the mostly used catalysts in ATRP. However, most of the 

transition metal catalysts used (including the copper-based ones) are relatively expensive 

and toxic. Furthermore, the removal of the catalyst from the polymer involves expensive 

time-cost technologies. Several different techniques based on ATRP have been developed 

to reduce the catalyst concentration to ppm levels, such as activators regenerated by 

electron transfer (ARGET) ATRP,5 initiator for continuous activator regeneration (ICAR) 

ATRP,6 supplemental activator and reducing agent (SARA) ATRP,3, 7 and the so-called 

SET-LRP.8-10 These methods only require ppm amounts of catalyst for fast preparation of 

polymers at different temperatures (including ambient temperature). Both SET-LRP and 

SARA ATRP are the recent development of the next generation methods for the synthesis 

of high molar mass polymers under very mild reaction conditions using inexpensive zero 

valent transition metals or mixed transition metal catalysts. During recent several years 

there has been an intense debate between protagonists of ATRP and SET-LRP (Scheme 

3.1) in view to understand which species (Cu(I) vs. Cu(0)) is responsible for the activation 
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of the dormant species and the role of Cu(I) disproportionation. Several studies based on 

model experiments11-13 and modeling calculations14 argued a possible role of Cu(0) in 

SET-LRP of vinyl monomers in polar solvents and the extent of disproportionation of 

Cu(I)Br/L species formed in situ during the polymerization. In the recent publications 

from our research team,3, 15 based on the extent of CuBr/L disproportionation in real 

polymerization conditions of MA in dimethylsulfoxide (DMSO) with Cu(0) wire, it was 

found that CuBr/L is the most probable activator.  

A further development of ATRP methods involves the reduction or even elimination of 

toxic copper-based complexes used as catalysts. Despite the fact that the concentrations 

of copper required to control the polymerization are currently very small, iron-based 

systems can be very attractive for replacing and/or reducing the amount of copper-based 

catalysts. Iron is less expensive and the least toxic among the transition metals used in 

ATRP. In 1997, different research groups reported iron-based ATRP systems,16, 17 

followed by other reports involving different catalytic systems in bulk or in the presence 

of non-polar solvents.18, 19 Recently, our research group and Matyjaszewski’s research 

group reported the use of mixed transition metal catalyst using zero valent metals Fe(0),3 

Zn(0),7 Mg(0)7 - as initial activators together with very small amounts of 

CuBr2/Me6TREN or CuBr2/PMDETA7 as deactivator complexes for the SARA ATRP of 

MA, methyl methacrylate (MMA) and styrene (Sty) at room temperature. Although, the 

reported polymerizations were both extremely controlled and fast in DMSO, the use of 

this specific solvent can hamper future industrial implementation of this technology due 

to its very high boiling point and price. In addition, the use of more environmental 

friendly and less expensive solvents (or solvent mixtures) is a critical aspect that should 

be taken into consideration for a future large scale production. The use of alcohols and 

alcohol/water mixtures as solvents was already reported by different research groups.20-23 

Percec and co-authors have also used alcohol and alcohol/water mixtures for the 

controlled SET-LRP of MA monomer at 25 °C using Cu(0)/Me6TREN as an initial 

catalyst.24-26 The authors claimed to have used a maximum alcohol/water ratio of 90/10 

(v/v) due to precipitation of PMA in the reaction medium. 

In this work, the successful ambient temperature SARA ATRP of MA in alcohols and 

alcohol/water mixtures using Fe(0)/CuBr2/Me6TREN mixed transition metal catalyst is 
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reported. The solvent mixture with higher amount of water content (up to 30 vol%) still 

provided an excellent media for the successful synthesis of well-defined PMA under very 

mild reaction conditions. In addition, the initial concentration of soluble copper (CuBr2) 

was reduced 10 times in comparison to the first system reported.3 

3.3. Experimental  

3.3.1. Materials 

MA (Acros, 99% stabilized), was passed through a sand/alumina column before use in 

order to remove the radical inhibitor. Acetonitrile (MeCN) (Acros, 99,99%), CuBr (Fluka, 

>98%), CuBr2 (Acros, 99+% extra pure, anhydrous), deuterated chloroform (CDCl3) 

(Euriso-top, +1% TMS), DMSO (Acros, 99.8+% extra pure), ethyl α-bromoisobutyrate 

(EBiB) (Sigma-Aldrich, 98%), hexane (Fisher Chemical, 95%), PS standards (Polymer 

Laboratories), ethanol (Panreac, 99.5%), sodium azide (Panreac, 99%), 1-propanol 

(Sigma-Aldrich, 99.5%), methanol (Sigma-Aldrich, >99%), iron powder (Fe(0) (Acros, 

99%, ∼70 mesh), 2-(4-hydroxyphenylazo)benzoic acid (HABA) (Sigma–Aldrich, 99.5%) 

and 2,5-dihydroxybenzoic acid (DHB) (Sigma–Aldrich, >99%) were used as received.  

Purified water (Milli-Q®, Millipore, resistivity >18 MΩ.cm) was obtained by reverse 

osmosis. 

Tetrahydrofuran (THF) (Panreac, HPLC grade) was filtered under reduced pressure 

before use.  

Dipentaerythritol hexakis(2-bromoisobutyrate) (6f-BiB),27 pentaerythritol tetrakis(2-

bromoisobutyrate) (4f-BiB)27 and Me6TREN28 were synthesized according the procedures 

described in the literature. 

3.3.2. Techniques 

The chromatographic parameters of the samples were determined using high performance 

size exclusion chromatography HPSEC; Viscotek (Viscotek TDAmax) with a differential 

viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek); low-angle laser-
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light scattering (LALLS, Viscotek) and refractive index (RI) detectors. The column set 

consisted of a PL 10 mm guard column (50 × 7.5 mm2) followed by one Viscotek T200 

column (6 µm), one MIXED-E PLgel column (3 µm) and one MIXED-C PLgel column 

(5 µm). HPLC dual piston pump was set with a flow rate of 1 mL/min. The eluent (THF) 

was previously filtered through a 0.2 µm filter. The system was also equipped with an on-

line degasser. The tests were done at 30 °C using an Elder CH-150 heater. Before the 

injection (100 µL), the samples were filtered through a polytetrafluoroethylene (PTFE) 

membrane with 0.2 µm pore. The system was calibrated with narrow PS standards. The 

dn/dc was determined as 0.063 for PMA. Molecular weight (Mn
SEC) and Ð of the 

synthesized polymers were determined by multidetectors calibration using the OmniSEC 

software version: 4.6.1.354. 

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker 

Avance III 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in 

CDCl3 with tetramethylsilane (TMS) as an internal standard. Conversions of the 

monomer were determined by integration of monomer and polymer peaks using 

MestRenova software version: 6.0.2-5475. 

For the MALDI-TOF-MS analysis, the PMA samples were dissolved in THF at a 

concentration of 10 mg/mL. DHB and HABA (0.05 M in THF) were used as matrix. The 

dried-droplet sample preparation technique was used to obtain 1:1 ratio (sample/matrix); 

an aliquot of 1 µL of each sample was directly spotted on the MTP AnchorChip TM 

600/384 TF MALDI target, Bruker Daltonik (Bremen Germany) and, before the sample 

dry, 1 µL of matrix solution in THF was added and allowed to dry at room temperature, 

to allow matrix crystallization. External mass calibration was performed with a peptide 

calibration standard (PSCII) for the range 700-3000 (9 mass calibration points), 0.5 µL of  

the calibration solution and matrix previously mixed in an Eppendorf tube (1:2, v/v) were 

applied directly on the target and allowed to dry at room temperature. Mass spectra were 

recorded using an Autoflex III smartbeam1 MALDI-TOF-MS mass spectrometer Bruker 

Daltonik (Bremen, Germany) operating in the linear and reflection positive ion mode. 

Ions were formed upon irradiation by a smartbeam laser using a frequency of 200 Hz. 

Each mass spectrum was produced by averaging 2500 laser shots collected across the 

whole sample spot surface by screening in the range m/z 500-10000. The laser irradiance 
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was set to 35-40 % (relative scale 0-100) arbitrary units according to the corresponding 

threshold required for the applied matrix systems. 

Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy was 

performed using a Jasco, model 4000 UK spectrometer. The samples were analyzed with 

64 scans and 4 cm-1 resolution, between 500 and 3500 cm-1. 

3.3.3. Procedures 

Typical procedure for the [Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 1/0.1/1.1 catalyzed SARA 

ATRP  of MA (DP = 222) in ethanol/water (90/10) (v/v) mixture 

The monomer (MA) was purified in a sand/alumina column just before reaction. A 

mixture of Fe(0) powder (17.5 mg, 0.314 mmol), CuBr2 (7.0 mg, 0.031 mmol), 

Me6TREN (79.5 mg, 0.345 mmol), ethanol (2.8 mL) and Milli Q water (0.3 mL) (both 

solvents previously bubbled with nitrogen for about 15 minutes) was placed in a Schlenk 

tube reactor. A mixture of MA (6.3 mL, 69.7 mmol) and EBiB (61.2 mg, 0.314 mmol) 

was added to the reactor that was sealed and frozen in liquid nitrogen. The Schlenk tube 

reactor containing the reaction mixture was deoxygenated with four freeze-vacuum-thaw 

cycles and purged with nitrogen. The Schlenk tube reactor was placed in a water bath at 

30 °C with stirring (700 rpm). Different reaction mixture samples were collected during 

the polymerization by using an airtight syringe and purging the side arm of the Schlenk 

tube reactor with nitrogen. The samples were analyzed by 1H NMR spectroscopy in order 

to determine the monomer conversion and by SEC, to determine molecular weight and Ð 

of the PMA. 

Chain extension experiment: polymerization from a Br-terminated PMA 

macroinitiator 

A Br-terminated PMA obtained with a typical Fe(0)/CuBr2/Me6TREN-catalyzed SARA 

ATRP reaction was precipitated in hexane. The polymer was then dissolved in THF and 

filtered through a sand/alumina column, to remove trace catalyst, and precipitated again 

in hexane. The polymer was dried under vacuum until constant weight. The MA (9.2 mL, 

102 mmol) was purified in a sand/alumina column just before reaction and then added to 
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the Br-terminated PMA macroinitiator (0.528 g, 1.02 mmol, Mn
SEC = 5 800; Ð = 1.07) in 

the Schlenk tube reactor. Ethanol/water (90/10) (v/v) mixture (5.0 mL previously bubbled 

with nitrogen for about 15 min) was added to the mixture (monomer/macroinitiator) in 

order to dissolve all the macroinitiator. A mixture of ethanol/water (4.2 mL previously 

bubbled with nitrogen for about 15 min), Fe(0) (5.7 mg, 1.0 mmol), CuBr2 (2.3 mg, 0.1 

mmol) and Me6TREN (25.9 mg, 1.1 mmol) was added to the reactor. The Schlenk tube 

was deoxygenated with four freeze-pump thaw cycles and purged with nitrogen. The 

Schlenk tube reactor was placed in a water bath at 30 °C with stirring (700 rpm). The 

reaction was stopped after 14 h and the mixture was analyzed by SEC. 

Azide functionalization of Br-terminated star PMA 

A Br-terminated 4-arm star-shaped PMA (1.80 g, 0.29 mmol, Mn
SEC = 6.2 x 103; Ð = 

1.04) prepared by SARA ATRP was dissolved in DMSO (15 mL) and the solution was 

transferred into a Schlenk tube reactor. Sodium azide (0.75 g, 11.6 mmol) and ascorbic 

acid (10.2 mg, 0.58 mmol) were added to the reactor. The Schlenk tube was 

deoxygenated with four freeze-pump-thaw cycles, purged with nitrogen and placed in an 

oil bath at 80 °C with stirring (700 rpm) overnight. The polymer was precipitated in 

methanol, vacuum dried and analyzed by FTIR in order to confirm the presence of the 

azide functionality. 

3.4. Results and discussion 

3.4.1. Influence of the different alcohols and alcohol/water mixtures  

Our research team3 and Matyjaszewski’s group7 have reported the use of the 

Fe(0)/CuBr2/Me6TREN catalytic system for the polymerization of MA, MMA and Sty in 

DMSO at ambient temperature. Aiming to enhance the possibilities of an industrial 

application of this catalytic system, the substitution of DMSO as a solvent was envisaged 

and the reaction was carried out in different alcohols (Table 3.1, entries 1-3). The results 

show that regardless the alcohol used as the solvent, the control over the polymers 

molecular weight was perfect since the Mn
SEC was similar to the Mn

th and the Ð was below 

1.1 (Table 3.1, entries 1-3). Taking into account that the reaction time and conditions used 
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were the same for the different alcohols tested, 1-propanol seemed to provide faster 

reactions, since higher monomer conversion was achieved (74%), from all the alcohols 

tested.  

Table 3.1. Molecular weight and Ð of the PMA obtained by Fe(0)/CuBr2/Me6TREN = 1/0.1/1.1 

catalyzed SARA ATRP at 30 °C during 16 h, using [MA]0/[solvent] = 2/1 (v/v). 

Entry Solvent Conv. (%) Mn
th x 10-3 Mn

SEC x 10-3 Ð 

1 Ethanol 41 8.0 7.9 1.04 

2 1-Propanol 74 14.0 14.2 1.02 

3 Methanol 27 5.1 5.0 1.02 

4 Ethanol/H2O
a 93 17.9 17.8 1.04 

5 Methanol/H2O
a 98 18.9 20.8 1.08 

a Alcohol/water = 95/5 (v/v) 

The effect of the presence of water in the reaction solvent was evaluated by carrying out 

experiments with ethanol or methanol/water mixture, using 5% of water (v/v) (Table 3.1, 

entries 4-5). The use of the alcohol/water mixtures as solvent resulted in PMA with low 

dispersity (Ð < 1.1). This indicates that it is possible to conduct the controlled synthesis 

of hydrophobic PMA in the presence of a small amount of water added to the 

polymerization mixture. Figure 3.1 shows representative SEC traces of PMA samples 

prepared by SARA ATRP in different alcohols or alcohol/water mixtures, confirming the 

polymers narrow molecular weight distributions. 

 

Figure 3.1. SEC traces of Br-terminated PMA obtained by Fe(0)/CuBr2/Me6TREN = 1/0.1/1.1-

catalyzed SARA ATRP at 30 °C during 16 h, using [MA]0/[solvent] = 2/1 (v/v), in different alcohols or 

alcohol/water mixtures. SEC traces of narrow PS standards (dashed lines) are presented for 

comparison purposes. 
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In order to find the optimal conditions, the polymerization of MA was studied in mixtures 

of alcohols (ethanol, 1-propanol or methanol) and water (10% of water content). The 

kinetic plots are shown in Figure 3.2. 

 

Figure 3.2. (a and c) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b and d) plot of 

number-average molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the 

Fe(0)/CuBr2/Me6TREN-catalyzed SARA ATRP of MA in ethanol (a and b) and different 

alcohol/water mixtures (c and d) at 30 °C. Reaction conditions: 

[MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 222/1/1/0.1/1.1; [MA]0/[solvent] = 2/1 (v/v); EBiB: 

ethyl α-bromoisobutyrate. 

Ethanol was used in a control polymerization of PMA (Figure 3.2 (a) and (b)). With the 

addition of 10% of water to this solvent, the apparent constant rate of polymerization 

increased 20 times (Table 3.2 entries 2 and 4). The same effect on the reaction rate has 

been reported by Nguyen et al.  for the controlled polymerization of MA using 

Cu(0)/Me6TREN as the catalytic complex and methyl 2-bromopropionate as the initiator, 

at 25 °C.26 However, in that case, the kp
app increased only around 1.5 times from pure 

ethanol to ethanol/water = 90/10 (v/v). Besides a noticeable increase of the reaction rate, 
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the maximum conversion obtained in the case of an ethanol/water mixture was higher 

than that obtained using pure ethanol. Concerning the 1-propanol/water and 

methanol/water mixtures (green and red symbols, respectively, in Figure 3.2 (c)) , the 

results showed the same trend, with maximum monomer conversion achieving near 100% 

and with the apparent rate constant of polymerization of the same order as for the 

ethanol/water mixture. It is worth mentioning that the PMA was completely soluble in the 

reaction medium throughout the polymerization. This observation is in contrast with some 

results reported in the literature,24 which suggested a poor control over the SET-LRP of 

MA, using metal catalysts in 1-propanol, due to the precipitation of polymer during the 

reaction. For the three alcohol/water mixtures studied, the rate of reaction was of first 

order relative to monomer conversion (Figure 3.2 (c)) and the molecular weights 

determined by SEC were in good agreement with the theoretical ones, indicating an 

excellent control during the polymerization (Figure 3.2 (d)). The kinetic data suggests that 

the alcohol structure does not have a significant impact on the reaction features of the 

Fe(0)/CuBr2/Me6TREN-catalyzed SARA ATRP of MA. Moreover, it is worth to 

emphasize that this system provided a high level of control over the PMA dispersity, 

regardless the solvent used, from the very beginning of the reaction to the highest 

conversion obtained. Table 3.2 presents the kinetic data obtained for the different solvents 

studied. 

Table 3.2. Kinetic data for the SARA ATRP of MA at 30 °C.  Reaction conditions: [MA]0/[solvent] = 

2/1 (v/v); [MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 222/1/1/0.1/1.1. 

Entry Solvent kp
app (h-1) Ðc 

1 DMSOa 0.247 1.04 

2 Ethanol 0.037 1.03 

3 Ethanol/water (95/5)b 0.272 1.03 

4 Ethanol/water (90/10)b 0.764 1.06 

5 1-Propanol/water (90/10)b 0.889 1.05 

6 Methanol/water (90/10) b 0.619 1.04 

a Values previously determined and reported elsewhere3 

 b %vol 

c Correspondent to the last kinetic sample 
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The reaction rate was slower when pure ethanol was used as solvent in comparison with 

DMSO (Table 3.2, entries 1-2). However, the addition of either 5% or 10% of water to 

ethanol was responsible for a remarkable enhancement of the reaction rate, while the 

polymer dispersity values remained very low (Table 3.2, entries 3-4). The same trend was 

observed for the polymerizations conducted in 1-propanol/water or methanol/water 

mixtures. The dramatic acceleration of the polymerization with added water cannot be 

explained by the enhancement of the disproportionation of CuBr/L species formed during 

the deactivation step (as previously pointed out by the discoverers of SET-LRP).9-11 The 

[Me6TREN]/[Cutotal] ratio is about 10 and under ligand excess conditions CuBr/L 

disproportionation is excluded.15, 29 Most probably, the presence of water in the solvent 

mixture can cause a decrease in the activation barrier during the activation/deactivation 

steps and may also affect the kp of MA (propagation rate constant may increase in more 

polar media). A more precise mechanistic explanation requires both additional kinetic 

experiments and theoretical work. The results reported here are extremely relevant from 

the industrial standpoint, since it is clearly shown the possibility of using alcohol/water 

mixtures instead of DMSO as solvents for the SARA ATRP. Ethanol was selected as the 

solvent of choice to continue the study, taking into account the favorable kinetic 

parameters presented in Table 3.2, the fact of being the most benign and inexpensive 

alcohol and also it can be easily removed from the reaction mixture at an industrial scale.  

3.4.2. Influence of the water content  

In order to find the optimal ratio of ethanol/water to afford the fastest polymerization 

possible while maintaining the “living” features of the reaction, different ratios 

ethanol/water were investigated (Figure 3.3). The water content in the reaction solvent 

mixture was increased, starting from 5 % (v/v), until a water amount that did not allow a 

polymerization with “controlled/living” features. Up to 35% (v/v) of water in the solvent 

mixture, the polymerization proceeded with first order kinetic relative to monomer 

conversion and the rate of polymerization increased with the increase of the water content 

(Figure 3.3). The upper limit of water content that could be used in the SARA ATRP of 

MA was found to be around 35%, with a kp
app of 1.618 h-1. Using a higher content of 

water (50 %), there was a delay of ≈1 h and a decrease of the reaction rate (Figure 3.3 

(a)). In addition, due to the reduced solubility of the produced PMA in the solvent 
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mixture, the polymer precipitated during the reaction, which resulted in a poor control 

over the polymerization (Figure 3.3 (f)).  

 

Figure 3.3 (a) Kinetic plots of conversion an ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of MA in ethanol/water mixtures with different contents of water, at 30 ° C. 

Reaction conditions: [MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 222/1/1/0.1/1.1; [MA]0/[solvent] 

= 2/1 (v/v). 

On this matter, preliminary experiments using different ethanol/water ratios to dissolve a 

PMA sample (Mn
SEC

 = 19.0 x 103) have shown that 35% of water was the maximum 

content that could be used to avoid polymer precipitation. Figure 3.4 shows the variation 

of kp
app with the water content using an ethanol/water mixture as the solvent for the 

Fe(0)/CuBr2/Me6TREN-catalyzed SARA ATRP of MA at 30 °C. 

 

Figure 3.4. Influence of the water content on the kp
app of the Fe(0)/CuBr2/Me6TREN-catalyzed SARA 

ATRP of MA in ethanol/water mixtures at 30 °C. Reaction conditions: [MA]0/[EBiB]0 = 222; 

[solvent]/[monomer]0 = 1/2 (v/v). 
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The results presented in Figure 3.4 suggest that there is a maximum amount of water that 

can be used, which for the system described in this work is around 35% for a targeted 

degree of polymerization (DP) of 222. Apparently, this value is closely related to the 

solubility of the polymer in the solvent mixture. Therefore, it could vary for other 

acrylates using the same experimental conditions. 

For comparative purposes, DMSO/water and MeCN/water mixtures were also examined 

as solvents for the SARA ATRP of MA with the reported catalyst system. The kinetic 

plots are shown in Figure 3.5. The polymerization rate increased (Figure 3.5 (a)) in 

comparison with the pure DMSO (Table 3.1, entry 1) with the addition of water, while the 

control during the polymerization was still excellent (Figure 3.5 (b)). The kinetic data 

obtained for the MeCN/water mixture, using the same experiment conditions, showed 

very similar values. 

 

Figure 3.5. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of MA in DMSO/H2O = 90/10 (v/v) (black symbols) and in MeCN/H2O = 

90/10 (v/v) (red symbols). Reaction conditions: [MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 

222/1/1/0.1/1.1; [MA]0/[solvent] = 2/1 (v/v). 
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3.4.3. Influence of the reaction temperature  

The ratio ethanol/water = 90/10 (v/v) was selected to investigate the influence of the 

reaction temperature on the polymerization kinetics. Three different temperatures, 

ranging from 30 °C to 50 °C, were studied (Figure 3.6). 

 

Figure 3.6. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of MA in ethanol/water = 90/10 (v/v) at different temperatures. Reaction 

conditions: [MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 222/1/1/0.1/1.1; [MA]0/[solvent] = 2/1 

(v/v). 

The kinetic plots presented in Figure 3.6 show that the polymerization maintained its 

“living” features at 40 °C or 50 °C. As expected, the rate of polymerization increased 

with the increase of the reaction temperature (Figure 3.6 (a)), while the maximum 

monomer conversion obtained was similar for the range of temperatures investigated. The 

increase of the temperature seemed to have no negative effect on the control over the 

molecular weight, as the dispersity values were in the same range (Figure 3.6 (b)). 

3.4.4. Influence of the soluble copper concentration  

The metal catalyst used to mediate the polymerizations can difficult the purification 

process and ultimately, contaminate the final product. Therefore, it is important to 

decrease the concentration of soluble metal catalyst as much as possible, while 

maintaining a good control over the polymers dispersity. The first report on the 

Fe(0)/CuBr2/Me6TREN-catalyzed SARA ATRP of MA employed a minimum of 450 
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ppm of CuBr2 for a well-controlled polymerization.3 In this work, the concentration of 

CuBr2 was investigated from 250 ppm to 10 ppm (determined as the initial molar ratio of 

CuBr2 to the monomer) in the SARA ATRP of MA (Table 3.3). 

Table 3.3. Molecular weight and Ð of the PMA obtained by SARA ATRP, using different 

concentrations of CuBr2, in ethanol/water = 80/20 (v/v) at 30 °C. Conditions: 

[MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 100/1/1/0.1/1.1; [MA]0/[solvent] = 2/1 (v/v). 

Entry [CuBr2]0 (ppm) Time (h) Conv. (%) Mn
th x 10-3 Mn

SEC x 10-3 Ð 

1 250 3 92 8.1 8.1 1.08 

2 100 4 94 8.3 8.0 1.10 

3 50 4 82 7.2 8.8 1.09 

4 10 6.5 75 6.9 2.1 1.72 

 

Regardless the concentration of copper used, high monomer conversion was achieved in 

all the polymerizations. The lowest concentration of copper studied (10 ppm) proved to 

be not adequate for the successfully mediation of the SARA ATRP equilibrium, leading 

to poor control over the PMA molecular weight (Ð > 1.50). Nevertheless, it is remarkable 

the excellent control achieved (Ð = 1.09) when a residual amount of 50 ppm of soluble 

copper was used in the beginning of the polymerization.  

3.4.5. Study of different degrees of polymerization 

The target molecular weight is a very important parameter to be considered for any 

catalytic system due to possible solubility issues for high molecular weight segments. 

Figure 3.7 presents the kinetic data obtained for the SARA ATRP of MA, with different 

targeted DP values (50, 500 and 1000), using ethanol/water = 90/10 (v/v) as the solvent 

mixture. As expected, the reaction rate decreased with the increase of the 

monomer/initiator ratio (DP) due to the lower number of radicals. It is remarkable to 

notice that even for DP = 1000, the Ð value remained very low throughout the reaction 

and high monomer conversion was achieved at ambient temperature.  
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Figure 3.7 (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of MA in ethanol/water = 90/10 (v/v) for different targeted DP values. 

Reaction conditions: [MA]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = DP/1/0.1/1.1; [MA]0/[solvent] = 

2/1 (v/v). 

3.4.6. Functional star-shaped PMA by SARA ATRP 

The utility of the SARA ATRP method reported was extended to the preparation of 

branched PMA, namely star-shaped. Figure 3.8 shows the kinetic results for the SARA 

ATRP of MA initiated by a tetrafunctional initiator (4f-BiB).  

 

Figure 3.8 (a) Kinetic plot of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of MA in ethanol/water = 80/20 (v/v) for the preparation of 4-arm star-

shaped PMA. Reaction conditions: [MA]0/[4f-BiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 400/1/0.1/1.1; 

[MA]0/[solvent] = 2/1 (v/v). 
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The polymerization was of first-order in respect to monomer conversion, as the one 

obtained for the linear PMA, with monomer reaching high conversion in 1.5 h (Figure 3.8 

(a)). The polymers dispersity (Figure 3.8 (b)) remained very low throughout the 

polymerization (Ð < 1.1), suggesting that the SARA ATRP method reported is a robust 

method for the preparation of PMA stars. To confirm this hypothesis, different star-

shaped PMA samples were prepared, varying both the DP value and number of arms of 

the star (Table 3.4). In the range of the DP values studied, well-controlled 4- and 6-arm 

star-shaped PMA structures were obtained, as judged by the low dispersity values (Ð ≤ 

1.1).  

