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ABSTRACTS: 

CATALÀ 

Actualment, un dels majors reptes que afronta la societat es el de adaptar la nostra 

forma de viure de tal manera que el nostre impacte en el medi ambient sigui el mínim 

possible. Intentar revertir els efectes negatius que ha tingut l’activitat humana sobre la 

natura i el canvi climàtic es un dels majors reptes dels nostres temps. Aquest objectiu 

s’ha d’abordar des de diferents àmbits, entre ells de la ciència de materials. Per a un 

futur sostenible, en la fabricació de polímers cal substituir els compostos petroquímics, 

com a font de matèries primeres, per altres d’origen renovable (p. ex. olis vegetals). 

Però, al mateix temps, els polímers han de ser capaços de ser fàcilment degradables o 

reciclables un cop acabada la seva vida útil.  

En aquesta tesis s’han preparat polímers fent servir monòmers d’origen renovable. La 

δ-decalactona, que pot ser obtinguda  a partir d’àcids grassos presents a l’oli de gira-

sol o mitjançant la fermentació del bagàs de canya de sucre y la α-metilen-γ-

butirolactona (o tulipalina A), que està present en certes flors com les tulipes. Aquest 

monòmers han estat polimeritzats de forma controlada mitjançant les tècniques de 

polimerització per apertura d’anell (ROP) i polimerització radical per transferència 

atòmica (ATRP) respectivament. La combinació de ambdues tècniques ha permès 

obtenir copolímers de bloc ABA amb propietats d’elastòmer termoplàstic. 

En el disseny d’aquests materials, s’han incorporat grups sensibles al punt mig del 

copolímer que puguin respondre a estímuls externs. Sota determinades condicions (p. 

ex. àcid, redox., etc.) és produeix el trencament del grup sensible, obtenint copolímers 

AB. Aquests copolímers AB no presenten propietats d’elastòmer termoplàstic, i per 

tant, es d’esperar que faciliti la seva posterior eliminació i recuperació. Aquests tipus 

de materials poden ser adequats per a processos en els quals es necessari la seva 

eliminació prèvia, com es el cas del reciclatge de paper amb adhesius.  
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CASTELLANO 

Actualmente, uno de los mayores retos a los que se enfrenta nuestra sociedad es el de 

adaptar nuestra forma de vida de tal manera que nuestro impacto en el medio 

ambiente sea el mínimo posible. Intentar revertir los efectos negativos que ha tenido 

la actividad humana sobre la naturaleza y el cambio climático constituye uno de los 

mayores retos en la actualidad. Este objetivo debe afrontarse des de diferentes 

ámbitos, entre ellos el de la ciencia de materiales. Para un futuro sostenible, en la 

fabricación de polímeros hay que sustituir los compuestos petroquímicos, como fuente 

de materias primas, por otros de origen renovable (p. ej. aceites vegetales). Pero, al 

mismo tiempo, los polímeros han de ser capaces de ser fácilmente degradables o 

reciclables una vez acabada su vida útil.  

En esta tesis se han preparado polímeros utilizando monómeros de origen renovable. 

La δ-decalactona, que puede ser obtenida a partir de ácidos grasos presentes en el 

aceite de girasol o mediante fermentación del bagazo de la caña de azúcar y la α-

metilen-γ-butirolactona (o tulipalina A), que se encuentra en ciertas flores como los 

tulipanes. Estos monómeros han sido polimerizados de forma controlada mediante las 

técnicas de polimerización por apertura de anillo (ROP) y polimerización radical por 

transferencia atómica (ATRP) respectivamente. La combinación de las dos técnicas ha 

permitido obtener copolímeros de bloque ABA con propiedades de elastómero 

termoplástico.  

En el diseño de estos materiales, se han incorporado grupos sensibles en el punto 

medio del copolímero que puedan responder a estímulos externos. Bajo ciertas 

condiciones (p. ej. ácido, redox., etc.) se produce la rotura del grupo sensible, dando 

copolímeros AB. Estos copolímeros AB no presentan propiedades de elastómero 

termoplástico y, por lo tanto, es de esperar que facilite su posterior eliminación y 

recuperación. Este tipo de materiales pueden ser adecuados en procesos, en los cuales 

es necesaria su eliminación previa, como en el reciclado de papel con adhesivos.  
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ENGLISH 

Nowadays, one of the most important issues of our society is to adapt our lifestyle in a 

way that our impact to the environment was as minimum as possible. Trying to revert 

the negative effects of the human activity upon the nature and the climate change is 

one of the mayor challenges of our time. This purpose must be addressed from 

different fields, material science among them. For a sustainable future, petrochemicals 

as raw materials, must be substituted by other from renewable sources (e. g. vegetable 

oils). However, at the same time, the polymers must be able to be easily degraded or 

recycled once finished their useful life.  

In this thesis polymers using monomers obtained from renewable resources have been 

synthesized. δ-Decalactone, which can be obtained from fatty acids present on 

sunflower oil or through the sugarcane bagasse fermentation and α-methylene-γ-

butyrolactone (or tulipalin A), which is present in some flowers such as tulips. These 

monomers have been polymerized in a controlled manner through the Ring-Opening 

Polymerization (ROP) and Atom Transfer Radical Polymerization (ATRP) mechanisms 

respectively. The combination of these two techniques allows the obtention of ABA 

block copolymers with thermoplastic elastomer properties.  

In the materials design, sensitive groups which can respond to external stimuli, have 

been incorporated at the mid-point of the copolymer. The cleavage of the sensitive 

group can be done under certain conditions (e. g. acid, redox., etc.), obtaining AB 

copolymers. These AB copolymers do not show thermoplastic elastomer properties, 

therefore, being more easily removable. This type of materials could be appropriate in 

some processes, in which its previous elimination is mandatory, such as adhesive 

containing paper recycling.  
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8.13 Poly(DL)1,8-Oct diol 282 

8.14 Poly(DL)1,8-Oct BriB ester 285 

8.15 Poly(DL)-I1 diol 288 

8.16 Poly(DL)-I1 BriB ester 290 

8.17 Poly(DL)-I2 diol 291 

8.18 Poly(DL)-I2 BriB ester 293 

8.19 Poly(DL)-I3 diol 295 

8.20 Poly(DL)-I3 BriB ester 297 
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8.21 Poly(DL)-I4 diol 298 

8.22 Poly(DL)-I4 BriB ester 300 

8.23 Poly(DL)-I5 diol 302 

8.24 Poly(DL)-I5 BriB ester 304 

8.25 Poly(MMA)EtBriB 306 

8.26 Poly(MBL)EtBriB 308 

8.27 Poly(MBL)-I6 310 

8.28 1,4-phenylenebis(methylene)-bis(2-chloroisobutyrate) 312 

8.29 Poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) 313 

8.30 Poly(MBL)-co-poly(DL)-I1-co-poly(MBL) 314 

8.31 Poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 315 

8.32 Poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 316 

8.33 Poly(MBL)-co-poly(DL)-I4-co-poly(MBL) 317 

8.34 Poly(MBL)-co-poly(DL)-I5-co-poly(MBL) 318 

8.35 Cleavage product of poly(MBL)-co-poly(DL)-I1-co-poly(MBL) with Bu3P 319 

8.36 Cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) with [TFA] = 0.01 M 320 

8.37 Cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) with [TFA] = 0.5 M 321 

8.38 Cleavage product of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) with [TFA] = 0.5 M 322 

8.39 Deprotection product of Dod-I5 with DMSO/I2 at 90 °C 323 

8.40 Cleavage products of Dod-I5 with TPP/O2/hν 323 

8.41 Oxidation product of Dod-I4 with H2O2/PTC 324 

8.42 Cleavage product of poly(MBL)-co-poly(DL)-I4-co-poly(MBL) with H2O2/TPP/hν 324 

8.43 Cleavage product of poly(MBL)-co-poly(DL)-I5-co-poly(MBL) with H2O2/TPP/hν 325 
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1 Introduction 

1.1 Brief history of thermoplastic elastomers  

Thermoplastic elastomer (TPE) is a class of material that is characterized by possessing 

both elastomeric and plastic properties, which means that they show rubber elasticity 

at service temperature but can be processed at elevated temperatures as a 

thermoplastic.1 The first attempts to obtain thermoplastics showing some elastomeric 

properties was in the 1930s with the plasticized poly(vinyl chloride) (PVC) at the B.F. 

Goodrich Company. By this process the mechanical properties of the material could be 

modulated by dissolving the PVC at high temperatures in a non-volatile solvent, such 

as chloronaphtalene or dibutyl phthalate, and allowing to cool obtaining a stiff but 

rubbery material. The properties of the material depend on the solvent (or mixture of 

solvents) and the solvent/polymer ratio. Increasing the solvent proportion, the material 

obtained in general is softer and resilient, while decreasing the solvent the material 

obtained is harder. 2 This can be seen as the first approach to obtain a thermoplastic 

with elastic properties. Nevertheless, more advances were done after the discovery of 

diisocyanate polyaddition reaction in 1937,3 which was applied by DuPont and ICI to 

produce the first polyurethane fibers. 4 - 6  Thermoplastic polyurethanes increased in 

interest and, in the 1960s the Goodrich Company developed the first commercial 

thermoplastic elastomer polyurethane showing both good mechanical properties and 

processability.7 In the same decade, Shell developed styrene-diene block copolymers 

as thermoplastic elastomers which were introduced in 1966 as Kraton®.8 Since then, 

thermoplastic elastomer production has grown considerably, due to its simplified 

processing and low energy consumption, together with both interesting mechanical 

properties and recyclability.9 The global TPE market exceeded $ 24 billion and the 

market demand reached 6.7 million tons in 2019.10 
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1.2 Thermoplastic elastomer: Physical and mechanical properties 

As mentioned before, a TPE possess the mechanical features of elastomers (undergo 

linear and reversible response to strain upon an applied force) with the difference that 

the cross-linking, which prevents the viscous flow, is physical instead of chemical. This 

characteristic, in contrast with thermosets, allows the TPE to be processed and recycled 

as a thermoplastic. The most common processing methods for TPEs are extrusion and 

injection molding, but can also be processed by compression molding, transfer molding, 

blow molding, etc. 11 

Elastomers elongation is allowed due to a conformational change from a compact 

random coil (of the rubbery segment) to an extended chain. An extended chain has only 

one possible conformation, resulting in low entropy. Therefore, the extended chain will 

spontaneously contract into a random coil, which have many possible conformations 

resulting in a high entropy. Thus, entropy is overcome by a mechanical force deforming 

the elastomer. The enthalpic factor generally do not contribute due to the small 

intermolecular forces involved.11, 12 

1.2.1 Phase structure  

 

Figure 1.1 Dependence of stiffness of a typical TPE with temperature. 
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TPE consist in an elastic (soft) matrix that is physically crosslinked by plastic (hard) 

domains. The elasticity is given due to a phase segregation microstructure, caused by 

the incompatibility of the segments, where the hard segments are dispersed in the soft 

matrix. These hard segments are physically crosslinked by chain entanglements or 

crystalline regions. The physical crosslinking can also be formed by forces such as van 

der Waals interactions, dipole interactions or hydrogen bonding. 13 Below the service 

temperature (below the glass transition temperature (Tg) of the rubbery segment) both 

phases are hard and then the material is stiff and brittle. At the service temperature 

(above the Tg of the rubbery segment and below the Tg or the melting temperature (Tm) 

of the hard segment), the soft segment is in its molten state and the hard segments 

prevent viscous flow of the elastic material. As temperature increases, the modulus 

stays relatively constant (“rubbery plateau”) until the Tg or Tm of the hard segment is 

reached, when the crosslink is break down and the material becomes viscous and can 

be processed (Figure 1.1)14.  The choice of the soft segment will determine the elastic 

properties and the hard segment the mechanical properties, such as the tensile 

strength or solvent resistance. The choice of the hard segment will also determine the 

maximum service temperature of the material. Nowadays exist a wide variety of 

commercial TPE ranging different service temperature (Table 1.1).12 

Table 1.1 Glass transition (Tg) and melting (Tm) temperatures of soft and hard phases of commercial TPE. 

TPE type Soft segment, Tg (°C) Hard segment, Tg or Tm (°C) 

SBSa -90 95 (Tg) 

SISb -60 95 (Tg) 

SEBSc -55 95 (Tg) and 165 (Tm) 

SIBSd -60 95 (Tg) and 165 (Tm) 

Polyurethane elastomers -40 to -60 190 (Tm) 

Polyester elastomers -40 185 to 220 (Tm) 

Polyamide elastomers -40 to -60 220 to 275 (Tm) 
a poly(Styrene-co-butadiene-co-styrene), b poly(Styrene-co-isoprene-co-styrene), c poly(Styrene-co-
ethylene-co-butylene-co-styrene), d poly(styrene-co-isobutylene-co-styrene) 
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1.2.2 Phase separation 

The proportion and the nature (strength of phase separation) of the two domains 

determines the final properties of the material.15 The hard phase gives the strength to 

the TPE, while the rubbery phase give the flexibility and elasticity. The two components 

on the polymer must be incompatible, not mutually soluble that would form a 

homogeneous phase; thus, the two segments may have very different structures. 

Segments with high molecular weight and low service temperatures also favors the 

phase separation. The hardness of the material will depend on the hard/soft phase 

ratio: hardness will increase as the hard segment proportion is increased, and hence, 

lowering the elasticity. The microdomains formed in phase separation will also depend 

on the hard/soft phase ratio, which can present different structures such as spherical, 

cylindrical, lamellar, etc.12, 14 Atomic force microscopy (AFM) is used to study the phase 

separation in block copolymers. It provides the surface topography together with the 

cartography of the microdomains and allows the characterization of the different 

possible morphologies (e.g. spheres, cylinders or lamellae) (Figure 1.2).16  

 

Figure 1.2 Trapping mode AFM images of ABA block copolymer TPE with different morphologies; (a) 
spheres, (b) cylinders and (c) lamellae.16  
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1.3 Types of thermoplastic elastomers 

Depending on the chemical composition and morphology, thermoplastic elastomers 

can be divided in 3 main categories: 12, 15, 17, 18 

1.3.1 Hard polymer-elastomer combinations 

These type of TPEs are not block copolymers, but fine dispersions of hard 

thermoplastics with soft elastomers. The two polymers are synthesized separately and 

then mixed (Figure 1.3). The fine dispersion of both polymers will determine the 

optimum properties, then a good match of the viscosity parameters of the polymers is 

necessary. The solubility parameters are also important, as very different polarities will 

result in poor adhesion between phases.12, 19  Some of them are only blends, e.g. 

thermoplastic polyolefin blends (TPOs),20 but in other cases a vulcanizing agent is added 

during the mixing process to crosslink the two phases, e.g. dynamically vulcanized 

polymer blends (TPVs).20-25 These last type cannot be considered true TPEs as they are 

covalently crosslinked. 

  
Figure 1.3 Morphology of TPV (left) and TPO (right). The hard domain represented in red and the 
elastomeric domain represented in blue. 

1.3.2 Branched block copolymers 

This type of copolymers possesses unique features such as small hydrodynamic radii, 

lower melt viscosity and lower solution viscosity. Furthermore, its macromolecular 

architecture allows the modulation of the TPE properties.15 Within this type of 

copolymers three different architectures are described; star branched, graft and bottle 

brush block copolymers. Star branched copolymers are polymers with more than two 

chains growing from the same center (Figure 1.4-a). If these chains have different 
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compositions or molecular weight the star is named miktoarm star polymer.26 Usually, 

for TPE applications the inner block is the rubbery domain, and the hard domain are 

the outer block.15, 27 There are many examples of star branched block copolymers using 

acrylic monomers both for the soft block, such as n-butyl acrylate, and for the hard 

block, such as methyl methacrylate or plant-derived monomers such as α-methylene-

γ-butyrolactone. 28-31 

 

Figure 1.4 Representation of (a) (AB)4-star block copolymer and (b) graft block copolymer. 

Graft copolymers consist in a main polymer chain, the backbone, with one or more side 

chains attached, the branches.15 The characteristics of these comb-shaped polymers 

are defined by three factors: (1) the molecular weight of the main chain, (2) the 

molecular weight of the graft chain, and (3) the distance between the graft chains 

(Figure 1.4-b). 32 , 33  There are many examples of graft block copolymers for TPE 

applications described in literature. 34 , 35  Finally, bottlebrush block copolymers are 

similar to the graft copolymers but the spacing between side chains are lowered and, 

therefore the grafting is more dense, giving a cylindrical arrangement (Figure 1.5).15, 30, 

36  This characteristic architecture converts bottlebrush TPEs in a very interesting class 

of supersoft materials for medicinal chemistry,37 and other applications.38-41 

 

Figure 1.5 Representation of linear (left) and star (right) bottle-brush block copolymers. 
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1.3.3 Linear block copolymers 

The most common types of linear block copolymers for TPE applications are (AB)n 

multiblock copolymers (MBCs), ABA triblock copolymers and ABC triblock terpolymers 

with A or C the hard block and B the rubbery block. The methods to obtain these 

structures vary from polycondensation and polyaddition reactions to controlled radical 

polymerizations, living anionic/cationic  polymerizations, ring opening polymerizations 

and living coordination polymerizations.15  

1.3.3.1 Multiblock copolymers (MBCs) 

 

Scheme 1.1 Multiblock copolymer TPE based on polyurethanes. 

Multiblock or segmented TPEs are linear block copolymers with a A-B-A-B-A-B-… or (A-

B)n structure. The hard segments (A) are crystalline thermoplastics while the soft (B) 

segments are amorphous elastomers. Hard segments are typically thermoplastic 

polyurethanes, aromatic polyesters and polyamides, whereas soft segments are usually 

aliphatic polyesters or polyethers. Polyurethane based TPEs are usually produced by 

addition of diisocyanates and mixtures of diols of different lengths. Thus, a polyether 

or polyester diol is reacted with an excess of a diisocyanate and then a short chain diol 
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(chain extender) is added (Scheme 1.1).12 The final product is an alternating block 

copolymer with two different segments. The first consisting of the urethane of the long 

chain diol, which is amorphous and with low Tg (usually from -100 °C to -45 °C). The 

second, the urethane formed by the short chain diol, which has a regular structure, in 

some cases is highly crystalline, and which possess high Tg or Tm values (usually over 

100 °C). Each polymer chain possesses several hard and soft segments which are 

physically interconnected (Figure 1.6).  

 

Figure 1.6 Multiblock copolymer morphology, crystalline hard segments (red) interconnected through the 
soft segments (blue). 

The most common diisocyanates used to produce TPE polyurethanes are 

diphenylmethane-4,4’-diisocyanate (MDI) and 2,4-toluene-diisocyanate (TDI). The long 

chain diols are usually polyesters (e.g. poly(ethylene adipate)) or polyethers (e.g. 

poly(oxytetramethylene)glycol).12, 13, 42 , 43  Other types of MBCs are; the polyamide-

based thermoplastic elastomers (COPAs), in which the amide block forms the hard 

domain and the polyester, polyether-ester o polyether blocks forms the soft domain. 

The strong amide hydrogen-bonding allows high service temperature. Finally, there are 

also the polyetherester-based thermoplastic elastomer (COPEs), which combine hard 

crystalline aromatic polyester blocks and soft amorphous polyether blocks.11, 15 Several 

examples of multiblock copolymers for TPE applications could be found in the 

literature.44-46 
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1.3.3.2 ABA block copolymers 

a) b) 
 
 

 

 
Figure 1.7 (a) Structure of styrene-co-butadiene-co-styrene (SBS) ABA block copolymer and (b) SBS 
morphology,  hard domain (red) dispersed in a continuous elastomer phase (blue). 

One of the first examples of commercial ABA type TPEs were styrene-butadiene-

styrene (SBS) (Figure 1.7-a) and the styrene-isoprene-styrene (SIS) copolymers, 

introduced in the 1960s. The polystyrene (PS) hard segments (Tg = 95 °C) form a 

separate region dispersed in a continuous phase of elastomeric polybutadiene (PB) (Tg 

= -90 °C)  or polyisoprene (PI) (Tg = -60 °C).11, 12 The PS hard segment forms the physical 

crosslink preventing the soft phase to flow (Figure 1.7-b). ABA block copolymers have 

a much cleaner phase separation than segmented block copolymers and are typically 

softer.47  This kind of TPE has been used for a wide range of applications, such as 

adhesives, sealants, footwear, etc. In recent years, the development of more complex 

ABA type TPEs has grown considerably, from the point of view of applications and 

mechanic performance48 and the synthetic approaches and monomer types used.49 

The ABA block copolymers can be obtained using a variety of controlled/living 

polymerizations, such as nitroxide mediated polymerization (NMP), anionic/cationic 

polymerization, metal-catalyzed polymerization (e.g. ring opening metathesis 

polymerization (ROMP)) and radical polymerization. Within these techniques, there are 

different methodologies to obtain this type of block copolymers, one possibility is to 

synthesize both blocks separately and then couple them through the terminal 

functionality or by using a coupling reagent (Figure 1.8-1). 50-52  
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Figure 1.8 Different methodologies to obtain ABA block copolymers. (1) by reactive coupling, (2) by a one 
pot - two steps copolymerization and (3) by change-of-mechanism approaches. Where M1 and M2 can be 
monomers with different or the same polymerization mechanisms, M3 and M4 are monomers with the same 
polymerization mechanism and M5 and M6 monomers with different polymerization mechanism. Y is the 
active center for M1-5, and Z is the active center for M6, and C is a coupling reagent. 

However, the most straightforward route is the living or controlled polymerization of 

the first monomer (B) followed by the sequential living or controlled polymerization of 

the second monomer (A), once the first monomer is consumed (Figure 1.8-2).49 By this 

way, ABA block copolymers can be obtained in a one-pot two-steps procedure without 

the need of purification of the first homopolymer. However, this methodology presents 

some limitations; on one hand, monomer reactivity must be considered, which means 

than the second monomer must be reactive enough to be polymerized by the 

macroinitiator. Thus, the order of addition of the monomers affects the efficiency of 

the polymerization and, hence, limiting the macromolecular architecture.  In the other 

hand, the in-situ approach requires than monomers share the same polymerization 

mechanism (e.g. two acrylic monomers).  

Nevertheless, the combination of two different polymerization mechanisms extends 

the range of monomers that can be used, allowing the obtention of a more variety of 

block copolymers.49, 53 By this approach, called change-of-mechanism polymerization 

(CHOMP), the first monomer is polymerized and once obtained the first block, the 

reactive center (appropriate for the first polymerization mechanism) is transformed (in-
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situ or in a second step) to an active center appropriate for the polymerization 

mechanism of the second block monomer (Figure 1.8-3).54 The CHOMP approach to 

obtain ABA TPEs has been applied extensively due to the variety of monomers that can 

be used, leading to block copolymers with properties unachievable by other methods. 

The ABA block copolymers have been extensively studied for the preparation of TPEs 

using a wide range of monomers through different polymerization mechanisms, such 

as, ionic polymerization,55-59 ring opening polymerization, 60-66  ring opening metathesis 

polymerization, 67, 68 radical polymerization,69-77  and by combination of more than one 

polymerization mechanism.78-80 

1.3.3.3 ABC block copolymers 

ABC block copolymers constitute another type of architecture which allows the 

obtention of TPEs. This kind of architectures are quite similar to the previously 

mentioned, but with the difference that the hard end blocks are different between 

them and also immiscible. This characteristic avoids than two hard blocks, from the 

same copolymer, physically crosslink in the same microdomain (loop chain), without 

contributing to the elastomeric behavior. In contrast when the two hard end blocks are 

physically crosslinked in two different microdomains (bridge chain) they do contribute 

to the elastomeric behavior (Figure 1.9).81-83 

 

Figure 1.9 Schematic representation of ABA block copolymer bridge and loop chains. 
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1.4 Thermoplastic elastomers applications 

TPEs are currently used in a wide range of applications, such as foams, replacement of 

natural rubber, thermal and electrical insulators, medical devices, household 

appliances, automobiles, shoes soles, sporting goods, components for construction, 

pipes, tires, asphalt binders and replacement of metals in many applications like in 

aircrafts, providing comparable strength diminishing the final weight (Figure 1.10). 10, 11, 

84-87 However, the mayor applications for TPEs are in sealants, coatings and adhesives.88 

The main difference between conventional structural adhesives, such as epoxies, and 

elastomeric adhesives is that the later allows a certain amount of motion between the 

two parts being joined, which is needed in some applications. TPE adhesives can be 

divided into three categories; soft structural adhesives, usually applied in the form of 

monomers or oligomers; pressure sensitive adhesives, typically used in tapes, labels 

and contact adhesives; and hot-melt adhesives, which are applied at high temperatures 

in liquid state and becomes solid upon cooling, typically used in sealants. These 

adhesives can also be applied with the aid of a solvent, taking advantage of their low 

solution viscosity, joining the two part upon evaporation of the solvent. TPEs are rarely 

used as neat polymers and are usually mixed with oils and fillers which allows tuning 

the final product properties. 88, 89 

 

Figure 1.10 Typical applications of TPE in; automotive sector, asphalt binders, shoes soles, tires, aircrafts, 
adhesives and electrical insulators. 
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1.5 Advantages, limitations, and challenges for TPEs   

The main drawbacks of TPEs, compared to thermoset rubbers, are than they suffer 

plastic deformation (upon tension or compression external forces), a drying process is 

needed prior to processing, the number of low hardness products are limited, and they 

soften at elevated temperatures. Nevertheless, it could be said that the advantages 

overcome the limitations, such as simple and fast processing, fast molding, low energy 

consumption, recycling of the scrap, better quality control and no curing step is 

necessary.90 Due to these advantages the TPEs demand is growing and the global value 

of TPE is estimated to increase up to 28.27 USD billion by 2022.15 For this reason, many 

efforts are focused on the obtention of new TPEs with enhanced properties, which can 

meet the actual and future needs of the society, together with diminishing the 

environmental impact. This can be accomplished by replacing the fossil raw materials 

by renewable feedstocks, together with more convenient synthetic pathways using 

eco-friendly conditions,91 and designing the materials in such manner than could be 

recycled or degraded.92, 93 Moreover, sometimes it is necessary to consider, not only 

the degradability of the polymer itself, but the recyclability of the materials which are 

together with the TPE in many applications. For example, adhesives present in paper, 

e.g. labels or book-bindings, and cardboards, e.g. in package junctions, becomes a 

source of problems in terms of paper recycling. The paper contamination from 

adhesives, called stickies in the paper industry, causes operating problems due to the 

formation of deposits on the equipment and product quality defects during the process 

of paper recovery.94, 95 These adhesives are hard to remove before the recycling of 

paper. For this reason, there is a need for creating new TPEs able to be degraded under 

demand, upon external stimuli (e.g. acid or reductive media) and become easy to 

remove from valuable materials.96 
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1.6 Polymers from renewable resources 

Nowadays exist a big concern about how our society is expending the natural resources 

that are available. The great majority of the commercial synthetic polymers, which 

production have increased exponentially in the past decades, are obtained from non-

renewable fossil-sourced raw materials. Even though the polymer manufacturing only 

consumes directly around 8% of total oil produced annually, there are estimations than 

with the increasing demand it will consume 20% of oil production by 2050, and also an 

equal quantity of oil is consumed indirectly in the production process due to the energy 

consumption.97 Further, exists a big issue about the global plastic waste, many of the 

synthetic polymers will end in landfills, when not directly into the nature. In addition to 

this, most synthetic polymers are not biodegradable, remaining in the environment for 

years, accumulating in the oceans and affecting to ecosystems. It is considered that, 

apart from the incinerated materials, all the plastics than have been discarded into the 

environment remains unaffected (as whole items or fragments) until date. 98, 99 There 

are estimations than by the 2050s the total amount of plastics produced would be 

around 33 billion tones. Moreover, approximately 30 % of the global plastic production 

is intended to PVC, polystyrene, polyurethane and polycarbonate, which are 

problematic materials in terms of recyclability and potential toxicity.100, 101 

Accordingly, in the present days an important target for polymer science and green 

chemistry is to satisfy both necessities; developing renewable alternatives to 

conventional fossil-derived raw materials, and designing materials which could be 

easily reused, recycled and/or degraded. In this manner, two of the twelve principles 

of green chemistry are being fulfilled. 102, 103 Together with these two challenging aims, 

these more ecofriendly alternatives must compete, in terms of production costs, with 

conventional polymers. The higher price of biopolymers and their limitations for some 

applications (e.g. high temperature service) entails than less than 5% of the market is 

covered by them. 104  Two representative examples of commercially available 
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biopolymers are poly(lactic acid) (PLA), which monomer is obtained from 

carbohydrates fermentation (e.g. corn) and poly(hydroxyalkanoates) (PHA), 

synthesized directly inside microorganisms and also by carbohydrates fermentation 

(Figure 1.11).105, 106 

 

Figure 1.11 Commercially available biopolymers. 

It is worth to mention that the term biopolymer not always is accompanied by the term 

biodegradable. Polymers traditionally obtained by petrochemicals, such as 

polyethylene (PE) or poly(ethylene terephthalate) (PET), can also be obtained total or 

partially from biomass (Figure 1.11).107 But these bio-based alternatives are chemically 

identical to its petrochemical equivalent, then its degradation behavior will be the 

same. 
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1.7 Monomers from renewable feedstocks 

There are three main methods to prepare renewable monomers: 104 

1.7.1 Direct extraction from natural feedstocks 

There are a lot of interesting compounds than can be directly extracted from plants. 

One of the more representative examples are vegetable oils, which are composed by a 

variety of fatty acid triglycerides. The composition of the fatty acids depends on the 

plant and the growing conditions. Oleic acid can be obtained from canola oil or from 

highly oleic sunflower oil, linoleic acid from soybean and sunflower seeds, linolenic acid 

from linseed, vernolic acid from Vernonia galamensis oilseed, ricinoleic acid from castor 

oil and erucic acid from rapeseed (Figure 1.12).108, 109 

 

Figure 1.12 Examples of industrial fatty acids. 

These fatty acids can be used directly to synthesize polymers or can be chemically 

modified to obtain other compounds through epoxidation, hydroformylation, 

hydrogenation, metathesis, oxidative cleavage among others.110 Other types of direct 

natural monomers are terpenes and terpenoids, e. g. carvone, menthol, limonene, α-

pinene and myrcene (Figure 1.13), which can also be directly polymerized or used as 

monomer precursors. These compounds are extracted from resins collected from 

different trees. 111 , 112  Another interesting terpene monomer is α-methylene-γ-

butyrolactone (MBL) (or tulipalin A) which is found in tulips (see section 1.7.5). 
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Figure 1.13 Chemical structures of common terpene and terpene derived monomers. 

1.7.2 Biotransformation of natural feedstocks 

 

Figure 1.14 Monomers/precursors obtained from biomass fermentation (green), intermediates and 
monomers obtained by modification of biomass precursors (blue). 

Fermentation of carbohydrates is of great interest for the obtention of monomers 

because biomass carbohydrates are the most abundant renewable resource. Through 

this pathway it is nowadays produced commercial lactic acid in large-scale, around 350 

Kt/year.113 Another known example is the cost-effective process developed by DuPont 
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to obtain 1,3-propandiol through glucose fermentation by a genetically modified E. 

coli.114 From glucose a variety of precursors for polymer synthesis such as isobutanol, 

ethanol and succinic acid could be obtained (Figure 1.14). 115  Other examples of 

compounds obtained from biomass fermentation are glutamic acid (1.7 Mt/year) and 

citric acid (1.6 Mt/year). 116  Fatty acids is another natural feedstock that can be 

converted to useful monomers through biotransformation, e. g. the synthesis of δ-

decalactone (DL) from linoleic acid and from 11-hydroxypalmitic acid (see section 

1.7.4). Polymers could also be synthesized directly by microbial fermentation of fatty 

acids, like polyhydroxyalkanoates (PHAs) that can be obtained as homopolymers, 

random copolymers and block copolymers depending on the bacterial specie and 

growth conditions.115, 117 

1.7.3 Chemical transformation of natural feedstocks 

 

Figure 1.15 Monomers obtained by chemical or enzymatic transformation from biomass. 
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Finally, another source of renewable monomer involves the chemical transformation 

of natural feedstock. The raw material can come from agricultural or forestry wastes 

(mainly formed by cellulose and hemicellulose composed by C6 and C5 sugars) and 

from vegetable oils, rich in fatty acids. From the acidic treatment of cellulose and 

hemicellulose furfural and levulinic acid can be produced.104 From these products other 

interesting derivatives as furan, tetrahydrofuran (THF), α-methylene-γ-valerolactone 

(MVL) and 2-methyltetrahydrofuran (2-MTHF) can be obtained (Figure 1.15). 118 

Vegetable oils are also a versatile platform to obtain valuable chemicals. One of the 

most important oleochemical reactions are the thermal cleavage of ricinoleic acid to 

form 10-undecenoic acid and heptanal 119   and the basic cleavage to form sebacic 

acid120 (decanedioic acid) and 2-octanol, through chemical transformations, but also 

trough enzymatic and microbial processes (Figure 1.15).121-123 

1.7.4 δ-Decalactone (DL) 

 

Figure 1.16 Obtention of DL from linoleic acid, 11-hydroxypalmitic acid and sugarcane bagasse. 

This lactone is present naturally, among other aliphatic lactones, in foods having a high 

fat content such as meat, cheese, milk and coconuts. These lactones are intentionally 

added to foods and beverages to give flavors (peachy, coconut-like), usually in the 
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concentration that are found in nature (usually between 0.05 and 80 ppm). 124  δ-

Decalactone can be extracted from some threes, as Cryptocarya massoy (an evergreen 

tree of Lauraceae family), but is present in low quantities (about 2.5 %) in heartwood 

oil.125 DL can be prepared from other more available natural feedstocks such as linoleic 

acid, using Lactobacillus acidophilus and cells of Yarrowia lipolytica,126  or from 11-

hydroxypalmitic acid (11-hydroxyhexadecanoic acid),127 extracted from mexican jalap 

(Ipomoea orizabensis) and sweet potato (Ipomoea batatas),128 using different strains of 

Saccharomyces cerevisiae.129, 130 Other sources could be by hydrogenation of massoia 

lactone, obtained by biomass fermentation from sugarcane bagasse (Figure 1.16).131, 

132 

• δ-Decalactone reactivity and poly(DL) properties 

 

Scheme 1.2 Synthesis of poly(DL). 

δ-Decalactone (DL) has been used to synthesize aliphatic non-crystalline polyesters, 

with low Tg values, through Ring-Opening Polymerization (ROP) (see section 1.8.2). 

There are many examples in the literature where DL is polymerized enzymatically (e. g. 

Pseudomonas sp. lipase)133, and through acid (e. g. diphenyl phosphate (DPP))134 or 

basic (e. g. 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)) 135  catalyst (Scheme 1.2). This 

monomer can be polymerized in a controlled manner (polydispersity (Ɖ) below 1.2)136 

obtaining relatively high molecular weights (between 25000 and 30000 g/mol) and with 

a relatively high equilibrium conversion (88%).135 The aliphatic chain at the 5-position 

allows the obtention of non-crystalline polymers with low glass transition temperatures 

(Tg < -50 ºC), compared with the non-alkyl substituted homonym poly(δ-valerolactone) 

which is semicrystalline (Tm = 55 ºC).137  These properties make poly(DL) a suitable 
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candidate as biobased soft/rubbery  segment for TPE applications. Polymerization of 

DL is explained with more detail in section 1.9. 

1.7.5 α-Methylene-γ-butyrolactone (MBL) 

 

Scheme 1.3 Enzymatic conversion of tulipalin-glycosides, extracted from tulipa gesneriana L,, to tulipalin A 
and B. 

α-Methylene-γ-butyrolactone (MBL) or tulipalin A is a terpene plant-derived monomer, 

which can be considered a cyclic analog of the petro-derived monomer methyl 

methacrylate (MMA).138 MBL is present in common tulip, Tulipa Gesneriana L,139 from 

which it can be extracted both as lactone or as glycoside (0.2-2.0%  w/w fresh weight)140 

and can be converted to MBL through enzymatic catalysis (Scheme 1.3).141 However, 

due to the low MBL concentration in tulips, the obtention through this methods even 

feasible is not economically competitive. Therefore, more convenient and economic 

routes for the obtention of this monomer are followed for the large-scale industrial 

production (e. g. from 1,4-butenediol).142  Moreover, there are some, commercially 

available, renewable precursors from which MBL can be synthetized in a feasible way 

thought more conveniently routes. The most important bio-based precursors are γ-

butyrolactone (BL)143  (available from furfural) 144  and itaconic acid145  (Scheme 1.4). 

Thus, using different synthetic approaches γ-butyrolactone can be conveniently 

transformant in MBL within two steps with acceptable yield and using economical 

reagents. 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 1: Introduction 
 
 

 
24 

 

Scheme 1.4 Synthetic methods for the obtention of MBL from different precursors. 

• MBL reactivity and poly(MBL) properties 

 

Figure 1.17 MBL reaction sites. 

MBL possesses two possible polymerization sites, an exocyclic vinylic double bond and 

a γ-lactone ring (Figure 1.17). From the lactone ring functionality point of view, due to 

the low ring strain of this five-membered cyclic conformation, thermodynamics for 

polymer formation is unfavorable (see section 1.8.2.1). However, there are some 

examples in the literature where it was polymerized by ring-opening polymerization 

(ROP) mechanism. Using very active catalysts, together with very low temperatures, 

high conversions of polymers with a Mn of 30 kg/mol can be achieved. 146-149  
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Scheme 1.5 Synthesis of poly(MBL) polyester though ROP mechanism. 

However, the vinylic functionality has attracted more attention until now due to its 

similarity to MMA (Scheme 1.6-a). There are many examples in the literature of MBL 

polymerization though different mechanisms (Scheme 1.6-b), such as free radical139, 150 

anionic,139 reversible addition-fragmentation chain-transfer polymerization (RAFT),145 

coordination-addition151 and atom transfer radical polymerization (ATRP) (see section 

1.14).152  

a) b) 

  
Scheme 1.6 (a) Comparison of MMA and MBL structures and (b) vinylic polymerization of MBL. 

Poly(MBL) homopolymer is a rigid, brittle and transparent material which possesses 

rigid lactone rings perpendicular to the plane of the backbone creating steric hindrance 

(Figure 1.18). Moreover, it presents dipole-dipole interactions, which entails a 

restriction of the chain mobility compared with its homologous MMA.153  This high 

rigidity of the chain is responsible of the high Tg value of poly(MBL), (195 ºC, for atactic 

samples) almost double than for MMA (105 ºC), and showing a better solvent resistance 

(only soluble in polar aprotic solvents, such as DMSO and DMF).139 It possesses high 

thermal stability (major decomposition at more than 320 °C) and thermally 

depolymerize to monomer.138 Thus, this polymer is an appropriate candidate for the 
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synthesis of the hard block in A-B-A type TPEs, and there are some examples in the 

literature of block copolymers using MBL for this purpose.70, 78 

 

Figure 1.18 Poly(MBL) synthesized by vinylic polymerization. 

1.8 Polyesters 

Polyesters are a type of polymers that contain ester functional groups in the main chain. 

One of the first examples of this kind of polymers were reported by Carothers in 1930s 

by polycondensation of aliphatic diacids with aliphatic diols. 154 , 155  These firsts 

polyesters could not compete with other polymers such as polyamides (e. g. Nylon) due 

to its low melting point and susceptibility to hydrolysis. It was not until the 1940s than 

Whinfield and Dickson, in the research laboratories of Calico Printers’ Association, 

developed the first commercially important aromatic polyester, poly(ethylene 

terephthalate) (PET) (Figure 1.19).156, 157 This aromatic polyester presents a high melting 

point (240 ºC), in comparison with aliphatic polyesters, and low solubility on solvents. 

The hydrolytic resistance is also increased due to a more hindered hydrolytic sites 

caused by a close chain packaging (PET density is approx. 1.4 g/cm3).157 This improved 

properties made PET a valuable material for commercial purposes, being able to 

prepare both fibers and films. Nowadays PET is one of the most produced polymers, 

mainly for the textile and packaging sector.  

Other important polyesters, are aliphatic polyesters, such as poly(ε-caprolactone) (PCL) 

and poly(lactic acid) (PLA) (Figure 1.19). The first one is a hydrophobic semi-crystalline 

polyester, which was developed in the 1930s by Carothers’ group.158 PCL was one of 

the first efforts to obtain polymers which could be degraded by microorganisms, and 
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rapidly became widespread used in biomedical applications due to its 

biocompatibility.159 The second one PLA, as previously mentioned, constitutes one of 

the first aliphatic polyesters obtained from renewable resources. Since then, the 

development of more complex polyesters has increased, especially for the use in more 

specific applications such as medical devices.160 Polyesters can be synthesized through 

two pathways; polycondensation and ring opening polymerization (ROP). 

 

Figure 1.19 Structure of PET (aromatic polyester) and PCL and PLA (aliphatic polyesters). 

1.8.1 Polycondensation 

 

Scheme 1.7 Polyesters from polycondensation pathway. 

Polycondensation consist in a stepwise reaction between bifunctional components 

with the elimination of small molecules. It can be performed either from 
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hydroxycarboxylic acids161, diacids and diols162, diacylchlorides and diols163 or a diesters 

and a diols164, with the release of water, hydrogen chloride and alcohol respectively 

(Scheme 1.7). Usually these reactions are catalyzed by acids165, metals166 or enzymes167, 

but the driving force for this equilibrium reaction is the constant remove of the low 

molecular weight molecule, either by azeotropic distillation, high vacuum or using a 

base in the case of hydrogen chloride. The polymers obtained through 

polycondensation are usually polydisperse and with poor control over molecular 

weight and polymer architecture. 

1.8.2 Ring-opening polymerization (ROP) of cyclic esters. 

The second pathway to obtain polyesters is ring-opening polymerization of lactones 

(cyclic esters). This kind of polymerization, also known as Ring-Opening 

Transesterification Polymerization (ROTEP), allows the obtention of polyesters with 

controlled molecular weight and narrow polydispersity.168 A ROP reaction begins with 

the addition of initiating agents (I) to a monomer (M) creating the active specie (m*). 

Once initiated, the propagation step consists in an equilibrium reaction, in this case, 

between the monomer and the growing chain (Scheme 1.8), where m* reacts with M 

incorporating to the chain and giving the opposite reaction by releasing a monomer 

unit. The conversion at the equilibrium will be determined by the rate constants of 

propagation (kp) and depropagation (kd) relationship. ROP reactions with high kd value 

will achieve low conversions, therefore remaining a relatively high [M]eq. once reached 

the equilibrium.169 

 

Scheme 1.8 Initiation and propagation steps in a ROP reaction. 
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The control on the molecular weight and the end group can be only achieved if ki is 

higher than the kp and, to proceed as a living process, the side reactions must be 

minimized. In the case of ROP of lactones two types of undesired reactions can occur. 

One is the intramolecular transesterification process leading to macrocyclic products 

and losing the chain-end. 170  Another unwanted reaction is the intermolecular 

transesterification between two polymer chains (Scheme 1.9). This may cause the loss 

of control in the polymer architecture, especially in block copolymers, where the 

monomer sequence could be randomized.171  The consequences in both cases is a 

broadening in the molecular weight distribution.169, 172 , 173  Transesterification side 

reactions increases when high temperatures174 and prolonged reaction times175 are 

used. 

 

Scheme 1.9 Representation of the transesterification side reactions involved in ROP of lactones. 

 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 1: Introduction 
 
 

 
30 

1.8.2.1 Thermodynamics of ROP 

The capability of a cyclic monomer to polymerize, from the thermodynamic point of 

view, is given by the sign of free Gibbs energy (Δ𝐺p) (Equation 1.1) of polymerization 

(Δ𝐺p < 0). Δ𝐻p and Δ𝑆p are the enthalpy and entropy of polymerization respectively, 

and T is the temperature. 

Δ𝐺p = Δ𝐻p − TΔ𝑆p 

 
Equation 1.1 General free Gibbs energy expression. 

The enthalpy (Δ𝐻p) term mainly depends on the lactone ring strain, which is usually the 

driving force of the polymerization. The major contribution to the ring strain comes 

from the distorted bond angle values, the bond stretching, repulsion between eclipsed 

hydrogen atoms and non-bonding interactions between substituents.176 In most cases 

an entropy decrease due to the loss of transitional degrees of freedom is observed,169 

therefore polymerization is allowed when the enthalpic term overcome the entropic 

contribution  in the free Gibbs energy. The free Gibbs energy (Δ𝐺p ) can be also 

expressed by a sum of standard free Gibbs energy (Δ𝐺p
° ) and a term associated to the 

concentration relationship between monomer ( [𝑀] ) and growing chain ( [… −

(𝑚)𝑖+1𝑚∗]) (Equation 1.2). 

Δ𝐺p =  Δ𝐺p
° + RTln

[… − (𝑚)𝑖+1𝑚∗]

[𝑀][… − (𝑚)𝑖𝑚∗]
 

 
Equation 1.2 Free Gibbs energy expression as a function of the monomer concentration. 

Considering the Flory’s assumption that the reactivity of an active center, located in a 

long macromolecule, does not depend on the degree of polymerization. Then the term 

[…−(𝑚)𝑖+1𝑚∗]

[𝑀][…−(𝑚)𝑖𝑚∗]
   on Equation 1.2 can be approximate to 

1

[𝑀]
. Combining the obtained 

equation with Δ𝐺𝑝
° = Δ𝐻𝑝

° − TΔ𝑆𝑝
°  the following equation can be obtained:169 
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Δ𝐺𝑝 = Δ𝐻𝑝
° − T(Δ𝑆𝑝

° + 𝑅𝑙𝑛[𝑀]) 

 
Equation 1.3 Relationship between thermodynamic parameters and monomer concentration. 

From Equation 1.3 the monomer concentration at the equilibrium ([M]eq.) can be 

estimated assuming than at the equilibrium Δ𝐺𝑝 = 0, Equation 1.4. Consequently, only 

when the initial monomer concentration ([M0]) is higher than the monomer 

concentration at the equilibrium ([M]eq.) the polymerization can be carried out ([M]0 > 

[M]eq.). 

[𝑀]𝑒𝑞. = exp (
𝛥𝐻𝑝

°

𝑅𝑇
−

𝛥𝑆𝑝
°

𝑅
) 

 
Equation 1.4 Monomer concentration at the equilibrium. 

Temperature is also an important issue to consider. One extreme case are monomers 

possessing  Δ𝐻𝑝
° < 0 and  Δ𝑆𝑝

° > 0, which means that polymerization is allowed at any 

temperature. The other extreme case are monomers with Δ𝐻𝑝
° > 0  and Δ𝑆𝑝

° < 0 , 

which polymerization is thermodynamically forbidden at any temperature.  

 

Figure 1.20 Equilibrium monomer conversion vs temperature of six-membered (left) and seven-membered 
(right) lactones. 177 
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However, in most cases the  Δ𝐻𝑝
°  and Δ𝑆𝑝

°  are negative, then the highest conversions 

(lower [𝑀]𝑒𝑞.) are reached lowering temperature. Increasing temperature increases 

the [𝑀]𝑒𝑞.  and the temperature at which [M]eq. = [M]0 is called ceiling temperature 

(Tc)178, above this temperature polymerization is not possible. In the other hand, the 

case where Δ𝐻𝑝
° > 0  and Δ𝑆𝑝

° > 0  in which [𝑀]𝑒𝑞.  decreases when increasing 

temperature (Figure 1.20), the critical parameter for this case is the floor temperature 

(Tf), below which the polymerization is not possible.169 Accordingly, one of the first 

issues to consider is the ring size of the monomer.  

• Three-membered lactones: 

The α-lactones (oxiran-2-ones) are the smallest members of the cyclic esters. 

The fact of possessing a sp2 carbon into a three-membered ring entails a high 

increase of the ring strain in comparison to its carbocycle analogue 

(cyclopropane). 179  Therefore, the α-lactones are too much reactive to be 

isolated and then there are not suitable candidates to become ROP monomers. 

• Four-membered lactones: 

 

Figure 1.21 Examples of four-membered lactones. 

The β-lactones (oxetan-2-ones) (Figure 1.21) possess also a high ring strain, 

which is responsible of its low Δ𝐻𝑝
°  value, e.g. -82.3 kJ/mol for β-propiolactone 

at 298 K. This very negative polymerization enthalpy is reflected in almost 

complete consumption of the monomer, leading to very low [M]eq. value, e.g. 

for β-propiolactone the equilibrium concentration is 2.8·10-10 M.176 Unlike the 

higher member of lactones, β-lactones are usually initiated by carboxylates, 

such as potassium acetate crown ether complex, instead of by alkoxides.176, 180 
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Another remarkable difference with respect to less strained lactones is the 

bond involved in the ring opening. In the four-membered lactones the 

propagating specie (carboxylate) reacts with the carbon adjacent to the ester 

oxygen leading to an alkyl-oxygen scission (Scheme 1.10) and the generation of 

another carboxylate propagating specie.181  

 

Scheme 1.10 Alkyl-oxygen scission in ROP of β-lactones (R = H or CH3). 

• Five-membered lactones: 

 

Figure 1.22 Examples of five-membered lactones. 

The γ-lactones (dihydrofuran-2(3H)-ones) (Figure 1.22) are the less strained of 

the small lactones, because the only contribution to the ring strain comes from 

conformational interactions. One cause for the reduction of the strain comes 

from having less C-H bonds oppositions due to carbonyl group within the 

ring.176 The ester group in a five-membered cycle has geometrical parameters 

(bond angle) very close to that in methyl acetate, selected as strain-free 

reference compound.182 This lack of strain is reflected in the Δ𝐻𝑝
° , being 5.1 

kJ/mol, and a high [M]eq. ≈ 3·103 M.176 This very high monomer concentration 

at the equilibrium, compared with monomer concentration at bulk (13 M for γ-

butyrolactone), is an evidence of the low polymerizability of the γ-lactones. 

However, there are examples in the recent literature where γ-butyrolactone is 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 1: Introduction 
 
 

 
34 

polymerized in THF at - 40 °C obtaining molecular weights higher than 10 

kg/mol and narrow polydispersities (Ɖ ≈ 1.2).146 Other strategies to overcome 

the thermodynamic barrier is the copolymerization with more strained rings 

such as ε-caprolactone.183 

• Six-membered lactones: 

 

Figure 1.23 Examples of six-membered lactones. 

The δ-lactones (tetrahydro-2H-pyran-2-ones) (Figure 1.23) are moderately 

more strained than the γ-lactones, e.g. the strain energy for γ-butyrolactone is 

32.2 kJ/mol and 39.7 kJ/mol for δ-valerolactone. 184  The carbonyl group 

introduces strain into a six-membered ring due to its flat geometry,169 which 

entails a distortion of the bond angles, especially compared with the non-

strained cyclic hydrocarbon analogue cyclohexane.179 Another factor 

influencing the strain in these cycles is the repulsion between eclipsed 

hydrogen atoms.  

One of the first examples for the polymerization of six-membered lactones was 

reported at the beginning of the 1930s, Carothers et al. described the 

formation of a waxy solid by reacting δ-valerolactone at room temperature 

without catalyst for twenty-nine days. 185  He also described its reversible 

character by the formation of the starting lactone upon heating and the effect 

of substituents, being unable to polymerize the α-n-propyl-δ-valerolactone 

after twelve month of reaction. The effect of substituents on polymerization of 

lactones will be discussed in Section 1.8.2.2. Although having higher strain, this 
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kind of monomer usually have a relatively high monomer concentration at the 

equilibrium (3.9·10-1 M for δ-valerolactone at 298 K)176 and therefore reaching 

moderate conversions. This characteristic usually makes δ-lactones unable for 

block copolymer synthesis through sequential addition of monomer due to the 

remaining monomer once reached the equilibrium. Nevertheless δ-lactones 

are promising candidates for the synthesis of polyesters, leading to polymers 

with controlled molecular weight and architectures as well as with narrow 

polydispersities under the appropriate polymerization conditions.134, 186, 187 

• Seven-membered lactones: 

 

Figure 1.24 Examples of seven-membered lactones. 

The ε-lactones (oxepan-2-ones) (Figure 1.24) are more strained than δ-lactones 

(with ΔHp -28.8 and -27.4 kJ/mol for ε-CL and δ-VL respectively),176 possessing 

a higher ceiling temperature (Tc) and reaching higher conversion than the six-

membered lactones.177 These characteristics, similar to that of six-membered 

lactones, makes this lactones also promising candidates for the synthesis of 

polymeric materials with controlled architectures and narrow 

polydispersities. 188  Consequently, ε-lactones derivatives have been widely 

studied for the synthesis of materials in different kinds of applications, such as 

micelles for drug encapsulation189 or as thermoplastic elastomers.190, 191 
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• Higher lactones: 

 

Figure 1.25 Examples of macrolactones. 

Lactones with higher ring size (eight or more membered rings, Figure 1.25) 

presents lower ring strain as increasing in the ring size, which is reflected in an 

increase of enthalpy of polymerization.177 The polymerization of macrolactones 

usually is entropy driven, due to the high flexibility of the methylene chain in 

the final polymer. The main drawback in the polymerization of macrolactones 

is that the lack of ring strain results in similar rates of polymerization and 

transesterification, which results in broad polydispersities (Ɖ > 2).192-195  

1.8.2.2 Substituent effect on the lactone ring 

Another factor to consider about the ability of a lactone to polymerize is the 

substituents on the ring. It is reported that the presence of substituents in the ring 

decreases the conversion at the equilibrium, due to a decrease in the ring strain.187 This 

behavior can be explained by the Thorpe-Ingold effect, in which the steric hindrance of 

the substituents produces a compression of the internal angle and then favoring the 

ring closure. 196  However, more recent studies reported the opposite behavior, 

increasing the ring strain with the presence of substituents. They reported a higher 

influence of the substituent on the Δ𝑆𝑝
°  than in Δ𝐻𝑝

° , being magnified upon dilution. 

The equilibrium conversion increases when the polymerization is performed in bulk.177 

The length of the substituent seems to have a stronger effect than the position, the 

Δ𝐻𝑝
°  of two lactones with the same substituent in different position are very similar, e. 

g. δ-caprolactone and β-methyl-δ-valerolactone have -13.8 and -14.3 kJ/mol 
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respectively. However, when comparing lactones with different length substituents at 

the same position the difference is magnified, e. g. ΔHp of δ-decalactone is -20 

kJ/mol.177 Another consequence of having a substituent in the lactone ring is the change 

in the thermal properties of the resulting polyesters, e. g. lowering the Tg by increasing 

the length of the alkyl pendant group.190, 197 

1.8.3 ROP mechanisms 

The ROP mechanisms can be differentiated according to the type of catalyst and 

mechanism of propagation; and can be classified as anionic, cationic, monomer-

activated and coordination-insertion.198 

1.8.3.1 Anionic ROP 

 

Scheme 1.11 Anionic initiation mechanism in ROP. Acyl-oxygen (a) and alkyl-oxygen (b) cleavage 
pathways. 

This mechanism is initiated by the nucleophilic attack of a negatively charged specie to 

the carbonyl carbon or to the carbon bonded to the acyl oxygen (Scheme 1.11). The 

propagating specie is an alkoxide or a carboxylate anion respectively. Typical 

initiators/catalysts in anionic polymerization are radical anions, activated metal 

hydroxides or alkoxides, carboxylates, phosphazene bases, amines and phosphines. 

The anionic ROP of four-membered lactones can occur with both pathways, while 

larger lactones only react through the acyl-oxygen cleavage.168, 199 The high reactivity of 

the propagating specie in this mechanism, usually an alkoxide, generate cyclic 

oligomers as a result of post-polymerization “backbiting”.200 
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1.8.3.2 Cationic ROP 

Cationic ROP polymerization of lactones can proceed through two main pathways: the 

chain end activated mechanism and the monomer-activated mechanism depending on 

the catalysts and the conditions used. In the activated chain end mechanism, the 

initiation specie is positively charged, and the propagation consists on the attack of a 

monomer to the positive propagating specie through an SN2 type pathway (Scheme 

1.12). The lactones that polymerize through this mechanism are the 4-, 6- and 7-

membered rings, however with this type of mechanism control is usually difficult and 

low molecular weight polymers are obtained, specially due to the large extent of 

“backbiting”.199 Typical initiators used in this mechanism are protic acids such as 

hydrochloric acid and Lewis acids, such as boron trifluoride or aluminium chloride, 

which can coordinate to the carbonyl oxygen and create the reactive positive specie.201 

Other type of initiators are alkylating and acylating agents (e. g. methyl 

trifluoromethanesulfonate and CH3CO+ SbF6
-) which initiates the reaction by attacking 

the exocyclic oxygen on the monomer.200, 202 

 

Scheme 1.12 Initiation of cationic ROP by activated chain end mechanism.168 

The monomer-activated mechanism consists of the activation of the carbonyl of the 

monomer by the catalyst, usually an acid (HA), and converting into a more electrophilic 

specie (Scheme 1.13). Then the initiator, usually an hydroxylic compound, attacks the 

carbonyl and the lactone ring is opened by the oxygen-acyl bond cleavage, creating the 

new propagating specie to react with another activated monomer. 203 , 204  The main 
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difference between this mechanism and the anionic ROP is that, in the anionic 

mechanism, the activated specie is the initiator/propagating specie, by the contrary, in 

the monomer-activated ROP the catalyst reacts with the monomer activating it for the 

propagation. This pathway minimizes considerably the side reactions, such as “back 

biting”, allowing a better control and the obtention of higher molecular weight 

polyesters. There are catalyst that take profit from both activations, such as 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD). 

 

Scheme 1.13 Initiation step at monomer-activated mechanism at ROP. 

1.8.3.3 Coordination-insertion ROP 

 

Scheme 1.14 Coordination-insertion mechanism in ROP, catalyzed by metal alkoxides. 

This last mechanism is a pseudo-anionic ROP, where a metal alkoxide, e. g. aluminium 

isopropoxide, is used as both catalyst and initiator. The metal coordinates the carbonyl 

on the monomer and one of the alkoxides acts as initiator. The attack on the carbonyl 

carbon by the alkoxide causes the ring opening through the acyl-oxygen bond cleavage, 

becoming part of the polymeric chain. Then, the propagating specie is the metal 
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alkoxide of the opened lactone. The reaction is quenched by the hydrolysis of the 

metal-alkoxide end group leading to a hydroxyl chain end (Scheme 1.14).200, 205 This 

mechanism overcomes the limitations of other mechanism such as the “backbiting” on 

anionic or cationic mechanisms. Coordination-insertion ROP is less susceptible to 

produce “backbiting” side-reactions. 

1.9 ROP of δ-decalactone with TBD 

δ-Decalactone (DL) has been polymerized through activated monomer mechanism by 

acid catalyst (e.g. diphenyl phosphate (DPP))52, 134, 137 and by dual activation of 

monomer and initiator mechanism catalyzed by guanidine bases, such as 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD),135, 136, 206-208 or by the combination of amine bases 

with thioureas as cocatalyst (e.g. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) with 

thiourea). 209  As six-membered lactone, the equilibrium conversion increases with 

concentration and by lowering temperature reaching a plateau of 88% conversion in 

bulk at room temperature.135 The presence of the alkyl substituent increases the ring 

strain on the lactone in comparison with the non-substituted or shorter alkyl chain 

counterparts (Δ𝐻𝑝
° ; δ-valerolactone (VL) = -12.2 kJ/mol, δ-caprolactone (CL) = -13.8 

kJ/mol, δ-DL = -20.0 kJ/mol). However, the alkyl group induce a negative influence on 

Δ𝑆𝑝
° , being mandatory to perform the polymerization at low temperatures and in bulk 

to increase the equilibrium conversion (Δ𝑆𝑝
°  (1 𝑀); δ-VL = -28.6 kJ/mol·K, δ-CL = -41.3 

kJ/mol·K, δ-DL = -62.5 kJ/mol·K).177  

TBD has been demonstrated as an effective catalyst for the synthesis of poly(DL) under 

mild conditions and without the need of solvent. Moreover, the compatibility with 

sensitive groups, such as acetals and disulfides, converts TBD in an attractive catalyst 

for the synthesis of polyesters possessing different functionalities. These characteristics 

encourages us to select TBD as organocatalyst for the ROP of DL.  
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TBD has been extensively used as dual activation catalyst for ROP of a wide range of 

lactones (e.g. lactide, δ-VL and ε-CL) obtaining good control over the polymerization.198, 

210 - 214  Two different mechanisms have been proposed in the literature for TBD-

catalyzed ROP of lactones. The first pathway (mechanism A, Scheme 1.15) involves the 

nucleophilic attack of the imine nitrogen on the TBD to the carbonyl on the lactone. 

The intermediate formed reacts with an incoming alcohol, assisted by hydrogen-

bonding from TBD, liberating the polymerized ester. 215 This mechanism was supported 

by the identification of the TBD-lactone intermediate.  

 

Scheme 1.15 Mechanism A, or nucleophilic catalytic pathway, for TBD catalyzed ROP.216 
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Scheme 1.16 Mechanism B, or acid – base catalytic pathway, for TBD catalyzed ROP.216 

However, theoretical calculations, done for δ-VL, suggest than the acid – base catalytic 

pathway (mechanism B, Scheme 1.16) is preferred. In this mechanism the amidine basic 

nitrogen establish a hydrogen-bond with the alcohol, enhancing its nucleophilicity. This 

activated alcohol reacts with the lactone, which carbonyl oxygen is also activated by 

hydrogen-bonding with the TBD N-H group, increasing the electrophilicity of the 

carbonyl carbon. A simultaneous C-O bond formation and proton transfer occurs. 216 

Both mechanisms require of hydrogen-bonding interactions to occur. An evidence of 

this effect is the different reactivity showed by TBD analogs 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and N-methyl-TBD (MTBD), which were unable 

to form hydrogen-bond interactions.198 While DBU and MTBD can polymerize lactide 

with good control, neither δ-VL nor ε-CL can be polymerized with catalyst loadings up 

to 20 mol %. Only with the addition of 5 mol % of a thiourea cocatalyst (TU) DBU and 

MTBD can polymerize these monomers.215, 217 
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1.10 Acrylic and methacrylic polymers 

Acrylic and methacrylic polymers are a group of polymers based on the polyaddition of 

vinylic monomers with (meth)acrylic acid structure (Figure 1.26). 

 

Figure 1.26 Structure of acrylic and methacrylic monomers and its corresponding polymers. 

Acrylic acid and acrylate esters are known since the middle of the XIX century, but until 

the beginning of the XX century were not systematically investigated.218 Encouraged by 

the promising properties of acrylic polymers, the industrial production of acrylate 

esters was developed in 1928 by Walter Bauer of Röhm & Hass.219 Later on, at 1932, 

Otto Röhm and Walter Bauer patented the first polymerization of methyl methacrylate 

into transparent sheets as a substitute of glass.220 Then, at the middle of the 1930s, 

both Röhm & Hass and ICI started the mass scale production of poly(methyl 

methacrylate) (PMMA) and poly(methyl acrylate) (PMA). 221 , 222  During the next 

decades, the production of polyacrylates increased rapidly due to its wide range of 

applications, together with the development of improved production process.223-225 

Nowadays, ethyl and butyl acrylates are the more commonly used for commercial 

acrylate rubbers. Within the n-alkyl methacrylate polymers, the most important is 

PMMA.226 
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1.10.1 Poly(meth)acrylates synthesis 

Acrylates and methacrylates can be polymerized by both radical and anionic 

mechanisms.227-231 From the industrial production point of view, the most commonly 

used mechanism is the free radical (see section 1.11). Anionic polymerization requires 

extensively purification of monomers and low reaction temperatures.225 In terms of 

polymerization methodology, emulsion polymerization is the most commonly used for 

polyacrylates synthesis. Bulk polymerization of acrylates presents high rate and heat of 

polymerization and results unpractical. In fact, acrylates are so reactive than can 

polymerize spontaneously at high temperatures without the addition of an external 

radical source. By the contrary, thermal initiation of methacrylates are such slow that 

is unpractical.232 Suspension polymerization is also limited due to the coalescence of 

the soft polymer beads.224 On the other hand, methacrylates can be polymerized either 

homogeneously (bulk or solution) or heterogeneously (suspension or emulsion 

polymerization). Usually the selected method for the industrial production of PMMA 

will depend on the final use of the polymer.225 Until the date, polymethacrylates 

synthesis has been extensively studied in a wide variety of polymerization mechanism. 

Among these mechanism Reversible-Deactivation Radical Polymerization (RDRP) has 

attracted great interest for the obtention of polymers with controlled architecture and 

narrow molecular weight distribution (see section 1.12). 

1.10.2 Poly(meth)acrylates properties 

Polyacrylates are in general polymers with low glass transition temperature (Tg) (e.g. 

22 °C for PMA). As the n-alkyl chain length increases results in a lower softening point 

polymer. This tendency changes when the alkyl chain exceeds 8 carbons due to the 

crystallization of the side chains.226 Thus, they are too soft, too tacky and too weak for 

many applications. However, this same characteristic converts polyacrylates to 

interesting candidates for adhesive applications. Moreover, mechanical strength can 
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be increased by copolymerization with monomers possessing higher Tg values (e. g. 

styrene, acrylonitrile, etc.).224 

Table 1.2 Glass transition temperatures (Tg) of (meth)acrylic homopolymers.224 

Monomer Tg (°C) 

Metyl acrylate 22 

Ethyl acrylate -8 

n-Butyl acrylate -43 

tert-Butyl acrylate 55 

Acrylamide 220 

Acrylonitrile 105 

Methyl methacrylate 105 

Ethyl methacrylate 67 

Methacrylamide 243 

 

Regarding to the polymethacrylate derivatives, the presence of a α-methyl group into 

the backbone reduces the chain flexibility, this fact entails a higher Tg value than to the 

corresponding polyacrylate (e. g. 105 °C for PMMA). The Tg value is lowered when 

longer n-alkyl ester groups are present, as in the case of polyacrylates. In this case, the 

downward trend of the Tg is maintained until 12 carbon length, when the tendency is 

reversed.224, 226 PMMA is an amorphous polymer with clear transparency, high brilliance 

and high surface gloss. It is resistant to aliphatic hydrocarbons, non-polar solvents and 

aqueous acid and bases, but solvents such as aromatic hydrocarbons, chlorinated 

hydrocarbons, esters, and ketones can dissolve or swell the polymer. Water and 

alcohols alone are nonsolvents for PMMA (in water/alcohol mixtures can present some 

solubility (cosolvency)). It is a hard, rigid, but brittle material with an upper service 

temperature of 100 °C. These properties (good mechanical strength, excellent optical 

properties, good weather resistance) convert PMMA into an interesting material for 

many applications.225 
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1.10.3 Poly(meth)acrylates applications 

As mentioned before, wide range of application has been found for poly(meth)acrylates 

or its copolymers. In the case of polyacrylates the most important areas of application 

are related with protection (e.g. paints, coatings and lacquers), binding (e. g. paper and 

textile industry) and adhesion (e. g. pressure-sensitive adhesives).224 On the other hand, 

polymethacrylates are more expensive than other plastic materials due to the cost of 

raw material. Then, they are usually used on applications where their characteristic 

properties (low density, resistance to fracture, transparency, etc.) are necessary for 

specific applications. In the case of PMMA, which is easily processed by different 

manners (e. g. thermoforming), is used in roofing, vehicles, machinery and instruments, 

pipelines and vessels for food storage and transport, optical components, etc. (Figure 

1.27).225 

 

Figure 1.27 Examples of commercial products where poly(meth)acrylates are used. 
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1.11 Radical polymerizations 

Radical polymerizations are a type of addition polymerizations in which a radical specie 

(initiator) reacts with a C=C double bond to form a new radical (propagating specie) 

which successively reacts with more monomers. The typical monomers for radical 

polymerization are acrylic, methacrylic, styrene and other vinylic monomers. Radical 

polymerizations can be classified into two main groups, free radical (FRP) and 

controlled polymerization (CRP). 

FRP starts with an initiator molecule which can generate a radical (usually by thermal 

decomposition, photolysis, etc.) which adds to the monomer species (Scheme 1.17).233 

This kind of polymerization is widely used in industry due to its tolerance to protic 

solvents and trace impurities in the monomer, such as oxygen or monomer 

stabilizers.234 Moreover, other kinds of initiators were developed, such as potassium 

peroxydisulphate, as water soluble initiators for biphasic polymerizations.235 

 

Scheme 1.17 Benzoyl peroxide (BPO) and azo-isobutyronitrile (AIBN) initiators for free radical 
polymerization. 

However, with this kind of thermal/photochemical initiators, it is not possible to obtain 

a controlled architecture and narrow molecular weight distribution. The contribution 
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of termination processes, via radical coupling or disproportionation, is important due 

to the high radical concentration, which is reflected as an uncontrolled process. To 

overcome these, when control over the molecular weight and architecture is desired, 

controlled reversible-deactivation radical polymerization is generally preferred.  

1.12 Controlled radical polymerizations (CRP) 

In CRP, also named Reversible-Deactivation Radical Polymerization (RDRP), the 

mechanism is similar, in terms of the intermediates to FRP. The main difference with 

the free radical process is the formation of the radical propagating species. In general, 

the control is achieved by maintaining the radical concentration low through a 

continuous equilibrium between the active growing species and a dormant species 

(Scheme 1.18).236, 237 

 

Scheme 1.18 Dynamic equilibrium between the dormant and the active species in PRE approach. 

There are two possible types of equilibrium to control the concentration of active 

species. One is the persistent radical effect (PRE), in which the active specie, after the 

incorporation of few monomers, is trapped by the persistent radical specie (X) during 

seconds or longer time, and then converted back to the active specie for only a period 

of milliseconds, leading to a low radical concentration.237,
 
238  The persistent radical 

specie (X) cannot terminate with each other, only can react reversibly with the growing 

chain, but the termination processes between growing chains are unavoidable. 

Because of these termination processes, the X concentration increases with time for 

each terminated chain. This increase in X shifts the equilibrium towards the dormant 
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specie, lowering more the radical concentration and the probability of termination. The 

other type of equilibrium to control the active specie concentration is known as 

degenerative exchange process, or degenerative transfer (DT). This process consists in 

the use of conventional thermal initiators (e. g. AIBN) to initially react with monomers 

(M) and create the polymeric active chain (Pn) (Scheme 1.19).239 This chain is trapped 

by the transfer agent (TA) with the release of a new radical that will initiate another 

chain (R). This new propagating chain (Pm) becomes part of the equilibrium with the TA. 

This rapid equilibrium between the active propagating radical and the dormant 

polymeric chain allows control over architecture, molecular weight and polydispersity. 

In contrast to the PRE mechanism, in which terminations becomes lower with time, at 

DT terminations are constant during the reaction, and at the same time are 

continuously generating new growing chains. Those new growing short chains 

terminate faster than the long chains, allowing this way the control of polymerization. 

The polymer end remains attached to the transfer agent.237 

 

Scheme 1.19 Equilibria involved in the DT process using a transfer agent (TA) where X = CH2 or S, A = CH2, 
CH2=CHCH2, O or S. Z is an electron stabilizing groups such as phenyl. 

One example of polymerization by the approach of DT is Reversible addition-

fragmentation chain transfer (RAFT) where the TA usually are thiocarbonylthio 

compounds. The most relevant methods using the PRE approach are nitroxide-
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mediated polymerization (NMP) and atom transfer radical polymerization (ATRP). The 

NMP uses typical thermal initiators in conjunction with a nitroxide as a control agent 

to form the dormant species in a bicomponent initiation system (B in Scheme 1.20). It 

can be also initiated with an only component which thermally decomposes into the 

initiator and the nitroxide agent (A in Scheme 1.20).240  

 

Scheme 1.20 Equilibrium on the NMP mechanism with one component (A) and two component (B) 
initiation systems. 

ATRP consists in a dynamic equilibrium between an alkyl halide (dormant specie) and a 

metal complex in its lower oxidation state and an alkyl radical (active specie) and the 

metal complex in the higher oxidation state (Scheme 1.21).241 

 

Scheme 1.21 ATRP equilibrium between an alkyl halide (dormant) and the alkyl radical (active). 

Each of these three techniques have its own advantage and limitations. RAFT allows 

the obtention of high molecular weight polymers, can be applied to a wide range of 

monomers and most of the chain end-group of the polymer is maintained as 
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thiocarbonylthio group, allowing the formation of block copolymers. However, RAFT 

seems to have some limitations in some block copolymer synthesis approaches. For 

example, in the case of using a bifunctional initiator for two types of polymerization 

techniques (e. g. ROP and RAFT), the macroinitiator that bears the transfer agents is 

also exchanged with the growing chains possessing the functional group of the radical 

initiator, this entails the consumption of monomer in homopolymer chains. This 

problem is not present in ATRP, because all the initial radicals are formed in the 

bifunctional initiator.242 NMP share the same drawback than RAFT in terms of block 

copolymerization due to the use of an external radical initiator. But it is also a promising 

technique which can lead to relatively high molecular weight polymers with more 

environmentally benign reagents (without metals or sulfur compounds). Finally, ATRP 

is characterized by a well-defined end-group fidelity, therefore being suitable for the 

preparation of block copolymers. It is also appropriate for the obtention of low 

molecular weight polymers, due to the complete initiation in the early stages of 

reaction. However, the obtention of high molecular weight polymer is more challenging 

than RAFT, even though there are examples in the literature were high molecular 

weight polymers are obtained by ATRP.243 Also the number of polymerizable monomers 

is lower in comparison with RAFT.244 

The aim to synthesize ABA block copolymers, starting from a polyester macroinitiators 

obtained by ROP, led us to decide using ATRP for the chain extension in the second 

stage. One advantage is the easy modification of the final hydroxyl group of a polyester 

to be used as macroinitiator for ATRP, 245  and overcome the inconvenience of 

homopolymer formation previously mentioned. 
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1.13 Atom transfer radical polymerization (ATRP) 

 

Figure 1.28 ATRA process catalyzed by peroxides (left) and transition metals (right). 

Atom transfer radical polymerization was initially inspired on the Kharasch addition 

reaction, reported in 1945 by Morris S. Kharasch, which consist of the anti-Markovnikov 

addition of haloalkanes, such as chloroform or carbon tetrachloride, to olefins 

catalyzed by peroxides.246 This reaction entails the formation of oligomers and even 

high polymers depending on the olefin substituent (e. g. aromatic). Later in the 1961, 

Minisci et al. found that iron chlorides, present due to corrosion of the autoclave, 

inhibit acrylonitrile polymerization. They hypothesize that the first propagating radical 

is trapped by the iron chloride preventing to polymerize, due to a higher transfer 

constant, and leading to the monoadduct as major product.247 This process is nowadays 

known as atom transfer radical addition (ATRA) (Figure 1.28).248 In 1995, Matyjaszewski 

et al. take benefit of this process to develop a new controlled polymerization system 

using copper as catalyst. They termed this process atom transfer radical polymerization 

(ATRP) in analogy to ATRA. The main difference between both is than while in ATRA the 

ratio olefin/haloalkane is approximately 1, in ATRP the olefin is present in a large excess 

and this ratio will define the degree of polymerization. Matyjaszewski reported the 
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polymerization of styrene using 1-phenylethyl chloride as initiator and copper(I) 

chloride complexed by 2,2’-bipyridine as catalyst, obtaining narrow polydispersities 

and a good control on the molecular weight.249, 250 

Since then, ATRP has been widely studied for many authors for a better understanding 

of its mechanism,251-253 kinetics,254-256 the effect of the different components (initiator, 

metal/ligand, monomer and solvent),257, 258  as well as for its use in the synthesis of 

polymers with complex architectures 259 - 261  and different polymerization media 

(homogenous, heterogenous, emulsion, etc.)260-262 

1.13.1 ATRP mechanism 

 

Scheme 1.22 ATRP dynamic equilibrium. 

ATRP, aside from its dynamic equilibrium (Scheme 1.22), operates like a conventional 

radical polymerization in terms of radical propagation. The rate of polymerization (Rp) 

can be expressed as in Equation 1.5, where the kp is the rate constant of conventional 

radical polymerization, [M] is the monomer concentration and [R•] is the radical 

concentration.  

𝑅𝑝 =  𝑘𝑝[𝑀][𝑅•] 

 
Equation 1.5 Radical polymerization rate equation. 

Thus, in ATRP the Rp is regulated by the position of the ATRP equilibrium (Scheme 1.22 

and Equation 1.6), responsible of the radical concentration. This dependence can be 

deducted by the combination of the Equation 1.5 and Equation 1.6 to give Equation 

1.7. 258 
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𝐾𝐴𝑇𝑅𝑃 =  
𝑘𝑎𝑐𝑡

𝑘𝑑𝑒𝑎𝑐𝑡
=  

[𝑅•][𝑋𝐶𝑢𝐼𝐼𝐿]

[𝑅𝑋][𝐶𝑢𝐼𝐿]
 

 
Equation 1.6 ATRP constant equation. 

𝑅𝑝 =  𝑘𝑝[𝑀]𝐾𝐴𝑇𝑅𝑃

[𝑅𝑋][𝐶𝑢𝐼𝐿]

[𝑋𝐶𝑢𝐼𝐼𝐿]
 

 
Equation 1.7 Polymerization rate equation as function of KATRP for a given monomer. 

The ATRP equilibrium (KATRP) is defined by the relative bond strengths toward homolysis 

of the alkyl halide bond (R-X) (KBH) (Scheme 1.23-1) and the CuII-X bond of the ATRP 

deactivator (KHalo) (Scheme 1.23-2).258, 263, 264 Thus, the KATRP can also be expressed as a 

product of these two reactions (Equation 1.8). 

 

Scheme 1.23 Overall contributing reactions on ATRP equilibrium constant. 

𝐾𝐴𝑇𝑅𝑃 =  𝐾𝐵𝐻𝐾𝐻𝑎𝑙𝑜 
 

Equation 1.8 KATRP equation as a function of R-X and X-CuIIL bond formation. 
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The halogenophilicity, at the same time, is divided into three process; first, the 

oxidation of the metal in its lower oxidation state, electron transfer (ET) (Scheme 1.23-

3); second, the reduction of the halogen radical to the halide anion, electron affinity 

(EA) (Scheme 1.23-4); and third, the formation of the deactivating specie by the 

coordination of the halide anion to the higher oxidation state metal complex, 

halidophilicity (Scheme 1.23-5).263, 264, 265 Therefore, a halogenophilicity rate constant 

(KHalo) can be obtained from these three reactions (Equation 1.9).258 

𝐾𝐻𝑎𝑙𝑜 =  
𝐾𝐸𝐴𝐾𝐻𝑎𝑙𝑖𝑑𝑜

𝐾𝐸𝑇
 

 
Equation 1.9 Rate constant equation of halogenophilicity process. 

From the combination of Equation 1.8 and Equation 1.9, an equation containing all the 

factors affecting the ATRP equilibrium can be obtained (Equation 1.10). 

𝐾𝐴𝑇𝑅𝑃 =  
𝐾𝐵𝐻𝐾𝐸𝐴𝐾𝐻𝑎𝑙𝑖𝑑𝑜 

𝐾𝐸𝑇
 

 
Equation 1.10 ATRP rate constant as a function of its different process. 

Thus, the R-X bond dissociation energy (BDE), the tendency of the halogen to be 

reduced by the copper complex (halogenophilicity) and the affinity of the halide to 

coordinate the copper in its higher oxidation state (halidophilicity) will determine the 

position of the ATRP equilibrium. The quantification of KATRP, for a given monomer (M) 

and catalyst, is a useful method to determine the true catalyst activity of a system.258 

As mentioned before, the equilibrium between the dormant and the active radical 

species, not only determines the polymerization rate, but also determines the control 

and “livingness” of the reaction. The CuI/L complex must be active enough to cleave 

the C-X bond on the initiator (kact), as well as, the X-CuIIL complex must react quickly 

with propagating radicals to form the dormant specie (kdeact). Fast deactivation of the 

active chain by halogen transfer favors that all the chains are growing at the same rate. 

This equilibrium must be shifted towards the dormant specie (C-X) in order to maintain 
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a low radical concentration and therefore minimize the radical-radical irreversible 

termination side reactions (kact << kdeact). However, both constants must be large 

enough to maintain a rapid exchange and obtain a good control over the 

polymerization. This equilibrium is affected by many factors such as the catalytic 

system (metal and ligand), monomer and initiator type (important to ensure a 

complete initiation in the early stages), solvent and temperature.254, 258 

1.13.2 Catalytic systems in ATRP (Metal/ligand) 

The catalytic system has a great influence on the position of the ATRP equilibrium and 

the dynamic exchange between the dormant and the active specie. The use of a variety 

of metals,264 such as copper, 266 , 267  iron, 268 - 270  nickel, 271  has been described in the 

literature. The metal catalyst must have at least two accessible oxidation states 

separated by one electron, also it should have affinity with halogens and its 

coordination sphere should be expandable upon oxidation to selectively accommodate 

a (pseudo)halogen. Finally, the ligand must complex the metal relatively strong.272 The 

main role of the ligand is to solubilize the metal salt in the organic solvent and to adjust 

the redox potential to obtain an appropriate reactivity on the dynamic exchange. Thus, 

by changing the ligand, the reactivity can be tuned for each specific case.272 The two 

more common types of ligands in ATRP are phosphorous269 and nitrogen-based 

ligands.267 Phosphorous-based ligands are used in ATRP for most transition metals such 

as rhenium, ruthenium, iron, rhodium, nickel and palladium, but not for copper. The 

sulfur, oxygen and phosphorous based ligands are less effective coordinating copper 

due to inappropriate electronic effects or unfavorable binding constants, however, 

nitrogen-based ligands are suitable to form an active complex with copper.272 Nitrogen 

ligands has also been used in iron-mediated ATRP.273 Nevertheless, we will focus on 

copper-catalyzed ATRP with nitrogen-based ligands, because it is the most studied and 

the polymerization of our target monomer is described in the literature using this 

catalytic system.78  
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Scheme 1.24 Typical nitrogen ligands in copper-based ATRP, ordered by increasing activity.257 

The ATRP equilibrium constant will depend on the structure of the nitrogen ligand and 

the number of chelating atoms (decrease in activity when decreasing the chelating 

atoms), as well as the steric hindrance and the type of substituent (electron-

withdrawing or electron-donating groups). All these different parameters will 

determine the redox potential of the final complex, and consequently, the catalytic 

activity of the system. As a general trend, the more reducing complex the better is 

catalyst, and becomes more active when the CuII state is better stabilized by the ligand. 