Due to their architecture, star-shaped polymers are very interesting materials showing 

unique properties. For instances, for high molecular weight values, a star polymer 

presents lower viscosity than a linear polymer of similar composition. As the star 

polymers synthesized by SARA ATRP present active-chain ends, it is possible to 

reinitiate them with further monomer supply, to prepare tailor-made star block 

copolymers. In addition, it is possible to modify the Br-chain-ends in order to introduce 

desired reactive functionalities. As a proof-of-concept, the star-shaped PMA prepared by 

SARA ATRP was subjected to azidation in the presence of sodium azide. 

Table 3.4. Molecular weight and Ð of the star-shaped PMA obtained by SARA ATRP, using tetra’ 

(4f-EBiB) or hexafunctional (6f-BiB) initiators, in ethanol/water = 80/20 (v/v) at 30 °C. Conditions: 

[MA]0/[star initator]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = DP/1/1/[CuBr2]0/1.1; [MA]0/[solvent] = 2/1 

(v/v). 

Entry 
Number of 

arms 
DP Time (h) Conv. (%) Mn

th x 10-3 Mn
th x 10-3 Ð 

1 4 200 3 98 17.7 24.7 1.13 

2 4 400 2.5 85 30.2 30.6 1.06 

3 6 300 3 74 19.9 28.0 1.06 

4 6 600 4 75 40.2 45.0 1.06 

 

The success of the modification was confirmed by the appearance of the characteristic 

FTIR peak of the azide group at 2100 cm-1. Additional proof was obtained by 1H NMR 

spectroscopy, with the loss of the Br-chain-end signal (data not shown). Azide-terminated 
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polymers can be used for the preparation of complex polymeric structures, since they can 

easily react with alkyne moieties by “click” chemistry.30  

 

Figure 3.9. FTIR spectra of azide-terminated 4-arm star PMA (red line) and Br-terminated 4-arm 

star PMA (blue line). 

3.4.7. NMR and MALDI-TOF analyses 

The structure of the PMA obtained using the Fe(0)/CuBr2/Me6TREN catalytic system in 

ethanol/water = 90/10 (v/v) was studied by 1H NMR (Figure 3.10) and MALDI-TOF-MS 

(Figure 3.11). 

 

Figure 3.10. 1H NMR spectrum of PMA‒Br obtained at high conversion (Mn
SEC = 5.8 x 103; Ð = 1.07; 

Mn
NMR = 5.5 x 103; active chain-end functionality = 99% ); solvent CDCl3.  

A typical proton NMR spectrum of a PMA‒Br is shown in Figure 3.10. The assignment 

of the proton resonances was done according to the references: (e, g, f, f’),3, 8, 31 (a, b, c),3, 

32 (dr, dm).3, 33-36 The signal of the initiator methyl a is overlapped with the signal of 
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paraffin grease trace at 1.26 ppm3, 37 and the signal of protons dr is partially overlapped 

with the signal of water trace of the CDCl3 at 1.6 ppm.3, 37 There are also traces of THF 

(resonances at 1.85 and 3.76 ppm),37 which was used for the PMA purification. The 

percentage of the chain-end functionality was calculated as follows: % functionality = 

[I(g)/(I(c)/6)] x 100%; where I(g) is the integral of the PMA bromine chain-end –CH2-

CHgBr(CO2Me) at 4.25 ppm and I(c) is the integral of the initiator fragment –

CH(CHc3)2CO2Et at 1.1 ppm.3 The PMA NMR molecular weight was calculated using 

the equation: Mn
NMR  =  {[I(e)/(I(c)/6)] + 1}x MWMA+ MWEBiB , where I(e) is the integral 

of the PMA main chain C-H proton –CH2-CHe(CO2Me)- at 2.3 ppm, I(c) is the integral of 

the initiator fragment –CH(CHc3)2CO2Et at 1.1 ppm, MWMA is the molecular weight of 

the monomer and MWEBiB is the molecular weight of the initiator.  The 1H NMR 

spectrum of the PMA (Figure 3.10) prepared by SARA ATRP in ethanol/water mixture 

using the Fe(0)/CuBr2/Me6TREN catalytic system matches the spectrum of PMA 

prepared using the same catalytic system in DMSO.3  

In MALDI-TOF-MS experiments, two types of matrices, DHB and HABA were tested, 

but only the former gave a clearly resolved spectrum (Figure 3.11).  

 

Figure 3.11. MALDI-TOF-MS (a) in the linear mode (using DHB as the matrix) of PMA-Br (Mn
SEC = 

5.8 x 103, Ð = 1.07) prepared by SARA ATRP; (b) Enlargement of the MALDI-TOF-MS from m/z = 

5550 to 6000 of PMA‒Br. 

The MALDI-TOF-MS of PMA-Br ranging from 2000 to 8500 is shown in Figure 3.11 

(a). Enlargement of the 5550-6000 range is shown in Figure 3.11 (b). Importantly, two 

series of main peaks are separated by an interval corresponding to the monomer (MA) 
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repeating unit (86.1 mass units). The highest main series is attributed to a polymer chain 

[R-(MA)n-Br + Na]+ where R-Br is the initiator EBiB (5556.3 = 195.1 + 62 x 86.1 + 23, 

where 195.1, 86.1 and 23 correspond to the molecular weight of EBiB, MA and Na+ 

respectively). The weaker peaks are attributed to the same polymer chain but with K+ [R-

(MA)n-Br + K]+ (5573.7 = 195.1 + 62 x 86.1 + 39.1, where 39.1 corresponds to the 

molecular weight of K+). Therefore, the obtained PMA-Br has a well-defined structure 

(i.e., without any detectable structural defects). The presence of possible structural defects 

would cause a deviation of the m/z values distribution. The series of less intensive peaks 

(Figure 3.11 (b)) could not be ascribed to any chain-end structures expected. The 

presence of these peaks is probably due to the occurrence of polymer chain fragmentation 

during the ionization in the MALDI-TOF-MS analysis, as reported by other authors.38-43  

3.4.8. Chain extension experiment 

The “living” nature of the PMA-Br was confirmed by carrying out a chain extension 

experiment.  A PMA-Br sample prepared by SARA ATRP in ethanol/water mixture was 

precipitated in hexane, isolated, dried and used as a macroinitiator. Figure 3.12 shows the 

complete shift of the low molecular weight PMA (Mn
SEC = 5.8 x 103; Ð = 1.07) SEC trace 

towards a very high molecular weight (Mn
SEC

 = 102.6 x 103; Ð = 1.13), confirming the 

“living” character of the polymer, as well as its high chain-end functionality.                                                                                                           

 

 

Figure 3.12. SEC traces of the PMA samples before (blue line) and after (red line) the chain extension 

experiment. 
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3.5. Conclusions 

In resume, this work reports the ultrafast ambient temperature SARA ATRP of MA 

catalyzed by Fe(0)/CuBr2/Me6TREN in a mixture of inexpensive and environmental 

friendly solvents that can replace the “traditional” use of DMSO, using 50 ppm of soluble 

copper. In addition, the method proved to be useful for the preparation of star-shaped 

PMA with different number of arms. The “living” character of the PMA was proved by 

1H NMR, MALDI-TOF-MS and by the success of a chain extension experiment. The 

results presented here open a real possibility of scale-up the SARA ATRP method to large 

scale productions using an affordable technology. 
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4.1. Abstract 

This work reports for the first time the synthesis of polystyrene (PS) by supplemental 

activator and reducing agent atom transfer radical polymerization (SARA ATRP) using 

Fe(0)/CuBr2/L (L = Me6TREN: tris[2-(dimethylamino)ethyl]amine or PMDETA: 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine) catalytic system in dimethylformamide 

(DMF) under mild reaction conditions. The effect of the reaction temperature, ligand 

nature, initiator structure and monomer/solvent ratio on the polymerization kinetics in 

DMF was evaluated. The results suggested that under the reported reaction conditions, the 

catalytic system is suitable to afford PS with high molecular weight, low dispersity (Ð) 

and well-controlled structure for different types of initiators. DMF plays an important role 

in the polymerization kinetics since it allows achieving faster polymerizations compared 

to the data available in the scarce reports found in the literature. The “living” character of 

the polymer chains was assessed by reinitiation experiment. The usefulness of the 

catalytic system was demonstrated by carrying out a “click” reaction using the copper(I)-

catalyzed Huisgen 1,3-dipolar cycloaddition between the synthesized alkyne-terminated 

PS and an azide-terminated PS (previously prepared by azidation of Br-terminated PS). 

The method reported here can be very useful in macromolecular engineering to afford PS-

based materials with controlled structure. 

4.2. Introduction 

The growing demand for polymers with well-defined structure and functionalities 

increased the interest in reversible deactivation radical polymerization (RDRP) methods. 

Due to their radical nature, these approaches present several key advantages over the 

classic ionic living polymerization, such as: mild reaction conditions, high tolerance to 

different functional monomer families and the possibility of carrying out the 

polymerization in aqueous medium. Among the most common RDRP methods, atom 

transfer radical polymerization (ATRP)1 has received enormous attention from both 

academic and industrial circles. The mechanism of ATRP is based on the metal complex 

mediated fast equilibrium between dormant (initiator and/or macroinitiator, P‒X, where 

X: halide or pseudohalide) and active species (radical and/or macroradical, P•). The 
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dissociation of the C‒X bond of dormant species (P‒X) is catalyzed by a lower oxidation 

state transition metal complex (for example CuX/L), and the resulting macroradical (P•) 

reacts with a higher oxidation state transition metal complex (deactivator - CuX2/L)2, 3 

producing a halogen chain-terminated macroinitiator and regenerating the lower oxidation 

state metal catalyst. This mechanism has been successfully applied to the polymerization 

of a vast range of monomers with different functionalities, including acrylates,3 

methacrylates,3, 4 acrylamides,5 acrylonitrile,6 and non-activated monomers (e.g., vinyl 

chloride7 and vinyl acetate8). Aiming to reduce the catalyst concentration to ppm levels, 

different variations of the classical ATRP have been proposed, namely, activators 

regenerated by electron transfer (ARGET) ATRP,9 initiator for continuous activator 

regeneration (ICAR) ATRP,10 supplemental activator and reducing agent (SARA) ATRP3, 

11 and the so-called sigle electron transfer living radical polymerization (SET-LRP).12 

Other important development in this area dealt with the substitution of Cu-based catalysts 

with less expensive and non-toxic transition metal complexes, using Fe(0)-based systems. 

In this regard, and at the same time, our research group and Matyjaszewski’s research 

group reported the use of a mixed transition metal catalytic system using zero valent 

metals Fe(0),3 Zn(0),11 Mg(0)11 - as initial activators together with very small amounts of 

CuBr2/Me6TREN3 or CuBr2/PMDETA11 as deactivator complexes for the SARA ATRP 

of methyl acrylate (MA)3 methyl methacrylate (MMA)3, 11 and styrene (Sty)3, 11 at room 

temperature. This is a very attractive system due to both lower toxicity and lower cost of 

iron when compared with other transition metal complexes currently used in ATRP. 

Moreover, the very low concentration of copper complexes used along with 

heterogeneous iron is of great industrial significance. For Sty, the poorly reported results 

with this catalytic system presented very limited monomer conversion, despite the low 

molar mass dispersity (Ð) obtained. Also, the low propagation rate constant of Sty 

compared to acrylates,13 thermal self-initiation of Sty14 and the occurrence of irreversible 

termination reactions15 are known to limit the PS molecular weight that can be achieved 

using RDRP methods.13  Deviations from the ideal “living” behavior in the ATRP 

polymerization of Sty, such as the loss of the bromine functionality for high monomer 

conversions, are also well-described in the literature.16 It has been reported that the use of 

ARGET methods with low concentration of copper/ligand complex could reduce the loss 

of the bromine functionality in Sty polymerization, due to the reduction of side reactions 
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between growing radicals and the copper catalyst.17 PS with molecular weight up to 

1,000,000 and reasonably low dispersity could be obtained by accelerating radical 

propagation and suppressing radical termination, due to the use of high pressure (6 kbar) 

during polymerization.18 For Sty polymerizations carried out with zerovalent metals, such 

as Cu(0), it has been observed that the addition of a small amount CuBr2, leads to an 

improvement of the control over the polymer chain growth, while having a high retention 

of the active chain-ends.19 

Recently, the polymerization of Sty using Fe(0) and CuBr2 has been carried out in 

ambient conditions with different solvents, but the difficulty to obtain high monomer 

conversions and polymers with low dispersity, at the same time, was still evident.20 This 

research aimed to use the previously developed mixed transition metal catalyst system 

based on Fe(0)/CuBr2/Me6TREN3 for the SARA ATRP of Sty, in order to achieve high 

monomer conversions, at a reasonable rate of polymerization, while maintaining a good 

control over both polymers dispersity and chain-end functionality. Additionally, the 

developed method has shown to be effective for the preparation of PS with chain-end 

functionalities that are suitable for “click” reactions.21, 22 These synthetic approaches are 

very attractive due to the low occurrence of side reactions and almost quantitative yields. 

In this work, the SARA ATRP of Sty using Fe(0)/CuBr2/L as the catalytic system in 

DMF, under mild reaction conditions, was studied. The influence of critical parameters 

such as: reaction temperature, ligand structure, initiator structure and monomer/solvent 

ratio on the polymerization kinetics was evaluated. 

4.3. Experimental  

4.1.1. Materials 

Sty (Sigma-Aldrich, +99%) was passed over a sand/alumina column before use in order 

to remove the radical inhibitor. Ascorbic acid (Fluka), copper (I) bromide (CuBr) (Fluka, 

+ 98%), copper (II) bromide (CuBr2) (Acros, + 99% extra pure, anhydrous), deuterated 

chloroform (CDCl3) (Euriso-top, +1% TMS), DMF (Sigma-Aldrich, +99.8%), ethyl α-

bromoisobutyrate (EBiB) (Aldrich, 98%), formaldehyde solution 37% (Sigma-Aldrich), 

formic acid (Acros, 88%), PS standards (Polymer Laboratories), iron powder (Fe(0)) 
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(Acros, 99%, ~70 mesh), PMDETA (Aldrich, 99%), propargyl alcohol (PgOH) (Aldrich, 

99%), sodium azide (Aldrich, 99%), sodium hydroxide (Panreac pellets, 98%), sodium 

sulfate (anhydrous), tris(2-aminoethyl)amine (Aldrich, 96%) and α-bromoisobutyryl 

bromide (BBiB) (Aldrich, 98%) were used as received.  

Dichloromethane (DCM) (Sigma-Aldrich, + 99.9%) and triethylamine (TEA) (Sigma-

Aldrich, + 99%) were dried over CaH2 and distilled prior to use.  

Tetrahydrofuran (THF) (Panreac, HPLC grade) was filtered under reduced pressure 

before use.  

Propargyl α-bromoisobutyrate (PgBiB)23 and Me6TREN24 were synthesized as reported in 

the literature. 

4.1.2. Techniques 

The chromatographic parameters of the samples were determined using high performance 

size exclusion chromatography HPSEC; Viscotek (Viscotek TDAmax) with a differential 

viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek); low-angle laser-

light scattering (LALLS, Viscotek) and refractive index (RI) detectors. The column set 

consisted of a PL 10 mm guard column (50 × 7.5 mm2) followed by one Viscotek T200 

column (6 µm), one MIXED-E PLgel column (3 µm) and one MIXED-C PLgel column 

(5 µm). HPLC dual piston pump was set with a flow rate of 1 mL/min. The eluent (THF) 

was previously filtered through a 0.2 µm filter. The system was also equipped with an on-

line degasser. The tests were done at 30 °C using an Elder CH-150 heater. Before the 

injection (100 µL), the samples were filtered through a polytetrafluoroethylene (PTFE) 

membrane with 0.2 µm pore. The system was calibrated with narrow PS standards. The 

dn/dc was determined as 0.185 for PS. The number-average molecular weight (Mn
SEC) 

and Ð of the synthesized polymers were determined by multidetectors calibration using 

the OmniSEC software version: 4.6.1.354. 

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker 

Avance III 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in 

CDCl3 with tetramethylsilane (TMS) as an internal standard. Conversion of monomers 
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was determined by integration of monomer and polymer peaks using MestRenova 

software version: 6.0.2-5475. 

Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy was 

performed using a Jasco, model 4000 UK spectrometer. The samples were analyzed with 

64 scans and 4 cm-1 resolution, between 500 and 3500 cm-1. 

4.1.3. Procedures 

Typical procedure for the [Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 1/0.1/1.1 catalyzed SARA 

ATRP of Sty (DP = 125) 

The monomer (Sty) was purified in a sand/alumina column just before the reaction. A 

mixture of Fe(0) powder (11.7 mg, 0.209 mmol), CuBr2 (4.7 mg, 0.021 mmol), 

Me6TREN (53.0 mg, 0.230 mmol) and DMF (1.5 mL) (previously bubbled with nitrogen 

for about 15 minutes) was placed in a Schlenk tube reactor. A mixture of Sty (3.0 mL, 

26.1 mmol) and EBiB (40.9 mg, 0.209 mmol) was added to the reactor that was sealed 

and frozen in liquid nitrogen. The Schlenk tube reactor containing the reaction mixture 

was deoxygenated with four freeze-vacuum-thaw cycles and purged with nitrogen. The 

Schlenk tube reactor was placed in an oil bath at 70 °C with stirring (700 rpm). Different 

reaction mixture samples were collected during the polymerization by using an airtight 

syringe and purging the side arm of the Schlenk tube reactor with nitrogen. The samples 

were analyzed by 1H NMR spectroscopy in order to determine the monomer conversion 

and by SEC, to determine the molecular weight and Ð of the polymers. 

Chain extension of Br-terminated PS 

A Br-terminated PS obtained with a typical Fe(0)/CuBr2/Me6TREN catalyzed SARA 

ATRP reaction was precipitated in methanol. The polymer was then dissolved in THF and 

filtered through a sand/alumina column and precipitated again in methanol. The polymer 

was dried until constant weight and used as the macroinitiator. The monomer (Sty) (1.5 

mL, 13.1 mmol) was purified in a sand/alumina column just before the reaction and then 

added to the Br-terminated PS macroinitiator (419 mg, 0.035 mmol, Mn
SEC = 4.0 x 103; Ð 

= 1.06) in a Schlenk tube reactor. A mixture of DMF (0.8 mL previously bubbled with 
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nitrogen for about 15 minutes), Fe(0) powder (5.8 mg, 0.105 mmol), CuBr2 (2.3 mg, 

0.010 mmol) and Me6TREN (26.5 mg, 0.115 mmol) was added to the reactor. The 

Schlenk tube was deoxygenated with four freeze-pump-thaw cycles and purged with 

nitrogen. The Schlenk tube reactor was placed in the oil bath at 70 °C with stirring (700 

rpm) for 24 h.  

Azide-functionalization of Br-terminated PS 

A Br-terminated PS (300 mg, 0.018 mmol, Mn
SEC = 16.4 x 103; Ð = 1.05) prepared by 

SARA ATRP was dissolved in DMF (5 mL) and the solution was transferred into a 

Schlenk tube reactor. Sodium azide (13.0 mg, 0.20 mmol) and ascorbic acid (1.80 mg, 

0.01 mmol) were added to the reactor. The Schlenk tube was deoxygenated with four 

freeze-pump-thaw cycles, purged with nitrogen and placed into the oil bath at 80 °C with 

stirring (700 rpm) for 22 h. The polymer was precipitated in methanol, vacuum dried and 

analyzed by 1H NMR and FTIR in order to confirm the loss of the bromine chain-end and 

the appearance of the azide-functionality.  

“Click” reaction between alkyne‒PS and PS‒N3 

Both PS‒N3 (200 mg, 0.012 mmol, Mn
SEC = 16.4 x 103; Ð = 1.05) and a PS‒alkyne (200 

mg, 0.012 mmol, Mn
SEC = 17.5 x 103; Ð = 1.20) synthesized by SARA ATRP, were 

dissolved in DMF (2 mL), previously bubbled with nitrogen for about 15 min.  CuBr 

(3.50 mg, 0.024 mmol) and PMDETA (4.20 mg, 0.024 mmol) were added to the solution. 

The mixture was charged into a Schelnk tube reactor, deoxygenated with four freeze-

pump-thaw cycles and purged with nitrogen. The reactor was placed in an oil bath at 70 

°C with stirring (700 rpm) for 66 h. The polymer was precipitated in methanol and 

analyzed by SEC and 1H NMR in order to confirm the success of the “click” reaction. 
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4.4. Results and discussion 

Fe(0)-mediated SARA ATRP of Sty using CuBr2/Me6TREN as a deactivator complex at 

30 °C was recently reported by our research group, allowing to achieve a good 

polymerization control, however the monomer conversion was found to be relatively 

low.3 In fact, it is known from the literature that either in bulk or in solvent media, the 

ATRP of Sty is usually carried out at higher temperatures (90-110 °C)16, 17, 19, 25 in order 

to afford large propagation rates, to minimize vitrification at high monomer conversions 

and, sometimes, to improve the solubility of the catalysts.1 In this work, the effect of the 

reaction temperature on the polymerization features, using DMF as the reaction solvent, 

has been studied for the first time. The reaction temperature is a particularly relevant 

parameter, knowing the very low monomer conversions obtained for Sty polymerization 

at room temperature.3, 20 DMF was selected because of the high solubility of PS in this 

solvent. In addition, DMF has shown a rate-enhancing effect for the polymerization of 

tert-butyl acrylate (tBA) initiated by 4-oxo-2,2,6,6-tetramethylpiperidinooxy (TEMPO)-

capped PS macroinitiator, which was ascribed to the increase of the activation rate 

constant ka‒tBA and the decrease of the recombination rate constant krec‒tBA.26 Figure 

4.1 presents the kinetic data obtained for the SARA ATRP of Sty at 70 °C and 90 °C. 

 

Figure 4.1. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of Sty in DMF at 70 °C (black symbols) and 90 °C (red symbols). Reaction 

conditions: [Sty]0/[DMF] = 2/1 (v/v); [Sty]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0= 125/1/1/0.1/1.1 

(molar); EBiB: ethyl α-bromoisobutyrate. 
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The direct comparison of the kinetic data obtained at these two temperatures (70 °C and 

90 °C) showed that an increase in the polymerization temperature could increase very 

significantly the Sty conversion rate. However, in spite of the higher polymerization rate, 

the maximum conversion achieved is still limited to about 60%, with the disadvantage of 

causing broader molecular weight distribution than when using 70 °C as the 

polymerization temperature. In fact, very high temperatures are known to lead to side 

reactions, such as the loss of bromine chain-end functionality or even Sty thermal self-

initiation.1 However, when this polymerization is carried out at room temperature, the 

polymerization becomes too slow. Recently, another research group20 has reproduced our 

previous results using a mixture of metal catalysts3 and confirmed the low Sty 

polymerization rate at ambient temperature conditions.  

Figure 4.1 (b) also highlights the fact the apparent initiator efficiency at 90 °C was much 

lower than that at 70 °C.  However, significant deviations seemed to occur at high 

monomer conversions, and, thus, an increase in the Mn
SEC values seemed to be more 

related to non-ideal “living” behavior than to real initiator efficiency. This conclusion is 

supported by a greater increase in the dispersity (Ð) values when the apparent efficiency 

is lower. The selection of 70 °C as the polymerization temperature seemed to be an 

optimal balance between the rate of polymerization and the dispersity of the final 

polymer. In fact, the kinetic data presented in Figure 4.1 show a linear dependence of the 

Mn
SEC vs monomer conversion and ln[M]0/[M] vs. polymerization time, which indicates a 

controlled polymerization. Moreover, the molar mass dispersity remained narrow 

throughout the polymerization. However, from the two polymerization kinetics shown in 

Figure 4.1 (b), it can be observed that an increase in the Mn
SEC values above the Mn

th 

seems to be correlated with an increase in the dispersity values, supporting the idea that 

this behavior is related to deviations from the ideal “living” character of the ATRP of Sty. 

Recently, a contribution was published that relates the Fe/Cu ratio, in a zero-valent 

bimetallic catalyzed SET-LRP system, with the initiator efficiency.20 According to such 

work, lower Fe(0)/Cu(II) ratios decreased the efficiency of the initiators. Thus, Mn
SEC vs 

monomer conversion kinetic curves using the mixed Fe(0)/Cu(II) catalytic system are 

expected to be affected by the equilibrium of these species and different oxidation states 

during the course of the reaction. The results presented in this work suggest that, for high 

Sty monomer conversions, the presence of Fe species at high-oxidation states leads to a 
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poorer control over the chain growth, causing a dramatic decrease in the apparent initiator 

efficiency. Figure 4.2 shows smooth, unimodal, and symmetric SEC traces for the PS 

sample taken after 24 h (conv. = 40.5%). SEC traces (RI signal) of PS samples taken at 

different times of reaction showed a smooth shift of the entire molecular weight 

distribution towards high molecular weight values with increasing reaction time 

(conversion). However, a tailing in the SEC curve can be observed, becoming more 

predominant for higher Sty conversions. This visible tailing effect of low molecular 

weight fractions19 has been reported8 for the ATRP of Sty, and typically results showed a 

loss of active chain-end functionality. This loss has been ascribed to the occurrence of β-

H elimination reactions induced by the Cu(II) deactivator.16, 17 Using the ARGET ATRP 

method, Matyjaszewski’s research group has diminished the occurrence of this type of 

side reaction in bulk polymerization of Sty.19 

 

Figure 4.2. SEC traces (RI signal) of PS samples taken at different times of reaction (different 

monomer conversions). Conditions: [Sty]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 =125/1/1/0.1/1.1 

(molar); [Sty]0/[DMF] = 2/1 (v/v); T = 70 °C. 

To evaluate the effect of the DMF content on the SARA ATRP of Sty, different Sty/DMF 

ratios were investigated. The kinetic data (Figure 4.3) showed that slower polymerization 

occurred for bulk conditions. This result is somehow unexpected since in this case the 

concentration of monomer is higher, which could provide a faster reaction. The results 

suggest that DMF plays an important role in the polymerization, probably due to the 

decrease of the viscosity during the reaction and its influence in the ka and kd parameters 

during the SARA ATRP. Although the polymerization proceeded at a similar rate for 
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Sty/DMF ratios of 2/1 and 1/1, a significant increase in the molecular weight was 

observed for high monomer conversions of the more diluted polymerization mixture. This 

behavior suggests that bimolecular coupling may be more significant at these conditions, 

explaining the higher dispersity values that were obtained for high conversions and the 

lower apparent initiator efficiency. Conversely, in the polymerization that was carried out 

in bulk, the molecular weight for higher Sty conversions was below the theoretical line, 

suggesting that chain transfer to monomer may have played an important role during the 

polymerization. This effect can be attributed to the very high monomer concentration. 

 

Figure 4.3. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/Me6TREN-

catalyzed SARA ATRP of Sty at 70 °C in: bulk (green symbols); [Sty]0/[DMF] = 1/1 (v/v) (red 

symbols) or [Sty]0/[DMF] = 2/1 (v/v) (black symbols). Reaction conditions: 

[Sty]0/[EBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0= 125/1/1/0.1/1.1 (molar). 