The activity of the ligand decreases in the order: alkyl amine ≈ pyridine > alkyl imine >> 

aryl imine > aryl amine.264 The electron-withdrawing groups on the ligand entails the 

formation of less reducing complexes, by the contrary, ligands possessing electron-

donating groups will increase the reducing character of the complex.257, 274  Typical 

ligands used in copper-based ATRP are tris[2-(dimethylamino)ethyl]amine (Me6TREN), 

N,N,N’,N’’,N’’-pentamethyl-diethylenetriamine (PMDETA), 4,4’-di-(5-nonyl-2,2’-

dipyridyl (dNbpy), among others (Scheme 1.24). Nevertheless, not always the highest 

activity is the proper condition for a specific system, because high activity can result in 

high radical concentration and thus favoring termination side reactions with the 

consequent loss of control. The catalytic system must be optimized for each case.  
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1.13.3 Initiator effect 

The main role of the initiator is to determine the number of growing polymer chains. 

Moreover, if initiation is fast and termination negligible, these number of growing 

chains are maintained constant during the progress of the reaction. The usual initiators 

in ATRP are alkyl halides with activating substituents on the α-carbon, such as carbonyl 

or aryl groups (Scheme 1.25).272 However, polyhalogenated compounds (e. g. CCl4) or 

compounds with a weak R-X bond, such as N-X, S-X and O-X (e. g. p-toluenesulfonyl 

chloride)275 and alkyl (pseudo)halides (e. g. alkyl diethyldithiocarbamate)276 can also be 

used as ATRP initiators.272 There are many factors affecting the initiator activity. From 

the point of view of the initiator structure the main factor to consider is the character 

of the leaving atom (or group) (bond strength) and the stability of the formed radical 

(carbon substitution degree and radical stabilizing groups in α-position).277  

As mentioned before, the ATRP equilibrium involves the homolytic cleavage of the alkyl 

halide bond (see section 1.13.1). Thus, the R-X bond dissociation energy (BDE), the 

tendency of the halogen to be reduced by the copper complex (halogenophilicity) and 

the affinity of the halide to coordinate the copper in its higher oxidation state 

(halidophilicity) will determine the efficiency of the initiator. For example, alkyl 

bromides are in general more active than alkyl chlorides, due to its lower BDE. Although 

alkyl iodides have a slightly lower BDE than the other alkyl halides, they are not 

appropriate as ATRP initiators due to its low affinity toward Cu (e.g. CuI2 is 

thermodynamically unstable and cannot be isolated). Additionally, alkyl iodides are 

light sensitive, and the R-I bond can be heterolytically cleaved, which can entail 

complications in the ATRP process.272, 277 The standard reduction potentials of the 

deactivating specie [X-CuIIL]+ will be also affected by the halide type, decreasing in the 

order [I-CuIIL]+  > [Br-CuIIL]+ > [Cl-CuIIL]+ > [F-CuIIL]+, while the halidophilicity is in inverse 

order. In the case of R-F initiators, which have a very strong C-F bond,272 only very active 

catalyst can let to activation and with a non-complete initiation.278 For these reasons, 

the most used alkyl halides in ATRP are bromides and chlorides. 
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Scheme 1.25 Typical ATRP initiators, ordered by increasing activity.257 

Radical stability is another factor to consider. Tertiary radicals are more stabilized than 

secondary ones, and those are more stable than primary radicals, because alkyl groups 

give electron density (inductive effect) to the electron deficient carbon radical. Thus, 

the kact follows the order 1° < 2° < 3° (e. g. 2-bromopropionitrile is approximately 3 

times more active than bromoacetonitrile).277, 279 The radical can also be stabilized by 

delocalization (resonance) in a sp2 (or sp) system, lowering its  energy by conjugation. 

In this way, the presence in the α-position of carbonyl, nitrile or aryl groups gives an 

extra radical stabilization, the order by decreasing activity follows nitrile > ester > 

benzyl > amide, furthermore the presence of two stabilizing groups increases even 

more the radical stabilization, and then improves the activation activity (e.g. phenyl 

acetic ester) (see Scheme 1.25).257, 277  

It is noteworthy to mention that to achieve a controlled ATRP, not only the activation 

rate constant (kact), but also the deactivation rate constant (kdeact) must be considered. 

This means that not always the most active initiator is adequate for all the systems, it 

must be selected for each case, too active initiator can lead to terminations at early 

stages and a low active initiator can entail a slow and/or incomplete initiation. 280 In 
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general, a good criterium for selecting a initiator is that which possess a similar 

structure to the resulting dormant polymeric chain, to ensure at least similar rates of 

initiation and propagation. For example, 1-phenylethyl bromide (PEBr) would be 

appropriate for polystyrene, methyl 2-bromopropionate (MBrP) for poly(methyl 

acrylate) and ethyl 2-bromoisobutyrate (EtBriB) for poly(methyl methacrylate).277 

However, in ATRP of methacrylate like monomers, some additional effects have to be 

considered. Thus, despite the similarity of EtBriB to the dormant chain in PMMA 

polymerization is not well controlled at high conversions. Experimentally, the 

EtBriB/CuBr system for MMA shows a fast polymerization rate, as expected for this type 

of initiator, and low polydispersities at early stages of polymerization, probably due to 

the fast deactivation caused by the weak CuII-Br bond. However, upon increasing 

conversion the molecular weight deviates from the theoretical one and an increase of 

polydispersity is observed (in contrast with the usual decrease in Ɖ observed in other 

ATRP systems).281 This deviation has been attributed to the so called back strain effect, 

causing slow initiation of EtBriB in comparison with the propagating chain due to the 

release of the steric strain of the dormant specie during the rehybridization from sp3 to 

sp2 configuration. This effect is only present on tertiary carbon radicals and not on the 

secondary ones.254, 281, 282 The bulky MMA penultimate unit destabilizes the dormant 

alkyl bromide, reduces the bond dissociation energy and, stabilize the resulting sp2-

hybridized radical (Figure 1.29).283  

 

Figure 1.29 Structural comparison of dimeric MA-MMA-Br and MMA-MMA-Br. Effect of penultimate unit 
on activation process (back strain effect). 
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A more appropriate initiator for MMA would be 2-bromopropionitrile (BPN) which 

maintain a balance between a higher initiation rate (95 % initiation efficiency), when 

compared to EtBriB, and a lower capacity to give early termination, when compared to 

ethyl 2-bromophenylacetate (EBPA).280  

Nevertheless, sometimes the selection of the initiator is limited, especially when block 

copolymers, or more complex architectures, combining different polymerizations 

techniques are targeted. 284  This is the reason why BriB esters encountered a 

widespread use, even though they are not the best initiators for methacrylate like 

monomers.281 BriB units are easily incorporated to the final hydroxylic groups of a 

polymer (e. g. synthesized by ROP) by reacting with 2-bromoisobutyryl bromide 

(BriBBr).285, 286 Whereas other types of radical initiators would be more challenging to 

incorporate to a macromolecule. Nevertheless, the halogen exchange (HE) effect has 

been developed to overcome the problems in the initiation/propagation rate 

balance.287 

1.13.4 The halogen exchange effect 

The halogen exchange (HE) effect is usually used in the synthesis of block copolymers, 

by chain extension from macroinitiators, when the second block monomer has a higher 

activity towards propagation than the macroinitiator. 288  This is the case of the 

polymerization of MMA using PBA-Br as macroinitiator: the alkyl bromide formed upon 

incorporation of the first monomer unit is more reactive than the initial macroinitiator 

(e.g. secondary alkyl less reactive than tertiary). This entails that some macroinitiator 

may remain unreacted leading to broad (Ɖ) and/or bimodal molecular weight 

distribution (Scheme 1.26-A288). 289  However, using copper(I) chloride instead of 

copper(I) bromide allows the incorporation of chloride atom at the propagating chain 

during the deactivation step, and after the incorporation of the first monomer unit 

(Scheme 1.27).  
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Scheme 1.26 Representative block copolymerization using a macroinitiator with a more reactive monomer 
(A) using copper (I) bromide (without HE) and (B) using copper (I) chloride (with HE).288 

 

Scheme 1.27 HE mechanism with CuICl, leading to a less reactive R-Cl propagating chain.288 
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Through this HE method the activity of a tertiary alkyl bromide can be diminished, due 

to the stronger nature of R-Cl bond, and therefore high initiation efficiency of the 

macroinitiator and simultaneous growing of all chains can be obtained (Scheme 1.26-

B).290 

1.13.5 Solvent, temperature, and reaction time 

ATRP can be conducted in bulk or solution. 291 Bulk polymerization are faster than in 

solution but usually the use of solvent is necessary to solubilize the polymer, when it is 

insoluble in its own monomer, and for better solubilization of the catalyst.272 There are 

examples of ATRP in both polar and non-polar solvents, such as toluene, diphenyl ether, 

acetone and dimethylformamide among others.258, 292 , 293  Some considerations that 

must be taken into account about solvent selection are: first, the potential chain 

transfer to some solvents; second, the solvent interaction with the catalyst, e.g. 

coordination, 293 and third, the solvolysis or elimination of HX that some end-groups 

can undergo at elevated temperatures and in polar solvents.294 In general, solvent 

affects the activity of the catalytic system by increasing the activation rate (kact) with 

increasing the medium polarity, due to a better solvation of [Br-CuIIL]+ than [CuIL]+ in 

polar solvents, presumably due to a more pronounced dipolar nature of the CuII 

species.248 However, the solvent effect on the deactivation rate (kdeact), which is crucial 

in the control of the polymerization, is still uncertain. Initial studies showed that 

increasing medium polarity turns slower the deactivation step and faster the activation 

step.295 However, a more recent publication concluded than both kact and kdeact, and 

consequently KATRP, increase with medium polarity, but the effect is more pronounced 

on kact than in kdeact.296 Therefore, for each case an appropriate solvent must be found 

to obtain an appropriate balance. It is worth to mention than the use of solvent reduces 

the monomer concentration, and this entails an increase of the dead chain fraction 

(DCF), in other words the loss of end-group functionality. This trend can be deduced 

from the equation developed by Zhong, et. al (Equation 1.11), where DPT is the ratio 
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between the initial monomer concentration, [M]0, and the concentration of the living 

polymers [P-X], kt is the termination rate constant, p is monomer conversion, kp is the 

propagation rate constant and t is the time.297, 298 

𝐷𝐶𝐹 =  
2𝐷𝑃𝑇𝑘𝑡[ln(1 − 𝑝)]2

[𝑀]0𝑘𝑝
2𝑡

 

 
Equation 1.11 Dead chain fraction (DCF) equation. 

Temperature is another important factor to consider, both radical propagation and 

ATRP equilibrium constants increase upon increasing temperature. The activation 

energy for radical propagation is higher than for radical termination, therefore higher 

temperatures allows better control by increasing the kp/kt ratio. However, higher 

temperatures can also lead to higher rate of chain transfer or other side reactions.272, 

294, 299Finally, it must be mentioned than long reaction times have, in general, a negative 

influence on the polymerization. Rather than reaction time, the effect is noticed at high 

monomer conversions, where the propagation rate is very slow, due to the low [M]. 

However, the rate of most side reactions is concentration independent, becoming 

significative at high conversions.294 Then, to not exceed 95% of conversion is important 

when end-group fidelity is desired. Nevertheless, the polydispersity remains unaffected 

by these side reactions.272  

1.13.6 ATRP variations 

Exists many ways to conduct ATRP. They vary mainly in the activation step and how the 

first radicals are generated. Here below, the main characteristics are described: 

• Reverse ATRP: 

In this variation the metal is used in its higher oxidation state, and a conventional free 

radical initiator is used to generate the active species and the formation of the dormant 

initiator (Scheme 1.28). This variation was developed simultaneously with the normal 
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ATRP and has the limitation that the free radical initiator is incorporated to the polymer 

chain. 300, 301 

 

Scheme 1.28 Activation step at reverse ATRP. 

• Simultaneous Reverse and Normal Initiation (SR&NI) ATRP: 

This variation is a combination of normal and reverse ATRP, where both free radical 

initiator and alkyl halide are used. The conventional free radical initiator reduces the 

CuII to the active specie and most of the polymer chain are initiated by the alkyl halide 

(Scheme 1.29).  

 

Scheme 1.29 Mechanism of SR&NI ATRP. 

However, a fraction of free radical initiator is incorporated the polymer chain, this fact 

difficult the synthesis of block copolymers by this technique, due to the unavoidable 

formation of homopolymers.264, 302, 303 
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• Activators ReGenerated by Electron Transfer (ARGET) ATRP: 

In this type of ATRP a reducing agent is used (e.g. tin(II) 2-ethylhexanoate, ascorbic acid 

or hydrazine) to continuously regenerate the active species from the CuII species 

formed due to inevitable radical termination (Scheme 1.30). This allows the reduction 

of the copper catalyst to ppm levels.264, 304-306  

 

Scheme 1.30 Mechanism of ARGET ATRP. 

ARGET ATRP can be considered an evolved version of SR&NI with the advantage that 

the reducing agent do not form radicals which can initiate and thus the polymer is only 

initiated by the alkyl halide. Moreover, the addition of reducing agents can be also 

employed for the elimination of oxygen or impurities in the medium.304, 307 Another 

benefit of reducing the amount of catalyst is that the termination side reactions are 

also diminished.308  

• Initiators for Continuous Activator Regeneration (ICAR) ATRP:  

This technique is quite similar to SR&NI, both uses thermal radical initiators for the 

reduction of the metal to the active state, however, SR&NI requires large amounts of 

CuII and the radical initiator is consumed rapidly at early stages of the reaction, by the 

contrary, in ICAR ATRP the CuII amounts are lower and the radical initiator reacts 

progressively during the reaction, even unreacted initiator is remained at the end of 

the reaction.303, 306 
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• Supplemental Activator and Reducing Agent (SARA) ATRP: 

 

Scheme 1.31 Comparison of the proposed mechanisms for zero valence metal assisted mechanisms; SARA 
ATRP (left) and SET-LRP (right). 

SARA ATRP consist in the use of zerovalent metals as reducing agents for the recovery 

of the active specie, as in the case of ARGET ATRP.309 The CuI is recovered by Cu0 

comproportionation with CuII formed due to terminations (Scheme 1.31). 310 , 311 

However, there is a discussion about the real mechanism in zerovalent mediated living 

polymerization. SARA ATRP is one of the proposed mechanisms, where the only 

difference between the conventional ATRP is the source of CuI, which in this case comes 

from the comproportionation reaction of the zerovalent metal, then as ATRP process 

the electron transfer is through an inner sphere.299, 312  But another mechanism 

proposed by Percec et. al., named Single-Electron Transfer Living Radical 

Polymerization (SET-LRP), suggest an outer-sphere electron transfer. In this mechanism 

the real catalyst is Cu0 that acts as electron donor, and the R-X act as electron acceptor, 

to form the propagating radical and the CuI specie (Scheme 1.31). This CuI 

disproportionate to form new Cu0 and then deactivating CuII specie.313, 314 Nowadays, 

there is no consensus yet about the real mechanism.315-318 
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1.14 ATRP of MBL 

The first example of MBL radical polymerization was reported at 1979 by Akkapeddi 

using AIBN as free radical initiator.139 Akkapeddi noted a higher reactivity towards 

radical polymerization with respect to its acyclic analogous MMA. This higher reactivity 

was confirmed by the copolymerization of MBL with MMA, in which the MBL fraction 

present on the final polymer was higher than in the initial feed.319 He attributed these 

results to a less steric hindrance of the methylene groups of MBL in comparison with 

the methyl groups of MMA. The planar structure of MBL results in a favorable 

interaction of the growing radical and the approaching monomer in the transition 

state. 320  This fact is corroborated by the lower reactivity of α-methylene-δ-

valerolactone (MVL), upon radical polymerization, due to the nonplanar six-membered 

lactone ring. 321  Further studies demonstrated than the ring planarity favors 

delocalization of the radical’s spin density, conferring an extra stabilization.322 

 

Scheme 1.32 First example of MBL polymerization with ATRP. 

The first example of controlled radical polymerization of MBL was reported in 2008 by 

Matyjaszewski and Mosnáček.152 They describe the preparation of well-defined 

homopolymers of MBL through ATRP. The obtained polymers present a narrow 

molecular weight distribution (Ð = 1.09-1.14), as well as a good agreement between 

the experimental and the theoretical molecular weight. The polymerization is carried 

out in DMF due to the insolubility of the poly(MBL) in its own monomer. The solvent is 

also necessary for the catalyst solubilization. The catalytic system used for the synthesis 

of homopolymers was copper(I) bromide (CuBr) as metal salt, 2,2’-bipyridine (bpy) as 

ligand and 2-bromopropionitrile as initiator. A small amount of copper(II) bromide 

(CuBr2) was added to the system to increase the rate of deactivation (Scheme 1.32).  
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Figure 1.30 Examples of ABA thermoplastic elastomer synthesized by ATRP. Using PMBL as hard block (red) 
and poly(n-butyl acrylate) (PBA) and poly(menthide) (PM) as soft block (blue). 

They also prepared diblock and triblock copolymers from chain extension of PMMA and 

poly(n-butylacrylate) (PBA) macroinitiators. In this case, the catalytic system had to be 

adjusted for the preparation of block copolymers. The copper bromide was substituted 

for copper chloride to use the halogen exchange effect. This was necessary due to the 

high reactivity of MBL propagating specie with respect to bromo-terminated PMMA 

and PBA (see section 1.13.4). Their purpose in the synthesis of the PMBL-b-PBA-b-PMBL 

(Figure 1.30) was to obtain a material with thermoplastic elastomer properties.70 The 

material obtained showed phase separated morphology, possessing a broad elastic 

plateau (approximately 250 °C between the Tg of both blocks). Shin and Hillmyer also 

examined the possibilities of ATRP of MBL for the synthesis of TPE. In this case, they 

used the bis(BriB) end-functionalized poly(menthide) (PM) as renewable polyester 

macroinitiator (obtained by ROP) (Figure 1.30).78 They obtained well-defined polymer 

architectures and narrow polydispersities. These block copolymers showed phase 

separation and the mechanical test showed a considerable elongation, strain, and 

elastic recovery. Thus, the characteristic properties of poly(MBL) (see section 1.7.5), 

with their promising applications in many fields,323, 324 and the capability of MBL to be 

polymerized in a controlled manner from a wide variety of macroinitiators, converts 

MBL to a potential monomer suitable for engineering thermoplastic elastomers.30, 79, 

325, 326 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 1: Introduction 
 
 

 
70 

1.15 Stimuli-cleavable polymers 

The design of functional polymers, which can respond to environmental changes 

through chemical or physical transitions, is a growing area of research due to their 

potential applications. 327 , 328  Stimuli-responsive polymers, also known as “smart 

polymers”, are macromolecules which are sensitive to certain external triggers (e.g. pH 

and temperature). 329-332  These external stimuli induce a micro or nanoscale change, as 

morphology, bond rearrangement/cleavage and molecular motion. These changes can 

be reflected in their macroscopic properties, such as color, shape and functionality.327 

These type of materials have been extensively studied due to their potential 

applicability in many fields, such as biomedicine (e.g. drug delivery, and artificial 

muscles),328, 331, 333 , 334  analytics (e.g. sensors and biosensors),328, 335 , 336  degradable 

materials,337, 338 etc. 339-341  

 

Figure 1.31 Examples of possible locations of sensitive moieties into a stimuli-cleavable polymer.  

Among all the different types of stimuli-response polymers, stimuli-cleavable polymers 

are one of the most widely studied, being extensible applied for drug delivery systems 

333 and for enhanced degradability in polymeric materials.337, 338 The integration of the 

stimuli-responsive degradable groups could be within the polymer backbone or 

between block junctions. The location of the cleavable points will depend on the final 
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application of the polymer. If the cleavable points are within the polymer backbone the 

resulting degradation products are monomers or oligomers (Figure 1.31-a). If the 

cleavable points are on the block junctions (or in a mid-point of the polymer) the 

degradation products are shorter polymer chains (Figure 1.31-b, c and d). In both cases 

generating new functionalities at the polymer ends. 

 

Figure 1.32 Stimuli-cleavable groups, described in the literature, for the synthesis of stimuli-responsive 
telechelic polymers. 

In the case of the ABA block copolymer TPEs, a cleavable point in the middle of the 

polymer chain is enough to dramatically change its properties. The breaking of the 

linker between the two hard domains entails the formation of an AB diblock copolymer 

(Figure 1.31-b), hence, losing its elastomeric properties. One possible approach, for the 

synthesis of this type of stimuli-cleavable polymers, is to use a telechelic initiator with 

the appropriate functionality. By this way the cleavable point is located in the middle 
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of the polymer chain.96 This type of bifunctional initiators can possess different labile 

groups, sensitive to different stimuli. Figure 1.32 shows representative examples of 

labile groups used in the synthesis of cleavable polymers,96 which could be broken 

though ozonolysis,342  aminolysis,343  thermoreversible Diels-Alder, 344  acid hydrolysis, 

345 - 348  light cleavage346, 348- 350  and reduction cleavage.347-349, 351  The selection of the 

stimuli will be determined by the final application of the material. Among all the 

different stimuli, we have focused on the redox, acid, and light cleavable polymers. 

These types of stimuli have been already applied for biomedical applications,331, 333, 351 

however their use has been scarcely considered for the preparation of TPEs. Thus, the 

incorporation of these type of stimuli into TPEs could be interesting in terms of 

reprocessing under mild conditions.  

1.15.1 Redox cleavable polymers 

The most noteworthy example of redox cleavable polymers are the ones which 

contains the disulfide group.338, 347-349, 351 These disulfide containing polymers can be 

cleaved under reductive conditions (e.g. tributylphosphine)348, 352 - 354  and by thiol – 

disulfide exchange reaction (e.g. glutathione (GSH) and dithiothreitol (DTT)). 347, 349, 351, 

355 - 358  Recently von Delius and coworkers have reported the cleavage of disulfide 

centered polyacrylates by exposing to ultrasound activation.359 Disulfide groups can 

also be cleaved by oxidation, using performic acid and obtaining the corresponding 

sulfonic acid.96 However, by this methodology the cleavage of the disulfide group is 

irreversible. By the contrary, through the reduction cleavage the thiol formed can be 

reoxidized to the starting disulfide.96, 353 

Tsarevsky and Matyjaszewski were the first to report the synthesis of a linear polymer 

based on a bifunctional disulfide initiator.355 They described the synthesis of a disulfide 

centered polystyrene (PS) through ATRP (Scheme 1.33-1), furthermore, they study the 

disulfide cleavage using DTT (Scheme 1.33-2). DTT was selected due to its efficiency 

upon disulfide reduction and for its solubility in a wide range of solvents, including 
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those that dissolve PS such as THF and DMF. They found than the disulfide cleavage 

was more effective in DMF than in THF since the redox potential of the disulfide bond 

depends on solvent polarity. The resulting cleaved polymer was analyzed through size 

exclusion chromatography (SEC) showing half the molecular weight of the initial 

polymer. Subsequently, the thiol end-groups of the cleaved polymer were coupled back 

to the starting disulfide using FeCl3 (Scheme 1.33-2). 

 

Scheme 1.33 (1) Synthesis of disulfide centered polystyrene, through ATRP. (2) Disulfide cleavage using DTT 
with subsequent thiol coupling using FeCl3. (3) Disulfide / DTT equilibrium. 

Thiol-disulfide interchange is a reversible SN2 reaction (Scheme 1.34) where the active 

nucleophile is the thiolate anion (R-S-).331 Its rate constant increases with increasing 

values of pKa of the thiols, since it supposes a larger thiolate fraction as well as an 

increased nucleophilicity of the anion formed. For this same reason, the reaction rates 

are faster in polar aprotic solvents, such as DMSO and DMF, which can stabilize the 

thiolate anion formed.  
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Scheme 1.34 Thiol-disulfide interchange. 

By the contrary, the interchange rate in polar protic solvents, such as water and 

methanol, is slower. This can be explained by a higher activation energy towards the 

transitions state due to a more stabilized ground state in polar protic solvents.360 

 

Scheme 1.35 Disulfide cleavage using tributylphosphine. 

On the other hand, trialkyl phosphines (e.g. tributyl phosphine (Bu3P)), in the presence 

of water, are other efficient reducing agents for disulfides (Scheme 1.35).348, 352, 354,  359 

The main difference between the previous method and that with Bu3P is that the 

reaction is irreversible due to the strength of the P=O bond formed.331 The advantages 

of Bu3P are; higher stability towards autooxidation and high affinity to disulfide groups, 

meaning than large excess of reagent is not needed. Furthermore, the use of Bu3P do 

not interfere with reagents usually used to react with the formed thiol (e.g. 1,3-propane 

sultone or ω-toluene sultone).353 

1.15.2 Acid cleavable polymers 

Together with the redox cleavable group, acid cleavable linkages are one of the most 

frequently used groups in sensitive polymers. Examples of acid labile groups used in 

polymers are imines, hydrazones, orthoesters and acetals (Figure 1.33). 361  These 

groups can be hydrolyzed under mild acidic conditions while are considerably stable in 

basic conditions. The two main factors affecting the hydrolysis of these compounds are; 

first, external factors including pH and temperature of the reaction medium and, 

second the structural factors including steric, resonance and inductive effects.331 
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Figure 1.33 Examples of acid labile groups. 

Among these labile groups, acetal and ketal groups has attracted great interest for the 

preparation of stimuli-cleavable polymer for many reasons: its cleavage under mild 

acidic conditions and low temperatures,346, 362-364 its ease of synthesis and its hydrolytic 

behavior that can be modulated depending on the substituents. 365 Moreover, acetal 

moieties have already been used in different types of controlled radical polymerization, 

such as SET-LRP, 348 RAFT357, 366  and ATRP.347, 348, 366 In the majority of the cases the 

acetal moiety remains unaffected under the polymerization conditions. Only Oh and 

coworkers reported some acetal hydrolysis with ARGET ATRP conditions.347 

 

Scheme 1.36 Acetal synthesis through; (1) condensation of alcohols with aldehydes (R’’ = H) or ketals (R’’ = 
alkyl), and (2) alcohol addition to vinyl ethers. 

Acetals can be synthesized from aldehydes (or ketones) and alcohols by condensation 

(Scheme 1.36-1)367 or by alcohols addition to vinyl ethers (Scheme 1.36-2),346, 368 both 

catalyzed by acid.  

Acetals can be easily hydrolyzed, catalyzed by Brønsted or Lewis acids, due to the 

presence of lone electron pairs on oxygen atom which act as Lewis base (Scheme 
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1.37).331, 369, 370 Aside from the acidity of the medium, there are other factors affecting 

the hydrolysis rate of acetals. For example, the presence of carbocation-stabilizing 

substituents on the acetal group significantly increases the hydrolysis rate. For this 

reason, the hydrolysis rate of acetals prepared from ketones are usually faster than for 

acetals derived from aldehydes.331 Cyclic acetals are more stable than similar lineal 

acetals, thus, linear acetals can be orthogonally deprotected in the presence of cyclic 

acetals.371 Between the cyclic acetals, five-membered rings are more stable than six-

membered.331 Finally, the presence of basic groups, susceptible to protonation (e.g. 

amino groups), slows down the hydrolysis rate. The charge of the protonated basic 

group prevents the second protonation of the oxygen of acetal, that would lead to a 

positive – positive charge repulsion. Therefore, the hydrolytic behavior of an acetal 

moiety could be modulated by varying these parameters.331 

 

Scheme 1.37 Acetal hydrolysis mechanism in acidic medium. 

1.15.3 Light cleavable polymers 

Finally, light as stimulus source has received increased attention in recent years since 

it is a clean and efficient stimulus which can be easily modulated. Light allows a non-

invasive remote interaction with the polymer, which could be of great interest for many 

applications, such as controlled drug release and biomaterials.350, 372,373 Light cleavable 

polymers, or photocleavable, are characterized for possessing a metastable 

photochromic group. One of the most studied photocleavable group is the o-
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nitrobenzyl (ONB) ester. The ONB groups photoisomerize into an o-

nitrosobenzaldehyde (OBA) upon UV radiation (Scheme 1.38).372, 374-376 This type of 

cleavable group has already been used in polymers prepared by controlled 

polymerizations, such as SET-LRP or ATRP.348, 377 

 

Scheme 1.38 Photoisomerization of o-nitrobenzyl (ONB) esters to give o-nitrosobenzaldehyde (OBA) and a 
carboxylic acid. 

Other examples of photocleavable groups are truxillic acid (TRA) derivatives, dimers of 

two cinnamic acids via [2 + 2] cycloaddition. TRA can be cleaved under UV radiation 

(Scheme 1.39).372   

 

Scheme 1.39 Truxillic acid derivatives (TRA) cleavage under UV radiation to give cinnamic acid derivatives. 

More recently studies have described the use of light for the generation of reactive 

oxygen species (ROS), such as singlet oxygen (1O2). Examples of ROS are the superoxide 

anion and hydrogen peroxide, as well as their derived reactive species (hydroxyl radical, 

hypochlorous acid, peroxyl radicals and singlet oxygen). 378  These ROS are able to 

oxidize, and therefor to cleave, many functional groups which can be used as linkers. 

Some examples of ROS sensitive moieties are olefins, 379  diselenides 380  and 

thioketals.381, 382 Wilson et. al. first described the use of thioketals as cleavable moiety 

under ROS conditions.383  In this case, they used superoxide as ROS for testing the 

cleavage of thioketal linkages, showing great sensitivity, for further apply into in vitro 
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experiment where the ROS were generated by cells. Four years later Yuan et. al. 

reported a singlet oxygen mediated thioketal cleavage for controlled drug release.384 

The light irradiation, in conjunction with a polyelectrolyte as photosensitizer (PS), 

causes the generation of 1O2 responsible of the thioketal cleavage.  The first step in the 

photooxidation of thioacetals is the caption of a photon from the photosensitizer (PS). 

The PS is excited to a singlet state (1PS), which is converts to triplet PS (3PS) responsible 

for the 1O2 formation.385 Then, the 1O2 reacts with the thioketal to give a mixture of 

sulfur species such as disulfides (RSSR), thiolsulfinate (RS(O)SR) and thiolsulfonates 

(RS(O)2SR) (Scheme 1.40). 386  These oxidized products could be hydrolyzed to give 

sulfonic acid derivatives leading to an effective cleavage of the former thioacetal.387  

 

Scheme 1.40 Photooxidation of thioacetal by singlet oxygen. 

It is noteworthy to mention than the cleavage products will depend on the substituents 

on the thioacetal. It is described in the literature than the radical stabilizing substituents 

favors the formation of thiolsulfinate products (thiolsulfonate as overoxidation 

product) while the anion stabilizing substituents favors the formation of disulfide 

derivatives. 386 Moreover, disulfides could also be oxidized through singlet oxygen 

leading to thiolsulfinates, thiolsulfonates and sulfonic acids.388-390 
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From the mechanistic point of view, two pathways are plausible depending on the 

thioacetal substituents and the photosensitizer used. Depending on the reduction 

potential of the sensitizer the mechanism would be more prone to proceed through a 

single electron transfer (SET) (e.g. 2,4,6-tri-(p-chlorophenyl)pyrylium perchlorate 

(TCPPClO4) and 9,10-dicyanoanthracene (DCA)) or through singlet oxygen (e.g. 

methylene blue (MB) and meso-tetraphenylporphyrin (TPP)) pathway (Scheme 1.41).391  

 

Scheme 1.41 Proposed mechanistic pathways for the photo-deprotection of thioacetals through (A) single 
electron transfer (SET) and (B) singlet oxygen (1O2) pathways.391 

In SET mechanism the sensitizer in its exited state (Sens*) oxidize the thioacetal to form 

a cation radical intermediate which undergoes C-S bond cleavage. This new radical 

reacts with oxygen in its ground state to form a peroxyradical which finally is converted 

to the carbonyl compound. On the other hand, the singlet oxygen (1O2) pathway first 

involves the generation of 1O2 by the interaction of molecular oxygen with the sensitizer 

in its exited state (Sens*). 1O2 reacts with the thioacetal to give a persulfoxide 

intermediate. This persulfoxide can follow different reaction pathways: first, it can 

react with another thioacetal molecule to form two sulfoxide molecules, which could 

be further oxidized to disulfoxides. Second, the formation of sulfones through a 

thiadioxirane intermediate. And third, the formation of the parent carbonyl compound 
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from the cleavage of the C-S bond with subsequent hydrolysis of the carbocation 

formed. The singlet oxygen pathway seems to be the more convenient route for the 

photolytic cleavage of thioacetals moieties, as the SET mechanism leads to the 

formation of disulfides. The formation of disulfide would not give an effective cleavage 

of the polymer chain but as mentioned before, in singlet oxygen conditions the disulfide 

would be further oxidized to hydrolysable groups. 

The capability of being deprotected under demand with a simple light stimulus, in 

conjunction with a sensitizer (e.g. meso-tetraphenylporphyrin), has emerged 

thioacetals and thioketals as an attractive target for the preparation of stimuli cleavable 

polymers. Being this method much more environmentally friendly than classical 

deprotection of thioacetals involving toxic heavy metals (e.g. Hg+2, Ag+ or Tl+3),392 it has 

been widely studied for biomedical applications, such as for drug delivery systems. 393-

399  However, in the best of our knowledge, this stimulus has never been applied for TPE 

applications, in which degradability is a key issue. The degradation of TPEs using light 

and oxygen could be of great interest for certain industrial processes, such as the 

removement of adhesives in paper recycling.400 
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2 Overview and objectives 

2.1 Overview 

Since the middle of the 20th century, the production of polymer materials has increased 

exponentially, from a global production of resins and fibers of 2 Mt in 1950 to 380 Mt 

in 2015. This production means a total amount of 7800 Mt manufactured since 1950. 

There are estimations that the 60% of the plastic waste ever produced, approx. 4900 

Mt, was discarded and is accumulating in the environment, and if the global production 

continues to increase as expected, the waste discarded in landfills will become 12000 

Mt in 2050. 1 The plastics accumulated in the environment have the potential to alter 

the soil biophysical properties, related to changes in microbial activity. These changes 

entail a long-term impact on the terrestrial ecosystem. 2  These effects in the 

environment could be related to the partial degradation of the polymer into 

monomers, but also for the leaching of their additives (e.g. plasticizers).3 With the 

actual increasing demand, caused by the development of countries and the rapid 

growth of global population, the global waste will keep rising during this century.4 This 

fact highlights the necessity for the development of recyclable materials which could 

be recovered once it useful life is over. 

On the other hand, most plastics are made from petrochemicals, and even though only 

7% of the world’s fossil resources are used in plastic production, 5  the fossil raw 

materials are limited resources. Someday they will become exhausted and its 

extraction entails the emission of greenhouse gasses, something that must be 

minimized. For these reasons is necessary to find an eco-friendly and renewable 

alternative to the actual petroleum-derived plastics to overcome the global waste 

management problem. Nowadays, it is an important goal for polymer science to obtain 

these renewable polymers than can compete with existing polymers in performance 
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and cost but minimizing the environmental impact. Although this cannot be the only 

solution to the climate problem, this is a step forward to minimize the effect of human 

activity in the nature.  

Among all the polymer materials thermoplastic elastomers (TPEs) has emerged as an 

attractive alternative to traditional thermoset vulcanized rubbers due to its ease 

processability and lower energy consumption. Nowadays, TPEs are widely used in many 

fields such as automotive, construction, household appliances, wires, electronic 

products, food packaging and medical equipment. On account of that, the global TPE 

market demand reached 6.7 million tons in 2019, and it is estimated to grow at a rate 

of 5.2% each year in the future. 6  From this increasing demand is evidenced the 

necessity to find renewable alternatives to the actual fossil-derived TPE. Moreover, the 

recoverability of these TPEs, from the commercial products, is an important issue to 

consider. Not only considering the polymer itself but the recoverability of the rest of 

the components of the product. Adhesives, an important class of TPEs, generate great 

problems in paper recycling industry.7 For this reason, the development of TPE which 

could be easily eliminated has become an important target from the sustainability point 

of view.  

Particularly, in the field of TPE Hillmyer et al. have reported the preparation of TPEs 

using monomers from renewable feedstocks. They synthesize ABA block copolymers 

though chain extension of aliphatic polyesters (e.g. polymenthide synthesized by ROP), 

with monomers such as lactide (ROP) or tulipalin A (ATRP). 8 , 9 , 10 , 11  The materials 

obtained showed promising mechanical properties, demonstrating the viability of 

renewable polymers to compete with commercial TPEs. 
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2.2 Objectives 

With the aim to break new insights and expand the realm of renewable-based specialty 

polymers, the objective of this thesis is to prepare ABA block copolymers suitable for 

TPEs applications, from renewable feedstocks. For this purpose, controlled 

polymerization techniques, such as ring-opening polymerization (ROP) and atom 

transfer radical polymerization (ATRP), will be employed. Moreover, different sensitive 

groups will be incorporated at the central point of the polymer, to obtain materials 

which can respond to different external stimuli and modify its properties under 

demand. By this way, the ABA block copolymer could be cleaved at the mid-point and, 

therefore, lose its TPE properties. δ-Decalactone (DL) will be used as renewable ROP 

monomer for the synthesis of the “soft” central segment of the ABA block copolymer. 

The DL blocks will possess different sensitive groups (disulfide, acetal or thioacetal) 

which could be cleaved under the appropriate stimuli. The DL blocks will be properly 

activated, as α-bromoisobutyryl esters, for the consecutive chain extension though 

ATRP. α-Methylene-γ-butyrolactone (MBL) will be used as renewable ATRP monomer 

for the synthesis of the “hard” end segments. The cleavage of the polymers under the 

appropriate stimuli (reductive, acid or oxidative media) will be studied and all the 

products characterized. 

 

Scheme 2.1 Schematic representation of the synthesis of block copolymers, possessing a sensitive mid-point 
group, though ROP, activation, ATRP. 
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Specific objectives 

• To synthesize a series of aliphatic polyesters from renewable δ-decalactone 

(DL), through ROP in a controlled manner, using different stimuli-cleavable 

initiators. 

• To modify the end-groups of poly(DL) homopolymers to use them as 

macroinitiators for the synthesis of block copolymers by ATRP. 

• To synthesize ABA block copolymers by chain extension from the above 

mentioned macroinitiators and α-methylene-γ-butyrolactone (MBL) as 

renewable vinylic monomer. 

• To study the response of the synthesized materials upon an external stimulus 

and to identify the degradation products. 

• To characterize the structure and properties of all poly(DL), poly(MBL) and  

poly(MBL)-co-poly(DL)-co-poly(MBL) and the resulting cleaved products. 
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3 Stimuli-cleavable polyester macroinitiators from 

renewable δ-decalactone: Synthesis, end-group 

modification, and characterization. 

3.1 Synthesis of poly(δ-decalactone) as soft/rubbery block 

As has been mentioned in the introduction and objectives, for the obtention of the 

aliphatic/rubbery block, the ring-opening polymerization (ROP) of δ-decalactone (DL) 

using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as organocatalyst was chosen. This 

catalyst allows the obtention of polymers with controlled molecular weights and 

narrow polydispersities, under mild conditions,1, 2 and it has been extensively described 

in the literature for the polymerization of DL as well as other lactones.3-5 

 

Scheme 3.1 ROP of DL using BnOH as initiator and TBD as catalyst. 

Most of the reported procedures in ROP are carried out in a glovebox to assure 

complete exclusion of water, which can act as co-initiator, affecting the control over 

the molecular weight and the polymer end-group functionality. Due to the lack of 

glovebox in our facilities, at the time the polymerizations were done, we assayed the 

polymerization of DL using conventional Schlenk techniques with extreme care during 

the drying, handling and transfer operations. To check the robustness of this 

methodology we carried out the polymerization of DL in bulk using benzyl alcohol 

(BnOH) as initiator (Scheme 3.1) following a protocol based on a reported procedure 

(see experimental part 6.8.1).6, 7  
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Table 3.1 Conversion and molecular weight characteristics of the polyesters obtained by polymerization of 
DL with TBD initiated by BnOH with different TBD/BnOH ratios. Polymerization conditions [DL]:[BnOH]; 
100:1, 25 °C, in bulk. 

Entry TBD/ 
BnOH 

Time 
(h) 

Conv. 
(%)a 

Mn b 

Theor. 
(g/mol) 
(x10-3) 

MnNMR 
c
 

Ph-CH2-OOC- 

(g/mol) 
(x10-3) 

MnNMR
d

 -

CH-OH 

(g/mol) 
(x10-3) 

MnSEC
e 

(g/mol) 
(x10-3) 

Ɖe 

1 2.00 8 83 14.2 12.6 7.6 11.7 1.16 

2 0.75 16 87 14.9 13.3 12.1 16.7 1.14 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (4.28 
ppm) and polymer backbone (4.88 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP. c Determined by 1H-NMR spectroscopy using the signals of initiator (5.11 
ppm) and the polymer backbone (4.88 ppm). d Determined by 1H-NMR spectroscopy using the signals of 
end-group (3.59 ppm) and the polymer backbone (4.88 ppm). e Determined by SEC using THF as eluent and 
a polystyrene standards calibration curve. 

In an initial experiment a degree of polymerization (DP) of 100 ([DL]:[BnOH] = 100:1) 

was fixed and a [TBD]/[BnOH] ratio of 2:1 (entry 1 in Table 3.1). The reaction was carried 

out at room temperature, in bulk. The conversion was determined by 1H-NMR 

spectroscopy by comparison of the signals of the methine protons of polymer 

backbone, at 4.88 ppm (signal 5 in Figure 3.1-b), and the unreacted monomer, at 4.28 

ppm (signal 5M in Figure 3.1-b). The complete initiation by BnOH was confirmed by the 

total disappearance of the benzylic signal, at 4.71 ppm (signal a in Figure 3.1-a), and the 

appearance of a new signal of benzyl ester, at 5.11 ppm (signal a’ in Figure 3.1-b). In 

this way, a conversion of 83% was estimated after 8 hours (entry 1 in Table 3.1). The 

reaction was quenched using an equal volume of a 0.5 M solution of benzoic acid 

(PhCOOH) in dichloromethane (DCM) to neutralize the TBD. 

The number average molecular weight (Mn) was determined by 1H-NMR spectroscopy, 

by comparison of the signals of the polymer backbone at 4.88 ppm (signal 5, -CH-OOC, 

in Figure 3.1-c) and the signals of both the initiator at 5.11 ppm (signal a’, Ph-CH2-OOC-

, in Figure 3.1-c) and the hydroxyl end-group at 3.59 ppm (signal 5’, CH-OH in Figure 

3.1-c). The Mn was also determined by size exclusion chromatography (SEC). The 

obtained chromatogram shows a monomodal distribution with narrow polydispersity 

(Ɖ = 1.16) (entry 1 in Table 3.1) but the determined Mn (relative to polystyrene) (11700 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 3: Results and discussion 
 

 
115 

g/mol) was lower to the theoretical one (14200 g/mol). The Mn determined by 1H-NMR 

spectroscopy using the signal corresponding to the initiator (signal a’, Ph-CH2-OOC-, in 

Figure 3.1-c) is close (12600 g/mol) to the theoretical one but the Mn determined using 

the signal corresponding to the end-group (signal 5’, -CH-OH, in Figure 3.1-c) was 

considerably lower (7600 g/mol) (entry 1 in Table 3.1).  

 

Figure 3.1 1H-NMR spectra of (a) initial monomer/initiator mixture, (b) polymerization mixture at 40 % 
conversion and (c) isolated polymer after precipitation with methanol. 

These results seem to indicate that there are other species initiating the 

polymerization. The 1H-NMR spectrum of the resulting polymer after precipitating in 

methanol, apart from the expected signals, showed a doublet at 3.31 ppm (signal * in 

Figure 3.1-c) and a singlet at 3.67 ppm (signal ** in Figure 3.1-c).  The first signal could 

be attributed to the polymer chains linked to TBD, according the data described in the 

literature which indicate that TBD can initiate the polymerization of macrolactones.8 
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The initiation of smaller lactones by TBD (e.g. polymerization of lactide using TBD in the 

absence of alcohol initiator) has also been described and detected by MALDI-TOF.9 The 

second signal at 3.67 ppm (signal ** in Figure 3.1-c) could be attributed to a methyl 

ester, as it only appears after precipitation in methanol. The formation of this methyl 

ester could be explained as a result of the nucleophilic displacement of the acyl 

derivative of TBD by methanol during the precipitation process. It is worth to note that 

spectrum c) in Figure 3.1 confirms the effectiveness of the quenching protocol using 

benzoic acid as the signal of the free TBD (Figure 3.1-b) completely disappears. 

 

Figure 3.2 SEC chromatograms of polyesters obtained in Table 3.1:  entry 1 (red) and entry 2 (blue). 

According to these results, a new polymerization using a TBD/BnOH < 1 (entry 2 in Table 

3.1), was tested in order to ensure an excess of initiator with respect to the catalyst and 

minimize the possible initiation by TBD. Thus, the target DP was maintained at 100 and 

the ratio TBD/BnOH was set at 0.75 (entry 2 in Table 3.1). The reaction reached 87 % of 

conversion within 16 hours, indicating a lower polymerization rate, as expected 

according to the lower catalyst concentration used. In this experiment molecular 

weights determined by 1H-NMR spectroscopy using the signals of the initiator (signal 

a’, Ph-CH2-OOC-, in Figure 3.1-c) and the final hydroxylic group (signal 5’, CH-OH, in 

Figure 3.1-c) match very well, with the theoretical one, indicating than the great 

majority of the polymer chains are initiated by BnOH. The Mn determined by SEC 

15 17 19 21 23 25

Time (min)

Entry 1

Entry 2
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(Figure 3.2 and Table 3.1) are higher than those calculated by 1H-NMR spectroscopy 

and the theoretical ones which can be related to the differences in hydrodynamic 

volume. In any case, SEC traces show a monomodal distribution with narrow 

polydispersities (Ɖ=1.14) (entry 2 in Table 3.1 and Figure 3.2). 

 

Scheme 3.2 Synthesis of poly(DL) using 1,8-octanediol as bifunctional initiator. 

Once tested the appropriate conditions for the polymerization of DL with a 

monofunctional initiator, the next step was to prepare a telechelic polyester, using 1,8-

octanediol (1,8-Oct) as bifunctional initiator (Scheme 3.2). This telechelic polyester will 

be used as model polymer for the end-group modification and chain extension tests. In 

this case, the selected DP was increased up to 150 and the TBD/1,8-Oct ratio was 

maintained at 0.75, which supposes a TBD/-OH ratio of 0.38 to further minimize any 

competence of TBD as initiator.9 The advance of polymerization was followed 

withdrawing samples at preset times (Table 3.2), which were analyzed by both 1H-NMR 

spectroscopy (adding a 0.03 M solution of PhCOOH in CDCl3) and SEC. The reaction was 

carried out at room temperature, in bulk. The conversion was determined in a similar 

way as in the prior case (Figure 3.3). The complete initiation by 1,8-Oct was confirmed 

by the total disappearance of the methylene signal, at 3.62 ppm (signal a in Figure 3.3-

a), and the appearance of a new signal of methylene ester, at 4.05 ppm (signal a’ in 

Figure 3.3-b). 
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Table 3.2 Conversion and molecular weight characteristics versus polymerization time of DL with TBD 
initiated with 1,8-Oct. Polymerization conditions [DL]:[1,8-Oct]; 150:1, [TBD]:[1,8-Oct]; 0.75:1, 25 °C, in 
bulk. 

Aliquot Time 
(h) 

Conv.a 
(%) 

MnTheor.
b 

(g/mol) 
(x10-3) 

MnNMR
c
     

-CH2O-
 

(g/mol) 
(x10-3) 

MnNMR
 d

          
-CH-OH 

(g/mol) 
(x10-3) 

MnSEC
e 

(g/mol) 
(x10-3)  

Ɖe 

1 1 13 3.5 3.0 3.4 5.8 1.13 

2 2 27 7.0 6.1 6.4 10.5 1.12 

3 3 39 10.3 9.0 8.5 14.4 1.13 

4 4 50 12.9 11.5 10.8 16.7 1.15 

5 5 59 15.2 14.3 14.3 18.5 1.15 

6 6 65 16.7 15.7 15.1 21.4 1.16 

7 7.5 73 18.8 17.9 17.1 23.5 1.16 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (4.28 
ppm) and polymer backbone (4.88 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP. c Determined by 1H-NMR spectroscopy using the signals of initiator (4.05 
ppm) and the polymer backbone (4.88 ppm). d Determined by 1H-NMR spectroscopy using the signals of the 
hydroxyl end-group (3.59 ppm) and the polymer backbone (4.88 ppm). e Determined by SEC using THF as 
eluent and a polystyrene standard calibration curve. 

Figure 3.4-a (black squares) shows the evolution of the polymer conversion determined 

by 1H-NMR spectroscopy versus time. As can be seen, polymer conversion reaches a 

plateau with 73% conversion after 7.5 hours (aliquot 7 in Table 3.2), which is close to 

the ceiling conversion (plateau at 88 % conversion).6 Moreover, the representation of 

the logarithm of monomer conversion versus time give a linear plot indicating the living 

character of the polymerization (white squares in Figure 3.4-a). Molecular weights 

determined by 1H-NMR spectroscopy using the signals of the initiator (a’) and the 

hydroxyl end-group (5’), are very close to each other and close to the theoretical 

molecular weight for any conversion given (Figure 3.4-b), indicating a good end-group 

fidelity and confirming the telechelic structure of the polyester diol. It is noteworthy 

that the doublet signal at 3.32 ppm attributed to the ROP initiated by TBD is not 

observed for any polymerization degree confirming the effectiveness of carrying out 

the polymerization with TBD/I < 0.75. 
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Figure 3.3 1H-NMR spectra of (a) initial DL/1,8-Oct mixture, (b) reaction mixture at 50 % conversion, (c) 
polymer isolated after precipitation in methanol and (d) polymer after long vacuum treatment. 

Regarding to the SEC analysis, the Mn determined are higher than both the theoretical 

and the Mn determined by 1H-NMR spectroscopy (Table 3.2) for all conversion degrees, 

following the same trend as before. Nevertheless, the Mn increases lineally during the 

progress of the polymerization (yellow triangles in Figure 3.4-b) and the polydispersities 

are narrow (yellow circles in Figure 3.4-b) as can be observed at the superposed 

chromatograms showed in Figure 3.5. 
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a) b) 

  
Figure 3.4 Representation of (a) the conversion versus time (black squares) and the logarithm of monomer 
conversion versus time (white squares) and representation of (b) Mn evolution versus, determined by both 
1H-NMR spectroscopy, using the signals of the initiator (green squares) and the end-group (blue squares), 
and by SEC (yellow triangles). Polydispersity is represented as yellow circles. The theoretical Mn is 
represented as a black line. 

 

Figure 3.5 Superposed chromatograms of the withdrawn samples at preset times on ROP of DL using 1,8-
Oct as initiator. 

It is noteworthy to mention that the 1H-NMR spectrum of the isolated polymer, after 

precipitation in cold methanol, apart from the expected signals, still shows a singlet 

signal corresponding to a methyl ester (signal * in Figure 3.3-c). Moreover, the signal 

corresponding to the -CHOH groups seems to increase its relative intensity when 
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compared to the crude reaction mixture. We suspected that this signal could arise from 

the methanolysis of the unreacted lactone catalyzed by the TBD/PhCOOH salt during 

the precipitation work-up. 

 

Figure 3.6 1H-NMR spectrum of residue products on methanol after precipitation. 

This reaction could be confirmed by the fact that, after extensively drying of the 

polyester under vacuum, the singlet signal completely disappears and the intensity of 

the CHOH multiplet decrease significantly (signal 5’ in Figure 3.3-d). Moreover, the 1H-

NMR analysis of the residue obtained after concertation of the methanolic precipitation 

medium, shows the presence of methyl 5-hydroxydecanoate (signals 2’, 5’ and -OCH3 

in Figure 3.6), apart from large amounts of unreacted DL (signals 2 and 5 in Figure 3.6) 

and the TBD/benzoic acid salt complex (signal * in Figure 3.6). This alcoholysis reaction 

during the polyester workup has previously been described in ROP of lactones.10  The 

presence of traces of this type of hydroxylic impurities in the polyesters is specially 

undesired because leads to overestimation of the -CHOH signal and entails a source of 

monofunctional monomolecular initiator after the activation as BriB ester for the ATRP 

chain extension. To avoid this undesired reaction, acetonitrile which is also polar but 

not nucleophilic, was tested as precipitation media instead of methanol (Table 3.3 

experiment 2). 
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A polymerization test, using the conditions in Table 3.2, but using AcCN as precipitating 

media, gave a polymer which spectrum was essentially the same as in Figure 3.3-d, in 

which the intensity of the -CHOH and -CH2O- signals showed the expected 1:2 ratio. 

According to these results, acetonitrile was used as precipitating media in the 

forthcoming ROP experiments. These results confirm the robustness of the method in 

terms of MW control and end-group fidelity. Then, the next step was to incorporate, at 

the end-groups, the appropriate functionality for the synthesis of the second block 

through ATRP (spectral data are collected in annex 8.13).  

Table 3.3 Conversion, yield and molecular weight characteristics of poly(DL) diols obtained by ROP of DL 
with TBD initiated with 1,8-Oct. Polymerization conditions [DL]:[1,8-Oct]; 150:1, [TBD]:[1,8-Oct]; 0.75:1, 25 
°C, in bulk. Exp. 1 polymer isolated by precipitation in MeOH, Exp. 2 polymer isolated by precipitation in 
AcCN. 

Exp. DL 
mmol 

1,8-
Oct 

mmol 

Conv.a 
(%) 

MnTheor.
b 

(g/mol) 
(x10-3) 

Yield 
(%) 

MnNMR
c
     

-CH2O- 

(g/mol) 
(x10-3) 

MnNMR
 d

         

-CH-OH 
(g/mol) 
(x10-3) 

MnSEC
e 

(g/mol) 
(x10-3)  

Ɖe 

1 3.11 0.021 76.0 19.2 89 18.1 16.4 23.9 1.15 

2 3.09 0.021 75.2 18.8 84 18.1 18.2 23.4 1.14 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (4.28 
ppm) and polymer backbone (4.88 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP. c Determined by 1H-NMR spectroscopy using the signals of initiator (4.05 
ppm) and the polymer backbone (4.88 ppm). d Determined by 1H-NMR spectroscopy using the signals of the 
hydroxyl end-group (3.59 ppm) and the polymer backbone (4.88 ppm). e Determined by SEC using THF as 
eluent and a polystyrene standard calibration curve. 

3.2 End-group modification for ATRP 

 

Scheme 3.3 Traditional hydroxyl esterification with α-bromoisobutyryl bromide (BriBBr). 

Nowadays, there are a wide range of different initiators to conduct ATRP. The choose 

of the appropriate initiator for a specific system is crucial to ensure a fast activation, to 

obtain high initiation efficiency, but also not too active than could entail terminations 

at early stages of the reaction. One of the most used groups to perform ATRP chain 
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extension on polyester macroinitiators is the 2-bromoisobutyryl (BriB) ester. 11 , 12 

Although it is not the ideal initiator for methacrylate like monomers, 13  its easy 

incorporation to hydroxyl end-group in polyesters usually converts the BriB derivatives 

in the more feasible option.14-16 Usually, the activation of telechelic polyesterdiols as 2-

bromoisobutyrates is performed in a multistep sequence that involves the isolation and 

purification of the polyester diol, the reaction with bromoisobutyryl bromide in 

presence of organic bases (Et3N, DMAP) at low temperature and finally, the isolation 

and purification of the resulting modified ester (Scheme 3.3). 11, 17-20 This latter step 

implies removing insoluble amine salts, aqueous work-up and very often an ulterior 

polymer purification to remove the brown impurities that usually accompanied this 

protocol. We sought for a more straightforward route to prepare these macroinitiators 

by direct functionalization of the hydroxyl end groups in the polymerization mixture 

once reached the ceiling conversion. 

 

Scheme 3.4 (a) Synthesis of α-bromoisobutyryl imidazole (BriB-Im) and (b) hydroxyl esterification using 
BriB-Im. 

Acylimidazoles have been described as effective acylating agents and can be 

conveniently synthesized from the corresponding acyl halide and imidazole (Scheme 

3.4-a) (see experimental part 6.5) or the parent carboxylic acid and 

carbonyldiimidazol.21 They are slightly less reactive than acyl chlorides specially when 

bulky substituents are present or weak nucleophiles are used but this drawback can be 

overcome by using catalysts such as N-hydroxybenzotriazole.22  Acylimidazoles give 

imidazole as the only by-product (Scheme 3.4-b), which is easily removable and do not 
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produce strong pH changes in the medium contributing to negligible chain degradation, 

thus these acylating agents have previously been used to activate hydroxyl groups to 

perform ATRP23 or SET-LRP24-26. Additionally, N-(2-bromoisobutyryl)-imidazole (BriB-

Im) is an easy to handle stable reagent that can be easily synthesized in multigram scale 

from the acyl bromide and an excess of imidazole (see annex 8.7). 

Reaction of pristine poly(DL)1,8-Oct diol with BriB-Im (4 eq) in THF at 60 °C did not afford 

appreciable acylation. On the contrary, after the addition of DBU or TBD (ca. 5%) the 

reaction proceeds smoothly, and complete esterification took place after few hours. 

This result prompted us to use BriB-Im directly into the bulk ROP medium once the 

ceiling conversion has been reached. Thus, addition of BriB-Im (4 eq) to the 

polymerization mixture gave the desired poly(DL)1,8-Oct-(BriB) after raising the 

temperature to 55 °C for 24h and conventional polymer work up by dilution in DCM 

and precipitation over acetonitrile. To assess the method effectiveness, poly(DL)1,8-Oct 

diol esterification, assays were carried out following three different strategies by 

comparing the resulting α-bromoisobutyryl esters in terms of degree of modification, 

molecular weight and ease of isolation and purification. In all cases 1,8-octanediol was 

used as initiator and TBD as catalyst (following the conditions showed in Table 3.2). 

First methodology involved two separate steps; i) ROP of DL and isolation of the 

resulting poly(DL)1,8-Oct diol (Scheme 3.5, A1) and ii) conventional modification with 2-

bromoisobutyryl bromide in DCM/TEA (Scheme 3.5, A2). In the second, the two steps 

were carried out consecutively in the same polymerization Schlenk (Scheme 3.5, B), 

thus after ROP of DL, the mixture was diluted in DCM and TEA and 2-bromoisobutyryl 

bromide were added. The third, involved the same two steps one-pot procedure but 

using N-(2-bromoisobutyryl)imidazole instead of α-bromoisobutyril bromide (Scheme 

3.5, C). In this case, the temperature was increased up to 55 °C to melt the BriB-Im and 

decrease the medium viscosity. According to the results, polyesters with similar 

molecular weight (Table 3.4) and complete esterification degree were obtained in all 

cases. However, polyesters obtained using α-bromoisobutyryl bromide as acylating 
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agent have a slightly higher polydispersity index and a marked brown color which 

required further purification steps. 

 

Scheme 3.5 Tested strategies in the modification of poly(DL)1,8-Oct as BriB ester.  

Table 3.4 Molecular weight and characteristics of the polymers obtained in the two steps and one pot-two 
steps polymerization/modification of DL. 

 Polymerization a Modification b 

Exp. Mnc 
(g/mol) 
(x10-3) 

Mnd 
(g/mol) 
(x10-3) 

Ð d Reagent Mne 
(g/mol) 
(x10-3) 

Mn d 

(g/mol) 
(x10-3) 

Ðd Appearance 

A1 19.8(1) 
20.1(2) 

24.8 1.12 --        -- -- -- colorless 

A2 -- -- -- BriBBr 20.3(1) 
20.5(2) 

24.9 1.18 brown 

B 20.0(1) 
20.8(2) 

24.9 1.12 BriBBr 20.1(1) 
20.8(2) 

24.5 1.17 brown 

C 20.3(1) 
20.6(2) 

24.8 1.13 BriB-Im 20.1(1) 
20.6(2) 

24.8 1.15 colorless 

a Polymerization conditions: DL/1,8-Oct (150/1), DL/TBD (200/1), bulk, 25 °C and 10 h. 78 % of conversion 
calculated by 1H-NMR from the crude mixture by comparing the intensities of the signals at 4.88 and 4.28 
ppm (theoretical Mn 19.900 g/mol). b Modification using 4 Eq of BriBBr or BriB-Im per -OH. c Determined 
by 1H-NMR from the isolated polymer by comparing the intensities of the signal at 4.88 ppm with those at 
4.05 ppm(1) and 3.59 ppm(2). d Determined by SEC in THF using PS standards. e Determined by 1H-NMR from 
the isolated polymer by comparing the intensities of the signal at 4.88 ppm and those at 4.05 ppm1 and 
1.93 ppm2. 
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Thus, the use of BriB-Im, allow us to perform the lactone polymerization and the 

polyester BriB activation following two sequential steps in one pot reaction (Scheme 

3.5, C). Precipitation in acetonitrile was found to effectively eliminate not only the 

unreacted δ-decalactone and TBD catalyst but also the excess of BriB-Im, the imidazole 

by-product and traces of N-(α-bromoisobutyryl)-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

formed in small quantities during the modification step (Figure 3.7), which signals were 

assigned in basis to the data reported in literature.27, 28  

 

Figure 3.7 1H-NMR spectrum of crude reaction mixture in the two steps one-pot procedure for the 
esterification of poly(DL)1,8-Oct diol using the BriB-Im. 

The complete esterification of the end-groups was confirmed by 1H-NMR and 13C-NMR 

spectroscopy. In the case of 1H-NMR spectrum the complete disappearance of the 

methine end-group signal at 3.59 ppm (signal 5’ in Figure 3.8-a) and the appearance of 

a new methyl signal at 1.93 ppm (signal C in Figure 3.8-b) could be observed.  
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Figure 3.8 1H-NMR spectra of (a) poly(DL)1,8-Oct  diol and (b) poly(DL) )1,8-Oct BriB ester. 

 

Figure 3.9 13C-NMR spectra of (a) poly(DL)1,8-Oct diol and (b) poly(DL)1,8-Oct BriB ester. 
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In the case of 13C-NMR spectrum, the disappearance of the methine end-group signal 

at 71.4 ppm (signal 5’ in Figure 3.9-a) and the disappearance of the signals of the two 

adjacent carbons at 36.9 and 37.5 ppm (signals 4’ and 6’ respectively in Figure 3.9-a) 

could be observed. On the other hand, new signals at 171.3, 56.2 and 30.7 ppm 

corresponding to the carbonyl group, the alpha carbon and the methyls on the 

isobutyryl moiety, respectively (signals A, B and C, respectively in Figure 3.9-b) 

appeared. 

Noticeably, 13C-NMR signals of the methine (-CH-OH), methylene (-CH2-CH-OH) and 

carbonyl (-COO-) of the last repetitive units (signals 5’, 6’ and 1’ in Figure 3.10-a and 

Figure 3.10-b) appears split in all the different prepared poly(DL) diols (see annex 8.13 

to 8.24).This trend is not observed in the corresponding poly(DL) BriB esters (Figure 

3.10-c). In fact, the carbonyl region showed a more complex pattern with some split 

(1’’ and 1’) and unsplit (1’’’) signals.  

Taking into account that, as will be commented vide infra, the MALDI-TOF spectra show 

only a single species, this splitting has to be related to structural characteristics. This 

could be confirmed by analyzing the 13C-NMR spectrum of a sample of poly(DL)1,8-Oct of 

low molecular weight (Mn = 1500g/mol) which was synthesized as model for structural 

assignments. As can be seen in Figure 3.10-a, the intensity of the signals related to the 

initial and final monomeric units increases proportionally but the splitting of the signals 

1’, 5’ and 6’ remain unaffected. This fact suggests that splitting of these signals is 

related to sequence tacticity. This sequence sensitivity has been previously described 

for different six-membered lactone-based copolyesters,29, 30, 31, 32 but to the best of our 

knowledge no data referred to δ-decalactone have been reported (see annex 8.13 and 

8.14). 
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Figure 3.10 Ampliation of 13C-NMR spectra of (a) low molecular weight poly(DL)1,8-Oct diol, (b) poly(DL)1,8-Oct 
diol and (c) poly(DL)1,8-Oct BriB ester. 

According to the 13C-NMR signals pattern, this splitting is only observed in both ends of 

the polyester chain which could be related to different conformational environments 

and the existence of cyclic hydrogen bonding structures in the case of the final 

hydroxylic groups. The different signals could be assigned by comparison with those of 

model compounds (Bis(DL)1,6-Hex diol in Figure 3.11) (see annex 8.9), empirical 

calculations, and could be confirmed by the HSQC and HMBC correlation experiments 

(black arrow and dashed arrows respectively in Figure 3.12).  
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Figure 3.11 Bis(DL)1,6-Hex diol as model compounds for poly(DL)1,8-Oct characterization. 

Thus, HSQC of poly(DL)1,8-Oct diol confirms that the split signal at 71.3 and 71.4 ppm 

corresponds to carbon 5’’ of the last monomeric unit (Figure 3.12-a) (see Figure 8.29 in 

annex 8.13). HMBC of poly(DL)1,8-Oct BriB ester corroborates than the signal 1’’’ 

corresponds to the carbonyl from the first monomeric unit, because the existence of a 

3 bonds coupling with the methylene protons from the initiator (Figure 3.12-b) (see 

Figure 8.34 in annex 8.14). HMBC allows also to confirm the assignment of the carbonyl 

A, which shows a 3-bond coupling with the methyl protons on the isobutyryl unit 

(Figure 3.12-b). 

 

Figure 3.12 (a) HSQC of poly(DL)1,8-Oct diol and (b) HMBC of poly(DL)1,8-Oct BriB ester. 
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To further confirm the complete esterification of the hydroxyl end-groups, the polymer 

was analyzed by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) 

using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) 

as matrix and potassium trifluoroacetate (KTFA) as cationization agent. As can be noted 

(Figure 3.13), only a single distribution can be observed in both the polyester diol and 

the modified polyester, which not only demonstrate the complete esterification of the 

hydroxylic end-groups but also confirms that all the polymer chains were initiated by 

1,8-Oct. The degree of polymerization, in the case of poly(DL)1,8-Oct diol, was determined 

by subtracting the exact masses of potassium and 1,8-Oct for each individual peak, and 

by dividing the obtained value by exact mass of the monomer unit. In the case of 

poly(DL)1,8-Oct BriB ester the exact mass of two BriB units was also subtracted for each 

individual peak.  

Poly(DL)1,8-Oct diol [M+K+]  Poly(DL)1,8-Oct BriB ester [M+K+] 

 

 

 

Figure 3.13 MALDI-TOF analysis of (left) poly(DL)1,8-Oct diol and (right) poly(DL)1,8-Oct BriB ester. 

The difference between peaks corresponds to the monomeric unit exact mass (Figure 

3.14) and a displacement of the peaks, within the same degree of polymerization (e.g. 

n = 82) corresponding to two BriB unit exact mass (Figure 3.14) can be observed. This 

fact constitutes another evidence of the complete esterification of the two hydroxyl 

end-groups. 
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Figure 3.14 Superposition of MALDI-TOF spectra of the poly(DL)1,8-Oct diol (blue) and the poly(DL)1,8-Oct BriB 
(red). 

Once tested the conditions for the polyester synthesis, as well as for its modification 

and purification, these conditions were applied to the synthesis of telechelic polyesters 

containing a cleavable mid-point moiety. The most remarkable difference between 

these initiators and the 1,8-Oct, in terms of polymerization, was that the drying 

procedures had to be modified due to the sensitive nature of some of these diol 

initiators. 

3.3 Synthesis of poly(DL) using stimuli cleavable initiators 

In order to prepare telechelic poly(DL) diols with a cleavable sensitive core, different 

diols were chosen (Scheme 3.6): bis(2-hydroxyethyl) disulfide (I1), 1,1-bis-[3-((2-

hydroxyethyl)thio)propyloxy]ethane (I2), 3,9-bis-[2-(ethylthio)-ethanol]-2,4,8,10-

tetraoxaspiro[5.5]undecane (I3)  bis-((2-hydroxyethyl)thio)methane (I4) and (4-

methoxypenyl)-bis-[(2-hydroxyethyl)thio]methane (I5) which have disulfide, acetal or 

thioacetal groups. All these initiators contain terminal 2-hydroxyethylthio groups. 

14,137.2913 14,307.2674

14,476.2398

14,095.4089 14,265.3160 14,435.3246

14000 14100 14200 14300 14400 14500

m/z

n = 82 n = 83 
n = 84 

n = 80 n = 81 n = 82 

298.0333 

170.0086 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 3: Results and discussion 
 

 
133 

 

Scheme 3.6 ROP of DL and in-situ modification using different stimuli cleavable diol initiators. 

These initiators were selected so that they contained functional groups sensitive to 

different external stimuli and that would have been extensively studied for the 

preparation of stimuli cleavable polymers. Accordingly, I1 contains a disulfide linkage 

(S-S) which has been reported to be sensitive to redox conditions. 33-38  Moreover, I2 and 

I3 contain acetal linkages (O-C-O) which are well known by its sensitive to acidic 

media.36-39 We also selected two initiators containing thioacetal linkages (S-C-S), I4 and 

I5. Thioacetal linkers have been far less studied but recently they have been reported 

as promising block linkers especially attractive due to its capability to be cleaved 

photochemically.40 - 48    Moreover, to the best of our knowledge, there are still no 

examples of the use of thioacetal groups as cleavable moieties in polymers for TPE 

applications. 
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Scheme 3.7 Synthesis of stimuli cleavable initiators (a) I2, (b) I3, (c) I4 and (d) I5. 

Diol I1 is commercially available and only had to be purified by distillation and dried. 

The rest of diols were synthesized following reported procedures that were selected 

considering their ease to be scaled and the purification method (see experimental part 

6.3). Acetals I2 and I3 were obtained by photo-initiated thiol-ene addition of 2-

mercaptoethanol to acetaldehyde diallylacetal and 3,9-divinyl-2,4,8,10-tetraoxaspiro-

[5.5]undecane respectively (Scheme 3.7-a and -b respectively).49-52 Thioacetals I4 and I5 

were synthesized by reaction of 2-mercaptoethanol with dibromomethane in basic 

media (NaOH) and with anisaldehyde catalyzed by NiCl2 · 6H2O respectively (Scheme 

3.7-c and -d respectivelly).53, 54 All initiators were obtained in medium to high yields (55-

80%) and were purified and strictly dried as described in the experimental part (see 

experimental part 6.1). The chemical structure was confirmed in all cases by ESI, 1H and 

13C-NMR. The assignments in NMR spectra were made based on model compounds and 

the data reported on the literature (see annex 8.1 to 8.5). 49-54 
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Table 3.5 Conversion and molecular weight characteristics of the polymerization of DL with TBD initiated 
with different cleavable diol initiators. Polymerization conditions [DL]:[Ix]; 150:1, [TBD]:[Ix]; 0.75:1, 25 °C, in 
bulk. 

Initiatora Time 
(h)b 

Conv.c 
(%) 

MnTheor.
d 

(g/mol) 
(x10-3) 

MnNMR
e

 -

CH2O- 

(g/mol) 
(x10-3) 

MnNMR,
 f

   
-CH3 x2 

(g/mol) 
(x10-3) 

MnSEC
g 

(g/mol) 
(x10-3) 

Ɖg 

I1 12 80 20.7 21.7 20.4 24.8 1.29 

I2 8 79 20.5 20.1 19.6 22.4 1.16 

I3 15 82 21.3 22.5 22.4 24.3 1.17 

I4 7.5 78 20.2 20.1 19.2 23.3 1.18 

I5 7 78 20.2 19.9 19.3 22.9 1.16 
a Polymerizations were carried out at 25 °C in bulk with a DL/Ix ratio fixed at 150/1 and a TBD/Ix ratio at 
0.75. Esterification of the end-groups was carried out at 55 °C in bulk using 4 eq. of BriB-Im for 24 hours.  b 
The showed reaction times correspond only for the polymerization reaction and not for the esterification. c 
Determined using 1H-NMR spectroscopy by comparison of the integrations of the signals of the polymer 
backbone (4.88 ppm) and the unreacted monomer (4.28 ppm). d Determined from the targeted DP and the 
obtained conversion. e Determined using 1H-NMR spectroscopy by comparison of the integrations of the 
signals of the polymer backbone (4.88 ppm) and the initiator; I1 = 4.33 ppm, I2 = 4.22 ppm, I3 = 4.21 ppm, I4 
= 4.25 ppm and I5 = 4.17 ppm. f Determined using 1H-NMR spectroscopy by comparison of the integration 
of the signals of the polymer backbone (4.88 ppm) and the methyl end-groups (1.93 ppm). g Determined 
using SEC in THF, relative to polystyrene standards.  

ROP with these initiators were carried out using the same conditions than in Table 3.2 

for 1,8-octanediol. A DP of 150 (DL/Ix = 150/1) and a TBD/Ix ratio of 0.75 (Table 3.5) 

were fixed. Polymer conversions were determined using 1H-NMR spectroscopy by 

comparing the intensity of the polymer and monomer signals (Figure 3.3-b). Molecular 

weights based on the initiator were also determined using 1H-NMR spectroscopy, in a 

similar way as before, by comparison of the intensity of the signals of the polymer 

backbone at 4.88 ppm (signal 5 in Figure 3.15) and the intensity of selected signals for 

each initiator at: 4.33 ppm for I1 (signal a1 in Figure 3.15-a), 4.22 ppm for I2 (signal a2 in 

Figure 3.15-b), 4.21 ppm for I3 (signal a3 in Figure 3.15-c), 4.25 ppm for I4 (signal a4 in 

Figure 3.15-d) and 4.17 ppm for signal I5 (signal a5 in Figure 3.15-e). Molecular weights 

according to the end-groups were determined by comparison of the intensity of 1H-

NMR signals of the polymer backbone at 4.88 ppm and the intensity of the methyl from 

BriB end-group at 1.93 ppm (signals 5 and C in Figure 3.8-b respectively) (signal -CH3 in 

Figure 3.16).  
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Figure 3.15 1H-NMR spectra of isolated poly(DL) BriB esters possessing different stimuli cleavable initiators. 
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Figure 3.16 1H-NMR spectrum, region from 1.5 to 2.4 ppm, of poly(DL)-I2 BriB ester. 

In most cases results were similar to the obtained using 1,8-Oct as initiator, showing a 

good agreement between the Mn determined from the initiators, from the end-group 

and the theoretical ones. The SEC analysis shows molecular weights higher than the 

theoretical and those obtained by 1H-NMR spectroscopy as in the prior cases (Table 

3.5). Moreover, narrow polydispersities were obtained in most cases (Table 3.5 and 

Figure 3.17). In the case of I1 a broader polydispersity was observed (Table 3.5). 

Repeated attempts to obtain a narrower molecular weight distribution with this 

initiator were unsuccessful, which could be related with some TBD mediated disulfide 

exchange with trace amounts of thiol impurities during the polymerization process.55 

Similar polydispersity values have been reported in the TBD catalyzed ROP with 

disulfide monomers.56 

The synthesized polymers were also analyzed by 13C-NMR spectroscopy, in which the 

signals corresponding to the initiators could be identified (see annex 8.15 to 8.24). The 

MALDI-TOF analysis, as in the case of 1,8-octanediol, showed only one distribution and 

a difference between peaks was the molecular weight of the monomer (170.13 g/mol) 

(see annex 8.17 to 8.24). MALDI-TOF also confirmed the complete esterification as α-

bromoisobutyryl ester. In the case of the polymer containing the disulfide moiety the 

MALDI-TOF analysis was unsuccessful, only low molecular weight fragmentation 

products were observed probably caused for the instability of the disulfide bond under 

the MALDI-TOF conditions.57 
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a) b) c) 

   
d) e) f) 

   
Figure 3.17 SEC (THF) chromatograms of the synthesized (a) poly(DL)1,8-Oct macroinitiator and (b-f) the 
stimuli cleavable poly(DL)-I1-5 macroinitiators.  
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4 Atom Transfer Radical Polymerization: Synthesis of 

homopolymers and ABA block copolymers 

As it has been mentioned in the introduction, atom transfer radical polymerization 

(ATRP) of α-methylene-γ-butyrolactone (MBL) was chosen for the obtention of the 

glassy/hard block. The synthesis of poly(MBL), by this polymerization technique, has 

already been described by Mosnáček and Matyjaszewski.1 They synthesized an ABA 

block copolymer using poly(n-butyl acrylate) as macroinitiator. Since MBL has equal, or 

higher, reactivity than MMA, they used the halogen exchange effect to provide at least 

equal rate of initiation in comparison with the rate of propagation and for this reason 

the catalytic system used was CuCl/CuCl2/bpy. They obtained well-defined triblock 

copolymers with narrow molecular weight distribution and predictable molecular 

weight. 

Later, Hillmyer et. al. used a combination of ROP and ATRP for the obtention of an ABA 

block copolymer, using dibromo end-functionalized poly(menthide) as macroinitiator 

(of 100000 g/mol) and MBL as monomer.2 They used the same catalytic system as 

Matyjaszewski et. al. obtaining a series of block copolymers with different poly(MBL) 

composition (from 6 to 20 % (wt)). The copolymers possessing a 15-20 % of hard block 

showed the best mechanical performance, being comparable to commercial SBS. 

The poly(MBL) fraction can be modulated by targeting an specific degree of 

polymerization (DP) and reaching high conversions, however this could entail undesired 

termination processes and the increase of the dead chain fraction (DCF) when reaching 

maximum conversion. In another approach, which gives the target low DP, a higher DP 

is employed, and the reaction is stopped at relatively low conversions. This last 

approach allows a better control of the polymerization due to a higher monomer 

concentration, which is favorable in ATRP, especially in this case where the insolubility 
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of poly(MBL) in common solvents requires the use of strong polar solvents such as DMF 

which reduces the [MBL]0 increasing the DCF. However, it is not recommendable to 

stop the reaction at very low conversions, as in ATRP the polydispersity at the first 

stages of the reaction are relatively high. Considering sustainability issues, the ideal 

situation would be that most of the monomer became incorporated in the final 

polymer. Thus, an equilibrium between fixing a relatively high DP and reaching 

moderate conversions must be found. Thereby, in order to obtain 20 % (wt) of 

poly(MBL) on the block copolymer, from polyesters of 20000 g/mol, the final DP of the 

poly(MBL) must be 50 to obtain poly(MBL) blocks of 4900 g/mol. In this way, a fixed DP 

of 125 was tested and the reaction was stopped at 40 – 50 % conversion. As a first 

approach the selected conditions were applied to the synthesis of poly(methyl 

methacrylate). 

4.1 Synthesis of poly(MMA) by ATRP 

 

Scheme 4.1 ATRP of MMA using EtBriB as initiator and CuCl/CuCl2/bpy as catalytic system. 

In order to test the polymerization conditions, the homopolymerization of methyl 

methacrylate (MMA) with ethyl α-bromoisobutyrate (EtBriB) as initiator (Scheme 4.1) 

was carried out. Thus, in the first experiment a DP of 125 ([MMA]:[EtBriB] = 125:1) was 

used. The catalyst used was copper(I) chloride (CuCl), together with copper(II) chloride 

(CuCl2) as deactivator, and bipyridine as ligand in the following ratio; 

[EtBriB]:[CuCl]:[CuCl2]:[bpy] = 1:1.1:0.1:2.4. The polymerization was carried in DMF 

(60% v/v) and at 50 °C (Table 4.1) (see experimental part 6.8.2.1). Although ATRP is 
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usually performed in bulk or in relatively nonpolar solvents, such as toluene or xylene,3 

polar solvents are necessary due to the insolubility of the poly(MBL). The use of polar 

solvents increases the activation rate constants while the deactivation rate constant is 

less affected, which often leads to limited control on the polymerization (see section 

1.13.5). Moreover, polar solvents such as DMF and DMSO can compete with the ligand 

by complexing the metal and, therefore, affecting to the redox potential of the catalytic 

system.4, 5 In fact, there are examples of ATRP in polar solvent without the addition of 

ligand.6 The copper chloride salts, instead of the copper bromide salts, are necessary 

to take profit of the halogen exchange (HE) effect (see section 1.13.4). The use of the 

HE effect is necessary to increase the initiation efficiency, as the bromine propagating 

specie possess higher activity than the bromine initiator due to the back-strain effect. 7  

Table 4.1 Conversion and molecular weight characteristics versus time of the polymerization of MMA with 
CuCl/CuCl2/bpy initiated with EtBriB. Polymerization conditions [MMA]:[EtBriB]:[CuCl]:[CuCl2]:[bpy]; 
125:1:1.1:0.1:2.4, 50 °C, in DMF (60% v/v). 

Aliquot Time 
(h) 

Conv.a 
(%) 

MnTheor.
b 

(g/mol) (x10-3) 
MnNMR

c
 

CH3CH2O-
 

(g/mol) 
(x10-3) 

MnSEC
d 

(g/mol) (x10-3)  
Ɖd 

1 0.5 7.2 1.1 1.4 0.9 2.08 

2 1.0 14.3 2.0 2.2 2.1 1.45 

3 1.5 19.4 2.6 3.0 2.9 1.41 

4 2.0 24.3 3.2 3.7 3.5 1.41 

5 4.0 39.7 5.2 5.8 5.9 1.36 

6 6.0 49.3 6.4 6.9 6.7 1.29 

7 12.0 67.2 8.6 8.7 9.2 1.27 

8 21.0 80.6 10.3 10.6 13.1 1.25 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (3.75 
ppm) and polymer backbone (3.60 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP. c Determined by 1H-NMR spectroscopy using the signals of initiator (4.09 
ppm) and the polymer backbone (3.60 ppm). d Determined by SEC using THF as eluent and a PMMA 
standard calibration curve. 

The conversion was determined by 1H-NMR spectroscopy by comparison of the signals 

of the methyl ester protons of the polymer backbone, at 3.60 ppm (signal 1 in Figure 

4.1-a) and the unreacted monomer, at 3.75 ppm (signal 1M in Figure 4.1-a). The 
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initiation efficiency could also be determined by 1H-NMR spectroscopy by comparison 

of the signals of the unreacted initiator 4.23 ppm (signal a in Figure 4.1-a) and the 

initiator incorporated to the polymer chain at 4.09 ppm (signal a’ in Figure 4.1). The 

initiation efficiency (Ieff.) in the first stages of the polymerization (0.5 hours) is 87%, 

which is in concordance with the reported in the literature for this initiator (see section 

1.13.3).8  The advance of the polymerization was followed withdrawing samples at 

preset times up to high conversion degrees (Table 4.1), which were analyzed by both 

1H-NMR spectroscopy and SEC using PMMA standards. In this way, a conversion of 

80.6% was estimated after 21 hours (aliquot 8 in Table 4.1). The Ieff. at this conversion 

was 94 %. The reaction was quenched by; bubbling air though the crude reaction 

mixture to oxidize the catalyst, diluting with DCM, and filtering through a short basic 

alumina column to remove the catalyst. Finally, the polymer was isolated by 

precipitating in an excess of cold methanol.  