In recent years, the preparation of well-defined polymeric structures that can be further 

functionalized through “click” reactions has attracted significant attention.27 This strategy 

has been used to prepare PS-based block copolymers with complex molecular 

architectures and low dispersity.21, 28, 29 It is, therefore, of great interest to prove that the 

newly developed mixed transition metal catalytic system is suitable to prepare 

functionalized PS structures to participate in further “click” reactions. On this matter, the 

inclusion of both azide and alkyne functionalities for subsequent Cu(I)-catalyzed azide-

alkyne cycloaddition, which is the most commonly used “click” reaction,30 is of particular 

interest. Figure 4.4 presents the kinetic data obtained for the SARA ATRP of Sty 

catalyzed by Fe(0)/CuBr2/(Me6TREN or PMDETA) and initiated by an alkyne-terminated 

initiator (PgBiB). Me6TREN is generally considered one of the most frequently used and 
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powerful ligands for ATRP1 and it has also already been successfully used for the 

ARGET ATRP of Sty.17, 25 The other ligand studied (PDMETA) is also very attractive 

due to its wide commercial availability and low price. It has been used in the ATRP of 

Sty with acceptable values of monomer conversion (conv. ≈ 80%) and low polymer 

dispersity (Ð ≈ 1.2).19 Comparing with the kinetics of Sty polymerization when EBiB was 

used as the initiator (Figure 4.1 and Figure 4.3), the results showed that the rates of 

polymerization are close to each other. However, when PMDETA was used as the ligand, 

the rate of polymerization was significantly lower, but allowed achieving PS with very 

low dispersity. The polymers prepared from PgBiB initiator, with Me6TREN as the 

ligand, showed a slight increase in their dispersity values when compared with those that 

were initiated by EBiB (Figure 4.1 and Figure 4.3). As shown in previously presented 

kinetics, the increase in the dispersity values was accompanied by a significant decrease 

in the apparent initiator efficiency. 

 

Figure 4.4. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and (b) plot of numberaverage 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the Fe(0)/CuBr2/ligand-

catalyzed SARA ATRP of Sty in DMF at 70 °C, using Me6TREN (black symbols) or PMDETA (red 

symbols) as the ligand. Reaction conditions: [Sty]0/[DMF] = 2/1 (v/v); 

[Sty]0/[PgBiB]0/[Fe(0)]0/[CuBr2]0/[ligand]0= 125/1/1/0.1/1.1 (molar). 

The presence of the chain-end functionality was evaluated by 1H NMR spectroscopy 

(Figure 4.5) and there was no evidence of termination by β-H elimination reactions.16 The 

absence of these elimination reactions has also been previously reported for ARGET 

systems.17 Based on the ratio between the integrals of the aromatic protons peaks at 6.00-

7.50 ppm (a, 5H) and that of the methylene protons from the initiator fragment at 4.20-

3.70 ppm (c, 2H), the number-average molecular weight of the telechelic alkyne-
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terminated PS could be estimated as Mn
NMR = 13.1 x 103. Direct comparison with the 

value that was obtained from the SEC analysis (Mn
SEC = 11.4 x 103) suggests that chain 

transfer to monomer is expected to be not very significant. In fact, chain transfer to 

monomer was even lower than that occurring in the recently reported Fe(0)-mediated Sty 

ATRP at ambient temperature,20 in spite of the greater polymerization temperature that 

was used. The bromine chain-end functionality percentage could be estimated as 

approximately 79%, from the ratio between the integrals of the peaks of the hydrogen that 

is adjacent to bromine at 4.40-4.70 ppm (d, 1H) and that of the methylene protons from 

the initiator fragment at 4.20-3.80 ppm. On the basis of the previously proposed 

functionality loss mechanisms,16 and due to the negligible elimination and low chain 

transfer to monomer reactions, bimolecular coupling is, thus, expected to have a 

considerable contribution to the loss of the bromine chain-ends. 

 

Figure 4.5. 1H NMR spectrum of the PS (Mn
SEC = 11.4 x 103;   Ð = 1.07) obtained by Sty initiation with 

PgBiB at 70 °C in DMF. Conditions: [Sty]0/[DMF] = 2/1 (v/v); 

[Sty]0/[PgBiB]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 125/1/1/0.1/1.1 (molar); solvent CDCl3. 

The possibility of including polymer chain-ends (derived from functional initiators) that 

are able to react through “click” chemistry is an important tool for designing block 

copolymers with narrow molecular weight distributions and different architectures. In 

addition, the active chain-end (e.g., bromine), derived from the “living” character of the 

polymers, can be used for reinitiation or further functionalization with other end-groups 

using nucleophilic substitution reactions.  
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The “living” character of the Br-terminated PS prepared with the catalytic system 

presented in this paper was evaluated by performing a successful chain extension 

experiment, using the same catalytic system described (Fe(0)/CuBr2/Me6TREN in DMF 

at 70 °C). Figure 4.6 shows the complete movement of the SEC trace towards higher 

molecular weight values (lower retention volume). The significant shift in the SEC trace 

is a clear indication of the retention of high degree of chain-end functionality of the PS 

obtained by SARA ATRP at low conversion (conv. = 12%). The narrow molecular 

weight distribution (Ð ≈ 1.10) and the high degree of bromine chain-end functionality that 

can be obtained with this catalytic system can, thus, be a key tool for preparing controlled 

PS-based block copolymer structures. Moreover, the bromine chain-end can be easily 

converted  into an azide chain-end, which can participate in “click” chemistry reactions 

with alkyne-terminated polymers to afford block copolymers with low dispersity.31 

 

Figure 4.6. Displacement of the SEC trace of a Br-terminated PS obtained at 12% of monomer 

conversion by SARA ATRP (black line) towards high molecular weight values after a chain extension 

experiment (red line). Conditions: [Sty]0/[DMF] = 2/1 (v/v); [Sty]0/[PS-

Br]0/[Fe(0)]0/[CuBr2]0/[Me6TREN]0 = 300/1/1/0.1/1.1 (molar); T = 70 °C. 

The azidation of the Br-terminated PS, prepared with EBIB initiator, was carried out 

using NaN3 to afford azide-terminated PS. This product was purified, isolated and then 

reacted with an alkyne-terminated PS (prepared with PgBiB initiator) to demonstrate the 

viability of these homopolymers to be coupled by a “click” reaction. Figure 4.7 presents 

the SEC traces of both functionalized homopolymers and “click” product obtained. After 

the “click” reaction, the RI trace moved significantly from the homopolymers retention 

volumes towards a lower one, which is indicative of the formation of PS with higher 

molecular weight. The existence of a shoulder in the alkyne-PS molecular weight 

distribution can be attributed to the previously discussed termination side reactions, which 
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increased its dispersity. Since the two starting PS homopolymers (both alkyne and azide-

end functionalized) were previously purified, no Sty monomer was present in the “click” 

reaction pot and, therefore, the significant increase in the PS molecular weight can only 

be attributed to the “click” reaction. However, based on the RI signal area (Figure 4.7), 

the “click” efficiency was estimated to be 73%. One should note that, since both starting 

materials presented narrow molecular weight distributions, an unimodal distribution 

would be expected.32 Therefore, the presence of a lower molecular weight fraction can 

only be attributed to non-reacted polymer segments and not to “clicked” products. 

According to the number of moles of the reactants, an excess of 3.4% of PS-N3 was 

present and, therefore, non-“clicked” products may be ascribed to non-functionalized PS-

N3 (approximately 20%). The high “click” efficiency is also indicative of the successful 

modification of a PS sample with relatively high molecular weight (Mn
SEC ≈ 16 x 103). It 

should be noted that such strategies reported in the literature typically involve PS with 

much lower molecular weight.21, 29  

 

Figure 4.7. SEC traces of the alkyne- and azide-end-functionalized PS homopolymers (red and black 

lines, respectively) obtained by SARA ATRP and the PS obtained after the “click” reaction (green 

line). 

Figure 4.8 presents the 1H NMR spectrum of the “click” reaction product. It can be 

observed that, in addition to the methine proton adjacent to the bromine active chain-end 

that was kept from the alkyne-functionalized PS (signal j at δ = 4.9-5.0 ppm), it is also 

present the terminal methine proton from the azide-end functionalized PS, which becomes 

adjacent (signal g at δ = 5.1-5.2 ppm) to the triazol ring formed in the “click” reaction. 

The azidation of the bromine chain-ends provides the possibility of preparing α-alkyne-ω-
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azido terminated PS with relatively low molecular weight, which can be used to afford PS 

materials with high molecular weight and narrow molecular weight distributions by 

“click” chemistry. On this matter, it should be mentioned that for high monomer/initiator 

ratio the Ð tends to increase due to the occurrence of a side reaction between the 

propagating PS radical and the Cu(II)/ligand complex used.18 

 

Figure 4.8. 1H NMR spectrum of the PS obtained by the “click” reaction between the alkyne-PS and 

the PS-N3 homopolymers. Solvent: CDCl3. 

4.5. Conclusions 

A successful strategy to use an environmentally attractive Fe(0)/CuBr2/Me6TREN 

catalytic system for the SARA ATRP of Sty, affording PS with narrow molecular weight 

distribution was presented. This catalytic system allowed obtaining Sty conversions 

similar those reported for other ATRP systems, but at a polymerization rate that was 

significantly higher than other Fe(0)-mediated Sty ATRP systems. It was further observed 

that the use of Me6TREN as the ligand increased the apparent rate constant of 

polymerization, while maintaining a good control over the PS chain growth, when 

compared with PMDETA. Narrow polymer molar mass distributions could be obtained at 

different polymerization conditions. However, deviation from the “living” behavior could 

be observed only for high monomer conversions, accompanied by a decrease in the 

apparent initiator efficiency. Moreover, the catalytic system reported was also used to 
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prepare telechelic PS that could be used in “click” reactions, to afford well-defined PS-

based block copolymers.  
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5.1. Abstract 

Supplemental activator and reducing agent atom transfer radical polymerization (SARA 

ATRP) of the cationic monomer (3-acrylamidopropyl)trimethylammonium chloride 

(AMPTMA) was successfully performed for the first time. The polymerizations were 

performed in water or ethanol/water mixtures at room temperature in the presence of 

Cu(0), using relatively low concentrations of soluble copper catalyst and an excess of 

ligand (Me6TREN: tris(2-(dimethylamino)ethyl)amine)). The reaction conditions were 

optimized to give the best control over the polymerization under environmentally friendly 

conditions. The polymerization data showed good control over the molecular weights 

with narrow molecular weight distributions for the entire reaction time. The preservation 

of the chain-end functionality was confirmed by self-chain extension and the synthesis of 

hydrophilic block copolymers containing AMPTMA and oligo(ethylene oxide) methyl 

ether acrylate (OEOA) or N-isopropylacrylamide (NIPAAm). The SARA ATRP was also 

extended to the synthesis of alkyne-terminated poly-AMPTMA (PAMPTMA), which was 

subsequently functionalized, using copper(I) catalyzed azide-alkyne cycloaddition 

(CuAAC), with an azido-functionalized coumarin derivative. 

5.2. Introduction 

Reversible deactivation radical polymerization (RDRP) techniques are powerful tools for 

the synthesis of well-defined functional polymeric materials with complex structures. 

RDRP methods provide control over the polymers molecular weight and architecture, 

with low molecular weight dispersity (Ð) and high chain-end functionality.1 Atom 

transfer radical polymerization (ATRP) is one of the most versatile RDRP techniques, as 

it can be applied to a wide range of monomers under mild conditions.2-4 In ATRP, control 

over the molecular weight is gained through a dynamic equilibrium between radicals (Pn
•) 

and alkyl halide dormant species. ATRP uses transition metal complexes in a low 

oxidation state to activate the alkyl halide, giving a radical and the metal complex in a 

higher oxidation state.5 The radical typically adds several monomer units before reacting 

with the higher oxidation state complex to return to the dormant alkyl halide species. 

Copper-based complexes with nitrogen-based ligands are the most often used in ATRP.6, 7 
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Typically, high concentrations of the metal catalyst, often greater than 1000 parts per 

million (ppm), are required to perform normal ATRP reactions, which complicates the 

purification of the polymer. This issue is critically important for biomedical applications 

and also from the environmental standpoint. That is why new ATRP techniques8-11 have 

been developed to reduce the amount of metal catalyst used in the polymerizations to less 

than 1000 ppm, as well as to avoid/reduce the use of organic solvents. One such method 

is the SARA ATRP, which uses zero-valent transition metals11-15 or inorganic sulfites16, 17 

as both reducing agents and supplemental activators. When Cu(0) is used in the reaction, 

it slowly regenerates CuX species as a reducing agent, and it slowly generates radicals 

and CuX by a supplemental activation (Scheme 5.1).5  

 

Scheme 5.1. General mechanism of the SARA ATRP mediated by Cu(0) and CuX2. 

Apart from the low amount of catalyst used in SARA ATRP, this method is also very 

useful for the preparation of biomaterials, since the polymerization can be conducted 

using environmentally friendly solvents/solvent mixtures at room temperature. Recently, 

SARA ATRP of acrylates and methacrylates was successfully performed in ethanol/water 

mixtures using sodium dithionite as a supplemental activator and reducing agent.12 In 

addition, well-controlled polymers of OEOA were synthesized by SARA ATRP in water, 

using a combination of Cu(0) and CuBr2/Me6TREN with an excess of both Me6TREN 

and bromide salts.18 

Cationic polymers have found extended biomedical applications due to their unique 

physicochemical properties. These polymers have been extensively studied for gene 

delivery, tissue engineering and antifouling surfaces.19, 20 To maximize their therapeutic 

efficacy, well-defined polymers with precise architecture have been synthesized, mainly 

by RDRP methods or a combination of RDRP and “click” chemistry strategies.21-23 Due 

to the anticipated demand for these products, it is important to develop ecofriendly ATRP 
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systems for cationic monomers. The cationic monomer AMPTMA has been investigated 

for various applications. AMPTMA has been included in temperature-responsive 

copolymers24-26 with potential to be used as drug delivery systems27 and as a  microcarrier 

for cell proliferation28 or in gene delivery.29, 30 The existing protocols for the ATRP of 

AMPTMA require more than 10 000 ppm of CuCl or CuCl2 coordinated with Me6TREN, 

in DMF/water mixtures (DMF: dimethylformamide), using ethyl 2-chloropropionate 

(ECP) as the initiator.24-30 To perform these reactions under more ecofriendly conditions, 

lower catalyst loadings and less toxic solvents are desired. 

Here, reaction conditions for the synthesis of well-defined poly((3-

acrylamidopropyl)trimethylammonium chloride) (PAMPTMA) by SARA ATRP in water 

or ethanol/water mixtures at room temperature (25 °C), using Cu(0) wire in combination 

with a small amount of CuCl2 (Scheme 5.2) were developed. Importantly, the amount of 

soluble copper used in the reaction was at least ten times lower than the one reported for 

the ATRP of AMPTMA.24-30 In addition, DMF was replaced by ethanol (EtOH), which is 

a much less toxic solvent. The SARA ATRP method reported herein was also extended to 

the preparation of PAMPTMA-based block copolymers as well as alkyne-terminated 

PAMPTMA, which was used for the synthesis of a fluorescent dye chain-end via the 

CuAAC. 

 

Scheme 5.2. Synthesis of PAMPTMA by SARA ATRP. 
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5.3. Experimental  

5.3.1. Materials 

Acetone (Fisher Scientific), AMPTMA (solution 75 wt. % in H2O, Aldrich), alumina 

(basic, Fisher Scientific), anhydrous magnesium sulfate (99%, Aldrich), 2-

chloropropionyl chloride (97%, Aldrich), copper (II) chloride (97%, Aldrich), copper (II) 

sulfate pentahydrate (≥ 98 %, Aldrich), deuterated chloroform (CDCl3, 99.8 % 

Cambridge Isotope Laboratories), deuterated methanol (CD3OD, 99.8%, Euroisotop), 

deuterium oxide (99.9%, Cambridge Isotope Laboratories), dichloromethane (DCM, 

HPLC grade, Fisher Scientific), DMF (Aldrich), EtOH (Fisher Scientific), ECP (97%, 

Aldrich), glacial acetic acid (Fisher Chemical), hydrochloric acid (Fisher Scientific), 2-

hydroxyethyl α-bromoisobutyrate (HBiB, 95%, Aldrich), methanol (Fisher Scientific), 

propargyl alcohol (PgOH, 99%, Aldrich), sodium ascorbate (crystalline, ≥ 98%, Aldrich), 

sodium chloride (Fisher Scientific), triethylamine (TEA, ≥ 99%, Sigma Aldrich), tris(2-

aminoethyl)amine (TREN, 96%, Aldrich) and water (HPLC grade, Fisher Scientific) were 

used as received.  

CuCl (97%, Aldrich) was washed with glacial acetic acid, followed by 1% aqueous HCl 

solution. Finally, it was washed with acetone and dried under nitrogen, to give a white 

powder. 

Metallic copper (Cu(0), d = 1 mm, Alfa Aesar) was washed with HCl in methanol and 

subsequently rinsed with methanol and dried under a stream of nitrogen following the 

literature procedures.31 

NIPAAm was recrystallized from hexane. 

OEOA (99%, average molecular weight 480, Aldrich) was passed over a column filled 

with basic alumina to remove inhibitor prior to use. 

Me6TREN,32 tris(pyridin-2-ylmethyl)amine (TPMA)32 and 3-azido-7-

diethylaminocoumarin33 were synthesized as reported in the literature.  
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5.3.2. Techniques 

Monomer conversion was measured using 1H NMR spectroscopy in D2O using a Bruker 

Avance 500 MHz spectrometer at 27 °C, with spectra analyzed using MestRenova 

software version: 6.0.2-5475. The coumarin-functionalized PAMPTMA was analyzed by 

1H NMR spectroscopy in CD3OD, using Bruker Avance III 400 MHz spectrometer, with 

a 5 mm TIX triple resonance detection probe.  

Polymers number-average molecular weights (Mn
SEC) and dispersity (Ð) were determined 

by using a size exclusion chromatography (SEC) Water 2695 Series with a data processor 

(Empower Pro), equipped with three columns (Waters Ultrahydrogel Linier, 500 and 

250), using 100 mM sodium phosphate buffer with 0.2 vol % trifluoroacetic acid (pH = 2) 

as an eluent at a flow rate 1.0 mL/min, with detection by a refractive index (RI) detector. 

Before the injection (100 µL), the samples were filtered through a hydrophilic 

polyethersulfon membrane with 0.2 µm pore. The system was calibrated with six narrow 

poly(ethylene glycol) standards and the molecular weights were determined by 

conventional calibration. 

5.3.3. Procedures 

Synthesis of propargyl 2-chloropropionate (PgCP)  

A mixture of PgOH (2.0 mL, 34 mmol), TEA (5.7 mL, 41 mmol) and dry DCM (15 mL) 

was added to a two-neck round flask, equipped with a magnetic stirrer bar. The solution 

was cooled to 0 °C and purged with nitrogen. A mixture of 2-chloropropionyl chloride (4 

mL, 41 mmol) and dry DCM (10 mL) was added dropwise to the flask under nitrogen. 

The mixture was allowed to react at 0 °C for 2 h and then at room temperature overnight. 

The reaction mixture was filtered, washed with aqueous sodium chloride (100 mL, 3 

times), water (100 mL, 2 times) and dried over anhydrous magnesium sulfate. The DCM 

was removed under reduced pressure and the crude product was purified by distillation 

under reduced pressure (2.1 g; 41.7%). The purity of the compound was confirmed by 1H 

NMR spectroscopy. 
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Typical procedure for the SARA ATRP of AMPTMA  

A series of aqueous SARA ATRP reactions were carried out with systematically varied 

conditions to determine optimal conditions for the SARA ATRP of AMPTMA. 

Generally, the SARA ATRP of AMPTMA followed this procedure: AMPTMA (2.0 mL, 

7.26 mmol), a solution of CuCl2 (2.9 mg, 22 µmol) and Me6TREN (10 mg, 44 µmol) in 

water (2.4 mL) and a solution of ECP (9.9 mg, 73 µmol) in EtOH (2.0 mL) were added to 

a 10 mL Schlenk flask equipped with a magnetic stirrer bar. Next, Cu(0) wire (l = 10 cm; 

d = 1 mm) was added to the Schlenk flask, which was sealed with a glass stopper, 

deoxygenated with three freeze-vacuum-thaw cycles and purged with nitrogen. The 

reaction was allowed to proceed with stirring (700 rpm) at room temperature (25 °C). 

Different reaction mixture samples were collected during the polymerization. The 

samples were analyzed by 1H NMR spectroscopy in order to determine the monomer 

conversion, and by aqueous SEC to determine the molecular weights and dispersity of the 

polymers. The final reaction mixture was dialyzed (cut-off 3500 Da) against deionized 

water and the polymer was obtained after freeze drying. 

Typical “one-pot” chain extension of PAMPTMA-Cl  

AMPTMA (0.5 mL, 1.8 mmol), a solution of CuCl2 (2.4 mg, 18 µmol) and Me6TREN 

(8.4 mg, 36 µmol) in water (0.5 mL) and a solution of ECP (5.0 mg, 36 µmol) in EtOH 

(0.6 mL) were added to a 10 mL Schlenk flask equipped with a magnetic stirrer bar. Next, 

Cu(0) wire (l = 5 cm; d = 1 mm) was added to the Schlenk flask, which was sealed with a 

glass stopper, deoxygenated with three freeze-vacuum-thaw cycles and purged with 

nitrogen. The reaction was allowed to proceed with stirring (700 rpm) at room 

temperature. When the monomer conversion reached more than 90%, a degassed mixture 

of AMPTMA (1 mL, 5.4 mmol), water (740 µL) and EtOH (740 µL) were added to the 

Schlenk flask under nitrogen. In the case of the PAMPTMA-Cl chain extension with 

NIPAAm, the Schlenk flask was placed in a water bath at 4 °C after the addition of the 

second monomer (NIPAAm), to avoid polymer precipitation during polymerization. The 

monomer conversion was determined by 1H NMR spectroscopy and the molecular 

weights and dispersities were determined by aqueous SEC. 
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Typical block copolymerization of AMPTMA and OEOA 

AMPTMA (0.5 mL, 1.8 mmol), a solution of CuCl2 (4.9 mg, 36 µmol) and Me6TREN 

(16.7 mg, 73 µmol) in water (0.5 mL) and a solution of ECP (9.9 mg, 73 µmol) in EtOH 

(0.6 mL) were added to a 25 mL Schlenk flask equipped with a magnetic stirrer bar. Next, 

Cu(0) wire (l = 5 cm; d = 1 mm) was added to the Schlenk flask, which was sealed with a 

glass stopper, deoxygenated with three freeze-vacuum-thaw cycles and purged with 

nitrogen. The reaction was allowed to proceed with stirring (700 rpm) at room 

temperature. When the monomer conversion reached more than 90%, a degassed mixture 

of OEOA (1.6 mL, 3.6 mmol), previously passed over a basic alumina column, water (3.9 

mL) and EtOH (3.9 mL) were added to the Schlenk flask under nitrogen. The monomer 

conversion was determined by 1H NMR spectroscopy and the molecular weights and 

dispersities were determined by aqueous SEC. 

“Click” reaction between alkyne-terminated PAMPTMA and (3-azido-7-

diethylaminocoumarin) 

An alkyne-terminated PAMPTMA sample (Mn
SEC = 5000; Ð = 1.17) was purified through 

dialysis (cut-off 3500 Da) against water and the polymer was obtained after freeze drying. 

A solution of (3-azido-7-diethylaminocoumarin) (3.1 mg; 12 µmol), alkyne-terminated 

PAMPTMA (50 mg; 10 µmol) and CuSO4.5H2O (1.2 mg; 5 µmol) in water (100 µL) and 

EtOH (500 µL) was placed in a round-bottom flask equipped with a magnetic stirrer bar, 

which was sealed with a rubber septum.  The mixture was bubbled with nitrogen for 20 

min to remove the oxygen. Finally, a degassed stock solution of sodium ascorbate in 

water (125 mM; 100 µL) was injected into the flask under nitrogen atmosphere. The 

reaction was allowed to proceed with stirring (700 rpm) at room temperature for 72 h. 

The product was purified through dialysis (cut-off 3500 Da) against water, followed by 

dialysis against EtOH. The organic solvent was evaporated under reduced pressure and 

the functionalized polymer was analyzed by 1H NMR spectroscopy. The fluorescence 

confirmed by irradiation at 366 nm. 
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5.4. Results and discussion 

The ATRP system described in the literature for the polymerization of AMPTMA, 

employed more than 10 000 ppm of CuCl (or CuCl/CuCl2) coordinated with Me6TREN in 

a DMF/H2O = 50/50 (v/v) mixture.25, 29 It is known that CuX/Me6TREN complexes (X – 

halide) undergo rapid disproportionation in the presence of water, producing soluble 

CuX2/Me6TREN and Cu(0) particles.34 The Cu(I) disproportionation could occur even 

during the preparation of the reaction system, prior to the polymerization.34 However, 

recent investigations on the polymerization of water soluble monomers, catalyzed by 

Cu(0)/CuBr2/Me6TREN, in aqueous medium, revealed that the polymerization is 

governed by the SARA ATRP mechanism.5, 18 This is because the very high activity of 

Cu(I) towards the activation of alkyl halides ensures that Cu(I) is the major activator.5, 18 

Furthermore, due to the high activity of Cu(I) in activating alkyl halides, its concentration 

is at so low levels that disproportionation occurs at a very low rate and can be neglected 

during the polymerization.18 In this case, Cu(0) acts as a supplemental activator and a 

reducing agent, to slowly regenerate Cu(I) and radicals. In this system, the majority of the 

alkyl halide activation events and deactivations of growing radicals are ruled by the 

ATRP equilibrium.31, 35 To the best of our knowledge, detailed kinetic studies on the 

ATRP of AMPTMA29 have never been discussed in the literature. 

The initial experiments employed Cu(0) wire in combination with CuCl2 as a catalyst in 

the polymerization of AMPTMA. These experiments were designed to confirm that the 

SARA ATRP mechanism governs the process, and that similar results to the ones in the 

literature could be obtained using Cu(0) wire rather than relying on predisproportionation 

of Cu(I) species.29 The initial reactions were performed in a DMF/H2O = 50/50 (v/v) 

mixture at room temperature, targeting degree of polymerization (DP) of 100 and using 

ECP as the initiator. After 1.5 h of polymerization, the monomer conversion was 

approximately 90% and the control achieved over the PAMPTMA molecular weight was 

similar for both polymerization methods, with Ð ≈ 1.2 (Figure 5.1).  

The SARA ATRP method, using Cu(0) and Cu(II)X2, is attractive, since lower copper 

catalyst concentration can be used than in normal ATRP systems. In addition, because it 

starts with the oxidatively stable Cu(II)X2 deactivator species, the polymerization is 
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tolerant to a limited amount of oxygen, especially if oxygen is removed prior to the 

polymerization.11-14, 36 Therefore, a series of variables associated with the SARA ATRP 

were investigated in this work, to allow the synthesis of well-defined PAMPTMA under 

environmentally friendly reaction conditions.  