 

Figure 4.1 1H-NMR spectra of (a) polymerization mixture at 50% conversion and (b) isolated polymer after 
precipitation with methanol. 
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Figure 4.2 1H-NMR spectrum in CDCl3 of isolated poly(MMA)EtBriB. 

The 1H-NMR spectrum of the isolated poly(MMA)EtBriB (Figure 4.2) shows that the 

obtained polymer was predominantly syndiotactic. Tacticity on poly(MMA) could be 

determined from the α-methyl protons (signals 5).9 The tacticity could also be observed 

in the 13C-NMR spectrum, in which the triads, tetrads and pentads were assigned from 

the data reported in the literature (see annex 8.25). 

a) b) 

  
Figure 4.3 ATRP of MMA. Representation of (a) the conversion versus time (black squares) and the 
logarithm of monomer conversion versus time (white squares) and the representation of (b) Mn evolution, 
determined by both 1H-NMR spectroscopy, using the signal of the initiator (green squares), and by SEC 
(yellow triangles), polydispersity is represented as yellow circles. The theoretical Mn is represented as a 
black line. 
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Figure 4.3-a (black squares) shows the evolution of the polymer conversion determined 

by 1H-NMR spectroscopy versus time. The reaction was stopped before reaching total 

conversion to ensure good chain-end fidelity. Additionally, the representation of the 

logarithm of monomer conversion vs time give a linear plot indicating the living 

character of the polymerization (white squares in Figure 4.3-a).  

 

Figure 4.4 Superposed chromatograms of the withdrawn samples at preset times on ATRP of MMA using 
EtBriB as initiator. 

The number average molecular weight (Mn) was determined by 1H-NMR spectroscopy, 

by comparison of the signals of the polymer backbone at 3.60 ppm (signal 1, CH3O-, in 

Figure 4.1-b) and the signal of the initiator at 4.09 ppm (signal a’, CH3CH2O-,  in Figure 

4.1-b). The Mn was also determined by size exclusion chromatography (SEC) using 

PMMA calibration standards. The Mn determined by both 1H-NMR spectroscopy and 

SEC were slightly higher than to the theoretical one (Table 4.1), which is attributed to 

the unreacted initiator. Nevertheless, the Mn determined by both 1H-NMR 

spectroscopy (green squares in Figure 4.3-b) and SEC (yellow triangles in Figure 4.3-b)  

increases lineally with conversion and the polydispersity decreases with increasing 

conversion, as usually is observed in ATRP (Table 4.1 and yellow circles in Figure 4.3-b). 

Narrow polydispersities were obtained as can be observed at the superposed 

chromatograms showed in Figure 4.4. 
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4.2 Synthesis of poly(MBL) by ATRP 

 

Scheme 4.2 ATRP of MBL using EtBriB as initiator and CuCl/CuCl2/bpy as catalytic system. 

Once tested the effectiveness of the reported conditions with MMA, they were applied 

to the MBL polymerization. Thus, using the same DP ([MBL]:[EtBriB] = 125:1) and the 

same conditions ([EtBriB]:[CuCl]:[CuCl2]:[bpy] = 1:1.1:0.1:2.4) (Table 4.2) (see 

experimental part 6.8.2.2). The polymerization was monitored withdrawing samples at 

preset times, up to high conversions, for both 1H-NMR spectroscopy and SEC analysis. 

The samples for the NMR spectroscopy were prepared in DMF-d7 due to the insolubility 

of poly(MBL) in common solvents. 

Table 4.2 Conversion and molecular weight characteristics versus time of the polymerization of MBL with 
CuCl/CuCl2/bpy initiated with EtBriB. Polymerization conditions [MBL]:[EtBriB]:[CuCl]:[CuCl2]:[bpy]; 
125:1:1.1:0.1:2.4, 50 °C, in DMF (60% v/v). 

Aliquot Time 
(h) 

Conv.a 
(%) 

MnTheor.
b 

(g/mol) (x10-3) 
MnNMR

c
 

(CH3)2-C
 

(g/mol) 
(x10-3) 

MnSEC
d (g/mol) 

(x10-3)  
Ɖd 

1 0.5 4.4 0.8 2.0 1.6 1.08 

2 3.0 20.4 2.7 3.7 4.2 1.14 

3 5.0 31.5 4.0 5.6 6.2 1.10 

4 14.0 55.3 7.0 8.7 9.9 1.07 

5 20 64.9 8.1 10.4 11.7 1.06 

6 24 67.9 8.5 12.0 12.0 1.06 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (4.40 
ppm) and polymer backbone (4.49 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP. c Determined by 1H-NMR spectroscopy using the signals of initiator (1.17 
ppm) and the polymer backbone (4.49 ppm) d Determined by SEC using DMF (0.05% (w/w) LiBr) as eluent 
and a PMMA standard calibration curve. 
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Figure 4.5 1H-NMR spectra in DMF-d7 of (a) polymerization mixture at 4% of conversion, (b)  polymerization 
mixture at 20% of conversion and (c) isolated polymer after precipitation with methanol. 

The conversion was determined by 1H-NMR spectroscopy in a similar manner as the 

previous experiment, by comparison of the signals of the methylene protons of the 

polymer backbone at 4.49 ppm (signal 4 in Figure 4.5) and the methylene protons of 

the unreacted monomer at 4.40 ppm (signal 4M in Figure 4.5). These signals were 

assigned by comparison of the data reported in the literature. 10  Molecular weight 
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determined by 1H-NMR spectroscopy could not be obtained using the same initiator 

signal as in the case of MMA (signal a in Figure 4.5), as this signal is partially overlapped 

with the signal of the polymer backbone (signal 4 in Figure 4.5). In this case, the signal 

of the α-methyl (α-CH3) of the initiator (signal c in Figure 4.5) was used for the 

determination of the molecular weight. This signal was also used for the determination 

of the initiation efficiency. At the early stages of the reaction (4% of conversion) can be 

observed the appearance of a peak at 1.17 ppm corresponding to the α-CH3 of the 

reacted initiator (signal c in Figure 4.5-a). The α-CH3 signal of the EtBriB (1.91 ppm) 

(signal c’ in Figure 4.5-a) is still present and another signal at 1.75 ppm appeared (signal 

c’’ in Figure 4.5-a). This new signal, according to the data reported in the literature, 

could correspond to ethyl α-chloroisobutyrate (EtCliB),11, 12 which might be formed in 

the deactivation process of the ethyl isobutyrate radical with the CuCl2 before the 

incorporation of the first monomer (Scheme 4.3). 

 

Scheme 4.3 Formation of ethyl α-chloroisobutyrate during the deactivation process in ATRP. 

The advance of the polymerization was followed withdrawing samples at preset times 

(Table 4.2), which were analyzed by both 1H-NMR spectroscopy and SEC in DMF (0.05% 

LiBr). At 20% of conversion the EtBriB was totally consumed (Figure 4.5-b), and 

although the signal of the EtCliB is still present, the initiation efficiency (Ieff.) was 85%. 

The Ieff. was determined by comparison of the signals of the initiator incorporated to 

the polymer chain (1.17 ppm, signal c in Figure 4.5) and the signal of the unreacted 

EtCliB (1.75 ppm, signal c’’ in Figure 4.5). The Ieff. increased up to 92% at the end of the 

reaction. The unreacted EtCliB was eliminated in the purification process (Figure 4.5-c). 
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After 24 hours a conversion of 67.9% was estimated (Aliquot 6 in Table 4.2). The 

reaction was quenched by; bubbling air through the crude reaction mixture to oxidize 

the catalyst, diluting with additional DMF, and filtering through a short basic alumina 

column to remove the catalyst. Finally, the polymer was isolated by precipitating in an 

excess of cold methanol. 

a) b) 

  
Figure 4.6 ATRP of MBL with EtBriB. Representation of (a) the conversion versus time (black squares) and 
the logarithm of monomer conversion versus time (white squares) and the representation of (b) Mn 
evolution, determined by 1H-NMR spectroscopy (green squares) and by SEC (yellow triangles), 
polydispersity is represented as yellow circles. The theoretical Mn is represented as a black line.  

 

Figure 4.7 Superposed chromatograms of the withdrawn samples at preset times on ATRP of MBL using 
EtBriB as initiator. 
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Figure 4.6-a (black squares) shows the evolution of the polymer conversion determined 

by 1H-NMR spectroscopy versus time. The reaction was stopped before reaching total 

conversion to ensure good chain-end fidelity. Additionally, the representation of the 

logarithm of monomer conversion vs time give a linear plot indicating the living 

character of the polymerization (white squares in Figure 4.6-a). 

The Mn was determined by both 1H-NMR spectroscopy and by SEC using PMMA 

calibration standards. Both determined Mn were higher than the theoretical (Table 

4.2). This fact is attributed to both unreacted initiator and some termination processes 

at early stages, unavoidable in ATRP.13 Nevertheless, the molecular weight increases 

lineally with conversion (green squares and yellow tringles in Figure 4.6-b) and the 

polydispersity decreases with increasing conversion (Table 4.2 and yellow circles in 

Figure 4.6-b), as expected in ATRP. The polydispersity at medium to high conversions 

was narrow as can be observed at the superposed chromatograms (Figure 4.7). The 

difference in polydispersity values between the poly(MMA) (Đ = 1.25) and the 

poly(MBL) (Đ = 1.06) could be related to the difference in reactivity of the two 

monomers. MBL is known to be more reactive than MMA, the growing chain of the 

poly(MBL) would react faster to form the radical and to propagate than the unreacted 

initiator at the first stage of the reaction. This higher reactivity can increase the 

probability of termination of part of the initiator. However, in the case of the MMA, the 

unreacted initiator at the first stage of the reaction could continue reacting with the 

monomer, producing more polymer chains and a slightly broader molecular weight 

distribution. This could also explain the better agreement between experimental and 

theoretical molecular weights in the case of the poly(MMA). 13C-NMR spectroscopy was 

also used for the structural characterization (see annex 8.26), in which the initiator 

signals could be observed. The assignments were done according to the data reported 

in the literature.10 
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In order to test the reaction using a bifunctional initiator, the same reaction was carried 

out using 1,4-phenylenebis(methylene)-bis(2-bromoisobutyrate) (I6) as model initiator 

(see experimental part 6.6). 

 

Scheme 4.4 ATRP of MBL using I6 as bifunctional initiator and CuCl/CuCl2/bpy as catalytic system. 

As the previous example, a DP of 125 ([MBL]:[I6] = 125:1) was used, and the other 

parameters were adjusted for a bifunctional initiator ([I6]:[CuCl]:[CuCl2]:[bpy] = 

1:2.2:0.2:4.8) (Table 4.3) (see experimental part 6.8.2.3). 

Table 4.3 Conversion and molecular weight characteristics versus time of the polymerization of MBL with 
CuCl/CuCl2/bpy initiated with I6. Polymerization conditions [MBL]:[I6]:[CuCl]:[CuCl2]:[bpy]; 
125:1:2.2:0.2:4.8, 50 °C, in DMF (55% v/v). 

Aliquot Time 
(h) 

Conv.a 
(%) 

MnTheor.
b 

(g/mol) (x10-3) 
MnNMR

c
 

PhCH2O-
 

(g/mol) 
(x10-3) 

MnSEC
d 

(g/mol) (x10-3)  
Ɖd 

1 0.5 7.3 1.3 1.9 2.4 1.09 

2 3.0 37.1 5.0 5.9 7.2 1.08 

3 5.0 52.0 6.8 7.9 8.8 1.07 

4 14.0 71.2 9.2 10.0 10.9 1.07 

5 18.0 81.4 10.4 11.5 12.5 1.07 

6 22.0 85.4 10.9 12.3 13.8 1.07 
a Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (4.42 
ppm) and polymer backbone (4.51 ppm). b Calculated from the conversion degree determined by 1H-NMR 
spectroscopy and the target DP c Determined by 1H-NMR spectroscopy using the signals of initiator (5.28-
5.14 ppm) and the polymer backbone (4.51 ppm).d Determined by SEC using DMF (0.05% (w/w) LiBr) as 
eluent and a PMMA standard calibration curve. 

The conversion was determined by 1H-NMR spectroscopy by comparison of the signals 

of the polymer backbone, at 4.51 ppm (signal 4 in Figure 4.8-a) and the unreacted 

monomer, at 4.42 ppm (signal 4M in Figure 4.8-a). The initiation efficiency (Ieff.) could 

also be determined by 1H-NMR spectroscopy by comparison of the signals of the 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 4: Results and discussion 
 

 
157 

unreacted initiator 5.33 ppm (signal a and a’’ in Figure 4.8-a) and the initiator 

incorporated to the polymer chain at 5.28-5.14 ppm (signal a’ in Figure 4.8).  

 

Figure 4.8 1H-NMR spectra in DMF-d7 of (a) polymerization mixture at 52% conversion and (b) isolated 
polymer (poly(MBL)-I6) after precipitation with methanol. 

The formation of the α-chloroisobutyryl derivative could also be observed in this case 

by the appearance of a singlet at 1.83 ppm (signal c’’ in Figure 4.8), however the Ieff. 
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could not be determined from the signal c’’ as it is overlapped with the polymer 

backbone signals (signals 3 and 5 in Figure 4.8). The initiation efficiency (Ieff.) in the first 

stages of the polymerization (0.5 hours) was 77%, and it increased up to 88% in the last 

sample (22 hours). The advance of the polymerization was followed withdrawing 

samples at preset times (Table 4.3), which were analyzed by both 1H-NMR spectroscopy 

and SEC (DMF containing 0.05 % LiBr). In this way, a conversion of 85.4% was estimated 

after 22 hours (aliquot 6 in Table 4.3). The conversion was slightly higher than the 

previous case when using the monofunctional initiator. The reaction was quenched by; 

bubbling air though the crude reaction mixture to oxidize the catalyst, diluting with 

additional DMF, and filtering through a short basic alumina column to remove the 

catalyst. Finally, the polymer was isolated by precipitating in an excess of cold 

methanol. In the previous case, using a monofunctional initiator, the unreacted 

initiator was eliminated during the purification process (Figure 4.5-c). However, using 

the bifunctional initiator the signal of the α-chloroisobutyryl derivative remains after 

precipitation (signal c’’ in Figure 4.8-b) indicating that a small fraction of monoinitiated 

polymer chains remained in the final product. 

a) b) 

  
Figure 4.9 ATRP of MBL with I6. Representation of (a) the conversion versus time (black squares) and the 
logarithm of monomer conversion versus time (white squares) and the representation of (b) Mn evolution, 
determined 1H-NMR (blue squares) and by SEC (yellow triangles), polydispersity is represented as yellow 
circles. The theoretical Mn is represented as a black line. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0

20

40

60

80

100

0 5 10 15 20

ln
([

M
]o

/[
M

])

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

1

1.1

1.2

1.3

1.4

0

5

10

15

0 25 50 75 100 125

Đ

M
n

 (
g/

m
o

l x
1

0
-3

)

DP

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 4: Results and discussion 
 

 
159 

Figure 4.9-a (black squares) shows the evolution of the polymer conversion determined 

by 1H-NMR spectroscopy versus time. The reaction was stopped before reaching total 

conversion to ensure good chain-end fidelity. Furthermore, as the previous case, the 

representation of the logarithm of monomer conversion vs time give a linear plot 

indicating the living character of the polymerization (white squares in Figure 4.9-a). 

The Mn was determined by SEC using PMMA calibration standards, were higher than 

the theoretical (Table 4.3). This fact is attributed, as in the previous case, to both 

incomplete initiation and some termination processes at early stages. Nevertheless, 

the molecular weight increases lineally with conversion (blue squares and yellow 

tringles in Figure 4.9-b) and the polydispersity decreases with increasing conversion 

(Table 4.3 and yellow circles in Figure 4.9-b), as expected in ATRP. The polydispersity 

obtained were narrow as can be observed at the superposed chromatograms (Figure 

4.10). In this case, the polydispersity was slightly higher than when using the 

monofunctional initiator. This difference could be attributed to the incomplete 

initiation, in which only one of the two α-bromoisobutyryl units has reacted. In Figure 

4.8-b (signal a) it can be seen that the signal corresponding to the half initiated species 

remain in the isolated polymer, while in the case of the EtBriB the signal of unreacted 

initiator was completely disappeared upon precipitation. Thus, a fraction of the 

polymer chains has lower molecular weights, which is reflected in a “tail” in the SEC 

peaks (Figure 4.10). This lower molecular weight fraction is unavoidable when using 

BriB ester bifunctional initiators, as 100% of initiation efficiency would be unachievable 

for this kind of radical initiator.  

The obtained polymer was also analyzed by 13C-NMR spectroscopy (see annex 8.27). 

From the signal of the quaternary carbon on the 13C-NMR spectrum (signal 2 in Figure 

4.11) the tacticity of the polymer could be determined by comparison with the data 

reported in the literature.10 As can be seen the poly(MBL) is mostly atactic with an 

important fraction of syndiotactic sequences. This difference is due to a smaller 
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difference of activation energy between the isotactic and the syndiotactic propagation 

of the MBL in comparison with MMA. This fact could be related to less steric interaction 

in the transition state for the MBL due to the near planarity of the lactone ring. This 

steric interaction in the isotactic propagation involves only the cyclic methylene units 

of the growing chain and the approaching monomer unit. In the case of MMA, the 

isotactic propagation involves the less favorable methyl-methyl interaction. 

 

Figure 4.10 Superposed chromatograms of the withdrawn samples at preset times on ATRP of MBL using I6 
as bifunctional initiator. 

 

Figure 4.11 13C-NMR spectrum, region from 20 to 70 ppm, in DMSO-d6 at 80 °C of the isolated poly(MBL)-
I6. 

13 14 15 16 17
Time (min)

0.5 h

3h

5h

14h

18h

22h

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 4: Results and discussion 
 

 
161 

In order to prove the existence of halogen exchange in the initiator during the first 

stages of the polymerization an experiment was performed using the same 

polymerization conditions in the absence of monomer. Thus, the bifunctional initiator 

I6 was solubilized in DMF-d7 and CuCl, CuCl2 and bpy were added in the same ratio as 

the previous polymerization (1:2.2:0.2:4.8). The mixture was stirred at 50 °C for 15 

minutes, then the catalyst was removed by filtration through basic alumina and the 

crude mixture was analyzed by both 1H- and 13C-NMR spectroscopy.  

 

Figure 4.12 1H-NMR spectra of (a) pure I6 and (b) reaction mixture (time = 15 min) of I6 with CuCl/CuCl2/bpy 
in the absence of monomer at 50 °C. Spectra recorded in DMF-d7. 

In the 1H-NMR spectra (Figure 4.12) of the resulting product a new signal at 1.82 can 

be observed after 15 minutes of reaction (signal C’ in Figure 4.12-b). The chemical shift 

of this signal match perfectly with the chemical shift of the signal observed in the 

polymerization of MBL with the same initiator (1.82 ppm, signal c’’ in Figure 4.8). 

Moreover, it can be noticed the appearance of new benzylic and aromatic proton 

signals (a’ and c’ respectively in Figure 4.12-b). This evidence confirms the formation of 

the chloro-derivative during the first stages of the polymerization. 
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Figure 4.13 13C-NMR spectra of (a) pure I6 and (b) reaction mixture (time = 30 min) of I6 with CuCl/CuCl2/bpy 
in the absence of monomer at 50 °C. Spectra recorded in DMF-d7. 

The crude mixture was also analyzed by 13C-NMR spectroscopy. The 13C-NMR spectrum 

shows the appearance of a new methyl signal at 29.3 ppm (signal C’ in Figure 4.13-b). 

This signal chemical shift also matches with the peak observed in the poly(MBL) (29.2 

ppm, signal C’’ in Figure 4.18-b). Moreover, a new carbonyl signal at 171.1 ppm 

appeared (signal A’ in Figure 4.13-b). This undesired reaction during the first stages of 

the polymerization could be avoided by increasing the degree of polymerization (DP). 

Increasing the DP also increases the initial monomer concentration, being more 

probable that the initial radical formed react with a monomer molecule before being 

deactivated by the CuCl2. However, targeting a short poly(MBL) block makes unsuitable 

to further increase the DP considering sustainably issues. In any case, the Ieff. obtained 

for the poly(MBL)-I6 homopolymer is as high as 88 % which is good enough to prepare 

the desired copolymers in an economical way and reasonable good control over the 

molecular weight and the copolymer architecture.  
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4.3 Synthesis of ABA block copolymers by ATRP 

 

Scheme 4.5 Chain extension of poly(DL) macroinitiator with MBL by ATRP. 

Once tested the conditions for the homopolymerization of MBL, these were applied for 

the chain extension of the poly(DL) macroinitiators with MBL (see experimental part 

6.8.3). As a first approach the poly(DL)1,8-Oct BriB ester, molecular weight (MW) of 23500 

g/mol (Đ = 1.16) (determined by SEC in THF), was used as macroinitiator. Then, 

considering the macroinitiator molecular weight, targeting a 40% of conversion with a 

DP of 125 the final polymer will have approximately 20% of poly(MBL) in weight. The 

other parameters were fixed as in the case of the homopolymerization ([poly(DL)1,8-

Oct]:[CuCl]:[CuCl2]:[bpy] = 1:2.2:0.2:4.8). The conversion degree was determined using 

1H-NMR spectroscopy, by comparison of the monomer signal at 5.68 ppm (signal 5M in 

Figure 4.14-a) and the signal poly(MBL) backbone at 4.38 (signal 4 in Figure 4.14-a).  

The presence of the macroinitiator, increase the solubility of the copolymer, allows the 

1H-NMR analysis to be conducted in CDCl3 instead of DMF-d7. The reaction reached 

41% of conversion within two hours. The proportion of the different block could be 

determined from the 1H-NMR spectrum of the isolated polymer. By comparing the 

signals of the poly(DL) (signal 5 in Figure 4.14-b) and the poly(MBL) (signal 4 in Figure 

4.14-b) backbones with the 1,8-octanediol signal (signal a in Figure 4.14-b) a MW for 

each block could be obtained. From the these MWs a 16.5% fraction of poly(MBL) could 

be estimated at the final polymer (Table 4.4).  
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Figure 4.14 1H-NMR spectra (in CDCl3) of (a) polymerization mixture at 41% conversion and (b) isolated 
polymer after precipitation with methanol. 

 

Figure 4.15 SEC traces of poly(DL)1,8-Oct BriB ester (blue) and poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL). 
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The SEC chromatograms show that the isolated block copolymer has narrow 

polydispersity (Ð= 1.17), however, some “tail” could be observed (Figure 4.15). This 

“tail” could be related to the incomplete initiation, leading to some AB diblock 

copolymers. Since complete initiation efficiency is unpractical for BriB ester 

bifunctional initiators a small fraction of AB diblock copolymer will be unavoidable in 

the final material. These lower molecular weight chains of AB diblock copolymers would 

not behave as a TPE, nevertheless, it only supposes a small fraction of the total material.  

Once tested the reaction with the macroinitiator, the same conditions were applied to 

the macroinitiators containing the cleavable unit (Table 4.4). 

Table 4.4 Conversion and molecular weight characteristics of the polymerization of MBL with different 
polyester macroinitiators. Polymerization conditions [MBL]:[poly(DL)-Ix]:[CuCl]:[CuCl2]:[bpy]; 
125:1:2.2:0.2:4.8, 50 °C, in DMF (67% v/v). 

Initiator 
(Mn (g/mol) 
(x10-3)/Ð)a 

Conv.b 
(%) 

MnSEC
a 

(g/mol) 
(x10-3) 

Ɖa 

MnNMR (g/mol) 
(x10-3)c % (wt) of 

Poly(MBL) 
Poly(DL) Poly(MBL) 

Poly(DL)1,8-Oct 

(5.8/1.15) 
41 18.9 1.17 19.2 3.8 16.5 

Poly(DL)-I1 

(5.8/1.23) 39 20.1 1.27 20.2 3.6 17.8 

Poly(DL)-I2 

(4.6/1.16) 44 20.6 1.17 19.5 4.1 17.4 

Poly(DL)-I3 

(7.3/1.11) 45 22.9 1.17 21.1 4.0 16.6 

Poly(DL)-I4 

(5.3/1.20) 42 20.0 1.18 19.0 3.9 17.0 

Poly(DL)-I5 

(6.6/1.18) 38 19.0 1.16 20.1 3.7 15.5 

a Determined by SEC using DMF (0.05% (w/w) LiBr) as eluent and a PMMA standard calibration curve. b 

Determined by 1H-NMR spectroscopy from the crude reaction mixture using the signals of monomer (5.68 
ppm) and polymer backbone (4.38 ppm). c Determined by 1H-NMR spectroscopy from the isolated polymer 
using the signal of the ROP initiator (1,8-Oct = 4.05 ppm, I1 = 2.91 ppm, I2 = 2.65 ppm, I3 = 2.64 ppm, I4 = 
2.87 ppm, I5 = 3.81 ppm) and the poly(DL) backbone signal (4.87 ppm) and poly(MBL) backbone signal (4.38 
ppm) respectively.  

Polymerizations were stopped after 2 hours of reaction which supposed conversion 

degrees between 38 and 45 %. The molecular weight of each block was determined by 

1H-NMR spectroscopy, by comparing the intensity of the signals of the ROP initiator 
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(1,8-Oct = 4.05 ppm, I1 = 2.91 ppm, I2 = 2.65 ppm, I3 = 2.64 ppm, I4 = 2.87 ppm and I5 = 

3.81 ppm) with the poly(DL) and poly(MBL) backbone signals respectively. From these 

molecular weights the proportion of the poly(MBL) block could be determined (Table 

4.4) being between 15.5 and 17.8 % in weight. By this way, a series of ABA block 

copolymers possessing a cleavable unit at de midpoint have been synthesized.  

a) b) c) 

   
 d) e)  

 

  

 

Figure 4.16 SEC traces (in DMF with 0.05% LiBr) of synthesized stimuli cleavable block copolymers (red line) 
compared with the SEC traces of the corresponding macroinitiator. 
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In all the cases chain extension proceed effectively evidenced by SEC leading to 

polymers with Mn between 18000 and 22000 g/mol and narrow polydispersities 

(Figure 4.16). The SEC traces show the presence of some low molecular weight fraction 

corresponding to monoinitiated macroinitiators. 

 

Figure 4.17 H-NMR spectra of (a) poly(DL)-1,8-Oct BriB ester in CDCl3, (b) poly(MBL)-I6 in DMSO-d6 at 80 °C 
and (c) poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) in CDCl3. 
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All the block copolymers were characterized by 1H- and 13C-NMR spectroscopy in order 

to confirm the effectiveness of the chain extension (see annex 8.29 to 8.34). In Figure 

4.17 the 1H-NMR spectra of the starting macroinitiator, the Poly(MBL)-I6, used as model 

for the hard block and the poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) are compared. As 

can be seen the methyl signal of the BriB on the macroinitiator (signal C) disappears 

upon the incorporation of the poly(MBL) block (Figure 4.17-c). The Ieff. could not be 

determined due to an overlapping of the reacted initiator signal (C’ in Figure 4.17-b) 

with the poly(DL) backbone signals (7, 8 and 9 in Figure 4.17-c). It can be notice that, as 

in the case of the homopolymerization, some initiator remained as chloroisoburyryl 

derivative (signal C’’ in Figure 4.17-c). Although Ieff. cannot be precisely calculate, it can 

be assumed that the initiation efficiency must be similar as in the case of the 

homopolymerization using I6 (Ieff. ≈ 88 %).  

In the spectra of the final copolymer, the characteristic signals of the poly(MBL) block 

could also be observed (signals 3, 4 and 5 in Figure 4.17-c). The block copolymers were 

also analyzed by 13C-NMR spectroscopy. In Figure 4.18 the 13C-NMR spectra of the 

starting macroinitiator, the Poly(MBL)-I6, used as model for the hard block and the 

poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) are compared. 

The 13C-NMR spectra of the block copolymer (Figure 4.18-c) showed the signals of both 

poly(DL) and poly(MBL) blocks (Figure 4.18-a and -b respectively). The signal of the 

exocyclic methylene carbon (signal 5 in Figure 4.18-c) appears as a broad multiplet 

partially overlapped with the DMSO-d6 peak whereas the signal of the endocyclic 

methylene carbon (signal 3 in Figure 4.18-b) appears overlapped with the signals of the 

poly(DL) backbone. The signal corresponding to quaternary carbon show the 

characteristic triad pattern of atactic poly(MBL)10 (signal 2 in Figure 4.18-b and -c). 

However, in the block copolymer the signals of the initiator could not be observed 

although the spectrum was recorded at 80 °C with higher sample loading. None of the 

signals of the chloroisobutyryl derivative, observed in the poly(MBL) spectrum (signal 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 4: Results and discussion 
 

 
169 

C’’ in Figure 4.18-b), could be detected. The high proportion of poly(DL) and the limited 

solubility of the copolymer prevent the detection of the linking groups. 

 

 

Figure 4.18 C-NMR spectra of (a) poly(DL)-1,8-Oct BriB ester in CDCl3, (b) poly(MBL)-I6 in DMSO-d6 at 80 °C 
and (c) poly(MBL)-co-poly(DL)-1,8-Oct-co-poly(MBL) in DMSO-d6 at 80 °C. 
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- Thermal and mechanical characterization: 

The thermomechanical properties of the model poly(DL) and poly(MBL) homopolymers 

and the model block copolymer  were analyzed by thermogravimetric analysis (TGA) 

(Figure 4.19 and Figure 4.20), differential scanning calorimetry (DSC) (Figure 4.21) and 

dynamo-mechanical analysis (DMA) (Figure 4.23) for comparative purposes. All the 

synthesized ABA block copolymers possess similar molecular weight and comparable 

balance between the soft and hard block and consequently must present similar 

thermal and mechanical properties.  

The poly(DL)1,8-Oct homopolymer (Mn (SEC) = 23500 g/mol/Đ = 1.16) shows a 5 % weight 

loss (T5%) at 310 °C and a maximum thermal decomposition rate (Tmax) at 349 °C (blue 

dashed line in Figure 4.19 and Figure 4.20 respectively). These temperatures were 

considerable higher than the reported in the literature, less than 210 °C. 14 , 15  We 

attribute these lower reported temperatures to the presence of impurities, which could 

accelerate the depolymerization process. The decomposition process results in 0% of 

residue, which indicates than the nature of the decomposition is a depolymerization 

process where the δ-decalactone is reformed and evaporated. Thermal degradation 

behavior for lactone derived polyesters has been described in the literature, where the 

starting lactone was detected into the main degradation products, together with water, 

CO2 and products from random chain cleavage.16 In this sense Hillmyer el. al. reported 

recently a patent for the recovery of lactone monomers from alkyl δ-lactones-derived 

polymeric materials, through thermal depolymerization.17 
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Figure 4.19 TGA decomposition patterns of poly(DL) homopolymer (blue dashed line), poly(MBL) 
homopolymer (red dashed line with dots) and block copolymer (black line). 

 

Figure 4.20 TGA first derivative plots of poly(DL) homopolymer (blue dashed line), poly(MBL) homopolymer 
(red dashed line with dots) and block copolymer (black line). 

The TGA of poly(MBL)EtBriB homopolymer (Mn (SEC) = 12000 g/mol/Đ = 1.06) shows a 

T5% at 317 °C and a Tmax at 400 °C (red dashed line with dots in Figure 4.19 and Figure 

4.20 respectively). These temperatures were in accordance with those reported in the 
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literature where the polymer is thermally stable until 320 °C. Above this temperature 

the polymer tends to depolymerize reforming the MBL.10 Thus, the decomposition 

process results in 0 % of residue as in the case of poly(DL). The TGA of the block 

copolymer (Mn (SEC) = 18900 g/mol/Đ = 1.17) shows a T5% at 296 °C (black line in Figure 

4.19) and two Tmax at 351 and 413 °C (black line in Figure 4.20), which seems to 

correspond to the poly(DL) and poly(MBL) block respectively. No solid residue 

remained after the thermal decomposition, as both poly(DL) and poly(MBL) 

depolymerize giving the starting monomer under the heating process.  

The thermal transitions of the polymers were analyzed by differential scanning 

calorimetry (DSC) (Figure 4.21). 

 

Figure 4.21 DSC plots of poly(DL) homopolymer (blue dashed line), poly(MBL) homopolymer (red dashed 
line with dots) and block copolymer (black line). 

The poly(DL) homopolymer (Mn (SEC) = 23500 g/mol/Đ = 1.16) shows a glass transition 

temperature (Tg) at -53.5 °C (blue dashed line in Figure 4.21), in concordance with the 

values described in the literature (Tg from -56.5 to -51 °C, depending on the molecular 
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weight). 18 , 19  There is no evidence of melting endotherms (Tm), confirming its 

completely amorphous nature. According to the branched structure and the high 

aliphatic content of this polyester, the Tg is far below room temperature. The hard 

poly(MBL) homopolymer (Mn (SEC) = 12000 g/mol/Đ = 1.06) shows a Tg at 181.2 °C (red 

dashed line with dots in Figure 4.21), which is very close to the reported in the literature 

(195 °C for the atactic poly(MBL)).10 There is no evidence of Tm, confirming also its 

completely amorphous nature. The restricted segmental mobility of the polymer chain, 

originated from the conformationally rigid lactone ring perpendicular to the plane of 

the backbone and dipole-dipole interactions, is responsible for this high Tg value.10, 20 

This high Tg value confirms the validity of poly(MBL) as hard segment of an ABA 

thermoplastic elastomer for high temperature applications. Finally, the block 

copolymer (Mn (SEC) = 18900 g/mol/Đ = 1.17) was also characterized by DSC (black line 

in Figure 4.21). The thermograph showed a first Tg at -52.3 °C corresponding to the 

poly(DL) block. However, the second Tg corresponding to the poly(MBL) block (around 

170 °C) was hardly observed due to the above mentioned restricted mobility of the 

poly(MBL) chains and the low heigh percentage of the hard segment in the copolymer. 

Nevertheless, the Tg of the poly(DL) block remains unchanged, which is an evidence of 

the phase-separation.  

 

Figure 4.22 Specimen of the poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) block copolymer for DMA. 

In order to test the TPE character of these materials, representative specimens of the 

model block copolymer (poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL)) (Figure 4.22) were 
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prepared to analyze the thermomechanical properties, through dynamo-mechanical 

analysis (DMA), in a range of temperatures from -80 to 220 °C (Figure 4.23). The tan δ 

(blue line in Figure 4.23) showed a first peak at -36.1 °C corresponding to the glass 

transition of the soft poly(DL). Below this temperature the material showed a storage 

modulus (red line in Figure 4.23) of 1674 MPa, indicating that is hard and brittle. After 

the first glass transition the storage modulus lowered until 11.9 MPa showing rubbery 

plateau from -36.1 to 164.2 °C. The second glass transition, corresponding to the hard 

poly(MBL) block, was observed as the second tan δ peak at 164.2 °C. After this 

temperature the storage modulus was lowered until 2.4 MPa. This lower Tg of the hard 

block could be related to the small AB copolymer fraction, derived from an incomplete 

initiation, which could act as plasticizer lowering the Tg. This AB copolymer fraction 

would also be the responsible of the small transition around 10 °C that could be 

observed in Figure 4.23. 

 

Figure 4.23 DMA plot of the block copolymer specimen. 
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Therefore, the range of temperature where the material can be applied as an elastomer 

is between -36 and 164 °C. In all this range of temperatures the tan δ is below 1, which 

indicates that the elastic component on the material prevails to the viscous component. 
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5 Cleavage of ABA block copolymers 

Once obtained the different stimuli cleavable block copolymers their degradation was 

studied, with emphasis in the degradation mechanism and the characterization of the 

degradation products. Three types of stimuli were applied, first the degradation of 

disulfides under reductive media, second the acid hydrolysis of acetal groups and finally 

the cleavage of thioacetals under oxidative conditions. The two first detachable groups 

are well known sensitive groups which have been extensively studied for their use in 

stimuli cleavable polymers. 1 - 4   However, thioacetals, although are well known as 

protecting groups, their deprotection under mild conditions, and avoiding 

environmental hazardous reagents, is still challenging. The use of thioacetal linkages, 

as sensitive groups, has depicted an increasing interest in the research community and 

have been recently employed for the synthesis of stimuli cleavable polymers, especially 

in the biomedical field.5-7 

5.1 Reductive cleavable polymer 

Disulfide linkages could be cleaved by two main pathways. The first one is through a 

thiol – disulfide exchange reaction with an excess of thiol (e.g. with dithiothreitol 

(DTT)). The second one involves the use of a reducing agent, such as n-

tributylphosphine (Bu3P) (Scheme 5.1). 

 

Scheme 5.1 Disulfide cleavage through (a) thiol – disulfide exchange and (b) reduction with Bu3P. 
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The thiol – disulfide exchange involves three reversible steps: first, the ionization of the 

thiol to form thiolate anion, second, the nucleophilic attack of the thiolate anion on a 

sulfur atom of the disulfide moiety and third, the protonation of the product thiolate 

anion (Scheme 5.2).8 When dithiols, with 3 – 6 carbon atoms between the sulfur atoms, 

are used the formation of cyclic disulfides favors the equilibrium towards the desired 

product (e.g. formation of strain-free six-membered 1,2-dithianes). 

 

Scheme 5.2 Thiol – disulfide exchange equilibrium. 

On the other hand, trialkyl phosphines (e.g. n-Bu3P), in the presence of water, have 

been shown as efficient reducing agents for disulfides. The first step consists in a 

nucleophilic attack of the phosphine to the sulfur atom of the disulfide with the 

displacement of a thiolate anion and the formation of thioalkoxyphosphonium cation. 

In a subsequent step, the cationic intermediate underwent hydrolysis to form the 

phosphine oxide and a second thiolate anion (Scheme 5.3).9 The main difference with 

the thiol – disulfide exchange is that the reaction is irreversible due to the strength of 

the P=O bond formed.10 The main advantages of phosphines are their stability towards 

autooxidation and their great affinity of towards disulfide groups. For this reason, n-

tributylphosphine was selected for the cleavage of the disulfide containing block 

copolymer. 
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Scheme 5.3 Reduction of disulfides using trialkylphosphines. 

Thus, the synthesized poly(MBL)-co-poly(DL)-I1-co-poly(MBL) block copolymer, was 

cleaved using n-Bu3P following a reported procedure (Scheme 5.4) (see experimental 

part 6.9.1).4  

 

Scheme 5.4 Reductive cleavage of poly(MBL)-co-poly(DL)-I1-co-poly(MBL) to poly(MBL)-co-poly(DL)-SH  
using Bu3P. 

The ABA block copolymer was rapidly cleaved within 30 minutes using 150 equivalents 

of Bu3P ([Bu3P] = 0.078 M) in THF at room temperature. The molecular weight, 

determined by SEC, decreases from 20100 g/mol (Ð = 1.27), for the initial polymer, to 

9800 g/mol (Ð = 1.20), for the final cleaved polymer. Moreover, the SEC traces (Figure 

5.1) show the appearance of a “tail” at lower molecular weight. 
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Figure 5.1 SEC traces (in DMF containing 0.05 % LiBr) of the reductive cleavage of poly(MBL)-co-poly(DL)-
I1-co-poly(MBL). 

 

Scheme 5.5 Cleavage products of residual poly(DL)-I1-co-poly(MBL) AB block copolymer. 

This lower Mn fraction must be related to the incomplete initiation of some 

macroinitiator chains during ATRP. The presence of partially chain extended 

macroinitiator chains, consisting in a AB block copolymer (Cl-poly(DL)-I1-co-poly(MBL)), 

will form two different cleavage products. One would be the same AB block copolymer 
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as in the cleavage of the ABA block copolymer, but the second will be a poly(DL) 

homopolymer with an unreacted α-chloroisobutyryl ester, with half of the molecular 

weight of the initial macroinitiator (Scheme 5.5). 

The cleaved polymer recovered after precipitation was also analyzed by 1H-NMR 

spectroscopy (see annex 8.35). As can be seen in Figure 5.2, the signal corresponding 

to the methylene protons close to the disulfide group (CH2-S-S-) at 2.91 ppm completely 

disappeared (signal b in Figure 5.2-a) and a new signal at 2.74 ppm corresponding to 

the methylene protons near the thiol group (CH2-SH) appeared (signal b’ in Figure 5.2-

b). 

 

Figure 5.2 1H-NMR spectra in CDCl3 of (a) poly(MBL)-co-poly(DL)-I1-co-poly(MBL) and (b) the cleaved 
product poly(MBL)-co-poly(DL)-SH. 

However, it has be noticed that the intensity of the new signals is lower when compared 

to that of the initial signals. Moreover, a new signal that could be assigned to a methyl 

ester at 3.67 ppm was also observed in the spectrum of the cleaved product (Figure 
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5.2-b). This fact seems to indicate that some intramolecular SN2 displacement of the 

thiolate group and ulterior esterification during the methanolic work-up may also occur 

(Scheme 5.6) as it has been described in the literature.11 Nevertheless, the effective 

cleavage of the block copolymer was achieved.  

 

Scheme 5.6 Proposed mechanism for intramolecular SN2 displacement of β-thiolate ethylester unities. 