 

Figure 5.1. SEC traces of the polymers obtained by the use of predisproportionation of CuCl: 

[AMPTMA]0/[ECP]0/[CuCl]0/[Me6TREN]0 = 100/1/1/1; DMF/H2O = 50/50 (v/v); Vsolvent = 2 mL; 

(black line) and Cu(0)  wire/CuCl2: [AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 

100/1/0.5/1.0/Cu (0) wire; DMF/H2O = 50/50 (v/v); Cu(0) wire: l = 5 cm; d = 1 mm; Vsolvent = 2 mL (red 

line) of AMPTMA during 1.5 h at room temperature. 

5.4.1. Effect of the water content in the solvent mixture 

It is commonly accepted that water is the best solvent from the environmental point-of-

view and it is also attractive for industrial applications due to its low toxicity. The use of 

polar organic solvents or their mixtures with water is sometimes inevitable due to 

solubility issues of monomers, polymers and catalysts. Ideally, only environmentally 

benign solvents should be used. In this work, DMF was replaced by EtOH, since EtOH 

solubilizes both the monomer and the polymer and EtOH is less toxic than DMF. The 

effect of the content of water in the alcohol/water reaction mixture was varied from 50% 

to 70%, on the SARA ATRP of AMPTMA. In all cases, the monomer conversion reached 

90% in less than 1 h and the kinetics were of first-order with respect to monomer 

conversion (Figure 5.2 (a)). Changing the ratio of H2O to EtOH had minimal influence on 

the control over the molecular weights (Figure 5.2 (b)), since the experimental number 

average molecular weights were in good agreement with the predicted values and the 

dispersity values were low (Ð   1.3) throughout the reaction. The next step involved the 

polymerization in aqueous system (green symbols in Figure 5.2), using the water soluble 
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2-bromoisobutyrate (HBiB) as the initiator. It is known that aqueous ATRP systems 

present some challenges that can contribute to poor level of control, mainly due to the 

high activity of Cu(I) species as well as the dissociation of the halide anion from the X-

Cu(II) deactivator complex, which gives a free halide anion and a Cu(II) complex that 

cannot deactivate radicals.37 These challenges can be overcome by slowly regenerating 

Cu(I) species through the addition of an excess of halide salt to promote the formation of 

the X-Cu(II) deactivator complex.18, 38-40 Since the AMPTMA monomer inherently 

contains a chloride anion, well-controlled polymerization in aqueous medium was 

achieved, without adding any external halide salt, as shown in Figure 5.2 (b) (green 

symbols) by the narrow molecular weight distributions. After the induction period the 

reaction was very fast, reaching 95% conversion in 30 min.  

 

Figure 5.2. (a) Kinetic plots of ln[M]0/[M] vs. time and (b) plot of number–average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular 

weight at a given conversion) for the SARA ATRP of AMPTMA initiated by ECP or HBiB* (green 

symbols), for different water contents in the EtOH/H2O (v/v) solvent mixture. Conditions: 

[AMPTMA]0/[ECP or EBiB*]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 100/1/0.5/1.0/Cu(0) wire; 

[AMPTMA]0 = 1.45 M; Cu(0) wire: l = 10 cm; d = 1 mm; Vsolvent = 5 mL.   

Control experiments using different concentrations of NaCl were performed and showed 

no effect on the polymerization control. The use of the heterogeneous Cu(0) wire as a 

reducing agent for the (re)generation of Cu(I)X species in aqueous medium is an 

attractive feature of the SARA ATRP method reported here.  
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5.4.2. Effect of the ligand nature and concentration 

The next parameters investigated were the structure and concentration of the ligand used 

in the polymerization. The performance of TPMA was compared to Me6TREN, since 

TPMA forms very stable Cu(I) complexes, which prevents disproportionation, although 

Me6TREN complexes are more active.41 The results showed that TPMA could also 

mediate the SARA ATRP of AMPTMA providing good control over the molecular 

weight (Figure A.1 (b) in Appendix A). However, the polymerization was considerably 

slower than with Me6TREN and the maximum monomer conversion was limited to 35% 

(Figure A.1 (b) in Appendix A). The decrease of the polymerization rate when TPMA 

complexes are used in the presence of high concentration of salt has been previously 

reported for other ATRP systems.39, 40 Therefore, Me6TREN was used for all subsequent 

experiments aiming to achieve high monomer conversion, while ensuring the synthesis of 

well-defined polymers.  

In this work, three different copper to ligand ratios (1/1.2, 1/2 and 1/4) were studied 

(Figure 5.3).  

 

Figure 5.3. (a) Kinetic plots of ln[M]0/[M] vs. time and (b) plot of number–average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular 

weight at a given conversion) for the SARA ATRP of AMPTMA initiated by ECP, for different 

amounts of ligand. Conditions: [AMPTMA]0 = 1.45 M; [AMPTMA]0/[ECP]0 = 100; [CuCl2]0 = 5000 

ppm; Cu(0) wire: l = 10 cm; d = 1 mm; Vsolvent = 5 mL. 

The ligand concentration is an important parameter to consider in SARA ATRP reactions. 

It should be high enough to coordinate with the all soluble copper in the reaction mixture, 

to ensure good control over the polymers molecular weight. Since the concentration of 
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soluble copper increases during the reaction, the ligand is often used in a large excess 

compared to the initial amount of soluble copper. However, the ligand could lead to 

undesired side reactions and could also affect both the “livingness” of the polymers and 

control over the reaction.42-44 As shown in Figure 5.3, the rate of polymerization increased 

with the Me6TREN concentration, while the control over the polymers structure was 

similar in all cases. Using the copper to ligand ratio of 1/2 (red symbols in Figure 5.3) it 

was possible to reach a fast reaction and high monomer conversion, obtaining polymers 

with low dispersity. Increasing the ligand concentration above that value led to a slight 

enhancement in the polymerization rate with negligible improvement in the control over 

the molecular architecture. Therefore, for this particular system, two-fold excess of 

Me6TREN to CuCl2 (molar) seems to be the optimum ratio. 

5.4.3. Effect of the soluble copper concentration 

In developing “green” ATRP systems it is important to consider the total amount of 

soluble copper present in the reaction medium, since copper complexes are mildly toxic 

and often require additional processes to remove them. In this work, the CuCl2 

concentration was decreased from 5000 ppm to 1000 ppm (determined as the initial molar 

ratio of CuCl2 to the monomer) (Figure 5.4). 

 

Figure 5.4. (a) Kinetic plots of ln[M]0/[M] vs. time and (b) plot of number-average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the SARA ATRP of AMPTMA initiated by ECP, 

for different amounts of initial soluble copper. Conditions: [AMPTMA]0 = 1.45 M; 

[AMPTMA]0/[ECP]0 = 100; [Me6TREN]0/[CuCl2]0 = 2/1; Cu(0) wire: l = 10 cm; d = 1 mm; Vsolvent = 5 

mL. 
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The results show that the rate of polymerization as well as the control over the polymers 

molecular weight decreased with the decrease in the initial concentration of CuCl2. 

Despite the decrease in rate and control over the polymerization, Figure 5.4 shows that 

even the use of 1000 ppm of CuCl2 provided a reasonable rate of polymerization, 

reaching 65% of monomer conversion after an hour, and relatively well-controlled 

polymers with Ð  1.4 at a high conversion. Therefore a tradeoff exists between the rate 

and control over the polymerization and total amount of soluble copper species in the 

polymerization. For certain applications polymers with narrow molecular weight 

distributions are necessary, and in these cases higher catalyst loadings may be required. 

For other applications tolerating broader molecular weight distributions, lower catalyst 

loadings can be used. 

5.4.4. Effect of the Cu(0) wire length 

Typically, the Cu(0) wire surface influences the rate of activation of alkyl halides by 

Cu(0) as well as the rate of copper comproportionation, leading to faster polymerizations 

with higher Cu(0) surface area.18, 34, 45, 46 In this section, the Cu(0) wire length was 

decreased from 10 cm to 2.5 cm in the SARA ATRP of AMPTMA (Cu(0): d = 1 mm). 

Table 5.1 summarizes the rate of polymerization as well as the polymers molecular 

weights obtained after 30 min of reaction.  

Table 5.1. SARA ATRP of AMPTMA initiated by ECP, for different lengths of Cu(0) wire. 

Conditions: [AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 100/1/0.3/0.6/Cu (0) wire; 

EtOH/H2O = 40/60 (v/v); T = 25 °C.; [AMPTMA]0 = 1.45 M; Vsolvent = 5 mL, trx = 30 min. 

Entry 
Cu(0) length1 

(cm) 

Cu (0) SA2 

(cm2) 

m Cu(0)/SA 

(g/cm2) 

kp
app  

(h-1) 

Conv. 

(%) 
Mn

SEC x 10-3 Ð 

1 10 3.14 0.703 1.578 55 8.6 1.40 

2 2.5 0.78 0.176 1.308 49 8.2 1.37 

1 Cu(0) wire: d = 1 mm; 2 SA: surface area 

The rate of polymerization was higher when 10 cm of Cu(0) wire was used (Table 5.1, 

entry 1), reaching 55% of monomer conversion in 30 min. Interestingly, when the copper 

surface area was decreased 4 times (Table 5.1, entry 2), the reaction still maintained a 

high rate of polymerization, reaching 49% of monomer conversion in 30 min. These 
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results suggest that, in this system, it is possible to use a relatively small surface area of 

copper wire without compromising the rate of polymerization. Further, the control of the 

reaction was similar in both polymerizations, with final dispersities around 1.4. Kinetic 

plots of the polymerizations are shown in the Appendix A (Figure A.2). 

5.4.5. Chain “livingness” and preparation of block copolymers 

The “livingness” of the PAMPTMA chains was evaluated by a “one-pot” chain extension 

experiment with the same monomer. The first block (targeted DP of 50) was synthesized 

by SARA ATRP in EtOH/H2O = 50/50 (v/v) mixture at ambient temperature. After the 

monomer reached high conversion (> 90%), a degassed solution of AMTPMA in 

EtOH/H2O = 50/50 (v/v) was injected into the reaction mixture. Figure 5.5 (a) shows a 

clear shift on the SEC trace towards high molecular weight (lower retention volume), 

upon the formation of the extended polymer. However, a low molecular weight tailing 

was noticeable and was attributed to some terminated chains formed during the first 

polymerization. Nevertheless, the control over the molecular weight was good, as the 

extended polymer presented narrow molecular weight distribution (Ð = 1.27).  

 

Figure 5.5. SEC traces of PAMPTMA before and after: (a) self-chain extension: first block -  

[AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0 = 50/1/0.5/1.0; conversion = 92%; second block - 

[AMPTMA]0 = 1.45 M; [AMPTMA]0/[ECP]0 = 150; conversion = 94%; (b) extension with OEOA480: 

first block -  [AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0 = 25/1/0.5/1.0; conversion = 97%; second 

block - [OEOA]0 = 0.4 M; [OEOA]0/[ECP]0 = 50; conversion = 91%. Both chain extensions were done 

by “one-pot” SARA ATRP, in EtOH/H2O = 50/50 (v/v) at 25 °C; Cu(0) wire: l = 5 cm; d = 1 mm; 

[AMPTMA]0 (first block) = 1.45 M; Vsolvent (first block) = 1.25 mL. 
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The SARA ATRP system was also extended to the preparation of hydrophilic block 

copolymers containing two distinct monomers (Table 5.2). In this case the first block was 

PAMPTMA, and the second block contained either poly(oligo(ethylene oxide) acrylate) 

(POEOA) or the temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm). 

These block copolymers can find application in the biomedical field. The method proved 

to be suitable for the preparation of water-soluble PAMPTMA-b-POEOA block 

copolymer with a relatively low dispersity of 1.45, as shown in Figure 5.5 (b). Regarding 

the PAMPTMA-b-PNIPAAm block copolymer, it was not possible to determine its 

molecular weight parameters due to the inadequate elution in the SEC columns. Some 

authors have also described the impossibility of analyzing PAMPTMA-b-PNIPAAm 

block copolymers by SEC in several eluents, such as 0.1 M NaNO3:acetonitrile 80:20 

(v/v), 0.2 M NaNO3, 0.5 M Na2SO4, water or DMF.29, 30 Samples of both block 

copolymers were purified by dialysis against (cut-off 3500 Da) water and their structures 

were confirmed by 1H NMR spectroscopy (Figure A.3 and Figure A.4 in Appendix A). 

Table 5.2. PAMPTMA-based block copolymers prepared by “one-pot” SARA ATRP, initiated by 

ECP at 25 °C. Conditions: [CuCl2]0/[Me6TREN]0/Cu(0) wire = 0.5/1.0/Cu (0) wire (l = 5 cm; d = 1 

mm); EtOH/H2O = 50/50 (v/v); [AMPTMA]0 = 1.45 M; [NIPAAm]0 = 2 M; [OEOA480]0 = 0.4 M. 

 1st blocka 2nd block 

Targeted copolymer Mn
SEC x 10-3 Ð 

Time 

(h) 

Conv. 

(%) 
Mn

SEC x 10-3 Ð 

PAMPTMA50-b-PAMPTMA150 9.1 1.15 2 94 23 1.27 

PAMPTMA50-b-PNIPAAm150
b 9.1 1.15 16 41 c c 

PAMPTMA25-b-(POEOA480)50 6.0 1.14 10 91 12 1.45 

a Conversion higher than 90% 

b The second block (NIPAAm) was polymerized at 4 °C  

c It was not possible to determine 

 

5.4.6. Preparation of alkyne-functionalized PAMPTMA by SARA ATRP 

To further explore the potential of the SARA ATRP, the catalytic system developed was 

used for the preparation of alkyne-functionalized PAMPTMA, using the alkyne bearing 

initiator propargyl 2-chloropropionate (PgCP) (Figure 5.6). The alkyne functionality 

allows the polymer to be coupled with a wide library of azide-containing molecules by 
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“click” chemistry, which could be employed in the design of well-defined copolymers 

with different architectures or containing different functional groups. The concentration 

of PgCP was varied to prepare alkyne-functionalized PAMPTMA with several chain 

lengths. As expected, the rate of polymerization decreased with the increase of the 

targeted DP (Figure 5.6 (a)), since the supplemental activation reaction rate, which is 

often rate determining,47 is dependent on the initiator concentration. The polymerizations 

showed first-order kinetics (Figure 5.6 (a)) and good control over the PAMPTMA 

molecular weight, with low dispersity values throughout the polymerizations (Figure 5.6 

(b)). These results suggest that the SARA ATRP is a robust method to prepare well-

defined end-functional polymers. 

 

Figure 5.6. (a) Kinetic plots of ln[M]0/[M] vs. time and  (b) plot of number–average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed lines represent theoretical molecular 

weight at a given conversion) for the SARA ATRP of AMPTMA initiated by alkyne-terminated 

initiator (PgCP), for different DP values. Conditions: 

[AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = DP/1/0.5/1.0/Cu (0) wire; [AMPTMA]0 = 

1.45 M; Cu(0) wire: l = 10 cm; d = 1 mm; Vsolvent = 5 mL. 

The molecular structure of the alkyne-terminated PAMPTMA prepared by SARA ATRP 

was characterized by 1HNMR spectroscopy (Figure 5.7). The characteristic signals of the 

polymer assigned agree with those reported in the literature.29, 30 Additionally, the 

presence of the active chain-end at 4.14 ppm (h) (1H, –CHCl) and the presence of the 

alkyne moiety at 2.73 ppm (a) (1H, HC≡C–) were identified. 
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Figure 5.7. 500 MHz 1H NMR spectrum, in D2O, of purified alkyne-terminated PAMPTMA (Mn
SEC = 

9600; Ð = 1.17) obtained by SARA ATRP. Reaction conditions: 

[AMPTMA]0/[ECP]0/[Me6TREN]0/[CuCl2]0 = 50/1/0.5/1.0; [AMPTMA]0 = 1.45 M; Cu(0) wire: l = 10 

cm; d = 1 mm; Vsolvent = 5 mL; EtOH/H2O = 40/60 (v/v). 

To confirm that these polymers can participate in “click” reactions, an alkyne-terminated 

PAMPTMA sample was coupled with an azide-terminated non-fluorescent coumarin 

derivative (3-azido-7-diethylaminocoumarin), through CuAAC. Coumarin was chosen 

since it is often used in the biomedical field.48 Moreover, upon the formation of the 

triazole ring, the 3-azido-7-diethylaminocoumarin becomes fluorescent (Figure A.5 in 

Appendix A), which makes the material a potential candidate for imaging applications.33 

The success of the “click” reaction was confirmed by the appearance of the triazole ring 

proton signal (e) at 8.59 ppm49 in the 1H NMR spectrum of the purified product (Figure 

5.8). 

 

Figure 5.8. 400 MHz 1H NMR spectrum, in CD3OD, of purified coumarin-functionalized PAMPTMA 

obtained by a “click” reaction. 
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5.5. Conclusions 

Well-controlled polymers of AMPTMA were synthesized under environmentally friendly 

conditions using SARA ATRP. The conditions for the polymerization of AMPTMA were 

optimized for various targets such as low catalyst concentrations or narrow molecular 

weight distributions. Remarkably, the reaction could be performed in aqueous medium, 

using a relatively low amount of soluble CuCl2 (1000 ppm) with 2-fold excess of 

Me6TREN ligand, at ambient temperature. In addition to narrow molecular weight 

distributions, the polymers had a high degree of “livingness” as confirmed by both self-

blocking chain extension and by the preparation of well-defined PAMPTMA-b-POEOA 

and PAMPTMA-b-PNIPAAm block copolymers. Finally, a reactive moiety was 

introduced onto the initiator giving PAMPTMA with an alkyne end-group. This alkyne 

group was subsequently reacted with an azido-functionalized coumarin derivative using 

“click” chemistry giving a fluorescent PAMPTMA molecule.  
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6.1. Abstract 

Activators regenerated by electron transfer atom transfer radical polymerization (ARGET 

ATRP) of 2-aminoethyl methacrylate hydrochloride (AMA) was successfully performed 

for the first time. The polymerizations were conducted at 35 °C in isopropanol 

(IPA)/water mixtures or pure water, using CuBr2/TPMA (TPMA: tris(2-pyridylmethyl)-

amine) as a metal catalyst complex with slow feeding of ascorbic acid (AscA) to allow 

regeneration of the activator species. The reactions showed first-order kinetics with 

monomer conversion, high monomer conversion (> 90%) and controlled polymers (Ð ≈ 

1.3) were obtained using optimized conditions. For the first time, as a result of the poly(2-

aminoethyl methacrylate hydrochloride)’s (PAMA) high chain-end functionality, it was 

possible to extend the polymer and synthesize a well-defined block copolymer (PAMA-b-

POEOMA) (OEOMA: oligo(ethylene oxide) methyl ether methacrylate) by ATRP 

techniques, using AMA as the first block. PAMA based nanogels, with potential 

biomedical applications, were prepared by ARGET ATRP in inverse miniemulsion. 

6.2. Introduction 

Atom transfer radical polymerization (ATRP) is a popular reversible deactivation radical 

polymerization (RDRP) technique, which allows the preparation of polymers with 

controlled molecular weight, low molar mass dispersity (Ð), complex architectures and 

high chain-end functionality.1, 2 The control of the polymerization is achieved by 

reversible cycles of activation/deactivation of alkyl halide polymer chains. A transition 

metal/ligand catalytic complex in a lower oxidation state is responsible for the activation 

of the dormant alkyl halide chains, to generate the corresponding alkyl radical and the 

catalytic complex in a higher oxidation state. The radical can then propagate by adding a 

limited number of monomer units before being deactivated by the higher oxidation state 

catalytic complex to form a dormant alkyl chain.2-4 Polymers prepared by ATRP have 

active chain-ends which can be used for chain extension or functionalization, allowing the 

preparation of copolymers, supramolecular architectures and bioconjugates.2, 5-7 

ATRP techniques have been used for the controlled polymerization of a wide range of 

monomers, including functional monomers, such as (meth)acrylates,3, 8-11 
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(meth)acrylamides,12 styrene13, 14 and 4-vinyl pyridine.15, 16 However, there are still 

important challenges associated with the ATRP of functional monomers bearing primary 

amine groups or free acidic groups. Primary amine groups can participate in side 

reactions with the growing polymer halide chain-ends, resulting in dead chains.17, 18 

Further, a competitive complex formation between the amino groups in the 

monomer/polymer and the metal catalyst can occur.19 Finally, the acidic character of 

some monomers can contribute to catalyst poisoning and loss of activity, resulting in 

uncontrolled reactions. 2- AMA is a synthetically useful monomer due its amine reactive 

handle (Scheme 6.1) which can be used in several postpolymerization reactions, such as 

Michael addition or ring-opening of epoxy groups, to afford functional materials for 

different applications. AMA is a challenging monomer to polymerize by ATRP due to the 

amino functionality and its acidic character, both interfering with catalyst stability. 

Moreover, it is well-known that both AMA and PAMA are not chemically stable under 

basic conditions (pH > 9) and undergo rapid rearrangement to give 2-hydroxyethyl 

methacrylamide and poly(2-hydroxyethyl methacrylamide), respectively.20, 21 PAMA 

homopolymers and copolymers have been successfully used in the preparation of 

drug/gene delivery carriers22-29 and we expect that the development of ARGET ATRP 

conditions for this monomer could lead to a wide-spread utilization of PAMA in new 

applications. The ARGET ATRP could be advantageous over the normal ATRP 

technique, for instances considering biomedical applications, since it allows the use of 

lower amount of metal catalyst to achieve control over the polymerization. In this 

variation, reducing agents such as AscA are used to (re)generate, in situ, Cu(I) activator 

species from oxidatively stable Cu(II) complexes.30 In addition, ARGET ATRP was 

already successfully implemented in aqueous medium.31 

The first controlled ATRP synthesis of PAMA was reported by Leroux´s research group 

who employed CuBr/PMDETA (PMDETA: pentamethyldiethylenetriamine) as a 

catalytic system in tetrahydrofuran (THF) at 65 °C.26 t-Boc-protected AMA was used in 

order to avoid side reactions with the amino groups.26, 28 The Armes group reported the 

direct polymerization of AMA in its hydrochloride salt form by normal ATRP in 

isopropanol (IPA)/water mixtures at 50 °C, using CuBr/bpy (bpy: 2,2′-bipyridyl) as a 

catalyst.20, 21 This strategy presented a significant improvement since it allowed the direct 

polymerization of AMA, avoiding troublesome protection/deprotection procedures. 
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However, a critical issue related with the lack of chain-end functionality of the PAMA-Br 

synthesized by normal ATRP remained to be addressed. Therefore, the preparation of 

well-defined block copolymers, using AMA as the monomer of the first block, was not 

possible.32 Controlled polymerization of AMA has been also achieved by reversible 

addition-fragmentation chain transfer (RAFT) to produce both well-defined 

homopolymers and copolymers.20, 33-35 In opposition to ATRP, the Armes group was able 

to prepare primary amine-based block copolymers, with reasonable dispersity (Ð ≈ 1.4), 

by RAFT with AMA as the first building block.20 However, the RAFT polymerization 

required the use of organic solvents (DMSO/1,4-dioxane mixture) at a relatively high 

temperature (70 °C). Therefore, considering the utility of primary amines in the 

preparation of functional polymers, the development of new ATRP systems which allow 

the controlled synthesis of these polymers with high chain-end functionality under 

aqueous conditions is desirable. 

Herein, the controlled synthesis of PAMA was accomplished using ARGET ATRP in 

IPA/water mixtures or aqueous medium, near room temperature (35 °C), using slow 

feeding of AscA for the regeneration of the activator (Scheme 6.1).  In addition, AMA 

was successfully copolymerized with water-soluble OEOMA monomer.  To the best of 

our knowledge, this was the first time that PAMA-Br, synthesized by ATRP techniques, 

was used as the first block of a well-defined block copolymer. Finally, the application of 

the ARGET ATRP system was expanded to the preparation of PAMA-based nanogels, 

which could be used as nanomaterials for biomedical applications. 

 

 

Scheme 6.1. Polymerization of AMA in its hydrochloride salt form by ARGET ATRP. 
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6.3. Experimental  

6.3.1. Materials 

Acetone (Fisher Scientific), AMA (≥ 95%, Polysciences), AscA (Sigma-Aldrich), bpy (≥ 

99%, Sigma Aldrich), copper(II) bromide (99.999%, Aldrich), deuterium oxide (99.9%, 

Cambridge Isotope Laboratories), ethyl α-bromoisobutyrate (EBiB, 98%, Sigma Aldrich), 

ethyl α-bromophenyl acetate (EBPA, Alfa Aesar), glacial acetic acid (Fisher Chemical), 

hydrochloric acid (Fisher Scientific), 2-hydroxyethyl 2-bromoisobutyrate (HBiB, 95%, 

Aldrich), isopropanol (Fisher Scientific), sodium bromide (≥ 99%, Sigma Aldrich), Span-

80 (Sigma-Aldrich) and water (HPLC grade, Fisher Scientific) were used as received.  

Inhibitor was removed from OEOMA300 (average molecular weight ≈	300, Aldrich) and 

OEOMA475 (99%, average molecular weight 475, Aldrich) by passing through a basic 

alumina column prior to use.36 

Poly(ethylene oxide) monomethyl ether 2-bromoisobutyrate ester (PEO2kiBBr, Mn = 

2000) and poly(ethylene oxide) dimethacrylate (PEO4kDM, Mn = 4000) were prepared as 

previously described in the literature.37 

CuCl (97%, Aldrich) was washed with glacial acetic acid, followed by 1 % aqueous HCl 

solution. Finally, it was washed with acetone and dried under nitrogen, to give a white 

powder. 

TPMA was synthesized as reported in the literature.38, 39  

6.3.2. Techniques 

A syringe pump (KDS Scientific, Legato 101) was used for the continuous feeding of the 

reducing agent at the rate of 1 μL/min.  

Monomer conversion was measured using 1H NMR spectroscopy in D2O using a Bruker 

Avance 500 MHz spectrometer at 27 °C. 
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Polymers number-average molecular weights (Mn
SEC) and dispersity (Ð) were determined 

by using a size exclusion chromatography (SEC) Water 2695 Series with a data processor 

(Empower Pro), equipped with three columns (Waters Ultrahydrogel Linier, 500 and 

250), using 100 mM sodium phosphate buffer with 0.2 vol % trifluoroacetic acid (pH = 2) 

as an eluent at a flow rate 1.0 mL/min, with detection by a refractive index (RI) detector. 

Before the injection (100 µL), the samples were filtered through a hydrophilic 

polyethersulfone (PES) membrane with 0.2 µm pore. The system was calibrated with six 

narrow poly(ethylene glycol) standards and the molecular weights were determined by 

conventional calibration. 

Particle size of the nanogels was measured using a Zetasizer Nano from Malvern 

Instruments. 

6.3.3. Procedures 

Typical procedure for the ARGET ATRP of AMA  

AMA (0.6 g, 3 mmol), CuBr2 (3.8 mg, 17 µmol), TPMA (20 mg, 69 µmol) and EBPA 

(8.4 mg, 84 µmol) were dissolved in water (1.2 mL)/IPA (0.52 mL). The mixture was 

added to a 10 mL Schlenk flask, equipped with a magnetic stirrer bar, and purged with 

nitrogen for 30 min. The flask was placed in an oil bath at 35 °C and a deoxygenated 

ascorbic acid solution (10 mM) was continuously injected into the reaction medium using 

a syringe pump at the rate of 1 μL/min. Different reaction mixture samples were collected 

during the polymerization. The samples were analyzed by 1H NMR spectroscopy in order 

to determine the monomer conversion, and by aqueous SEC to determine the molecular 

weights and dispersity of the polymers. The final reaction mixture was dialyzed (cut-off 

3500 Da) against deionized water and the polymer was obtained after freeze drying. 

Typical procedure for the normal ATRP of AMA  

Normal ATRP of AMA was performed following a procedure reported elsewhere.20 CuCl 

(13.2 mg, 014 mmol) was placed in a Schlenk flask, equipped with a magnetic stirrer bar, 

deoxygenated with three freeze-vacuum-thaw cycles and purged with nitrogen. AMA (0.7 

g, 4.02 mmol), bpy (42 mg, 0.27mmol) and EBiB (26.1 mg, 0.14 mmol) were dissolved 

in water (400 µL)/IPA (1.61 mL) and purged with nitrogen for 30 min. The mixture was 
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added to the Schlenk flask, containing the CuCl, under nitrogen. The flask was placed in 

an oil bath at 50 °C and the reaction was allowed to proceed for 2.5 h. At the end, water 

was added to the flask in order to dissolve the precipitated polymer. A sample was 

collected and analyzed by both 1H NMR spectroscopy and SEC to determine the 

monomer conversion and the molecular weight and dispersity of the polymer, 

respectively. 

Typical “one-pot” chain extension of PAMA-Br with OEOMA475 

AMA (0.3 g, 1.72 mmol), CuBr2 (6.4 mg, 29 µmol), TPMA (33 mg, 115 µmol) and 

EBPA (14 mg, 57 µmol) were dissolved in water (600 µL)/IPA (60 µL). The mixture was 

added to a 10 mL Schlenk flask, equipped with a magnetic stirrer bar, and purged with 

nitrogen for 30 min. The flask was placed in an oil bath at 35 °C and a deoxygenated 

ascorbic acid solution (10 mM) was continuously injected into the reaction medium using 

a syringe pump at the rate of 1 μL/min. When the monomer conversion reached more 

than 90%, a degassed mixture of OEOMA475 (2 mL, 4.0 mmol), water (2.2 mL) and IPA 

(0.9 mL) were added to the Schlenk flask under nitrogen. The monomer conversion was 

determined by 1H NMR spectroscopy and the molecular weights and dispersities were 

determined by aqueous SEC. 

Typical procedure for the preparation of PAMA-based nanogels  

Amine-nanogels were prepared through a water-in-oil inverse miniemulsion using 

ARGET ATRP.  The inverse miniemulsion was composed of a water phase consisting of 

CuBr2 (1.9 mg, 0.0085 mmol)/TPMA (2.9 mg, 0.01 mmol), PEO2kiBBr (33.4 mg, 0.017 

mmol, Mn = 2000),  OEOMA300 (1450 mg, 4.8 mmol, Mn = 300), AMA (88 mg, 0.53 

mmol), PEO4kDM (226 mg, 0.56 mmol) and 66 mg PEO-OH (as a stabilizer) dissolved in 

1.4 mL of ultrapure water and emulsified with 20 g of a 0.05% (w/w) of Span-80 in 

cyclohexane using ultrasonication (3 minutes) to form stable droplets. After degassing, 

ascorbic acid 100 L (100 mg/mL degassed) was injected to initiate the ARGET ATRP 

which was stopped after 24 hours at 30 °C. The nanogels were purified by precipitation 

into THF followed by dialysis (cut-off 50000 Da) into THF and then into water to remove 

unreacted reagents. 
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6.4. Results and discussion 

6.4.1. ARGET ATRP of AMA 

The first report on the normal ATRP of AMA in its hydrochloride salt form reported in 

the literature required high concentration of CuCl catalyst coordinated with bpy (see 

Table 6.1).20 In order to overcome such issue, a new ARGET ATRP system was tested for 

the polymerization of the primary amine monomer. The polymerization was performed in 

IPA/water mixtures at 35 °C, using AscA as a reducing agent and CuBr2/TPMA catalytic 

complex. Ligand selection was based on the stability of CuBr2/TPMA in water,31 even at 

low pH. In addition it was experimentally determined that TPMA complexes proved to 

better control the ARGET polymerization of AMA than bpy complexes (see Figure B.1 in 

Appendix B).  

Table 6.1. Molecular weight parameters of PAMA obtained by both normal ATRP and ARGET 

ATRP. 

Entry Method DP Time (h) Conv. (%) Mn
th x 10-3 Mn

SEC x 10-3 Ð 

1 Normal ATRPa 100 2.4 63 10.5 9.9 1.36 

2 ARGET ATRPb 100 2.8 79 12.8 7.6 1.35 

3 Normal ATRPa 30 2.3 91 4.8 6.3 1.33 

4 ARGET ATRPc 30 4.5 93 4.8 4.4 1.30 
a Reaction conditions: [AMA]0/[EBiB]0/[CuCl]0/[bpy]0 = DP/1/2; IPA/H2O = 80/20 (v/v); T = 50 °C; [AMA]0 = 2 M 

b Reaction conditions: [AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0= DP/0.5/2; FRAscA = 43 nmol/min; IPA/H2O = 30/70 (v/v); T = 35 °C; 

[AMA]0 = 2 M 

c Same reaction conditions as those mentioned in entry 2, but with FRAscA = 10 nmol/min 

Initial attempts of the ARGET ATRP of AMA were done by adding the total amount of 

AscA (molar ratio of 0.3 in comparison to the initiator) at the beginning of the 

polymerization. However, a fast reduction of Cu(II) species was observed by the 

disappearance of the green color, characteristic of CuBr2/TPMA complexes, after 

approximately 1 hour of reaction. This resulted in an uncontrolled polymerization (Ð > 

1.5) with limited monomer conversion of 60 %. Alternatively, ascorbic acid was fed to 

the reaction via a syringe pump, to regenerate the Cu(I) activator species in a slow and 

controlled manner. Using this strategy, it was possible to achieve high monomer 

conversion (> 90 %) and controlled polymerizations (Ð ≈ 1.3). The level of control 
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obtained by the new ARGET ATRP was comparable to that of normal ATRP for different 

targeted degree of polymerization (DP) values (Table 6.1). In addition, 1H NMR spectra 

of samples collected during the ARGET ATRP showed that there was no sign of the 

formation of methacrylamide derivatives resultant from the AMA/PAMA rearrangement 

(Figure 6.1), which is known to happen under basic conditions.20, 21  

 

Figure 6.1. 1H NMR spectra, in D2O, of: (a) AMA monomer and (b) to (g) reaction mixture samples 

collected during the ARGET ATRP in water at 35 °C. Reaction conditions: 

[AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 100/1/0.5/02.0; FRAscA = 43 nmol/min; [AMA]0 = 2 M. 

The initial experiments (Table 6.1) indicated that the reaction conditions required 

optimization to achieve control over the ARGET ATRP of AMA. Therefore, a range of 

polymerization conditions were studied to understand their influence on AMA’s 

polymerization.  

6.4.2. Influence of the reaction temperature 

The reports on the controlled polymerization of AMA, either in its t-Boc-protected or 

hydrochloride salt form, employ reaction temperatures of 50 °C20, 21, 29, 32, 40 or higher.25, 26 

To understand the influence of the temperature on the ARGET ATRP of AMA, three 

different temperatures were studied to find a balance between the lowest polymerization 

temperature, while still retaining a good control over the PAMA molecular weight at a 
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reasonable polymerization rate. Table 6.2 shows that the polymerization rate was similar 

for 44 °C and 35 °C. However, at 25 °C the reaction was much slower and, after 5 hours, 

the mixture lost its green color indicating that the CuBr2 was completely reduced. 

Therefore, based on a compromise between the rate of reaction and temperature, 35 °C 

was determined as the optimal value for this study.  

Table 6.2. Kinetic parameters for the ARGET ATRP of AMA at different temperatures. Conditions: 

[AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 100/1/0.3/1.2 with [NaBr]0 = 30 mM; [AMA]0 = 2 M; FRAscA = 

43 nmol/min in IPA/H2O = 50/50 (v/v). 

Entry T (°C) kp
app (h-1) Time (h) Conv. (%) Mn

SEC x 10-3 Ð 

1 44 0.563 3.3 89 9.1 1.40 

2 35 0.545 3.3 77 6.6 1.45 

3 25 0.229 4.5 42 5.7 1.41 

 

In aqueous initiators for continuous activator regeneration (ICAR),41 ARGET31 or 

supplemental activator and reducing agent (SARA)42 ATRP systems of neutral 

monomers, the addition of halide salts (e.g., NaCl and NaBr) enhanced the control over 

the polymerization. The halide salt helps to maintain the sufficiently high concentration 

of the deactivator complex, which can partially dissociate and loose activity in water 

during the polymerization. In the initial experiments (Table 6.1 and Figure 6.2) 30 mM of 

NaBr were added. However, the use of extra halide salt revealed no improvement in the 

control over the polymerization (Figure B.2 in Appendix B), since AMA monomer 

provides intrinsically enough halide anions (Cl-). Therefore, in the remaining experiments 

no additional halide salts were added. 

6.4.3. Influence of the copper concentration 

Typically, ARGET ATRP systems use a lower concentration of catalyst compared to 

normal ATRP. However, for some challenging monomers (e.g., primary amines), higher 

catalyst loadings may be required to effectively control the polymerization. The influence 

of copper concentration on the control of the ARGET ATRP of AMA was evaluated from 

10000 to 3000 ppm (Figure 6.2). The three amounts of deactivator complex studied 

afforded reactions with similar rates of polymerization (Figure 6.2 (a)). When the higher 

amount of CuBr2 was used, the reaction was slightly faster, most probably due to a higher 
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rate of reduction and no induction period was observed. As expected, the increase of the 

deactivator concentration led to better control over the polymerization (Figure 6.2 (b)). 

However, there was a slight increase of the PAMA Ð during the polymerization, 

especially for monomer conversions above ≈ 60%.  

 

Figure 6.2. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and  (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the ARGET ATRP of AMA in 

IPA/H2O = 50/50 (v/v) at 35 °C, using different amounts of deactivator complex. Reaction conditions: 

[AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 100/1/[CuBr2]0/[TPMA]0; FRAscA = 43 nmol/min; [NaBr] = 30 

mM; [AMA]0 = 2 M. 

The deviation of the observed molecular weights from theoretical molecular weights 

(Figure 6.2 (b)) can be attributed to the use of conventional calibration using 

poly(ethylene glycol) standards, which have different hydrodynamic volumes than 

PAMA. Similar limitations have also been reported by other authors in the 

polymerization of AMA20 and other hydrophilic monomers.43-45 Therefore, to confirm the 

level of control obtained during the ARGET ATRP, a sample of PAMA obtained at 86% 

monomer conversion (targeted DP of 100) was isolated from the reaction mixture and the 

molecular weight of the polymer was determined by 1H NMR (see details in Figure B.3 in 

Appendix B) as being Mn
NMR = 17 x 103. This value is much closer to the theoretical 

molecular weight (Mn
th = 15 x 103) than the one obtained by SEC, suggesting that the 

ARGET ATRP is a suitable method for the control polymerization of the primary amine 

monomer. 
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6.4.4. Influence of the solvent mixture composition 

Prior reports have found that the use of 20% of water in the IPA/water solvent mixture for 

the normal ATRP of AMA lead to minimal polymer precipitation during the reaction.20  

However, in this work, the same conditions resulted in complete precipitation of the 

polymer during the reaction, even for a targeted DP as low as 30 (see Figure B.4 in 

Appendix B). To avoid the precipitation of PAMA during the ARGET ATRP several 

ratios of IPA to water were used to polymerize AMA (Figure 6.3).  

 

Figure 6.3. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and  (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the ARGET ATRP of AMA at 

35 °C, using different amounts water in the solvent mixture. Reaction conditions: [AMA]0/[EBPA or 

HBiB*]0/[CuBr2]0/[TPMA]0 = 100/1/0.5/02.0; FRAscA = 43 nmol/min; [AMA]0 = 2 M. 

Polymerization of AMA in IPA/water = 50/50 (v/v) formed minor amounts of precipitate 

during the reaction, and decreasing the amount of IPA to 30% and 0% led to 

homogeneous and precipitate-free polymerizations (see Figure B.5 in Appendix B). 

Overall the results indicate that both control over the molecular weight distribution as 

well as the rate of polymerization are not influenced by increased water content in the 

reaction media.46  

6.4.5. Influence of the ascorbic acid feeding rate 

It has been reported that the feeding rate of the AscA (FRAscA) influences both the 

polymerization rate and the control over the polymers molecular weight.31 Usually, higher 

feeding rates provide faster reactions but poorer control. The FRAscA acid was studied 
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from 10 to 43 nmol/min in the ARGET ATRP of AMA (Figure 6.4). As expected, the 

lowest rate of polymerization was obtained for FRAscA of 10 nmol/min (Figure 6.4 (a)), 

whereas 20 and 43 nmol/min gave higher polymerization rates. Despite the difference in 

polymerization rates, there was no significant improvement of the control over the PAMA 

molecular weight during the polymerization in the range of FRAscA studied (Figure 6.4 

(b)). 

 

Figure 6.4. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and  (b) plot of number–average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the ARGET ATRP of AMA in 

IPA/H2O = 30/70 (v/v) at 35 °C, using different feeding rates of the ascorbic acid. Reaction 

conditions: [AMA]0/[EBPA]0/[AscA]/[CuBr2]0/[TPMA]0 = 100/1/FRAscA/0.5/02.0; [AMA]0 = 2 M. 

6.4.6. Evaluation of the PAMA “livingness” 

A PAMA-Br macroinitiator obtained at high conversion (> 90%) by ARGET ATRP was 

extended with the water-soluble OEOMA475 monomer. The complete shift of the SEC 

trace confirmed the formation of a well-defined block copolymer with Ð = 1.25 (Figure 

6.5). No tailing was observed in the block copolymer molecular weight distribution, 

which suggests that the PAMA-Br prepared by ARGET ATRP retains high chain-end 

functionality. These results present a significant improvement in the controlled synthesis 

of PAMA in comparison with the normal ATRP reported in the literature, which showed 

low chain-end functionality preventing the successful extension of the polymer.32 For the 

first time, it was possible to prepare a well-defined PAMA-based block copolymer using 

AMA as the monomer of the first block. Similar increase on the chain-end functionality 

of polymers prepared by ARGET ATRP was previously reported for the polymerization 
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of styrene.47 This result was attributed to the lower concentration of metal catalyst/ligand 

complex used in ARGET ATRP, in comparison with normal ATRP, which decreased the 

rate of catalyst-induced side reactions.47, 48  

 

Figure 6.5. SEC traces of PAMA before and after the extension with OEOMA475: macroinitiator 

obtained at 93% of monomer conversion (black line) and block copolymer at 90% of AMA 

conversion (red line); first block -  [AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0/[AscA] = 30/1/0.5/2.0/10 

nmol/min; second block - [OEOMA475]0 = 1 M; [OEOMA475]0/[EBPA]0 = 70.  Chain-extension was 

done by “one-pot” ARGET ATRP in IPA/H2O = 30/70 (v/v) at 35 °C; [AMA]0 = 2M; Vsolvent (first 

block) = 860 µL. 

The validation of this hypothesis on the ARGET ATRP of AMA requires further 

investigation. The chemical structure of the PAMA-b-POEOMA was confirmed by 1H 

NMR spectroscopy (Figure 6.6).  

 

Figure 6.6. 400 MHz 1H NMR spectrum, in D2O, of the PAMA-b-POEOMA block copolymer 

obtained by “one-pot” ARGET ATRP.  
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6.4.7. Preparation of PAMA nanogels by ARGET ATRP 

The potential of the ARGET ATRP was explored for the preparation of PAMA-based 

nanogels (see size distribution on Figure 6.7). Nanogels are a diverse class of nano-sized 

hydrogels prepared using inverse miniemulsion and have been used in many biomedical 

applications including as drug or gene delivery agents.49-51  

 

Figure 6.7. Volume distribution of PAMA-based nanogels (NH2-NG) prepared by ARGET ATRP in 

inverse miniemulsion measured using DLS. Samples were measured in 10 mM acetate buffer (pH = 

4.5).  

To demonstrate the feasibility of preparing PAMA-based nanogels by ARGET ATRP, a 

stable and inverse miniemulsion was prepared by ultrassonication using an aqueous phase 

containing AMA and OEOMA300 with an organic phase comprised of Span-80 in 

cyclohexane. The active catalyst was (re)generated by injection of AscA. After 24 hours 

the reaction was stopped, precipitated and purified using dialysis. The nanogels were 

characterized using dynamic light scattering in 10 mM acetate buffer (pH = 4.5) and their 

diameter was determined to be 290±61 nm (Figure 6.7). Due to the cationic nature of 

PAMA at low pH, we anticipate that these nanogels could be promising materials for 

gene delivery applications. 

6.5. Conclusions 

An ARGET ATRP system was developed for the preparation of well-defined PAMA in 

isopropanol/water mixtures or aqueous medium at 35 °C using CuBr2/TPMA as the 

catalytic complex. AscA, which was used as the reducing agent for the regeneration of 
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Cu(I) activator species, had to be slowly feed into the reaction mixture to afford high 

monomer conversions (> 90%) and reasonable control (Ð ≈ 1.3). For the first time, 

PAMA prepared by ATRP techniques retained high chain-end functionality, allowing the 

preparation of a well-defined block copolymer (PAMA-b-POEOMA). The ARGET 

ATRP was also used for the synthesis of PAMA-based nanogels, which can form 

interesting materials for biomedical applications.  
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7.1. Abstract 

Reversible addition-fragmentation chain transfer (RAFT) of N-(3-

aminopropyl)methacrylamide hydrochloride (APMA) using unprotected “clickable” chain 

transfer agents in water/dioxane mixtures is reported. The controlled character of the 

polymerization was confirmed by the linear increase of the polymers molecular weight 

with monomer conversion, narrow molecular weight distributions (Ð ≤ 1.1) and chain 

extension experiments. Alkyne-terminated PAPMA was further functionalized, by “click” 

chemistry, with an azido-functionalized coumarin derivative. The method reported here 

can be very useful for the preparation of novel PAPMA-based materials for biomedical 

applications, using a strategy that does not require troublesome protection/deprotection 

steps. 

7.2. Introduction 

Reversible deactivation radical polymerization (RDRP)1 has been studied for the past two 

decades, as a powerful tool for the preparation of complex polymer structures with well-

defined molecular weight, molecular weight distribution, composition, architecture, 

topology and chain-end functionality. RAFT2 is one of the most versatile RDRP 

techniques, due to its tolerance to different functionalities, range of monomers that can be 

polymerized and diversity of affordable polymer architectures.3 Several polymers, such as 

poly(meth)acrylates,4, 5 poly(meth)acrylamides6-9 and polystyrene,10, 11 have been 

successfully synthesized by RAFT polymerization and used in innumerous applications. 

Special attention is given to polymers with functionalized chain-ends, which can be used 

in further post-modification reactions12-14 to produce very unique polymer structures.  

One of the most popular post-polymerization reactions, involving polymers prepared by 

RDRP, is the Huisgen 1,3-dipolar cycloaddition between azide and acetylene chain-end 

functionalities, mostly catalyzed by copper(I) complexes.15 This type of “click” chemistry 

reactions became very attractive due to its high yield, mild reaction conditions and 

absence of by-products.16  The “click” strategies are particularly useful for the synthesis 

of well-defined block copolymers.17 Using this technique, it is possible to combine 

homopolymers with very distinct natures, derived from monomers with different 
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reactivity, which eventually could not be copolymerized to afford block copolymers using 

the conventional polymerization methods. Also, it is possible to maintain the low 

dispersity (Ð) of the block copolymers, as the building blocks can be synthesized 

separately, by using suitable RDRP techniques, and further coupled by “click” reaction.18 

The combination of RDRP and “click” chemistry has been extensively reported in the 

literature,19-23 as it allows the design of high performance materials with very unique 

structures and properties, which can be applied in relevant areas (e.g., biomedical 

field).24-26 

Polymers with pendant primary amino groups, which can be used for post-polymerization 

modification reactions,27-29 such as Michael addition reactions, are of prime importance 

for the development of new materials for biomedical applications. For instance, APMA 

has been used in the preparation of copolymers and crosslinked micelles for gene 

delivery30, 31 and drug delivery.32-34 The controlled synthesis of this polymer is usually 

performed by RAFT polymerization mediated by 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CTP)35 or by RAFT copolymerization with 

other (meth)acrylamide monomers30-32, 36, 37 or with 2-(diisopropylamino)ethyl 

methacrylate.33, 34 Post-polymerization modification of “controlled/living” poly(N-(3-

aminopropyl)methacrylamide) (PAPMA) typically involves the reaction of the amino 

groups to either prepare shell crosslinked micelles34 or to attach some molecules of 

interest (e.g., D-glucuronic acid sodium salt)38 for the studied application. To the best of 

our knowledge, the chain-ends of “controlled/living” PAPMA have never been used in 

post-polymerization modification reactions. 

Here it is reported the successful synthesis of PAPMA by RAFT polymerization mediated 

by non-protected acetylene or azide functionalized chain transfer agents (CTAs), to allow 

further modification of the PAPMA chain-ends. An alkyne-terminated PAPMA was 

coupled with a biocompatible coumarin derivative, via copper (I) catalyzed azide-alkyne 

cycloaddition, to prove the usefulness of the strategy. The main goal of this work was to 

develop suitable polymerization conditions and an easy procedure for the preparation of 

controlled chain-end functionalized PAPMA which can allow further modifications, 

expanding the range of the applications of this polymer.39 
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7.3. Experimental  

7.3.1. Materials 

Acetic acid glacial (Fisher Scientific, 99.79%), acetone (Fisher Scientific, HPLC grade), 

APMA (Polysciences, > 98%), deuterated chloroform (CDCl3, Euriso-top, 99.5% D), 3-

chloro-1-propanol (Aldrich, 98%), copper (II) sulfate pentahydrate (≥ 98%, Aldrich), 

CTP (Sigma Aldrich, > 97%), dichloromethane (DCM, Fisher Scientific, 99.99%), 

diethyl ether (Fisher Scientific, 99.85%), 4-dimethylaminopyridine (DMAP, Acros 

Organics, 99%), deuterium oxide (D2O, Euroiso-top, 99.90% D), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, Sigma Aldrich, ≥ 98.0%), ethanol (EtOH, 

absolute, Fisher Chemical), ethyl acetate (99.98 %, Fisher Scientific), hexane (Fisher 

Scientific, 99.05%), propargyl alcohol (PgOH, Aldrich, 99%), silica gel (Panreac, 63-200 

µm), sodium ascorbate (crystalline, ≥ 98%, Aldrich) and sodium azide (Panreac, 99%) 

were used as obtained. 

1,4-dioxane (Sigma Aldrich, 99+%) was passed through a basic alumina column before 

use, in order to remove any peroxides.  

4,4′-Azobis(4-cyanovaleric acid) (ACVA) (Aldrich, 75%) was recrystallized from 

methanol before use.  

Deionized water was obtained from a Milli-Q ®, Millipore reverse osmosis unit 

(resistivity = 18.0 MΩ). 

3-azido-7-diethylaminocoumarin was synthesized as reported in the literature.40 

7.3.2. Techniques 

The polymers were analyzed by a size exclusion chromatography (SEC) system equipped 

with an online degasser, a refractive index (RI) detector and a set of columns: Shodex 

OHpak SB-G guard column, OHpak SB-804HQ and OHpak SB-804HQ columns. The 

polymers were eluted at a flow rate of 0.5 mL/min with 0.1 M Na2SO4 (aq)/1 wt % acetic 

acid/0.02 % NaN3 at 40 °C. Before the injection (50 µL), the samples were filtered 
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through a polytetrafluoroethylene (PTFE) membrane with 0.45 µm pore. The system was 

calibrated with five narrow poly(ethylene glycol) (PEG) standards and the polymers 

molecular weights (Mn
SEC) and Ð (Mw/Mn) were determined by conventional calibration 

using the Clarity software version 2.8.2.648. 

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker 

Avance III 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in 

D2O. Conversion of monomers was determined by integration of monomer and polymer 

1H NMR signals using MestRenova software version: 6.0.2-5475. 

Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy was 

performed using a Jasco, model 4000 UK spectrometer. The samples were analyzed with 

64 scans and 4 cm-1 resolution, between 500 and 3500 cm-1. 

7.3.3. Procedures 

Synthesis of the alkyne-CTP  

The synthesis of the alkyne-terminated chain transfer agent was adapted from a procedure 

described in the literature.41 Briefly, a mixture of CTP (700 mg, 2.51 mmol), PgOH (170 

mg, 3.01 mmol) and DCM (40 mL) was added to a round bottom flask equipped with a 

magnetic bar and a rubber stopper. The solution was cooled to 0 °C and purged with 

argon. A solution of EDC (720 mg, 3.76 mmol) and DMAP (50 mg, 0.38 mmol) in DCM 

(10 mL) was added to the flask under argon atmosphere. The mixture was allowed to 

react at 0 °C for 2 h and then at room temperature overnight. The reaction mixture was 

washed with water (100 mL, 3 times) and dried over anhydrous Na2SO4. The DCM was 

removed under reduced pressure and the crude product was purified by column 

chromatography (silicagel, CH2Cl2 and hexane/ethyl acetate = 4/1 (v/v)). The pure 

product (0.60 g, 75 %) was analyzed by 1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 

1.94 (s, 3H, (CN)C-CH3); 2.49 (t, 1H, HC≡C); 2.5-2.8 (t(x2), 4H, -CH2-CH2); 4.72 (d, 

2H, CH2-O-C); 7.4-7.9 (t (x2), d, 5H, ArH). 

Synthesis of the azido-CTP  

The synthesis of the azide-terminated chain transfer agent was adapted from a procedure 

described in the literature.41 Firstly, 3-chloro-1-propanol (3 g, 31.7 mmol) and NaN3 (3.5 
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g, 54.0 mmol) were dissolved in a mixture of acetone (50 mL) and water (5 mL) and 

refluxed overnight. Acetone was removed under reduced pressure and 35 mL of water 

were added to the remaining solution. The product was extracted with diethyl ether (3 x 

70 mL), the organic layer was dried over anhydrous Na2SO4 and the 3-azido-1-propanol 

was obtained as a colorless oil (1.6 g, 50%) after solvent removal under reduced pressure. 

The product was analyzed by FTIR: νmax/cm-1 3340, 2949, 2884, 2098, 1449, 1262, 1051, 

955, 900. In a second step, a mixture of CTP (700 mg, 2.51 mmol), 3-azido-1-propanol 

(380 mg, 3.76 mmol) and DCM (40 mL) was added to a round flask equipped with a 

magnetic bar and a rubber stopper. The solution was cooled to 0 °C and purged with 

argon. A solution of EDC (720 mg, 3.76 mmol) and DMAP (50 mg, 0.38 mmol) in DCM 

(10 mL) was added to the flask under argon atmosphere. The mixture was allowed to 

react at 0 °C for 2 h and then at room temperature overnight. The reaction mixture was 

washed with water (100 mL, 3 times) and dried over anhydrous Na2SO4. The DCM was 

removed under reduced pressure and the crude product was purified by column 

chromatography (SiO2, CH2Cl2 and hexane/ethyl acetate = 4/1 (v/v)). The pure product 

(0.61 g, 67%) was analyzed by 1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 1.94 (s, 3H, -

C(CN)CH3); 2.04-2.18 (m, 2H, -CH2-CH2-N3); 2.30-2.80 (m, 4H, (CN)C-CH2-CH2-

C(=O)); 3.60 (t, 2H, CH2-N3); 4.28 (t, 2H, -CH2-CH2- CH2-N3); 7.40-7.90 (t (x2), d, 5H, 

ArH). 