5.2 Acid cleavable polymers 

Another widely used stimulus in stimuli cleavable polymers, is the acidic media.12, 13 

Particularly, acetals and ketals have been attracted great interest due to its lability and 

capability of being hydrolyzed in the presence of water and acid under mild 

conditions.14, 15 Aside from the external factors (pH, temperature, etc.) the hydrolysis 

rate on an acetal could be modulated by changing the substituents.16 Carbocation-

stabilizing substituents increase the acetal hydrolysis rate and the presence of basic 

groups in the molecule slows down the hydrolysis rate. The structure of the acetal also 

influences the hydrolysis rate, cyclic acetals are known to be more stable than linear 

acetals.10, 17 

 

Scheme 5.7 Acetal hydrolysis mechanism in acidic medium. 
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5.2.1 Cleavage of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 

Two samples of block copolymer possessing an acetal moiety (Mn (SEC) = 20600 g/mol 

(Ð = 1.17)) was solubilized in THF (containing 0.5 % (w/w) of water) and trifluoroacetic 

acid (TFA) was added to obtain a 0.01 M and a 0.5 M solutions of acid. The mixtures 

were stirred at room temperature and samples were withdrawn at preset times to 

follow the progress of the reaction by SEC (see experimental part 6.9.2.1).  

Using the 0.01 M acid concentration, the polymer was cleaved after about 24h (Figure 

5.3). The obtained cleaved polymer showed a similar narrow molecular weight 

distribution and half of the initial molecular weight (Mn = 10000 g/mol (Đ =1.10)). This 

low polydispersity obtained is an evidence of the polymer backbone integrity during 

the cleavage process. Moreover, once cleaved the polymer was maintained in the acidic 

medium for additional 24 hours to confirm the polymer backbone stability with no 

signals of chain degradation (yellow line in Figure 5.3). 

 

Figure 5.3 Superposed SEC traces of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) degradation in THF with [TFA] 
= 0.01 M at room temperature during time. 
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The 1H-NMR shows the complete disappearance of the acetalic signal (signal f in Figure 

5.4-a) and the appearance of a new signal at 3.75 ppm (signal e’ in Figure 5.4-b). This 

signal could correspond to methylene protons close to the hydroxyl group, from the 

selective hydrolysis of the acetal group, of the (3-hydroxypropyl)thioethyl ester end-

groups (HOCH2CH2CH2SCH2CH2OOC-) (Scheme 5.8). 

 

Figure 5.4 1H-NMR spectra of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) (a) before degradation, (b) after acid 
cleavage with [TFA] = 0.01 M and (c) after acid cleavage with [TFA] = 0.5 M. 
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Scheme 5.8 Acid cleavage of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) to poly(MBL)-co-poly(DL)-OH  using 
TFA. 

In the other hand, using the 0.5 M solution of acid the polymer was also cleaved after 

about 24 hours (Figure 5.5). The obtained cleaved polymer also showed a narrow 

molecular weight distribution and half of the molecular weight (Mn = 10300 g/mol (Đ 

= 1.10)). The 1H-NMR spectrum shows the complete disappearance of the acetalic 

signal (signal f in Figure 5.4-a), however, the expected signal corresponding to the 

methylene protons close to the hydroxyl group was not observed (Figure 5.4-c). This 

fact could be related to the selective hydrolysis of the terminal ester linkage prompted 

by sulfur-assistance under strong acidic conditions (Scheme 5.9). 18  In fact, β-

thiopropionate esters are well known as acid labile groups and have been extensively 

used in acid-sensitive polymeric devices. 19 , 20 , 21   Nevertheless, the integrity of the 

polymer backbone seems to be maintained, as the poly(DL) and poly(MBL) signals 

remained unaffected (signals 5 and 4 in Figure 5.4-c) and, the SEC of the cleaved 

polymer showed a narrow molecular weight distribution. 
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Figure 5.5 Superposed SEC traces of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) degradation in THF with [TFA] 
= 0.5 M at room temperature during time. 

 

 

Scheme 5.9 Proposed mechanisms for the scission of the β-thioethyl ester units in 0.5 M TFA: (a) by 
neighboring sulfur assistance by intramolecular SN displacement and (b) by sulfur stabilization of the 
hydrogen-bond cyclic intermediate. 
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5.2.2 Cleavage of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 

As mentioned before, cyclic acetals present higher stability towards acid hydrolysis 

compared with linear acetals. Nevertheless, tetraoxaspiro moieties have been 

described in the literature for the preparation of acid degradable polymers. 22 , 23 

Considering its lower reactivity towards acid hydrolysis, initial tests were performed 

directly using a [TFA] = 0.5 M. Thus, the polymer containing the tetraoxaspiro moiety 

(Mn (SEC) = 22900 g/mol, Đ = 1.17) was solubilized in THF (containing 0.5 % (w/w) of 

water) with a [TFA] = 0.5 M. The reaction was monitored by SEC and after 24 hours the 

polymer remained unaffected. Therefore, a second experiment was performed 

maintaining the same acid concentration ([TFA] = 0.5 M) but increasing the 

temperature up to 40 °C (see experimental part 6.9.2.2). At this temperature the 

polymer started to cleave in a progressive way. The progress of the reaction was 

monitored by withdrawing samples at preset times for SEC analysis (Figure 5.6). From 

the superposed chromatograms it can be observed than the polymer was completely 

cleaved after about 23 hours of reaction. Under these conditions the poly(DL) chain 

seems not to be affected, since prolonged hydrolysis time (33h) clearly does not affect 

the molecular weight distribution. 

 

Figure 5.6 SEC traces (DMF, 0.05 % LiBr) of the acid cleavage of poly(MBL)-co-poly(DL)-I3-co-poly(MBL). 
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The cleaved polymer showed a narrow polydispersity (Đ = 1.11) and a molecular weight 

of 11500 g/mol (SEC in DMF (0.05 % LiBr)) which is about half of the molecular weight 

of the starting polymer. Even though, cleavage is evident from SEC traces, the 1H-NMR 

spectrum of the recovered polymer (Figure 5.7) showed the persistence of most signals 

of the tetraoxospiroacetal moiety. In addition, two new signals at 3.72 and 4.11 ppm 

could be observed. The triplet signal at 3.72 ppm (signal ** in Figure 5.7-b)  can be 

assigned to hydroxyethylthio end groups (HOCH2CH2-S-) arising from sulfur assisted 

hydrolysis of the β-thioethyl ester units under strong acidic conditions (Scheme 5.10). 

The singlet at 4.11 ppm (signal * in Figure 5.7-b) can be assigned to the C(CH2OH)2 

groups resulting from the subsequent progressive hydrolysis of the acetal units.24 Thus, 

even though cleavage of tetraoxaspiro block copolymer can be triggered under acidic 

conditions, mainly proceeds by β-thioethyl ester hydrolysis leading to 

tetraoxospiroacetal units that are hydrolyzed at slower rates. 

 

Figure 5.7 1H-NMR spectra of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) (a) before and (b) after acid cleavage. 
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Scheme 5.10 Acid cleavage of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) to poly(MBL)-co-poly(DL)-OH and 
poly(MBL)-co-poly(DL)-(OH)2  using [TFA] = 0.5 M at 40 °C. 

5.3 Reactive oxygen species (ROS) cleavable polymers 

Thioacetals are well known protective groups in chemistry but chemoselective cleavage 

of thioacetals under mild conditions is still a challenging process, particularly in 

presence of sensitive substrates. Unless acetal groups, thioacetals are resistant to 

conventional acid and basic hydrolysis requiring quite harsh conditions due to the 

scarce ability of the alkyl and aryl sulfide moieties as leaving groups. As a key step in 

conventional synthesis, a plethora of cleavage methods have been developed which 

generally require heavy metal derivatives and other environmentally hazardous 
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reagents.25 A common approach involves the transformation of thioethers into better 

leaving sulfonium groups by using different organic compounds as halogen sources 

(NBS, chloramine-T, Dess-Martin periodinane, etc.).25 - 27  Interestingly, catalytic 

amounts of iodine proved to be effective in thioacetal deprotection when DMSO is used 

as oxygen source.28, 29 Moreover, the cleavage by iodonium ions would give access to a 

more general procedure using chloronium ions in bleach, a common chemical used in 

paper processing. 

In order to assess the deprotection reactions of the thioacetals, two model compounds 

(Dod-I4 and Dod-I5) were synthesized from the thioacetal diols I4 and I5 and dodecanoyl 

chloride, following an adaptation of a reported procedure (Figure 5.8).30 

 

Figure 5.8 Synthesis of thioacetal model compounds Dod-I4 and Dod-I5. 

Thus, as a first approach for the cleavage of the thioacetal moieties, the degradation of 

the model compound Dod-I5, using DMSO as oxygen source with catalytic amounts of 

iodine, was tested (Scheme 5.11) (see experimental part 6.9.3.1). 29 

 

Scheme 5.11 Expected products for thioacetal deprotection of Dod-I5 model compound using DMSO and I2 
as catalyst. 
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The reaction was conducted at 90 °C and the progress of the reaction was monitored 

by 1H-NMR spectroscopy. The spectra were recorded in CDCl3 due to the insolubility of 

the products in DMSO-d6 at room temperature.  

 

Figure 5.9 1H-NMR spectra of  (a) Dod-I5, (b) crude reaction mixture with 1% I2 in DMSO-d6 after 30 min at 
90 °C and (c) product after recrystallization in methanol. Spectra (a) and (c) recorded in CDCl3, spectrum (b) 
recorded in a CDCl3 with DMSO-d6 from the reaction mixture. 

As can be seen in Figure 5.9 the signal corresponding to the thioacetal proton (5.02 

ppm, signal c in Figure 5.9-a) completely disappeared within 30 minutes. Moreover, a 

signal at 9.83 ppm corresponding to the aldehyde proton (Figure 5.9-b) was observed, 
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indicating the effective deprotection of the carbonyl group. However, the expected 

signals of the thiol-end derivative (Dod-SH in Scheme 5.11) (around 4.20 and 2.75 ppm) 

were not observed. In their place, new signals at 4.33 and 2.92 ppm appeared (signals 

a’ and b’ respectively in Figure 5.9-b). That could be attributable to the corresponding 

disulfide compound. The formation of this product could be confirmed by comparing 

the 1H-NMR signals with those of a model compound (Dod-I1, Figure 5.10) prepared 

from diol I1 and dodecanoyl chloride following the same procedure as in the case of 

Dod-I4 and Dod-I5. In this way, the deprotection of thioacetals with iodine as catalyst 

seems to proceed though the formation of disulfides, as has been recently reported in 

the photooxidative deprotection of thioacetals.31 

 

Figure 5.10 Disulfide model compound. 

According to the literature, the proposed mechanism for the thioacetal deprotection 

catalyzed by iodine (Scheme 5.12)29 involves the formation of a sulfonium complex with 

iodine, followed by the C-S bond cleavage and nucleophilic addition of 

dimethylsulfoxide. Then, the S-O bond cleavage leads to the formation of the carbonyl 

compound and the disulfide derivative. This result encourages us to explore the 

photocatalytic deprotection of thioacetals. 

 

Scheme 5.12 Proposed mechanism for the iodonium thioacetal deprotection with DMSO.29 
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Precisely, photooxidative cleavage is another common approach which has recently 

experienced an increasing interest when applied to the production of ROS-responsive 

polymeric drug carriers. 32 , 33  Photooxidative deprotection of cyclic and acyclic 

thioacetals has been described to proceed under mild conditions with light 

irradiation.31, 34, 35 Singlet oxygen (1O2) has been proposed as reactive species in the S-C 

bond cleavage leading to cation-radical intermediates which evolves to different final 

products depending on the nature of the substituents and the redox potential of the 

photosensitizer used.34 Thus, the Dod-I5 was also used as model compound for the 

photooxidation cleavage of thioacetals (Scheme 5.13) (see experimental part 6.9.3.1).  

 

Scheme 5.13 Photolysis of Dod-I5 using oxygen and TPP as photosensitizer under light irradiation. 

Initial tests were carried out using a 400 W high pressure sodium in a saturated oxygen 

atmosphere and meso-tetraphenylphorphin (TPP) as photosensitizer. Photolysis of 

thioacetal Dod-I5 in acetone solution was monitored by 1H-NMR spectroscopy (Figure 

5.11). The 1H-NMR spectrum shows the formation of anisaldehyde (d’, e’ and CHO in 

Figure 5.11-b) and the disulfide derivative (a’ and b’ in Figure 5.11-b) within two hours 

of reaction. The reaction was let to proceed and, within 6 hours of reaction, the 1H-

NMR spectrum became more complex, indicating the formation of different oxidized 

species (Figure 5.11-c). According to the signals chemical shifts and data reported in 

the literature, could be attributed to a mixture of sulfinothioate (R-S-SO-S) and 

sulfonothioate (R-S-SO2-R) (signals a’’’ and b’’’ in Figure 5.11-c) and other oxidation 

compounds.34, 36, 37 
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Figure 5.11 1H-NMR spectra of (a) Dod-I5 and the products of the photolytic degradation with TPP/O2 in 
acetone after (b) 2h, (c) 6h and (d) 12h. Spectra recoded in CDCl3. 

Delightfully, after 12 hours of reaction a simpler spectrum showed the formation of a 

main product whose 1H-NMR signals match with the alkoxyethanesulfonic derivative 

(COOCH2CH2SO3H) (signals a’’’’ and b’’’’ in Figure 5.11-d)  together with some remaining 
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disulfide (signals a’ and b’ in Figure 5.11-d).38 These results seems to indicate that with 

this methodology an effective cleavage of the thioacetal moiety could be achieved, with 

a minor formation of the disulfide. 

 

Scheme 5.14 Representative possible mechanism pathways for the photooxidative cleavage of thioacetal 
groups with TPP/O2/H2O according to the proposed photo-oxidation of 1,3-dithianes and disulfides. (A) 
Singlet oxygen pathway, (B) single electron transfer (SET) pathway.35-39 

According to the literature, the mechanism for the photooxidation of thioacetals could 

follow two different pathways. The first pathway (A in Scheme 5.14) involves the 

generation of singlet oxygen (1O2) from the interaction of a sensitizer in its excited state 

with molecular oxygen.40 Then, the 1O2 reacts with the thioacetal to form a persulfoxide 
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intermediate. The persulfoxide becomes C-S bond cleavage which products reacts with 

water to give the carbonyl compound and the sulfonic acid derivative (1 in Scheme 

5.14). On the other hand, the second pathway involves a single electron transfer (SET) 

from the sensitizer in its exited state directly to the thioacetal (B in Scheme 5.14) 

leading to a cation radical. The thioacetal cation radical fragmentates into a distonic 

radical cation which could evolve in different manners. A nucleophilic attack of a water 

molecule would lead to the carbonyl compound and the thiol derivative, which could 

be overoxidized to sulfonic acid (1 in Scheme 5.14). The distonic radical cation could 

also react with molecular oxygen giving a peroxosulfoxide intermediate which become 

a C-S bond cleavage to give the carbonyl compound and the disulfide derivative. The 

disulfide could be overoxidized to form sulfonic acid, sulfinothioate and sulfonothioate 

derivatives (1, 2 and 3 in Scheme 5.14). Finally, the distonic radical cation bond 

cleavage, with posterior oxidation, could lead to the sulfino and sulfono thioacetal 

derivative (4 and 5 in Scheme 5.14). When TPP is used as sensitizer the singlet oxygen 

pathway has been proposed as main pathway for the deprotection of thioacetals.35, 39 

With these results, the same methodology was applied to of poly(MBL)-co-poly(DL)-I4-

co-poly(MBL) (Mn 20.000 g/mol; Ð = 1.18) and poly(MBL)-co-poly(DL)-I5-co-poly(MBL) 

(Mn 19.000 g/mol; Ð = 1.16) copolymers. In both cases, SEC traces (Figure 5.12 and 

Figure 5.13) indicate a progressive slow cleavage leading to polymers with about half 

the initial molecular weight. However, the process seems to be incomplete as some 

high molecular weight fractions remain after 24-48h. This fact is especially noteworthy 

in the case of poly(MBL)-co-poly(DL)-I4-co-poly(MBL) which give rise to non-stabilized 

intermediates, even though additional TPP was added. These results agree with the 

persistence of some disulfide fractions observed in the photolysis of Dod-I5. 
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Figure 5.12 SEC traces (in DMF containing 0.05 % LiBr) of the homogeneous photolytic cleavage (TPP/O2/hν) 
of poly(MBL)-co-poly(DL)-I4-co-poly(MBL). 

 

Figure 5.13 SEC traces (in DMF containing 0.05 % LiBr) of the homogeneous photolytic cleavage (TPP/O2/hν) 
of poly(MBL)-co-poly(DL)-I5-co-poly(MBL). 

From the practical point of view, a much more convenient procedure for a TPE 

degradation might consist in the use of aqueous solutions. Hydrogen peroxide, a 

common paper processing chemical, has also been described as an effective source of 

ROS in the photolysis of thioacetals in aqueous media.37, 41, 42 
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With the aim to improve the extend of cleavage, heterogeneous-phase photolysis, 

using H2O2 as oxygen source, was tested.  

 

Figure 5.14 SEC traces (in DMF containing 0.05 % LiBr) of the heterogeneous photolytic cleavage 
(TPP/H2O2/hν) of poly(MBL)-co-poly(DL)-I4-co-poly(MBL). 

 

Figure 5.15 SEC traces (in DMF containing 0.05 % LiBr) of the heterogeneous photolytic cleavage 
(TPP/H2O2/hν) of poly(MBL)-co-poly(DL)-I5-co-poly(MBL). 

Therefore, thin films of poly(MBL)-co-poly(DL)-I4-co-poly(MBL) and poly(MBL)-co-

poly(DL)-I5-co-poly(MBL) containing catalytic amounts of TPP were irradiated in 

presence of a 15 % H2O2 in a phosphate buffer solution (pH 7.4) (see experimental part 
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6.9.3.2). As can be seen in Figure 5.14 and Figure 5.15, SEC traces show fast degradation 

which is almost complete (>95%) in 4h in both copolymers.  

 

Figure 5.16 1H-NMR spectra (region between 5.2 and 2.5 ppm) of (a) pristine I4 block copolymer and (b) the 
product of the oxidative degradation with H2O2 after 6h. Spectra recoded in CDCl3. 

1H-NMR spectra of the resulting polymers showed the complete disappearance of the 

thioacetal signals (signal c in Figure 5.16-a and Figure 5.17-a) while the signals of the 

polymer backbone (signals 4 and 5 in Figure 5.16 and Figure 5.17) remained unaffected. 

In the case of the thioacetal I4 the 1H-NMR spectrum shows the appearance of a new 

triplet signal at 3.25 ppm (signal b’ in Figure 5.16-b). This signal, according to the data 

reported in the literature,38 could correspond to the ethanesulfonic acid derivative; 

however, the relative intensity of the end-group signals was considerably lower than 

the initiator signals in the initial polymer. This fact could arise from the hydrolysis of 

the ethanesulfonic ester group, leading to a carboxylic acid terminated polymer or the 

methyl ester derivative during the methanolic work-up (OCH3 in Figure 5.16-b) in a 

similar way as observed before (Scheme 5.9). On the other hand, the thioacetal I5 1H-
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NMR spectrum didn’t show the signals corresponding to sulfonic end-groups, which 

could be due to the above-mentioned hydrolysis (Figure 5.17-b). As in the prior case, 

some methyl ester end-group signal could be detected, after the methanolic work-up. 

Nevertheless, the effective cleavage of the block copolymers was achieved, evidenced 

by SEC. 

 

Figure 5.17 1H-NMR spectra (region between 7.8 and 2.5 ppm) of (a) pristine I5 block copolymer and (b) the 
product of the oxidative degradation with H2O2 after 6h. Spectra recoded in CDCl3. 

Hydrogen peroxide becomes homolytic bond cleavage under light irradiation to form 

hydroxyl radicals (Scheme 5.15-a), which are also a type of ROS. These highly reactive 

radicals could oxidize thioacetals to form sulfoxide and disulfoxide derivatives which 

could be further oxidized to form the corresponding carbonyl compound and a sulfonic 

acid derivative (Scheme 5.15-b).41 
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Scheme 5.15 (a) Homolytic bond cleavage of hydrogen peroxide under light irradiation and (b) possible 
mechanism of thioacetal deprotection with hydroxyl radicals. 

To check the influence of light in the oxidation of thioacetals with H2O2 a test, in the 

absence of light, using Dod-I4 model compound was carried out. Thus, Dod-I4 was 

solubilized in CDCl3 and H2O2 (50%) containing 1% of methytrioctylammonium tetrakis 

(diperoxotungsto)phosphate as phase transfer catalyst (PTC) was added (see 

experimental part 6.9.3.1).  

As can be observed in the 1H-NMR spectra at the first 6 hours of reaction (Figure 5.18-

b) a complex spectrum, corresponding to a mixture of oxidized products, was obtained. 

It can be noticed the formation of sulfoxide (blue signals at 4.29, 3.91, 3.77 and 3.30-

3.10 ppm in Figure 5.18-b), disulfoxide (red signals at 4.51, 4.14 and 3.00 ppm in Figure 

5.18-b) and sulfoxidesulfone (green signals at 4.60, 4.49, 4.39, 3.95, 3.41 and 3.08 ppm 

in Figure 5.18-b) derivatives. The spectrum simplifies within 12 hours of reaction giving 

the disulfone derivative as main product (purple signals at 4.71, 4.57 and 3.72 ppm in 

Figure 5.18-c) (Scheme 5.16). According to these results the thioacetal moiety was not 

cleaved under these conditions.  

The effective oxidative cleavage must be related to photoactivation processes since 

oxidation of Dod-I4 with 50% H2O2 in absence of light and photosensitizer was proved 

to give only the corresponding disulfone thioacetal derivatives.  
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Figure 5.18 1H-NMR spectra (region between 5 and 2 ppm) of (a) Dod-I4 and its oxidized products with H2O2 
in the absence of light after (b) 6h and (c) 12h. Spectra recoded in CDCl3. 

 

Scheme 5.16 Oxidative cleavage of Dod-I4 with H2O2 under PTC.
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6 Experimental part 

6.1 Materials 

The following chemicals were purchased from Sigma-Aldrich and used as received 

unless specified: Acetaldehyde (99.5%), allyl alcohol (99%), p-anisaldehyde (98%), 

Barium oxide (97%),Benzyl alcohol, 2,2´-bipyridine (≥99%), 2-bromo-2-methylpropionyl 

bromide (98%), γ-butyrolactone (≥98%), calcium hydride (≥90%, powder), copper (II) 

chloride (99.999%), δ-decalactone (≥98%), 1,6-dibromohexane (96%), 

dibromomethane (99%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), 3,9-

divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane (98%), ethyl 2-bromo-2-methylpropionate 

(98%), ethyl formate (≥97%), hydrogen peroxide (50%), imidazole (≥98%), lithium 

bromide (99%), 2-mercaptoethanol (99%), methyl methacrylate (99% stabilized with 

MEHQ), nickel (II) chloride hexahydrate (98%), 1,8-octanediol (98%), paraformaldehyde 

(95%), potassium trifluoroacetate (98%), sodium hydride (60% in mineral oil), 

tetrabutylammonium hydrogensulfate (TBAH) (97%), meso-tetraphenylporphyrin (TPP) 

(99%), trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) 

(99%), tri-n-butylphosphine (97%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (98%), 

trichlorofuoromethane (99.5%), triethylamine (97%), trifluoroacetic acid (99%), 

trifluoroacetic anhydride (99%) were purchased from Sigma-Aldrich. 2-hydroxyethyl 

disulfide was supplied by from Chevron Philips Co. Phosphomolybdic acid (99%) was 

purchased from Panreac and used as received. Benzene dimethanol was purchased 

from Acros Organics and used as received.  

Anhydrous magnesium sulfate, basic aluminum oxide, diphosphorous pentoxide, 

calcium chloride, potassium carbonate, potassium hydroxide, sodium hydrogen-

carbonate, and sodium hydroxide were purchased from Scharlab and used as received. 
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Chloroform-d (CDCl3), dimethylformamide-d7 (DMF-d7), dimethylsulfoxide-d6 (DMSO-

d6) and tetramethylsilane (TMS) (99%) were purchased from Eurisotop and used as 

received. 

Acetonitrile (HPLC grade), dichloromethane (DCM) (synthesis grade), diethyl ether 

(synthesis grade), dimethylformamide (DMF) (HPLC grade), ethanol (synthesis grade), 

ethyl acetate (synthesis grade), hexane (synthesis grade, mixture of isomers), methanol 

(MeOH) (synthesis grade), tetrahydrofuran (THF) (synthesis and GPC grade) and 

toluene (synthesis grade) were purchased from Scharlab. 

Anhydrous diethyl ether and tetrahydrofuran were dried over sodium-benzophenone 

and used freshly distilled.  

Dichloromethane, ethyl formate, γ-butyrolactone and triethylamine were distilled over 

CaH2 prior use. Anhydrous ethanol was obtained by refluxing over Mg/I2 and used 

freshly distilled. Methyl methacrylate was passed though basic aluminum oxide prior 

to use. 

1,8-Octanediol was distilled under vacuum over calcium hydride. 2-Hydroxyethyl 

disulfide was distilled under vacuum. 1,8-Octanediol and initiators I1 to I5 were dried 

under vacuum at 50 °C for 24 hours prior to use. TBD was sublimated under vacuum at 

70 °C and dried under vacuum 48 hours prior to use. δ-Decalactone was refluxed under 

vacuum over CaH2 for 12 hours and collected prior to use. 

TLC was carried out on DC-Fertigfolien ALUGRAM Xtra SIL G/UV 254 (Macherey-Nagel) 

using phosphomolybdic acid as dying agent (4.8 g in 100 mL absolute ethanol).  
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6.2 Instruments and methods 

6.2.1 Nuclear Magnetic resonance (NMR) spectroscopy 

1H-NMR (400 MHz), 19F (376.8 MHz) and 13C-NMR (100.6 MHz) were recorded using a 

Varian Gemini 400 spectrometer. Spectra were recorded using 10-15 mg (1H-NMR) or 

30-40 mg (13C-NMR) of sample at 25 °C in CDCl3 (using TMS as internal standard for 1H-

NMR or CFCl3 for 19F-NMR) or DMSO-d6 (at 25 or 80 °C) and DMF-d7 (using the residual 

solvent peak as internal standard). In 13C-NMR the central peak of the deuterated 

solvent was taken as reference and the chemical shifts given in ppm. Two-dimensional 

1H-1H homonuclear and 13C-1H heteronuclear shift correlation spectra were recorded 

with the COSY, HSQC and HMBC pulse sequences. 

13C-NMR spectra of polymer samples were recorded using 80-100 mg of sample in 

CDCl3, DMF-d7 or DMSO-d6 with an acquisition time (at) of 0.5 s, decoupling mode 

(dm) ‘nny’, a delay time (d1) of 0.5 s and a number of scans (nt) of 30,000. 

6.2.2 Size exclusion chromatography (SEC) 

The number-average molecular weight (Mn) and molecular weight distribution (Ð) 

were measured by SEC. Polyesters and polymethacrylate chromatograms were 

performed with an Agilent 1200 series system equipped with a precolumn; PLgel 5 μm 

Guard column and a three-serial column system; PLgel Mixed-E (3 μm), PLgel Mixed-D 

(5 μm) and PLgel Mixed-A (20 μm) and with an Agilent 1290 Infinity II series refractive 

index detector. Chromatograms were carried out in THF (HPLC grade, stabilized with 

BHT) with a flow rate of 1 mL/min at 35 °C. Samples were prepared at a concentration 

of 0.1% (w/w), filtered through 0.22 μm Teflon syringe filter and 100 μL of the polymer 

solution was injected using an Agilent 1260 autosampler. Mn and Ð were determined 

using monodisperse polystyrene standards (Agilent EasiVial PS-M) or poly(methyl 

methacrylate) standards (Polymer Standards Service ReadyCal Kit) calibration curve 

and toluene was used as flow rate marker. 
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Poly(MBL) homopolymers and block copolymers were analyzed using an Agilent 1200 

series system equipped with a precolumn; PLgel 5 μm Guard column and a two-serial 

column system; 2x PLgel Mixed-D (5 μm) and with an Agilent 1100 series refractive 

index detector. Chromatograms were carried out in DMF (HPLC grade) containing 

0.05% (w/w) of LiBr with a flow rate of 1 mL/min at 50 °C. Samples were prepared at a 

concentration of 0.1% (w/w) ), filtered through 0.22 μm Teflon syringe filter and 20 μL 

of the polymer solution was injected using a manual sample injector Rheodyne Model 

7125. Mn and Ð were determined using monodisperse poly(methyl methacrylate) 

standards (Polymer Standards Service ReadyCal Kit) calibration curve and toluene was 

used as flow rate marker. 

6.2.3 Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight (MALDI-TOF) 

MALDI-TOF analysis was performed on a Voyager DE (Applied Biosystems) instrument 

with a 337 nm nitrogen laser (3 ns pulse width). For all the polymers the accelerating 

voltage was 25 kV. For linear mode, the grid voltage was 89%, the laser intensity was 

2068 (arb. unit) and a delay time of 375 ns in positive ionization mode was used. For 

reflector mode, the grid voltage was 70%, the laser intensity was 1997 (arb. unit) and a 

delay time of 150 ns in positive ionization mode was used. The samples were prepared 

using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) 

as matrix. THF solutions of DCTB (40 mg/mL), potassium trifluoroacetate (KTFA) as 

cationization agent (15 mg/mL) and polymer (10 mg/mL) were prepared separately. 

The solutions for the MALDI-TOF analysis were obtained by mixing the matrix, salt and 

polymer solutions in a 4:1:1 volumetric ratio. Then, 1 μL of the mixture was deposited 

onto the sample plate and dried onto air at room temperature before the analysis. 

6.2.4 Differential Scanning Calorimetry (DSC) 

DSC measurements were carried out with Mettler DSC3+ thermal analyzer with N2 as 

the purge gas (50 mL/min) using heating rates of 10 °C/min and cooling rates of 30 

°C/min in a -80 to 220 °C temperature range. Calibration was performed using indium 
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standards for the heat flow calibration and zinc standards for temperature calibration. 

Samples of 10 mg of polymer were sealed in aluminum pans and the second heating 

was used for the determination of the glass transition temperature (Tg).  

6.2.5 Thermogravimetric Analysis (TGA) 

Thermal stability studies were carried out on a Mettler TGA/SDTA851e/LF/1100 with 

N2 as the purge gas at a scanning rate of 10 °C/min in a 30 to 600 °C temperature range. 

6.2.6 Specimen preparation 

Polymer specimens, for mechanical test, were prepared using stainless steel molds (60 

x 30 x 10 mm), with an inner cavity of (20 x 6 x 1.25 mm). The mold’s cover has a counter 

mold with the following dimensions (20 x 6 x 1 mm) (Figure 6.1). 250 – 300 mg of the 

polymer was introduced into the mold and was subjected to 5 t of pressure at 100 °C 

for 30 minutes in a press model Specac. The specimen obtained was a colorless and 

transparent elastic solid (Figure 6.2). 

 

Figure 6.1 Stainless steel mold used for the specimen preparation for DMTA analysis. 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Chapter 6: Experimental part 

 
218 

  
Figure 6.2 Block copolymer before (A) and after (B) specimen preparation 

6.2.7 Dynamic Mechanical Analysis (DMA) 

The thermomechanical properties were evaluated using DMA Q800 (TA Instrument) 

equipped with a three-point bending clamp. Rectangular samples of 1.25 x 5.5 x 20 mm 

were analyzed from -80 to 220 °C, at 1 Hz, 0.07 % (10 μm of amplitude) strain and with 

a heating rate 2 °C/min.  

6.2.8 Electrospray ionization-Mass Spectrometry (ESI-MS) 

ESI-MS measurements were carried out using an Agilent 1200 liquid chromatography 

coupled to 6210 Time of Flight (TOF) mass spectrometer from Agilent Technologies 

(Waldbronn, Germany) with an ESI interface. 
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6.3 Synthesis of stimuli-cleavable initiators 

6.3.1 Synthesis of 1,1-bis-[3-((2-hydroxyethyl)thio)propyloxy]ethane (I2) 

6.3.1.1 Synthesis of acetaldehyde diallylacetal 

 

Scheme 6.1 Synthesis of acetaldehyde diallylacetal. 

Based on a reported procedure,1 in a 500 mL round bottom flask 20 g (0.18 mol) of 

anhydrous CaCl2 were dissolved by shaking in 155 mL (132.0 g, 2.27 mol) of allyl alcohol. 

The solution was cooled to 0°C in a crushed ice bath and 64 mL (50.0 g, 1.13 mol) of 

freshly distilled acetaldehyde (precooled to 0°C) were added. The flask was stopped, 

and shaken vigorously during 10 min, whereas cool, and occasionally at room 

temperature during 48h.The clear upper layer was decanted and washed with three 

portions of cool water (3x40 mL) and dried over anhydrous magnesium sulphate. The 

product was purified by fractionated distillation collecting the fraction at 147-149 °C as 

a colourless liquid (82.3g, 52%) which was essentially pure by 1H-NMR (spectra are 

shown in annex 8.1). 

ESI-MS, exact mass m/z 142.0994 [M] (Theoretical mass: 142.0994). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 5.97-5.87  (m, 2H, CH2=CH-), 5.31-5.26 (dq, 

3Jtrans = 17.2 Hz, 4J = 1.6 Hz, 2Hcis, CH2=CH-), 5.18-5.14 (dq, 3Jcis = 10.4 Hz, 4J = 1.6 Hz, 

2Htrans CH2=CH-), 4.80 (q, 3J = 5.2 Hz, 1H, O-CH-O), 4.14-3.98 (m, 4H, O-CH2-), 1.34 (d, 

3H, CH3).  

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 134.8 (-CH=CH2), 116.7 (-CH=CH2), 98.8 (O-

CH-O), 66.0 (-OCH2), 19.8 (CH3). 
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6.3.1.2 Synthesis of 1,1-bis-[3-((2-hydroxyethyl)thio)propyloxy]ethane (I2) 

 

Scheme 6.2 Synthesis of 1,1-bis-[3-((2-hydroxyethyl)thio)propyloxy]ethane (I2). 

Based on a general reported procedure,2 in a 100 mL round flask with a Teflon coated 

stir bar, 0.76 g (3.0 mmol, 1 mol% for each double bond) of 2,2-dimethoxy-2-

phenylacetophenone (DMPA) were dissolved in 21.0 g (150 mmol) of acetaldehyde 

diallylacetal and desoxygenated by bubbling argon through. Next, 23.4 g (300 mmol) of 

2-mercaptoethanol were added and the mixture stirred and irradiated with UV light 

(365 nm, 36 w). After 60 min, a sample 1H-NMR spectrum indicates that the reaction 

was complete. Thus, direct vacuum was applied for 2 h to remove traces of unreacted 

2-mercaptoethanol. The product was purified thought flash column chromatography 

with Hexane:AcOEt (1:1) (1% triethylamine) yielding 15.4 g (35%) of a colourless oil 

(spectra are shown in annex 8.2). 

ESI-MS, exact mass m/z 298.1268 [M] (Theoretical mass: 298.1273). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.67 (q, 3J = 5.6 Hz, 1H, O-CH-O), 3.73 (t, 3J = 

6.0 Hz, 4H, SCH2-CH2OH), 3.71-3.48 (m, 4H, O-CH-O-CH2-), 2.73 (t, 3J = 6.0 Hz, 4H, SCH2-

CH2O-),  2.64 (t, 3J = 7.2 Hz, 4H, CH2SCH2-CH2O-), 1.86 (quint, 3J = 6.8 Hz, 4 H, O-CH-O-

CH2-CH2), 1.30 (d, 3J = 5.2 Hz, 3H, (O)2-CHCH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 100.0 (O-CH-O), 63.6 (O-CH-O-CH2-), 60.4 

(SCH2-CH2OH), 35.2 (SCH2-CH2OH), 29.8 (O-CH-O-CH2CH2), 28.5 (O-CH-O-CH2CH2CH2), 

19.7 ((O)2-CHCH3). 
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6.3.2 Synthesis of 3,9-bis-[2-(ethylthio)ethanol]- 2,4,8,10-tetraoxaspiro-

[5.5]undecane (I3) 

 

Scheme 6.3 Synthesis of 3,9-bis-[2-(ethylthio)ethanol]- 2,4,8,10-tetraoxaspiro-[5.5]undecane (I3). 

Based on reported procedures [3,4] in a 100 mL round flask with a Teflon coated stir 

bar, 0.11 g (0.44 mmol, 1 mol% for each double bond) of DMPA, 4.67 g (22 mmol) of 

3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane were melted at 60 °C and 

deoxygenated by bubbling argon through. Next, 3.10 mL (3.44 g, 45 mmol) of 2-

mercaptoethanol were added and the mixture cooled on a water bath. The mixture was 

stirred and irradiated with UV light (365 nm, 36 w). After 30 min, a transparent mass is 

formed and a sample 1H NMR spectrum indicates that the reaction was complete. Thus, 

direct vacuum was applied for 2 h to remove traces of unreacted 2-mercaptoethanol 

and the product cooled on a freezer to solidify. The resulting solid was purified by 

recrystallization in diethyl ether/hexanes (1:1) at – 10 °C, yielding 5.9 g (72 %) of white 

needles mp. 48-50 °C (spectra are shown in annex 8.3). 

ESI-MS, exact mass m/z 368.1329 [M] (Theoretical mass: 368.1327). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.57 (t, 3J = 4.8 Hz, 2H, O-CH-O), 4.51 (dd, 3J = 

11.2 Hz, 4J = 2.0 Hz, 2Heq., -OCH2C-), 3.71 (q, 3J = 5.9 Hz, 4H, SCH2-CH2OH), 3.56 (dd, 3J = 

11.6 Hz, 4J = 2.4 Hz, 2Heq., -OCH2C-), 3.53 (d, 3J = 12.0 Hz, 2Hax., -OCH2C-), 3.34 (d, 3J = 

11.6 Hz, 2Hax., -OCH2C-), 2.71 (t, 3J = 5.8 Hz, 4H, SCH2-CH2OH), 2.61 (t, 3J = 7.6 Hz, 4H, 

CH2SCH2-CH2O-), 2.24 (t, 3J = 6.0 Hz, 2H, -OH),  1.92-1.87 (m, 4H, (O)2CHCH2-). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 101.1 (O-CH-O), 70.5 (-OCH2C-), 70.0 (OCH2C), 

60.2 (SCH2-CH2OH), 35.3 (SCH2-CH2O-), 34.7 ((O)2CHCH2-), 32.4 (-OCH2C-), 25.7 

(CH2SCH2-CH2OH). 
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6.3.3 Synthesis of bis-((2-hydroxyethyl)thio)methane (I4) 

 

Scheme 6.4 Synthesis of bis-((2-hydroxyethyl)thio)methane (I4). 

Following a reported procedure, 5  in a 250 mL, three-necked, round-bottom flask 

equipped with a magnetic stir bar, a condenser and a calcium chloride guard tube, 21.5 

mL (306 mmol) of 2-mercaptoethanol, 20 mL of hexane and 12.6 g (314 mmol) of 

crushed NaOH were introduced. The flask was cooled to 0 °C in an ice bath and 8,5 ml 

(121 mmol) of dibromomethane were added dropwise using an addition funnel at a 

rate that kept the temperature below 60 °C. After the addition, the reaction was 

brought to room temperature and then stirred at 70 °C for 2 hours. Progress of the 

reaction was monitored by 1H-NMR and once completed, the resulting solid mass was 

extracted several times with dichloromethane, filtered and the solvent removed under 

vacuum. The resulting crude product was distilled under reduced pressure over BaO 

(150-152 °C, 0.3 mbar; lit. 115 °C, 0.6 mbar )5 (mp 16-17 °C (DSC) (lit. 18 °C))6 yielding 

14.1 g (69%) of a colourless liquid (spectra are shown in annex 8.4). 

ESI-MS, exact mass m/z 168.0281 [M] (Theoretical mass: 168.0279).  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 3.81 (t, 3J = 5.8 Hz, 4H, SCH2-CH2OH), 3.74 (s, 

2H, , S-CH2-S), 2.88 (t, 3J = 5.8 Hz, 4H, SCH2-CH2O-), 2.30 (s, 2H, -OH). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 60.9 (SCH2-CH2OH), 35.6 (S-CH2-S), 34.3 

(SCH2-CH2OH). 
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6.3.4 Synthesis of (4-methoxypenyl)-bis-[(2-hydroxyethyl)thio]methane (I5) 

 

Scheme 6.5 Synthesis of (4-methoxypenyl)-bis-[(2-hydroxyethyl)thio]methane (I5). 

Following a reported procedure,7  in a 50 mL round-bottom flask, equipped with a 

magnetic stir bar, 10 ml (82 mmol) of 4-methoxybenzaldehyde and 15 mL (214 mmol) 

of 2-mercaptoethanol were added. Once homogenized, 1 g (4.2 mmol, 5 mol %) of 

nickel (II) chloride hexahydrate was added and the progress of the reaction monitored 

by TLC using acetone:toluene (1:9) as eluent. After 30 minutes, the reaction was 

complete. 500 mL of DCM were added, and the insoluble catalyst removed by filtration. 