Typical procedure for the RAFT polymerization of APMA  

APMA (0.5 g, 2.80 mmol) was dissolved in deionized water (1 mL), CTP (7.82 mg, 0.028 

mmol) was dissolved in 1,4-dioxane (0.5 mL) and both solutions were inserted in a 

Schlenk tube reactor. AVCA (1.57 mg, 0.0056 mmol) was weighted and added to the 

reactor, which was subsequently sealed and frozen in liquid nitrogen. The Schlenk tube 

reactor containing the reaction mixture was deoxygenated with four freeze-vacuum-thaw 

cycles and purged with nitrogen. The Schlenk tube reactor was placed in an oil bath at 70 

°C with stirring (700 rpm). Different reaction mixture samples were collected during the 

polymerization by using an airtight syringe and purging the side arm of the Schlenk 

reactor with nitrogen. The samples were analyzed by 1H NMR spectroscopy in order to 

determine the monomer conversion and by aqueous SEC, to determine the molecular 

weights and dispersity of the polymers. The final reaction mixture was dialyzed (cut-off 

3500 Da) against deionized water and the polymer was obtained after freeze drying. The 
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other RAFT polymerizations were conducted under the same procedure described, but 

using alkyne-CTP or azido-CTP as chain transfer agents. 

Typical procedure for the chain extension of PAMA 

A sample of alkyne-terminated PAPMA (Mn
SEC = 10.4 x 103; Mw/Mn = 1.19), obtained 

after dialysis and freeze drying, was used as a macro-CTA in a new RAFT 

polymerization. Briefly, the macro-CTA (43.7 mg, 0.0042 mmol) and APMA (300 mg, 

1.70 mmol) were dissolved in a mixture of water (1.93 mL) and 1,4-dioxane (0.97 mL) 

inside a Schlenk tube reactor. Subsequently, AVCA (0.59 mg, 0.0021 mmol) was 

weighted and added to the reactor, which was immediately frozen in liquid nitrogen. The 

Schlenk tube reactor containing the reaction mixture was deoxygenated with four freeze-

vacuum-thaw cycles, purged with nitrogen and placed in an oil bath at 70 °C with stirring 

(700 rpm). After 24 h of reaction, a sample was collected and analyzed by SEC in order 

to see the movement of the SEC trace towards higher molecular weight, in comparison to 

that of the macro-CTA. 

“Click” reaction between alkyne-terminated PAPMA and (3-azido-7-

diethylaminocoumarin) 

An alkyne-terminated PAPMA sample (Mn
SEC = 8.7 x 103; Ð = 1.08) was purified 

through dialysis (cut-off 3500 Da) against deionized water and the polymer was 

recovered after freeze drying. A solution of (3-azido-7-diethylaminocoumarin) (0.6 mg; 

2.2 µmol) and alkyne-terminated PAPMA (15.6 mg; 1.79 µmol) in deionized water (100 

µL)/EtOH (300 µL) mixture and a stock solution of CuSO4.5H2O (28 mM; 100 µL) in 

deionized water were placed in a round-bottom flask equipped with a magnetic stirrer bar, 

which was sealed with a rubber septum.  The mixture was bubbled with nitrogen for 20 

min to remove oxygen. Finally, a degassed stock solution of sodium ascorbate in water 

(11 mM; 100 µL) was injected into the flask under nitrogen atmosphere. The reaction was 

allowed to proceed with stirring (700 rpm) at room temperature for 96 h. The product was 

purified through dialysis against water, followed by dialysis against ethanol and finally 

water again (cut-off 3500 Da) and recovered by freeze drying. The functionalized 

polymer was analyzed by 1H NMR spectroscopy. 
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7.4. Results and discussion 

7.4.1. RAFT homopolymerization of APMA 

CTP with a phenyl Z group that strongly stabilizes the intermediate radical has already 

been used for the successful RAFT polymerization of a wide range of activated 

monomers, including both acrylamide and methacrylamide monomers.8, 35, 42 To the best 

of our knowledge, there are only two reports that show kinetic data regarding the RAFT 

of APMA using CTP as a chain transfer agent.35, 36 Other publications report the synthesis 

of responsive block copolymers including PAPMA segments, mainly with the purpose to 

be used on the biomedical field.30-34, 36, 37 In this work, the RAFT system described in the 

literature for the successful polymerization of PAPMA35, 36 was used as a starting point 

for the evaluation of the synthesized “clickable” CTAs chain transfer activity. Alkyne- 

and azido-CTP derivatives (Figure 7.1) were prepared by esterification with PgOH (with 

no protection of the alkyne termini) and 3-azido-1-propanol, respectively, following 

procedures reported elsewhere41 (see Figure C.1 in Appendix C). The chemical structure 

and purity of the CTAs were confirmed by 1H NMR spectroscopy (see Figure C.2 in 

Appendix C) to ensure that all RAFT polymerizations were performed using the same 

conditions and free of significant impurities, allowing the data comparison. The 

polymerizations were conducted at 70 °C using a solvent mixture of water/1,4-dioxane = 

2/1 (v/v) and ACVA as the initiator, under nitrogen atmosphere. The pH of the reaction 

mixture was measured before the polymerization to ensure a value between 4 and 5, in 

order to avoid CTP hydrolysis and/or aminolysis.43 It is worth to mention that no pH 

adjustment was necessary in the polymerizations. Monomer conversions were determined 

by 1H NMR spectroscopy, comparing the integrals of the vinyl protons of the monomer at 

5.80-5.35 ppm and the methylene protons of the PAPMA backbone at 1.25-0.70 ppm.  

 

Figure 7.1. Chemical structures of both alkyne-CTP and azido-CTP. 
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Initially, both alkyne-CTP and azido-CTP were tested in the RAFT polymerization of 

APMA for different targeted degree of polymerization (DP) values, using the same 

experimental conditions. The kinetic parameters presented in Table 7.1 show that both 

CTAs were able to mediate a successful RAFT polymerization of APMA for different 

chain lengths, as judged by the very low Ð values. Polymerization control decreased for 

shorter polymer chains, as expected, but still affording PAPMA with narrow molecular 

weight distribution (Ð ≈1.2). 

Table 7.1. Kinetic parameters for the RAFT polymerization of APMA, using azido-CTP or alkyne-

CTP, in water/1,4-dioxane = 2/1 (v/v) at 70 °C. Conditions: [APMA]0 = 1.87 M; [ACVA]0 = 0.5 (molar 

ratio in comparison to the CTA number of moles). 

Entry CTA Targeted DP Time (h) Conv. (%) Mn
SEC x 10-3 Ð 

≡PAPMA25
a alkyne-CTP 25 5 82 10.4 1.19 

≡PAPMA50 alkyne-CTP 50 18 98 29.4 1.08 

≡PAPMA100 alkyne-CTP 100 4 95 25.1 1.07 

N3PAPMA25 azido-CTP 25 4 94 16.2 1.21 

N3PAPMA100 azido-CTP 100 4 50 19.1 1.11 

 a An ACVA molar ratio of 0.2 was used in this polymerization. 

Kinetic studies were conducted in order to evaluate the usefulness of the synthesized 

CTAs on the control of the PAPMA molecular weight during the polymerization. Under 

the experimental conditions used in this work, the maximum monomer conversion 

achieved (red symbols in Figure 7.2) in the RAFT of APMA mediated by CTP was lower 

than that reported in the literature.35 Taking this into consideration, the reaction was done 

three times and the same results were obtained in all cases. Nevertheless, the control over 

the polymer molecular weight was very good, as the Ð was always lower than 1.1, with 

the exception of the first kinetic point (Figure 7.2 (b)). In addition, the SEC traces (see 

Figure C.3 in Appendix C) of the different samples were unimodal and symmetric with 

no tailing, suggesting no termination reactions during the polymerization. In terms of 

monomer conversion evolution, the results were consistent with the literature, showing 

first-order kinetics with respect to monomer conversion (Figure 7.2 (a)).  

It has been reported that the use of unprotected alkyne-terminated CTAs could interfere 

with the RAFT polymerization process.41 The synthesized unprotected alkyne-CTP was 
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used to mediate the RAFT polymerization of APMA under the same conditions 

previously described for the CTP.  

 

Figure 7.2. (a) Kinetic plots ln[M]0/[M] vs. time and  (b) plot of number-average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular 

weight at a given conversion) for the RAFT of APMA at 70 °C in water/1,4-dioxane = 2/1 (v/v) 

mixture, using CTP (red symbols) and alkyne-CTP (black symbols) as a CTA. Reaction conditions: 

[APMA]0/[CTA]0/[ACVA]0 = 100/1/0.5; [APMA]0 = 1.87 M. 

The kinetic results presented in Figure 7.2 (black symbols) show that the alkyne-CTP has 

a higher chain transfer activity than the CTP, as high monomer conversion (≈ 95%) was 

achieved after 4 h of reaction. This behavior can be attributed to the reported strong 

dependence between the nature of the CTAs R group and their efficiency, considering 

that both CTAs have the same Z group.3 The polymers molecular weight was well 

controlled throughout the polymerization (Ð < 1.1) and the molecular weight distribution 

was characterized by unimodal SEC traces (see Figure C.4 in Appendix C). Despite the 

low Ð values, the experimental molecular weights of PAPMA determined by SEC were 

not in close agreement with the corresponding theoretical ones (Figure 7.2 (b)). The 

observed differences can be explained considering that the molecular weight values were 

determined by conventional calibration using PEG standards, which have a different 

hydrodynamic volume than PAPMA. These results are extremely promising, since it was 

shown that alkyne-terminated PAPMA could be prepared and directly used in further 

“click” reactions, without the need of protection-deprotection steps. 

Alternatively to the use of the alkyne functionality, one can take advantage of azide-

terminated polymers for “click” chemistry purposes. An experimental study reported by 
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Ladmiral and co-workers showed that azido-groups can undergo 1,3-cycloaddition with 

the double bond of some monomers, in the absence of catalyst, especially for long 

reaction times and high temperatures.44 In the case of APMA RAFT polymerization, the 

results suggested that the occurrence of this type of side reactions can be neglected, as the 

Ð of the polymer decreased with the polymerization time (Figure 7.3 (b)). The low 

reactivity of acrylamides as well as the presence of the methylene group at the double 

bond of APMA, which causes steric hindrance, may prevent this type of side reactions. 

 

Figure 7.3. (a) Kinetic plots ln[M]0/[M] vs. time and  (b) plot of number-average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular 

weight at a given conversion) for the RAFT of APMA at 70 °C in water/1,4-dioxane = 2/1 (v/v) (black 

symbols) and water/1,4-dioxane = 1/1 (v/v) (red symbols) mixtures. Reaction conditions: 

[APMA]0/[azido-CTP]0/[ACVA]0 = 100/1/0.5; [APMA]0 = 1.87 M. 

In addition, it was possible to confirm the polymers functionality by identifying the –CH2 

protons near the N3 group by 1H NMR spectroscopy (Figure 7.5 (b)). Nevertheless, the 

kinetic results showed that the azido-CTP did not allow the level of control over PAPMA 

molecular weight as both CTP and alkyne-CTP did, for the same experimental conditions 

(black symbols in Figure 7.3). The Ð of the polymers was slightly higher, mostly due to 

the presence of tailing in the molecular weights distribution curves (Figure 7.4 (a)). This 

observation can be due to some radical termination reactions occurred in the beginning of 

the polymerization. By comparing the area of the low molecular weight shoulder with the 

total area of the SEC chromatogram, it was possible to estimate that after 30 min of 

polymerization there were ≈ 27% of dead polymer chains. The poor control exhibited by 

the azido-CTP could potentially be associated to the low solubility of this compound in 

the reaction solvent mixture, even at 70 °C. In comparison with both CTP and alkyne-
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CTP, the azido-CTP R group has a longer aliphatic chain (Figure 7.1), which decreases its 

solubility in water. In order to confirm this hypothesis, the effect of the solvent mixture 

composition on the control of the RAFT polymerization of PAPMA, mediated by the 

azido-CTP, was also examined.  

 

Figure 7.4. SEC chromatograms of PAPMA samples during the RAFT polymerization at 70 °C in (a) 

water/1,4-dioxane = 2/1 (v/v) mixture and (b) water/1,4-dioxane = 1/1 (v/v) mixture. Conditions: 

[APMA]0/[azido-CTP]0/[ACVA]0 = 100/1/0.5; [APMA]0= 1.87 M. 

The percentage of dioxane in the solvent mixture was increased up to 50% and the other 

experimental conditions were conserved. The results showed that significant 

improvements were achieved in terms of polymerization control, with 64% decrease in 

the PAPMA dead chains (Figure 7.4 (b)), as well a 39% increase in the maximum 

monomer conversion achieved (red symbols in Figure 7.3). In addition, better control was 

obtained as the Ð of PAPMA was lower and the experimental molecular weights were 

closer to the theoretical ones (dashed line in Figure 7.3 (b)). These results corroborate the 

idea that the poorer control exhibited by the azido-CTP, in this particular RAFT system, 

was related with its solubility in the reaction solvent mixture. Some authors suggested 

that the marked chain transfer activity differences between “clickable” CTAs, derived 

from the same molecule, could be related to both the leaving ability and the reinitiating 

ability of each R group.9 However, this work shows that it is also important to consider 

other reaction parameters, namely the type of solvent, and make small adjustments in 

order to improve the CTAs efficacy. 
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7.4.2. 1H NMR analysis and chain extension reaction 

The chemical structure of low molecular weight “clickable” polymers prepared by RAFT 

polymerization was confirmed by 1H NMR spectroscopy. Figure 7.5 (a) presents the 1H 

NMR spectrum of a purified alkyne-terminated PAPMA sample. The characteristic 

signals of the PAPMA structure shown at 3.23 ppm (f) (2H, -CH2-CH2-NH2), 3.06 ppm 

(d) (2H, -NH-CH2-CH2-), 1.91 ppm (e) (2H, -CH2-CH2-NH2), 1.76 ppm (b) (2H, C-CH3-

CN-CH2-C-) and 1.25-0.70 ppm (c) (3H, -CCH3S-), were in agreement with the data 

reported in the literature.35, 36 It was also possible to identify the alkyne chain-end (a) (1H, 

CH≡C, 2.63 ppm)45 from the alkyne-CTP, which confirms the retention of the 

functionality. The same analysis was done to the N3-terminated PAPMA (Figure 7.5 (b)), 

which proved to have the methylene protons (i and g) associated to the azido-CTP R 

group (4H, N3-CH2-CH2-CH2-), while the signal of the methylene protons (h) (2H, N3-

CH2-CH2-CH2-) was overlapped with the signals (m) and (j). It was not possible to 

determine both the percentage of functionality and the average-number molecular weight 

(Mn
NMR) of the PAPMA samples by 1H NMR spectroscopy, since the protons of the 

aromatic ring (Z group) were partially overlapped with –NH protons of the polymers. 

 

Figure 7.5. 400 MHz 1H NMR spectra, in D2O, of (a) alkyne-terminated PAPMA (Mn
th = 3.7 x 103; 

Mn
SEC = 10.4 x 103; Ð = 1.19) and (b) azide-terminated PAPMA (Mn

th = 4.5 x 103; Mn
SEC = 16.3 x 103; 

Ð = 1.21) obtained by RAFT polymerization.  
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One of the most effective ways to demonstrate the “livingness” of the polymers is by 

performing a chain extension reaction, in which the polymerization is reinitiated from a 

macro-CTA. A sample of alkyne-terminated PAPMA (Mn
SEC = 10.4 x 103; Ð = 1.19), 

prepared by RAFT polymerization, was isolated by extensive dialysis (cut-off 3500 Da) 

against deionized water (pH ≈ 5). This polymer was then used as a macro-CTA in a self-

blocking experiment with a targeted DP of 400. Figure 7.6 shows the clear shift of the 

molecular weight distribution curve of the macro-PAPMA towards higher molecular 

weight values, confirming the “living” character of the polymer. It is also important to 

note that the resultant extended PAPMA presented some low molecular weight tailing as 

well as higher Ð than the macro-CTA. This result can be due to the occurrence of some 

radical termination reactions or due to partial macro-CTA hydrolysis during the 

purification process by dialysis, which may have decreased the macro-CTA efficiency, as 

reported by other authors for similar polymers.42 The same experiment was done using an 

azide-terminated PAPMA sample and the results obtained were similar to those of the 

alkyne-terminated PAPMA chain extension (see Figure C.5 in Appendix C). 

 

Figure 7.6. SEC traces of the macro-PAPMA (alkyne-terminated) and extended PAPMA obtained in 

a RAFT polymerization at 70 °C in water/1,4-dioxane = 2/1 (v/v). 

7.4.3. Functionalization of alkyne-PAPMA by “click” chemistry 

In order to prove the reactivity of the “click” moieties introduced in the PAPMA 

structure, an alkyne-terminated PAPMA sample was functionalized with a biocompatible 

azido-terminated coumarin derivative (3-azido-7-diethylaminocoumarin), via copper(I) 

catalyzed azide-alkyne cycloaddition. The success of the “click” reaction was confirmed 

by the appearance of the triazole ring proton signal (g) at 8.47 ppm46 in the 1H NMR 

spectrum of the functionalized polymer (Figure 7.7). Besides the functionalization 
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through “click” chemistry, PAPMA structure allows further modification through other 

strategies involving the reaction of the amino-groups, such as Michael addition 

reactions,37 to expand the range of structures/applications of this polymer. Due to the 

biorelevance of coumarin47 as well as the possibility of double functionalization of the 

alkyne-functionalized PAPMA, it is expected that the strategy reported here will allow 

the preparation of complex polymeric structures useful for biomedical applications. 

 

Figure 7.7. 400 MHz 1H NMR spectrum, in D2O, of purified coumarin-functionalized PAPMA 

obtained by a “click” reaction. 

7.5. Conclusions 

The synthesis of “clickable” PAPMA by RAFT polymerization, using azido-CTP or 

alkyne-CTP as chain transfer agents without any protection/deprotection steps is reported. 

Both “clickable” CTAs exhibited similar or higher chain transfer activity when compared 

to the commercial analogue CTP, under the experimental conditions used. The control 

over the PAPMA molecular weight was very good, as the polymers dispersity was lower 

than 1.1 during the polymerization. Chain extension experiments demonstrated the 

“livingness” of the synthesized PAPMA. The retention of the “clickable” chain-end 

functionality was confirmed by 1H NMR spectroscopy. In addition, the alkyne-terminated 

PAPMA was functionalized with a biocompatible coumarin molecule by “click” 

chemistry, resulting in a material that could be applied in the biomedical field. 
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8.1. Abstract 

This work reports the synthesis of a new generation of tailor-made polymeric bile acid 

sequestrants (BAS) by supplemental activator and reducing agent atom transfer radical 

polymerization (SARA ATRP) using ecofriendly conditions. The new materials were 

based on amphiphilic poly(methyl acrylate)-b-poly((3-

acrylamidopropyl)trimethylammonium chloride) (PMA-b-PAMPTMA) star block 

copolymers and PAMPTMA-based cationic hydrogels. The in vitro bile acids 

sequestration ability of the polymers was investigated in simulated intestinal fluid (SIF) 

using sodium cholate (NaCA) as the bile salt model molecule. Both polymeric structures 

investigated showed to have higher affinity towards NaCA micelles than unimers. The 

cationic hydrogels proved to be attractive BAS candidates, with binding parameters 

similar to those of the commercial BAS Colesevelam hydrochloride. Several polymer 

features, such as the length of the cationic arms, were investigated for the amphiphilic star 

block copolymers in order to understand the structure/performance relationship. It was 

found that the binding parameters can be tuned by targeting different compositions of the 

block copolymers and, typically, longer cationic arms led to enhanced binding capacity. 

Finally, both PMA and PAMPTMA polymeric segments showed no sign of degradation 

in solutions mimicking the gastrointestinal (GI) tract conditions. 

8.2. Introduction 

Polymeric BAS are polymers used as therapeutic agents for the treatment of 

hypercholesteremia.1 These polymers can selectively bind and remove bile salts from the 

enterohepatic circulation, which will ultimately lead to the reduction of the plasma 

cholesterol level.2 Unlike statins, which act directly on the cholesterol synthesis by 

inhibiting the HMG-CoA reductase, the BAS mechanism of action is restricted to the GI 

tract.3, 4 Therefore, there are several advantages associated with the use of BAS over 

statins, such as the absence of complications in the liver by long-term administration and 

the fact that BAS can be safer for pregnant women or patients with hepatic dysfunction.5 

Currently, there are a few BAS available on the market, being Colesevelam hydrochloride 

(Welchol® or Cholestagel®) the most recent and effective one.6 However, the therapeutic 
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efficacy of BAS is still rather low in comparison to statins. This output is mainly due to 

the low selectivity of BAS for trihydroxylic bile acids, as well as the fast dissociation of 

the BAS-bile acid complex in the presence of the active bile acids reuptake transporter 

system of the GI tract.3 Therefore, high doses of BAS (16-24 g/day) are usually required 

to produce desirable therapeutic effects, which most of the times results in poor patient 

compliance.  

There are several reports in the literature dedicated to the preparation of BAS.7-13 Cationic 

hydrogels based on (meth)acrylates, vinyl polymers, allyl polymers, 

poly(meth)acrylamides and polyethers are the most common used polymeric structures. 

Also, polymers based on polystyrene backbones (as a hydrophobic segment), containing 

amine/ammonium pendant groups (as a cationic, hydrophilic segment) have been 

employed.2, 3, 14 It is known that the binding process is mainly ruled by both electrostatic 

and hydrophobic interactions.15 Therefore, an appropriate balance between the charged 

groups and the hydrophobic segments of the polymer is required in order to achieve high 

maximum binding capacity. In addition, the degree of crosslinking of the hydrogel 

(swelling characteristics) should be adjusted to allow the diffusion of bile acids through 

the polymer network. Despite the findings on the importance of controlling the BAS 

structure, these materials have been prepared mainly by conventional polymerization 

techniques, which hamper any fine control over the polymeric structures.  To the best of 

our knowledge, there is only one work11, 16 which describes the controlled synthesis of 

polystyrene-b-poly(N,N,N-trimethylammoniumethylene acrylamide chloride) block 

copolymers by anionic polymerization, as new BAS candidates. However, the reaction 

conditions employed were very strict (e.g., T = -78 °C) and it was necessary to perform 

post-polymerization reactions to obtain the cationic segment. Reversible deactivation 

radical polymerization (RDRP) techniques could be a very useful tool for the design of 

tailor-made BAS. By this mean, it could be also possible to deepen the understanding of 

the polymer structure-performance relationship. 

The aim of this work was to prepare alternative structures to the commercial hydrogels, 

namely amphiphilic star block copolymers, using an ecofriendly SARA ATRP system. To 

the best of our knowledge, this is the first time that such polymer structures are studied as 

potential BAS. Controlled PAMPTMA-based cationic hydrogels were also synthesized by 
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SARA ATRP to assess the influence of the architecture on the performance of the 

materials. The binding capacity of the synthesized polymers was evaluated by in vitro 

equilibrium binding experiments with NaCA. 

8.3. Experimental 

8.3.1. Materials 

Acetonitrile (high-performance liquid chromatography (HPLC) grade, Fisher Chemical), 

((3-acrylamidopropyl)trimethylammonium chloride) (AMPTMA, solution 75 wt. % in 

H2O, Aldrich), alumina (basic, Fisher Scientific), 1,4 butanediol diacrylate (BDDA, 

99+%, Alfa Aesar), CuBr2 (Acros, 99+% extra pure, anhydrous), CuCl2 (99% Sigma 

Aldrich), NaCA (99% Acros Organics), deuterated chloroform (CDCl3, 99.8% 

Cambridge Isotope Laboratories), deuterated ethanol ( Ethanol-d6, +99.90%, Cambridge 

Isotope Laboratories), deuterium oxide (99.9%, Cambridge Isotope Laboratories), 

dimethylformamide (DMF, Sigma-Aldrich, +99.8%), potassium dihydrogen phosphate 

(Merck), ethanol (99.5%, Panreac), ethyl 2-chloropropionate (ECP, 97%, Aldrich), 

hydrochloric acid (37%, Fisher Scientific), pancreatin from porcine pancreas (Sigma), 

pepsin (Sigma Aldrich), phosphoric acid (85 % Fisher Scientific), Potassium hydrogen 

phosphate (Merck), sodium chloride (99.5%, Acros Organics), tetrabutylammonium 

hydroxide 30-hydrate (≥ 99.0%, Sigma-Aldrich) and tetra(ethylene glycol) diacrylate 

(TEGDA, Sigma Aldrich) were used as received.  

Colesevelam hydrochloride was kindly supplied by Bluepharma and it was used as 

received. 

Dipentaerythritol hexakis(2-bromoisobutyrate) (6f-BiB),17 pentaerythritol tetrakis(2-

bromoisobutyrate) (4f-BiB)17 and tris[2-(dimethylamino)ethyl]amine (Me6TREN)18 were 

synthesized according the procedures described in the literature. 

Metallic copper (Cu(0), d = 1 mm, Sigma Aldrich) was washed with HCl in methanol and 

subsequently rinsed with methanol and dried under a stream of nitrogen following the 

literature procedure.19 
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Methyl acrylate (MA) (Acros, 99% stabilized), was passed through a sand/alumina 

column before use in order to remove the radical inhibitor.  

Purified water (Milli-Q®, Millipore, resistivity >18 MΩ.cm) was obtained by reverse 

osmosis. 

Simulated gastric fluid (SGF) was prepared by dissolving sodium chloride (100 mg) and 

pepsin (160 mg) in hydrochloric acid (350 µL) and the volume was adjusted to 50 mL 

with water to give a solution with pH = 1.2. 

SIF was prepared by dissolving potassium hydrogen phosphate (203 mg), potassium 

dihydrogen phosphate (182 mg) and pancreatin (500 mg) in water (40 mL). The pH was 

adjusted with 0.2 N NaOH or 0.2 N HCl to 6.8 and the volume was completed to 50 mL 

with water. 

8.3.2. Techniques 

PAMPTMA samples were analyzed by a size exclusion chromatography (SEC) system 

equipped with an online degasser, a refractive index (RI) detector and a set of columns: 

Shodex OHpak SB-G guard column, OHpak SB-804HQ and OHpak SB-804HQ columns. 

The polymers were eluted at a flow rate of 0.5 mL/min with 0.1 M Na2SO4 (aq)/1 wt% 

acetic acid/0.02% NaN3 at 40 °C. Before the injection (50 µL), the samples were filtered 

through a polytetrafluoroethylene (PTFE) membrane with 0.45 µm pore. The system was 

calibrated with five narrow poly(ethylene glycol) standards and the polymers molecular 

weights (Mn
SEC) and Ð (Mw/Mn) were determined by conventional calibration using the 

Clarity software version 2.8.2.648. 