The DCM was washed with brine and water and the organic phase was dried with 

anhydrous magnesium sulphate. After removing the solvent under vacuum, crude 

product was recrystallized in hot toluene (3.0 L) yielding 16.5 g of white crystals (73%) 

with mp. 85-86 °C (lit. 83 °C)7 (spectra are shown in annex 8.5). 

ESI-MS, exact mass m/z 274.0696 [M] (Theoretical mass: 274.0697). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.38 (d, 3J = 8.4 Hz, 2H, CH2-C-CH, Ar.), 6.87 (d, 

3J = 8.8 Hz, 2H, CH2C-OCH3, Ar.), 5.06 (s, 1H, S-CH-S), 3.80 (s, 3H, -OCH3), 3.73 (t, 3J = 5.6 

Hz, 4H, SCH2-CH2OH), 2.85-2.67 (m, 4H, SCH2-CH2OH), 2.38 (br. s, -OH). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 159.5 (C-OCH3, Ar.), 132.0 (C-CH, Ar.),  129.0 

(CH2-C-CH, Ar.), 114.2 (CH2-C-OCH3, Ar.), 61.4 (SCH2-CH2OH), 55.4 (OCH3), 52.6 (S-CH-S), 

35.7 (SCH2-CH2OH). 
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6.4 Synthesis of α-methylene-γ-butyrolactone (MBL) 

 

Scheme 6.6 Synthesis of α-methylene-γ-butyrolactone (MBL) from γ-butyrolactone. 

This monomer was synthesized from γ-butyrolactone based on the procedures 

described in the literature.8, 9, 10, 11, 12 First, under Ar atmosphere, 17,6 g (439.0 mmol) 

of sodium hydride (60% in mineral oil) was placed in a 1 L two necked round-bottom 

Schleck flask equipped with a Teflon coated magnetic stir bar. After rinsing three times 

with anhydrous hexanes, sodium hydride was suspended in 350 mL of anhydrous 

diethyl ether. Subsequently, 2.8 mL (48.0 mmol) of anhydrous ethanol was added, and 

then a mixture of 30.0 ml (394 mmol) of anhydrous γ-butyrolactone and 42.0 ml (507 

mmol) of anhydrous ethyl formate was added dropwise through an addition funnel. 

The resulting mixture was heated up to reflux for 2 hours, under argon atmosphere. 

The resulting yellowish solid was filtered under argon and washed several times with 

anhydrous diethyl ether and finally dried under vacuum to give of α-hydroxymethylene-

γ-butyrolactone sodium salt in almost quantitative yield (54.0 g) as a pale cream solid. 

In a second step, 55.9 g (1786 mmol) of paraformaldehyde and 600 mL of anhydrous 

tetrahydrofuran were introduced in a 1 L two-necked round-bottom flask equipped 

with a magnetic stir bar, a condenser and a calcium chloride guard tube. Next, the 

above α-hydroxymethylene-γ-butyrolactone sodium salt was added under argon flow 

and the mixture was brought to reflux for three hours. Once finished, the reaction 

mixture was cooled to 10 °C and filtered to remove the unreacted paraformaldehyde. 
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Then, 125 mL of 1 M potassium carbonate solution was added, followed by 400 mL of 

diethyl ether. The organic phase was dried over anhydrous magnesium sulphate and 

the solvent evaporated under vacuum. The crude product was purified by vacuum 

distillation obtaining 20.1 g (53% yield) of a clear colourless oil (spectra are shown in 

annex 8.6). 

ESI-MS, exact mass m/z 98.0371 [M] (Theoretical mass: 98.0368).  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 6.25 (t, 4J = 2.8 Hz, 1H, HEC=), 5.67 (t, 4J = 2.8 

Hz, 1H, HzC=), 4.37 (t, 3J = 7.6 Hz, 2H, -CH2-CH2-C=CH2), 2.99 (tt, 3J = 7.6 Hz, 4J = 2.80 Hz, 

2H, -CH2-CH2-C=CH2). 

13C-NMR (CDCl3, 100.6 MHz, δ ppm): 169.7 (-O-CO-), 132.6 (CH2-CH2-C=CH2), 121.1 (CH2-

CH2-C=CH2), 64.3 (CH2-CH2-C=CH2), 26.3 (CH2-CH2-C=CH2). 

6.5 Synthesis of N-(2-bromoisobutyryl)imidazole (BriB-Im) 

 

Scheme 6.7 Synthesis of N-(2-bromoisobutyryl)imidazole (BriB-Im). 

Following a reported procedure,13 in a 250 mL round-bottom Schleck flask, dried at 200 

°C and cooled under argon, 4.5 ml (35.7 mmol) of α-bromoisobutyryl bromide and 30 

mL of anhydrous DCM were introduced. The mixture was kept under stirring in an ice 

bath for a few minutes and then 4.9 g (72.2 mmol) of imidazole in 50 ml of anhydrous 

DCM was added dropwise. The mixture was let to reach room temperature for two 

hours and the formed salt removed by filtration and the solution concentrated under 

vacuum. The resulting oil was extracted twice with dry hexanes (2x75 mL) and the 

solution cooled to – 18 °C. The obtained with crystals were collected by filtration and 
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dried under argon to produce 5.6 g (72 %) of the pure product (mp. 43-44 °C; lit. 43-44 

°C)13 (spectra are shown in annex 8.7). 

ESI-MS, exact mass m/z 215.9889 [M] (Theoretical mass: 215.9898). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 8.52 (s, 1H, N=CH-N), 7.76 (t, 3J = 1.4 Hz, 1H, 

=CH-N-CO), 7.08 (m, 1H, =N-CH-), 2.11 (s, 6H, -CH3). 

13C-NMR (CDCl3, 100.6 MHz, δ ppm): 168.1 (CO), 138.3 (CH, N=CH-N), 130.3 (=N-CH-), 

118.4 (=CH-N-CO), 55.0 (C-Br), 31.9 (CH3). 

6.6 Synthesis of 1,4-phenylenebis(methylene)-bis(2-bromo-

isobutyrate) (I6) 

 

Scheme 6.8 Synthesis of 1,4-phenylenebis(methylene)-bis(2-bromoisobutyrate) (I6). 

Following a reported procedure.14 In a 250 ml round-bottom Schlenk flask, dried at 200 

°C and cooled under argon, 3.0 g (21.7 mmol) of 1,4-benzenedimethanol were dissolved 

in 100 mL of anhydrous THF and, after cooling in an ice bath, 18.5 mL (132.7 mmol) of 

anhydrous Et3N was added. Then 11.5 mL (93.0 mmol) of 2-bromoisobutyryl bromide 

was added dropwise during 30 min. with gentle stirring. Once added, the reaction 

mixture was brought to room temperature for 6 hours. The formed triethylammonium 

bromide was filtered off and the solvent evaporated under vacuum. The resulting oil 

was solved in dichloromethane and washed twice with sodium hydrogencarbonate 

solution and water. The organic phase was dried with anhydrous magnesium sulphate 

and the solvent eliminated under vacuum. The crude product was purified by 

crystallization in hexane at -20 °C after activated charcoal treatment.  After filtration, 
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rinsing with cool hexane and drying under vacuum, 6.4 g (67%) of white crystals with 

m.p  62-64  °C (spectra are shown in annex 8.8). 

ESI-MS, exact mass m/z 472.9362 [M+K] (Theoretical mass: 433.9728).  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.39 (s, 4H, Ar.), 5.21 (s, 4H, -CH2-), 1.96 (s, 12H, 

-CH3).  

13C-NMR (CDCl3, 100.6 MHz, δ ppm): 171.5 (-CO-), 135.6 (-C-, Ar.), 128.1 (-CH-, Ar.), 67.2 

(-CH2-), 55.6 (-C-Br), 30.8 (-CH3). 

6.7 Synthesis of model compounds. 

6.7.1 Synthesis of bis(DL)1,6-Hex diol 

 

Scheme 6.9 Synthesis of bis(DL)1,6-Hex diol. 

Following an adapted procedure described for nonalactone and benzyl bromide,15 in a 

250 mL round flask 18.0 mL (17.9 g, 100 mmol) of -decalactone were dissolved in 50 

mL of THF. Next, a cooled solution of 85% potassium hydroxide in 100 mL of water (6.6 

g, 100 mmol) was added. The mixture raises its temperature, and two phases are 

observed. The mixture was heated under reflux for 2h until it became homogeneous. 

Finally, THF and water were completely remover on the rotary evaporator until a white 

syrup was obtained. In the next step, the crude salt was suspended in 150 mL of 

acetone and 7.90 mL (12.6 g, 50 mmol) of 1,6-dibromohexane, 0.2 g of 

tetrabutylammonium hydrogensulphate (TBAH) and 0.2 g of tetrabutylammonium 

iodide (TBAI) were added. The mixture was heated under reflux for 48 h and the 

resulting orange suspension concentrated under vacuum and extracted using 100 mL 

of water and 100 mL of diethyl ether. The organic phase was washed several times with 
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brine, dried with anhydrous magnesium sulphate and concentrated under vacuum to 

give a yellow liquid that solidifies on the refrigerator. The product was purified by 

recrystallization in 200 mL of a mixture of hexane/diethyl ether (2:1) and keeping on 

the freezer overnight. The solid product was collected by filtration, washed several 

times with cool pentane and dried under vacuum over anhydrous CaCl2 to yield 16.5 g 

(72 %) of a fine white solid (spectra are shown in annex 8.9). 

ESI-MS, exact mass m/z 458.3610 [M] (Theoretical mass: 458.3607). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.07 (t, 3J = 6.6 Hz, 4H, -CH2OCO), 3.59 (m, 2H, 

-CH-OH), 2.34 (t, 3J = 7.4 Hz, CH2COO), 1.89 (br. s, 2H, -OH), 1.68-1.27 (m, -(CH2)n-), 0.89 

(t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.9 (CH2COO), 71.4 (-CH-OH), 64.3 (-

CH2OCO), 37.5 (CH3CH2CH2CH2CH2CH-), 36.8 (OOC-CH2CH2CH2CH-), 34.2 (CH2COO), 31.9 

(CH3CH2CH2CH2-CH2CH-), 28.5 (-CH2CH2OCO), 25.6 (CH2CH2CH2OCO), 25.3 

(CH3CH2CH2CH2CH2CH-), 22.6 (CH3CH2CH2CH2-CH2CH-), 21.1 (OOC-CH2CH2CH2CH-), 14.1 

(CH3CH2CH2CH2CH2-CH-). 
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6.7.2 Synthesis of model cleavable compounds Dod-I1, Dod-I4 and Dod-I5 

 

Scheme 6.10 Synthesis of disulfide and thioacetal stimuli cleavable model compounds. 

In a 100 mL 2-necked round-bottom flask, 6 mmols of diol (0.93 g for I1, 1.00 g for I4 and 

1.65 g for I5) was dissolved in 50 mL of anhydrous DCM. The flask was cooled in an ice 

bath and 2.1 mL (15 mmols) of triethylamine were added. Then, 3.0 mL (13 mmols) of 

dodecanoyl chloride, solved in 10 mL of anhydrous DCM were added dropwise in a 

period of 30 min. Once added, the reaction mixture was brought to room temperature 

for 6 hours. The formed triethylammonium bromide was filtered off and the organic 

phase was washed with sodium hydrogencarbonate solution, brine and water. The 

organic phase was dried over anhydrous magnesium sulphate and the solvent 

evaporated under vacuum. The crude product was purified by crystallization in hexane 

at -20 °C.  After filtration, rinsing with cool hexane and drying under vacuum, 2.57 g 

(82%) for Dod-I1, 2.87 g (87%) for Dod-I4 and 3.43 g (89%) for Dod-I5 as white crystals 

with m.p  57-59  °C, 62-64  °C and 51-53  °C respectively. 

Dod-I1: ESI-MS, exact mass m/z 518.3474 [M] (Theoretical mass: 518.3464).  

Dod-I4: ESI-MS, exact mass m/z 532.3629 [M] (Theoretical mass: 532.3620).  

Dod-I5: ESI-MS, exact mass m/z 638.4049 [M] (Theoretical mass: 638.4039).  
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• Dod-I1 (Annex 8.10): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.33 (t, 3J = 6.4 Hz, 4H, SCH2-CH2OCO), 2.92  (t, 

3J = 6.4 Hz, 4H, SCH2-CH2OCO), 2.32 (t, 3J = 7.6 Hz, 4H, OOC-CH2-), 1.61 (quint, 3J = 7.2 

Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- dodecanoyl), 0.88 (t, 3J = 6.4 Hz, 6H, 

CH3) 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.6 (CH2COO), 62.0 (CH2O-), 37.4 (SCH2), 

34.2 (OOC-CH2), 31.9 (CH2CH2CH3), 29.6 - 29.2 (CH2 x 6), 24.9 (OOC-CH2CH2), 22.7 

(CH2CH2CH3), 14.1 (CH2CH2CH3) 

• Dod-I4 (Annex 8.11): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.26 (t, 3J = 6.4 Hz, 4H, SCH2-CH2OCO), 3.75 (s, 

2H, S-CH2-S), 2.88 (t, 3J = 6.4 Hz, 4H, SCH2-CH2OCO), 2.32 (t, 3J = 7.6 Hz, 4H, OOC-CH2-), 

1.61 (quint, 3J = 7.2 Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- dodecanoyl), 0.88 

(t, 3J = 6.4 Hz, 6H, CH3) 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.7 (CH2COO), 62.9 (CH2O-), 35.8 (SCH2S), 

34.3 (OOC-CH2), 32.0 (CH2CH2CH3), 29.7 - 29.3 (CH2 x 6), 29.2 (SCH2), 25.0 (OOC-CH2CH2), 

22.8 (CH2CH2CH3), 14.2 (CH2CH2CH3) 

• Dod-I5 (Annex 8.12): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.38 (d, 3J = 8.4 Hz, 2H, CH2-C-CH, Ar.), 6.86 (d, 

3J = 8.8 Hz, 2H, CH2C-OCH3, Ar.), 5.02 (s, 1H, S-CH-S), 4.19 (t, 3J = 5.6 Hz, 4H, SCH2-

CH2OCO), 3.80 (s, 3H, -OCH3), 2.88-2.67 (m, 4H, SCH2-CH2OCO), 2.32 (t, 3J = 7.6 Hz, 4H, 

OOC-CH2-), 1.61 (quint, 3J = 7.2 Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- 

dodecanoyl), 0.88 (t, 3J = 6.4 Hz, 6H, CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.5 (CH2COO), 159.4 (C-OCH3, Ar.), 131.4 

(C-CH, Ar.), 129.0 (CH2-C-CH, Ar.), 114.1 (CH2-C-OCH3, Ar.), 62.8 (CH2O-), 55.3 (CH3O-), 

52.8 (SCHS), 34.2 (OOC-CH2), 31.9 (CH2CH2CH3), 30.9 (SCH2), 29.7 - 29.3 (CH2 x 6), 25.0 

(OOC-CH2CH2), 22.8 (CH2CH2CH3), 14.2 (CH2CH2CH3). 
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6.8 Synthesis of poly(MBL-co-DL-co-MBL) block copolymers 

6.8.1 Synthesis of poly(DL) soft macroinitiators 

 

Scheme 6.11 Synthesis of poly(DL) macroinitiators. 

Using conventional inert atmosphere handling techniques, the appropriate amount of 

initiator (0.37 mmol; 1,8-Oct 54.1 mg, I1 57.1 mg, I2 110.4 mg, I3 136.3 mg, I4 62.3 mg 

and I5 101.5 mg) and 9.90 mL of δ-decalactone (DL) (55.48 mmol) were placed in a flame 

dried cylindrical 25 mL Schlenk flask with a magnetic stir bar to prepare a stock solution 

with [DL]:[I] = 150:1 ratio (DP =150) (checked by 1H-NMR) . The mixture was stirred until 

the initiator was completely solubilized. Separately, 0.06 mmol of TBD (8.4 mg) was 

placed in another flame dried cylindrical 20 mL Schlenk flask with a magnetic stirrer. 

Then, the Schlenk containing the TBD was placed in a water bath (25±2 °C) and 2 mL of 

the stock solution was transferred through a gas tight syringe under positive argon 

pressure ([TBD]:[-OH] = 0.40, [TBD] = 30 mM). The mixture was gently stirred until the 

desired conversion. The samples for 1H-NMR analysis were withdrawn under argon 

flow and dissolved in a 0.03 M solution of benzoic acid (PhCOOH) in CDCl3. Then, under 

argon flow, 130 mg of BriB-Im (4 Eq. with respect to -OH) were added and the 

temperature was increased up to 55 °C and let react overnight. The samples were 

precipitated in cold acetonitrile prior to NMR analysis. Once totally esterified, the crude 

reaction mixture was brought to room temperature and 2 mL of 0.5 M solution of 

PhCOOH in DCM was added to neutralize the TBD and the imidazole formed. The crude 

reaction mixture was diluted with additional 4 mL of DCM and was precipitated twice 

into 600 mL of cold acetonitrile. The pure polymer was recovered by dissolving in DCM 
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and dried under vacuum at 50 °C for 24 hours. Conversion, reaction time, yield and 

molecular weight characteristics for all the initiators are showed in Table 6.1. 

Table 6.1 Conversion and molecular weight characteristics of the polymerization of DL with TBD initiated 
with different diol initiators. Polymerization conditions [DL]:[I]; 150:1, [TBD]:[-OH]; 0.4:1, 25 °C, in bulk. 

Ia Time 
(h)b 

Conv.c 
(%) 

Yieldd 
(%) 

MnTheor.
e 

(g/mol) (x10-3) 
MnNMR

f
      

CH2O- 

(g/mol) 
(x10-3) 

MnNMR
 g

     
CH3 x2 

(g/mol) 
(x10-3) 

MnSEC
h 

(g/mol) 
(x10-3) 

Ɖh 

Oct 7.5 73 68 18.8 17.9 17.1 23.5 1.16 

I1 24 89 81 22.8 29.7 21.4 24.8 1.30 

I2 8 70 66 18.2 19.1 18.6 22.4 1.16 

I3 15 82 75 21.3 22.5 22.4 29.3 1.17 

I4 7.5 72 65 18.5 20.1 18.0 23.3 1.18 

I5 7 68 62 17.6 18.8 17.3 21.9 1.16 
a Polymerizations were carried out at 25 °C in bulk with a DL/Ix ratio fixed at 150/1 and a TBD/-OH ratio at 
0.4. Esterification of the end-groups was carried out at 55 °C in bulk using 4 eq. of BriB-Im for 24 hours.  b 
The showed reaction times correspond only for the polymerization reaction and not for the esterification. c 
Determined using 1H-NMR spectroscopy by comparison of the integrations of the signals of the polymer 
backbone (4.88 ppm) and the unreacted monomer (4.28 ppm). d Polymer recovery after precipitation in cold 
acetonitrile. e Determined from the targeted DP and the obtained conversion. f Determined using 1H-NMR 
spectroscopy by comparison of the integrations of the signals of the polymer backbone (4.88 ppm) and the 
initiator; Oct = 4.05 ppm, I1 = 4.33 ppm, I2 = 4.21 ppm, I3 = 4.21 ppm, I4 = 4.25 ppm and I5 = 4.17 ppm. g 
Determined using 1H-NMR spectroscopy by comparison of the integration of the signals of the polymer 
backbone (4.88 ppm) and the methyl end-groups (1.93 ppm). h Determined using SEC in THF, relative to 
polystyrene standards.  

 

Figure 6.3 Structure of stimuli cleavable initiators 
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- Spectral data of poly(DL)-Ix diols: 

• Poly(DL)1,8-Oct diol (Annex 8.13) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.05 (1,8-Oct, t, 3J = 6.8 Hz, 

4H, OCH2), 3.59 (br. s, 2H, -CH-OH), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.68-1.27 (m, (CH2)n), 

0.87 (t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 73.7 (CH-OOC-), 71.4-71.3 

(-CH-OH), 64.4 (1,8-Oct, CH2O-), 34.2 (CH2COO),  33.9 (CH3CH2CH2CH2CH2CH-), 33.5 

(OOC-CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 29.2 (1,8-Oct, CH2CH2CH2CH2O), 

28.6 (1,8-Oct, CH2CH2O), 25.9 (1,8-Oct, CH2CH2CH2O), 24.9 (CH3CH2CH2CH2CH2CH-),  

22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH-), 14.0 (CH3CH2CH2CH2CH2CH-). 

• Poly(DL)-I1 diol (Annex  8.15) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.33 (I1, t, 3J = 6.6 Hz, 4H, 

SCH2-CH2O-), 3.59 (br. s, 2H, -CH-OH), 2.91 (I1, t, 3J = 6.6 Hz, 4H, SCH2-CH2O-), 2.30 (t, 3J 

= 6.8 Hz, CH2COO), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 73.7 (CH-OOC-), 71.4-71.3 

(-CH-OH), 62.1 (I1, SCH2-CH2O-), 37.2 (I1, SCH2-CH2O-), 34.2 (CH2COO),  33.9 

(CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 24.9 

(CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH-), 14.0 

(CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I2 diol (Annex 8.17)  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.67 (I2, q, 3J = 5.6 Hz, 1H, 

O-CH-O), 4.22 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 3.69-3.46 (I2, m, 4H, O-CH-O-CH2-), 

3.59 (br. s, 2H, -CH-OH), 2.73 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-),  2.65 (I2, t, 3J = 7.2 Hz, 

4H, CH2SCH2-CH2O-), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.85 (I2, quint, 3J = 6.8 Hz, 4H, O-CH-

O-CH2CH2), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 Hz, CH2-CH3). 
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13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 99.9 (I2, O-CH-O), 73.7 (CH-

OOC-), 71.4-71.3 (-CH-OH), 63.6 (I2, O-CH-O-CH2-), 63.3 (I2, SCH2-CH2O-), 34.2 (CH2COO),  

33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 

30.4 (I2, SCH2-CH2O-), 29.8 (I2, O-CH-O-CH2CH2), 29.0 (I2, O-CH-O-CH2CH2CH2), 24.9 

(CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH-), 19.7 

(I2, (O)2-CHCH3),  14.0 (CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I3 diol (Annex 8.19) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.57 (I3, t, 3J = 5.0 Hz, 2H, 

O-CH-O), 4.51 (I3, dd, 3J = 11.2 Hz, 4J = 2.0 Hz, 2Heq., -OCH2C-),  4.21 (I3, t, 3J = 7.0 Hz, 4H, 

SCH2-CH2O-), 3.59 (br. s, 2H, -CH-OH), 3.56 (I3, dd, 3J = 11.6 Hz, 4J = 2.4 Hz, 2Heq., -OCH2C-

), 3.53 (I3, d, 3J = 12.0 Hz, 2Hax., -OCH2C-), 3.34 (I3, d, 3J = 11.6 Hz, 2Hax., -OCH2C-), 2.71 

(I3, t, 3J = 6.8 Hz, 4H, SCH2-CH2O-), 2.61 (I3, t, 3J = 7.6 Hz, 4H, CH2SCH2-CH2O-),  2.30 (t, 3J 

= 6.8 Hz, CH2COO), 1.92-1.87 (I3, m, 4H, (O)2CHCH2-), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J 

= 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 101.1 (I3, O-CH-O), 73.7 (CH-

OOC-), 71.4-71.3 (-CH-OH), 70.5 (I3, -OCH2C-), 70.0 (I3, -OCH2C-), 63.2 (I3, SCH2-CH2O-), 

34.7 (I3, (O)2CHCH2-), 34.2 (CH2COO),  33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-

CH2CH2CH2CH-), 32.4 (I3, -OCH2C-), 31.6 (CH3CH2CH2CH2-CH2CH-), 30.5 (I3, SCH2-CH2O-), 

26.4 (I3, CH2SCH2-CH2O-), 24.9 (CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 

20.8 (OOC-CH2CH2CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 
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• Poly(DL)-I4 diol (Annex 8.21) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.25 (I4, t, 3J = 6.8 Hz, 4H, 

SCH2-CH2O-), 3.74 (I4, s, 2H, , S-CH2-S), 3.59 (br. s, 2H, -CH-OH), 2.87 (I4, t, 3J = 6.6 Hz, 

4H, SCH2-CH2O-), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 

Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 73.7 (CH-OOC-), 71.4-71.3 

(-CH-OH), 62.9 (I4, SCH2-CH2O-), 35.6 (I4, S-CH2-S), 34.2 (CH2COO),  33.9 

(CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 29.0 

(I4, SCH2-CH2O-), 24.9 (CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 

(OOC-CH2CH2CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I5 diol (Annex 8.23)  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.37 (I5, d, 3J = 8.4 Hz, 2H, CH2-C-CH, Ar.), 6.87 

(I5, d, 3J = 8.8 Hz, 2H, CH2C-OCH3, Ar.), 5.00 (I5, s, 1H, S-CH-S), 4.87 (m, CH-OOC-), 4.17 

(I5, m, 4H, SCH2-CH2O-),  3.80 (I5, s, 3H, -OCH3), 3.59 (br. s, 2H, -CH-OH), 2.85-2.67 (I5, m, 

4H, SCH2-CH2O-), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 

Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 159.5 (I5, C-OCH3, Ar.), 131.4 

(I5, C-CH, Ar.),  129.0 (I5, CH2-C-CH, Ar.), 114.1 (I5, CH2-C-OCH3, Ar.), 73.7 (CH-OOC-), 

71.4-71.3 (-CH-OH), 62.8 (I5, SCH2-CH2O-), 55.3 (I5, OCH3), 52.7 (I5, S-CH-S), 34.2 

(CH2COO),  33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 

(CH3CH2CH2CH2-CH2CH-), 30.9 (I5, SCH2-CH2O-), 24.9 (CH3CH2CH2CH2CH2CH-), 22.5 

(CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2-CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 
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- Spectral data of poly(DL)-Ix BriB esters: 

• Poly(DL)1,8-Oct BriB ester (Annex 8.14) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.05 (1,8-Oct, t, 3J = 6.8 Hz, 

4H, OCH2), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.93 (BriB, s, 12H, -CH3), 1.68-1.27 (m, -(CH2)n-

), 0.87 (t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 75.6 (CH-

OOC-C-Br), 73.7 (CH-OOC-), 64.4 (1,8-Oct, CH2O-), 56.2 (OOC-C-Br), 34.2 (CH2COO),  

33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 

30.7 (BriB, -CH3), 29.2 (1,8-Oct, CH2CH2CH2CH2O), 28.6 (1,8-Oct, CH2CH2O), 25.9 (1,8-

Oct, CH2CH2CH2O), 24.9 (CH3CH2CH2-CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 

(OOC-CH2CH2CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I1 BriB ester (Annex 8.16) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.33 (I1, t, 3J = 6.6 Hz, 4H, 

SCH2-CH2O-), 2.91 (I1, t, 3J = 6.6 Hz, 4H, SCH2-CH2O-), 2.30 (t, 3J = 6.8 Hz, CH2COO), 1.93 

(BriB, s, 12H, -CH3), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 75.6 (CH-

OOC-C-Br), 73.7 (CH-OOC-), 62.1 (I1, SCH2-CH2O-), 56.2 (OOC-C-Br), 37.2 (I1, SCH2-CH2O-

), 34.2 (CH2COO),  33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 

(CH3CH2CH2CH2-CH2CH-), 30.7 (BriB, -CH3), 24.9 (CH3CH2CH2CH2CH2CH-),  22.5 

(CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2-CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I2 BriB ester (Annex 8.18) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.67 (I2, q, 3J = 5.6 Hz, 1H, 

O-CH-O), 4.22 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 3.69-3.46 (I2, m, 4H, O-CH-O-CH2-), 

2.73 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 2.65 (I2, t, 3J = 7.2 Hz, 4H, CH2SCH2-CH2O-), 2.30 

(t, 3J = 6.8 Hz, CH2COO), 1.93 (BriB, s, 12H, -CH3), 1.85 (I2, quint, 3J = 6.8 Hz, 4H, O-CH-

O-CH2CH2), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 Hz, CH2-CH3). 
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13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 99.9 (I2, 

O-CH-O), 75.6 (CH-OOC-C-Br), 73.7 (CH-OOC-), 63.6 (I2, O-CH-O-CH2-), 63.3 (I2, SCH2-

CH2O-), 56.2 (OOC-C-Br), 34.2 (CH2COO),  33.9 (CH3CH2CH2-CH2CH2CH-), 33.5 (OOC-

CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 30.7 (BriB, -CH3), 30.4 (I2, SCH2-CH2O-), 

29.8 (I2, O-CH-O-CH2CH2), 29.0 (I2, O-CH-O-CH2CH2CH2), 24.9 (CH3CH2CH2CH2CH2CH-),  

22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH-), 19.7 (I2, (O)2-CHCH3),  14.0 

(CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I3 BriB ester (Annex 8.20) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.57 (I3, t, 3J = 5.0 Hz, 2H, 

O-CH-O), 4.51 (I3, dd, 3J = 11.2 Hz, 4J = 2.0 Hz, 2Heq., -OCH2C-), 4.21 (I3, t, 3J = 7.0 Hz, 4H, 

SCH2-CH2O-), 3.56 (I3, dd, 3J = 11.6 Hz, 4J = 2.4 Hz, 2Heq., -OCH2C-), 3.53 (I3, d, 3J = 12.0 

Hz, 2Hax., -OCH2C-), 3.34 (I3, d, 3J = 11.6 Hz, 2Hax., -OCH2C-), 2.71 (I3, t, 3J = 6.8 Hz, 4H, 

SCH2-CH2O-), 2.61 (I3, t, 3J = 7.6 Hz, 4H, CH2SCH2-CH2O-),  2.30 (t, 3J = 6.8 Hz, CH2COO), 

1.93 (BriB, s, 12H, -CH3), 1.92-1.87 (I3, m, 4H, (O)2CHCH2-), 1.68-1.27 (m, -(CH2)n-), 0.87 

(t, 3J = 7.0 Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 101.1 (I3, 

O-CH-O), 75.6 (CH-OOC-C-Br), 73.7 (CH-OOC-), 70.5 (I3, -OCH2C-), 70.0 (I3, -OCH2C-), 63.2 

(I3, SCH2-CH2O-), 56.2 (OOC-C-Br), 34.7 (I3, (O)2CHCH2-), 34.2 (CH2COO),  33.9 

(CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 32.4 (I3, -OCH2C-), 31.6 

(CH3CH2CH2CH2-CH2CH-), 30.7 (BriB, -CH3), 30.5 (I3, SCH2-CH2O-), 26.4 (I3, CH2SCH2-

CH2O-), 24.9 (CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-

CH2CH2CH2CH-), 14.0 (CH3CH2CH2CH2CH2-CH-). 
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• Poly(DL)-I4 BriB ester (Annex 8.22) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC-), 4.25 (I4, t, 3J = 6.8 Hz, 4H, 

SCH2-CH2O-), 3.74 (I4, s, 2H, , S-CH2-S), 2.87 (I4, t, 3J = 6.6 Hz, 4H, SCH2-CH2O-), 2.30 (t, 3J 

= 6.8 Hz, CH2COO), 1.93 (BriB, s, 12H, -CH3), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 Hz, 

CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 75.6 (CH-

OOC-C-Br), 73.7 (CH-OOC-), 62.9 (I4, SCH2-CH2O-), 56.2 (OOC-C-Br), 35.6 (I4, S-CH2-S), 

34.2 (CH2COO),  33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-CH2CH2CH2CH-), 31.6 

(CH3CH2CH2CH2-CH2CH-), 30.7 (BriB, -CH3), 29.0 (I4, SCH2-CH2O-), 24.9 

(CH3CH2CH2CH2CH2CH-), 22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH-), 19.7 

(I2, (O)2-CHCH3),  14.0 (CH3CH2CH2CH2CH2-CH-). 

• Poly(DL)-I5 BriB ester (Annex 8.24) 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.37 (I5, d, 3J = 8.4 Hz, 2H, CH2-C-CH, Ar.), 6.87 

(I5, d, 3J = 8.8 Hz, 2H, CH2C-OCH3, Ar.), 5.00 (I5, s, 1H, S-CH-S), 4.87 (m, CH-OOC-), 4.17 

(I5, m, 4H, SCH2-CH2O-), 3.80 (I5, s, 3H, -OCH3), 2.85-2.67 (I5, m, 4H, SCH2-CH2O-), 2.30 

(t, 3J = 6.8 Hz, CH2COO), 1.93 (BriB, s, 12H, -CH3), 1.68-1.27 (m, -(CH2)n-), 0.87 (t, 3J = 7.0 

Hz, CH2-CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 173.1 (CH2COO), 171.3 (OOC-C-Br), 159.5 (I5, 

C-OCH3, Ar.), 131.4 (I5, C-CH, Ar.),  129.0 (I5, CH2-C-CH, Ar.), 114.1 (I5, CH2-C-OCH3, Ar.), 

75.6 (CH-OOC-C-Br), 73.7 (CH-OOC-), 62.8 (I5, SCH2-CH2O-), 56.2 (OOC-C-Br), 55.3 (I5, 

OCH3), 52.7 (I5, S-CH-S), 34.2 (CH2COO), 33.9 (CH3CH2CH2CH2CH2CH-), 33.5 (OOC-

CH2CH2CH2CH-), 31.6 (CH3CH2CH2CH2-CH2CH-), 30.9 (I5, SCH2-CH2O-), 30.7 (BriB, -CH3), 

24.9 (CH3CH2CH2CH2CH2CH-),  22.5 (CH3CH2CH2CH2-CH2CH-), 20.8 (OOC-CH2CH2CH2CH), 

14.0 (CH3CH2CH2-CH2CH2-CH-). 
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6.8.2 Synthesis poly(MBL) hard blocks 

6.8.2.1 Synthesis of poly(MMA)EtBriB homopolymer 

 

Scheme 6.12 Synthesis of poly(MMA) using EtBriB as initiator by ATRP. 

In a typical experiment, 2.00 mg (0.015 mmol) of copper(II) chloride and 4.65 mg (0.030 

mmol) of 2,2’-bipyridine (bpy) was placed into a 25 mL cylindrical Schlenk flask 

equipped with a Teflon coated magnetic stir bar. Then, 21.8 μL (0.15 mmols) of ethyl 2-

bromoisobutyrate (EtBriB), 2 mL of DMF and 2.0 mL (18.70 mmols) of methyl 

methacrylate (MMA) were added. The mixture was stirred at 50 °C until 

homogenization. In another Schlenk flask, equipped with a magnetic stir bar, 0.1620 g 

(1.64 mmols) of copper(I) chloride, 0.5205 g (3.33 mmols) of bpy and 10 mL of DMF 

(previously deoxygenated by bubbling argon for 15 minutes) were placed to prepare a 

stock solution. The mixture of MMA, CuCl2, bpy and EtBriB was degassed through 4 

freeze-pump-thaw cycles and was placed into a preheated bath at 50 °C. Then, 1.0 mL 

of the CuCl/bpy stock solution (0.16 and 0.33 mmols respectively) was added, within a 

period of 5 minutes, through a gas tight syringe. Samples were withdrawn at preset 

times, solubilized in CDCl3, passed through basic alumina to remove the catalyst and 

analyzed by 1H-NMR spectroscopy. The same samples were used for size exclusion 

chromatography (SEC) by removing the chloroform under vacuum and solubilizing in 

THF. The polymerization was stopped, at 80% of conversion (21 hours), by bubbling air 

through the reaction mixture, diluting with DCM (2 mL), passing through basic alumina, 

and precipitating in cold methanol (spectra are shown in annex 8.25).  
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1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.13-4.06 (m, 2H, CH3CH2O-), 3.60 (br. s, CH3O), 

2.07-1.41 (m, -CH2-), 1.25 (m, CH3CH2O), 1.21-0.85 (m, -CH3). 

13C-NMR (CDCl3, 100.6 MHz, TMS δ ppm): 178.4-176.2 (-COO-), 60.5 (CH3CH2O), 54.4-

52.5 (-CH2-), 51.8 (CH3O-), 45.5-44.5 (-C-), 21.1-16.5 (-CH3), 14.0 (CH3CH2O). 

6.8.2.2 Synthesis of poly(MBL)EtBriB homopolymer 

 

Scheme 6.13 Synthesis of poly(MBL) using EtBriB as initiator by ATRP. 

Following the previous procedure, 2.85 mg (0.021 mmols) of CuCl2 and 6.56 mg (0.042 

mmols) of bpy was placed into a 25 mL cylindrical Schlenk flask equipped with a Teflon 

coated magnetic stir bar. Then, 29.2 μL (0.20 mmols) of EtBriB, 1.15 mL of DMF and 

1.75 mL (20.0 mmol) of α-methylene-γ-butyrolactone (MBL) were added. The mixture 

was stirred at 50 °C until homogenization. The mixture was degassed through 4 freeze-

pump-thaw cycles and was placed into a preheated bath at 50 °C. In another Schlenk 

flask, equipped with a magnetic stir bar, 0.0814 g (0.82 mmols) of copper(I) chloride, 

0.2614 g (1.67 mmols) of bpy and 4 mL of DMF (previously deoxygenated by bubbling 

argon for 15 minutes) were placed to prepare a stock solution. Then, 1.1 mL of the 

CuCl/bpy stock solution (0.23 and 0.46 mmols respectively) was added, within a period 

of 5 minutes, through a gas tight syringe. Samples were withdrawn at preset times, 

solubilized in DMF-d7, passed through basic alumina to remove the catalyst and 

analyzed by 1H-NMR spectroscopy. The same samples were used for size exclusion 

chromatography (SEC) analysis in DMF (0.05% (w/w) LiBr). The polymerization was 

stopped, at 68% of conversion (24 hours), by bubbling air through the reaction mixture, 
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diluting with additional DMF (2 mL), passing through basic alumina, and precipitating 

in cold methanol (spectra are shown in annex 8.26).  

1H-NMR (DMSO-d6, 400 MHz, δ ppm): 4.35 (br. s, CH2CH2OOC-), 4.04 (br. s, CH3CH2O-), 

2.33-1.74 (m, CH2CH2OOC- and CH2C-), 1.18 (m, CH3CH2O-). 

13C-NMR (DMSO-d6, 100.6 MHz, δ ppm): 180.2 (COOCH2CH2), 173.2 (COOCH2CH3), 65.1 

(COOCH2CH2), 60.4 (COOCH2CH3), 44.4 (C-COOCH2CH2), 41.1 (CH2C), 30.8 (COOCH2CH2), 

13.8 (COOCH2CH3). 

6.8.2.3 Synthesis of poly(MBL)-I6 homopolymer 

 

Scheme 6.14 Synthesis of poly(MBL) using I6 as initiator by ATRP. 

Following the previous procedure, 4.10 mg (0.030 mmols) of CuCl2 and 9.52 mg (0.061 

mmols) of bpy was placed into a 25 mL cylindrical Schlenk flask equipped with a Teflon 

coated magnetic stir bar. Then, 66.50 mg (0.15 mmols) of I6, 0.8 mL of DMF and 1.30 

mL (14.83 mmols) of MBL were added. The mixture was stirred at 50 °C until 

homogenization. The mixture was degassed through 4 freeze-pump-thaw cycles and 

was placed into a preheated bath at 50 °C. A CuCl/bpy stock solution containing 330 mg 

(3.34 mmols) of CuCl, 1050 mg (6.72 mmols) of bpy and 10 mL of deoxygenated DMF 

was prepared. Then, 1.00 mL of the CuCl/bpy stock solution (0.33 and 0.67 mmol 

respectively) was added, within a period of 5 minutes, through a gas tight syringe. 

Samples were withdrawn at preset times, solubilized in DMF-d7, passed through basic 

alumina to remove the catalyst, and analyzed by 1H-NMR spectroscopy. The same 

samples were used for size exclusion chromatography (SEC) analysis in DMF (0.05% 

(w/w) LiBr). The polymerization was stopped, at 85% of conversion (22 hours), by 
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bubbling air through the reaction mixture, diluting with additional DMF (2 mL), passing 

through basic alumina, and precipitating in cold methanol (spectra are shown in annex 

8.27).  

1H-NMR (DMSO-d6, 400 MHz, δ ppm): 7.36 (s, Ar.), 5.11-5.00 (m, Bn., -CH2-), 4.31 (br. 

s, CH2CH2OOC-), 2.28-1.78 (m, CH2CH2OOC- and CH2C-), 1.74 (CH3). 

13C-NMR (DMSO-d6, 100.6 MHz, δ ppm): 180.7 (COOCH2CH2), 173.9 (OOC-C-(CH3)2), 

136.7 (-C-, Ar.), 128.5 (-CH-, Ar.), 67.1 (Bn., -CH2-), 65.5 (COOCH2CH2), 44.6 (C-

COOCH2CH2), 41.6 (CH2C), 31.2 (COOCH2CH2), 29.6 (CH3). 

6.8.2.4 Halogen exchange of initiator I6 

 

Scheme 6.15 Halogen exchange reaction of initiator I6 with CuCl/CuCl2/bpy system. 

In a 20 mL vials, equipped with a magnetic stir bar, 44.2 mg (0.10 mmol) of initiator I6, 

78.1 mg (0.50 mmol) of bpy, 2.9 mg (0.02 mmol) of CuCl2 and 20.0 mg (0.20 mmol) of 

CuCl was placed. The vial was closed with a rubber septum and was purged with argon. 

Then, 1 mL of DMF-d7, previously degassed by bubbling argon for 15 minutes, was add. 

The mixture was introduced into a preheated thermostatic bath at 50 °C under stirring. 