PMA samples were analyzed by a high performance size exclusion chromatography 

HPSEC; Viscotek (Viscotek TDAmax) with a differential viscometer (DV), right-angle 

laser-light scattering (RALLS, Viscotek), low-angle laser-light scattering (LALLS, 

Viscotek) and RI detectors. The column set consisted of a PL 10 mm guard column (50 × 

7.5 mm2) followed by one Viscotek T200 column (6 µm), one MIXED-E PLgel column 

(3 µm) and one MIXED-C PLgel column (5 µm). HPLC dual piston pump was set with a 

flow rate of 1 mL/min. The eluent (THF) was previously filtered through a 0.2 µm filter. 
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The system was also equipped with an on-line degasser. The tests were done at 30 °C 

using an Elder CH-150 heater. Before the injection (100 µL), the samples were filtered 

through a PTFE membrane with 0.2 µm pore. The system was calibrated with narrow 

polystyrene standards. The dn/dc was determined as 0.063 for PMA. Molecular weight 

(Mn
SEC) and Ð of the synthesized polymers were determined by Multidetectors calibration 

using OmniSEC software version: 4.6.1.354. 

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker 

Avance III 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in 

D2O or CDCl3. Conversion of monomers was determined by integration of monomer and 

polymer NMR signals using MestRenova software version: 6.0.2-5475.  

Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy was 

performed using a Jasco, model 4000 UK spectrometer. The samples were analyzed with 

64 scans and 4 cm-1 resolution, between 500 and 3500 cm-1. 

The concentration of free NaCA remaining after the equilibrium binding experiments was 

determined by HPLC. The analyses were conducted at 25 °C using an Agilent Zorbax 

ODS, 5µm, 4.6 x 250 mm column, under isocratic elution. The mobile phase used was 20 

mM tetrabutylammonium hydroxide 30-hydrate (pH adjusted to 7.5 with phosphoric 

acid)/acetonitrile = 55/45 (v/v), with a flow rate of 0.7 mL/min. The NaCA was detected 

by ultraviolet light at 210 nm. A NaCA standard calibration curve (R2 > 0.99) was 

constructed for the quantification of the NaCA present in the injected sample. For the 

quantification of low concentrations (0.1‒3 mM), a 200 µL injection loop was used. For 

concentrations above 3 mM, a 20 µL injection loop was used. To check the system 

stability, one NaCA standard solution was injected after every 10 sample injections. 

Isothermal titration calorimetry (ITC) analyses were performed on a VP-ITC instrument 

from MicroCal (Northampton, MA) with a reaction cell volume of 1410.9 μL, containing 

an amphiphilic star block copolymer solution, at 37 °C. A 5 mM solution of NaCA was 

injected at a speed of 0.5 μL.s−1, stirring speed was 459 rpm, and the reference power was 

10 µcal.s−1. As recommended by the manufacturer, a first injection of 4 μL was 

performed before the experiment was considered to start, to account for diffusion 

from/into the syringe during the equilibration period. The titration proceeded with 
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additions of 10 μL per injection. All solutions were previously degassed for 15 min under 

reduced pressure. 

The content of nitrogen in the amphiphilic star block copolymers was determined by 

elemental analysis using a Fisons - EA-1108 CHNS-O Element Analyzer. 

8.4. Procedures 

Typical procedure for the preparation of amphiphilic star block copolymers by 

SARA ATRP  

A series of amphiphilic star block copolymers were synthesized by SARA ATRP, varying 

the number of arms of the star and the degree of polymerization (DP) of both MA and 

AMPTMA monomers. Generally, the SARA ATRP followed this procedure: a solution of 

CuBr2 (1.2 mg, 5.5 µmol) and Me6TREN (6.4 mg, 27.6 µmol) in water (0.2 mL) and a 

solution of 4f-BiB (40.4 mg, 55.2 µmol) in ethanol (0.8 mL) and MA (2.0 mL, 22.1 

mmol), were added to a 10 mL Schlenk tube equipped with a magnetic stirrer bar. Next, 

Cu(0) wire (l = 5 cm; d = 1 mm) was added to the Schlenk tube, which was sealed with a 

glass stopper, deoxygenated with three freeze-vacuum-thaw cycles and purged with 

nitrogen. The reaction was allowed to proceed with stirring (700 rpm) at 30 °C. When 

MA reached high conversion, one sample was collected and analyzed by 1H NMR 

spectroscopy in order to determine the monomer conversion, and by SEC to determine the 

Mn
SEC and Ð of the polymer. Then, the reaction mixture (Br‒PMA macroinitiator) was 

transferred to a 25 mL Schlenk flask containing a degassed mixture of AMPTMA (3.8 

mL, 13.8 mmol), CuBr2 (12.3  mg, 55.2 µmol), Me6TREN (7.6 mg, 33.1 µmol),  Cu(0) 

wire (l = 10 cm; d = 1 mm), water (0.1 mL) and ethanol (5.2 mL), under nitrogen. The 

second monomer (AMPTMA) was allowed to react at 30 °C for 20 h. The product 

solution was purified through dialysis (cut-off 3500 Da) against ethanol and then water 

and the amphiphilic star block copolymer was recovered after freeze drying. The polymer 

was analyzed by elemental analysis in order to estimate the DP of the AMPTMA. 
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Typical procedure for the preparation of hydrogels by SARA ATRP 

Several PAMPTMA-based hydrogels were synthesized by SARA ATRP, using two 

different crosslinkers (BDDA and TEGDA). Generally, the SARA ATRP followed this 

procedure: a solution of CuCl2 (5.4 mg, 40.0 µmol) and Me6TREN (21.5 mg, 80.6 µmol) 

in water (760 µL) and a solution of ECP (11.3 mg, 80.6 µmol) in ethanol (1.26 mL), 

AMPTMA (2.0 mL, 8.05 mmol) and TEGDA (244 mg, 0.8 mmol), were added to a 10 

mL Schlenk tube equipped with a magnetic stirrer bar. DMF (30 µL) was added to the 

mixture to serve as the internal standard for the determination of the monomers 

conversion by 1H NMR spectroscopy. Next, Cu(0) wire (l = 5 cm; d = 1 mm) was added 

to the Schlenk tube, which was sealed with a glass stopper, deoxygenated with three 

freeze-vacuum-thaw cycles and purged with nitrogen. The reaction was allowed to 

proceed with stirring at room temperature during 24 h. Finally, the reaction mixture was 

washed several times with ethanol and water and the hydrogel was recovered by freeze 

drying. 

Swelling tests 

The hydrogel samples were soaked in SIF (without pancreatin) for 24 h at 37 °C (100 

rpm), and then centrifuged sufficiently to pellet the swollen polymer. The supernatant was 

discarded and the remaining water was gently removed using filter paper. The swelling 

capacity of the hydrogels was determined from Equation 8.1: 

   
w - ws dSwelling capacity(%) = ×100

wd

   (Equation 8.1) 

In the Equation 8.1, ws is the weight of the swollen sample after immersion and wd is the 

weight of the dry sample before immersion. The samples were analyzed in duplicate. 

In vitro degradation studies 

The degradation of linear PAMPTMA and star-shaped PMA was evaluated in both SGF 

and SIF solutions. Briefly, 30 mg of purified polymer was immersed in 3 mL of each 

solution in 10 mL screw-cap glass tubes. The samples were incubated at 37 °C under 

continuous shaking at 100 rpm. After a predetermined incubation time (2 h for SGF and 3 
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h for SIF), the samples were analyzed by SEC and NMR to evaluate the extent of 

degradation. The experiments were done in triplicate. 

Cholic acid sodium salt equilibrium binding experiments 

The equilibrium binding studies were performed by varying the initial concentration of 

NaCA ([NaCA]0) in the SIF (without pancreatin). For each polymer, eight incubation 

flasks containing a 10 mg sample were set up. Next, 2 mL of SIF were added to the flasks 

and the polymers were allowed to soak at room temperature overnight. In the following 

day, predetermined volumes of SIF and 40 mM stock solution of NaCA were added to the 

flasks to make the final volume of the solvent mixture 10 mL with target concentrations 

of 0.1, 0.3, 1, 3, 7, 10, 20 and 30 mM. A blank incubation tube containing just 10 mL of 

SIF (control) was also prepared for each polymer. The nine flasks were incubated at 37 

°C (100 rpm) for 24 h and then filtered. The hydrogel samples were filtered with 

polyvinylidene fluoride (PVDF) syringe filters (0.45 µm), while the amphiphilic star 

block copolymers were filtered using Macrosep® Advance Centrifugal Devices With 

Supor® Membrane 10 kDa (Pall Corporation). The first 5 mL of filtrate were discarded 

and then an aliquot of 2.5 mL was collected for further analysis. The filtrates were 

analyzed by HPLC in order to determine the free concentration of NaCA. The amount of 

NaCA bonded to the polymers was calculated from the difference between the initial 

amount of NaCA introduced in the binding assays and the amount of free NaCA in the 

filtrates. The Hill equation (Equation 8.2) was used to fit the experimental data and to 

deterrmine the binding parameters for each polymer, using the SigmaPlot software.                               

n n
q × K × Cmax eq =e n n

1+ K × Ce
     (Equation 8.2) 

In the Equation 8.2, qe is the ammount of NaCA bonded to the polymer in mg/g polymer, 

qmax is the apparent maximum amount of NaCA binded to the polymer (binding capacity) 

in mg/g polymer, K is the intrinsic binding constant (relative to the strength of binding) in 

L·mg-1, Ce is the free NaCA concentration in mg/L and n is the cooperative parameter 

(measure of the cooperativity of binding). For n = 1, the Equation 8.2 corresponds to the 

Langmuir isotherm (noncooperative binding). 
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8.5. Results and discussion 

8.5.1. Polymer synthesis and characterization 

The potential of the SARA ATRP method to produce unique and controlled polymeric 

structures was explored for the preparation of novel BAS candidates based on star-shaped 

amphiphilic block copolymers. These copolymers were designed to contain a PMA 

hydrophobic core, which could avoid the dissolution of the polymer in aqueous 

environment, and cationic PAMPTMA hydrophilic arms, that could be able to bind bile 

salts (Figure 8.1). In this case, the binding of bile acids through electrostatic interactions 

should not be affected by the changes in the pH value along the intestine environment, 

due to the presence of permanent positive charges in the polymeric hydrophilic segment. 

It is also expected that the star-shaped architecture could provide high surface area that 

could favor the binding process. In addition, it is known that star-shaped amphiphilic 

polymers can form very stable nanoassemblies in solution in a vast range of 

concentrations, in opposition to micelles formed by the self-assembly of linear 

amphiphilic block copolymers.20  

 

Figure 8.1. Generic structure of the amphiphilic star block copolymers (PMA-b-PAMPMTA) 

prepared by SARA ATRP. 

Star-shaped polymeric architectures with controlled structure can only be prepared by 

advanced polymerization techniques, such as ATRP. Previous publications by our 

research group21, 22 reported the development of ecofriendly SARA ATRP systems for the 

synthesis of both PMA and PAMPTMA in ethanol/water mixtures near room 

temperature. In this work, the SARA ATRP method developed was extended to the 

preparation of the new star-shaped PMA-b-PAMPTMA block copolymers by “one-pot” 

polymerization in ethanol/water = 80/20 (v/v). The direct copolymerization of MA and 
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AMPTMA is a notable achievement, considering the very different nature of these two 

monomers. However, due to solubility issues, it was not possible to find an appropriate 

solvent for the SEC analysis, in order to determine both block copolymers molecular 

weight and dispersity. Alternatively, the molecular weight of the block copolymers was 

estimated taking into account the molecular weight of the star-shaped PMA (first stage of 

the polymerization), which was determined by SEC in THF, and the content of nitrogen 

from the PAMPTMA block on the final block copolymer. Additionally, the success of the 

copolymerization was confirmed by the appearance of the characteristic adsorption bands 

of the PAMPMTA block in the FTIR spectrum of the copolymers (Figure 8.2): quaternary 

ammonium group at 1470 cm−1; N–H stretching at 1540 cm-1 and C=O stretching at 1630 

cm-1.23 

 

Figure 8.2. FTIR spectra of PMA, PAMPTMA and amphiphilic star block copolymer (PMA-b-

PAMPTMA) samples prepared by SARA ATRP. 

 

Block copolymers with different targeted properties, such as the number of arms, were 

prepared in order to evaluate the influence of the polymer structure/composition on the 

binding of bile acids. Table 8.1 summarizes the main features of the amphiphilic star 

block copolymers produced by SARA ATRP.  
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Table 8.1. Composition and molecular weight of the star-shaped PMA-b-PAMPTMA block 

copolymers synthesized by “one-pot” SARA ATRP in ethanol/water = 80/20 (v/v) at room 

temperature.  

 1st block 2nd block Block copolymer 

Sample code 
MA 

DP/arma Ðb AMPTMA 
DP/arma 

Number 
of arms 

Mn x 10-3c 

4(PMA95-b-PAMPTMA50) 95 1.09 50 4 74.8 

4(PMA94-b-PAMPTMA24) 94 1.13 24 4 52.9 

4(PMA94-b-PAMPTMA16) 94 1.07 16 4 46.3 

4(PMA199-b-PAMPTMA52) 199 1.08 52 4 112.2 

6(PMA98-b-PAMPTMA52) 98 1.09 52 6 116.2 

6(PMA106-b-PAMPTMA38) 106 1.09 38 6 103.0 

6(PMA104-b-PAMPTMA18) 104 1.10 18 6 77.2 
a [monomer]0/[initiator]0/number of arms 

b Determined by SEC in THF at 30 °C 

c The molecular weight of the second block (PAMPTMA) was estimated by elemental analysis 

The SARA ATRP method was also employed for the preparation of PAMPTMA-based 

hydrogels (Figure 8.3), commonly polymeric architecture used as BAS. It is expected that 

hydrogels prepared by ATRP present more homogeneous structure that the ones obtained 

by conventional free radical polymerization techniques, due to the fast initiation and 

reversible deactivation reactions.24-26  

 

Figure 8.3. Generic structure of the cationic hydrogels prepared by SARA ATRP. 

ECP was chosen to initiate the polymerization since it was previously demonstrated that 

this is an effective initiator for the SARA ATRP of AMPTMA in ethanol/water 

mixtures.22 The monomer concentration was maintained in all the polymerizations 

([AMPTMA]0 = 2 M) and two different diacrylate crosslinkers with distinct 

hydrophilicities were tested (BDDA and TEGDA). Different targeted DP values of both 
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monomer and crosslinker were investigated and the main results are summarized in Table 

8.2. 

Table 8.2. Targeted DP and conversion achieved of both monomer (AMPTMA) and crosslinker in the 

preparation of cationic hydrogels by SARA ATRP. Reaction conditions: [AMPTMA]0 = 2 M; 

[ECP]0/[CuCl2]0/[Me6TREN]0 = 1/0.5/1.0; Cu(0) wire: l = 5 cm and d = 1 mm; ethanol/water = 50/50; 

T = 25 °C; t = 24 h. 

Sample code Crosslinker 
AMPTMA  

DPb 
Crosslinker 

DPb 
AMPTMA 
conv. (%) 

Crosslinker 
conv. (%) 

AT 100/10 TEGDA 100 10 50 49 

AT 50/10 TEGDA 50 10 c c 

AT 50/3a TEGDA 50 3 c c 

AB 100/10 BDDA 100 10 35 35 

AB 50/10 BDDA 50 10 61 42 

AB 50/5 BDDA 50 5 61 63 

AB 50/3a BDDA 50 3 c c 

a No macroscopic gelation was observed 

b [AMPTMA or crosslinker]0/[ECP]0 

c Data not available 

It was reported that the concentration of monomer influences the gelation point and 

ultimately it could prevent the formation of a crosslinked polymeric structure, due to the 

occurrence of intramolecular cyclization under dilute conditions.27 In this work, the 

AMPTMA concentration proved to be sufficient to allow macroscopic gelation (change 

from viscous liquid to elastic gel)24 of the polymer, for [crosslinker]0/[ECP]0 = 5 or 10 

(Table 8.2). For a targeted ratio [crosslinker]0/[ECP]0 = 3, the polymer remained soluble 

after the predetermined time of reaction (24 h) (AT 50/3 and AB 50/3 in Table 8.2). In 

this case, the system did not reach the gel point, probably due to a low conversion of the 

crosslinker achieved after 24 h (data not available). Macroscopic gelation should occur 

when, on an average basis, each primary chain contains at least one crosslink point, 

meaning that the ratio [reacted crosslinker]/[initiator] should be one, considering a high 

initiation efficiency (each molecule of initiator originates one primary polymer chain).28  

Regarding the AMPTMA conversion, the value achieved was not high as it was expected 

from the results obtained in the reported AMPTMA homopolymerization by SARA 

ATRP (conv. > 90 % in less than 2 hours).22 Similarly, both crosslinkers did not reach 
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very high conversion. This observation could mean that the reaction was not kept during 

enough time to allow full monomer conversion, considering the diffusion limitations 

experienced by monomers and catalytic complex in the polymer network after the 

gelation point.25 A control SARA ATRP reaction was allowed to proceed during seven 

days and led to similar results (compared with a 24 h reaction) in terms of both monomer 

and crosslinker conversions. In order to prepared PAMPMTA-based hydrogels with 

targeted properties, such as crosslink density, further investigation of the gelation process 

is required. This includes kinetic studies and the determination of both the gelation points 

and the gel fractions for different hydrogels. Nevertheless, the results are reproducible 

and this works demonstrates the potential of the SARA ATRP as versatile tool for the 

preparation of cationic hydrogels. 

8.5.2. Cholic acid sodium salt equilibrium binding by cationic hydrogels 

Bile acids are amphiphilic molecules that are usually conjugated with the amino acids 

taurine or glycine in the human bile.7 Under the small intestine conditions, these 

complexes are in their ionized form and for that reason they are also known as bile salts. 

In this work, NaCA was used as a model bile salt molecule for the preliminary 

equilibrium binding studies, due to its low price in comparison with bile acid conjugates. 

In addition, cholic acid based bile salts represent a large part (30-40 %) of the bile salts 

existing in the human bile.29 Therefore, the results obtained wit NaCA are a good 

indicator of the binding capacity of the new BAS candidates. The PAMPTMA-based 

hydrogels prepared by SARA ATRP exhibited sigmoidal binding curves (Figure 8.4). 

These results suggest the existence of cooperative binding, meaning that the affinity of 

the hydrogel for the bile salts changes with the amount of bile salts already bonded. 

Therefore, the Hill equation was fitted to the data, with high R2 values (Table 8.3). This 

type of binding process has been also observed for other polymeric hydrogels.9, 10, 30 

Nichifor and co-authors suggested that the cooperative binding of bile salts by cationic 

hydrogels could be interpreted as a two-step process.9, 10 First, the binding is initiated by 

an electrostatic interaction between the hydrogel and the bile salt. The formation of the 

hydrogel‒bile salt complex is characterized by the K0 constant. In a second step, the 

hydrophobic interactions between both free and already bonded bile salt molecules 
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originate an increase of the rate of bile salts addition. This second step is described by the 

cooperative parameter (n).  

 

Figure 8.4. Isotherms for the binding of NaCA by the Colesevelam and the hydrogels prepared by 

SARA ATRP. Binding conditions: 50 mM phosphate buffer (pH 6.8) at 37 °C. The lines represent the 

fitting to Langmuir or Hill models for the Colesevelam and hydrogels, respectively. 

Both the overall binding constant (K) and the cooperative parameter were determined 

directly from the Hill model fitted to the experimental data. The K0 value (Table 8.3) was 

determined by the ratio between K and n, as reported in the literature.9, 10 The equilibrium 

binding of NaCA by the Colesevelam (black symbols in Figure 8.4) followed a typical 

Langmuir isotherm (Hill equation with n = 1, meaning no cooperativity), as reported by 

other authors for the binding of conjugated bile salts.31  

Table 8.3. Binding parameters of the cationic hydrogels prepared by SARA ATRP and the 

commercial BAS Colesevelam. The errors presented were obtained from the model fitting using the 

SigmaPlot software.  

Sample code R2 
K 

(L.mg-1) x 104 
n 

K0 

(L.mg-1) x 104 
qmax 

(mg/g)a x 10-3 

Colesevelam 0.9771 6.0 ± 2.0 1.0  - 2.2 ± 0.24 

AT 100/10 0.9949 4.0 ± 0.1 5.4 ± 0.9 0.7 ± 0.2 1.6 ± 0.04 

AT 50/10 0.9868 5.0 ± 0.2 7.3 ± 4.3 0.7 ± 0.6 1.5 ± 0.10 

AB 100/10 0.9988 5.0 ± 0.1 6.5 ± 0.8 0.8 ± 0.1  1.7 ± 0.03 

AB 50/10 0.9983 5.0 ± 0.1 5.9 ± 0.6 0.8 ± 0.1 1.5 ± 0.02 

AB 50/5 0.9962 4.0 ± 0.1 10.7 ± 2.3 0.4 ± 0.1 1.8 ± 0.06 
    a mg NaCA/g polymer. 
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Due to time constrains, it was not possible to replicate the equilibrium binding 

experiments for all the samples investigated. In order to validate the results obtained, one 

of the samples (AB 100/10) was analyzed in triplicate. The results (Figure D.1 in 

Appendix D) showed that despite the existing errors, which can be inherent to the HPLC 

analysis, there was an evident trend of the concentration values determined. Table 8.3 

summarizes the binding parameters obtained for the cationic hydrogels prepared by 

SARA ATRP. The strength of binding of NaCA by the cationic hydrogels prepared was 

comparable to that of the commercial BAS Colesevelam, as judged by the similar K 

values. In addition, the cooperative parameter was higher than 1 for all the hydrogels, 

which indicates that the cooperative binding is positive. This parameter remained 

relatively constant, regardless the type of crosslinker used. The hydrogel samples 

prepared by SARA ATRP revealed to be promising candidates for BAS, as the maximum 

NaCA binding capacity (qmax) was close to that of Colesevelam, without optimization of 

the hydrogel composition. As previously mentioned, due to the limited monomer 

conversions achieved, some of the hydrogel samples prepared by SARA ATRP presented 

similar composition (different from the one targeted) which did not allow the 

investigation of the polymer composition/binding parameters relationship. Besides the 

hydrogels composition, their swelling capacity can also influence the binding parameters. 

It was reported that a more elastic polymer network could promote the cooperativity of 

the binding.9 The swelling capacities of the hydrogels prepared by SARA ATRP were 

determined in duplicate and the results are summarized in Table 8.4. 

Table 8.4. Composition, cooperative parameter and swelling capacity of the hydrogels prepared by 

SARA ATRP and Colesevelam. 

Sample code Crosslinker 
AMPTMA 

DPa 
Crosslinker 

DPa 
n Swelling capacity x 10-3 (%) 

Colesevelam - - - 1.0 0.64 ± 0.07 

AT 100/10 TEGDA 50 4.9 5.4 ± 0.9 2.11 ± 0.47 

AT 50/10 TEGDA b b 7.3 ± 4.3 1.77 ± 0.09 

AB 100/10 BDDA 35 3.5 5.7 ± 1.1 1.96 ± 0.08 

AB 50/10 BDDA 30 6.1 5.9 ± 0.6 2.00 ± 0.29 

AB 50/5 BDDA 30 3.0 10.5 ± 2.5 2.42 ± 0.33 
 a Determined by 1H NMR spectroscopy 

b Data not available. 
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The Colesevelam and the purified hydrogel samples prepared by SARA ATRP were 

obtained as fine powders, which were impossible to handle after swelling a great amount 

of water. Due to this limitation, the determination of the swelling capacity of the samples 

could have become imprecise (Table 8.4). However, despite of the existing errors, it is 

possible to confirm that the swelling capacity of the hydrogels prepared by SARA ATRP 

is at least two times higher than the one of the commercial BAS Colesevelam. 

Considering the final application, one could expect that the hydrogels could form a softer 

gel in the intestine environment, which can contribute to better patient compliance (less 

constipation). The results also show that for the two crosslinkers used, their structure had 

no influence on the swelling capacity of the hydrogels. 

8.5.3. Cholic acid sodium salt equilibrium binding by amphiphilic star block 

copolymers 

ITC was used for the preliminary investigation of the binding thermodynamics between 

the NaCA molecules and the amphiphilic block copolymers. This technique has been 

employed for the study of the binding of bile salts by several receptors.32-34 Contrary to 

the determination of the binding isotherms by HPLC, ITC can provide valuable 

information about the binding process, such as the number of binding sites in the polymer 

and the binding enthalpy change.35 The preliminary ITC experiments were conducted 

using an initial concentration of NaCA below the critical micelle concentration (cmc) to 

avoid the formation of micelles, which could difficult the analysis of the titration results. 

However, in those conditions, all the samples showed to have low affinity towards the 

NaCA molecules (Figure D.2 in Appendix D). Therefore, unfortunately, the titration 

curves did not allow the determination of the binding parameters. Nevertheless, it was 

possible to observe that the enthalpy of binding was positive (endothermic process), 

meaning that the binding process was mainly governed by hydrophobic interactions. 

Additionally, the heat involved in the binding was strongly dependent on the buffer 

ionization enthalpy indicating changes on the ionization of the NaCA upon binding, 

corresponding to an increase in the NaCA neutral form (Figure D.3 in Appendix D). This 

further supports the prevalence of hydrophobic interactions under the conditions 

investigated. 
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Alternatively, the equilibrium binding of NaCA by the amphiphilic star block copolymers 

was investigated using HPLC and the experiments were conducted under the same 

conditions used for the hydrogels (section 8.5.2). The Hill model fitted very well the 

experimental data for all the samples investigated (R2 ≥ 0.98, Table D.1 in Appendix D) 

suggesting that the NaCA binding was cooperative, similarly to what was observed for 

the PAMPTMA-based hydrogels. These results were in agreement with those obtained 

from ITC (low affinity for NaCA initial concentrations below 5 mM). Despite having K 

values (Table D.1 in Appendix D) similar to those of Colesevelam and PAMPTMA-based 

hydrogels, generally the star block copolymers presented lower NaCA binding capacity 

(compare with Figure 8.4). These results suggest that polymer networks could be more 

beneficial for the binding process, in comparison to some nanoassembled polymer 

structures, probably due to the fact that the swollen hydrogels could facilitate the 

diffusion of the bile salt molecules and their access to the polymer binding sites. 

Nevertheless, the results also highlight the importance of fine-tuning the polymers 

composition, since it was possible to greatly increase the maximum binding capacity by 

changing, for instance, the size of the hydrophobic core of the star (e.g., red and pink 

symbols in Figure 8.5). Such control over the polymers features is only possible using 

RDRP techniques, as the one investigated in this work (SARA ATRP). 

 

Figure 8.5. Isotherms for the binding of NaCA by the Colesevelam and the amphiphilic star block 

copolymers prepared by SARA ATRP. Binding conditions: 50 mM phosphate buffer (pH 6.8) at 37 

°C. The lines represent the fitting to Langmuir or Hill models for the Colesevelam and amphiphilic 

star block copolymers, respectively. 
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As previously mentioned, the library of block copolymers synthesized in this work was 

designed to allow the investigation of the polymers structure/sequestration performance 

relationship. Figure 8.6 shows the variation of the binding parameters values with the 

increase of the hydrophilic cationic arm length, for both 4-arm and 6-arm star block 

copolymers with a fixed core size (MA DP/arm = 100). Regardless of the number of arms 

of the star, the increase of the hydrophilic cationic arm length led to an increase of the 

maximum binding capacity (black symbols in Figure 8.6), confirming that the 

electrostatic interactions play an important role in the binding process. The same trend 

was also observed by other authors11 for BAS candidates based on cationic micelles. 

Generally, it seems that the variation of the number of arms from 4 to 6 did not have a 

significant impact in the NaCA sequestration, since the binding parameters were 

relatively in the same range (Figure 8.6 (a) and (b)).  

 

Figure 8.6. Variation of the binding parameters with the increase in the cationic arm length of the 

amphiphilic star block copolymers, for a fixed hydrophobic core size (MA DP/arm = 100): (a) 4-arm 

star and (b) 6-arm star.  

The influence of the hydrophobic core size on the binding parameters was also 

investigated for samples of 4-arm star PMA-b-PAMPTMA block copolymers (Figure 

8.7). The increase of the hydrophobic character of the polymer led to a decrease in the 

maximum NaCA binding capacity. In addition, there was an increase of both the 

polymer-NaCA ionic complex formation and the overall stability of the binding process 

(green and blue symbols in Figure 8.7, respectively). This behavior was also observed for 
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other polymeric materials and was attributed to the increase of the hydrophobic 

interactions between polymer and NaCA, for polymers with higher hydrophobic 

character.9, 10, 36 In this case, the cooperative parameter decreased (red symbols in Figure 

8.7) indicating that the contribution of the cooperative effect among the NaCA molecules 

to the overall binding process was less significant. 

 

Figure 8.7. Variation of the binding parameters with the increase in the hydrophobic core size of 4-

arm amphiphilic star block copolymers, for a fixed length of cationic arms (AMPTMA DP/arm = 50).  

Nevertheless, it is worth to mention that the binding parameters might not have a linear 

variation with the polymers features.9, 10, 13 Therefore, the interpretation of the results 

should be done with caution. This work represents the first approach towards the design 

of BAS based on new polymeric structures (amphiphilic star block copolymers). For a 

deeper understanding of the influence of the polymer features in the sequestration 

properties, further investigations covering a wider range of parameters (e.g., length of the 

cationic arm) are needed. In addition, it will be interesting to perform ITC analysis using 

a concentration of NaCA above its cmc, to study the high affinity region. 

8.5.4. Insight into the binding mechanism 

The results on the binding of NaCA by both hydrogels and amphiphilic star block 

copolymers suggested the existence of cooperative binding. One of the parameters that 

could influence this behavior is the starting concentration of both polymer and NaCA, 
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which ultimately will affect their conformation in solution (e.g., formation of micelles) 

and their affinity towards each other. To test this hypothesis, different initial 

concentrations of a selected hydrogel sample were used for the equilibrium binding 

assays (Figure 8.8). 

 

Figure 8.8. Isotherms for the binding of NaCA by a PAMPTMA-based cationic hydrogel (AB 100/10) 

prepared by SARA ATRP, using different starting concentrations of hydrogel for the binding assays. 

Binding conditions: 50 mM phosphate buffer (pH 6.8) at 37 °C. The lines represent the fitting to the 

Hill model. 

The cooperative binding effect showed to be dependent on the concentration of polymer 

used in the binding assay (Figure 8.8 (b)). However, it was possible to observe that the 

abrupt increase of the binding capacity (qe) of the hydrogel occurred for the same 

concentration of free NaCA in the solution (Ce) (Figure 8.8 (a)), irrespectively of the 

polymer concentration. The region of high affinity was observed for starting 

concentrations of NaCA above 3-7 mM (Figure 8.8 (b)), which is above its cmc.37  

Therefore, the results obtained suggest that instead of the existence of a cooperative 

binding process, the behavior observed could be in fact the result of a stronger interaction 

between the PAMPTMA-based materials and NaCA micelles (electrostatic interaction), 

than with NaCA unimers (both hydrophobic and electrostatic interactions). This aspect 

could be advantageous considering BAS applications, since the bile salts are usually 

present in the intestine at concentrations above their cmc.38 Based on these results, it 

seems that the cooperative mechanism proposed in the literature9, 10 is not the most 

suitable one to describe the binding of NaCA by the AMPTMA-based materials prepared 

by SARA ATRP. In this case, one might consider the existence of two different binding 

mechanisms corresponding to NaCA concentrations below and above the bile salt cmc. 
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As previously mentioned, the star block copolymers prepared by SARA ATRP present a 

PMA-based hydrophobic core and hydrophilic cationic arms, with high charge density 

(one charge per each AMPTMA repeating unit). The NaCA is an amphiphilic molecule 

that possesses both nonpolar (steroid skeleton) and polar (negatively charged) regions. In 

this case, one might consider that the NaCA unimers (concentration below the cmc) can 

interact either with the hydrophobic part of the polymer, which is less accessible, or/and 

with the cationic arms of the polymer by electrostatic interactions. On this matter, the ITC 

results (see section 8.5.3) suggested that the binding of NaCA unimers by the star block 

copolymers is relatively weak (low affinity constant K1) and it is mainly governed by 

hydrophobic interactions with the nonpolar region of the polymer. This hypothesis was 

also confirmed by the low binding capacity obtained in the equilibrium binding 

experiments using [NaCA]0 < NaCAcmc (e.g., Figure 8.8 (b)). In addition, data reported in 

the literature13 indicates that the binding of NaCA unimers can be suppressed in the 

presence of small electrolytes (e.g., NaCl). This fact might have also contributed for the 

low affinity showed by the PAMPTMA-based materials towards NaCA molecules below 

the cmc, due to the intrinsic high concentration of Cl- anions from the PAMPTMA 

segment. On the other hand, for initial concentrations of NaCA above its cmc, the NaCA 

micelles/aggregates formed will be able to compete with small Cl- anions and establish 

electrostatic interactions with the polymer, since the nonpolar segment of the NaCA will 

be in the micelles core. In this case the binding process will be characterized by an 

affinity constant K2, higher than K1, and could be described by the Langmuir isotherm. In 

order to confirm this hypothesis, it will be necessary to obtain a more defined binding 

isotherm by increasing the number of data points analyzed for initial NaCA 

concentrations between 3 mM and 7 mM. Additionally, it will be interesting to perform 

ITC binding experiments using [NaCA]0 > cmc (high affinity region) to confirm the 

prevalence of electrostatic interactions. 

The investigation of the binding process should then proceed with the evaluation of the 

binding kinetics, since the small intestine transit time for pharmaceutical dosages is 

around 3 ± 1h.39 It is also important to study the competitive binding of different 

conjugated bile salts in the same starting solution, in order to check the polymer´s binding 

capacity/affinity in an intestine-mimicking environment. 
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8.5.5. In vitro degradation studies 

Considering that polymeric BAS are administered orally, it is important to evaluate the 

stability of the synthesized materials under conditions that could simulate the GI tract 

environment.  The determination of the molecular weight and the confirmation of the 

polymers chemical structure, after being subjected to the mentioned conditions, are 

effective tools to quantify any possible degradation. Due to the lack of proper solvents to 

analyze the amphiphilic star block copolymers by either SEC or 1H NMR spectroscopy, 

the degradation of the materials was evaluated by analyzing each polymeric segment 

separately (linear PAMPMTA and star-shaped PMA). Therefore, it is assumed that the 

degradation mechanism of the block copolymer will be similar to that of the constituent 

parts. The degradation studies were carried out in triplicate at 37 °C in SGF at pH 1.2 for 

2 h and in SIF at pH 6.8 for 3 h.40, 41 Table 8.5 summarizes the molecular weights and 

dispersity of the polymers before and after degradation. 

Table 8.5. Molecular weight and dispersity of linear PAMPTMA and star-shaped PMA before and 

after exposure to the degradation solutions at 37 °C. 

Sample Medium Degradation time (h) Mn
SEC x 10-3 Ð 

PAMPTMA 
SGF 

(pH = 1.2) 

0 19.6 1.09 

2 19.6 ± 0.1 1.09 ± 0.01 

PMA 
SGF 

(pH = 1.2) 

0 51.7 1.07 

2 51.3 ± 0.7 1.07 ± 0.01 

PAMPTMA 
SIF 

(pH = 6.8) 

0 19.6 1.09 

3 19.4 ± 0.1 1.08 ± 0.01 

PMA 
SIF 

(pH = 6.8) 

0 51.7 1.07 

3 51.7 ± 0.8 1.08 ± 0.01 

 

The results obtained by SEC suggest that there was no degradation of the polymers 

backbones, since there was no significant variation on the molecular weight values. 

However, one must be careful in the interpretation of the SEC results, since degradation 

of some polymer side chains (amide and ester linkages) could have minimal influence in 

the polymers molecular weight value. Therefore, additional 1H NMR spectroscopy 
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analyses were performed. The results showed that there was no degradation of the side 

chains of both PMA and PAMPTMA, since the ratio between the integral of the protons 

of the backbone and the protons of the side chains was constant for the samples studied 

(Figure D.2 and Figure D.3 in Appendix D). 

8.6. Conclusions 

The SARA ATRP method was used for the synthesis of BAS candidates based on novel 

PAMPMTA-based hydrogels and amphiphilic star block copolymers. NaCA was used as 

the model bile salt for the study of the in vitro equilibrium binding. Both stars and 

hydrogels exhibited higher affinity towards NaCA micelles rather than NaCA unimers. 

This behavior was explained by the high density of cationic charges in the polymer and 

by the suppression of the NaCA binding, for low initial NaCA concentration, due to the 

presence of competing Cl- anions from the AMPTMA monomer. The cationic hydrogels 

proved to be promising materials with similar performance to the commercial BAS 

Colesevelam hydrochloride, concerning both the binding affinity and the maximum 

binding capacity. Regarding the amphiphilic star block copolymers, it was possible to 

conclude that the binding parameters could be adjusted by small changes on the polymers 

targeted composition. Typically, longer cationic hydrophilic arms lead to higher binding 

capacity. The polymers prepared proved to be stable in degradation solutions mimicking 

the GI tract conditions.  
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9.1. Overall conclusions 

The metal-catalyzed reversible deactivation radical polymerization (RDRP) is a robust 

and versatile technique that allows the preparation of tailor-made polymers with 

controlled molecular weight, dispersity, composition, architecture and functionality. 

Along with the developments in the metal-catalyzed RDRP field, there has been an 

intense debate in the literature regarding the reaction mechanism of the Cu(0)-catalyzed 

RDRP, with two different mechanistic standpoints: supplemental activator and reducing 

agent atom transfer radical polymerization (SARA ATRP) and single electron transfer 

living radical polymerization (SET-LRP). The results obtained from the mechanistic 

studies on the Cu(0)-catalyzed RDRP of methyl acrylate (MA) (Chapter 2) revealed that 

there is no disproportionation of the catalytic complex CuBr/Me6TREN (Me6TREN: 

tris[2-(dimethylamino)ethyl]amine)) during the polymerization. Therefore, it was 

concluded that the CuBr/Me6TREN is the most probable activator, being Cu(0) a 

supplemental activator and reducing agent of CuBr2/Me6TREN 

The major issues associated with the ATRP method are the use of metal catalysts, which 

can contaminate the final product, and sometimes the inevitable use of harmful organic 

solvents. Current research trends aim to reduce the amount of catalyst used as well as to 

replace harmful organics solvents. The work described in Chapter 3 allowed the synthesis 

of well-defined poly(methyl acrylate) (PMA) by Fe(0)/CuBr2/Me6TREN-catalyzed 

SARA ATRP using a low concentration of soluble CuBr2 (50 ppm) in an ecofriendly 

solvent (ethanol/water mixture) near room temperature (30 °C). The conditions developed 

in this work represent a considerable improvement of the ATRP of MA available in the 

literature and can contribute for the future scale-up of the SARA ATRP technique using 

an affordable technology. The same environmentally attractive SARA ATRP catalytic 

system was used for the polymerization of the relevant hydrophobic monomer styrene 

(Sty) (Chapter 4). It was possible to decrease the reaction temperature and increase the 

rate of polymerization in comparison to the normal ATRP of Sty, using 

dimethylformamide (DMF) as the solvent. The SARA ATRP system proved to be useful 

for the preparation of telechelic polystyrene (PS) that could react by “click” chemistry to 

produce well-defined PS-based block copolymers. 
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The work described in both Chapters 5 and 6 present the development of ATRP variation 

techniques for the preparation of biomedical-relevant polymers in alcohol/water mixtures 

or even aqueous medium, which is considered to be a very challenging solvent for ATRP. 

Well-defined cationic poly((3-acrylamidopropyl)trimethylammonium  chloride) 

(PAMPTMA) was prepared by Cu(0)/CuCl2/Me6TREN-catalyzed SARA ATRP at room 

temperature and used for the preparation of different hydrophilic block copolymers 

(Chapter 5). Additionally, alkyne-functionalized PAMPTMA was successfully reacted 

with an azido-functionalized coumarin derivative, using “click” chemistry, to produce a 

fluorescent PAMPTMA molecule. A new activators regenerated by electron transfer 

(ARGET) ATRP, using slow feed of ascorbic acid in combination with CuBr2/TPMA 

(TPMA: tris(2-pyridylmethyl)-amine)) was developed for the polymerization of 2-

aminoethyl methacrylate hydrochloride (AMA) at 35 °C (Chapter 6). Very encouraging 

results were obtained since, for the first time, poly-AMA prepared by ATRP techniques 

retained high chain-end functionality, allowing the preparation of a well-defined 

hydrophilic block copolymer. Besides the good control over the molecular structure of the 

polymers, the reaction conditions developed for the polymerization of both PAMA and 

PAMPTMA are very attractive considering the preparation of complex macromolecular 

structures for biomedical applications. 

Chapter 7 presents a different RDRP technique, namely the reversible addition-

fragmentation chain transfer (RAFT) for the polymerization of functional N-(3-

aminopropyl)methacrylamide hydrochloride (APMA) since, after several attempts, it was 

not possible to polymerize the referred monomer by ATRP techniques. APMA is 

commonly used for biomedical applications and it was of great interest to develop the 

RAFT system for the synthesis of well-defined azide- and alkyne-functionalized poly-

APMA (Ð ≤ 1.1) that can be used for the preparation of complex structures by “click” 

chemistry. The results showed that it was possible to use unprotected functional chain 

transfer agents, avoiding troublesome protection/deprotection steps, which can contribute 

to the expansion of the range of application of poly-APMA. 

To prove the potential of the developed SARA ATRP method for the preparation of 

tailor-made materials for biomedical applications, new polymeric bile acid sequestrants 

(BAS) were designed (Chapter 8). The BAS candidates were based on PAMPTMA 
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hydrogels and amphiphilic PMA-b-PAMPTMA star block copolymers. Very promising 

results were obtained, with the PAMPTMA-based hydrogels showing similar binding 

parameters to the commercial BAS Colesevelam hydrochloride in the in vitro binding 

experiments using sodium cholate (NaCA) as the model bile salt. Additionally, it was 

possible to confirm the advantage of using RDRP methods in the preparation of new 

BAS, as the binding parameters of the PMA-b-PAMPTMA stars could be adjusted by 

fine-tuning the block copolymers composition. 

Overall, this projected has contributed for the development of new ecofriendly ATRP 

systems for the polymerization of both hydrophobic and functional cationic hydrophilic 

monomers, which could be used to prepare tailor-made candidate materials for 

biomedical applications.  

9.2. Recommendations for future work 

This work has contributed for the development of new ATRP systems that present 

attractive reaction conditions (e.g., room temperature, ecofriendly solvents, etc.) for the 

further scale-up of the technique. However, there is certainly still room from 

improvement especially on the catalyst design field, since some of the commercial 

ligands available for ATRP could be relatively expensive (e.g., Me6TREN). The creation 

of new inexpensive and active ligands is a current demand and should be consider as 

future work.   

Based on the monomers investigated in this work, there is a vast range of molecular 

structures that could be designed to act as BAS. The results obtained considering the 

preparation of novel PAMPTMA-based hydrogels and PMA-b-PAMPTMA stars 

represent just the first step towards the development of a new generation of tailor-made 

BAS. On this matter, there are several relevant in vitro experiments that could be 

suggested as future work, including: 

o Kinetic studies of the binding of NaCA by both PAMPTMA-based hydrogels and 

PMA-b-PAMPTMA stars in order to determine the time required to reach the 

equilibrium. The results will allow to understand if the polymers are able to bind 

the bile salts during the intestine transit time; 
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o Analysis of the binding of NaCA by the PMA-b-PAMPTMA stars in the high 

affinity region (using [NaCA]0 > cmc) by isothermal titration calorimetry (ITC), 

in order to determine the enthalpy variation during the binding process and the 

number of binding sites in the polymer. This information will allow improving the 

understanding of the structure/performance relationship of the block copolymers. 

o Competitive equilibrium binding using different conjugated bile salts in the initial 

solution. This study is of extreme importance since it will provide information 

about the affinity of the polymers for the different bile salts in an intestine-

mimicking environment. 

o Equilibrium binding studies with acidic pre-treatment of the polymers. This study 

will allow to confirm if the polymers are able to maintain their binding capacity 

after being subjected to a stomach-mimicking environment. 
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Appendix A 

Supporting information for Chapter 5. Synthesis of cationic poly(3-

acrylamidopropyl trimethylammonium chloride) by SARA ATRP in 

ecofriendly solvent mixtures 

 

 

 

Figure A.1. (a) Kinetic plots of ln[M]0/[M] vs. time and (b) plot of number–average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular weight at 

a given conversion) for the SARA ATRP of AMPTMA initiated by ECP, using Me6TREN or TPMA as 

ligand. Conditions: [AMPTMA]0/[ECP]0/[CuCl2]0/[ligand]0/Cu(0) wire = 100/1/0.5/1.0/Cu(0) wire;  

[AMPTMA]0 = 1.45 M; Cu(0) wire: l = 10 cm; d = 1 mm; Vsolvent = 5 mL. 
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Figure A.2. (a) Kinetic plots of ln[M]0/[M] vs. time and (b) plot of number–average molecular weights 

(Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion (the dashed line represents theoretical molecular weight at 

a given conversion) for the SARA ATRP of AMPTMA using different lengths of Cu(0) wire. Conditions: 

[AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 100/1/0.3/0.6/Cu(0) wire [AMPTMA]0 = 1.45 M; 

Cu(0) wire: d = 1 mm; Vsolvent = 5 mL. 

 

Figure A.3. 500 MHz 1H NMR spectrum of the PAMPTMA24-b-POEOA39, in D2O, obtained by “one-pot” 

SARA ATRP in EtOH/H2O = 50/50 at room temperature. Reaction conditions: first block -  

[AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 25/1/0.5/1.0; Cu(0) wire: l = 5 cm; d = 1 mm; 

[AMPTMA]0 = 1.45 M; conversion = 97%; Vsolvent = 1.25 mL; second block - [OEOA480]0 = 0.4 M; 

[OEOA]0/[ECP]0 = 50; conversion = 90%. 
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Figure A.4. 500 MHz 1H NMR spectrum of the PAMPTMA50-b-PNIPAAm61, in D2O, obtained by “one-

pot” SARA ATRP in EtOH/H2O = 50/50 (v/v) at room temperature. Reaction conditions: first block -  

[AMPTMA]0/[ECP]0/[CuCl2]0/[Me6TREN]0/Cu(0) wire = 50/1/0.5/1.0; Cu(0) wire: l = 5 cm; d = 1 mm; 

[AMPTMA]0 = 1.45 M; conversion = 95%; Vsolvent = 1.25 mL; T = 25 °C; second block - [NIPAAm]0 = 2 

M; [NIPAAm]0/[ECP]0 = 150; T = 4 °C; conversion = 41%. 

 

 

Figure A.5.  UV light (λ = 366 nm) irradiated NMR tube containing a solution of fluorescent coumarin-

functionalized PAMPTMA in CD3OD, obtained by a “click” reaction. 



 

 
 

 



Appendix B 

• B1 • 
 

Appendix B 

Supporting information for Chapter 6. Straightforward ARGET ATRP 

for the synthesis of primary amine polymethacrylate with improved 

chain-end functionality under mild reaction conditions  

 

 

Figure B.1. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and  (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the ARGET ATRP of AMA in 

IPA/H2O = 30/70 (v/v) at 35 °C, using TPMA (black symbols) or bpy (red symbols) as a ligand. Reaction 

conditions: [AMA]0/[EBPA]0/[CuBr2]0/[ligand]0 = 100/1/0.5/2.0; FRAscA = 43 nmol/min; [AMA]0 = 2 M; 

Vtotal = 1.72 mL. 
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Figure B.2. (a) Kinetic plots of conversion and ln[M]0/[M] vs. time and  (b) plot of number-average 

molecular weights (Mn
SEC) and Ð (Mw/Mn) vs. monomer conversion for the ARGET ATRP of AMA in 

IPA/H2O = 50/70 (v/v) at 35 °C, with and without the addition of halide salt (30 mM of NaBr). Reaction 

conditions: [AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 100/1/0.5/2.0; FRAscA = 43 nmol/min; [AMA]0 = 2 M; 

Vtotal = 1.72 mL. 

 

Figure B.3. 400 MHz 1H NMR spectrum, in D2O, of a purified PAMA sample obtained at 86% of 

monomer conversion by ARGET ATRP. Reaction conditions: [AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0/[AscA] 

= 100/1/0.5/2.0/10 nmol/min; IPA/H2O = 30/70 (v/v); T = 35 °C; time = 5.5 h; Mn
NMR = 17 x 103; Mn

th = 15 

x 103. 

The PAMA NMR molecular weight was calculated using the equation Mn
NMR

  =  

[(I(e)/2)/(I(a)/5)] x MWAMA + MWEBPA , where I(e) is the integral of the PAMA side 

chain CH2 protons –CH2-CH2-NH2 and I(a) is the integral of the aromatic ring fragment 

from the initiator. 
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Figure B.4. Reaction mixture of the normal ATRP of AMA, at 91% monomer conversion, showing the 

precipitation of the polymer. Conditions: [AMA]0/[EBiB]0/[CuCl]0/[bpy]0 = 30/1/1/2/; T = 50 °C; [AMA]0 

= 2 M; Vtotal = 2 mL 

 

 

Figure B.5. Pictures of the Schlenk flask during the ARGET ATRP of AMA in (a) IPA/H2O = 50/50 (v/v) 

and (b) IPA/H2O = 30/70 (v/v), showing the differences in the polymer´s solubility. Conditions: 

[AMA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 100/1/0.5/2.0; FRAscA = 43 nmol/min; T = 35 °C; [AMA]0 = 2 M; 

Vtotal = 1.72 mL. 
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Appendix C 

Supporting information for Chapter 7. Efficient RAFT polymerization 

of N-(3-aminopropyl)methacrylamide hydrochloride using unprotected 

“clickable” chain transfer agents 

 

 

Figure C.1. Synthesis of the (a) alkyne-terminated CTP (alkyne-CTP) and (b) azide-terminated 

CTP (azido-CTP). 

 

 

Figure C.2. 500 MHz 1H NMR, in CDCl3, of both alkyne-CTP and azido-CTP. 

 



Supporting information for Chapter 7 

• C2 • 
 

 

Figure C.3. SEC chromatograms of PAPMA samples during the RAFT polymerization at 70 °C 

in water:1,4-dioxane = 2/1 (v/v) mixture. Conditions: [APMA]0/[CTP]0/[ACVA]0 = 100/1/0.5; 

[APMA]0= 1.87 M. 

 

Figure C.4. SEC chromatograms of PAPMA samples during the RAFT polymerization at 70 °C 

in water:1,4-dioxane = 2/1 (v/v) mixture. Conditions: [APMA]0/[alkyne-CTP]0/[ACVA]0 = 

100/1/0.5; [APMA]0= 1.87 M. 
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Figure C.5. SEC traces of the macro-PAPMA (azide-terminated) and extended PAPMA obtained 

in a RAFT polymerization at 70 °C in water:1,4-dioxane = 2/1 (v/v). 



 

 
 

 

 



Appendix D 

• D1 • 
 

Appendix D 

Supporting information for Chapter 8. Synthesis of new bile acid 

sequestrants by supplemental activator and reducing agent atom 

transfer radical polymerization 

 

Figure D.1. Error (triplicate samples) in the determination of the binding parameters by HPLC for 

the cationic hydrogel AB 100/10: (a) concentration of free NaCA concentration in solution (Ce) 

and (b) concentration of NaCA bonded to the hydrogel. 

 

Table D.1. Binding parameters of the amphiphilic star block copolymers prepared by SARA 

ATRP and the commercial BAS Colesevelam. The errors presented were obtained from the model 

fitting using the SigmaPlot software.  

Sample code R2 
K  

(L.mg-1) x 104 
n 

K0  

(L.mg-1) x 104 
qmax 

(mg/g)a x 10-3 

Colesevelam 0.9771 6.0 ± 2.0 1.0  -  2.2 ± 0.24 

4(PMA95-b-PAMPTMA50) 0.9968 4.0 ± 0.1 7.0 ± 0.9 0.6 ± 0.1 1.4 ± 0.03 

4(PMA94-b-PAMPTMA24) 0.9997 3.0 ± 0.1 2.0 ± 0.1 1.5 ± 0.1 1.0 ± 0.02 

4(PMA94-b-PAMPTMA16) 0.9791 5.0 ± 0.6 2.6 ± 0.6 1.9 ± 0.5 0.9 ± 0.07 

4(PMA199-b-PAMPTMA52) 0.9971 7.0 ± 0.3 4.1 ± 0.5 1.7 ± 0.2 0.8 ± 0.02 

6(PMA98-b-PAMPTMA52) 0.9905 5.0 ± 0.3 3.4 ± 0.6 1.5 ± 0.3 1.4 ± 0.08 

6(PMA106-b-PAMPTMA38) 0.9896 4.0 ± 0.2 4.8 ± 1.1 0.8 ± 0.2 1.4 ± 0.05 

6(PMA104-b-PAMPTMA18) 0.9987 4.0 ± 0.3 1.6 ± 0.1 2.5 ± 0.2 0.6 ± 0.02 
    a mg NaCA/g polymer. 
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Figure D.2. ITC titration curves obtained at 37 °C for the binding of NaCA by an amphiphilic 

star block copolymer sample (4(PMA95-b-PAMPTMA50) in Tris buffer (blue symbols) or HEPES 

buffer (red symbols). The buffers contained 150 mM of NaCl. 

 

 

Figure D.3. ITC titration curves obtained at 37 °C for the binding of NaCA by amphiphilic star 

block copolymers in Tris buffer (with 150 mM of NaCl).  
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Figure D.4. 1H NMR spectra, in D2O, of the linear PAMPTMA before and after degradation in 

SIF or SGF at 37 ºC. 
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Figure D.5. 1H NMR spectra, in CDCl3, of the star-shaped PMA before and after degradation in 

SIF or SGF at 37 ºC. 

 

 

 

 

 

 



 