After 30 minutes the conversion was quantitative. The reaction was stopped by 

bubbling air through the solution to oxidize the catalyst and the crude mixture was 

filtrated through basic alumina to remove the copper. The product was directly 

analyzed by NMR spectroscopy without further purification (spectra are shown in 

annex 8.28).  

1H-NMR (DMF-d7, 400 MHz, δ ppm): 7.51 (s, 4H, Ar.), 5.31 (s, 4H, -CH2-), 1.83 (s, 12H, 

CH3). 
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13C-NMR (DMF-d7, 100.6 MHz, δ ppm): 171.1 (-COO-), 136.3 (-C-, Ar.), 128.3 (-CH-, Ar.), 

67.2 (-CH2-), 65.7 (C-Cl), 29.4 (CH3). 

6.8.3 Synthesis of block copolymers 

 

Scheme 6.16 Synthesis of block copolymer by chain extension of poly(DL)1,8-Oct macroinitiator with MBL by 
ATRP. 

In a typical experiment, 0.747 g (0.04 mmols) of the poly(DL) BriB ester macroinitiator 

(Mn (1H-NMR) = 18900 g/mol) was transferred to a 25 mL cylindrical schlenk flask 

equipped with a Teflon coated magnetic stir bar.  Then, 1.23 mg (0.009 mmols) of CuCl2, 

2.85 mg (0.018 mmols) of bipyridine, 460 μL (5.25 mmol) of MBL and 0.49 mL of DMF 

were added. The reaction mixture was introduced into a preheated bath at 50 °C until 

complete homogenization. Once the macroinitiator was completely solubilized, the 

mixture was degassed through 4 freeze-pump-thaw cycles. After the deoxygenation 

process the reaction mixture was introduced again at the thermostatic bath at 50 °C 

and let a 10-15 minutes until complete homogenization. A CuCl/bpy stock solution 

containing 0.0814 g (0.82 mmols) of CuCl, 0.2614 g (1.67 mmols) of bpy and 4 mL of 

deoxygenated DMF was prepared. Finally, 0.45 mL of the CuCl/bpy stock solution 

(0.092 and 0.188 mmols respectively) were added within a period of 5 minutes. The 

reaction was stopped at 41% of conversion diluting with 0.5 mL of DMF and bubbling 

air through the reaction mixture. The crude of the reaction was diluted with 8 mL of 
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DCM and passed through a short basic alumina column to remove the catalyst. Finally, 

the polymer was isolated by precipitation in cold methanol.  

- Spectral data of block copolymers: 

• Poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) (Annex 8.29): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 4.05 (1,8-Oct, t, 3J = 6.8 Hz, 4H, OCH2), 2.29 (t, 3J = 7.0 Hz, CH2COO (DL)), 2.17-

2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.26 (m, -(CH2)n- (DL)), 0.88 (t, 3J = 7.2 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.5 (C-COO, (MBL)), 171.1 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.5-40.7 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.7 (CH3CH2CH2CH2-CH2CH- (DL)), 23.9 (CH3CH2CH2-

CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 (OOC-CH2CH2CH2CH- (DL)), 

12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 

• Poly(MBL)-co-poly(DL)-I1-co-poly(MBL) (Annex 8.30): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 4.33 (I1, t, 3J = 6.8 Hz, 4H, SCH2-CH2O-), 2.91 (I1, t, 3J = 6.8 Hz, 4H, SCH2-CH2O-), 

2.30 (t, 3J = 7.0 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.26 (m, -(CH2)n- 

(DL)), 0.88 (t, 3J = 7.2 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.3 (C-COO, (MBL)), 171.0 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.7-40.5 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.6 (CH3CH2CH2CH2-CH2CH- (DL)), 23.9 (CH3CH2CH2-

CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 (OOC-CH2CH2CH2CH- (DL)), 

12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 
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• Poly(MBL)-co-poly(DL)-I2-co-poly(MBL) (Annex 8.31): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.67 (I2, q, 3J = 5.6 Hz, 

1H, O-CH-O), 4.38 (br. s, CH2OOC- (MBL)), 4.21 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 3.69-

3.46 (I2, m, 4H, O-CH-O-CH2-), 2.73 (I2, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 2.65 (I2, t, 3J = 7.2 

Hz, 4H, CH2SCH2-CH2O-), 2.30 (t, 3J = 7.0 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 

(MBL)), 1.85 (I2, quint, 3J = 6.8 Hz, 4H, O-CH-O-CH2CH2), 1.68-1.26 (m, -(CH2)n- (DL)), 0.88 

(t, 3J = 7.2 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.5 (C-COO, (MBL)), 171.1 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.7-40.5 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.6 (CH3CH2CH2CH2-CH2CH- (DL)), 23.9 (CH3CH2CH2-

CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 (OOC-CH2CH2CH2CH- (DL)), 

12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 

• Poly(MBL)-co-poly(DL)-I3-co-poly(MBL) (Annex 8.32): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.57 (I3, t, 3J = 5.0 Hz, 

2H, O-CH-O), 4.52 (I3, dd, 3J = 11.2 Hz, 4J = 2.0 Hz, 2Heq., -OCH2C-), 4.38 (br. s, CH2OOC- 

(MBL)), 4.21 (I3, t, 3J = 7.0 Hz, 4H, SCH2-CH2O-), 3.56 (I3, dd, 3J = 11.6 Hz, 4J = 2.4 Hz, 2Heq., 

-OCH2C-), 3.53 (I3, d, 3J = 12.0 Hz, 2Hax., -OCH2C-), 3.34 (I3, d, 3J = 11.6 Hz, 2Hax., -OCH2C-

), 2.71 (I3, t, 3J = 6.8 Hz, 4H, SCH2-CH2O-), 2.61 (I3, t, 3J = 7.6 Hz, 4H, CH2SCH2-CH2O-),  

2.30 (t, 3J = 6.8 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.92-1.87 (I3, m, 4H, 

(O)2CHCH2-), 1.68-1.27 (m, -(CH2)n- (DL)), 0.87 (t, 3J = 7.0 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.5 (C-COO, (MBL)), 171.1 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.7-40.5 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.6 (CH3CH2CH2CH2-CH2CH- (DL)), 30.2-29.8 (CH2-CH2-OOC- 
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(MBL)), 23.9 (CH3CH2CH2-CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 

(OOC-CH2CH2CH2CH- (DL)), 12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 

• Poly(MBL)-co-poly(DL)-I4-co-poly(MBL) (Annex 8.33): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 4.25 (I4, t, 3J = 6.8 Hz, 4H, SCH2-CH2O-), 3.74 (I4, s, 2H, , S-CH2-S), 2.87 (I4, t, 3J = 

6.6 Hz, 4H, SCH2-CH2O-), 2.30 (t, 3J = 7.0 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 

(MBL)), 1.68-1.26 (m, -(CH2)n- (DL)), 0.88 (t, 3J = 7.2 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.5 (C-COO, (MBL)), 171.1 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.7-40.5 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.6 (CH3CH2CH2CH2-CH2CH- (DL)), 23.9 (CH3CH2CH2-

CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 (OOC-CH2CH2CH2CH- (DL)), 

12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 

• Poly(MBL)-co-poly(DL)-I5-co-poly(MBL) (Annex 8.34): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 7.37 (I5, d, 3J = 8.4 Hz, 2H, CH2-C-CH, Ar.), 6.87 

(I5, d, 3J = 8.8 Hz, 2H, CH2C-OCH3, Ar.), 5.00 (I5, s, 1H, S-CH-S), 4.87 (m, CH-OOC- (DL)), 

4.38 (br. s, CH2OOC- (MBL)), 4.17 (I5, m, 4H, SCH2-CH2O-), 3.80 (I5, s, 3H, -OCH3), 2.85-

2.67 (I5, m, 4H, SCH2-CH2O-), 2.30 (t, 3J = 6.8 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 

(MBL)),  1.68-1.27 (m, -(CH2)n- (DL)), 0.87 (t, 3J = 7.0 Hz, CH2-CH3 (DL)). 

13C-NMR (DMSO-d6, 80 °C, 100.6 MHz, δ ppm): 179.7-179.5 (C-COO, (MBL)), 171.1 

(CH2COO (DL)), 72.2 (CH-OOC- (DL)), 64.6 (CH2OOC- (MBL)), 44.3-43.9 (C-COO, (MBL)), 

41.7-40.5 (-CH2-C- (MBL)), 33.1 (CH2COO (DL)),  33.0 (CH3CH2-CH2CH2CH2CH- (DL)), 32.6 

(OOC-CH2CH2CH2CH- (DL)), 30.6 (CH3CH2CH2CH2-CH2CH- (DL)), 23.9 (CH3CH2CH2-

CH2CH2CH- (DL)),  21.4 (CH3CH2CH2CH2-CH2CH-(DL)), 20.0 (OOC-CH2CH2CH2CH- (DL)), 

12.9 (CH3CH2CH2CH2CH2-CH- (DL)). 
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6.9 Degradation of stimuli-cleavable block copolymers 

6.9.1 Reductive cleavable block copolymer poly(MBL)-co-poly(DL)-I1-co-poly(MBL) 

 

Scheme 6.17 Reductive cleavage of poly(MBL)-co-poly(DL)-I1-co-poly(MBL) to poly(MBL)-co-poly(DL)-SH  
using Bu3P. 

In a typical experiment, 68.6 mg of the disulfide containing block copolymer (Mn (SEC) 

= 20100 g/mol (Ð = 1.27) was introduced into a 5 mL round-bottom flask and was 

solubilized in 5 mL of anhydrous THF.  Then, 0.1 mL of tributylphosphine (Bu3P) (0.4 

mmol) was added. The reaction mixture was stirred at room temperature for 0.5 hours, 

then, a sample was withdrawn for SEC (DMF (0.05 % (w/w) LiBr)) analysis. Finally, the 

solvent was partially eliminated under vacuum and the resulting cleaved polymer was 

precipitated in cold methanol (spectrum is shown in annex 8.35).    

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.39 (br. s, CH2OOC- 

(MBL)), 4.19 (I1, t, 3J = 6.8 Hz, 2H, SCH2-CH2O-), 2.75 (I1, m, 2H, SCH2-CH2O-), 2.30 (t, 3J = 

7.0 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.26 (m, -(CH2)n- (DL)), 0.88 

(t, 3J = 7.2 Hz, CH2-CH3 (DL)). 
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6.9.2 Acid cleavable block copolymers 

6.9.2.1 Cleavage of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 

 

Scheme 6.18 Acid cleavage of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) to poly(MBL)-co-poly(DL)-OH  using 
TFA. 

In a typical experiment, 235.0 mg of the acetal containing block copolymer (Mn (SEC) = 

20600 g/mol (Ð = 1.17)) was introduced into a 50 mL round-bottom flask and was 

solubilized in 32 mL of THF (0.5 % water).  Then, 24.5 μL or 1.25 mL of trifluoroacetic 

acid (TFA) was added to obtain a 0.01 or 0.5 M solution respectively. The reaction 

mixture was stirred at room temperature and samples were withdrawn at preset times 

to follow the progress of the reaction. Each sample was neutralized with solid sodium 

bicarbonate, filtered, and the solvent eliminated prior to SEC (DMF (0.05 % (w/w) LiBr)) 

analysis. The polymer was completely cleaved within 24 hours in both cases. Finally, 

the crude reaction mixture was neutralized with sodium bicarbonate, filtered and the 

solvent was partially eliminated under vacuum and the resulting cleaved polymer was 

precipitated in cold methanol.    
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• [TFA] = 0.01 M (Annex 8.36): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 4.24 (I2, t, 3J = 6.8 Hz, 2H, SCH2-CH2O-), 3.75 (I2, m, 2H, HO-CH2-), 2.75 (I2, t, 3J = 

6.8 Hz, 2H, SCH2-CH2O-), 2.70 (I2, t, 3J = 7.2 Hz, 2H, CH2SCH2-CH2O-), 2.30 (t, 3J = 7.0 Hz, 

CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.85 (I2, m, 2H, HO-CH2CH2), 1.68-1.26 

(m, -(CH2)n- (DL)), 0.88 (t, 3J = 7.2 Hz, CH2-CH3 (DL)). 

• [TFA] = 0.5 M (Annex 8.37): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 2.30 (t, 3J = 7.0 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.26 (m, 

-(CH2)n- (DL)), 0.88 (t, 3J = 7.2 Hz, CH2-CH3 (DL)). 
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6.9.2.2 Cleavage of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 

 

Scheme 6.19 Acid cleavage of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) to poly(MBL)-co-poly(DL)-OH and 
poly(MBL)-co-poly(DL)-(OH)2  using [TFA] = 0.5 M at 40 °C. 

In a typical experiment, 415.3 mg of the tetraoxaspiro containing block copolymer (Mn 

(SEC) = 22900 g/mol (Đ = 1.17)) was introduced into a 100 mL round-bottom flask and 

was solubilized in 37 mL of THF (0.5 % water).  Then, 1.47 mL of trifluoroacetic acid 

(TFA) was added to obtain a 0.5 M solution. The reaction mixture was stirred at 40 °C 

and samples were withdrawn at preset times to follow the progress of the reaction. 

Each sample was neutralized with sodium bicarbonate, filtered, and the solvent 

eliminated prior to SEC (DMF (0.05 % (w/w) LiBr)) analysis. The polymer was completely 

cleaved within 23 hours. Finally, the crude reaction mixture was neutralized with 
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sodium bicarbonate, filtered and the solvent was partially eliminated under vacuum 

and the resulting cleaved polymer was precipitated in cold methanol (spectrum is 

shown in annex 8.38).    

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.57 (I3, m, O-CH-O), 

4.52 (I3, m, Heq., -OCH2C-), 4.38 (br. s, CH2OOC- (MBL)), 4.21 (I3, t, 3J = 6.8 Hz, SCH2-CH2O-

), 4.11 (I3, s, HO-CH2-)  3.72 (I3, s, HO-CH2-CH2-S-), 3.56 (I3, m, Heq., -OCH2C-), 3.53 (I3, d, 

3J = 12.0 Hz, Hax., -OCH2C-), 3.34 (I3, d, 3J = 12.0 Hz, Hax., -OCH2C-), 2.73 (I3, t, 3J = 6.8 Hz, 

SCH2-CH2O-), 2.63 (I3, m, CH2SCH2-CH2O-),  2.30 (t, 3J = 6.8 Hz, CH2COO (DL)), 2.17-2.13 

(m, (-CH2-)x2 (MBL)), 1.68-1.27 (m, -(CH2)n- (DL)), 0.87 (t, 3J = 7.0 Hz, CH2-CH3 (DL)). 

6.9.3 ROS cleavable block copolymers 

6.9.3.1 Cleavage of thioacetal model compounds 

- Thioacetal deprotection of Dod-I5 using I2/DMSO 

 

Scheme 6.20 Deprotection of Dod-I5 with I2 in DMSO at 90 °C. 

In rubber septa sealed tubes, about 50 mg of Dod-I5 was dissolved in 2 mL of DMSO-d6 

in presence of iodine (1%) and the mixture heated at 90 °C. Samples were withdrawn 

al pre-set times and analyzed by 1H-NMR spectroscopy. After 1h, the remaining 

reaction mixture was brought to room temperature, the product precipitate in DMSO 

at room temperature. The crude product was recovered by filtration and purified by 

recrystallization in methanol (spectrum is shown in annex 8.39).    
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1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.33 (t, 3J = 6.4 Hz, 4H, SCH2-CH2OCO), 2.92  (t, 

3J = 6.4 Hz, 4H, SCH2-CH2OCO), 2.32 (t, 3J = 7.6 Hz, 4H, OOC-CH2-), 2.32 (quint, 3J = 7.2 

Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- dodecanoyl), 0.88 (t, 3J = 6.4 Hz, 6H, 

CH3) 

- Homogeneous photolysis of Dod-I5 with TPP/O2 

 

Scheme 6.21 Cleavage of Dod-I5 under photolytic conditions using TPP/O2/hν. 

In a 50 ml cylindrical flask with a Teflon-coated magnetic stirrer, 80 mg of the thioacetal 

Dod-I5 were dissolved in 15 mL of a 10-5 M solution of meso-tetraphenylporphyrin 

(TPP) in acetone. A gentle oxygen stream was bubbled throughout the reaction mixture 

while the solution was irradiated. Samples were withdrawn at pre-set times, 

evaporated to dryness, and analyzed by 1H-NMR spectroscopy (spectrum is shown in 

annex 8.40). 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.43 (t, 3J = 5.2 Hz, 4H, O2S-CH2CH2-O), 3.29 (t, 

3J = 5.2 Hz, 4H, O2S-CH2CH2-O), 2.30 (t, 3J = 7.6 Hz, 4H, OOC-CH2-), 1.64 (quint, 3J = 7.2 

Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- dodecanoyl), 0.88 (t, 3J = 6.4 Hz, 6H, 

CH3) 
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- Oxidation of Dod-I4 with H2O2 

 

Scheme 6.22 Oxidative cleavage of Dod-I4 with H2O2 under PTC. 

In a 50 mL round bottom flask about 100 mg of Dod-I4 were dissolved in 5 mL of CDCl3. 

5 mL of 50% H2O2 containing 1% methytrioctylammonium tetrakis (diperoxotungsto)-

phosphate were added. The mixture was vigorously stirred at room temperature and 

samples were withdrawn al preset times, washed with water, dried with anhydrous 

magnesium sulfate, and finally analyzed by 1H-NMR spectroscopy (spectrum is shown 

in annex 8.41).  

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.70 (s, 2H, O2S-CH2-SO2), 4.57 (t, 3J = 5.2 Hz, 

4H, O2S-CH2CH2-O), 3.72 (t, 3J = 5.2 Hz, 4H, O2S-CH2CH2-O), 2.37 (t, 3J = 7.6 Hz, 4H, OOC-

CH2-), 1.64 (quint, 3J = 7.2 Hz, 4H, OOC-CH2CH2), 1.32-1.25 (br. s, 32 H, -CH2- 

dodecanoyl), 0.88 (t, 3J = 6.4 Hz, 6H, CH3). 

6.9.3.2 Cleavage of thioacetal containing block copolymer 

- Homogeneous system: 

 

Scheme 6.23 Photolytic cleavage of thioacetal containing block copolymers. 

About 100 mg of the thioacetal containing block copolymer (Mn (SEC) = 20.000 g/mol 

(Đ = 1.18) and Mn (SEC) = 19.000 g/mol (Đ = 1.16) for I4 and I5 block copolymers 

respectively) were placed in a 50 mL cylindrical flask equipped with a Teflon-coated 
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magnetic stirrer. Then, 20 mL of a 10-5 M solution of meso-tetraphenylporphyrin (TPP) 

in acetone were added. Once the polymer was completely solubilized, a gentle oxygen 

stream was bubbled throughout the reaction mixture while the solution was irradiated. 

Samples were withdrawn at pre-set times to follow the reaction progress through SEC 

analysis. After 48 h a new amount of TPP was added and the irradiation and monitoring 

were continued. 

- Heterogeneous system: 

 

Scheme 6.24 Thioacetal containing block copolymers degradation under oxidation media. 

About 150 mg of the thioacetal containing block copolymer (Mn (SEC) = 20.000 g/mol 

(Đ = 1.18) and Mn (SEC) = 19.000 g/mol (Đ = 1.16) for I4 and I5 block copolymers 

respectively) were solubilized in 30 mL of a 10-5 M solution of TPP in acetone. The 

polymer solution was split into three 25 mL cylindrical flask and the solvent evaporated 

under vacuum to form thin films. Then, 15 mL of a 15% hydrogen peroxide in phosphate 

buffer solution (pH 7.4) was added to each flask which were irradiated. After pre-set 

times (3h and 6h) the aqueous phase was removed and the polymer dissolved in 

chloroform, dried with anhydrous magnesium sulphate, filtered, and concentrated 

under vacuum. Two samples of each polymer (I4 and I5 block copolymers) were used 

for SEC measurements. The third sample was precipitated over cold methanol, 

recovered by centrifugation, dried under vacuum, and characterized by 1H-NMR. 
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• Poly(MBL)-co-poly(DL)-I4-co-poly(MBL) (Annex 8.42): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 4.22 (t, 3J = 6.4 Hz, SCH2-CH2O-), 3.67 (s, H3C-O3S-CH2), 3.25 (t, 3J = 6.4 Hz, O3S-

CH2), 2.30 (t, 3J = 6.8 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.27 (m, -

(CH2)n- (DL)), 0.87 (t, 3J = 7.0 Hz, CH2-CH3 (DL)). 

• Poly(MBL)-co-poly(DL)-I5-co-poly(MBL) (Annex 8.43): 

1H-NMR (CDCl3, 400 MHz, TMS, δ ppm): 4.87 (m, CH-OOC- (DL)), 4.38 (br. s, CH2OOC- 

(MBL)), 2.30 (t, 3J = 6.8 Hz, CH2COO (DL)), 2.17-2.13 (m, (-CH2-)x2 (MBL)), 1.68-1.27 (m, 

-(CH2)n- (DL)), 0.87 (t, 3J = 7.0 Hz, CH2-CH3 (DL)). 
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7 General conclusions 

This thesis intends to be a contribution to the feasibility of biobased materials for the 

preparation of ABA block copolymer-based materials with potential applications as 

thermoplastic elastomers. The general conclusions of this research are summarized as 

follows: 

• ABA triblock copolymers containing different central stimuli cleavable groups 

have been successfully prepared from bio-based δ-decalactone (DL) and α-

methylene-γ-butyrolactone (MBL) using the ROP / end-group activation / ATRP 

chain extension approach. 

• ROP of DL with difunctional diol initiators using TBD as catalyst at room 

temperature, proceeds with high control over the molecular weight and the 

polymer architecture yielding telechelic poly(DL) diols with the targeted 

molecular weight. 

• BriB-Im has proved to be an efficient acylating agent in the poly(DL)-diol end 

group esterification. By using this reagent, a one-pot two-step protocol has 

been stablished which results in high end-group fidelity skipping the 

conventional isolation and purification steps. 

• The one-pot two-step, polymerization of DL and modification with BriB-Im, 

allowed to prepare different ATRP macroinitiators containing a central 

cleavable group in high yields and high chain end fidelity as inferred by the 

MALDI-TOF analysis. 

• trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

(DCTB) has been proved as an adequate matrix for the MALDI-TOF analysis of 

the poly(DL)-diols and the corresponding BriB esters with molecular weight 

around 20000 g/mol. Polymers with disulfide linkages had been found to 

decompose under ionization conditions. 
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• ATRP of MBL targeting relatively high MBL conversions in order to maximize 

monomer usage have been tested with monofunctional and difunctional model 

initiators. Under the tested conditions, good molecular weight control and 

reasonably high initiation efficiencies were achieved up to 80% conversion. 

• The use of the halogen exchange technique in the ATRP of MBL, allowed to 

control the molecular weight and the polydispersity of the resulting polymers 

but entails the formation of 2-chloroisobutiryl groups that prevents full extend 

of the initiation. 

• ATRP chain extension with MBL has been successfully applied to the different 

macroinitiators. Targeting 40% MBL conversion, poly(MBL)-poly(DL)-poly(MBL) 

block copolymers with and adequate balance of the hard MBL block (≈20% 

w/w) were achieved in all cases. 

• Detailed structural characterization by 1H and 13C NMR of poly(DL)-OH, 

poly(DL)-BriB, poly(MBL) and poly(MBL)-poly(DL)-poly(MBL) homo- and block 

copolymers allowed to confirm their structure and the presence of small 

percentages of poly(DL)-poly(MBL) in the case of the poly(MBL)-poly(DL)-

poly(MBL) block copolymers. 

• Thermal and thermomechanical characterization of poly(MBL)-poly(DL)-

poly(MBL) initiated with 1,8-octanediol as representative ABA copolymer, 

confirmed its thermoplastic elastomeric behavior with a service temperature 

range of 200 °C ( -36 to 164 °C). 

• Reductive and acidic cleavage of poly(MBL)-poly(DL)-poly(MBL) containing 

disulfide and acetal groups proceeds under mild conditions yielding poly(DL)-

poly(MBL) AB block copolymers with the expected thiol and hydroxyl end 

groups. 

• Cleavage of poly(MBL)-poly(DL)-poly(MBL) containing tetraoxospiroacetal 

group requires stronger acidic conditions and occurs mainly by hydrolysis of 

the β-thioethyl ester linking groups.  
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• Photooxidative conditions in presence of TTP as sensitizer using either O2 or 

H2O2 as oxygen source, lead to almost complete cleavage of poly(MBL)-

poly(DL)-poly(MBL) containing thioacetal groups. The concomitant formation 

of intermediate disulfide compounds and their oxidized derivatives seem to 

prevent complete cleavage in the case of the methylene thioacetal. 
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8 Annex 

8.1 Acetaldehyde diallylacetal 

 

Figure 8.1 (a) 13C-NMR and (b) 1H-NMR spectra of acetaldehyde diallylacetal in CDCl3. 
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Figure 8.2 HSQC spectrum of acetaldehyde diallylacetal in CDCl3. 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Annex 

 
267 

8.2 1,1-Bis-[3-((2-hydroxyethyl)thio)propyloxy]ethane (I2) 

 

Figure 8.3 (a) 13C-NMR and (b) 1H-NMR spectra of I2 in CDCl3. 
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Figure 8.4 COSY spectrum of I2 in CDCl3. 

 

Figure 8.5 HSQC spectrum of I2 in CDCl3. 
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Figure 8.6 HMBC spectrum of I2 in CDCl3. 
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8.3 3,9-Bis-[2-(ethylthio)ethanol]- 2,4,8,10-tetraoxaspiro-

[5.5]undecane (I3) 

 

Figure 8.7 (a) 13C-NMR and (b) 1H-NMR spectra of I3 in CDCl3. 
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Figure 8.8 COSY spectrum of I3 in CDCl3. 

 

Figure 8.9 HSQC spectrum of I3 in CDCl3. 
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8.4 Bis-((2-hydroxyethyl)thio)methane (I4) 

 

Figure 8.10 (a) 13C-NMR and (b) 1H-NMR spectra of I4 in CDCl3. 

 

Figure 8.11 HSQC spectrum of I4 in CDCl3. 
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8.5 (4-Methoxypenyl)-bis-[(2-hydroxyethyl)thio]methane (I5) 

 

Figure 8.12 (a) 13C-NMR and (b) 1H-NMR spectra of I5 in CDCl3. 

 

Figure 8.13 HSQC spectrum of I5 in CDCl3. 
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8.6 α-Methylene-γ-butyrolactone (MBL) 

 

Figure 8.14 (a) 13C-NMR and (b) 1H-NMR spectra of MBL in CDCl3. 

 

Figure 8.15 HSQC spectrum of MBL in CDCl3. 
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8.7 N-(2-bromoisobutyryl)imidazole (BriB-Im) 

 

Figure 8.16 (a) 13C-NMR and (b) 1H-NMR spectra of BriB-Im in CDCl3. 

 

Figure 8.17 HSQC spectrum of BriB-Im in CDCl3. 
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8.8 1,4-Phenylenebis(methylene)-bis(2-bromoisobutyrate) (I6) 

 

Figure 8.18 (a) 13C-NMR and (b) 1H-NMR spectra of I6 in CDCl3. 
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8.9 Bis(DL)1,6-Hex diol 

 

Figure 8.19 (a) 13C-NMR and (b) 1H-NMR spectra of bis(DL)1,6-Hex diol in CDCl3. 

 

Figure 8.20 HSQC spectrum of bis(DL)1,6-Hex diol in CDCl3. 
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8.10 2,2’-Disulfanediyldiethanol didodecanoate (Dod-I1) 

 

Figure 8.21 (a) 13C-NMR and (b) 1H-NMR spectra of Dod-I1 in CDCl3. 

 

Figure 8.22 HSQC spectrum of Dod-I1 in CDCl3. 
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8.11 Bis-[(2-ethylthio)dodecanoate)methane (Dod-I4) 

 

Figure 8.23 (a) 13C-NMR and (b) 1H-NMR spectra of Dod-I4 in CDCl3. 

 

Figure 8.24 HSQC spectrum of Dod-I4 in CDCl3. 
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8.12 (4-Methoxypenyl)-bis-[(2-ethylthio)dodecanoate]-methane 

(Dod-I5) 

 

Figure 8.25 (a) 13C-NMR and (b) 1H-NMR spectra of Dod-I5 in CDCl3. 
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Figure 8.26 HSQC spectrum of Dod-I5 in CDCl3. 

 

Figure 8.27 HMBC spectrum of Dod-I5 in CDCl3. 
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8.13 Poly(DL)1,8-Oct diol 

 

Figure 8.28 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)1,8-Oct diol in CDCl3. 
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Figure 8.29 HSQC spectrum of poly(DL)1,8-Oct diol in CDCl3. 

 

Figure 8.30 HMBC spectrum of poly(DL)1,8-Oct diol in CDCl3. 
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Figure 8.31 MALDI-TOF spectrum of poly(DL)1,8-Oct diol. 
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8.14 Poly(DL)1,8-Oct BriB ester 

 

Figure 8.32 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)1,8-Oct BriB ester in CDCl3. 
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Figure 8.33 HSQC spectrum of poly(DL)1,8-Oct BriB ester in CDCl3. 

 

Figure 8.34 HMBC spectrum of poly(DL)1,8-Oct BriB ester in CDCl3. 
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Figure 8.35 MALDI-TOF spectrum of poly(DL)1,8-Oct BriB ester. 
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8.15 Poly(DL)-I1 diol 

 

Figure 8.36 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I1 diol in CDCl3. 
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Figure 8.37 HSQC spectrum of poly(DL)-I1 diol in CDCl3. 
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8.16 Poly(DL)-I1 BriB ester 

 

Figure 8.38 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I1 BriB ester in CDCl3. 
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8.17 Poly(DL)-I2 diol 

 

Figure 8.39 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I2 diol in CDCl3. 
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Figure 8.40 HSQC spectrum of poly(DL)-I2 diol in CDCl3. 

 

Figure 8.41 MALDI-TOF spectrum of poly(DL)-I2 diol. 
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8.18 Poly(DL)-I2 BriB ester 

 

Figure 8.42 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I2 BriB ester in CDCl3. 
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Figure 8.43 MALDI-TOF spectrum of poly(DL)-I2 BriB ester. 
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8.19 Poly(DL)-I3 diol 

 

Figure 8.44 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I3 diol in CDCl3. 
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Figure 8.45 HSQC spectrum of poly(DL)-I3 diol in CDCl3. 

 

Figure 8.46 MALDI-TOF spectrum of poly(DL)-I3 diol. 
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8.20 Poly(DL)-I3 BriB ester 

 

Figure 8.47 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I3 BriB ester in CDCl3. 
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8.21 Poly(DL)-I4 diol 

 

Figure 8.48 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I4 diol in CDCl3. 
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Figure 8.49 HSQC spectrum of poly(DL)-I4 diol in CDCl3. 

 

Figure 8.50 MALDI-TOF spectrum of poly(DL)-I4 diol. 
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8.22 Poly(DL)-I4 BriB ester 

 

Figure 8.51 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I4 BriB ester in CDCl3. 
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Figure 8.52 MALDI-TOF spectrum of poly(DL)-I4 BriB ester. 
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8.23 Poly(DL)-I5 diol 

 

Figure 8.53 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I5 diol in CDCl3. 
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Figure 8.54 HSQC spectrum of poly(DL)-I5 diol in CDCl3. 

 

Figure 8.55 MALDI-TOF spectrum of poly(DL)-I5 diol. 
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8.24 Poly(DL)-I5 BriB ester 

 

Figure 8.56 (a) 13C-NMR and (b) 1H-NMR spectra of poly(DL)-I5 BriB ester in CDCl3. 
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Figure 8.57 MALDI-TOF spectrum of poly(DL)-I5 BriB ester. 
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8.25 Poly(MMA)EtBriB 

 

Figure 8.58 (a) 13C-NMR and (b) 1H-NMR spectra of poly(MMA)EtBriB in CDCl3. Triads, tetrads and pentads 
were assigned from data reported in the literature (m = meso; r = racemo).1 
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Figure 8.59 COSY spectrum of poly(MMA)EtBriB in CDCl3. 

 

Figure 8.60 HSQC spectrum of poly(MMA)EtBriB in CDCl3. 
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8.26 Poly(MBL)EtBriB 

 

Figure 8.61 (a) 13C-NMR and (b) 1H-NMR spectra of poly(MBL)EtBriB in DMSO-d6. The signals from the 
polymer backbone were assigned from data reported in the literature.2, 3 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Annex 

 
309 

 

Figure 8.62 COSY spectrum of poly(MBL)EtBriB in DMSO-d6. 

 

Figure 8.63 HSQC spectrum of poly(MBL)EtBriB in DMSO-d6. 
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8.27 Poly(MBL)-I6 

 

Figure 8.64 (a) 13C-NMR and (b) 1H-NMR spectra (recorded at 80 °C) of poly(MBL)-I6 in DMSO-d6. Triads of 
the quaternary carbon were assigned according to the described in the literature.2, 4 
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Figure 8.65 HSQC spectrum of poly(MBL)-I6 in DMSO-d6. 
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8.28 1,4-phenylenebis(methylene)-bis(2-chloroisobutyrate) 

 

Figure 8.66 (a) 13C-NMR and (b) 1H-NMR spectra of I6 chloro-derivative in DMF-d7. 
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8.29 Poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL) 

 

Figure 8.67 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)1,8-Oct-co-poly(MBL).  
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8.30 Poly(MBL)-co-poly(DL)-I1-co-poly(MBL) 

 

Figure 8.68 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)-I1-co-poly(MBL).  
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8.31 Poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 

 

Figure 8.69 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)-I2-co-poly(MBL). 
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8.32 Poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 

 

Figure 8.70 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)-I3-co-poly(MBL). 
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8.33 Poly(MBL)-co-poly(DL)-I4-co-poly(MBL) 

 

Figure 8.71 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)-I4-co-poly(MBL). 
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8.34 Poly(MBL)-co-poly(DL)-I5-co-poly(MBL) 

 

Figure 8.72 (a) 13C-NMR spectrum in DMSO-d6 (recorded at 80 °C) and (b) 1H-NMR spectrum in CDCl3 of 
poly(MBL)-co-poly(DL)-I5-co-poly(MBL). 
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8.35 Cleavage product of poly(MBL)-co-poly(DL)-I1-co-poly(MBL) 

with Bu3P 

 

Figure 8.73 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I1-co-poly(MBL). 
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8.36 Cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 

with [TFA] = 0.01 M 

 

Figure 8.74 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 
with [TFA] = 0.01 M. 

UNIVERSITAT ROVIRA I VIRGILI 
STIMULI-RESPONSIVE CALIX[4]PYRROLE AND CALIX[4]ARENE BASED RECEPTORS:FROM UNIMOLECULAR 
TO DIMERIC STRUCTURES 
Pedro Miguel Mendonça Ferreira 



Annex 

 
321 

8.37 Cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 

with [TFA] = 0.5 M 

 

Figure 8.75 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I2-co-poly(MBL) 
with [TFA] = 0.5 M. 
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8.38 Cleavage product of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 

with [TFA] = 0.5 M at 40°C 

 

Figure 8.76 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I3-co-poly(MBL) 
with [TFA] = 0.5 M at 40 °C.. 
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8.39 Deprotection product of Dod-I5 with DMSO/I2 at 90 °C 

 

Figure 8.77 1H-NMR spectrum in CDCl3 of Dod-I5 deprotection product with DMSO containing 1 % of I2 at 
90 °C. 

8.40 Cleavage products of Dod-I5 with TPP/O2/hν 

 

Figure 8.78 1H-NMR spectrum in CDCl3 of Dod-I5 cleavage products with TPP/O2/hν. 
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8.41 Oxidation product of Dod-I4 with H2O2/PTC 

 

Figure 8.79 1H-NMR spectrum in CDCl3 of Dod-I4 oxidation product with H2O2/PTC. 

8.42 Cleavage product of poly(MBL)-co-poly(DL)-I4-co-poly(MBL) 

with H2O2/TPP/hν 

 

Figure 8.80 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I4-co-poly(MBL) 
with H2O2/TPP/hν. 
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8.43 Cleavage product of poly(MBL)-co-poly(DL)-I5-co-poly(MBL) 

with H2O2/TPP/hν 

 

Figure 8.81 1H-NMR spectrum in CDCl3 of the cleavage product of poly(MBL)-co-poly(DL)-I5-co-poly(MBL) 
with H2O2/TPP/hν. 
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LIST OF ABBREVIATIONS 

Δ𝐺p Free Gibbs energy of polymerization 

Δ𝐻p Enthalpy of polymerization 

Δ𝑆p Entropy of polymerization 
1O2 Singlet oxygen 
2-MTHF 2-Methyltetrahydrofuran 
AcCN Acetonitrile  
AFM Atomic Force Microscopy 
AIBN 2,2′-Azobis(2-methylpropionitrile) 
ARGET Activators ReGenerated by Electron Transfer 
ATRA Atom Transfer Radical Addition 
ATRP Atom Transfer Radical Polymerization 
BDE Bond Dissociation Energy 
BL γ-Butyrolactone 
BPN 2-Bromopropionitrile 
bpy 2,2’-Bipyridine 
BriBBr 2-Bromoisobutyryl bromide 
BriBBr 2-Bromoisobutyryl bromide 
CHOMP Change-Of-Mechanism Polymerization 
COPAs Polyamide-based thermoplastic elastomers 
COPEs Polyetherester-based thermoplastic elastomer 
CRP Controlled Radical Polymerization 
Đ Polydispersity index 
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 
DCA 9,10-Dicyanoanthracene 
DCF Dead Chain Fraction 
DCM Dichloromethane 
DL δ-Decalactone 
DMA Dynamic Mechanical Analysis 
DMAP Dimethyl amino pyridine  
DMF  N,N-Dimethylformamide  
DMSO Dimethyl sulfoxide  
dNbpy 4,4’-Di-(5-nonyl-2,2’-dipyridyl 
DP Degree of Polymerization 
DPP Diphenyl phosphate 
DSC Differential Scanning Calorimetry  
DTT Dithiothreitol 
EA Electron Affinity 
EBPA Ethyl 2-bromophenylacetate 
ESI-MS Electrospray Ionization-Mass Spectrometry  
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ET Electron Transfer 
EtBriB Ethyl 2-bromoisobutyrate 
FRP Free Radical Polymerization 
GSH Glutathione 
HE Halogen Exchange 
I1 bis(2-hydroxyethyl) disulfide 
I2 1,1-bis-[3-((2-hydroxyethyl)thio)propyloxy]ethane 
I3 3,9-bis-[2-(ethylthio)-ethanol]-2,4,8,10-tetraoxaspiro[5.5]undecane 
I4 bis-((2-hydroxyethyl)thio)methane 
I5 (4-methoxypenyl)-bis-[(2-hydroxyethyl)thio]methane 
I6 1,4-phenylenebis(methylene)-bis(2-bromoisobutyrate) 
ICAR Initiators for Continuous Activator Regeneration 
KTFA Potassium trifluoroacetate 
MALDI-TOF Matrix Assisted Laser Desorption ionization Time of Flight 
MB Methylene blue 
MBCs Multiblock copolymers 
MBL α-Methylene-γ-butyrolactone 
MBrP Methyl 2-bromopropionate 
MDI Diphenylmethane-4,4’-diisocyanate 
Me6TREN tris[2-(Dimethylamino)ethyl]amine 
MMA Methyl methacrylate 
Mn Average molecular weight 
MTBD N-methyl-TBD 
MVL α-Methylene-γ-valerolactone 
NMP Nitroxide Mediated Polymerization 
NMR Nuclear Magnetic Resonance 
OBA o-Nitrosobenzaldehyde 
ONB o-Nitrobenzyl 
PBA Poly(butyl acrylate) 
PCL Poly(ε-caprolactone) 
PE Polyethylene 
PEBr 1-Phenylethyl bromide 
PET Poly(ethylene terephthalate) 
PHA Poly(hydroxyalkanoates) 
PI Polyisoprene 
PLA Poly(lactic acid) 
PM Poly(menthide) 
PMA Poly(methyl acrylate) 
PMBL Poly(α-methylene-γ-butyrolactone) 
PMDETA N,N,N’,N’’,N’’-Pentamethyl-diethylenetriamine 
PMMA Poly(methyl methacrylate) 
PS Polystyrene 
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PVC Poly(vinyl chloride) 
RAFT Reversible Addition-Fragmentation Chain-Transfer polymerization 
ROMP Ring Opening Metathesis Polymerization 
ROP Ring-Opening Polymerization 
ROS Reactive Oxygen Species 
ROTEP Ring-Opening Transesterification Polymerization 
SARA Supplemental Activator and Reducing Agent 
SBS Styrene-butadiene-styrene 
SEC Size Exclusion Chromatography 
SET Single Electron Transfer 
SET-LRP Single-Electron Transfer Living Radical Polymerization  
SIS Styrene-isoprene-styrene 
SR&NI Simultaneous Reverse and Normal Initiation 
TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene 
TCPPClO4 2,4,6-tri-(p-chlorophenyl)pyrylium perchlorate 
TDI 2,4-Toluene-diisocyanate 
TEA Triethylamine  
Tg Glass transition temperature 
TGA Thermogravimetric analysis 
THF Tetrahydrofuran 
Tm Melting temperature 
TPE Thermoplastic elastomer 
TPOs Thermoplastic polyolefin blends 
TPP meso-Tetraphenylporphyrin 
TPVs Dynamically vulcanized polymer blends 
TRA Truxillic acid 
TU Thiourea 
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